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JAMES C. OTTESON, State Bar No. 157781 NG
jim@agilityiplaw.com

MICHELLE G. BREIT, State Bar No. 133143
mbreit@agilityiplaw.com

AGILITY IP LAW, LLP

149 Commonwealth Drive

Menlo Park, CA 94025

Telephone: (650) 227-4800

Facsimile: (650) 318-3483

Attorneys for Plaintiffs N1 i
TECHNOLOGY PROPERTIES LIMITED LLC
and PHOENIX DIGITAL SOLUTIONS LLC

CHARLES T. HOGE, State Bar No. 110696
choge@knlh.com

Kirby Noonan Lance & Hoge LLP

350 Tenth Avenue, Suite 1300

San Diego, CA 92101

Telephone: (619) 231-8666

Attorneys for Plaintiff
PATRIOT SCIENTIFIC CORPORATION DMR
UNITED STATES DISTRICT COURT
NORTHERN DISTRICT OF @}\L¥Q§M_ 0 3 8 8 1

TECHNOLOGY PROPERTIES LIMITED Case No.
LLC, PHOENIX DIGITAL SOLUTIONS
LLC, and PATRIOT SCIENTIFIC COMPLAINT FOR PATENT
CORPORATION, INFRINGEMENT

Plaintiffs, DEMAND FOR JURY TRIAL

VS.
AMAZON.COM, INC.,

Defendant.

Technology Properties Limited LL.C (“TPL”), Phoenix Digital Solutions LLC (“PDS”)
and Patriot Scientific Corporation (“PTSC”) (collectively “Plaintiffs”) hereby allege for their
Complaint for Patent Infringement (“Complaint”) against Defendant Amazon.com, Inc.
(“Defendant™) on personal knowledge as to their own actions and on information and belief as to

the actions of Defendant, as follows:

COMPLAINT FOR PATENT INFRINGEMENT
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PARTIES

1. Plaintiff Technology Properties Limited LLC is a California limited liability
company with its principal place of business at 20883 Stevens Creek Blvd., Suite 100, Cupertino,
California 95014.

2. Plaintiff Phoenix Digital Solutions LLC is a Delaware limited liability company
with its principal place of business at 20883 Stevens Creek Blvd., Suite 100, Cupertino,
California 95014.

3. Plaintiff Patriot Scientific Corporation is a Delaware limited liability company
with its principal place of business at 701 Palomar Airport Road, Suite 170, Carlsbad, California
92011.

4, On information and belief, Defendant Amazon.com, Inc. is a Delaware
corporation with a principal place of business at 410 Terry Avenue North, Seattle, Washington
98109-5210.

JURISDICTION, VENUE AND INTRADISTRICT ASSIGNMENT

5. This is an action for damages and injunctive relief based on patent infringement
arising under the patent laws of the United States, Title 35 of the United States Code.

6. This Court has jurisdiction over the subject matter of this action pursuant to 28
U.S.C. § 1331 and 28 U.S.C. § 1338.

7. On information and belief, Defendant has transacted business in this District,
contracted to supply goods or services in this District directly or through its agents, has offered
for sale, sold and/or advertised its products and services in the this District, and has otherwise
purposely availed itself of the privileges and benefits of the laws of the State of California. This
Court has jurisdiction over Defendant because Defendant has committed acts of patent
infringement during the course of its business in this District.

8. Venue is proper in this District pursuant to 28 U.S.C. § 1400(a) and (b) and 28
U.S.C. § 1391.

COMPLAINT FOR PATENT INFRINGEMENT
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9. This matter is an intellectual property action and is not subject to intradistrict
assignment under Civil L.R. 3-2(c).
THE ASSERTED PATENTS

The ’749 Patent

10.  United States Patent No. 5,440,749 (“the *749 Patent), entitled “High
Performance, Low Cost Microprocessor Architecture,” issued on August 8, 1995 to Charles H.
Moore and Russell H. Fish, III. A true and correct copy of the *749 Patent is attached as Exhibit
A to this Complaint.

11.  The 749 Patent teaches a processor that fetches multiple instructions at a time,
and then supplies them to the CPU’s instruction register in parallel during the same memory
cycle they are fetched. Since memory is generally slower than the CPU, being able to fetch and
supply more than one instruction at a time increases the number of instructions the CPU can
receive in a given time, and thus increases instruction bandwidth.

12.  Plaintiffs TPL, PDS and PTSC collectively hold all substantial rights to the 749
Patent.

The 890 Patent

13.  United States Patent No. 5,530,890 (“the *890 Patent”), entitled “High
Performance, Low Cost Microprocessor,” issued on June 25, 1996 to Charles H. Moore and
Russell H. Fish, III. A true and correct copy of the *890 patent is attached as Exhibit B to this
Complaint.

14.  The *890 Patent teaches a dual stack architecture and the use of stack pointers that
can reference memory in any location to provide more architectural flexibility and faster access
to data elements. A stack architecture is sometimes analogized to a spring-loaded stack of plates
of the kind used in a restaurant. The last plate placed (or “pushed”) on the top of the stack is the
first plate removed (or “popped”) off the stack when needed. Like plates, data elements can be
“pushed” onto or “popped” off the stack. However, by using a “stack pointer,” the CPU does not

need to be an actual top-to-bottom “spring-loaded” stack. Instead, the stack pointer keeps track

3
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of where the “top of stack” item is in a “virtual stack,” so it can be accessed directly as if it were
on the “top.” Combining this with other features, such as a memory controller and direct
memory access, the *890 Patent allows the CPU to off-load memory transfer of data to achieve
further efficiencies and higher performance.

15.  Plaintiffs TPL, PDS and PTSC collectively hold all substantial rights to the >890
Patent.

The ’336 Patent

16.  United States Patent No. 5,809,336 (“the *336 Patent”), entitled “High
Performance Microprocessor Having Variable Speed System Clock,” was duly and legally issued
on September 15, 1998 to Charles H. Moore and Russell H. Fish, III. A true and correct copy of
the *336 Patent is attached as Exhibit C to this Complaint.

17.  The ’336 Patent teaches the use of two independent clocks in a microprocessor
system: (1) an on-chip clock to time the CPU; and (2) a second independent clock to time the
input/output (I/0) interface. This innovation was widely adopted by the industry and became
fundamental to the increased speed and efficiency of modern microprocessors. Decoupling the
system clock from the I/O clock allows the clocks to run independently (or “asynchronously’).

18.  Plaintiffs TPL, PDS and PTSC collectively hold all substantial rights to the *336
Patent.

COUNT 1
INFRINGEMENT OF THE 749 PATENT

19.  Plaintiffs reallege and incorporate herein by reference the allegations contained in
paragraphs 1-21.

20.  On information and belief, without a license or permission from Plaintiffs,
Defendant has infringed and continues to infringe at least claim 1 of the *749 Patent.
Defendant’s infringing activities in the United States and in this District include importing,
making, using, offering to sell, and/or selling products and devices that embody and/or practice

the patented invention, including but not limited to the Kindle Fire.

4
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21.  On information and belief, Defendant’s direct infringement of the *749 Patent has
caused and continues to cause substantial damage to Plaintiffs.

22. On information and belief, Defendant’s direct infringement of the *749 Patent has
been and continues to be willful and deliberate, entitling Plaintiffs to enhanced damages and
attorneys’ fees.

COUNT 11
INFRINGEMENT OF THE ’890 PATENT

23.  Plaintiffs reallege and incorporate herein by reference the allegations contained in
paragraphs 1-25.

24. On information and belief, without a license or permission from Plaintiffs,
Defendant has infringed and continues to infringe at least claim 7 of the *890 Patent.
Defendant’s infringing activities in the United States and in this District include importing,
making, using, offering to sell, and/or selling products and devices that embody and/or practice
the patented invention, including but not limited to the Kindle Fire.

25. On information and belief, Defendant’s direct infringement of the >890 Patent has
caused and continues to cause substantial damage to Plaintiffs.

26. On information and belief, Defendant’s direct infringement of the 890 Patent has
been and continues to be willful and deliberate, entitling Plaintiffs to enhanced damages and
attorneys’ fees.

COUNT 111
INFRINGEMENT OF THE ’336 PATENT

27.  Plaintiffs reallege and incorporate herein by reference the allegations contained in
paragraphs 1-27.

28. On information and belief, without a license or permission from Plaintiffs,
Defendant has infringed and continue to infringe, induced others to infringe and continues to
induce others to infringe, and/or has committed and continues to commit acts of contributory

infringement, literally or under the doctrine of equivalents, at least claim 1 of the 336 Patent.

5
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Defendant’s infringing activities in the United States and in this District include importing,
making, using, offering to sell, and/or selling products and devices that embody and/or practice
the patented invention, including but not limited to the Kindle Fire, and contributing to, and
inducing consumers and users to make and use the patented invention and to practice the claimed
methods.

29. Specifically, on information and belief, Defendant induces others to infringe at
least claim 1 of the *336 Patent by encouraging and facilitating others to perform actions known
by Amazon to infringe and with the intent that performance of the actions will infringe. TPL
provided Amazon notice of the *336 Patent by letter (with an enclosed product report identifying
the *336 patent) dated October 15, 2007.

30. On information and belief, Defendant induces consumers to make and use the
claimed inventions and to practice the claimed methods by (i) providing the Kindle Fire with a
USB input/output interface for connecting the accused device to a peripheral device, the
peripheral device having a clock independent of the CPU clock (e.g., ring oscillator) connected
to the central processing unit on the microprocessor of the Kindle Fire and (ii) instructing
consumers to connect the accused product to a peripheral device such that the combination
includes each element of the asserted apparatus claims of the 336 Patent and use of the
combination, as intended, practices each of the elements of at least claim 1 of the 336 Patent.

31. On information and belief, consumers make and use the claimed inventions and
practice the claimed methods by using the Kindle Fire in combination with a peripheral device
having a clock that originates clock signals from a source other than the clock connected to the
central processing unit on the microprocessor of the Kindle Fire, thereby directly infringing at
least claim 1of the 336 Patent.

32. On information and belief, Defendant’s direct, induced and/or contributory
infringement of the ’336 Patent has caused and continues to cause substantial damage to

Plaintiffs.
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33. On information and belief, Defendant’s direct, induced and/or contributory
infringement of the 336 Patent has been and continues to be willful, entitling Plaintiffs to

enhanced damages and attorneys’ fees.

PRAYER FOR RELIEF

WHEREFORE, Plaintiffs Technology Properties Limited, Phoenix Digital Solutions
LLC, and Patriot Scientific Corporation pray for judgment and relief as follows:

A. A judgment that Defendant has infringed one or more claims of the Asserted
Patents;

B. An award of damages in an amount adequate to compensate Plaintiffs for
Defendant’s infringement of the Asserted Patents;

C. A declaration that Defendant’s infringement of the Asserted Patents was willful
and that this case is exceptional pursuant to 35 U.S.C. § 285;

D. An award of Plaintiffs’ costs, expenses and attorneys’ fees incurred in bringing
and prosecuting this action;

E. An award of enhanced damages resulting from Defendant’s willful infringement,

and all other categories of damages allowed by 35 U.S.C. § 284;

12 An award of pre-judgment interest; and
G. Such other and further relief as this Court may deem just and appropriate.
DEMAND FOR JURY TRIAL

Pursuant to Rule 38(b) of the Federal Rules of Civil Procedure, Plaintiffs demand a jury

trial as to all issues so triable.

Dated: July 24, 2012 Respectfully submitted,

AGILITY IP p;mb

James C. Otteson

Atigrneys for Plaintiffs
THECHNOLOGY PROPERTIES LIMITED LLC
any PHOENIX DIGITAL SOLUTIONS LLC

7
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KIRBY NOONAN LANCE & HOGE LLP

/s/ Charles T. Hoge
Charles T. Hoge

Attorneys for Plaintiff
PATRIOT SCIENTIFIC CORPORATION

COMPLAINT FOR PATENT INFRINGEMENT
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[57] ABSTRACT

A microprocessor (50) includes a main central process-
ing unit (CPU) (70) and a separate direct memory access
(DMA) CPU (72) in a single integrated circuit making
up the microprocessor (50). The main CPU (70) has a
first 16 deep push down tack (74), which has a to item
register (76) and a next item register (78), respectively
connected to provide inputs to an arithmetic logic unit
(ALU) (80) by lines (82) and (84). An output of the
ALU (80) is connected to the top item register at (82) is
also connected by line (88) to an internal data bus (90).
CPU (70) is pipeline free. The simplified CPU (70) re-
quires fewer transistors to implement than pipelined
architectures, yet produces performance which
matches or exceeds existing techniques. The DMA
CPU (72) provides inputs to the memory controller
(118) on line (148). The memory controller (118) is
connected to 2 RAM by address/data bus (150) and
control lines (152). The DMA CPU (72) enables the
CPU (70) to execute instructions four times faster than
the RAM speed by fetching four instructions in a single
memory cycle.

29 Claims, 19 Drawing Sheets

145 fatiad
‘q INCREMENTER I‘-

80 7
L TOP OF STACK
122 128 138 85 I NEXTITEM | zn
84 PARAMETER
g A 16 DEEP
[~-12¢ I ™
120 o~ |3 01
4
2
e\ ety
g COUNTER T
I~ STACK V)
125 @ E A 102] PONTER s
2 RSTACK /
L] 104 | POINTER 14
M b 105 | MODE R
136 REGISTER e
72 A msTRUCTION [/
ETURY 1| REGISTER
B DMACPU
LOCAL
/ARIABLES
16 DEEP
— i
3¢/ i
MEMORY
CONTROLLER




Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagell of 168

U.S. Patent Aug. 8, 1995 Sheet 1 of 19 5,440,749
54 z
A o >"
ro Q v 1—\ g E (@] E
p2l22Bwegae
520momo>0§on:02
Ninnonooooonn
(Do 58 (,,62( 66 |pp14)
D29 [ D13
524 D28 [ SH-BOOM D12 p52
D27 MICROPROCESSOR D11
D26 D10
VDD 356 50 56—~§3 VDD
(D25 C o9
D24 O 44-PIN PLCC 08
52< D23 D7 »52
D22
D21 C
S22-2g8c58843
O 0O 0O O O > J
L ~ J 5Y2
52

FIG._1



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel?2 of 168

U.S. Patent Aug. 8, 1995 Sheet 2 of 19 5,440,749
- GATE L. INTERNAL DATA BUS
146 144 120:
[ 80 g2/
<— INCREMENTER ‘ ' /76
g | TOP OF STACK >
122 128 138 86~ | NEXT ITEM -
| v 84 I- PARAMETER
X REGISTER o [ STACK
8 74/ 16 DEEP
124 P
130 140 @ 90 -
o
| PROGRAM o | %2
COUNTER Q 94 Toor 108
_ -1
§ COUNTER 110
~-126 e STACK
142 i \70 102 -] POINTER 112
132 Z _| RSTACK
Y REGISTER 764~"] POINTER
' MODE
~~136 106 | REGISTER
INSTRUCTION
RETURN 108
i) REGISTER
& DMA CPU
LOCAL
VARIABLES
16 DEEP
118
134 L
MEMORY
CONTROLLER l:
ADDRESS/ CONTROL 50
DATA LINES

FIG._2



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel3 of 168

U.S. Patent Aug. 8, 1995 Sheet 3 of 19 5,440,749

FIG._3



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel4 of 168

U.S. Patent Aug. 8, 1995 Sheet 4 of 19 5,440,749

108 —1 | INSTR 1 INSTR2 | | INSTR3 | | INSTR4 '._

190~ 190 7 190 190 @
(28]
1727 ~-174 ~~176 ~-178 E
. ()
3
T8 18 18 18 _i82 2
y 7 [ ;S ,‘f,
/ o
130 muLtpLexer o] MISEO | £
PROGRAM - —
COUNTER I—. ” 170 1186 180
| 8 1
7
w 90
c
(a]
(a)]
<
o}
= INTERNAL SIGNALS
i
= INSTRUCTION
136 192J FETCH-AHEAD
196
118
a2 |memory | 32
+—CONTROLLER }= 2
1981 32 7
200
ADDRESS/ CONTROL
DATA LINES

FIG._4



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel5 of 168

U.S. Patent Aug. 8, 1995 Sheet 5 of 19 5,440,749
0 )
= oD
o m

' o
§ SYSTEM CLOCK 244 2
TRANSFER SIZE z
é 250 | COUNTER I‘—' x
e 248 220 _~ 2
W 236 T
[
Z MEMORY CYCLE 222 |
ACKNOWLEDGE 234

TRANSFER SIZE

20— | COUNTER
238 216
DMA INSTRUCTION DONE  [N\-242 112

- T )
232 o) P
o 214 %0

r224
72 —/

DMATO &
| RAM ADDRESS

DMAT/O &
RAM ADDRESS

~~136 REGISTER REGISTER
MEMORY CYCLE 230 226 210
REQUEST 32
228 118
r
32 MEMORY 32
* »CONTROLLER §= *
32 6

ADDRESS/ CONTROL
DATA LINES

FIG._5



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel6 of 168

U.S. Patent

Aug. 8, 1995 Sheet 6 of 19 5,440,749

RAS0/1

52 4

/

MEMORY _ 565
& 10 270
DECODE > DRAM RAS
LOGIC | 260
»>A11Y CE/
> A10
> A9
» A8
ﬁg 4K X 8
Jas (264 EPROM
> Ad
> A3 276
> A2 262 \
»A1 |1 D
a0 ) 58838858 6

.
60 ~_
CAS

FIG._6



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel7 of 168

U.S. Patent Aug. 8, 1995 Sheet 7 of 19 5,440,749

J4

/'286 /-288

J2

290
/-
i s l U2 | ‘ (K] | U4
us |

SH-BOOM

296

296 ~

FIG._7



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel8 of 168

U.S. Patent Aug. 8, 1995 Sheet 8 of 19 5,440,749

uto0 U1t

_Ui]

Li-

FIG._8



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel9 of 168

U.S. Patent

Aug. 8, 1995

Sheet 9 of 19

5,440,749

32K BYTES 32K BYTES
311 \\\
ALU CLOCK/TIMING
INSTRUCTION . .
DECODE
376\\ DMA CPU
32K BYTES 32K BYTES

311 <

FIG._9

316

L~ 314

311

RSTACK
STACK
INSTR.

REG



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page20 of 168

Aug. 8, 1995 Sheet 10 of 19 5,440,749

U.S. Patent

oL "Old

10373S Wvd

2
a

(7]
<C
O

2]

05!

73S WOHd

0l

300034
svd J OI /AHOW3W

103713S

WOHd Wvd

*~-SNng

103713s  vivd/sS3HAAv

TVYNH3LX3

§s3a"aav

Slig SS3HAAav
H3Q4HO HOIH

slig
N\SvH

£

o

sSng
Viva/ssS3yaav
TVNYALNI



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page?21 of 168

Aug. 8, 1995 Sheet 11 of 19 5,440,749

U.S. Patent

\\\\\ 0
. N
L DId BN . a0
N QN ‘ y
...... N e ,
. — N\
! N =N F o
N NAAETE
ﬂmn.///Cm_u_” a2y
”A”MR“”MRW S1ig Ss3yaayvy
”Mﬂmw‘mmmm / zommm>4m5/
...... NS NN
INEENR )%
REY N &Y sLig]
YR EER  10373S
X B EER - IWoHd /
...... N & L W
0g
.................................................... 1€

e . s s e G e e e A s e v A e G e S S e P T e e N M e e W S M ae e > e ae e

T e e e e N A e W AR G e G W S G et S Y R Ew e e e P e s e e e e G e P R ew Ew T e m e

€ @) (o1 (6) (8)2)(9)(8) (p)

(€)

EXTERNAL ADDRESS / DATA BUS



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page22 of 168

Aug. 8, 1995 Sheet 12 of 19 5,440,749

U.S. Patent

o] 2y 2y 2y By o
\
_mmhz:oo vina | A
_ €2
o’ “v By —"v ze
XN Alwlv
YO ommJ SNg SS3HAav aaxnw \wm,mfmnn__o,\
sng gel > .
ssvaav —__ \- v—"v
IVNHILNI ,
TYNOIS snaviva %6
183NDIAY ———» JYNDOIS LNVHDO AYNH3LNI
VNG 1S3nD3Y sne
Nd9 866~
1s3noay JOHLNOD SNE 066
0ze~] ALIHOIHd sng ~ 13say —— 1 "
FTTE SRmme 5 o
$1S3ND3H sng m [ ree 5
¥ I T Xuond (@3131dW0D SS300V) G [ pop
Q X T O AQVY3H AHOW3W Dy, t
= Q o I gor o o] X —2svo
n (TR - m
o = < (%) 73]
= T £ 2 (I1OAD AHOWIW o 59w
o o 21VHINGD) NNk ) ose | 2 |—=1svu
2 o
b ~— _ 98¢/

153n034 NdH

310



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page23 of 168

U.S. Patent Aug 8,1995  Sheet 13 of 19 5,440,749

REGISTER ARRAY COMPUTATION STACK

DATA BUS

REGISTER O
REGISTER 1
REGISTER 2
REGISTER 3
REGISTER 4
REGISTER 5
REGISTER 6
REGISTER 7

REGISTER
ADDRESS BUS [

l STACK POINTER l
FIG._13

ALU | TOP OF STACK
— NEXT ITEM

134

74




Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page24 of 168

U.S. Patent Aug, 8, 1995 Sheet 14 of 19 5,440,749

ON CHIP ON CIRCUIT BOARD
412 y 410
READY ‘ 150 ~| DRAM DRAM |-150
OE-BAR OE-BAR
152 .
OUTPUT ENABLE
= -~ 418 N~ 50
OE-BAR VOLTS
5 414
FEW MEMORY CHIPS
416
MANY MEMORY CHIPS
0

5 TIME (NANOSECONDS)

FIG._15



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page25 of 168

U.S. Patent Aug, 8, 1995 Sheet 15 of 19 5,440,749

32-BIT INSTRUCTION REGISTER

108

1
s 80
2-BIT
MULTIPLEXER COUNTER
A
L —422
L
INSTRUCTION RESET COUNTER |
DECODE LOGIC INCREMENT COUNTER
LATCH NEXT
INSTRUCTION
GROUP
Y
CONTROL SIGNALS

PHASE 0 PHASE 1 PHASE2 PHASES3
A :

430 / t431 /’ k43 1 -/’

FIG._18



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page26 of 168

U.S. Patent

Aug. 8, 1995 Sheet 16 of 19 5,440,749

PHASE

RING COUNTER
VARIABLE SPEED
CLOCK

430 CRYSTAL CLOCK

” 434

~70 (=436 432

REQUEST ,. |
I, READY !, /o —

oru !; DATA/ADDRESS |  INTERFACE
90,136
® & & 0 0 0 l
EXTERNAL MEMORY BUS
FIG._17
433
-
433
[-433
/‘433

TIME

FIG._19



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page27 of 168

U.S. Patent Aug. 8, 1995 Sheet 17 of 19 5,440,749
32-BIT INSTRUCTION REGISTER
108
[ 4 -
0 4 442 >
- 3
e
0 — 442 L
w
¢ > 5
C
0 p442 &
—
3 SELECTS
DECODER
Py 180
2-BIT
MULTIPLEXER COUNTER

INSTRUCTION
DECODE LOGIC

CONTROL SIGNALS

FIG._20



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page28 of 168

U.S. Patent Aug. 8, 1995 Sheet 18 of 19
I DATA (—46'2
&Nrgl_fliég ‘ l 2ADDRESS LINES
| P 7z N
TOES o e 2-BIT CACHE
456 ) WRITE POINTER
_E
DATA 3 = | —460
w [1IT]
X, X
Q Q
= <
i et |
458 é L4ADDRESS LINES
i; WRITE STACK POINTER
458 '
ON-CHIP
RAM
452 —% I
l o .
458 l 2 5
X ¥
| 3| &
H
458
DATA
20 ADDRESS LINES Y Y
EXTREARNAL E ’ " READ 20-BIT EXTERNAL
M WRITE
M~ R STACK POINTER

Hamadas
4

FIG._21

5,440,749



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page29 of 168

U.S. Patent Aug. 8, 1995 Sheet 19 of 19 5,440,749

l DOWN !
COUNT
472 COUNTER
ZERO DETECT

474 478 80
AREGISTER l«— SHIFTER ALU 470
1 C REGISTER I
XOR
/476 y 480
B REGISTER SHIFTER |
F" b
SHIFT
RIGHT
LEAST SIGNIFICANT BIT FIG._22
DOWN
COUNT
472 COUNTER
ZERO DETECT
474 482 80
AREGISTER |-— SHIFTER ];— ALU 470
- . y
shier | c REGISTERI
LEFT | App
/476 /480
B REGISTER Io— SHIFTER
SHIFT
RIGHT
LEAST SIGNIFICANT BIT FIG._23




Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page30 of 168

5,440,749

1

HIGH PERFORMANCE, LOW COST
MICROPROCESSOR ARCHITECTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a simpli-
fied, reduced instruction set computer (RISC) micro-
processor. More particularly, it relates to such a micro-
processor which is capable of performance levels of, for
example, 20 million instructions per second (MIPS) at a
price of, for example, 20 dollars.

2. Description of the Prior Art

Since the invention of the mlcroprocessor, improve-
ments in its design have taken two different approaches.
In the first approach, a brute force gain in performance
has been achieved through the provision of greater
numbers of faster transistors in the microprocessor inte-
grated circuit and an instruction set of increased com-
plexity. This approach is exemplified by the Motorola
68000 and Intel 80X86 microprocessor families. The
trend in this approach is to larger die sizes and pack-
ages, with hundreds of pinouts.

More recently, it has been perceived that perfor-
mance gains can be achieved through comparative sim-
plicity, both in the microprocessor integrated circuit
itself and in its instruction set. This second approach
provides RISC microprocessors, and is exemplified by
the Sun SPARC and The Intel 8960 microprocessors.
However, even with this approach as conventionally
practiced, the packages for the microprocessor are
large, in order to accommodate the large number of
pinouts that continue to be employed. A need therefore
remains for further simplification of high performance
MiCTOProcessors.

With conventional high performance microproces-
sors, fast static memories are required for direct connec-
tion to the microprocessors in order to allow memory
accesses that are fast enough to keep up with the micro-
processors. Slower dynamic random access memories
(DRAMs) are used with such microprocessors only in a
hierarchical memory arrangement, with the static mem-
ories acting as a buffer between the microprocessors
and the DRAMs. The necessity to use static memories
increases cost of the resulting systems.

Conventional microprocessors provide direct mem-
ory accesses (DMA) for system peripheral units
through DMA controllers, which may be located on
the microprocessor integrated circuit, or provided sepa-
rately. Such DMA controllers can provide routine han-
dling of DMA requests and responses, but some pro-
cessing by the main central processing unit (CPU) of the
microprocessor is required.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to pro-
vide a microprocessor with a reduced pin count and
cost compared to conventional microprocessors.

It is another object of the invention to provide a high
performance microprocessor that can be directly con-
nected to DRAMs without sacrificing microprocessor
speed.

It is a further object of the invention to provide a high
performance microprocessor in which DMA. does not
require use of the main CPU during DMA requests and
responses and which provides very rapid DMA re-
sponse with predictable response times.
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The attainment of these and related objects may be
achieved through use of the novel high performance,
low cost microprocessor herein disclosed. In accor-
dance with one aspect of the invention, a microproces-
sor system in accordance with this invention has a cen-
tral processing unit, a dynamic random access memory
and a bus connecting the central processing unit to the
dynaxmc random access memory. There is a multlplex-
ing means on the bus between the central processing
unit and the dynamic random access memory. The mul-
tiplexing means is connected and configured to provide
row addresses, column addresses and data on the bus.

In accordance with another aspect of the invention,
the microprocessor system has a means connected to
the bus for fetching instructions for the central process-
ing unit on the bus. The means for fetching instructions
is configured to fetch multiple sequential instructions in
a single memory cycle. In a variation of this aspect of
the invention, a programmable read only memory con-
taining instructions for the central processing unit is
connected to the bus. The means for fetching instruc-
tions includes means for assembling a plurality of in-
structions from the programmable read only memory
and storing the plurality of instructions in the dynamic
random access memory.

In another aspect of the invention, the microproces-
sor system includes a central processing unit, a direct
memory access processing unit and a memory con-
nected by a bus. The direct memory access processing
unit includes means for fetching instructions for the
central processing unit and for fetching instructions for
the direct memory access processing unit on the bus.

In a further aspect of the invention, the microproces-
sor system, including the memory, is contained in an
integrated circuit. The memory is a dynamic random
access memory, and the means for fetching multiple
instructions includes a column latch for receiving the
multiple instructions.

In still another aspect of the invention, the micro-
processor system additionally includes an instruction
register for the multiple instructions connected to the
means for fetching instructions. A means is connected
to the instruction register for supplying the multiple
instructions in succession from the instruction register.
A counter is connected to control the means for supply-
ing the multiple instructions to supply the multiple in-
structions in succession. A means for decoding the mul-
tiple instructions is connected to receive the multiple
instructions in succession from the means for supplying
the multiple instructions. The counter is connected to
said means for decoding to receive incrementing and
reset control signals from the means for decoding. The
means for decoding is configured to supply the reset
control signal to the counter and to supply a control
signal to the means for fetching instructions in response
to a SKIP instruction in the multiple instructions. In a
modification of this aspect of the invention, the micro-
processor system additionally has a loop counter con-
nected to receive a decrement control signal from the
means for decoding. The means for decoding is config-
ured to supply the reset control signal to the counter
and the decremnent control signal to the loop counter in
response to a MICROLOOP instruction in the multiple
instructions. In a further modification to this aspect of
the invention, the means for decoding is configured to
control the counter in response to an instruction utiliz-
ing a variable width operand. A means is connected to
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the counter to select the variable width operand in
response to the counter.

In a still further aspect of the invention, the micro-
processor system includes an arithmetic logic unit. A
first push down stack is comnected to the arithmetic
logic unit. The first push down stack includes means for
storing a top item connected to a first input of the arith-
metic logic unit and means for storing a next item con-
nected to a second input of the arithmetic logic unit.
The arithmetic logic unit has an output connected to the
means for storing a top item. The means for storing a
top item is connected to provide an input to a register
file. The register file desirably is a second push down
stack, and the means for storing a top item and the
register file are bidirectionally connected.

In another aspect of the invention, a data processing
system has a microprocessor including a sensing circuit
and a driver circuit, a memory, and an output enable
line connected between the memory, the sensing circuit
and the driver circuit. The sensing circuit is configured
to provide a ready signal when the output enable line
reaches a predetermined electrical level, such as a volt-
age. The microprocessor is configured so that the driver
circuit provides an enabling signal on the output enable
line responsive to the ready signal.

In a further aspect of the invention, the microproces-
sor system has a ring counter variable speed system
clock connected to the central processing unit. The
central processing unit and the ring counter variable
speed system clock are provided in a single integrated
circuit. An input/output interface is connected to ex-
change coupling control signals, addresses and data
with the input/output interface. A second clock inde-
pendent of the ring counter variable speed system clock
is connected to the input/output interface.

In yet another aspect of the invention, a push down
stack is connected to the arithmetic logic unit. The push
down stack includes means for storing a top item con-
nected to a first input of the arithmetic logic unit and
means for storing a next item connected to a second
input of the arithmetic logic unit. The arithimnetic logic
unit has an output connected to the means for storing a
top item. The push down stack has a first plurality of
stack elements configured as latches and a second plu-
rality of stack elements configured as a random access
memory. The first and second plurality of stack ele-
ments and the central processing unit are provided in a
single integrated circuit. A third plurality of stack ele-
ments is configured as a random access memory exter-
nal to the single integrated circuit. In this aspect of the
invention, desirably a first pointer is connected to the
first plurality of stack elements, a second pointer con-
nected to the second plurality of stack elements, and a
third pointer is connected to the third plurality of stack
elements. The central processing unit is connected to
pop items from the first plurality of stack elements. The
first stack pointer is connected to the second stack
pointer to pop a first plurality of items from the second
plurality of stack elements when the first plurality of
stack elements are empty from successive pop opera-
tions by the central processing unit. The second stack
pointer is connected to the third stack pointer to pop a
second plurality of items from the third plurality of
stack elements when the second plurality of stack ele-
ments are empty from successive pop operations by the
central processing unit.

In another aspect of the invention, a first register is
connected to supply a first input to the arithmetic logic
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unit. A first shifter is connected between an output of
the arithmetic logic unit and the first register. A second
register is connected to receive a starting polynomial
value. An output of the second register is connected to
a second shifter. A least significant bit of the second
register is connected to The arithmetic logic unit. A
third register is connected to supply feedback terms of
a polynomial to the arithmetic logic unit. A down
counter, for counting down a number corresponding to
digits of a polynomial to be generated, is connected to
the arithmetic logic unit. The arithmetic logic unit is
responsive to a polynomial instruction to carry out an
exclusive OR of the contents of the first register with
the contents of the third register if the least significant
bit of the second register is a “ONE”and to pass the
contents of the first register unaltered if the least signifi-
cant bit of the second register is a “ZERO”, until the
down counter completes a count. The polynomial to be
generated results in said first register.

In still another aspect of the invention, a result regis-
ter is connected to supply a first input to the arithmetic
logic unit. A first, left shifting shifter is connected be-
tween an output of the arithmetic logic unit and the
result register. A muitiplier register is connected to
receive a multiplier in bit reversed form. An output of
the multiplier register is connected to a second, right
shifting shifter. A least significant bit of the multiplier
register is connected to the arithmetic logic unmit. A
third register is connected to supply a multiplicand to
said arithmetic logic unit. A down counter, for counting
down a number corresponding to one less than the
number of digits of the multiplier, is connected to the
arithmetic logic unit. The arithmetic logic unit is re-
sponsive to a multiply instruction to add the contents of
the result register with the contents of the third register,
when the least significant bit of the multiplier register is
a “ONE” and to pass the contents of the result register
unaltered, until the down counter completes a count.
The product results in the result register.

The attainment of the foregoing and related objects,
advantages and features of the invention should be more
readily apparent to those skilled in the art, after review
of the following more detailed description of the inven-
tion, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an external, plan view of an integrated cir-
cuit package incorporating a microprocessor in accor-
dance with the invention.

FIG. 2 is a block diagram of a microprocessor in
accordance with the invention.

FIG. 3 is a block diagram of a portion of a data pro-
cessing system incorporating the microprocessor of
FIGS. 1 and 2.

FIG. 4 is a more detailed block diagram of a portion
of the microprocessor shown in FIG. 2.

FIG. 5 is a more detailed block diagram of another
portion of the microprocessor shown in FIG. 2.

FIG. 6 is a block diagram of another portion of the
data processing system shown in part in FIG. 3 and
incorporating the microprocessor of FIGS. 1-2 and
4-5.

FIGS. 7 and 8 are layout diagrams for the data pro-
cessing system shown in part in FIGS. 3 and 6.

FIG. 9 is a layout diagram of a second embodiment of
a microprocessor in accordance with the invention in a
data processing system on a single integrated circuit.
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FIG. 10 is a more detailed block diagram of a portion
of the data processing system of FIGS. 7 and 8.

FIG. 11 is a timing diagram useful for understanding
operation of the system portion shown in FIG. 12.

FIG. 12 is another more detailed block diagram of a
further portion of the data processing system of FIGS.
7 and 8.

FIG. 13 is a more detailed block diagram of a portion
of the microprocessor shown in FIG. 2.

FIG. 14 is a more detailed block and schematic dia-
gram of a portion of the system shown in FIGS. 3 and
7-8.

FIG. 15 is a graph useful for understanding operation
of the system portion shown in FIG. 14.

FIG. 16 is a more detailed block diagram showing
part of the system portion shown in FIG. 4.

FIG. 17 is 2 more detailed block diagram of a portion
of the microprocessor shown in FIG. 2.

FIG. 18 is a more detailed block diagram of part of
the microprocessor portion shown in FIG. 17.

FIG. 19 is a set of waveform diagrams useful for
understanding operation of the part of the microproces-
sor portion shown in FIG. 18.

FIG. 20 is a2 more detailed block diagram showing
another part of the system portion shown in FIG. 4.

FIG. 21 is a more detailed block diagram showing
another part of the system portion shown in FIG. 4.

FIGS. 22 and 23 are more detailed block diagrams
showing another part of the system portion shown in
FIG. 4.

DETAILED DESCRIPTION OF THE
INVENTION

Overview

The microprocessor of this invention is desirably
implemented as a 32-bit microprocessor optimized for:

HIGH EXECUTION SPEED, and

LOW SYSTEM COST.

In this embodiment, the microprocessor can be thought
of as 20 MIPS for 20 dollars. Important distinguishing
features of the microprocessor are:

Uses low-cost commodity DYNAMIC RAMS to run
20 MIPS

4 instruction fetch per memory cycle

On-chip fast page-mode memory management

Runs fast without external cache

Requires few interfacing chips

Crams 32-bit CPU in 44 pin SOJ package

The instruction set is organized so that most opera-
tions can be specified with 8-bit instructions. Two posi-
tive products of this philosophy are:

Programs are smaller,

Programs can execute much faster.

The bottleneck in most computer systems is the mem-
ory bus. The bus is used to fetch instructions and fetch
and store data. The ability to fetch four instructions in a
single memory bus cycle significantly increases the bus
availability to handle data.

Turning now to the drawings, more particularly to
FIG. 1, there is shown a packaged 32-bit microproces-
sor 50 in a 44-pin plastic leadless chip carrier, shown
approximately 100 times its actual size of about 0.8 inch
on a side. The fact that the microprocessor 50 is pro-
vided as a 44-pin package represents a substantial depar-
ture from typical microprocessor packages, which usu-
ally have about 200 input/output (I/O) pins. The micro-
processor 50 is rated at 20 million instructions per sec-
ond (MIPS). Address and data lines 52, also labelled
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D0-D31, are shared for addresses and data without
speed penalty as a result of the manner in which the
microprocessor 50 operates, as will be explained below.
Dynamic Ram

In addition to the low cost 44-pin package, another
unusual aspect of the high performance microprocessor
50 is that it operates directly with dynamic random
access memories (DRAMs), as shown by row address
strobe (RAS) and column address strobe (CAS) 1/0
pins 54. The other I/0 pins for the microprocessor 50
include VDD pins 56, VSS pins 58, output enable pin
60, write pin 62, clock pin 64 and reset pin 66.

All high speed computers require high speed and
expensive memory to keep up. The highest speed static
RAM memories cost as much as ten times as much as
slower dynamic RAMs. This microprocessor has been
optimized to use low-cost dynamic RAM in high-speed
page-mode. Page-mode dynamic RAMs offer static
RAM performance without the cost penalty. For exam-
ple, low-cost 85 nsec. dynamic RAMs access at 25 nsec
when operated in fast page-mode. Integrated fast page-
mode control on the microprocessor chip simplifies
system interfacing and results in a faster system.

Details of the microprocessor 50 are shown in FIG. 2.
The microprocessor 50 includes a main central process-
ing unit (CPU) 70 and a separate direct memory access
(DMA) CPU 72 in a single integrated circuit making up
the microprocessor 50. The main CPU 70 has a first 16
deep push down stack 74, which has a top item register
76 and a next item register 78, respectively connected to
provide inputs to an arithmetic logic unit (ALU) 80 by
lines 82 and 84. An output of the ALU 80 is connected
to the top item register 76 by line 86. The output of the
top item register at 82 is also connected by line 88 to an
internal data bus 90.

A loop counter 92 is connected to a decrementer 94
by lines 96 and 98. The loop counter 92 is bidirection-
ally connected to the internal data bus 90 by line 100.
Stack pointer 102, return stack pointer 104, mode regis-
ter 106 and instruction register 108 are also connected
to the internal data bus 90 by lines 110, 112, 114 and 116,
respectively. The internal data bus 90 is connected to
memory controller 118 and to gate 120. The gate 120
provides inputs on lines 122, 124, and 126 to X register
128, program counter 130 and Y register 132 of return
push down stack 134. The X register 128, program
counter 130 and Y register 132 provide outputs to inter-
nal address bus 136 on lines 138, 140 and 142. The inter-
nal address bus provides inputs to the memory control-
ler 118 and to an incrementer 144. The incrementer 144
provides inputs to the X register, program counter and
Y register via lines 146, 122, 124 and 126. The DMA
CPU 72 provides inputs to the memory controller 118
on line 148. The memory controller 118 is connected to
a RAM (not shown) by address/data bus 151 and con-
trol lines 153.

FIG. 2 shows that the microprocessor 50 has a simple
architecture. Prior art RISC microprocessors are sub-
stantially more complex in design. For example, the
SPARC RISC microprocessor has three times the gates
of the microprocessor 50, and the Intel 8960 RISC mi-
croprocessor has 20 times the gates of the microproces-
sor 50. The speed of this microprocessor is in substantial
part due to this simplicity. The architecture incorpo-
rates push down stacks and register write to achieve this
simplicity.

The microprocessor 50 incorporates an I/0 that has
been tuned to make heavy use of resources provided on
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the integrated circuit chip. On chip latches allow use of
the same I1/O circuits to handle three different things:
column addressing, row addressing and data, with a
slight to non-existent speed penalty. This triple bus
multiplexing results in fewer buffers to expand, fewer
interconnection lines, fewer I/O pins and fewer internal
buffers.

The provision of on-chip DRAM control gives a
performance equal to that obtained with the use of static
RAM:s. As a result, memory is provided at 1 the system
cost of static RAM used in most RISC systems.

The microprocessor 50 fetches 4 instructions per
memory cycle; the instructions are in an 8-bit format,
and this is a 32-bit microprocessor. System speed is
therefore 4 times the memory bus bandwidth. This abil-
ity enables the microprocessor to break the Von Neu-
mann bottleneck of the speed of getting the next instruc-
tion. This mode of operation is possible because of the
use of a push down stack and register array. The push
down stack allows the use of implied addresses, rather
than the prior art technique of explicit addresses for two
sources and a destination.

Most instructions execute in 20 nanoseconds in the
microprocessor 50. The microprocessor can therefore
execute instructions at 50 peak MIPS without pipeline
delays. This is a function of the small number of gates in
the microprocessor 50 and the high degree of parallel-
ism in the architecture of the microprocessor.

FIG. 3 shows how column and row addresses are
multiplexed on lines D8-D14 of the microprocessor 50
for addressing DRAM 150 from I/O pins 52. The
DRAM 150 is one of eight, but only one DRAM 150
has been shown for clarity. As shown, the lines
D11-D18 are respectively connected to row address
inputs A0-A8 of the DRAM 150. Additionally, lines
D12-D15 are connected to the data inputs DQ1-DQ4
of the DRAM 15. The output enable, write and column
address strobe pins 54 are respectively connected to the
output enable, write and column address strobe inputs
of the DRAM 150 by lines 152. The row address strobe
pin 54 is connected through row address strobe decode
logic 154 to the row address strobe input of the DRAM
150 by lines 156 and 158.

DO0-D7 pins 52 (FIG. 1) are idle when the micro-
processor 50 is outputting multiplexed row and column
addresses on D11-D18 pins 52. The D0-D7 pins 52 can
therefore simultaneously be used for I/O when right
justified 1/0 is desired. Simultaneous addressing and
I/0 can therefore be carried out.

FIG. 4 shows how the microprocessor 50 is able to
achieve performance equal to the use of static RAMS
with DRAMs through multiple instruction fetch in a
single clock cycle and instruction fetch-ahead. Instruc-
tion register 108 receives four 8-bit byte instruction
words 1-4 on 32-bit internal data bus 90. The four in-
struction byte 1-4 locations of the instruction register
108 are connected to multiplexer 170 by busses 172, 174,
176 and 178, respectively. A microprogram counter 180
is connected to the multiplexer 170 by lines 182. The
multiplexer 170 is connected to decoder 184 by bus 186.
The decoder 184 provides internal signals to the rest of
the microprocessor 50 on lines 188.

Most significant bits 190 of each instruction byte 14
location are connected to a 4-input decoder 192 by lines
194. The output of decoder 192 is connected to memory
controller 118 by line 196. Program counter 130 is con-
nected to memory controller 118 by internal address
bus 136, and the instruction register 108 is connected to
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the memory controller 118 by the internal data bus 90.
Address/data bus 198 and control bus 200 are con-
nected to the DRAMS 150 (FIG. 3).

In operation, when the most significant bits 190 of
remaining instructions 1-4 are “1” in a clock cycle of
the microprocessor 50, there are no memory reference
instructions in the quene. The output of decoder 192 on
line 196 requests an instruction fetch ahead by memory
controller 118 without interference with other accesses.
‘While the current instructions in instruction register 108
are executing, the memory controller 118 obtains the
address of the next set of four instructions from pro-
gram counter 130 and obtains that set of instructions. By
the time the current set of instructions has completed
execution, the next set of instructions is ready for load-
ing into the instruction register.

Details of the DMA CPU 72 are provided in FIG. 5.
Internal data bus 90 is connected to memory controller
118 and to DMA instruction register 210. The DMA
instruction register 210 is connected to DMA. program

- counter 212 by bus 214, to transfer size counter 216 by
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bus 218 and to timed transfer interval counter 220 by
bus 222. The DMA instruction register 210 is also con-
nected to DMA 1I/0 and RAM address register 224 by
line 226. The DMA 1/0 and RAM address register 224
is connected to the memory controller 118 by memory
cycle request line 228 and bus 230. The DMA program
counter 212 is connected to the internal address bus 136
by bus 232. The transfer size counter 216 is connected to
a DMA instruction done decrementer 234 by lines 236
and 238. The decrementer 234 receives a control input
on memory cycle acknowledge line 240. When transfer
size counter 216 has completed its count, it provides a
control signal to DMA program counter 212 on line
242. Timed transfer interval counter 220 is connected to
decrementer 244 by lines 246 and 248. The decrementer
244 receives a control input from a microprocessor
system clock on line 250.

The DMA CPU 72 controls itself and has the ability
to fetch and execute instructions. It operates as a co-
processor to the main CPU 70 (FIG. 2) for time specific
processing.

FIG. 6 shows how the microprocessor 50 is con-
nected to an electrically programmable read only mem-
ory (EPROM) 260 by reconfiguring the data lines 52 so
that some of the data lines 52 are input lines and some of
them are output lines. Data lines 52 D0-D7 provide
data to and from corresponding data terminals 262 of
the EPROM 260. Data lines 52 D9-D18 provide ad-
dresses to address terminals 264 of the EPROM 260.
Data lines 52 D19-D31 provide inputs from the micro-
processor 50 to memory and I/O decode logic 266.
RAS 0/1 control line 268 provides a control signal for
determining whether the memory and I/0 decode logic
provides a DRAM RAS output on line 270 or a column
enable output for the EPROM 260 on line 272. Column
address strobe terminal 60 of the microprocessor 50
provides an output enable signal on line 274 to the cor-
responding terminal 276 of the EPROM 260.

FIGS. 7 and 8 show the front and back of a one card
data processing system 280 incorporating the micro-
processor 50, MSM514258-10 type DRAMs 150 total-
ling 2 megabytes, a Motorola 50 MegaHertz crystal
oscillator clock 282, I/0 circuits 284 and a 27256 type
EPROM 260. The 1/0 circuits 284 include a 74HCO04
type high speed hex inverter circuit 286, an IDT39C828
type 10-bit inverting buffer circuit 288, an IDT39C822
type 10-bit inverting register circuit 290, and two
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IDT39C823 type 9-bit non-inverting register circuits
292. The card 280 is completed with a MAXI12V type
DC-DC converter circuit 294, 34-pin dual AMP type
headers 296, a coaxial female power connector 298, and
a 3-pin AMP right angle header 300. The card 280 is a
low cost, imbeddable product that can be incorporated
in larger systems or used as an internal development
tool.

The microprocessor 50 is a very high performance
(50 MHz) RISC influenced 32-bit CPU designed to
work closely with dynamic RAM. Clock for clock, the
microprocessor 50 approaches the theoretical perfor-
mance limits possible with a single CPU configuration.
Eventually, the microprocessor 50 and any other pro-
cessor is limited by the bus bandwidth and the number
of bus paths. The critical conduit is between the CPU
and memory.

One solution to the bus bandwidth/bus path problem
is to integrate a CPU directly onto the memory chips,
giving every memory a direct bus to the CPU. FIG. 9
shows another microprocessor 310 that is provided
integrally with 1 megabit of DRAM 311 in a single
integrated circuit 312. Until the present invention, this
solution has not been practical, because most high per-
formance CPUs require from 500,000 to 1,000,000 tran-
sistors and enormous die sizes just by themselves. The
microprocessor 310 is equivalent to the microprocessor
50 in FIGS. 1-8. The microprocessors 50 and 310 are
the most transistor efficient high performance CPUs in
existence, requiring fewer than 50,000 transistors for
dual processors 70 and 72 (FIG. 2) or 314 and 316 (less
memory). The very high speed of the microprocessors
50 and 310 is to a certain extent a function of the small
number of active devices. In essence, the less silicon
gets in the way, the faster the electrons can get where
they are going.

The microprocessor 310 is therefore the only CPU
suitable for integration on the memory chip die 312.
Some simple modifications to the basic microprocessor
50 to take advantage of the proximity to the DRAM
array 311 can also increase the microprocessor 50 clock
speed by 50 percent, and probably more.

The microprocessor 310 core on board the DRAM
die 312 provides most of the speed and functionality
required for a large group of applications from automo-
tive to peripheral control. However, the integrated
CPU 310/DRAM 311 concept has the potential to rede-
fine significantly the way multiprocessor solutions can
solve a spectrum of very compute intensive problems.
The CPU 310/DRAM 311 combination eliminates the
Von Neumann bottleneck by distributing it across nu-
merous CPU/DRAM chips 312. The microprocessor
310 is a particularly good core for multiprocessing,
since it was designed with the SDI targeting array in
mind, and provisions were made for efficient interpro-
cessor communications.

Traditional multiprocessor implementations have
been very expensive in addition to being unable to ex-
ploit fully the available CPU horsepower. Multiproces-
sor systems have typically been built up from numerous
board level or box level computers. The result is usually
an immense amount of hardware with corresponding
wiring, power consumption and communications prob-
lems. By the time the systems are interconnected, as
much as 50 percent of the bus speed has been utilized
just getting through the interfaces.

In addition, multiprocessor system software has been
scarce. A multiprocessor system can easily be crippled
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by an inadequate load-sharing algorithm in the system
software, which allows one CPU to do a great deal of
work and the others to be idle. Great strides have been
made recently in systems software, and even UNIX V.4
may be enhanced to support multiprocessing. Several
commercial products from such manufacturers as
DUAL Systems and UNISOFT do a credible job on
68030 type microprocessor systems now.

The microprocessor 310 architecture eliminates most
of the interface friction, since up to 64 CPU 310/RAM
311 processors should be able to intercommunicate
without buffers or latches. Each chip 312 has about 40
MIPS raw speed, because placing the DRAM 311 next
to the CPU 310 allows the microprocessor 310 instruc-
tion cycle to be cut in half, compared to the micro-
processor 50. A 64 chip array of these chips 312 is more
powerful than any other existing computer. Such an
array fits on a 3 X5 card, cost less than a FAX machine,
and draw about the same power as a small television.

Dramatic changes in price/performance always re-
shape existing applications and almost always create
new ones. The introduction of microprocessors in the
mid 1970s created video games, personal computers,
automotive computers, electronically controlled appli-
ances, and low cost computer peripherals.

The integrated circuit 312 will find applications in all
of the above areas, plus create some new ones. A com-
mon generic parallel processing algorithm handles con-
volution/Fast Fourier Transform (FFT)/pattern recog-
nition. Interesting product possibilities using the inte-
grated circuit 312 include high speed reading machines,
real-time speech recognition, spoken language transla-
tion, real-time robot vision, a product to identify people
by their faces, and an automotive or aviation collision
avoidance system.

A real time processor for enhancing high density
television (HDTV) images, or compressing the HDTV
information into a smaller bandwidth, would be very
feasible. The load sharing in HDTV could be very
straightforward. Splitting up the task according to
color and frame would require 6, 9 or 12 processors.
Practical implementation might require 4 meg RAMs
integrated with the microprocessor 310.

The microprocessor 310 has the following specifica-
tions:

Control Lines
4—POWER/GROUND
1—CLOCK

32—DATA 1/0
4—SYSTEM CONTROL

EXTERNAL MEMORY FETCH

EXTERNAL MEMORY FETCH AUTOINCRE-
MENT X

EXTERNAL MEMORY FETCH AUTOINCRE-
MENT Y

EXTERNAL MEMORY WRITE

EXTERNAL MEMORY WRITE AUTOINCRE-
MENT X

EXTERNAL MEMORY WRITE AUTOINCRE-
MENT Y

EXTERNAL PROM FETCH

LOAD ALL X REGISTERS

LOAD ALL Y REGISTERS

LOAD ALL PC REGISTERS

EXCHANGE X AND Y

INSTRUCTION FETCH

ADD TO PC

ADD TO X
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WRITE MAPPING REGISTER

READ MAPPING REGISTER
REGISTER CONFIGURATION
MICROPROCESSOR 310 CPU 316 CORE
COLUMN LATCHI1 (1024 BITS) 32x32 MUX
STACK POINTER (16 BITS)

COLUMN LATCH2 (1024 BITS) 3232 MUX
RSTACK POINTER (16 BITS)

PROGRAM COUNTER 32 BITS

XO REGISTER 32 BITS (ACTIVATED ONLY
FOR ON-CHIP ACCESSES)

YO REGISTER 32 BITS (ACTIVATED ONLY
FOR ON-CHIP ACCESSES)

LOOP COUNTER 32 BITS

DMA CPU 314 CORE -

DMA PROGRAM COUNTER 24 BITS
INSTRUCTION REGISTER 32 BITS

I/0 & RAM ADDRESS REGISTER 32 BITS
Transfer Size Counter 12 Bits

Interval Counter 12 Bits

To offer memory expansion for the basic chip 312, an
intelligent DRAM can be produced. This chip will be
optimized for high speed operation with the integrated
circuit 312 by having three on-chip address registers:
Program Counter, X Register and Y register. As a re-
sult, to access the intelligent DRAM, no address is
required, and a total access cycle could be as short as 10
nsec. Each expansion DRAM would maintain its own
copy of the three registers and would be identified by a
code specifying its memory address. Incrementing and
adding to the three registers will actually take place on
the memory chips. A maximum of 64 intelligent DRAM
peripherals would allow a large system to be created
without sacrificing speed by introducing multiplexers
or buffers.

There are certain differences between the micro-
processor 310 and the microprocessor 50 that arise from
providing the microprocessor 310 on the same die 312
with the DRAM 311. Integrating the DRAM 311 al-
lows architectural changes in the microprocessor 310
logic to take advantage of existing on-chip DRAM 311
circuitry. Row and column design is inherent in mem-
ory architecture. The DRAMSs 311 access random bits
in a2 memory array by first selecting a row of 1024 bits,
storing them into a column latch, and then selecting one
of the bits as the data to be read or written.

The time required to access the data is split between
the row access and the column access. Selecting data
already stored in a column latch is faster than selecting
a random bit by at least a-factor of six. The microproces-
sor 310 takes advantage of this high speed by creating a
number of column latches and using them as caches and
shift registers. Selecting a new row of information may
be thought of as performing a 1024-bit read or write
with the resulting immense bus bandwidth.

1. The microprocessor 50 treats its 32-bit instruction
register 108 (see FIGS. 2 and 4) as a cache for four 8-bit
instructions. Since the DRAM 311 maintains a 1024-bit
latch for the column bits, the microprocessor 310 treats
the column latch as a cache for 128 8-bit instructions.
Therefore, the next instruction will almost always be
already present in the cache. Long loops within the
cache are also possible and more useful than the 4 in-
struction loops in the microprocessor 50.

2. The microprocessor 50 uses two 16X 32-bit deep
register arrays 74 and 134 (FIG. 2) for the parameter
stack and the return stack. The microprocessor 310
creates two other 1024-bit column latches to provide
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the equivalent of two 32X 32-bit arrays, which can be
accessed twice as fast as a register array.

3. The microprocessor 50 has a DMA capability
which can be used for I/0 to a video shift register. The
microprocessor 310 uses yet another 1024-bit column
latch as a long video shift register to drive a CRT dis-
play directly. For color displays, three on-chip shift
registers could also be used. These shift registers can
transfer pixels at a maximom of 100 MHz.

4. The microprocessor 50 accesses memory via an
external 32-bit bus. Most of the memory 311 for the
microprocessor 310 is on the same die 312. External
access to more memory is made using an 8-bit bus. The
result is a smaller die, smaller package and lower power
consumption than the microprocessor 50.

5. The microprocessor 50 consumes about a third of
its operating power charging and discharging the I/0O
pins and associated capacitances. The DRAMs 150
(FI1G. 8) connected to the microprocessor 50 dissipate
most of their power in the I/0-drivers. A microproces-
sor 310 system will consume about one-tenth the power
of a microprocessor 50 system, since having the DRAM
311 next to the processor 310 eliminates most of the
external capacitances to be charged and discharged.

6. Multiprocessing means splitting a computing task
between numerous processors in order to speed up the
solution. The popularity of multiprocessing is limited by
the expense of current individual processors as well as
the limited interprocessor communications ability. The
microprocessor 310 is an excellent multiprocessor can-
didate, since the chip 312 is a monolithic computer
complete with memory, rendering it low-cost and phys-
ically compact. ‘

The shift registers implemented with the micro-
processor 310 to perform video output can also be con-
figured "as interprocessor communication links. The
INMOS transputer attempted a similar strategy, but at
much lower speed and without the performance bene-
fits inherent in the microprocessor 310 column latch
architecture. Serial I/0 is a prerequisite for many multi-
processor topologies because of the many neighbor
processors which communicate. A cube has 6 neigh-
bors. Each neighbor communicates using these lines:

DATA IN

CLOCK IN

READY FOR DATA

DATA OUT

DATA READY?

CLOCK OUT
A special start up sequence is used to initialize the on-
chip DRAM 311 in each of the processors.

The microprocessor 310 column latch architecture
allows neighbor processors to deliver information di-
rectly to internal registers or even instruction caches of
other chips 312. This technique is not used with existing
processors, because it only improves performance in a
tightly coupled DRAM system.

7. The microprocessor 50 architecture offers two
types of looping structures: LOOP-IF-DONE and MI-
CRO-LOOP. The former takes an 8-bit to 24-bit oper-
and to describe the entry point to the loop address. The
latter performs a loop entirely within the 4 instruction
queue and the loop entry point is implied as the first
instruction in the queue. Loops entirely within the
queue run without external instruction fetches and exe-
cute up to three times as fast as the long loop construct.
The microprocessor 310 retains both constructs with a
few differences. The microprocessor 310 microloop
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functions in the same fashion as the microprocessor 50
operation, except the queue is 1024-bits or 128 8-bit
instructions long. The microprocessor 310 microloop
can therefore contain jumps, branches, calls and imme-
diate operations not possible in the 4 8-bit instruction
microprocessor 50 queue.

Microloops in the microprocessor 50 can only per-
form simple block move and compare functions. The
larger microprocessor 310 queue allows entire digital
signal processing or floating point algorithms to loop at
high speed in the queue.

The microprocessor 50 offers four instructions to
redirect execution:

CALL

BRANCH

BRANCH-IF-ZERO

LOOP-IF-NOT-DONE
These instructions take a variable length address oper-
and 8, 16 or 24 bits long. The microprocessor 50 next
address logic treats the three operands similarly by
adding or subtracting them to the current program
counter. For the microprocessor 310, the 16 and 24-bit
operands function in the same manner as the 16 and
24-bit operands in the microprocessor 50. The 8-bit class
operands are reserved to operate enmtirely within the
instruction queue. Next address decisions can therefore
be made quickly, because only 10 bits of addresses are
affected, rather than 32. There is no carry or borrow
generated past the 10 bits.

8. The microprocessor 310 CPU 316 resides on an
already crowded DRAM die 312. To keep chip size as
small as possible, the DMA processor 72 of the micro-
processor 50 has been replaced with a more traditional
DMA controller 314. DMA is used with the micro-
processor 310 to perform the following functions:

Video output to a CRT

Multiprocessor serial communications

8-bit parallel 170
The DMA controller 314 can maintain both serial and
parallel transfers simultaneously. The following DMA
sources and destinations are supported by the micro-
processor 310:

DESCRIPTION 170 LINES

1. Video shift register ouTPUT 1to3

2. Multiprocessor serial BOTH 6 lines/channel
3. 8-bit parallel BOTH 8 data, 4 control

The three sources use separate 1024-bit buffers and
separate I/0 pins. Therefore, all three may be active
simultaneously without interference.

The microprocessor 310 can be implemented with
either a single multiprocessor serial buffer or separate
receive and sending buffers for each channel, allowing
simultaneous bidirectional communications with six
neighbors simultaneously.

FIGS. 10 and 11 provide details of the PROM DMA
used in the microprocessor 50. The microprocessor 50
executes faster than all but the fastest PROMs. PROMS
are used in a microprocessor 50 system to store program
segments and perhaps entire programs. The micro-
processor 50 provides a feature on power-up to allow
programs to be loaded from low-cost, slow speed
PROMs into high speed DRAM for execution. The
logic which performs this function is part of the DMA
memory controller 118. The operation is similar to
DMA, but not identical, since four 8-bit bytes must be

15

45

50

65

14

assembled on the microprocessor 50 chip, then written

to the DRAM 150.

The microprocessor 50 directly interfaces to DRAM
150 over a triple multiplexed data and address bus 350,
which carries RAS addresses, CAS addresses and data.
The EPROM 260, on the other hand, is read with non-
multiplexed busses. The microprocessor 50 therefore
has a special mode which unmultiplexes the data and
address lines to read 8 bits of EPROM data. Four 8-bit
bytes are read in this fashion. The multiplexed bus 350 is
turned back on, and the data is written to the DRAM
150.

When the microprocessor 50 detects a RESET condi-
tion, the processor stops the main CPU 70 and forces a
mode 0 (PROM LOAD) instruction into the DMA
CPU 72 instruction register. The DMA instruction
directs the memory controller to read the EPROM 260
data at 8 times the normal access time for memory.
Assuming a 50 MHz microprocessor 50, this means an
access time of 320 nsec. The instruction also indicates:

The selection address of the EPROM 260 to be
loaded,

The number of 32-bit words to transfer,

The DRAM 150 address to transfer into.

The sequence of activities to transfer one 32-bit word
from EPROM 260 to DRAM 150 are:

1. RAS goes low at 352, latching the EPROM 260
select information from the high order address bits.
The EPROM 260 is selected.

. Twelve address bits (consisting of what is normally
DRAM CAS addresses plus two byte select bits
are placed on the bus 350 going to the EPROM 260
address pins. These signals will remain on the lines
until the data from the EPROM 260 has been read
into the microprocessor 50. For the first byte, the
byte select bits will be binary 00.

. CAS goes low at 354, enabling the EPROM 260
data onto the lower 8 bits of the external address-
/data bus 350. NOTE: It is important to recognize
that, during this part of the cycle, the lower 8 bits
of the external data/address bus are functioning as
inputs, but the rest of the bus is still acting as out-
puts.

4. The microprocessor 50 latches these eight least
significant bits internally and shifts them 8 bits left to
shift them to the next significant byte position.

5. Steps 2, 3 and 4 are repeated with byte address 01.

6. Steps 2, 3 and 4 are repeated with byte address 10.

7. Steps 2, 3 and 4 are repeated with byte address 11.

8. CAS goes high at 356, taking the EPROM 260 off
the data bus.

9. RAS goes high at 358, indicating the end of the
EPROM 260 access.

10. RAS goes low at 360, latching the DRAM select
information from the high order address bits. At
the same time, the RAS address bits are latched
into the DRAM-150. The DRAM 150 is selected.

11. CAS goes low at 362, latching the DRAM 150
CAS addresses.

12. The microprocessor 50 places the previously
latched EPROM 260 32-bit data onto the external
address/data bus 350. W goes low at 364, writing
the 32 bits into the DRAM 150.

13. W goes high at 366. CAS goes high at 368. The
process continues with the next word.

FIG. 12 shows details of the microprocessor 50 mem-

ory controller 118. In operation, bus requests stay pres-

ent until they are serviced. CPU 70 requests are priorit-
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ized at 370 in the order of: 1, Parameter Stack; 2, Return
Stack; 3, Data Fetch; 4, Instruction Fetch. The resulting
CPU request signal and a DMA request signal are sup-
plied as bus requests to bus control 372, which provides
a bus grant signal at 374. Internal address bus 136 and a
DMA counter 376 provide inputs to a multiplexer 378.
Either a row address or a column address are provided
as an output to multiplexed address bus 380 as an output
from the multiplexer 378. The multiplexed address bus
380 and the internal data bus 90 provide address and
data inputs, respectively, to multiplexer 382. Shift regis-
ter 384 supplies row address strobe (RAS) 1 and 2 con-
trol signals to multiplexer 386 and column address
strobe (CAS) 1 and 2 control signals to multiplexer 388
on lines 390 and 392. The shift register 384 also supplies
output enable (OE) and write (W) signals on lines 394
and 396 and a control signal on line 398 to multiplexer
382. The shift register 384 receives a RUN signal on line
400 to generate a memory cycle and supplies a MEM-
ORY READY signal on line 402 when an access is
complete.

Stack/Register Architecture

Most microprocessors use on-chip registers for tem-
porary storage of variables. The on-chip registers access
data faster than off-chip RAM. A few microprocessors
use an on-chip push down stack for temporary storage.

A stack has the advantage of faster operation com-
pared to on-chip registers by avoiding the necessity to
select source and destination registers. (A math or logic
operation always uses the top two stack items as source
and the top of stack as destination.) The stack’s disad-
vantage is that it makes some operations clumsy. Some
compiler activities in particular require on-chip regis-
ters for efficiency.

As shown in FIG. 13, the microprocessor 50 provides
both on-chip registers 134 and a stack 74 and reaps the
benefits of both.

Benefits

1. Stack math and logic is twice as fast as those avail-
able on an equivalent register only machine. Most
programmers and optimizing compilers can take
advantage of this feature.

2. Sixteen registers are available for on-chip storage
of local variables which can transfer to the stack
for computation. The accessing of variables is three
to four times as fast as available on a strictly stack
machine.

The combined stack 74/register 134 architecture has
not been used previously due to inadequate understand-
ing by computer designers of optimizing compilers and
the mix of transfer versus math/logic instructions.

ADAPTIVE MEMORY CONTROLLER

A microprocessor must be designed to work with
small or large memory configurations. As more mem-
ory loads are added to the data, address, and control
lines, the switching speed of the signals slows down.
The microprocessor 50 multiplexes the address/data
bus three ways, so timing between the phases is critical.
A traditional approach to the problem allocates a wide
margin of time between bus phases so that systems will
work with small or large numbers of memory chips
connected. A speed compromise of as much as 50% is
required. -

As shown in FIG. 14, the microprocessor 50 uses a
feedback technique to allow the processor to adjust
memory bus timing to be fast with small loads and
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slower with large ones. The OUTPUT ENABLE (OE)
line 152 from the microprocessor 50 is connected to all
memories 150 on the circuit board. The loading on the
output enable line 152 to the microprocessor 50 is di-
rectly related to the number of memories 150 con-
nected. By monitoring how rapidly 0E 152 goes high
after a read, the microprocessor 50 is able to determine
when the data hold time has been satisfied and place the
next address on the bus.

The level of the OE line 152 is monitored by CMOS
input buffer 410 which generates an internal READY
signal on line 412 to the microprocessor’s memory con-
troller. Curves 414 and 416 of the FIG. 15 graph show
the difference in rise time likely to be encountered from
a lightly to heavily loaded memory system. When the
OE line 152 has reached a predetermined level to gener-
ate the READY signal, driver 418 generates an OUT-
PUT ENABLE signal on OE line 152.

Skip Within The Instruction Cache

The microprocessor 50 fetches four 8-bit instructions
each memory cycle and stores them in a 32-bit instruc-
tion register 108, as shown in FIG. 16. A class of “test
and skip” instructions can very rapidly execute a very
fast jump operation within the four instruction cache.

Skip Conditions
Always
ACC non-zero
ACC negative
Carry flag equal logic one
Never
ACC equal zero
ACC positive
Carry flag equal logic zero
The SKIP instruction can be located in any of the four
byte positions 420 in the 32-bit instruction register 108.
If the test is successful, SKIP will jump over the re-
maining one, two, or three 8-bit instructions in the in-
struct ion register 108 and cause the next four-instruc-
tion group to be loaded into the register 108. As shown,
the SKIP operation is implemented by resetting the
2-bit microinstruction counter 180 to zero on line 422
and simultaneously latching the next instruction group
into the register 108. Any instructions following the
SKIP in the instruction register are overwritten by the
new instructions and not executed.

The advantage of SKIP is that optimizing compilers
and smart programmers can often use it in place of the
longer conditional JUMP instruction. SKIP also makes
possible microloops which exit when the loop counts
down or when the SKIP jumps to the next instruction
group. The result is very fast code.

Other machines (such as the PDP-8 and Data Gen-
eral NOVA) provide the ability to skip a single instruc-
tion. The microprocessor 50 provides the ability to skip
up to three instructions.

Microloop In The Instruction Cache

The microprocessor 50 provides the MICROLOOP
instruction to execute repetitively from one to three
instructions residing in the instruction register 108. The
microloop instruction works in conjunction with the
LOOP COUNTER 92 (FIG. 2) connected to the inter-
nal data bus 90. To execute a microloop, the program
stores a count in LOOP COUNTER 92. MICROLOOP
may be placed in the first, second, third, or last byte 420
of the instruction register 108. If placed in the first
position, execution will just create a delay equal to the
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number stored in LOOP COUNTER 92 times the ma-
chine cycle. If placed in the second, third, or last byte
420, when the microloop instruction is executed, it will
test the LOOP COUNT for zero. If zero, execution will
continue with the next instruction. If not zero, the
LOOP COUNTER 92 is decremented and the 2-bit
microinstruction counter is cleared, causing the preced-
ing instructions in the instruction register to be executed
again.

Microloop is useful for block move and search opera-
tions. By executing a block move completely out of the
instruction register 108, the speed of the move is dou-
bled, since all memory cycles are used by the move
rather than being shared with instruction fetching. Such
a hardware implementation of microloops is much
faster than conventional software implementation of a
comparable function. -

Optimal CPU Clock Scheme

The designer of a high speed microprocessor must
produce a product which operate over wide tempera-
ture ranges, wide voltage swings, and wide variations in
semiconductor processing. Temperature, voltage, and
process all affect transistor propagation delays. Tradi-
tional CPU designs are done so that with the worse case
of the three parameters, the circuit will function at the
rated clock speed. The result are designs that must be
clocked a factor of two slower than their maximum
theoretical performance, so they will operate properly
in worse case conditions.

The microprocessor 50 uses the technique shown in
FIGS. 17-19 to generate the system clock and its re-
quired phases. Clock circuit 430 is the familiar “ring
oscillator” used to test process performance. The clock
is fabricated on the same silicon chip as the rest of the
microprocessor 50.

The ring oscillator frequency is determined by the
parameters of temperature, voltage, and process. At
room temperature, the frequency will be in the neigh-
borhood of 100 MHZ. At 70 degrees Centigrade, the
speed will be 50 MHZ. The ring osciliator 430 is useful
as a system clock, with its stages 431 producing phase
O-phase 3 outputs 433 shown in FIG. 19, because its
performance tracks the parameters which similarly
affect all other transistors on the same silicon die. By
deriving system timing from the ring oscillator 430,
CPU 70 will always execute at the maximum frequency
possible, but never too fast. For example, if the process-
ing of a particular die is not good resulting in slow
transistors, the latches and gates on the microprocessor
50 will operate slower than normal. Since the micro-
processor 50 ring oscillator clock 430 is made from the
same transistors on the same die as the latches and gates,
it too will operate slower (oscillating at a lower fre-
quency), providing compensation which allows the rest
of the chip’s logic to operate properly.

Asynchronous/Synchronous CPU
Most microprocessors derive all system timing from a
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50 provides a dual-clock scheme as shown in FIG. 17,
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interface 432 forming part of memory controller 118
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ble using the adaptive ring counter clock 430. Speed
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may vary by a factor of four depending upon tempera-
ture, voltage, and process. The external world must be
synchronized to the microprocessor 50 for operations
such as video display updating and disc drive reading
and writing. This synchronization is performed by the
I/0 interface 432, speed of which is controlled by a
conventional crystal clock 434. The interface 432 pro-
cesses requests for memory accesses from the micro-
processor 50 and acknowledges the presence of 1/0
data. The microprocessor 50 fetches up to four instruc-
tions in a single memory cycle and can perform much
useful work before requiring another memory access.
By decoupling the variable speed of the CPU 70 from
the fixed speed of the 1/0 interface 432, optimum per-
formance can be achieved by each. Recoupling between
the CPU 70 and the interface 432 is accomplished with
handshake signals on lines 436, with data/addresses
passing on bus 90, 136.
Asynchronous/Synchronous CPU Imbedded On A
Dram Chip
System performance is enhanced even more when the
DRAM 311 and CPU 314 (FIG. 9) are located on the
same die. The proximity of the transistors means that
DRAM 311 and CPU 314 parameters will closely fol-
low each other. At room temperature, not only would
the CPU 314 execute at 100 MHZ, but the DRAM 311
would access fast enough to keep up. The synchroniza-
tion performed by the I/0 interface 432 would be for
DMA and reading and writing 1/0 ports. In some sys-
tems (such as calculators) no I/0 synchronization at all
would be required, and the I/0 clock would be tied to
the ring counter clock.

Variable Width Operands

Many microprocessors provide variable width oper-
ands. The microprocessor 50 handles operands of 8, 16,
or 24 bits using the same op-code. FIG. 20 shows the
32-bit instruction register 108 and the 2-bit microin-
struction register 180 which selects the 8-bit instruction.
Two classes of microprocessor 50 instructions can be
greater than 8-bits, JUMP class and IMMEDIATE. A
JUMP or IMMEDIATE op-code is 8-bits, but the oper-
and can be 8, 16, or 24 bits long. This magic is possible
because operands must be right justified in the instruc-
tion register. This means that the least significant bit of
the operand is always located in the least significant bit
of the instruction register. The microinstruction
counter 180 selects which 8-bit instruction to execute. If
a JUMP or IMMEDIATE instruction is decoded, the
state of the 2-bit microinstruction counter selects the
required 8, 16, or 24 bit operand onto the address or
data bus. The unselected 8-bit bytes are loaded with
zeros by operation of decoder 440 and gates 442. The
advantage of this technique is the saving of a number of
op-codes required to specify the different operand sizes
in other microprocessors.

Triple Stack Cache

Computer performance is directly related to the sys-
tem memory bandwidth. The faster the memories, the
faster the computer. Fast memories are expensive, so
techniques have been developed to move a small
amount of high-speed memory around to the memory
addresses where it is needed. A large amount of slow
memory is constantly updated by the fast memory,
giving the appearance of a large fast memory array. A
common implementation of the technique is known as a
high-speed memory cache. The cache may be thought
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of as fast acting shock absorber smoothing out the
bumps in memory access. When more memory is re-
quired than the shock can absorb, it bottoms out and
slow speed memory is accessed. Most memory opera-
tions can be handled by the shock absorber itself.

The microprocessor 50 architecture has the ALU 80
(FIG. 2) directly coupled to the top two stack locations
76 and 78. The access time of the stack 74 therefore
directly affects the execution speed of the processor.
The microprocessor 50 stack architecture is particularly
suitable to a triple cache technique, shown in FIG. 21
which offers the appearance of a large stack memory
operating at the speed of on-chip latches 450. Latches
450 are the fastest form of memory device built on the
chip, delivering data in as little as 3 nsec. However
latches 450 require large numbers of transistors to con-
struct. On-chip RAM 452 requires fewer transistors
than latches, but is slower by a factor of five (15 nsec
access). Off-chip RAM 150 is the slowest storage of all.
The microprocessor 50 organizes the stack memory
hierarchy as three interconnected stacks 450, 452 and
454. The latch stack 450 is the fastest and most fre-
quently used. The on-chip RAM stack 452 is next. The
off-chip RAM stack 454 is slowest. The stack modula-
tion determines the effective access time of the stack. If
a group of stack operations never push or pull more
than four consecutive items on the stack, operations will
be entirely performed in the 3 nsec latch stack. When
the four latches 456 are filled, the data in the bottom of
the latch stack 450 is written to the top of the on-chip
RAM stack 452. When the sixteen locations 458 in the
on-chip RAM stack 452 are filled, the data in the bot-
tom of the on-chip RAM stack 452 is written to the top
of the off-chip RAM stack 454. When popping data off
a full stack 450, four pops will be performed before
stack empty line 460 from the latch stack pointer 462
transfers data from the on-chip RAM ‘stack 452. By
waiting for the latch stack 450 to empty before perform-
ing the slower on-chip RAM access, the high effective
speed of the latches 456 are made available to the pro-
cessor. The same approach is employed with the on-
chip RAM stack 452 and the off-chip RAM stack 454.

Polynomial Generation Instruction

Polynomials are useful for error correction, encryp-
tion, data compression, and fractal generation. A poly-
nomial is generated by a sequence of shift and exclusive
OR operations. Special chips are provided for this pur-
pose in the prior art.

The microprocessor 50 is able to generate polynomi-
als at high speed without external hardware by slightly
modifying how the ALU 80 works. As shown in FIG.
22, a polynomial is generated by loading the “order”
(also known as the feedback terms) into C Register 470.
The value thirty one (resulting in 32 is loaded into
DOWN COUNTER 472. A register 474 is loaded with
zero. B register 476 is loaded with the starting polyno-
mial value. When the POLY instruction executes, C
register 470 is exclusively ORed with A register 474 if
the least significant bit of B register 476 is a one. Other-
wise, the contents of the A register 474 passes through
the ALU 80 unaltered. The combination of A and B is
then shifted right (divided by 2) with shifters 478 and
480. The operation automatically repeats the specified
number of iterations, and the resulting polynomial is left
in A register 474.
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Fast Multiply

Most microprocessors offer a 16X 16 or 32X 32 bit
multiply instruction. Multiply when performed sequen-
tially takes one shift/add per bit, or 32 cycles for 32 bit
data. The microprocessor 50 provides a high speed
multiply which allows multiplication by small numbers
using only a small number of cycles. FIG. 23 shows the
logic used to implement the high speed algorithm. To
perform a multiply, the size of the multiplier less one is
placed in the DOWN COUNTER 472. For a four bit
multiplier, the number three would be stored in the
DOWN COUNTER 472. Zero is loaded into the A
register 474. The multiplier is written bit reversed into
the B Register 476. For example, a bit reversed five
(binary 0101) would be written into B as 1010. The
multiplicand is written into the C register 470. Execut-
ing the FAST MULT instruction will leave the result in
the A Register 474, when the count has been completed.
The fast multiply instruction is iifiportant because many
applications scale one number by a much smaller num-
ber. The difference in speed between multiplying a
3232 bit and a 32X 4 bit is a factor of 8. If the least
significant bit of the multiplier is a “ONE” the contents
of the A register 474 and the C register 470 are added.
If the least significant bit of the multiplier is a “ZERO”
the contents of the A register are passed through the
ALU 80 unaltered. The output of the ALU 80 is shifted
left by shifter 482 in each iteration. The contents of the
B register 476 are shifted right by the shifter 480 in each
iteration.

INSTRUCTION EXECUTION PHILOSOPHY

The microprocessor 50 uses high speed D latches in
most of the speed critical areas. Slower on-chip RAM is
used as secondary storage.

The microprocessor 50 philosophy of instruction 30
execution is to create a hierarchy of speed as follows:

Logic and D latch transfers 1 cycle 20 nsec
Math 2 cycles 40 nsec
Fetch/store onchip RAM 2 cycles 40 nsec
Fetch store in current RAS page 4 cycles 80 nsec
Fetch/store with RAS cycle 11 cycles 220 nsec

With a 50 MHZ clock, many operations can be per-
formed in 20 nsec. and almost everything else in 40 nsec.
To maximize speed, certain techniques in processor
design have been used. They include:
Eliminating arithmetic operations on addresses,
Fetching up to four instructions per memory cycle,
Pipelineless instruction decoding
Generating results before they are needed,
Use of three level stack caching.

PIPELINE PHILOSOPHY

Computer instructions are usually broken down into
sequential pieces, for example: fetch, decode, register
read, execute, and store. Each piece will require a single
machine cycle. In most Reduced Instruction Set Com-
puter (RISC) chips, instruction require from three to six
cycles.

RISC instructions are very parallel. For example,
each of 70 different instructions in the SPARC (SUN
Computer’s RISC chip) has five cycles. Using a tech-
nique called “pipelining”, the different phases of con-
secutive instructions can be overlapped.



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page40 of 168

5,440,749

21

To understand pipelining, think of building five resi-
dential homes. Each home will require in sequence, a
foundation, framing, plumbing and wiring, roofing, and
interior finish. Assume that each activity takes one
week. To build one house will take five weeks.

But what if you want to build an entire subdivision?
You have only one of each work crew, but when the
foundation men finish on the first house, you immedi-
ately start them on the second one, and so on. At the
end of five weeks, the first home is complete, but you
also have five foundations. If you have kept the fram-
ing, plumbing, roofing, and interior guys all busy, from
five weeks on, a new house will be completed each
week.

This is the way a RISC chip like SPARC appears to
execute an instruction in a single machine cycle. In
reality, a RISC chip is executing one fifth of five in-
structions each machine cycle. And if five instructions
stay in sequence, an instruction will be completed each
machine cycle.

The problems with a pipeline are keeping the pipe full
with instructions. Each time an out of sequence instruc-
tion such as a BRANCH or CALL occurs, the pipe
must be refilled with the next sequence. The resulting
dead time to refill the pipeline can become substantial
when many IF/THEN/ELSE statements or subrou-
tines are encountered.

The Pipeline Approach

The microprocessor 50 has no pipeline as such. The
approach of this microprocessor to speed is to overlap
mstruction fetching with execution of the previously
fetched instruction(s). Beyond that, over half the in-
structions (the most common ones) execute entirely in a
single machine cycle of 20 nsec. This is possible be-
cause:

1. Instruction decoding resolves in 2.5 nsec.

2. Incremented/decremented and some math values
are calculated before they are needed, requiring only a
latching signal to execute.

3. Slower memory is hidden from high speed opera-
tions by high-speed D latches which access in 4 nsec.
The disadvantage for this microprocessor is a more
complex chip design process. The advantage for the
chip user is faster ultimate throughput since pipeline
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stalls cannot exist. Pipeline synchronization with avail-
ability flag bits and other such pipeline handling is not
required by this microprocessor.

For example, in some RISC machines an instruction
which tests a status flag may have to wait for up to four
cycles for the flag set by the previous instruction to be
available to be tested. Hardware and software debug-
ging is also somewhat easier because the user doesn’t
have to visualize five instructions simultaneously in the

pipe.

OVERLAPPING INSTRUCTION
FETCH/EXECUTE

The slowest procedure the microprocessor 50 per-
forms is to access memory. Memory is accessed when
data is read or written. Memory is also read when in-
structions are fetched. The microprocessor 50 is able to
hide fetch of the next instruction behind the execution
of the previously fetched instruction(s). The micro-
processor 50 fetches instructions-in 4-byte instruction
groups. An instruction group may contain from one to
four instructions. The amount of time required to exe-
cute the imstruction group ranges from 4 cycles for
simple instructions to 64 cycles for a multiply.

When a new instruction group is fetched, the micro-
processor instruction decoder looks at the most signifi-
cant bit of all four of the bytes. The most significant bit
of an instruction determines if a memory access is re-
quired. For example, CALL, FETCH, and STORE all
require a memory access to execute. If all four bytes
have nonzero most significant bits, the microprocessor
initiates the memory fetch of the next sequential 4-byte
instruction group. When the last instruction in the
group fimishes executing, the next 4-byte instruction
group is ready and waiting on the data bus needing only
to be latched into the instruction register. If the 4-byte
instruction group required four or more cycles to exe-
cute and the next sequential access was a column ad-
dress strobe (CAS) cycle, the instruction fetch was
completely overlapped with execution.

INTERNAL ARCHITECTURE

The microprocessor 50 architecture consists of the
following:

PARAMETER STACK <——> Y REGISTER
ALU* RETURN STACK
<—=>
<= —=32BITS———> <———32BITS———>
16 DEEP 16 DEEP

Used for math and logic.

Push down stack.
Can overflow into

off-chip RAM.

LOOP COUNTER

X REGISTER

PROGRAM COUNTER

INSTRUCTION REG

Used for subroutine
and interrupt return
addresses as well as
local variables.
Push down stack.
Can overflow into
off-chip RAM.
Can also be accessed
relative to top of
stack.
(32-bits, can decrement by 1)
Used by class of test and loop
instructions.
(32-bits, can increment or decrement by
4). Used to point to RAM locations.
(32-bits, increments by 4). Points to
4-byte instruction groups in RAM.
(32-Bits). Holds 4-byte instruction
groups while they are being decoded
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-continued

24

and executed.

*Math and logic operations use the TOP item and NEXT to top Parameter Stack items as the operands.

The result is pushed onto the Parameter Stack.

*Return addresses_from subroutines are placed on the Return Stack. The Y REGISTER is used as a
pointer to RAM locations. Since the Y REGISTER is the top item of the Return Stack, nesting of indices

is straightforward.

MODE—A register with mode and status bits.
Mode-Bits

Slow down memory accesses by 8 if 1. Run full 10

speed if “0”. (Provided for access to slow EPROM.)

Divide the system clock by 1023 if “1” to reduce
power consumption. Run full speed if “0”. (On-chip
counters slow down if this bit is set.)

Enable external interrupt 1.

Enable external interrupt 2.

Enable external interrupt 3.

Enable external interrupt 4.

Enable external interrupt 5.

Enable external interrupt 6.

Enable external interrupt 7.
On-Chip Memory Locations

MODE-BITS

DMA-POINTER

DMA-COUNTER

STACK-POINTER—Pointer into Parameter Stack.

STACK-DEPTH—Depth of on-chip Parameter
Stack

RSTACK-POINTER—Pointer into Return Stack

RSTACK-DEPTH—Depth of on-chip Return Stack

Addressing Mode High Points

The data bus is 32-bits wide. All memory fetches and
stores are 32-bits. Memory bus addresses are 30 bits.
The least significant 2 bits are used to select one-of-four
bytes in some addressing modes. The Program Counter,
X Register, and Y Register are implemented as D
latches with their outputs going to the memory address
bus and the bus incrementer/decrementer. Increment-
ing one of these registers can happen quickly, because
the incremented value has already rippled through the
inc/dec logic and need only be clocked into the latch.
Branches and Calls are made to 32-bit word boundaries.

INSTRUCTION SET
32-Bit Instruction Format

The thirty two bit instructions are CALL,
BRANCH, BRANCH-IF-ZERO, and LOOP-IF-
NOT-DONE. These instructions require the calcula-
tion of an effective address. In many computers, the
effective address is calculated by adding or subtracting
an operand with the current Program Counter. This
math operation requires from four to seven machine
cycles to perform and can definitely bog down machine
execution. The microprocessor’s strategy is to perform
the required math operation at assembly or linking time
and do a much simpler “Increment to next page” or
“Decrement to previous page* operation at run time.
As a result, the microprocessor branches execute in a
single cycle.
24-Bit Operand Form
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With a 24-bit operand, the current page is considered
to be defined by the most significant 6 bits of the
Program Counter.

16-Bit Operand Form
QQQQQQQQ—WWWWWW
~YYYYYYYY—YYYYYYYY With a 16-bit
operand, the current page is considered to be de-
fined by the most significant 14 bits of the Program
Counter.
8-Bit Operand Form
QQQQQQQQ—~QQQQQQQQ—WwWwWW
—YYYYYYYY With an 8-bit operand, the
current page is considered to be defined by the
most significant 22 bits of the Program Counter.
QQQQQQQQ—Any 8-bit instruction.
WWWWWW—Instruction op-code.
XX—Select how the address bits will be used:

00 - Make all high-order bits zero. (Page zero address-
ing)

01 - Increment the high-order bits. (Use next page)

10 - Decrement the high-order bits. (Use previous
page)

11 - Leave the high-order bits unchanged. (Use cur-

© rent page)

YYYYYYYY - The address operand field. This field is
always shifted left two bits (to generate a word rather
than byte address) and loaded into the Program
Counter. The microprocessor instruction decoder fig-
ures out the width of the operand field by the location
of the instruction op-code in the four bytes.

The compiler or assembler will normally use the
shortest operand required to reach the desired address
so that the leading bytes can be used to hold other in-
structions. The effective address is calculated by com-
bining:

The current Program Counter,

The 8, 16, or 24 bit address operand in the instruction,

Using one of the four allowed addressing modes.

EXAMPLES OF EFFECTIVE ADDRESS

CALCULATION
Example 1
Byte 1 Byte 2 Byte 3 Byte 4
QQQRQQRQQQ  QQQQQQQQ 00000011 10011000

The “QQQQQQQQs” in Byte 1 and 2 indicate space
in the 4-byte memory fetch which could be hold two

other instructions to be executed prior to the CALL
instruction. Byte 3 indicates a CALL instruction (six
zeros) in the current page (indicated by the 11 bits).
Byte 4 indicates that the hexadecimal number 98 will be
forced into the Program Counter bits 2 through 10.
(Remember, a CALL or BRANCH always goes to a

Byte 1 Byte 2 Byte 3

Byte 4

WWWWWW XX - YYYYYYYY - YYYYYYYY -

YYYYYYYY
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word boundary so the two least significant bits are
always set to zero). The effect of this instruction would
be to CALL a subroutine at WORD location HEX 98 in
the current page. The most significant 22 bits of the
Program Counter define the current page and will be
unchanged.

Example 2
Byte 1 Byte 2 Byte 3 Byte 4
000001 01 00000001 00000000 00000000

If we assume that the Program Counter was HEX
0000 0156 which is binary:

00000000 00000000 00000001 01010110=0LD PRO-
GRAM COUNTER.
Byte 1 indicates a BRANCH instruction op code
(000001) and “01” indicates select the next page. Byte
2,3, and 4 are the address operand. These 24-bits will be
shifted to the left two places to define 2 WORD ad-
dress. HEX 0156 shifted left two places is HEX 0558.
Since this is a 24-bit operand instruction, the most sig-
nificant 6 bits of the Program Counter define the cur-
rent page. These six bits will be incremented to select
the next page. Executing this instruction will cause the
Program Counter to be loaded with HEX 0400 0558
which is binary:

00000100 00000000 00000101 01011000=NEW PRO-

GRAM COUNTER.

Instructions

Call-Long
0000 OOXX—YYYYYYYY—YYYYYYYY—-YY-
YYYYYY

Load the Program Counter with the effective
WORD address specified. Push the current PC contents
onto the RETURN STACK.

Other Effects: CARRY or modes, no effect. May
cause Return Stack to force an external memory cycle if
on-chip Return Stack is full.

Branch

0000 01IXX—YYYYYYYY—Yyyyyyyy—yyyyyyyy

Load the Program Counter with the effective
WORD address specified.

Other Effects: NONE
Branch-If-Zone

0000 10XX—YYYYYYYY—yyyyyyyy—yyyyyyyy

Test the TOP value on the Parameter Stack. If the
value is equal to zero, load the Program Counter with
the effective WORD address specified. If the TOP
value is not equal to zero, increment the Program
Counter and fetch and execute the next instruction.

Other Effects: NONE
Loop-If-Not-Done

0000 1YY —(XXXX XXXX)—(XXXX

XXXX)—(XXXX XXXX)

If the LOOP COUNTER is not zero, load the Pro-
gram Counter with the effective WORD address speci-
fied. If the LOOP COUNTER is zero, decrement the
LOOP COUNTER, increment the Program Counter
and fetch and execute the next instruction.

Other Effects: NONE

8-Bit Instructions /Philosophy

Most of the work in the microprocessor 50 is done by
the 8-bit instructions. Eight bit instructions are possible
with the microprocessor because of the extensive use of
implied stack addressing. Many 32-bit architectures use
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8-bits to specify the operation to perform but use an
additional 24-bits to specify two sources and a destina-
tion.

For math and logic operations, the microprocessor 50
exploits the inherent advantage of a stack by designat-
ing the source operand(s) as the top stack item and the
next stack item. The math or logic operation is per-
formed, the operands are popped from the stack, and
the result is pushed back on the stack. The result is a
very efficient utilization of instruction bits as well as
registers. A comparable situation exists between Hewl-
ett Packard calculators (which use a stack) and Texas
Instrument calculators which don’t. The identical oper-
ation on an HP will require one half to one third the
keystrokes of the TI.

The availability of 8-bit instructions also allows an-
other architectural innovation, the fetching of four in-
structions in a single 32-bit memory cycle. The advan-
tages of fetching multiple instructions are:

Increased execution speed evén with slow memories,

Similar performance to the Harvard (separate data

and

instruction busses) without the expense,

Opportunities to optimize groups of instructions,

The capability to perform loops within this mini-

cache.
The microloops inside the four instruction group are
effective for searches and block moves.

Skip Instructions

The microprocessor 50 fetches instructions in 32-bit
chunks called 4-byte instruction groups. These four
bytes may contain four 8-bit instructions or some mix of
8-bit and 16 or 24-bit instructions. SKIP instructions in
the microprocessor skip any remaining instructions in a
4-byte instruction group and cause a memory fetch to
get the next 4-byte instruction group. Conditional
SKIPs when combined with 3-byte BRANCHES will
create conditional BRANCHES. SKIPs may also be
used in situations when no use can be made of the re-
maining bytes in a 4-instruction group. A SKIP exe-
cutes in a single cycle, whereas a group of three NOPs
would take three cycles.

Skip-Always—skip any remaining instructions in this
4-byte instruction group. Increment the most sig-
nificant 30-bits of the Program Counter and pro-
ceed to fetch the next 4-byte instruction group.

Skip-If-Zero—If the TOP item of the Parameter
Stack is zero, skip any remaining instructions in the
4-byte instruction group. Increment the most sig-
nificant 30-bits of the Program Counter and pro-
ceed to fetch the next 4-byte instruction group. If
the TOP item is not zero, execute the next sequen-
tial instruction.

Skip-If-Positive—If the TOP item of the Parameter
Stack has a the most significant bit (the sign bit)
equal to “0”, skip any remaining instructions in the
4-byte instruction group. Increment the most sig-
nificant 30-bits of the Program Counter and pro-
ceed to fetch the next 4-byte instruction group. If
the TOP item is not ““0” execute the next sequential
instruction.

Skip-If-No-Carry—If the CARRY flag from a
SHIFT or arithmetic operation is not equal to “17,
skip any remaining instructions in the 4-byte in-
struction group. Increment the most significant
30-bits of the Program Counter and proceed to
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fetch the next 4-byte instruction group. If the
CARRY is equal to “1”, execute the next sequen-
tial instruction.

Skip-Never Execute the next sequential

(NOP) instruction. (Delay one machine cycle).

Skip-If-Not-Zero--If the TOP item on the Parameter
Stack is not equal to “0” skip any remaining in-
structions in the 4-byte instruction group. Incre-
ment the most significant 30-bits of the Program
Counter and proceed to fetch the next 4-byte in-
struction group. If the TOP item is equal 0" exe-
cute the next sequential instruction.

Skip-If-Negative—If the TOP item on the Parameter
Stack has its most significant bit (sign bit) set to
“1”, skip any remaining instructions in the 4-byte
instruction group. Increment the most significant
30-bits of the Program Counter and proceed to
fetch the next 4-byte instruction group. If the TOP
item has its most significant bit set to “0” execute
the next sequential instruction.

Skip-If-Carry—If the CARRY flag is set to “1” as a
result of SHIFT or arithmetic operation, skip any
remaining instructions in the 4-byte instruction
group. Increment the most significant 30-bits of the
Program Counter and proceed to fetch the next
4-byte instruction group. If the CARRY flag is “0”
execute the next sequential instruction.

Microloops

Microloops are a unique feature of the microproces-
sor architecture which allows controlled looping within
a 4-byte instruction group. A microloop instruction
tests the LOOP COUNTER for “0” and may perform
an additional test. If the LOOP COUNTER is not “0”
and the test is met, instruction execution continues with
the first instruction in the 4-byte instruction group, and
the LOOP COUNTER is decremented. A microloop
instruction will usually be the last byte in a 4-byte in-
struction group, but it can be any byte. If the LOOP
COUNTER is “0” or the test is not met, instruction
execution continues with the next instruction. If the
microloop is the last byte in the 4-byte instruction
group, the most significant 30-bits of the Program
Counter are incremented and the next 4-byte instruction
group is fetched from memory. On a termination of the
loop on LOOP COUNTER equal to “0” the LOOP
COUNTER will remain at “0”. Microloops allow short
iterative work such as moves and searches to be per-
formed without slowing down to fetch instructions
from memory.
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Microloop Instructions
ULOOP-UNTIL-DONE—If the LOOP

COUNTER is not “0”, continue execution with
the first instruction in the 4-byte instruction group.
Decrement the LOOP COUNTER. If the LOOP
COUNTER is “0” continue execution with the
next instruction.

ULOOP-IF-ZERO—If the LOOP COUNTER is
not “0” and the TOP item on the Parameter Stack
is “0”, continue execution with the first instruction
in the 4-byte instruction group. Decrement the
L.OOP COUNTER. If the LOOP COUNTER is
“0” or the TOP item is “1”, continue execution
with the next instruction.

Uloop-if-positive—If the LOOP COUNTER is not
“0” and the most significant bit (sign bit) is “07,
continue execution with the first instruction in the
4-byte instruction group. Decrement the LOOP
COUNTER. If the LOOB_.COUNTER is “0” or
the TOP item is “1”, continue execution with the
next instruction.

Uloop-if-not-carry-clear—If the LOOP COUNTER
is not “0” and the floating point exponents found in
TOP and NEXT are not aligned, continue execu-
tion with the first instruction in the 4-byte instruc-
tion group. Decrement the LOOP COUNTER. If
the LOOP COUNTER is “0” or the exponents are
aligned, continue execution with the next instruc-
tion. This instruction is specifically designed for
combination with special SHIFT instructions to
align two floating point numbers.

ULoop-Never—(DECREMENT-LOOP-COUN-
TER) Decrement the LOOP COUNTER. Con-
tinue execution with the next instruction.

ULoop-If-Not-Zero—If the LOOP COUNTER is
not “0” and the TOP item of the Parameter Stack
is “0”, continue execution with the first instruction
in the 4-byte instruction group. Decrement the
LOOP COUNTER. If the LOOP COUNTER is
“0” or the TOP item is “1”, continue execution
with the next instruction.

ULoop-If-Negative—If the LOOP COUNTER is
not “0” and the most significant bit (sign bit) of the
TOP item of the Parameter Stack is “1”, continue
execution with the first instruction in the 4-byte
instruction group. Decrement the LOOP
COUNTER. If the LOOP COUNTER is “0” or
the most significant bit of the Parameter Stack is
“0* continue execution with the next instruction.

ULoop-If-Carry-Set—If the LOOP COUNTER is
not “0” and the exponents of the floating point

Example
Byte 1 - Byte 2
FETCH-VIA-X-AUTOINCREMENT STORE-VIA-Y-AUTOINCREMENT
Byte 3 Byte 4
ULOOP-UNTIL-DONE QQQQRRQQQ

This example will perform a block move. To initiate
the transfer, X will be loaded with the starting address
of the source. Y will be loaded with the starting address
of the destination. The LOOP COUNTER will be
loaded with the number of 32-bit words to move. The
microloop will FETCH and STORE and count down
the LOOP COUNTER until it reaches zero.
QQQQQQQQ indicates any instruction can follow.

65

numbers found in TOP and NEXT are not aligned,
continue execution with the first instruction in the
4-byte instruction group. Decrement the LOOP
COUNTER. If the LOOP COUNTER is “0” or
the exponents are aligned, continue execution with
the next instruction.
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Return From Subroutine Or Interrupt

Subroutine calls and interrupt acknowledgements
cause a redirection of normal program execution. In
both cases, the current Program Counter is pushed onto
the Return Stack, so the microprocessor can return to
its place in the program after executing the subroutine
or interrupt service routine.

NOTE: When a CALL to subroutine or interrupt is
acknowledged the Program Counter has already been
incremented and is pointing to the 4-byte instruction
group following the 4-byte group currently being exe-
cuted. The instruction decoding logic allows the micro-
processor to perform a test and execute a return condi-
tional on the outcome of the test in a single cycle. A
RETURN pops an address from the Return Stack and
stores it to the Program Counter.

Return Instructions

Return-Always—Pop the top item from the Return
Stack and transfer it to the Program Counter.

Return-If-Zero—If the TOP item on the Parameter
Stack is “0” pop the top item from the Return
Stack and transfer it to the Program Counter. Oth-
erwise execute the next instruction.

return-If-Positive—If the most significant bit (sign
bit) of the TOP item on the Parameter Stack is a
“0” pop the top item from the Return Stack and
transfer it to the Program Counter. Otherwise exe-
cute the next instruction.

Return-If-Carry-Clear—If the exponents of the float-
ing point numbers found in TOP and NEXT are
not aligned, pop the top item from the Return
Stack and transfer it to the Program Counter. Oth-
erwise execute the next instruction.

Return-Never—Execute the next instruction.

(NOP)

Return-If-Not-Zero—If the TOP item on the Param-
eter Stack is not “0” pop the top item from the
Return Stack and transfer it to the Program
Counter. Otherwise execute the next instruction.

Return-If-Negative—If the most significant bit (sign
bit) of the TOP item on the Parameter Stack is a
“1” pop the top item from the Return Stack and
transfer it to the Program Counter. Otherwise exe-
cute the next instruction.

Return-If-Carry-Set—If the exponents of the floating
point numbers found in TOP and NEXT are
aligned, pop the top item from the Return Stack
and transfer it to the Program Counter. Otherwise
execute the next instruction.

HANDLING MEMORY FROM DYNAMIC RAM

The microprocessor 50, like any RISC type architec-
ture, is optimized to handle as many operations as possi-
ble on-chip for maximum speed. External memory oper-
ations take from 80 nsec. to 220 nsec. compared with
on-chip memory speeds of from 4 nsec. to 30 nsec.
There are times when external memory must be ac-
cessed.

External memory is accessed using three registers:

X-Register—A 30-bit memory pointer which can be

used for memory access and simultaneously incre-
mented or decremented.

Y-Register—A 30-bit memory pointer which can be

used for memory access and simultaneously incre-
mented or decremented.
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Program-Counter—A 30-bit memory pointer nor-
mally used to point to 4-byte instruction groups.
External memory may be accessed at addresses
relative to the PC. The operands are sometimes
called “Immediate” or “Literal” in other comput-
ers. When used as memory pointer, the PC is also
incremented after each operation.

Memory Load & Store Instructions

Fetch-Via-X—Fetch the 32-bit memory content
pointed to by X and push it onto the Parameter
Stack. X is unchanged.

Fetch-Via-Y—Fetch the 32-bit memory content
pointed to by X and push it onto the Parameter
Stack. Y is unchanged.

Fetch-Via-X-Autoincrement—Fetch the 32-bit mem-
ory content pointed to by X and push it onto the
Parameter Stack. After fetching, increment the
most significant 30 bits of X to point to the next
32-bit word address.

Fetch-Via-Y-Autoincrement—Fetch the 32-bit mem-
ory content pointed to by Y and push it onto the
Parameter Stack. After fetching, increment the
most significant 30 bits of Y to point to the next
32-bit word address.

Fetch-Via-X-Autodecrement—Fetch  the  32-bit
memory content pointed to by X and push it onto
the Parameter Stack. After fetching, decrement the
most significant 30 bits of X to point to the previous
32-bit word address.

Fetch-Via-Y-Autodecrement—Fetch  the  32-bit
memory content pointed to by Y and push it onto
the Parameter Stack. After fetching, decrement the
most significant 30 bits of Y to point to the previous
32-bit word address.

Store-Via-X—Pop the top item of the Parameter
Stack and store it in the memory location pointed
to by X. X is unchanged.

Store-Via-X-Autoincrement—Pop the top item of the
Parameter Stack and store it in the memory loca-
tion pointed to by Y. Y is unchanged. STORE-
VIA-X-AUTOINCREMENT - Pop the top item
of the Parameter Stack and store it in the memory
location pointed to by X. After storing, increment
the most significant 30 bits of X to point to the next
32-bit word address.

Store-Via-Y-Autoincrement—Pop the top item of the
Parameter Stack and store it in the memory loca-
tion pointed to by Y. After storing, increment the
most significant 30 bits of Y to point to the next
32-bit word address.

Store-Via-X-Autodecrement—Pop the top item of
the Parameter Stack and store it in the memory
location pointed to by X. After storing, decrement
the most significant 30 bits of X to point to the
previous 32-bit word address.

Store-Via-Y-Autodecrement—Pop the top item of
the Parameter Stack and store it in the memory
location pointed to by Y. After storing, decrement
the most significant 30 bits of Y to point to the
previous 32-bit word address.

Fetch-Via-PC—Fetch the 32-bit memory content
pointed to by the Program Counter and push it
onto the Parameter Stack. After fetching, incre-
ment the most significant 30 bits of the Program
Counter to point to the next 32-bit word address.

*NOTE When this instruction executes, the PC is
pointing to the memory location following the

e
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instruction. The effect is of loading a 32-bit imme-
diate operand. This is an 8-bit instruction and there-
fore will be combined with other 8-bit instructions
in a 4-byte instruction fetch. It is possible to have
from one to four FETCH-VIA-PC instructions in a
4-byte instruction fetch. The PC increments after
each execution of FETCH-VIA-PC, s0 it is possi-
ble to push four immediate operands on the stack.
The four operands would be the found in the four
memory locations following the instruction.

Bye-Fetch-Via-X—Fetch the 32-bit memory content
pointed to by the most significant 30 bits of X.
Using the two least significant bits of X, select one
of four bytes from the 32-bit memory fetch, right
justify the byte in a 32-bit field and push the se-
lected byte preceded by leading zeros onto the
Parameter Stack. -

Byte-Store-Via-X—Fetch the 32-bit memory content
pointed to by the most significant 30 bits of X. Pop
the TOP item from the Parameter Stack. Using the
two least significant bits of X place the least signifi-
cant byte into the 32-bit memory data and write the
32-bit entity back to the location pointed to by the
most significant 30 bits of X.

Other Effects Of Memory Access Instructions

Any FETCH instruction will push a value on the
Parameter Stack 74. If the on-chip stack is full, the stack
will overflow into off-chip memory stack resulting in an
additional memory cycle. Any STORE instruction will
pop a value from the Parameter Stack 74. If the on-chip
stack is empty, a memory cycle will be generated to
fetch a value from off-chip memory stack.

Handling On-Chip Variables

High-level languages often allow the creation of
LOCAL VARIABLES. These variables are used by a
particular procedure and discarded. In cases of nested
procedures, layers of these variables must be main-
tained. On-chip storage is up to five times faster than
off-chip RAM, so a means of keeping local variables
on-chip can make operations run faster. The micro-
processor 50 provides the capability for both on-chip
storage of local variables and nesting of multiple levels
of variables through the Return Stack.

The Return Stack 134 is implemented as 16 on-chip
RAM locations. The most common use for the Return
Stack 134 is storage of return addresses from subrou-
tines and interrupt calls. The microprocessor allows
these 16 locations to also be used as addressable regis-
ters. The 16 locations may be read and written by two
instructions which indicate a Return Stack relative ad-
dress from 0-15. When high-level procedures are
nested, the current procedure variables push the previ-
ous procedure variables further down the Return Stack
134. Eventually, the Return Stack will automatically
overflow into off-chip RAM.

On-Chip Variable Instructions

Read-Local-Variable XXXX—Read the XXXXth
location relative to the top of the Return Stack.
(XXXX is a binary number from 0000-1111). Push
the item read onto the Parameter Stack. OTHER
EFFECTS: If the Parameter Stack is full, the push
operation will cause a memory cycle to be gener-
ated as one item of the stack is automatically stored
to external RAM. The logic which selects the loca-
tion performs a modulo 16 subtraction. If four local
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variables have been pushed onto the Return Stack,
and an instruction attempts to READ the fifth
item, unknown data will be returned.
Write-Local-Variable XXXX—Pop the TOP item of
the Parameter Stack and write it into the XXXXth
location relative to the top of the Return Stack.
(XXXX is a binary number from 0000-1111.)
OTHER EFFECTS: If the Parameter Stack is
empty, the pop operation will cause a memory
cycle to be generated to fetch the Parameter Stack
item from external RAM. The logic which selects
the location performs a modulo 16 subtraction. If
four local variables have been pushed onto the
Return Stack, and an instruction attempts to
WRITE to the fifth item, it is possible to clobber
return addresses or wreak other havoc.

Register and Flip-Flop Transfer And Push Instructions

Drop—Pop the TOP item from the Parameter Stack
and discard it. —

Swap—Exchange the data in the TOP Parameter
Stack location with the data in the NEXT Parame-
ter Stack location.

DUP—Duplicate the TOP item on the Parameter
Stack and push it onto the Parameter Stack.

Push-Loop-CounterPush  the value in LOOP
COUNTER onto the Parameter Stack.

Pop-RStack-Push-To-stack—Pop the top item from
the Return Stack and push it onto the Parameter
Stack.

Push-X-Reg—Push the value in the X Register onto
the Parameter Stack.

Push-Stack-Pointer—Push the value of the Parame-
ter Stack pointer onto the Parameter Stack.

Push-RStack-Pointer—Push the value of the Return
Stack pointer onto the Return Stack.

Push-Mode-Bits—Push the value of the MODE
REGISTER onto the Parameter Stack.

Push-Input—Read the 10 dedicated input bits and
push the value (right justified and padded with
leading zeros) onto the Parameter Stack.

Set-Loop-Counter—Pop the TOP value from the
Parameter Stack and store it into LOOP
COUNTER.

Pop-Stack-Push-To-RStack—Pop the TOP item
from the Parameter Stack and push it onto the
Return Stack.

Set-X-Reg—Pop the TOP item from the Parameter
Stack and store it into the X Register.

Set-Stack-Pointer—Pop the TOP item from the Pa-
rameter Stack and store it into the Stack Pointer.

Set-RStack-Pointer—Pop the TOP item from the
Parameter Stack and store it into the Return Stack
Pointer.

Set-Mode-Bits—Pop the TOP value from the Param-
eter Stack and store it into the MODE BITS.

Set-output—Pop the TOP item from the Parameter
Stack and output it to the 10 dedicated output bits.
OTHER EFFECTS: Instructions which push or
pop the Parameter Stack or Return Stack may
cause a memory cycle as the stacks overflow back
and forth between on-chip and off-chip memory.

Loading A Short Literal

A special case of register transfer instruction is used
to push an 8-bit literal onto the Parameter Stack. This
instruction requires that the 8-bits to be pushed reside in
the last byte of a 4-byte instruction group. The instruc-
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tion op-code loading the literal may reside in ANY of
the other three bytes in the instruction group.

Example
BYTE 1 BYTE 2 BYTE 3
LOAD-SHORT-LITERAL QQQQQRQRQ  QQQRQQQRQQ
BYTE 4
00001111

In this example, QQQQQQQQ indicates any other
8-bit instruction. When Byte 1 is executed, binary
00001111 (HEX Of) from Byte 4 will be pushed (right
justified and padded by leading zeros) onto the Parame-
ter Stack. Then the instructions in Byte 2 and Byte 3
will execute. The microprocessor instruction decoder
knows not to execute Byte 4. It is possible to push three
identical 8-bit values as follows:

BYTE 1 BYTE 2
LOAD-SHORT-LITERAL LOAD-SHORT-LITERAL
BYTE 3 BYTE 4
LOAD-SHORT-LITERAL 00001111

Short-literal-Instruction

Load-Short-Literal—Push the 8bit value found in
Byte 4 of the current 4-byte instruction group onto
the Parameter Stack.

Logic Instructions

Logical and math operations used the stack for the
source of one or two operands and as the destination for
results. The stack organization is a particularly conve-
nient arrangement for evaluating expressions. TOP
indicates the top value on the Parameter Stack 74.
NEXT indicates the next to top value on the Parameter
Stack 74.

AND—Pop TOP and NEXT from the Parameter
Stack, perform the logical AND operation on these
two operands, and push the result onto the Parame-
ter Stack.

OR—Pop TOP and NEXT from the Parameter
Stack, perform the logical OR operation on these
two operands, and push the result onto the Parame-
ter Stack.

XOR—Pop TOP and NEXT from the Parameter
Stack, perform the logical exclusive OR on these
two operands, and push the result onto the Parame-
ter Stack.

Bit-Clear—Pop TOP and NEXT from the Parameter
Stack, toggle all bits in NEXT, perform the logical
AND operation on TOP, and push the result onto
the Parameter Stack. (Another way of understand-
ing this instruction is thinking of it as clearing all
bits in TOP that are set in NEXT.)

Math Instructions

Math instruction pop the TOP item and NEXT to top
item of the Parameter Stack 74 to use as the operands.
The results are pushed back on the Parameter Stack.
The CARRY flag is used to latch the “33rd bit” of the
ALU result.

Add—Pop the TOP item and NEXT to top item from

the Parameter Stack, add the values together and
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push the result back on the Parameter Stack. The
CARRY flag may be changed.

Add-With-Carry—Pop the TOP item and the NEXT
to top item from the Parameter Stack, add the
values together. If the CARRY flag is “1” incre-
ment the result. Push the ultimate result back on
the Parameter Stack. The CARRY flag may be
changed.

ADD-X—Pop the TOP item from the Parameter
Stack and read the third item from the top of the
Parameter Stack. Add the values together and push
the result back on the Parameter Stack. The
CARRY flag may be changed.

SUB—Pop the TOP item and NEXT to top item
from the Parameter Stack, Subtract NEXT from
TOP and push the result back on the Parameter
Stack. The CARRY flag may be changed.

SUB-WITH-CARRY—Pop the TOP item and
NEXT to top item from the Parameter Stack. Sub-
tract NEXT from TOP. If the CARRY flag is “1”
increment the result. Push the ultimate result back
on the Parameter Stack. The CARRY flag may be
changed.

SUB-X—

SIGNED-MULT-STEP—

UNSIGNED-MULT-STEP—

SIGNED-FAST-MULT—

FAST-MULT-STEP—

UNSIGNED-DIV-STEP—

GENERATE-POLYNOMIAL—

ROUND—

COMPARE—Pop the TOP item and NEXT to top
item from the Parameter Stack. Subtract NEXT
from TOP. If the result has the most significant bit
equal to “0” (the result is positive ) , push the result
onto the Parameter Stack. If the result has the most
significant bit equal to “1” (the result is negative),
push the old value of TOP onto the Parameter
Stack. The CARRY flag may be affected.

Shift/Rotate

SHIFT-LEFT—Shift the TOP Parameter Stack item
left one bit. The CARRY flag is shifted into the
least significant bit of TOP.

SHIFT-RIGHT—Shift the TOP Parameter Stack
item right one bit. The least significant bit of TOP
is shifted into the CARRY flag. Zero is shifted into
the most significant bit of TOP.

DOUBLE-SHIFT-LEFT—Treating the TOP item
of the Parameter Stack as the most significant word
of a 64-bit number and the NEXT stack item as the
least significant word, shift the combined 64-bit
entity left one bit. The CARRY flag is shifted into
the least significant bit of NEXT.

DOUBLE-SHIFT-RIGHT—Treating the TOP item
of the Parameter.Stack as the most significant word
of a 64-bit number and the NEXT stack item as the
least significant word, shift the combined 64-bit
entity right one bit. The least significant bit of
NEXT is shifted into the CARRY flag. Zero is
shifted into the most significant bit of TOP.

Other Instructions

FLUSH-STACK—Empty all on-chip Parameter
Stack locations into off-chip RAM. (This instruc-
tion useful for multitasking applications). This in-
struction accesses a counter which holds the depth
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of the on-chip stack and can require from none to
16 external memory cycles.

FLUSH-RSTACK—Empty all on-chip Return
Stack locations into off-chip RAM. (This instruc-
tion is useful for multitasking applications). This
instruction accesses a counter which holds the
depth of the on-chip Return Stack and can require
from none to 16 external memory cycles.

It should further be apparent to those skilled in the art
that various changes in form and details of the invention
as shown and described may be made. It is intended that
such changes be included within the spirit and scope of
the claims appended hereto.

What is claimed is: :

1. A microprocessor system, comprising a central
processing unit integrated circuit, a memory extend of
said central processing unit integrated circuit, a bus
connecting said central processing unit integrated cir-
cuit to said memory, and means connected to said bus
for fetching instructions for said central processing unit
integrated circuit on said bus from said memory, said
means for fetching instructions being configured and
connected to fetch multiple sequential instructions from
said memory in parallel and supply the multiple sequen-
tial instructions to said central processing unit inte-
grated circuit during a single memory cycle, said bus
having a width at least equal to a number of bits in each
of the instructions times a number of the instructions
fetched in parallel, said central processing unit includ-
ing an arithmetic logic unit and a first push down stack
connected to said arithmetic, logic unit, said first push
down stack including means for storing a top item con-
nected to a first input of said arithmetic logic unit to
provide the top item to the first input and means for
storing a next item connected to a second input of said
arithmetic logic unit to provide the next item to the
second input, a remainder of said first push down stack
being connected to said means for storing a nextitem to
receive the next item from said means for storing a next
item when pushed down in said push down stack said
arithmetic logic unit having an output connected to said
means for storing a top item.

2. The microprocessor system of claim 1 additionally
comprising means connected to said means for fetching
multiple instructions for determining by decoding the
multiple instructions if multiple instructions fetched by
said means for fetching multiple instructions require a
memory access, said means for fetching multiple in-
structions fetching additional multiple instructions if
decoding the multiple instructions shows that the multi-
ple instructions do not require a memory access.

3. The microprocessor system of claim 2 in which the
decoding determines if the multiple instructions do not
require a memory access by a state of a bit of each of the
multiple instructions. -

4. The microprocessor system of claim3 in which the
bit is a most significant bit of the multiple instructions.

5. The microprocessor system of claim 1 additionally
comprising an instruction register for the multiple in-
structions connected to said means for fetching instruc-
tions, means connected to said instruction register for
supplying the multiple instructions in succession from
said instruction register; a counter connected to control
said means for supplying the multiple instructions to
supply the multiple instructions in succession, means for
decoding the multiple instructions connected to receive
the multiple instructions in succession from the means
for supplying the multiple instructions, said counter
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being connected to said means for decoding to receive
incrementing and reset control signals from said means
for decoding, said means for decoding being configured
to supply the reset control signal to said counter and to
supply a control signal to said means for fetching in-
structions in response to a SKIP instruction in the multi-
ple instructions.

6. The microprocessor system of claim 5 additionally
comprising a loop counter connected to receive a dec-
rement control signal from said means for decoding,
said means for decoding being configured to supply the
reset control signal to said counter and the decrement
control signal to said loop counter in response to a
MICROLOOP instruction in the multiple instructions
to provide a microloop within the muitiple instructions
in said instruction register for a number of repetitions
controlled by said loop counter.

7. The microprocessor system of claim 1 additionally
comprising an instruction register for the multiple in-
structions and a variable width Gperand to be used with
one of the multiple instructions connected to said means
for fetching instructions, means connected to said in-
struction register for supplying the multiple instructions
in succession from said instruction register, a counter
connected to control said means for supplying the mul-
tiple instructions to supply the multiple instructions in
succession,

means for decoding the multiple instructions con-

nected to receive the multiple instructions in suc-
cession from the means for supplying the multiple
instructions, said counter being connected to said
means for decoding to receive incrementing and
reset control signals from said means for decoding,
said means for decoding being configured to con-
trol said counter in response to an instruction utiliz-
ing the variable width operand stored in said in-
struction register, and means connected to said
counter to select the variable width operand for use
with the instruction utilizing the variable width
operand in response to said counter.

8. A microprocessor system, comprising a central
processing unit, a memory, a bus connecting said cen-
tral processing unit to said memory, and means con-
nected to said bus for fetching instructions for said
central processing unit on said bus from said memory,
said means for fetching instructions being configured
and connected to fetch multiple sequential instructions
from said memory in parallel and supply the multiple
sequential instructions to said central processing unit
during a single memory cycle, said central processing
unit including an arithmetic logic unit and a first push
down stack connected to said arithinetic logic unit, said
first push down stack further including means for stor-
ing a top item connected to a first input of said arithme-
tic logic unit to provide the top item to the first input,
means for storing a next item connected to a second
input of said arithinetic logic unit to provide the next
item to the second input, said arithmetic logic unit hav-
ing an output connected to said means for storing a top
item, a second push down stack, said means for storing
a top item being connected to provide an input to said
second push down stack and a control means connected
between said means for storing a top item and said sec-
ond push down stack for controlling provision of the
input to said second push down stack, said second push
down stack additionally being configured as a register
file and said means for storing a top item and said sec-
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ond push down stack additionally configured as the
register file being bidirectionally connected.

9. A microprocessor system, comprising a central
processing umit, a dynamic random access memory, a
bus connecting said central processing unit to said dy-
namic random access memory, and multiplexing means
on said bus between said central processing unit and
said dynamic random access memory, said multiplexing
means being connected and configured to provide mul-
tiplexed row addresses, column addresses and data on
said bus from said central processing unit to said dy-
namic random access memory and to provide data from
said dynamic random access memory to said central
processing unit, and

means connected to said bus for fetching instructions

for said central processing unit on said bus from
said dynamic random access memory, said means
for fetching instructions being configured to fetch
multiple sequential instructions from said dynamic
random access memory in parallel and supply the
multiple instructions to said central processing unit
during a single memory cycle,

said central processing unit including an arithmetic

logic unit and a first push down stack connected to
said arithmetic logic unit, said first push down
stack including means for storing a top item con-
nected to a first input of said arithmetic logic unit
to provide the top item to the first input, and means
for storing a next item connected to a second input
of said arithmetic logic unit to provide the next
item to the second input, a remainder of said first
push down stack being connected to said means for
storing a next item to receive the next item from
said means for storing a next item when pushed
down in said push down stack, said arithmetic logic
unit having an output connected to said means for
storing a top item.

10. The microprocessor system of claim 9 addition-
ally comprising a second push down stack, said means
for storing a top item being connected to provide an
input to said second push down stack and a control
means connected between said means for storing a top
item and said second push down stack for controlling
provision of the input to said second push down stack.

11. The microprocessor system of claim 10 in which
said second push down stack is additionally configured
as a register file and said means for storing a top item
and said second push down stack additionally config-
ured as the register file are bidirectionally connected.

12. The microprocessor system of claim 11 addition-
ally comprising means connected to said means for
fetching multiple instructions for determining by de-
coding the multiple instructions if multiple instructions
fetched by said means for fetching multiple instructions
require a memory access, said means for fetching multi-
ple instructions fetching additional multiple instructions
if decoding the multiple instructions shows that the
multiple instructions do not require a memory access.

- 13. The microprocessor system of claim 12 addition-
ally comprising an instruction register for the muitiple
instructions connected to said means for fetching in-
structions, means connected to said instruction register
for supplying the multiple instructions in succession
from said instruction register, a counter connected to
control said means for supplying the muitiple instruc-
tions to supply the multiple instructions in succession,
means for decoding the multiple instructions connected
to receive the multiple instructions in succession from
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the means for supplying the multiple instructions, said
counter being connected to said means for decoding to
receive incrementing and reset control signals from said
means for decoding, said means for decoding being
configured to supply the reset control signal to said
counter and to supply a control signal to said means for
fetching instructions in response to a SKIP instruction
in the multiple instructions. -

14. The microprocessor system of claim 13 addition-
ally comprising a loop counter connected to receive a
decrement control signal from said means for decoding,
said means for decoding being configured to supply the
reset control signal to said counter and the decrement
control signal to said loop counter in response to a
MICROLOOP instruction in the multiple instructions
within the multiple instructions in said instruction regis-
ter for a number of repetitions controlled by said loop
counter.

15. The microprocessor system of claim 13 in which
said means for decoding is configured to coatrol said
counter in response to one of the multiple instructions
utilizing a variable width operand stored in said instruc-
tion register with the multiple instructions, said micro-
processor system additionally comprising means con-
nected to said counter to select the variable width oper-
and for use with the instruction utilizing the variable
width operand in response to a state of said counter
resulting from control of said counter by said means for
decoding.

16. The microprocessor system of claim 12 in which
the decoding détermines if the multiple instructions do
not require a memory access by a state of a bit of each
of the multiple instructions.

17. The microprocessor system of claim 16 in which
the bit is a most significant bit of the multiple instruc-
tions.

18. The microprocessor system of claim 9 addition-
ally comprising a programmable read only memory
containing instructions connected to said bus, means
connected to said bus for fetching instructions for said
central processing unit on said bus, said means for fetch-
ing instructions including means for assembling a plural-
ity of instructions from said programmable read only
memory, storing the plurality of instructions in said
dynamic random access memory and subsequently sup-
plying the plurality of instructions from said dynamic
random access memory to said central processing unit
on said bus.

19. The microprocessor system of claim 9 addition-
ally comprising a direct memory access processing unit
having the capacity to request and execute instructions,
said bus connecting said direct memory access process-
ing unit to said dynamic random access memory, said
dynamic random access memory containing instruc-
tions for said central processing unit and said direct
memory access processing unit, said direct memory
access processing unit being connected to means for
fetching instructions for said central processing unit on
said bus and for fetching instructions for said direct
memory access processing unit on said bus.

20. The microprocessor system of claim 19 addition-
ally comprising a variable speed system clock con-
nected to said central processing unit and a fixed speed
system clock connected to control said means for fetch-
ing instructions for said central processing unit and for
fetching instructions for said direct memory access
processing unit.

21. The microprocessor system of claim 9 in which
said microprocessor system is configured to provide
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different memory access timing for different storing
capacity sizes of said dynamic random access memory
by including a sensing circuit and a driver circuit, and
an output enable line connected between said dynamic
random access memory, said sensing circuit and said
driver circuit, said sensing circuit being configured to
provide a ready signal when said output enable line
reaches a predetermined electrical level after a memory
read operation as a function of different capacitance on
said bus as a result of the different storing capacity sizes
of said dynamic random access memory, said micro-
processor system being configured so that said driver
circuit provides an enabling signal on said output enable
line responsive to the ready signal.

22. The microprocessor system of claim 21 in which
the predetermined electrical level is a predetermined
voltage.

23. The microprocessor system of claim 9 in which
said microprocessor system is configured to operate at a
variable clock speed; said microprocessor system addi-
tionally comprising a ring counter variable speed sys-
tem clock connected to said central processing unit, said
central processing unit and said ring counter variable
speed system clock being provided in a single integrated
circuit, said ring counter variable speed system clock
being configured to provide different clock speed to
said central processing unit as a result of transistor prop-
agation delays, depending on at least one of temperature
of said single integrated circuit, voltage and micro-
processor fabrication process for said single integrated
circuit. -

24. The microprocessor system of claim 23 addition-
ally comprising an input/output interface connected
between said microprocessor system and an external
memory bus to exchange coupling control signals, ad-
dresses and data between said central processing unit
and said input/output interface, and a second clock
independent of said ring counter variable speed system
clock connected t said input/output interface to provide
clock signals for operation of said input/output inter-
face asynchronously from said central processing unit.

25. The microprocessor system of claim 24 in which
said second clock is a fixed frequency clock.

26. The microprocessor system of claim 9 in which
said first push down stack has a first plurality of stack
registers having stack memory elements configured as
latches, a second plurality of stack registers having
stack memory elements configured as a random access
memory, said first and second plurality of stack regis-
ters and said central processing unit being provided in a
single integrated circuit with a top one of said second
plurality of stack registers being connected to said a
bottom one of said first plurality of stack registers, and
a third plurality of stack registers having stack memory
elements configured as a random access memory exter-
nal to said single integrated circuit, with a top one of
said third plurality of stack registers being connected to
a bottom one of said second plurality of stack registers,
said microprocessor system being configured to operate
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said first, second and third plurality of stack registers
hierarchically as interconnected stacks.

27. The microprocessor system of claim 26 addition-
ally comprising a first pointer connected to said first
plurality of stack registers, a second pointer connected
to said second plurality of stack registers, and a third
pointer connected to said third plurality of stack regis-
ters, said microprocessor system being configured to
operate said first, second and third plurality of stack
registers hierarchically as interconnected stacks by hav-
ing said central processing unit being connected to pop
items from said first plurality of stack registers, said first
stack pointer being connected to said second stack
pointer to pop a first plurality of items from said second
plurality of stack registers when said first plurality of
stack registers are empty from successive pop opera-
tions by said central processing unit, said second stack
pointer being connected to said third stack pointer to
pop a second plurality of items from said third plurality
of stack registers when said second plurality of stack
registers are empty from successive pop operations by
said central processing unit.

28. The microprocessor system of claim 9 addition-
ally comprising a first register connected to supply a
first input to said arithmetic logic unit, a first shifter
connected between an output of said arithmetic logic
unit and said first register, a second register connected
to receive a starting polynomial value, an output of said
second register being connected to a second shifter, a
least significant bit of said second register being con-
nected to said arithmetic logic unit, a third register
connected to supply feedback terms of a polynomial to
said arithmetic logic unit, a down counter, for counting
down a number corresponding to digits of a polynomial
to be generated, connected to said arithmetic logic unit,
said arithmetic logic unit being responsive to a polyno-
mial instruction to carry out an exclusive OR of the
contents of said first register with the contents of said
third register if the least significant bit of said second
register is a “ONE” and to pass the contents of said first
register unaltered if the least significant bit of said sec-
ond register is a “ZERO” until said down counter com-
pletes a count, the polynomial to be generated resulting
in said first register.

29. The microprocessor system of claim 28 in which
said first register is a result register, said first shifter is a
left shifting shifter, said second register is a multiplier
register connected to receive a multiplier in bit reversed
forn, said second shifter is a right shifting shifter, said
third register is connected to supply a multiplicand to
said arithmetic logic unit, said down counter is config-
ured for counting down a number corresponding to one
less than the number of digits of the multiplier, said
arithmetic logic unit being responsive to a multiply
instruction to add the contents of said result register
with the contents of said third register, if the least signif-
icant bit of said second register is a “ONE” and to pass
the contents of said first register unaltered if the least
significant bit of said second register is a “ZEROQO” until
said down counter completes a count, the product re-

sulting in said first register.
* %

* % *
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57 ABSTRACT

A microprocessor (50) includes a main central processing
unit (CPU) (70) and a separate direct memory access (DMA)
CPU (72) in a single integrated circuit making up the micro-
processor (50). The main CPU (70) has a first 16 deep push
down tack (74), which has a to item register (76) and a next
item register (78), respectively connected to provide inputs
to an arithmetic logic unit (ALU) (80) by lines (82) and (84).
An output of the ALU (80) is connected to the top item
register at (82) is also connected by line (88) to an internal
data bus (90). CPU (70) is pipeline free. The simplified CPU
(70) requires fewer transistors to implement than pipelined
architectures, yet produces performance which matches or
exceeds existing techniques. The DMA CPU (72) provides
inputs to the memory controller (118) on line (148). The
memory controller (118) is connected to a RAM by address/
data bus (150) and control lines (152). The DMA CPU (72)
enables the CPU (70) to execute instructions four times
faster than the RAM speed by fetching four instructions in a
single memory cycle.
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EX PARTE
REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

The patentability of claims 21-29 is confirmed.
Claims 8 and 9 are cancelled.

Claims 1, 5, 7, 10, 13, 18 and 19 are determined to be
patentable as amended.

Claims 2-4, 6, 11, 12, 14-17 and 20, dependent on an
amended claim, are determined to be patentable.

New claims 30 through 59 are added and determined to be
patentable.

1. A microprocessor system, comprising a central process-
ing unit integrated circuit, a memory external of said central
processing unit integrated circuit, a bus connecting said cen-
tral processing unit integrated circuit to said memory, and
means connected to said bus for fetching instructions for
said central processing unit integrated circuit on said bus
from said memory, said means for fetching instructions
being configured and connected to fetch multiple sequential
instructions from said memory in parallel and supply the
multiple sequential instructions to said central processing
unit integrated circuit during a single memory cycle, said bus
having a width at least equal to a number of bits in each of
the instructions times a number of the instructions fetched in
parallel, said central processing unit integrated circuit
including an arithmetic logic unit and a first push down stack
connected to said arithmetic logic unit, said first push down
stack including means for storing a top item connected to a
first input of said arithmetic logic unit to provide the top item
to the first input and means for storing a next item connected
to a second input of said arithmetic logic unit to provide the
next item to the second input, a remainder of said first push
down stack being connected to said means for storing a next
item to receive the next item from said means for storing a
next item when pushed down in said push down stack, said
arithmetic logic unit having an output connected to said
means for storing a top item;

wherein

the microprocessor system comprises an instruction regis-
ter configured to stove the multiple sequential instruc-
tions and from which instructions are accessed and
decoded; and wherein

the means for fetching instructions being configured and
connected to fetch multiple sequential instructions from
said memory in parallel and supply the multiple
sequential instructions to the central processing unit
integrated circuit during a single memory cycle com-
prises supplying the multiple sequential instructions in
parallel to said instruction register during the same
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memory cycle in which the multiple sequential instruc-
tions are fetched.

5. The microprocessor system of claim 1 [additionally
comprising an] wherein said instruction register for the mul-
tiple instructions is connected to said means for fetching
instructions, means connected to said instruction register for
supplying the multiple instructions in succession from said
instruction register, a counter connected to control said
means for supplying the multiple instructions to supply the
multiple instructions in succession, means for decoding the
multiple instructions connected to receive the multiple
instructions in succession from the means for supplying the
multiple instructions, said counter being connected to said
means for decoding to receive incrementing and reset con-
trol signals from said means for decoding, said means for
decoding being configured to supply the reset control signal
to said counter and to supply a control signal to said means
for fetching instructions in response to a SKIP instruction in
the multiple instructions.

7. The microprocessor system of claim 1 [additionally
comprising an] wherein said instruction register for the mul-
tiple instructions and a variable width operand to be used
with one of the multiple instructions is connected to said
means for fetching instructions, means connected to said
instruction register for supplying the multiple instructions in
succession from said instruction register, a counter con-
nected to control said means for supplying the multiple
instructions to supply the multiple instructions in
succession,

means for decoding the multiple instructions connected to

receive the multiple instructions in succession from the
means for supplying the multiple instructions, said
counter being connected to said means for decoding to
receive incrementing and reset control signals from
said means for decoding, said means for decoding
being configured to control said counter in response to
an instruction utilizing the variable width operand
stored in said instruction register, and means connected
to said counter to select the variable width operand for
use with the instruction utilizing the variable width
operand in response to said counter.

10. The microprocessor system of claim [9] 59 addition-
ally comprising a second push down stack, said means for
storing a top item being connected to provide an input to said
second push down stack and a control means connected
between said means for storing a top item and said second
push down stack for controlling provision of the input to said
second push down stack.

13. The microprocessor system of claim 12 [additionally
comprising an] wherein the instruction register for the mul-
tiple instructions is connected to said means for fetching
instructions, means connected to said instruction register for
supply the multiple instructions in succession from said
instruction register, a counter connected to control said
means for supplying the multiple instructions to supplying
the multiple instructions in succession, means for decoding
the multiple instructions connected to receive the multiple
instructions in succession from the means for supplying the
multiple instructions, said counter being connected to said
means for decoding to receive incrementing and reset con-
trol signals from said means for decoding, said means for
decoding being configured to supply the reset control signal
to said counter and to supply a control signal to said means
for fetching instructions in response to a SKIP instruction in
the multiple instructions.

18. The microprocessor system of claim [9] 59 addition-
ally comprising a programmable read only memory contain-
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ing instructions connected to said bus, means connected to
said bus for fetching instructions for said central processing
unit on said bus, said means for fetching instructions includ-
ing means for assembling a plurality of instructions from
said programmable read only memory, storing the plurality
of instructions in said dynamic random access memory and
subsequently supplying the plurality of instructions from
said dynamic random access memory to said central pro-
cessing unit on said bus.

19. The microprocessor system of claim [9] 59 addition-
ally comprising a direct memory access processing unit hav-
ing the capacity to request and execute instructions, said bus
connecting said direct memory access processing unit to said
dynamic random access memory, said dynamic random
access memory containing instructions for said central pro-
cessing unit and said direct memory access processing unit,
said direct memory access processing unit being connected
to means for fetching instructions for said central processing
unit on said bus and for fetching instructions for said direct
memory access processing unit on said bus.

30. The microprocessor system of claim 1 wherein said
central processing unit integrated circuit includes a prefetch
circuit configured to request a fetch of a next set of multiple
sequential instructions when no unexecuted instruction in
the instruction register requires a memory access.

31. The microprocessor system of claim I wherein said
central processing unit integrated circuit is configured to
access an operand located in a first instruction location of
the instruction register in response to an instruction of the
multiple sequential instructions in a second instruction loca-
tion of the instruction register distinct from the first instruc-
tion location.

32. The microprocessor system of claim 31 wherein said
central processing unit integrated circuit is configured to
access the operand in response to an op-code of the instruc-
tion in the second instruction location.

33. The microprocessor system of claim 1 wherein the
instruction register is configured to store the multiple
sequential instructions in corresponding instruction loca-
tions including a particular location for storing an instruc-
tion to be executed, the central processing unit integrated
circuit being configured to respond to content of an instruc-
tion of the multiple sequential instructions by accessing the
particular location of the instruction register.

34. The microprocessor system of claim 33 wherein the
central processing unit integrated circuit is configured to
respond to content of the instruction of the multiple sequen-
tial instructions by accessing the particular location of the
instruction vegister afier the means for fetching fetches next
multiple sequential instructions.

35. The microprocessor system of claim 33 wherein the
central processing unit integrated circuit is configured to
respond to content of the instruction of the multiple sequen-
tial instructions by accessing the first-execution location of
the instruction register without the fetching means fetching
next multiple sequential instructions.

36. The microprocessor system of claim 33 wherein the
content is an op-code.

37. The microprocessor system of claim 1 wherein the
multiple sequential instructions comprise a first plurality of
sequential instructions arranged from beginning to ending
positions of the first plurality of sequential instructions, the
central processing unit integrated circuit being configured to
respond to content of a first instruction of the first plurality
of sequential instructions stored in said instruction register
by accessing a second instruction in a second plurality of
sequential instructions arranged from beginning to ending
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positions of the second plurality of sequential instructions,
the second instruction being in the beginning position of the
second plurality of sequential instructions.

38. The microprocessor system of claim 37 wherein the
second plurality of sequential instructions is distinct from
the first plurality of sequential instructions.

39. The microprocessor system of claim 37 wherein the
second plurality of sequential instructions is the first plural-
ity of sequential instructions and the first instruction is dis-
posed in a position other than the beginning position of the
first plurality of instructions.

40. The microprocessor system of claim 37 wherein the
content is an op-code.

41. The microprocessor system of claim 1 wherein the
instruction register has a plurality of instruction locations
for storing the multiple sequential instructions according to
an order, the plurality of instruction locations including a
first location to be accessed before any other of the plurality
of instruction locations, the central processing unit inte-
grated circuit further including means for accessing a next
instruction out of the order, the next instruction being
located at the first location.

42. The microprocessor system of claim 1 wherein the
instruction register has a plurality of instruction locations
for storing the multiple sequential instructions, the plurality
of instruction locations including a first location to be
accessed before any other of the plurality of instruction
locations, the central processing unit integrated circuit fur-
ther including means, responsive to content of an instruction
of the multiple sequential instructions in a location other
than the first location, for accessing a next instruction at the
first location.

43. The microprocessor system of claim 1 wherein said
central processing unit integrated circuit a program counter
comprising address bits, said fetching means configured to
locate the multiple sequential instructions using the address
bits from the program counter.

44. The microprocessor system of claim 43 wherein the
address bits are a most significant bit portion from the pro-
gram counter.

45. The microprocessor system of claim 44 wherein the
central processing unit integrated circuit is configured to
increment the address bits of the program counter after said
means for fetching multiple sequential instructions fetches
the multiple sequential instructions.

46. The microprocessor system of claim 44 wherein the
most significant bit portion is 30 of 32 bits of the program
counter.

47. The microprocessor system of claim 44 wherein the
instruction register has a plurality of instruction locations
for storing the multiple sequential instructions, and multi-
plexer means connected to said instruction register for selec-
tively supplying multiple instructions from said instruction
register.

48. The microprocessor system of claim 44 wherein the
multiple sequential instructions comprise a first plurality of
sequential instructions, the central processing unit inte-
grated circuit being configured to respond to content of a
first instruction of the first plurality of sequential instruc-
tions by accessing a second plurality of sequential instruc-
tions using an address specified by the address bits.

49. The microprocessor system of claim 48 wherein the
second plurality of sequential instructions is distinct from
the first plurality of sequential instructions.

50. The microprocessor system of claim 48 wherein the
content is an op-code.

51. The microprocessor system of claim 44 wherein the
instruction register has a plurality of instruction locations
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ordered from a beginning instruction location to an ending
instruction location, wherein the central processing unit
integrated circuit is configured to respond to content in an
instruction location other than the beginning instruction
location by accessing the beginning instruction location.

52. The microprocessor system of claim 1 in which said
microprocessor system is configured to provide different
memory access timing for different storing capacity sizes of
said external memory by including a sensing circuit and a
driver circuit, and an output enable line connected between
said external access memory, said sensing circuit and said
driver circuit, said sensing circuit being configured to pro-
vide a ready signal when said output enable line reaches a
predetermined electrical level after a memory read opera-
tion as a function of different capacitance on said bus as a
result of the different storing capacity sizes of said external
memory, said microprocessor system being configured so
that driver circuit provides an enabling signal on said output
enable line responsive to the ready signal.

53. The microprocessor system of claim 52 in which the
predetermined electrical level is a predetermined voltage.

54. The microprocessor system of claim 1 in which said
microprocessor system is configured to operate at a variable
clock speed; said microprocessor system additionally com-
prising a ring counter variable speed system clock con-
nected to said central processing unit integrated circuit, said
central processing unit integrated circuit and said ring
counter variable speed system clock being provided in a
single integrated circuit, said ring counter variable speed
system clock being configured to provide different clock
speed to said central processing unit integrated circuit as a
result of tramsistor propagation delays, depending on at
least one of temperature of said single integrated circuit,
voltage and microprocessor fabrication process for said
single integrated circuit.

55. The microprocessor system of claim 54 additionally
comprising an input/output interface connected between
said microprocessor system and an external memory bus to
exchange coupling control signals, addresses and data
between said central processing unit integrated circuit and
said input/output interface, and a second clock independent
of said ring counter variable speed system clock connected
to said input/output interface to provide clock signals for
operation of said input/output interface asynchronously
from said central processing unit.

56. The microprocessor system of claim 55 in which said
second clock is a fixed frequency clock.

57. The microprocessor system of claim 1 in which said
first push down stack has a first plurality of stack registers
having stack memory elements configured as latches, a sec-
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ond plurality of stack registers having stack memory ele-
ments configured as a random access memory, said first and
second plurality of stack registers and said central process-
ing unit integrated circuit being provided in a single inte-
grated circuit with a top one of said second plurality of stack
registers being connected to said a bottom one of said first
plurality of stack registers, and a third plurality of stack
registers having stack memory elements configured as a ran-
dom access memory external to said single integrated
circuit, with a top one of said third plurality of stack registers
being connected to a bottom one of said second plurality of
stack registers, said microprocessor system being configured
to operate said first, second and third plurality of stack reg-
isters hierarchically as interconnected stacks.

58. The microprocessor system of claim 57 additionally
comprising a first pointer connected to said first plurality of
stack registers, a second pointer connected to said second
plurality of stack registers, and a third pointer connected to
said third plurality of stack registers, said microprocessor
system being configured to operate said first, second and
third plurality of stack registers hierarchically as intercon-
nected stacks by having said central processing unit inte-
grated circuit being connected to pop items from said first
plurality of stack vegisters, said first stack pointer being con-
nected to said second stack pointer to pop a first plurality of
items from said second plurality of stack registers when said
first plurality of stack registers are empty from successive
pop operations by said central processing unit, said second
stack pointer being connected to said thivd stack pointer to
pop a second plurality of items from said third plurality of
stack registers when said second plurality of stack registers
are empty from successive pop operations by said central
processing unit.

59. The microprocessor system of claim 9 wherein the
microprocessor system comprises an instruction register
configured to store the multiple sequential instructions and
from which instructions are accessed and decoded; and
wherein

the means for fetching instructions being configured and

connected to fetch multiple sequential instructions from
said memory in parallel and supply the multiple
sequential instructions to the central processing unit
during a single memory cycle comprises supplying the
multiple sequential instructions in parallel to said
instruction register during the same memory cycle in
which the multiple sequential instructions are fetched.
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[57] ABSTRACT

A microprocessor (50) includes a main central processing
unit (CPU) (70) and a separate direct memory access (DMA)
CPU (72) in a single integrated circuit making up the
microprocessor (50). The main CPU (70) has a first 16 deep
push down stack (74), which has a top item register (76) and
a next item register (78), respectively connected to provide
inputs to an arithmetic logic unit (ALU) (80) by lines (82)
and (84). An output of the ALU (80) is connected to the top
item register (76) by line (86). The output of the top item
register at (82) is also connected by line (88) to an internal
data bus (90). A loop counter (92) is connected to a decre-
menter (94) by lines (96) and (98). The loop counter {92) is
bidirectionally connected to the internal data bus (90) by line
(100). Stack pointer (102), return stack pointer (104), mode
register (106) and instruction register (108) are also con-
nected to the internal data bus (90) by lines (110), (112),
(114) and (116), respectively. The internal data bus (90) is
connected to memory controller (118) and to gate (120). The
gate (120) provides inputs on lines (122), (124), and (126)
to X register (128), program counter (130) and Y register
(132) of return push down stack (134). The X register (128),
program counter (130) and Y register (132) provide outputs
to internal address bus (136) on lines (138), (140) and (142).
The internal address bus provides inputs to the memory
controller (118) and to an incrementer (144). The incre-
menter (144) provides inputs to the X register, program
counter and Y register via lines (146), (122), (124) and
(126). The DMA CPU (72) provides inputs to the memory
controller (118) on line (148). The memory controller (118)
is connected to a RAM by address/data bus (150) and control
lines (152).

10 Claims, 19 Drawing Sheets
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HIGH PERFORMANCE, LOW COST
MICROPROCESSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a division of U.S. application Ser. No.
07/389,334, filed Aug. 3, 1989, now U.S. Pat. No. 5,440,
749.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a simplified,
reduced instruction set computer (RISC) microprocessor.
More particularly, it relates to such a microprocessor which
is capable of performance levels of, for example, 20 million
instructions per second (MIPS) at a price of, for example, 20
dollars.

2. Description of the Prior Art

since the invention of the microprocessor, improvements
in its design have taken two different approaches. In the first
approach, a brute force gain in performance has been
achieved through the provision of greater numbers of faster
transistors in the microprocessor integrated circuit and an
instruction set of increased complexity. This approach is
exemplified by the Motorola 68000 and Intel 80X86 micro-
processor families. The trend in this approach is to larger die
sizes and packages, with hundreds of pinouts.

More recently, it has been perceived that performance
gains can be achieved through comparative simplicity, both
in the microprocessor integrated circuit itself and in its
instruction set. This second approach provides RISC micro-
processors, and is exemplified by the Sun SPARC and the
Intel 8960 microprocessors. However, even with this
approach as conventionally practiced, the packages for the
microprocessor are large, in order to accommodate the large
number of pinouts that continue to be employed. A need
therefore remains for further simplification of high perfor-
mance microprocessors.

With conventional high performance microprocessors,
fast static memories are required for direct connection to the
microprocessors in order to allow memory accesses that are
fast enough to keep up with the microprocessors. Slower
dynamic random access memories (DRAMSs) are used with
such microprocessors only in a hierarchical memory
arrangement, with the static memories acting as a buffer
between the microprocessors and the DRAMs. The neces-
sity to use static memories increases cost of the resulting
systems.

Conventional microprocessors provide direct memory
accesses (DMA) for system peripheral units throngh DMA
controllers, which may be located on the microprocessor
integrated circuit, or provided separately. Such DMA con-
trollers can provide routine handling of DMA requests and
responses, but some processing by the main central process-
ing unit (CPU) of the microprocessor is required.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to provide a
microprocessor with a reduced pin count and cost compared
to conventional microprocessors.

It is another object of the invention to provide a high

performance microprocessor that can be directly connected
to DRAMs without sacrificing microprocessor speed.
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It is a further object of the invention to provide a high
performance microprocessor in which DMA does not
require use of the main CPU during DMA requests and
responses and which provides very rapid DMA response
with predictable response times.

The attainment of these and related objects may be
achieved through use of the novel high performance, low
cost microprocessor herein disclosed. In accordance with
one aspect of the invention, a microprocessor system in
accordance with this invention has a central processing unit,
a dynamic random access memory and a bus connecting the
central processing unit to the dynamic random access
memory. There is a multiplexing means on the bus between
the central processing unit and the dynamic random access
memory. The multiplexing means is connected and config-
ured to provide row addresses, column addresses and data on
the bus.

In accordance with another aspect of the invention, the
microprocessor system has a means connected to the bus for
fetching instructions for the central processing unit on the
bus. The means for fetching instructions is configured to
fetch multiple sequential instructions in a single memory
cycle. In a variation of this aspect of the invention, a
programmable read only memory containing instructions for
the central processing unit is connected to the bus. The
means for fetching instructions includes means for assem-
bling a plurality of instructions from the programmable read
only memory and storing the plurality of instructions in the
dynamic random access memory.

In another aspect of the invention, the microprocessor
system includes a central processing unit, a direct memory
access processing unit and a memory connected by a bus.
The direct memory access processing unit includes means
for fetching instructions for the central processing unit and
for fetching instructions for the direct memory access pro-
cessing unit on the bus.

In a further aspect of the invention, the microprocessor
system, including the memory, is contained in an integrated
circuit. The memory is a dynamic random access memory,
and the means for fetching multiple instructions includes a
column latch for receiving the multiple instructions.

In still another aspect of the invention, the microprocessor
system additionally includes an instruction register for the
multiple instructions connected to the means for fetching
instructions. A means is connected to the instruction register
for supplying the multiple instructions in succession from
the instruction register. A counter is connected to control the
means for supplying the multiple instructions to supply the
multiple instructions in succession. A means for decoding
the multiple instructions is connected to receive the multiple
instructions in succession from the means for supplying the
multiple instructions. The counter is connected to said
means for decoding to receive incrementing and reset con-
trol signals from the means for decoding. The means for
decoding is configured to supply the reset control signal to
the counter and to supply a control signal to the means for
fetching instructions in response to a SKIP instruction in the
multiple instructions. In a modification of this aspect of the
invention, the microprocessor system additionally has a loop
counter connected to receive a decrement control signal
from the means for decoding. The means for decoding is
configured to supply the reset control signal to the counter
and the decrement control signal to the loop counter in
response to a MICROLOOP instruction in the multiple
instructions. In a further modification to this aspect of the
invention, the means for decoding is configured to control
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the counter in response to an instruction utilizing a variable
width operand. A means is connected to the counter to select
the variable width operand in response to the counter.

In a still further aspect of the invention, the microproces-
sor system includes an arithmetic logic unit. A first push
down stack is connected to the arithmetic logic unit. The first
push down stack includes means for storing a top item
connected to a first input of the arithmetic logic unit and
means for storing a next item connected to a second input of
the arithmetic logic unit. The arithmetic logic unit has an
output connected to the means for storing a top item. The
means for storing a top item is connected to provide an input
to a register file. The register file desirably is a second push
down stack, and the means for storing a top item and the
register file are bidirectionally connected.

In another aspect of the invention, a data processing
system has a microprocessor including a sensing circuit and
a driver circuit, a memory, and an output enable line
connected between the memory, the sensing circuit and the
driver circuit. The sensing circuit is configured to provide a
ready signal when the output enable line reaches a prede-
termined electrical level, such as a voltage. The micropro-
cessor is configured so that the driver circuit provides an
enabling signal on the output enable line responsive to the
ready signal.

In a further aspect of the invention, the microprocessor
system has a ring counter variable speed system clock
connected to the central processing unit. The central pro-
cessing unit and the ring counter variable speed system
clock are provided in a single integrated circuit. An input/
output interface is connected to exchange coupling control
signals, addresses and data with the input/output interface. A
second clock independent of the ring counter variable speed
system clock is connected to the input/output interface.

In yet another aspect of the invention, a push down stack
is connected to the arithmetic logic unit. The push down
stack includes means for storing a top item connected to a
first input of the arithmetic logic unit and means for storing
a next item connected to a second input of the arithmetic
logic unit. The arithmetic logic unit has an output connected
to the means for storing a top item. The push down stack has
a first plurality of stack elements configured as latches and
a second plurality of stack elements configured as a random
access memory. The first and second plurality of stack
elements and the central processing unit are provided in a
single integrated circuit. A third plurality of stack elements
is configured as a random access memory external to the
single integrated circuit. In this aspect of the invention,
desirably a first pointer is connected to the first plurality of
stack elements, a second pointer connected to the second
plurality of stack elements, and a third pointer is connected
to the third plurality of stack elements. The central process-
ing unit is connected to pop items from the first plurality of
stack elements. The first stack pointer is connected to the
second stack pointer to pop a first plurality of items from the
second plurality of stack elements when the first plurality of
stack elements are empty from successive pop operations by
the central processing unit. The second stack pointer is
connected to the third stack pointer to pop a second plurality
of items from the third plurality of stack elements when the
second plurality of stack elements are empty from succes-
sive pop operations by the central processing unit.

In another aspect of the invention, a first register is
connected to supply a first input to the arithmetic logic unit.
A first shifter is connected between an output of the arith-
metic logic unit and the first register. A second register is
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connected to receive a starting polynomial value. An output
of the second register is connected to a second shifter. Aleast
significant bit of the second register is connected to The
arithmetic logic unit. A third register is connected to supply
feedback terms of a polynomial to the arithmetic logic unit.
A down counter, for counting down a number corresponding
to digits of a polynomial to be generated, is connected to the
arithmetic logic unit. The arithmetic logic unit is responsive
to a polynomial instruction to carry out an exclusive OR of
the contents of the first register with the contents of the third
register if the least significant bit of the second register is a
“ONE” and to pass the contents of the first register unaltered
if the least significant bit of the second register is a “ZERO”,
until the down counter completes a count The polynomial to
be generated results in said first register.

In still another aspect of the invention, a result register is
connected to supply a first input to the arithmetic logic unit.
A first, left shifting shifter is connected between an output of
the arithmetic logic unit and the result register. A multiplier
register is connected to receive a multiplier in bit reversed
form. An output of the multiplier register is connected to a
second, right shifting shifter. A least significant bit of the
multiplier register is connected to the arithmetic logic unit.
A third register is connected to supply a multiplicand to said
arithmetic logic unit. A down counter, for counting down a
number corresponding to one less than the number of digits
of the multiplier, is connected to the arithmetic logic unit.
The arithmetic logic unit is responsive to a multiply instruc-
tion to add the contents of the result register with the
contents of the third register, when the least significant bit of
the multiplier register is a “ONE” and to pass the contents
of the result register unaltered, until the down counter
completes a count. The product results in the result register.

The attainment of the foregoing and related objects,
advantages and features of the invention should be more
readily apparent to those skilled in the art, after review of the
following more detailed description of the invention, taken
together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an external, plan view of an integrated circuit
package incorporating a microprocessor in accordance with
the invention.

FIG. 2 is a block diagram of a microprocessor in accor-
dance with the invention.

FIG. 3 is a block diagram of a portion of a data processing
system incorporating the microprocessor of FIGS. 1 and 2.

FIG. 4 is a more detailed block diagram of a portion of the
microprocessor shown in FIG. 2.

FIG. 5 is a more detailed block diagram of another portion
of the microprocessor shown in FIG. 2.

FIG. 6 is a block diagram of another portion of the data
processing system shown in part in FIG. 3 and incorporating
the microprocessor of FIGS. 1-2 and 4-5.

FIGS. 7 and 8 are layout diagrams for the data processing
system shown in part in FIGS. 3 and 6.

FIG. 9 is a layout diagram of a second embodiment of a
microprocessor in accordance with the invention in a data
processing system on a single integrated circuit.

FIG. 10 is a more detailed block diagram of a portion of
the data processing system of FIGS. 7 and 8.

FIG. 11 is a timing diagram useful for understanding
operation of the system portion shown in FIG. 12.
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FIG. 12 is another more detailed block diagram of a
further portion of the data processing system of FIGS. 7
and 8.

FIG. 13 is a more detailed block diagram of a portion of
the microprocessor shown in FIG. 2.

FIG. 14 is a more detailed block and schematic diagram
of a portion of the system shown in FIGS. 3 and 7-8.

FIG. 15 is a graph useful for understanding operation of
the system portion shown in FIG. 14.

FIG. 16 is a more detailed block diagram showing part of
the system portion shown in FIG. 4.

FIG. 17 is a more detailed block diagram of a portion of
the microprocessor shown in FIG. 2.

FIG. 18 is a more detailed block diagram of part of the
microprocessor portion shown in FIG. 17.

FIG. 19 is a set of waveform diagrams useful for under-
standing operation of the part of the microprocessor portion
shown in FIG. 18.

FIG. 20 is a more detailed block diagram showing another
part of the system portion shown in FIG. 4.

FIG. 21 is a more detailed block diagram showing another
part of the system portion shown in FIG. 4.

FIGS. 22 and 23 are more detailed block diagrams show-
ing another part of the system portion shown in FIG. 4.

DETAILED DESCRIPTION OF THE INVENTION

OVERVIEW

The microprocessor of this invention is desirably imple-
mented as a 32-bit microprocessor optimized for:

HIGH EXECUTION SPEED, and

LOW SYSTEM COST.

In this embodiment, the microprocessor can be thought of
as 20 MIPS for 20 dollars. Important distinguishing features
of the microprocessor are:

Uses low-cost commodity DYNAMIC RAMS to run 20
MIPS

4 instruction fetch per memory cycle

On-chip fast page-mode memory management

Runs fast without external cache

Requires few interfacing chips

Crams 32-bit CPU in 44 pin SOJ package

The instruction set is organized so that most operations
can be specified with 8-bit instructions. Two positive prod-
ucts of this philosophy are:

Programs are smaller,

Programs can execute much faster.

The bottleneck in most computer systems is the memory
bus. The bus is used to fetch instructions and fetch and store
data. The ability to fetch four instructions in a single
* memory bus cycle significantly increases the bus availability
to handle data.

Turning now to the drawings, more particularly to FIG. 1,
there is shown a packaged 32-bit microprocessor 50 in a
44-pin plastic leadless chip carrier, shown approximately
100 times its actual size of about 0.8 inch on a side. The fact
that the microprocessor 50 is provided as a 44-pin package
represents a substantial departure from typical microproces-
sor packages, which usually have about 200 input/output
(I/0) pins. The microprocessor 50 is rated at 20 million
instructions per second (MIPS). Address and data lines 52,
also labelled D0-D31, are shared for addresses and data
without speed penalty as a result of the manner in which the
microprocessor 50 operates, as will be explained below.
DYNAMIC RAM

In addition to the low cost 44-pin package, another
unusual aspect of the high performance microprocessor 50 is
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that it operates directly with dynamic random access memo-
ries (DRAMs), as shown by row address strobe (RAS) and
column address strobe (CAS) I/O pins 54. The other I/O pins
for the microprocessor 50 include V,, pins 56, V 45 pins 58,
output enable pin 60, write pin 62, clock pin 64 and reset pin

All high speed computers require high speed and expen-
sive memory to keep up. The highest speed static RAM
memories cost as much as ten times as much as slower
dynamic RAMs. This microprocessor has been optimized to
use low-cost dynamic RAM in high-speed page-mode.
Page-mode dynamic RAMs offer static RAM performance
without the cost penalty. For example, low-cost 85 nsec.
dynamic RAMs access at 25 nsec when operated in fast
page-mode. Integrated fast page-mode control on the micro-
processor chip simplifies system interfacing and results in a
faster system.

Details of the microprocessor 50 are shown in FIG. 2. The
microprocessor 50 includes a main central processing unit
(CPU) 70 and a separate direct memory access (DMA) CPU
72 in a single integrated circuit making up the micropro-
cessor 50. The main CPU 70 has a first 16 deep push down
stack 74, which has a top item register 76 and a next item
register 78, respectively connected to provide inputs to an
arithmetic logic unit (ALU) 80 by lines 82 and 84. An output
of the ALU 80 is connected to the top item register 76 by line
86. The output of the top item register at 82 is also connected
by line 88 to an internal data bus 90.

A loop counter 92 is connected to a decrementer 94 by
lines 96 and 98. The loop counter 92 is bidirectionally
connected to the internal data bus 90 by line 100. Stack
pointer 102, return stack pointer 104, mode register 106 and
instruction register 108 are also connected to the internal
data bus 90 by lines 110, 112, 114 and 116, respectively. The
internal data bus 90 is connected to memory controller 118
and to gate 120. The gate 120 provides inputs on lines 122,
124, and 126 to X register 128, program counter 130 and Y
register 132 of return push down stack 134. The X register
128, program counter 130 and Y register 132 provide
outpuis to internal address bus 136 on lines 138, 140 and
142. The internal address bus provides inputs to the memory
controller 118 and to an incrementer 144. The incrementer
144 provides inputs to the X register, program counter and
Y register via lines 146, 122, 124 and 126. The DMA CPU
72 provides inputs to the memory controller 118 on line 148.
The memory controller 118 is connected to a RAM (not
shown) by address/data bus 150 and control lines 152.

FIG. 2 shows that the microprocessor 50 has a simple
architecture. Prior art RISC microprocessors are substan-
tially more complex in design. For example, the SPARC
RISC microprocessor has three times the gates of the
microprocessor 50, and the Intel 8960 RISC microprocessor
has 20 times the gates of the microprocessor 50. The speed
of this microprocessor is in substantial part due to this
simplicity. The architecture incorporates push down stacks
and register write to achieve this simplicity.

The microprocessor 50 incorporates an I/O that has been
tuned to make heavy use of resources provided on the
integrated circuit chip. On chip latches allow use of the same
/O circuits to handle three different things: column address-
ing, row addressing and data, with a slight to non-existent
speed penalty. This triple bus multiplexing results in fewer
buffers to expand, fewer interconnection lines, fewer I/O
pins and fewer internal buffers.

The provision of on-chip DRAM control gives a perfor-
mance equal to that obtained with the use of static RAMs.
As aresult, memory is provided at % the system cost of static
RAM used in most RISC systems.
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The microprocessor 50 fetches 4 instructions per memory
cycle; the instructions are in an 8-bit format, and this is a
32-bit microprocessor. System speed is therefore 4 times the
memory bus bandwidth. This ability enables the micropro-
cessor to break the Von Neumann bottleneck of the speed of
getting the next instruction. This mode of operation is
possible because of the use of a push down stack and register
array. The push down stack allows the use of implied
addresses, rather than the prior art technique of explicit
addresses for two sources and a destination.

Most instructions execute in 20 nanoseconds in the micro-
processor 50. The microprocessor can therefore execute
instructions at 50 peak MIPS without pipeline delays. This
is a function of the small number of gates in the micropro-
cessor 50 and the high degree of parallelism in the archi-
tecture of the microprocessor.

FIG. 3 shows how column and row addresses are multi-
plexed on lines D8-D14 of the microprocessor 50 for
addressing DRAM 150 from I/O pins 52. The DRAM 150 is
one of eight, but only one DRAM 150 has been shown for
clarity. As shown, the lines D11-D18 are respectively con-
nected to row address inputs AO-A8 of the DRAM 150.
Additionally, lines D12-D15 are connected to the data
inputs DQ1-DQ4 of the DRAM 150. The output enable,
write and column address strobe pins 54 are respectively
connected to the output enable, write and column address
strobe inputs of the DRAM 150 by lines 152. The row
address strobe pin 54 is connected through row address
strobe decode logic 154 to the row address strobe input of
the DRAM 150 by lines 156 and 158.

D0-D7 pins 52 (FIG. 1) are idle when the microprocessor
50 is outputting multiplexed row and column addresses on
D11-D18 pins 52. The D0-D7 pins 52 can therefore simul-
taneously be used for I/O when right justified I/O is desired.
Simultaneous addressing and I/O can therefore be carried
out.

FIG. 4 shows how the microprocessor 50 is able to
achieve performance equal to the use of static RAMS with
DRAMs through multiple instruction fetch in a single clock
cycle and instruction fetch-ahead. Instruction register 108
receives four 8-bit byte instruction words 1-4 on 32-bit
internal data bus 90. The four instruction byte 1-4 locations
of the instruction register 108 are connected to multiplexer
170 by busses 172, 174, 176 and 178, respectively. A
microprogram counter 180 is connected to the multiplexer
170 by lines 182. The multiplexer 170 is connected to
decoder 184 by bus 186. The decoder 184 provides internal
signals to the rest of the microprocessor 50 on lines 188.

Most significant bits 190 of each instruction byte 1-4
location are connected to a 4-input decoder 192 by lines 194.
The output of decoder 192 is connected to memory control-
ler 118 by line 196. Program counter 130 is connected to
memory controller 118 by internal address bus 136, and the
instruction register 108 is connected to the memory control-
ler 118 by the internal data bus 90. Address/data bus 198 and
control bus 200 are connected to the DRAMS 150 (FIG. 3).

In operation, when the most significant bits 190 of
remaining instructions 1-4 are “1” in a clock cycle of the
microprocessor 50, there are no memory reference instruc-
tions in the queue. The output of decoder 192 on line 196
requests an instruction fetch ahead by memory controller
118 without interference with other accesses. While the
current instructions in instruction register 108 are executing,
the memory controller 118 obtains the address of the next set
of four instructions from program counter 130 and obtains
that set of instructions. By the time the current set of
instructions has completed execution, the next set of instruc-
tions is ready for loading into the instruction register.
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Details of the DMA CPU 72 are provided in FIG. 5.
Internal data bus 90 is connected to memory controller 118
and to DMA instruction register 210. The DMA instruction
register 210 is connected to DMA program counter 212 by
bus 214, to transfer size counter 216 by bus 218 and to timed
transfer interval counter 220 by bus 222. The DMA instruc-
tion register 210 is also connected to DMA I/O and RAM
address register 224 by line 226. The DMA I/O and RAM
address register 224 is connected to the memory controller
118 by memory cycle request line 228 and bus 230. The
DMA program counter 212 is connected to the internal
address bus 136 by bus 232. The transfer size counter 216 is
connected to a DMA instruction done decrementer 234 by
lines 236 and 238. The decrementer 234 receives a control
input on memory cycle acknowledge line 240. When trans-
fer size counter 216 has completed its count, it provides a
control signal to DMA program counter 212 on line 242.
Timed transfer interval counter 220 is connected to decre-
menter 244 by lines 246 and 248. The decrementer 244
receives a control input from a microprocessor system clock
on line 250.

The DMA CPU 72 controls itself and has the ability to
fetch and execute instructions. It operates as a co-processor
to the main CPU 70 (FIG. 2) for time specific processing.

FIG. 6 shows how the microprocessor 50 is connected to
an electrically programmable read only memory (EPROM)
260 by reconfiguring the data lines 52 so that some of the
data lines 52 are input lines and some of them are output
lines. Data lines 52 D0-D7 provide data to and from
corresponding data terminals 262 of the EPROM 260. Data
lines 52 D9-D18 provide addresses to address terminals 264
of the EPROM 260. Data lines 52 D19-D31 provide inputs
from the microprocessor 50 to memory and 1/0 decode logic
266. RAS 0/1 contro! line 268 provides a control signal for
determining whether the memory and /O decode logic
provides a DRAM RAS output on line 270 or a column
enable output for the EPROM 260 on line 272. Column
address strobe terminal 60 of the microprocessor 50 pro-
vides an output enable signal on line 274 to the correspond-
ing terminal 276 of the EPROM 260.

FIGS. 7 and 8 show the front and back of a one card data
processing system 280 incorporating the microprocessor 50,
MSM514258-10 type DRAMSs 150 totalling 2 megabytes, a
Motorola 50 MegaHertz crystal oscillator clock 282, /O
circuits 284 and a 27256 type EPROM 260. The 1/O circuits
284 include a 74HCO4 type high speed hex inverter circuit
286, an IDT39C828 type 10-bit inverting buffer circuit 288,
an IDT39C822 type 10-bit inverting register circuit 290, and
two IDT39C823 type 9-bit non-inverting register circuits
292. The card 280 is completed with a MAX12V type
DC—DC converter circuit 294, 34-pin dual AMP type
headers 296, a coaxial female power connector 298, and a
3-pin AMP right angle header 300. The card 280 is a low
cost, imbeddable product that can be incorporated in larger
systems or used as an internal development tool.

The microprocessor 50 is a very high performance (50
MHz) RISC influenced 32-bit CPU designed to work closely
with dynamic RAM. Clock for clock, the microprocessor 50
approaches the theoretical performance limits possible with
a single CPU configuration. Eventually, the microprocessor
50 and any other processor is limited by the bus bandwidth
and the number of bus paths. The critical conduit is between
the CPU and memory.

One solution to the bus bandwidth/bus path problem is to
integrate a CPU directly onto the memory chips, giving
every memory a direct bus the CPU. FIG. 9 shows another
microprocessor 310 that is provided integrally with 1 mega-



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Page90 of 168

5,530,890

9

bit of DRAM 311 in a single integrated circuit 312. Until the
present invention, this solution has not been practical,
because most high performance CPUs require from 500,000
to 1,000,000 transistors and enormous die sizes just by
themselves. The microprocessor 310 is equivalent to the
microprocessor 50 in FIGS. 1-8. The microprocessors 50
and 310 are the most transistor efficient high performance
CPUs in existence, requiring fewer than 50,000 transistors
for dual processors 70 and 72 (FIG. 2) or 314 and 316 (less
memory). The very high speed of the microprocessors 50
and 310 is to a certain extent a function of the small number
of active devices. In essence, the less silicon gets in the way,
the faster the electrons can get where they are going.

The microprocessor 310 is therefore the only CPU suit-
able for integration on the memory chip die 312. Some
simple modifications to the basic microprocessor 50 to take
advantage of the proximity to the DRAM array 311 can also
increase the microprocessor 50 clock speed by 50 percent,
and probably more.

The microprocessor 310 core on board the DRAM die 312
provides most of the speed and functionality required for a
large group of applications from automotive to peripheral
control. However, the integrated CPU 314/DRAM 311 con-
cept has the potential to redefine significantly the way
multiprocessor solutions can solve a spectrum of very com-
pule intensive problems. The CPU 310/DRAM 311 combi-
nation eliminates the Von Neumann bottleneck by distrib-
uting it across numerous CPU/DRAM chips 312. The
microprocessor 310 is a particularly good core for multi-
processing, since it was designed with the SDI targeting
array in mind, and provisions were made for efficient
interprocessor communications.

Traditional multiprocessor implementations have been
very expensive in addition to being unable to exploit fully
the available CPU horsepower. Multiprocessor systems have
typically been built up from numerous board level or box
level computers. The result is usually an immense amount of
hardware with corresponding wiring, power consumption
and communications problems. By the time the systems are
interconnected, as much as 50 percent of the bus speed has
been utilized just getting through the interfaces.

In addition, multiprocessor system software has been
scarce. A multiprocessor system can easily be crippled by an
inadequate load-sharing algorithm in the system software,
which allows one CPU to do a great deal of work and the
others to be idle. Great strides have been made recently in
systems software, and even UNIX V.4 may be enhanced to
support multiprocessing. Several commercial products from
such manufacturers as DUAL Systems and UNISOFT do a
credible job on 68030 type microprocessor systems now.

The microprocessor 310 architecture eliminates most of
the interface friction, since up to 64 CPU 310/RAM 311
processors should be able to intercommunicate without
buffers or latches. Each chip 312 has about 40 MIPS raw
speed, because placing the DRAM 311 next to the CPU 310
allows the microprocessor 310 instruction cycle to be cut in
half, compared to the microprocessor 50. A 64 chip array of
these chips 312 is more powerful than any other existing
computer. Such an array fits on a 3X5 card, cost less than a
FAX machine, and draw about the same power as a small
television.

Dramatic changes in price/performance always reshape
existing applications and almost always create new ones.
The introduction of microprocessors in the mid 1970s cre-
ated video games, personal computers, automotive comput-
ers, electronically controlled appliances, and low cost com-
puter peripherals.
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The integrated circuit 312 will find applications in all of
the above areas, plus create some new ones. A common
generic paralle]l processing algorithm handles convolution/
Fast Fourier Transform (FFT)/pattern recognition. Interest-
ing product possibilities using the integrated circuit 312
include high speed reading machines, real-time speech rec-
ognition, spoken language translation, real-time robot
vision, a product to identify people by their faces, and an
automotive or aviation collision avoidance system.

A real time processor for enhancing high density televi-
sion (HDTV) images, or compressing the HDTV informa-
tion into a smaller bandwidth, would be very feasible. The
load sharing in HDTV could be very straightforward. Split-
ting up the task according to color and frame would require
6, 9 or 12 processors. Practical implementation might
require 4 meg RAMSs integrated with the microprocessor
310.

The microprocessor 310 has the following specifications:
CONTROL LINES
4 - POWER/GROUND
1 - CLOCK
32 - DATA 1/O
4 - SYSTEM CONTROL

EXTERNAL MEMORY FETCH

EXTERNAL MEMORY FETCH AUTOINCREMENT X

EXTERNAL MEMORY FETCH AUTOINCREMENTY

EXTERNAL MEMORY WRITE

EXTERNAL MEMORY WRITE AUTOINCREMENT X

EXTERNAL MEMORY WRITE AUTOINCREMENT Y

EXTERNAL PROM FETCH

LOAD ALL X REGISTERS

LOAD ALL Y REGISTERS

LOAD ALL PC REGISTERS

EXCHANGE X AND Y

INSTRUCTION FETCH

ADD TO PC

ADD TO X

WRITE MAPPING REGISTER

READ MAPPING REGISTER
REGISTER CONFIGURATION
MICROPROCESSOR 310 CPU 316 CORE
COLUMN LATCHI (1024 BITS) 32x32 MUX
STACK POINTER (16 BITS)

COLUMN LATCH2 (1024 BITS) 32x32 MUX

RSTACK POINTER (16 BITS)

PROGRAM COUNTER 32 BITS

X0 REGISTER 32 BITS (ACTIVATED ONLY FOR ON-
CHIP ACCESSES)

Y0 REGISTER 32 BITS (ACTIVATED ONLY FOR ON-
CHIP ACCESSES)

LOOP COUNTER 32 BITS

DMA CPU 314 CORE

DMA PROGRAM COUNTER 24 BITS

INSTRUCTION REGISTER 32 BITS

/O & RAM ADDRESS REGISTER 32 BITS
TRANSFER SIZE COUNTER 12 BITS

INTERVAL COUNTER 12 BITS

To offer memory expansion for the basic chip 312, an
intelligent DRAM can be produced. This chip will be
optimized for high speed operation with the integrated
circuit 312 by having three on-chip address registers: Pro-
gram Counter, X Register and Y register. As a result, to
access the intelligent DRAM, no address is required, and a
total access cycle could be as short as 10 nsec. Each
expansion DRAM would maintain its own copy of the three
registers and would be identified by a code specifying its
memory address. Incrementing and adding to the three
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registers will actually take place on the memory chips. A
maximum of 64 intelligent DRAM peripherals would allow
a large system to be created without sacrificing speed by
introducing multiplexers or buffers.

There are certain differences between the microprocessor
310 and the microprocessor 50 that arise from providing the
microprocessor 310 on the same die 312 with the DRAM
311. Integrating the DRAM 311 allows architectural changes
in the microprocessor 310 logic to take advantage of existing
on-chip DRAM 311 circuitry. Row and column design is
inherent in memory architecture. The DRAMSs 311 access
random bits in a memory array by first selecting a row of
1024 bits, storing them into a column latch, and then
selecting one of the bits as the data to be read or written.

The time required to access the data is split between the
row access and the column access. Selecting data already
stored in a column latch is faster than selecting a random bit
by at least a factor of six. The microprocessor 310 takes
advantage of this high speed by creating a number of column
latches and using them as caches and shift registers. Select-
ing a new row of information may be thought of as per-
forming a 1024-bit read or write with the resulting immense
bus bandwidth.

1. The microprocessor 50 treats its 32-bit instruction
register 108 (see FIGS. 2 and 4) as a cache for four §-bit
instructions. Since the DRAM 311 maintains a 1024-bit
latch for the column bits, the microprocessor 310 treats the
column latch as a cache for 128 8-bit instructions. Therefore,
the next instruction will aimost always be already present in
the cache. Long loops within the cache are also possible and
more useful than the 4 instruction loops in the micropro-
cessor 50.

2. The microprocessor 50 uses two 16x32-bit deep reg-
ister arrays 74 and 134 (FIG. 2) for the parameter stack and
the return stack. The microprocessor 310 creates two other
1024-bit column latches to provide the equivalent of two
32%32-bit arrays, which can be accessed twice as fast as a
register array.

3. The microprocessor 50 has a DMA capability which
can be used for IO to a video shift register. The micropro-
cessor 310 uses yet another 1024-bit column latch as a long
video shift register to drive a CRT display directly. For color
displays, three on-chip shift registers could also be used.
These shift registers can transfer pixels at a maximum of 100
MHz.

4. The microprocessor 50 accesses memory via an exter-
nal 32-bit bus. Most of the memory 311 for the micropro-
cessor 310 is on the same die 312. External access to more
memory is made using an 8-bit bus. The result is a smaller
die, smaller package and lower power consumption than the
microprocessor 50.

5. The microprocessor 50 consumes about a third of its
operating power charging and discharging the I/O pins and
associated capacitances. The DRAMs 150 (FIG. 8) con-
nected to the microprocessor 50 dissipate most of their
power in the I/O drivers. A microprocessor 310 system will
consume about one-tenth the power of a microprocessor 50
system, since having the DRAM 311 next to the processor
310 climinates most of the external capacitances to be
charged and discharged.

6. Multiprocessing means splitting a computing task
between numerous processors in order to speed up the
solution. The popularity of multiprocessing is limited by the
expense of current individual processors as well as the
limited interprocessor communications ability. The micro-
processor 310 is an excellent multiprocessor candidate,
since the chip 312 is a monolithic computer complete with
memory, rendering it low-cost and physically compact.
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The shift registers implemented with the microprocessor
310 to perform video output can also be configured as
interprocessor communication links. The INMOS transputer
attempted a similar strategy, but at much lower speed and
without the performance benefits inherent in the micropro-
cessor 310 column latch architecture. Serial I/O is a prereg-
uisite for many multiprocessor topologies because of the
many neighbor processors which communicate. A cube has
6 neighbors. Each neighbor communicates using these lines:

DATA IN

CLOCK IN

READY FOR DATA

DATA OUT

DATA READY?

CLOCK OUT
A special start up sequence is used to initialize the on-chip
DRAM 311 in each of the processors.

The microprocessor 310 column latch architecture allows
neighbor processors to deliver information directly to inter-
nal registers or even instruction caches of other chips 312.
This technique is not used with existing processors, because
it only improves performance in a tightly coupled DRAM
system.

7. The microprocessor 50 architecture offers two types of
looping structures: LOOP-IF-DONE and MICRO-LOOP.
The former takes an 8-bit to 24-bit operand to describe the
entry point to the loop address. The latter performs a loop
entirely within the 4 instruction queue and the loop entry
point is implied as the first instruction in the queue. Loops
entirely within the queue run without external instruction
fetches and execute up to three times as fast as the long loop
construct. The microprocessor 310 retains both constructs
with a few differences. The microprocessor 310 microloop
functions in the same fashion as the microprocessor 50
operation, except the quene is 1024-bits or 128 8-bit instruc-
tions long. The microprocessor 310 microloop can therefore
contain jumps, branches, calls and immediate operations not
possible in the 4 8-bit instruction microprocessor 50 queue.

Microloops in the microprocessor 50 can only perform
simple block move and compare functions. The larger
microprocessor 310 queue allows entire digital signal pro-
cessing or floating point algorithms to loop at high speed in
the queue.

The microprocessor 50 offers four instructions to redirect
execution:

CALL

BRANCH

BRANCH-IF-ZERO

LOOP-IF-NOT-DONE
These instructions take a variable length address operand 8,
16 or 24 bits long. The microprocessor 50 next address logic
treats the three operands similarly by adding or subtracting
them to the current program counter. For the microprocessor
310, the 16 and 24-bit operands function in the same manner
as the 16 and 24-bit operands in the microprocessor 50. The
8-bit class operands are reserved to operate entirely within
the instruction queue. Next address decisions can therefore
be made quickly, because only 10 bits of addresses are
affected, rather than 32. There is no carry or borrow gener-
ated past the 10 bits.

8. The microprocessor 310 CPU 316 resides on an already
crowded DRAM die 312. To keep chip size as small as
possible, the DMA processor 72 of the microprocessor 50
has been replaced with a more traditional DMA controller
314. DMA is used with the microprocessor 310 to perform
the following functions:

Video output to a CRT
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Multiprocessor serial communications
8-bit parallel /O
The DMA controller 314 can maintain both serial and
parallel transfers simultancously. The following DMA

sources and destinations are supported by the microproces-
sor 310:

DESCRIPTION /0 LINES

1. Video shift register OUTPUT 13

2. Multiprocessor serial BOTH 6 lines/channel
3. 8-bit parallel BOTH 8 data, 4 control

The three sources use separate 1024-bit buffers and separate
I/O pins. Therefore, all three may be active simultaneously
without interference. ,

The microprocessor 310 can be implemented with either
a single multiprocessor serial buffer or separate receive and
sending buffers for each channel, allowing simultaneous
bidirectional communications with six neighbors simulta-
neously.

FIGS. 10 and 11 provide details of the PROM DMA used
in the microprocessor 50. The microprocessor 50 executes
faster than all but the fastest PROMs. PROMS are used in
a microprocessor 50 system to store program segments and
perhaps entire programs. The microprocessor 50 provides a
feature on power-up to allow programs to be loaded from
low-cost, slow speed PROMs into high speed DRAM for
execution. The logic which performs this function is part of
the DMA memory controller 118. The operation is similar to
DMA, but not identical, since four 8-bit bytes must be
assembled on the microprocessor 50 chip, then written to the
DRAM 150.

The microprocessor 50 directly interfaces to DRAM 150
over a triple multiplexed data and address bus 350, which
carries RAS addresses, CAS addresses and data. The
EPROM 260, on the other hand, is read with non-multi-
plexed busses. The microprocessor 50 therefore has a special
mode which unmultiplexes the data and address lines to read
8 bits of EPROM data. Four 8-bit bytes are read in this
fashion. The multiplexed bus 350 is turned back on, and the
data is written to the DRAM 150.

When the microprocessor 50 detects a RESET condition,
the processor stops the main CPU 70 and forces a mode 0
(PROM LOAD) instruction into the DMA CPU 72 instruc-
tion register. The DMA instruction directs the memory
controller to read the EPROM 260 data at 8 times the normal
access time for memory. Assuming a 50 MHz microproces-
sor 50, this means an access time of 320 nsec. The instruc-
tion also indicates:

The selection address of the EPROM 260 to be loaded,

The number of 32-bit words to transfer,

The DRAM 150 address to transfer into.

The sequence of activities to transfer one 32-bit word
from EPROM 260 to DRAM 150 are:

1. RAS goes low at 352, latching the EPROM 260 select
information from the high order address bits. The
EPROM 260 is selected.

2. Twelve address bits (consisting of what is normally
DRAM CAS addresses plus two byte select bits are
placed on the bus 350 going to the EPROM 260 address
pins. These signals will remain on the lines until the
data from the EPROM 260 has been read into the
microprocessor 50. For the first byte, the byte select
bits will be binary 00.

3. CAS goes low at 354, enabling the EPROM 260 data
onto the lower 8 bits of the external address/data bus
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350. NOTE: It is important to recognize that, during

this part of the cycle, the lower 8 bits of the external

data/address bus are functioning as inputs, but the rest
of the bus is still acting as outputs.

4. The microprocessor 50 latches these eight least signifi-
cant bits internally and shifts them 8 bits left to shift
them to the next significant byte position.

. Steps 2, 3 and 4 are repeated with byte address 01.

. Steps 2, 3 and 4 are repeated with byte address 10.

. Steps 2, 3 and 4 are repeated with byte address 11.

. CAS goes high at 356, taking the EPROM 260 off the
data bus.

9. RAS goes high at 358, indicating the end of the
EPROM 260 access.

10. RAS goes low at 360, latching the DRAM select
information from the high order address bits. At the
same time, the RAS address bits are latched into the
DRAM 150. The DRAM 150 is selected.

11. CAS goes low at 362, latching the DRAM 150 CAS
addresses.

12. The microprocessor 50 places the previously latched
EPROM 260 32-bit data onto the external address/data
bus 350. W goes low at 364, writing the 32 bits into the
DRAM 150.

13. W goes high at 366. CAS goes high at 368. The
process continues with the next word.

FIG. 12 shows details of the microprocessor 50 memory
controller 118. In operation, bus requests stay present until
they are serviced. CPU 70 requests are prioritized at 370 in
the order of: 1, Parameter Stack; 2, Return Stack; 3, Data
Fetch; 4, Instruction Fetch. The resulting CPU request signal
and a DM A request signal are supplied as bus requests to bus
conirol 372, which provides a bus grant signal at 374.
Internal address bus 136 and a DMA counter 376 provide
inputs to a multiplexer 378. Either a row address or a column
address are provided as an output to multiplexed address bus
380 as an output from the multiplexer 378. The multiplexed
address bus 380 and the internal data bus 90 provide address
and data inputs, respectively, to multiplexer 382. Shift
register 384 supplies row address strobe (RAS) 1 and 2
control signals to multiplexer 386 and column address strobe
(CAS) 1 and 2 control signals to multiplexer 388 on lines
390 and 392. The shift register 384 also supplies output
enable (OE) and write (W) signals on lines 394 and 396 and
a control signal on line 398 to multiplexer 382. The shift
regisier 384 receives a RUN signal on line 400 to generate
a memory cycle and supplies a MEMORY READY signal
on line 402 when an access is complete.
STACK/REGISTER ARCHITECTURE

Most microprocessors use on-chip registers for temporary
storage of variables. The on-chip registers access data faster
than off-chip RAM. A few microprocessors use an on-chip
push down stack for temporary storage.

A stack has the advantage of faster operation compared to
on-chip registers by avoiding the necessity to select source
and destination registers. (A math or logic operation always
uses the top two stack items as source and the top of stack
as destination.) The stack’s disadvantage is that it makes
some operations clumsy. Some compiler activities in par-
ticular require on-chip registers for efficiency.

As shown in FIG. 13, the microprocessor 50 provides
both on-chip registers 134 and a stack 74 and reaps the
benefits of both.

BENEFITS:

1. Stack math and logic is twice as fast as those available
on an equivalent register only machine. Most program-

00 1 N L
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mers and optimizing compilers can take advantage of
this feature.

2. Sixteen registers are available for on-chip storage of
local variables which can transfer to the stack for
computation. The accessing of variables is three to four
times as fast as available on a strictly stack machine.

The combined stack 74/register 134 architecture has not
been used previously due to inadequate understanding by
computer designers of optimizing compilers and the mix of
transfer versus math/logic instructions.

ADAPTIVE MEMORY CONTROLLER

A microprocessor must be designed to work with small or
large memory configurations. As more memory loads are
added to the data, address, and control lines, the switching
speed of the signals slows down. The microprocessor 50
multiplexes the address/data bus three ways, so timing
between the phases is critical. A traditional approach to the
problem allocates a wide margin of time between bus phases
so that systems will work with small or large numbers of
memory chips connected. A speed compromise of as much
as 50% is required.

As shown in FIG. 14, the microprocessor 50 uses a
feedback technique to allow the processor to adjust memory
bus timing to be fast with small loads and slower with large
ones. The OUTPUT ENABLE (OE) line 152 from the
microprocessor 50 is connected to all memories 150 on the
circuit board. The loading on the output enable line 152 to
the microprocessor 50 is directly related to the number of
memories 150 connected. By monitoring how rapidly OE
152 goes high after a read, the microprocessor 50 is able to
determine when the data hold time has been satisfied and
place the next address on the bus.

The level of the OF line 152 is monitored by CMOS input
buffer 410 which generates an internal READY signal on
line 412 to the microprocessor’s memory controller. Curves
414 and 416 of the FIG. 15 graph show the difference in rise
time likely to be encountered from a lightly to heavily
loaded memory system. When the OE line 152 has reached
a predetermined level to generate the READY signal, driver
418 generates an OUTPUT ENABLE signal on OE line 152.
SKIP WITHIN THE INSTRUCTION CACHE

The microprocessor 50 fetches four 8-bit instructions each
memory cycle and stores them in a 32-bit instruction register
108, as shown in FIG. 16. A class of “test and skip”
instructions can very rapidly execute a very fast jump
operation within the four instruction cache.

SKIP CONDITIONS:

Always

ACC non-zero

ACC negative

Carry flag equal logic one

Never

ACC equal zero

ACC positive

Carry flag equal logic zero
The SKIP instruction can be located in any of the four byte
positions 420 in the 32-bit instruction register 108. If the test
is successful, SKIP will jump over the remaining one, two,
or three 8-bit instructions in the instruction register 108 and
cause the next four-instruction group to be loaded into the
register 108. As shown, the SKIP operation is implemented
by resetting the 2-bit microinstruction counter 180 to zero on
line 422 and simultaneonsly latching the next instruction
group into the register 108. Any instructions following the
SKIP in the instruction register are overwritten by the new
instructions and not executed.
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The advantage of SKIP is that optimizing compilers and
smart programmers can often use it in place of the longer
conditional JUMP instruction. SKIP also makes possible
microloops which exit when the loop counts down or when
the SKIP jumps to the next instruction group. The result is
very fast code.

Other machines (such as the PDP-8 and Data General
NOVA) provide the ability to skip a single instruction. The
microprocessor 50 provides the ability to skip up to three
instructions.

MICROLOOP IN THE INSTRUCTION CACHE

The microprocessor 50 provides the MICROLOOP
instruction to execute repetitively from one to three instruc-
tions residing in the instruction register 108. The microloop
instruction works in conjunction with the LOOP COUNTER
92 (FIG. 2) connected to the internal data bus 90. To execute
a microloop, the program stores a count in LOQOP
COUNTER 92. MICROLOOP may be placed in the first,
second, third, or last byte 420 of the instruction register 108.
If placed in the first position, execution will just create a
delay equal to the number stored in LOOP COUNTER 92
times the machine cycle. If placed in the second, third, orlast
byte 420, when the microloop instruction is executed, it will
test the LOOP COUNT for zero. If zero, execution will
continue with the next instruction. If not zero, the LOOP
COUNTER 92 is decremented and the 2-bit microinstruc-
tion counter is cleared, causing the preceding instructions in
the instruction register to be executed again.

Microloop is useful for block move and search operations.
By executing a block move completely out of the instruction
register 108, the speed of the move is doubled, since all
memory cycles are used by the move rather than being
shared with instruction fetching. Such a hardware imple-
mentation of microloops is much faster than conventional
software implementation of a comparable function.
OPTIMAL CPU CLOCK SCHEME

The designer of a high speed microprocessor must pro-
duce a product which operate over wide temperature ranges,
wide voltage swings, and wide variations in semiconductor
processing. Temperature, voltage, and process all affect
transistor propagation delays. Traditional CPU designs are
done so that with the worse case of the three parameters, the
circuit will function at the rated clock speed. The result are
designs that must be clocked a factor of two slower than
their maximum theoretical performance, so they will operate
properly in worse case conditions.

The microprocessor 50 uses the technique shown in FIGS.
17-19 to generate the system clock and its required phases.
Clock circuit 430 is the familiar “ring oscillator” used to test
process performance. The clock is fabricated on the same
silicon chip as the rest of the microprocessor 50.

The ring oscillator frequency is determined by the param-
eters of temperature, voltage, and process. At room tem-
perature, the frequency will be in the neighborhood of 100
MHZ. At 70 degrees Centigrade, the speed will be 50 MHZ.
The ring oscillator 430 is useful as a system clock, with its
stages 431 producing phase O-phase 3 outputs 433 shown in
FIG. 19, because its performance tracks the parameters
which similarly affect all other transistors on the same
silicon die. By deriving system timing from the ring oscil-
lator 430, CPU 70 will always execute at the maximum
frequency possible, but never too fast. For example, if the
processing of a particular die is not good resulting in slow
transistors, the latches and gates on the microprocessor 50
will operate slower than normal. Since the microprocessor
50 ring oscillator clock 430 is made from the same transis-
tors on the same die as the latches and gates, it too will
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operate slower (oscillating at a lower frequency), providing
compensation which allows the rest of the chip’s logic to
operate properly.
ASYNCHRONOUS/SYNCHRONQUS CPU

Most microprocessors derive all system timing from a
single clock. The disadvantage is that different parts of the
system can slow all operations. The microprocessor 50
provides a dual-clock scheme as shown in FIG. 17, with the
CPU 70 operating asynchronously to I/O interface 432
forming part of memory controller 118 (FIG. 2) and the /O
interface 432 operating synchronously with the external
world of memory and I/O devices. The CPU 70 executes at
the fastest speed possible using the adaptive ring oscillator
clock 430. Speed may vary by a factor of four depending
upon temperature, voltage, and process. The external world
must be synchronized to the microprocessor 50 for opera-
tions such as video display updating and disc drive reading
and writing. This synchronization is performed by the I/O
interface 432, speed of which is controlled by a conventional
crystal clock 434. The interface 432 processes requests for
memory accesses from the microprocessor 50 and acknowl-
edges the presence of I/O data. The microprocessor 50
fetches up to four instructions in a single memory cycle and
can perform much useful work before requiring another
memory access. By decoupling the variable speed of the
CPU 70 from the fixed speed of the /O interface 432,
optimum performance can be achieved by each. Recoupling
between the CPU 70 and the interface 432 is accomplished
with hand shake signals on lines 436, with data/addresses
passing on bus 90, 136.
ASYNCHRONOUS/SYNCHRONOUS CPU IMBEDDED
ON A DRAM CHIP

System performance is enhanced even more when the
DRAM 311 and CPU 314 (FIG. 9) are located on the same
die. The proximity of the transistors means that DRAM 311
and CPU 314 parameters will closely follow each other. At
room temperature, not only would the CPU 314 execute at
100 MHZ, but the DRAM 311 would access fast enough to
keep up. The synchronization performed by the I/O interface
432 would be for DMA and reading and writing I/O ports.
In some systems (such as calculators) no /O synchroniza-
tion at all would be required, and the I/O clock would be tied
to the ring counter clock.
VARIABLE WIDTH OPERANDS

Many microprocessors provide variable width operands.
The microprocessor 50 handles operands of 8, 16, or 24 bits
using the same op-code. FIG. 20 shows the 32-bit instruction
register 108 and the 2-bit microinstruction register 180
which selects the 8-bit instruction. Two classes of micro-
processor 50 instructions can be greater than 8-bits, JUMP
class and IMMEDIATE. A JUMP or IMMEDIATE op-code
is 8-bits, but the operand can be 8, 16, or 24 bits long. This
magic is possible because operands must be right justified in
the instruction register. This means that the least significant
bit of the operand is always located in the least significant bit
of the instruction register. The microinstruction counter 180
selects which 8-bit instruction to execute. If a JUMP or
IMMEDIATE instruction is decoded, the state of the 2-bit
microinstruction counter selects the required 8, 16, or 24 bit
operand onto the address or data bus. The unselected 8-bit
bytes are loaded with zeros by operation of decoder 440 and
gates 442. The advantage of this technigue is the saving of
a number of op-codes required to specify the different
operand sizes in other microprocessors.
TRIPLE STACK CACHE

Computer performance is directly related to the system
memory bandwidth. The faster the memories, the faster the
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computer. Fast memories are expensive, so techniques have
been developed to move a small amount of high-speed
memory around to the memory addresses where it is needed.
Alarge amount of slow memory is constantly updated by the
fast memory, giving the appearance of a large fast memory
array. A common implementation of the technique is known
as a high-speed memory cache. The cache may be thought
of as fast acting shock absorber smoothing out the bumps in
memory access. When more memory is required than the
shock can absorb, it bottoms out and slow speed memory is
accessed. Most memory operations can be handled by the
shock absorber itself.

The microprocessor 50 architecture has the ALU 80 (FIG.
2) directly coupled to the top two stack locaiions 76 and 78.
The access time of the stack 74 therefore directly affects the
execution speed of the processor. The microprocessor 50
stack architecture is particularly suitable to a triple cache
technique, shown in FIG. 21 which offers the appearance of
a large stack memory operating at the speed of on-chip
latches 450. Latches 450 are the fastest form of memory
device built on the chip, delivering data in as little as 3 nsec.
However latches 450 require large numbers of transistors to
construct. On-chip RAM 452 requires fewer transistors than
latches, but is slower by a factor of five (15 nsec access).
Off-chip RAM 150 is the slowest storage of all. The micro-
processor 50 organizes the stack memory hierarchy as three
interconnected stacks 450, 452 and 454. The latch stack 450
is the fastest and most frequently used. The on-chip RAM
stack 452 is next. The off-chip RAM stack 454 is slowest.
The stack modulation determines the effective access time of
the stack. If a group of stack operations never push or pull
more than four consecutive items on the stack, operations
will be entirely performed in the 3 nsec latch stack. When
the four latches 456 are filled, the data in the bottom of the
latch stack 450 is written to the top of the on-chip RAM
stack 452. When the sixteen locations 458 in the on-chip
RAM stack 452 are filled, the data in the bottom of the
on-chip RAM stack 452 is written to the top of the off-chip
RAM stack 454. When popping data off a full stack 450, four
pops will be performed before stack empty line 460 from the
latch stack pointer 462 transfers data from the on-chip RAM
stack 452. By waiting for the latch stack 450 to empty before
performing the slower on-chip RAM access, the high effec-
tive speed of the latches 456 are made available to the
processor. The same approach is employed with the on-chip
RAM stack 452 and the off-chip RAM stack 454.
POLYNOMIAL GENERATION INSTRUCTION

Polynomials are useful for error correction, encryption,
data compression, and fractal generation. A polynomial is
generated by a sequence of shift and exclusive OR opera-
tions. Special chips are provided for this purpose in the prior
art.

The microprocessor 50 is able to generate polynomials at
high speed without external hardware by slightly modifying
how the ALU 80 works. As shown in FIG. 21, a polynomial
is generated by loading the “order” (also known as the
feedback terms) into C Register 470. The value thirty one
(resulting in 32 iterations) is loaded into DOWN COUNTER
472. A register 474 is loaded with zero. B register 476 is
loaded with the starting polynomial value. When the POLY
instruction executes, C register 470 is exclusively ORed
with A register 474 if the least significant bit of B register
476 is a one. Otherwise, the contents of the A register 474
passes through the ALU 80 unaltered. The combination of A
and B is then shifted right (divided by 2) with shifters 478
and 480. The operation automatically repeats the specified
number of iterations, and the resulting polynomial is left in
A register 474.
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FAST MULTIPLY

Most microprocessors offer a 16x16 or 32x32 bit multiply
instruction. Multiply when performed sequentially takes one
shift/add per bit, or 32 cycles for 32 bit data. The micro-
processor 50 provides a high speed multiply which allows
multiplication by small numbers using only a small number
of cycles. FIG. 23 shows the logic used to implement the
high speed algorithm. To perform a multiply, the size of the
multiplier less one is placed in the DOWN COUNTER 472.
For a four bit multiplier, the number three would be stored
in the DOWN COUNTER 472. Zero is loaded into the A
register 474. The multiplier is written bit reversed into the B
Register 476. For example, a bit reversed five (binary 0101)
would be written into B as 1010. The multiplicand is written
into the C register 470. Executing the FAST MULT instruc-
tion will leave the result in the A Register 474, when the
count has been completed. The fast multiply instruction is
important because many applications scale one number by a
much smaller number. The difference in speed between
multiplying a 32x32 bit and a 32x4 bit is a factor of 8. If the
least significant bit of the multiplier is a “ONE”, the contents
of the A register 474 and the C register 470 are added. If the
least significant bit of the multiplier is a “ZERO”, the
contents of the A register are passed through the ALU 80
unaltered. The output of the ALU 80 is shifted left by shifter
482 in each iteration. The contents of the B register 476 are
shifted right by the shifter 480 in each iteration.
INSTRUCTION EXECUTION PHILOSOPHY

The microprocessor 50 uses high speed D latches in most
of the speed critical areas. Slower on-chip RAM is used as
secondary storage.

The microprocessor 50 philosophy of instruction execu-
tion is to create a hierarchy of speed as follows:

Logic and D latch transfers 1 cycle 20 nsec
Math 2 cycles 40 nsec
Fetch/store on-chip RAM 2 cycles 40 nsec
Fetch/store in current RAS page 4 cycles 80 nsec
Fetch/store with RAS cycle 11 cycles 220 nsec

With a 50 MHZ clock, many operations can be performed in
20 nsec. and almost everything else in 40 nsec.

To maximize speed, certain techniques in processor
design have been used. They include:

Eliminating arithmetic operations on addresses,

Fetching up to four instructions per memory cycle,

Pipelineless instruction decoding

Generating results before they are needed,

Use of three level stack caching.

PIPELINE PHILOSOPHY

Computer instructions are usually broken down into
sequential pieces, for example: fetch, decode, register read,
execute, and store. Each piece will require a single machine
cycle. In most Reduced Instruction Set Computer (RISC)
chips, instruction require from three to six cycles.

RISC instructions are very parallel. For example, each of
70 different instructions in the SPARC (SUN Computer’s
RISC chip) has five cycles. Using a technique called “pipe-
lining”, the different phases of consecutive instructions can
be overlapped.

To understand pipelining, think of building five residen-
tial homes. Each home will require in sequence, a founda-
tion, framing, plumbing and wiring, roofing, and interior
finish. Assume that each activity takes one week. To build
one house will take five weeks.

But what if you want to build an entire subdivision? You
have only one of each work crew, but when the foundation
men finish on the first house, you immediately start them on
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the second one, and so on. At the end of five weeks, the first
home is complete, but you also have five foundations. If you
have kept the framing, plumbing, roofing, and interior guys
all busy, from five weeks on, a new house will be completed
each week.

This is the way a RISC chip like SPARC appears to
execute an instruction in a single machine cycle. In reality,
a RISC chip is executing one fifth of five instructions each
machine cycle. And if five instructions stay in sequence, an
instruction will be completed each machine cycle.

The problems with a pipeline are keeping the pipe full
with instructions. Each time an out of sequence instruction
such as a BRANCH or CALL occurs, the pipe must be
refilled with the next sequence. The resulting dead time to
refill the pipeline can become substantial when many
IF/THEN/ELSE statements or subroutines are encountered.
THE PIPELINE APPROACH

The microprocessor 50 has no pipeline as such. The
approach of this microprocessor to speed is to overlap
instruction fetching with execution of the previously fetched
instruction(s). Beyond that, over half the instructions (the
most common ones) execute entirely in a single machine
cycle of 20 nsec. This is possible because:

1. Instruction decoding resolves in 2.5 nsec.

2. Incremented/decremented and some math values are
calculated before they are needed, requiring only a
latching signal to execute.

3. Slower memory is hidden from high speed operations
by high-speed D latches which access in 4 nsec.

The disadvantage for this microprocessor is a more complex
chip design process. The advantage for the chip user is faster
ultimate throughput since pipeline stalls cannot exist. Pipe-
line synchronization with availability flag bits and other
such pipeline handling is not required by this microproces-
SOT.

For example, in some RISC machines an instruction
which tests a status flag may have to wait for up to four
cycles for the flag set by the previous instruction to be
available to be tested. Hardware and software debugging is
also somewhat easier because the user doesn’t have to
visualize five instructions simultaneously in the pipe.
OVERLAPPING INSTRUCTION FETCH/EXECUTE

The slowest procedure the microprocessor 50 performs is
to access memory. Memory is accessed when data is read or
written. Memory is also read when instructions are fetched.
The microprocessor 50 is able to hide fetch of the next
instruction behind the execution of the previously fetched
instruction(s). The microprocessor 50 fetches instructions in
4-byte instruction groups. An instruction group may contain
from one to four instructions. The amount of time required
to execute the instruction group ranges from 4 cycles for
simple instructions to 64 cycles for a multiply.

When a new instruction group is fetched, the micropro-
cessor instruction decoder looks at the most significant bit of
all four of the bytes. The most significant bit of an instruc-
tion determines if a memory access is required. For example,
CALL, FETCH, and STORE all require a memory access to
execute. If all four bytes have nonzero most significant bits,
the microprocessor initiates the memory fetch of the next
sequential 4-byte instruction group. When the last instruc-
tion in the group finishes executing, the next 4-byte instruc-
tion group is ready and waiting on the data bus needing only
to be latched into the instruction register. If the 4-byte
instruction group required four or more cycles to execute
and the next sequential access was a column address strobe
(CAS) cycle, the instruction fetch was completely over-
lapped with execution.
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INTERNAL ARCHITECTURE
The microprocessor 50 architecture consists of the fol-
lowing:

PARAMETER STACK <> Y REGISTER
ALU* RETURN STACK
. <>
<--- 32 BITS - > <---32 BITS--->
16 DEEP 16 DEEP

Used for subroutine
and interrupt return
addresses as well as
local variables.

Push down stack.

Can overflow into
off-chip RAM.

Can also be accessed
relative to top of
stack.

(32-bits, can decrement by 1)
Used by class of test
and loop instructions.
(32-bits, can increment
or decrement by 4).
Used to point to RAM
locations.

(32-bits, increments

by 4). Points to

4-byte instruction
groups in RAM.
(32-Bits). Holds 4-byte
instruction groups
while they are being
decoded and executed.
*Math and logic operations use the TOP item and

NEXT to top Parameter Stack itemns as the

operands. The result is pushed onto the

Parameter Stack.

*Return addresses from subroutines are placed

on the Return Stack. The Y REGISTER is used as

a pointer to RAM locations. Since the Y

REGISTER is the top item of the Return Stack,

nesting of indices is straightforward.

MODE - A register with mode and status bits.
MODE-BITS:

Slow down memory accesses by 8 if “1”. Run full

speed if “0”. (Provided for access to slow EPROM.)
Divide the system clock by 1023 if “1” to reduce

power consumption. Run full speed if “0”. (On-chip
counters slow down if this bit is set.)

Enable external interrupt 1.

Enable external interrupt 2.

Enable external interrupt 3.

Enable external interrupt 4.

Enable external interrupt 5.

Enable external interrupt 6.

Enable external interrupt 7.

ON-CHIP MEMORY LOCATIONS:

MODE-BITS
DMA-POINTER
DMA-COUNTER
STACK-POINTER

Used for math and logic.

Push down stack.
Can overflow into
off-chip RAM.

LOOP COUNTER

X REGISTER

PROGRAM COUNTER

INSTRUCTION REG

Pointer into Parameter Stack.

STACK-DEPTH Depth of on-chip Parameter Stack
RSTACK-POINTER Pointer into Return Stack
RSTACK-DEPTH Depth of on-chip Return Stack

ADDRESSING MODE HIGH POINTS

The data bus is 32-bits wide. All memory fetches and
stores are 32-bits. Memory bus addresses are 30 bits. The
least significant 2 bits are used to select one-of-four bytes in
some addressing modes. The Program Counter, X Register,
and Y Register are implemented as D latches with their
outputs going to the memory address bus and the bus
incrementer/decrementer. Incrementing one of these regis-
ters can happen quickly, because the incremented value has
already rippled through the inc/dec logic and need only be
clocked into the latch. Branches and Calls are made to 32-bit
word-boundaries.
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INSTRUCTION SET

32-BIT INSTRUCTION FORMAT

The thirty two bit instructions are CALL, BRANCH,
BRANCH-IF-ZERO, and LOOP-IF-NOT-DONE. These
instructions require the calculation of an effective address. In
many computers, the effective address is calculated by
adding or subtracting an operand with the current Program
Counter. This math operation requires from four to seven
machine cycles to perform and can definitely bog down
machine execution. The microprocessor’s strategy is to
perform the required math operation at assembly or linking
time and do a much simpler “Increment to next page” or
“Decrement to previous page” operation at run time. As a
result, the microprocessor branches execute in a single
cycle.

24-BIT OPERAND FORM:
Byte 1 Byte2 Byte3 Byte4
WWWWWW XX - YYYYYYYY - YYYYYYYY - YYYYYYYY
With a 24-bit operand, the current page is
considered to be defined by the most
significant 6 bits of the Program Counter.
16-BIT OPERAND FORM:
QOQQQYQQ - WWWWWW XX - YYYYYYYY - YYYYYYYY
With a 16-bit operand, the current page is
considered to be defined by the most
significant 14 bits of the Program Counter.
8-BIT OPERAND FORM:
QQQQQQAQQ - QQQQQQQQ - WWWWWW XX - YYYYYYYY
With an 8-bit operand, the current page is
considered to be defined by the most
significant 22 bits of the Program Counter.
QQQQQQNQQ - Any 8-bit instruction.
WWWWWW - Instruction op-code.
XX - Select how the address bits will be used:
00 - Make all high-order bits zero. (Page zero
addressing)
01 - Increment the high-order bits. (Use next page)
10 - Decrement the high-order bits. (Use previous
page)
11 - Leave the high-order bits unchanged. (Use
current page)
YYYYYYYY - The address operand field. This field is
always shifted left two bits (to generate a word rather
than byte address) and loaded into the Program Counter.
The microprocessor instruction decoder figures out the
width of the operand field by the location of the
instruction op-code in the four bytes.

The compiler or assembler will normally usc the shortest
operand required to reach the desired address so that the
leading bytes can be used to hold other instructions. The
effective address is calculated by combining:

The current Program Counter,
The 8, 16, or 24 bit address operand in the instruction,
Using one of the four allowed addressing modes.

EXAMPLES OF EFFECTIVE ADDRESS CALCULA-
TION

Example 1:
Byte 1 Byte 2 Byte 3 Byte 4
QQQQQRRQ  QQQQQQQQ 00000011 10011000

The "QQQQQQNQQs” in Byte 1 and 2 indicate space in
the 4-byte memory fetch which could be hold two other
instructions to be executed prior to the CALL instruction.
Byte 3 indicates a CALL instruction (six zeros) in the
current page (indicated by the 11 bits). Byte 4 indicates that
the hexadecimal number 98 will be forced into the Program
Counter bits 2 through 10. (Remember, a CALL or
BRANCH always goes to a word boundary so the two least
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significant bits are always set to zero). The effect of this
instruction would be to CALL a subroutine at WORD
location HEX 98 in the current page. The most significant 22
bits of the Program Counter define the current page and will
be unchanged.

Example 2:
Byte 1 Byte 2 Byte 3 Byte 4
000001 01 00000001 00000000 00000000

If we assume that the Program Counter was HEX 0000
0156 which is binary:

00000000 00000000 00000001 01010110 = OLD PROGRAM
COUNTER.

Byte 1 indicates a BRANCH instruction op code (000001)
and 01" indicates select the next page. Byte 2,3, and 4 are
the address operand . These 24-bits will be shifted to the left
two places to define a WORD address. HEX 0156 shifted
left two places is HEX 0558. Since this is a 24-bit operand
instruction, the most significant 6 bits of the Program
Counter define the current page. These six bits will be
incremented to select the next page. Executing this instruc-
tion will cause the Program Counter to be loaded with HEX
0400 0558 which is binary:

00000100 00000000 00000101 01011000 = NEW PROGRAM
COUNTER.

INSTRUCTIONS

CALL-LONG
0000 00XX - YYYYYYYY - YYYYYYYY - YYYYYYYY

Load the Program Counter with the effective WORD
address specified. Push the current PC contents onto the
RETURN STACK.

OTHER EFFECTS: CARRY or modes, no effect. May
cause Return Stack to force an external memory cycle if
on-chip Return Stack is full.

BRANCH
0000 0IXX - YYYYYYYY - YYYYYYYY - YYYYYYYY

Load the Program Counter with the effective WORD
address specified.
OTHER EFFECTS: NONE

BRANCH-IF-ZERO
0000 10XX - YYYYYYYY - YYYYYYYY - YYYYYYYY

Test the TOP value on the Parameter Stack. If the value is
equal to zero, load the Program Counter with the effective
WORD address specified. If the TOP value is not equal to
zero, increment the Program Counter and fetch and execute
the next instruction.

OTHER EFFECTS: NONE

LOOP-IF-NOT-DONE
0000 11YY - (XXXX XXXX) - (XXXX XXXX) - (XXXX XXXX)

If the LOOP COUNTER is not zero, load the Program
Counter with the effective WORD address specified. If the
LOOP COUNTER is zero, decrement the LOOP
COUNTER, increment the Program Counter and fetch and
execute the next instruction.
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OTHER EFFECTS: NONE
8-BIT INSTRUCTIONS PHILOSOPHY

Most of the work in the microprocessor 50 is done by the
8-bit instructions. Eight bit instructions are possible with the
microprocessor because of the extensive use of implied
stack addressing. Many 32-bit architectures use 8-bits to
specify the operation to perform but use an additional
24-bits to specify two sources and a destination.

For math and logic operations, the microprocessor 50
exploits the inherent advantage of a stack by designating the
source operand(s) as the top stack item and the next stack
item. The math or logic operation is performed, the operands
are popped from the stack, and the result is pushed back on
the stack. The result is a very efficient utilization of instruc-
tion bits as well as registers. A comparable situation exists
between Hewlett Packard calculators (which use a stack)
and Texas Instrument calculators which don’t. The identical
operation on an HP will require one half to one third the
keystrokes of the TI.

The availability of 8-bit instructions also allows another
architectural innovation, the fetching of four instructions in
a single 32-bit memory cycle. The advantages of fetching
multiple instructions are:

Increased execution speed even with slow memories,

Similar performance to the Harvard (separate data and

instruction busses) without the expense,

Opportunities to optimize groups of instructions,

The capability to perform loops within this mini-cache.
The microloops inside the four instruction group are effec-
tive for searches and block moves.

SKIP INSTRUCTIONS

The microprocessor 50 fetches instructions in 32-bit
chunks called 4-byte instruction groups. These four bytes
may contain four 8-bit instructions or some mix of 8-bit and
16 or 24-bit instructions. SKIP instructions in the micropro-
cessor skip any remaining instructions in a 4-byte instruction
group and cause a memory fetch to get the next 4-byte
instruction group. Conditional SKIPs when combined with
3-byte BRANCHES will create conditional BRANCHES.
SKIPs may also be used in situations when no use can be
made of the remaining bytes in a 4-instruction group. A
SKIP executes in a single cycle, whereas a group of three
NOPs would take three cycles.

SKIP-ALWAYS - skip any remaining instructions in
this 4-byte instruction group.
Increment the most significant

30-bits of the Program Counter and
proceed to fetch the next 4-byte
instruction group.

If the TOP item of the Parameter Stack
is zero, skip any remaining
instructions in the 4-byte instruction
group. Increment the most significant
30-bits of the Program Counter and
proceed to fetch the next 4-byte
instruction group. If the TOP item is
not zero, execute the next sequential
instruction.

If the TOP item of the Parameter Stack
has a the most significant bit (the
sign bit) equal to “0”, skip any
remaining instructions in the 4-byte
instruction group. Increment the most
significant 30-bits of the Program
Counter and proceed to fetch the next
4-byte instruction group. If the TOP
item is not “0”, execute the next
sequential instruction.

SKIP-1F-ZERO -

SKIP-TF-POSITIVE -
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-continued

SKIP-IF-NO-CARRY - If the CARRY flag from a SHIFT or
arithmetic operation is not equal to
“17, skip any remaining instructions
in the 4-byte instruction group.
Increment the most significant 30-
bits of the Program Counter and
proceed to fetch the next 4-byte
instruction group. If the CARRY is
equal to “17, execute the next
sequential instruction.

Execute the next sequential
instruction. (Delay one machine
cycle).

If the TOP item on the Parameter Stack
is not equal to “0”, skip any
remaining instructions in the 4-byte
instruction group. Increment the most
significant 30-bits of the Program
Counter and proceed to fetch the next
4-byte instruction group.

If the TOP item is equal 07, execute
the next sequential instruction.

If the TOP item on the Parameter Stack
has its most significant bit (sign

bit) set to “1”, skip any remaining
instructions in the 4-byte instruction
group. Increment the most significant
30-bits of the Program Counter and
proceed to fetch the next 4-byte
instruction group. If the TOP item
has its most significant bit set to

“0”, execute the next sequential
instruction.

If the CARRY flag is set to “1” as a
result of SHIFT or arithmetic
operation, skip any remaining
instructions in the 4-byte instruction
group. Increment the most significant
30-bits of the Program Counter and
proceed to fetch the next 4-byte
instruction group. If the CARRY flag
is “0”, execute the next sequential
instruction.

SKIP-NEVER
(NOP)

SKIP-IF-NOT-ZERO -

SKIP-IF-NEGATIVE -

SKIP-IF-CARRY -

MICROLOOPS

Microloops are a unique feature of the microprocessor
architecture which allows controlled looping within a 4-byte
instruction group. A microloop instruction tests the LOOP
COUNTER for “0” and may perform an additional test. If
the LOOP COUNTER is not “0” and the test is met,
instruction execution continues with the first instruction in
the 4-byte instruction group, and the LOOP COUNTER is
decremented. A microloop instruction will usually be the last
byte in a 4-byte instruction group, but it can be any byte. If
the LOOP COUNTER is “0” or the test is not met, instruc-
tion execution continues with the next instruction. If the
microloop is the last byte in the 4-byte instruction group, the
most significant 30-bits of the Program Counter are incre-
mented and the next 4-byte instruction group is fetched from
memory. On a termination of the loop on LOOP COUNTER
equal to “0”, the LOOP COUNTER will remain at “0”.
Microloops allow short iterative work such as moves and
searches to be performed without slowing down to fetch
instructions from memory.

EXAMPLE:

Byte 1 Byte 2

FETCH-VIA-X-AUTOINCREMENT STORE-VIA-Y-AUTO-
INCREMENT

Byte 3 Byte 4

ULOOP-UNTIL-DONE QQQQQQQQ

This example will perform a block move. To initiate the
transfer, X will be loaded with the starting address of the
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source. Y will be loaded with the starting address of the

destination. The LOOP COUNTER will be loaded with the

number of 32-bit words to move. The microloop will

FETCH and STORE and count down the LOOP COUNTER

until it reaches zero. QQQQQQQQ indicates any instruction

can follow.

MICROLOOP INSTRUCTIONS

ULOOP-UNTIL-DONE—If the LOOP COUNTER is not
“0”, continue execution with the first instruction in the
4-byte instruction group. Decrement the LOOP
COUNTER. If the LOOP COUNTER is “0”, continue
execution with the next instruction.

ULOOP-IF-ZERO—If the LOOP COUNTER is not “0” and
the TOP item on the Parameter Stack is “0”, continue
execution with the first instruction in the 4-byte instruc-
tion group. Decrement the LOOP COUNTER. If the
LOOP COUNTER is “0” or the TOP item is “1”, continue
execution with the next instruction.

ULOOP-IF-POSITIVE—If the LOOP COUNTER is not
“0” and the most significant bit (sign bit) is “0”, continue
execution with the first instruction in the 4-byte instruc-
tion group. Decrement the LOOP COUNTER. If the
LOOP COUNTER is “0” or the TOP item is “1”, continue
execution with the next instruction.

ULOOP-IF-NOT-CARRY-CLEAR—If the LOOP
COUNTER is not “0” and the floating point exponents
found in TOP and NEXT are not aligned, continue execu-
tion with the first instruction in the 4-byte instruction
group. Decrement the LOOP COUNTER. If the LOOP
COUNTER is “0” or the exponents are aligned, continue
execution with the next instruction. This instruction is
specifically designed for combination with special SHIFT
instructions to align two floating point numbers.

ULOOP-NEVER—(DECREMENT-LOOP-COUNTER)
Decrement the LOOP COUNTER. Continue execution
with the next instruction.

ULOOP-IF-NOT-ZERO—If the LOOP COUNTER is not
“0” and the TOP item of the Parameter Stack is “0”,
continue execution with the first instruction in the 4-byte
instruction group. Decrement the LOOP COUNTER. If
the LOOP COUNTER is “0” or the TOP item is “17,
continue execution with the next instruction.

ULOOP-IF-NEGATIVE—If the LOOP COUNTER is not
“0” and the most significant bit (sign bit) of the TOP item
of the Parameter Stack is “1”, continue execution with the
first instruction in the 4-byte instruction group. Decre-
ment the LOOP COUNTER. If the LOOP COUNTER is
“0” or the most significant bit of the Parameter Stack is
“0”, continue execution with the next instruction.

ULOOP-IF-CARRY-SET—If the LOOP COUNTER is not
“0” and the exponents of the floating point numbers found
in TOP and NEXT are not aligned, continue execution
with the first instruction in the 4-byte instruction group.
Decrement the LOOP COUNTER. If the LOOP
COUNTER is “0” or the exponents are aligned, continue
execution with the next instruction.

RETURN FROM SUBROUTINE OR INTERRUPT
Subroutine calls and interrupt acknowledgements cause a

redirection of normal program execution. In both cases, the

current Program Counter is pushed onto the Return Stack, so
the microprocessor can return to its place in the program
after executing the subroutine or interrupt service routine.

NOTE: When a CALL to subroutine or interrupt is
acknowledged the Program Counter has already been incre-
mented and is pointing to the 4-byte instruction group
following the 4-byte group currently being executed. The
instruction decoding logic allows the microprocessor to
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perform a test and execute a return conditional on the
outcome of the test in a single cycle. A RETURN pops an
address from the Return Stack and stores it to the Program
Counter.

RETURN INSTRUCTIONS

RETURN-ALWAYS - Pop the top item from the
Return Stack and transfer it

to the Program Counter.

If the TOP item on the Para-
meter Stack is “0”, pop the
top item from the Return Stack
and transfer it to the Program
Counter. Otherwise execute
the next instruction.

If the most significant bit (sign
bit) of the TOP item on the
Parameter Stack is a “0",

pop the top item from the
Return Stack and transfer it to
the Program Counter. Other-
wise execute the next
instruction.

If the exponents of the floating
point numbers found in TOP
and NEXT are not aligned,
pop the top item from the
Return Stack and transfer it to
the Program Counter. Other-
wise execute the next
instruction.

Execute the next instruction.

RETURN-IF-ZERO -

RETURN-IF-POSITIVE -

RETURN-IF-CARRY-CLEAR -

RETURN-NEVER -
(NOP)
RETURN-IF-NOT-ZERO - If the TOP item on the Para-
meter Stack is not “0”, pop
the top item from the Return
Stack and transfer it to the
Program Counter. Otherwise
execute the next instruction.
If the most significant bit
(sign bit) of the TOP item on
the Parameter Stack is a “17,
pop the top item from the
Return Stack and transfer it to
the Program Counter. Other-
wise execute the next
instruction.

If the exponents of the floating
point numbers found in TOP
and NEXT are aligned, pop the
top item from the Return
Stack and transfer it to the
Program. Counter. Otherwise
execute the next instruction.

RETURN-IF-NEGATIVE -

RETURN-IF-CARRY-SET -

HANDLING MEMORY FROM DYNAMIC RAM

The microprocessor 50, like any RISC type architecture,
is optimized to handle as many operations as possible
on-chip for maximum speed. External memory operations
take from 80 nsec. to 220 nsec. compared with on-chip
memory speeds of from 4 nsec. to 30 nsec. There are times
when external memory must be accessed.

External memory is accessed using three registers:

X-REGISTER—A 30-bit memory pointer which can be
used for memory access and simultaneously incre-
mented or decremented.

Y-REGISTER—A 30-bit memory pointer which can be
used for memory access and simultaneously incre-
mented or decremented.

PROGRAM-COUNTER—A 30-bit memory pointer nor-
mally used to point to 4-byte instruction groups. Exter-
nal memory may be accessed at addresses relative to
the PC. The operands are sometimes called “Immedi-
ate” or “Literal” in other computers. When used as
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memory pointer, the PC is also incremented after each
operation.

MEMORY LOAD & STORE INSTRUCTIONS

FETCH-VIA-X—PFetch the 32-bit memory content pointed
to by X and push it onto the Parameter Stack. X is
unchanged.

FETCH-VIA-Y—Fetch the 32-bit memory content pointed
to by X and push it onto the Parameter Stack. Y is
unchanged.

FETCH-VIA-X-AUTOINCREMENT—Fetch the 32-bit
memory content pointed to by X and push it onto the
Parameter Stack. After fetching, increment the most sig-
nificant 30 bits of X to point to the next 32-bit word
address.

FETCH-VIA-Y-AUTOINCREMENT—Fetch the 32-bit
memory content pointed to by Y and push it onto the
Parameter Stack. After fetching, increment the most sig-
nificant 30 bits of Y to point to the next 32-bit word
address.

FETCH-VIA-X-AUTODECREMENT—Fetch the 32-bit
memory content pointed to by X and push it onto the
Parameter Stack. After fetching, decrement the most
significant 30 bits of X to point to the previous 32-bit
word address.

FETCH-VIA-Y-AUTODECREMENT—Fetch the 32-bit
memory content pointed to by Y and push it onto the
Parameter Stack. After fetching, decrement the most
significant 30 bits of Y to point to the previous 32-bit
word address.

STORE-VIA-X—Pop the top item of the Parameter Stack
and store it in the memory location pointed to by X. X is
unchanged.

STORE-VIA-Y—Pop the top item of the Parameter Stack
and store it in the memory location pointed to by Y. Y is
unchanged.

STORE-VIA-X-AUTOINCREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by X. After storing, increment the most sig-
nificant 30 bits of X to point to the next 32-bit word
address.

STORE-VIA-Y-AUTOINCREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by Y. After storing, increment the most sig-
nificant 30 bits of Y to point to the pext 32-bit word
address.

STORE-VIA-X-AUTODECREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by X. After storing, decrement the most sig-
nificant 30 bits of X to point to the previous 32-bit word
address.

STORE-VIA-Y-AUTODECREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by Y. After storing, decrement the most sig-
nificant 30 bits of Y to point to the previous 32-bit word
address.

FETCH-VIA-PC—TFetch the 32-bit memory content pointed
to by the Program Counter and push it onto the Parameter
Stack. After fetching, increment the most significant 30
bits of the Program Counter to point to the next 32-bit
word address.

*NOTE When this instruction executes, the PC is pointing
to the memory location following the instruction. The
effect is of loading a 32-bit immediate operand. This is an
8-bit instruction and therefore will be combined with
other 8-bit instructions in a 4-byte instruction fetch. It is
possible to have from one to four FETCH-VIA-PC
instructions in a 4-byte instruction fetch. The PC incre-
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ments after each execution of FETCH-VIA-PC, so it is

possible to push four immediate operands on the stack.

The four operands would be the found in the four memory

locations following the instruction.
BYTE-FETCH-VIA-X—Fetch the 32-bit memory content

pointed to by the most significant 30 bits of X. Using the
two least significant bits of X, select one of four bytes

from the 32-bit memory fetch, right justify the byte in a

32-bit field and push the selected byte preceded by

leading zeros onto the Parameter Stack.
BYTE-STORE-VIA-X—Fetch the 32-bit memory content
pointed to by the most significant 30 bits of X. Pop the

TOP item from the Parameter Stack. Using the two least

significant bits of X place the least significant byte into the

32-bit memory data and write the 32-bit entity back to the

location pointed to by the most significant 30 bits of X.
OTHER EFFECTS OF MEMORY ACCESS INSTRUC-
TIONS:

Any FETCH instruction will push a value on the Param-
eter Stack 74. If the on-chip stack is full, the stack will
overflow into off-chip memory stack resulting in an addi-
tional memory cycle. Any STORE instruction will pop a
value from the Parameter Stack 74. If the on-chip stack is
empty, a memory cycle will be generated to fetch a value
from off-chip memory stack.

HANDLING ON-CHIP VARIABLES

High-level languages often allow the creation of LOCAL
VARIABLES. These variables are used by a particular
procedure and discarded. In cases of nested procedures,
layers of these variables must be maintained. On-chip stor-
age is up to five times faster than off-chip RAM, so0 a means
of keeping local variables on-chip can make operations run
faster. The microprocessor 50 provides the capability for
both on-chip storage of local variables and nesting of
multiple levels of variables through the Return Stack.

The Return Stack 134 is implemented as 16 on-chip RAM
locations. The most common use for the Return Stack 134 is
storage of return addresses from subroutines and interrupt
calls. The microprocessor allows these 16 locations to also
be used as addressable registers. The 16 locations may be
read and written by two instructions which indicate a Return
Stack relative address from 0-15. When high-level proce-
dures are nested, the current procedure variables push the
previous procedure variables further down the Return Stack
134. Eventually, the Return Stack will automatically over-
flow into off-chip RAM.

ON-CHIP VARIABLE INSTRUCTIONS
READ-LOCAL-VARIABLE XXXX-—Read the XXXXth
location relative to the top of the Return Stack. (XXXX is

a binary number from 0000-1111). Push the item read

onto the Parameter Stack.

OTHER EFFECTS: If the Parameter Stack is full, the

push operation will cause a memory cycle to be generated

as one item of the stack is automatically stored to external

RAM. The logic which selects the location performs a

modulo 16 subtraction. If four local variables have been

pushed onto the Return Stack, and an instruction attempts
to READ the fifth item, unknown data will be returned.
WRITE-LOCAL-VARIABLE XXXX—Pop the TOP item
of the Parameter Stack and write it into the XXXXth
location relative to the top of the Return Stack. (XXXX is

a binary number from 0000-1111.)

OTHER EFFECTS: If the Parameter Stack is empty, the

pop operation will cause a memory cycle to be generated

to fetch the Parameter Stack item from external RAM.

The logic which selects the location performs a modulo

16 subtraction. If four local variables have been pushed

onto the Return Stack, and an instruction attempts to

20

25

30

35

40

45

50

55

60

65

30

WRITE to the fifth item, it is possible to clobber return
addresses or wreak other havoc.

REGISTER AND FLIP-FLOP TRANSFER AND PUSH

INSTRUCTIONS

DROP—Pop the TOP item from the Parameter Stack and
discard it.

SWAP—Exchange the data in the TOP Parameter Stack
location with the data in the NEXT Parameter Stack
location.

DUP—Duplicate the TOP item on the Parameter Stack and
push it onto the Parameter Stack.

PUSH-LOOP-COUNTER—Push the value
COUNTER onto the Parameter Stack.

POP-RSTACK-PUSH-TO-STACK—Pop the top item from
the Return Stack and push it onto the Parameter Stack.

PUSH-X-REG—Push the value in the X Register onto the
Parameter Stack.

PUSH-STACK-POINTER—Push the value of the Param-
eter Stack pointer onto the Parameter Stack.

PUSH-RSTACK-POINTER—Push the value of the Return
Stack pointer onto the Return Stack.

PUSH-MODE-BITS-—Push the value of the MODE REG-
ISTER onto the Parameter Stack.

PUSH-INPUT—Read the 10 dedicated input bits and push
the value (right justified and padded with leading zeros)
onto the Parameter Stack.

SET-LOOP-COUNTER—Pop the TOP value from the
Parameter Stack and store it into LOOP COUNTER.
POP-STACK-PUSH-TO-RSTACK—Pop the TOP item
from the Parameter Stack and push it onto the Return

Stack.

SET-X-REG—Pop the TOP item from the Parameter Stack
and store it into the X Register.

SET-STACK-POINTER—Pop the TOP item from the
Parameter Stack and store it into the Stack Pointer.

SET-RSTACK-POINTER—Pop the TOP item from the
Parameter Stack and store it into the Return Stack Pointer.

SET-MODE-BITS—Pop the TOP value from the Parameter
Stack and store it into the MODE BITS.

SET-OUTPUT—Pop the TOP item from the Parameter
Stack and output it to the 10 dedicated output bits.
OTHER EFFECTS: Instructions which push or pop the
Parameter Stack or Return Stack may cause a memory
cycle as the stacks overflow back and forth between
on-chip and off-chip memory.

LOADING A SHORT LITERAL
A special case of register transfer instruction is used to

push an 8-bit literal onto the Parameter Stack. This instruc-
tion requires that the 8-bits to be pushed reside in the last
byte of a 4-byie instruction group. The instruction op-code
loading the literal may reside in ANY of the other three bytes
in the instruction group.

in LOOP

EXAMPLE:

BYTE 1 BYTE 2 BYTE 3
LOAD-SHORT-LITERAL QQQQQQRL  QRQQQQQQ
BYTE 4

00001111

In this example, QQQQQQQQ indicates any other 8-bit
instruction. When Byte 1 is executed, binary 00001111
(HEX 0f) from Byte 4 will be pushed (right justified and
padded by leading zeros) onto the Parameter Stack. Then the
instructions in Byte 2 and Byte 3 will execute. The micro-
processor instruction decoder knows not to execute Byte 4.
It is possible to push three identical 8-bit values as follows:
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BYTE 1 BYTE 2
LOAD-SHORT-LITERAL LOAD-SHORT-LITERAL
BYTE 3 BYTE 4
LOAD-SHORT-LITERAL 00001111
SHORT-LITERAL-
INSTRUCTION

LOAD-SHORT-LITERAL - Push the 8-bit value found
in Byte 4 of the current
4-byte instruction group

onto the Parameter Stack.

LOGIC INSTRUCTIONS
Logical and math operations used the stack for the source

of one or two operands and as the destination for results. The

stack organization is a particularly convenient arrangement
for evaluating expressions. TOP indicates the top value on
the Parameter Stack 74. NEXT indicates the next to top

value on the Parameter Stack 74.

AND—Pop TOP and NEXT from the Parameter Stack,
perform the logical AND operation on these two oper-
ands, and push the result onto the Parameter Stack.

OR—Pop TOP and NEXT from the Parameter Stack, per-
form the logical OR operation on these two operands, and
push the result onto the Parameter Stack.

XOR—Pop TOP and NEXT from the Parameter Stack,
perform the logical exclusive OR on these two operands,
and push the result onto the Parameter Stack.

BIT-CLEAR—Pop TOP and NEXT from the Parameter
Stack, toggle all bits in NEXT, perform the logical AND
operation on TOP, and push the result onto the Parameter
Stack. (Another way of understanding this instruction is
thinking of it as clearing all bits in TOP that are set in
NEXT.)

MATH INSTRUCTIONS
Math instruction pop the TOP item and NEXT to top item

of the Parameter Stack 74 to use as the operands. The results

are pushed back on the Parameter Stack. The CARRY flag
is used to latch the “33rd bit” of the ALU result.

ADD—Pop the TOP item and NEXT to top item from the
Parameter Stack, add the values together and push the
result back on the Parameter Stack. The CARRY flag may
be changed.

ADD-WITH-CARRY—Pop the TOP item and the NEXT to
top item from the Parameter Stack, add the values
together. If the CARRY flag is “1” increment the result.
Push the ultimate result back on the Parameter Stack. The
CARRY flag may be changed.

ADD-X—Pop the TOP item from the Parameter Stack and
read the third item from the top of the Parameter Stack.
Add the values together and push the result back on the
Parameter Stack. The CARRY flag may be changed.

SUB—Pop the TOP item and NEXT to top item from the
Parameter Stack, Subtract NEXT from TOP and push the
result back on the Parameter Stack. The CARRY flag may
be changed.

SUB-WITH-CARRY—Pop the TOP item and NEXT to top
item from the Parameter Stack. Subtract NEXT from TOP.
If the CARRY flag is “1” increment the result. Push the
ultimate result back on the Parameter Stack. The CARRY
flag may be changed.

SUB-X—

SIGNED-MULT-STEP—

UNSIGNED-MULT-STEP—

SIGNED-FAST-MULT—

FAST-MULT-STEP—

UNSIGNED-DIV-STEP—

GENERATE-POLYNOMIAL

ROUND—
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COMPARE—Pop the TOP item and NEXT to top item from
the Parameter Stack. Subtract NEXT from TOP. If the
result has the most significant bit equal to “0” (the result
is positive), push the result onto the Parameter Stack. If
the result has the most significant bit equal to “1” (the
result is negative), push the old value of TOP onto the
Parameter Stack. The CARRY flag may be affected.

SHIFT/ROTATE

SHIFT-LEFT—Shift the TOP Parameter Stack item left one
bit. The CARRY flag is shifted into the least significant bit
of TOP.

SHIFT-RIGHT—Shift the TOP Parameter Stack item right
one bit. The least significant bit of TOP is shifted into the
CARRY flag. Zero is shifted into the most significant bit
of TOP.

DOUBLE-SHIFT-LEFT—Treating the TOP item of the
Parameter Stack as the most significant word of a 64-bit
number and the NEXT stack item as the least significant
word, shift the combined 64-bit entity left one bit. The
CARRY flag is shifted into the least significant bit of
NEXT.

DOUBLE-SHIFT-RIGHT—Treating the TOP item of the
Parameter Stack as the most significant word of a 64-bit
number and the NEXT stack item as the least significant
word, shift the combined 64-bit entity right one bit. The
least significant bit of NEXT is shifted into the CARRY
flag. Zero is shifted into the most significant bit of TOP.

OTHER INSTRUCTIONS

FLUSH-STACK—Empty all on-chip Parameter Stack loca-
tions into off-chip RAM. (This instruction is useful for
multitasking applications). This instruction accesses a
counter which holds the depth of the on-chip stack and
can require from none to 16 external memory cycles.

FLUSH-RSTACK—Empty all on-chip Return Stack loca-
tions into off-chip RAM. (This instruction is useful for
multitasking applications). This instruction accesses a
counter which holds the depth of the on-chip Return Stack
and can require from none to 16 external memory cycles.
It should further be apparent to those skilled in the art that

various changes in form and details of the invention as

shown and described may be made. It is intended that such
changes be included within the spirit and scope of the claims
appended hereto.

What is claimed is:

1. A microprocessor, which comprises a main central
processing unit and a separate direct memory access central
processing unit in a single integrated circuit comprising said
microprocessor, said main central processing unit having an
arithmetic logic unit, a first push down stack with a top item
register and a next item register, connected to provide inputs
to said arithmetic logic unit, an output of said arithmetic
logic unit being connected to said top item register, said top
item register also being connected to provide inputs to an
internal data bus, said internal data bus being bidirectionally
connected to a loop counter, said loop counter being con-
nected to a decrementer, said internal data bus being bidi-
rectionally connected to a stack pointer, return stack pointer,
mode register and instruction register, said internal data bus
being connected to a memory controller, to a Y register of a
return push down stack, an X register and a program counter,
said Y register, X register and program counter providing
outputs to an internal address bus, said internal address bus
providing inputs to said memory controller and to an incre-
menter, said incrementer being connected to said internal
data bus, said direct memory access central processing unit
providing inputs to said memory controller, said memory
controller having an address/data bus and a plurality of
control lines for connection to a random access memory.
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2. The microprocessor of claim 1 in which said memory
controller includes a multiplexing means between said cen-
tral processing unit and said address/data bus, said multi-
plexing means being connected and configured to provide
row addresses, column addresses and data on said address/
data bus.

3. The microprocessor of claim 1 in which said memory
controller includes means for fetching instructions for said
central processing unit on said address/data bus, said means
for fetching instructions being configured to fetch multiple
sequential instructions in a single memory cycle.

4. The microprocessor of claim 3 additionally comprising
means connected to said means for fetching instructions for
determining if muitiple instructions fetched by said means
for fetching instructions require a memory access, said
means for fetching instructions fetching additional multipie
instructions if the multiple instructions do not require a
IMNEImOry access.

5. The microprocessor of claim 3 in which said micro-
processor and a dynamic random access memory are con-
tained in a single integrated circuit and said means for
fetching instructions includes a column latch for receiving
the multiple instructions.

6. The microprocessor of claim 1 in which said micro-
processor includes a sensing circuit and a driver circuit, and
an output enable line for connection between the random
access memory, said sensing circuit and said driver circuit,
said sensing circuit being configured to provide a ready
signal when said output enable line reaches a predetermined
electrical level, said microprocessor being configured so that
said driver circuit provides an enabling signal on said output
enable line responsive to the ready signal.

7. The microprocessor of claim 1 additionally comprising
a ring oscillator variable speed system clock connected to
said main central processing unit, said main central process-
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ing unit and said ring oscillator variable speed system clock
being provided in a single integrated circuit.

8. The microprocessor of claim 7 in which said memory
controller includes an input/output interface connected to
exchange coupling control signals, addresses and data with
said main central processing unit, said microprocessor addi-
tionally including a second clock independent of said ring
oscillator variable speed system clock connected to said
input/output interface.

9. The microprocessor of claim 1 in which said first push
down stack has a first plurality of stack elements configured
as latches, a second plurality of stack elements configured as
a random access memory, said first and second plurality of
stack elements and said central processing umit being pro-
vided in a single integrated circuit, and a third plurality of
stack elements configured as a random access memory
external to said single integrated circuit.

10. The microprocessor of claim 9 additionally compris-
ing a first pointer connected to said first plurality of stack
elements, a second pointer connected to said second plural-
ity of stack elements, and a third pointer connected to said
third plurality of stack elements, said central processing unit
being connected to pop items from said first plurality of
stack elements, said first stack pointer being connected to
said second stack pointer to pop a first plurality of items
from said second plurality of stack elements when said first
plurality of stack elements are empty from successive pop
operations by said central processing unit, said second stack
pointer being connected to said third stack pointer to pop a
second plurality of items from said third plurality of stack
elements when said second plurality of stack elements are
empty from successive pop operations by said central pro-
cessing unit.
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57 ABSTRACT

A microprocessor (50) includes a main central processing
unit (CPU) (70) and a separate direct memory access (DMA)
CPU (72) in a single integrated circuit making up the micro-
processor (50). The main CPU (70) has a first 16 deep push
down stack (74), which has a top item register (76) and a
next item register (78), respectively connected to provide
inputs to an arithmetic logic unit (ALU) (80) by lines (82)
and (84). An output of the ALU (80) is connected to the top
item register (76) by line (86). The output of the top item
register (82) is also connected by line (88) to an internal data
bus (90). A loop counter (92) is connected to a decrementer
(94) by lines (96) and (98). The loop counter (92) is birec-
tionally connected to the internal data bus (90) by line (100).
Stack pointer (102), return stack pointer (104), mode register
(106) and instruction register (108) are also connected to the
internal data bus (90) by lines (110), (112), (114) and (116),
respectively. The internal data bus (90) is connected to
memory controller (118) and to gate (120). The gate (120)
provides inputs on lines (122), (124), and (126) to X register
(128), program counter (130) and Y register (132) of return
push down stack (134). The X register (128), program
counter (130) and Y register (132) provide outputs to inter-
nal address bus (136) on lines (138), (140) and (142). The
internal address bus provides inputs to the memory control-
ler (118) and to an incremeter (144). The incrementer (144)
provides inputs to the X register, program counter and Y
register via lines (146), (122), (124) and (126). The DMA
CPU (72) provides inputs to the memory controller (118) on
line (148). The memory controller (118) is connected to
RAM by address/data bus (150) and control lines (152).
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EX PARTE
REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

The patentability of claims 5-10 is confirmed.
Claims 1-4 are cancelled.

New claims 11-20 are added and determined to be patent-
able.

11. A microprocessor, which comprises a main central
processing unit and a separate direct memory access central
processing unit in a single integrated circuit comprising said
microprocessor, said main central processing unit having an
arithmetic logic unit, a first push down stack with a top item
register and a next item register, connected to provide inputs
to said arithmetic logic unit, an output of said arithmetic
logic unit being connected to said top item register, said top
item register also being connected to provide inputs to an
internal data bus, said internal data bus being bidirection-
ally connected to a loop counter, said loop counter being
connected to a decrementer, said internal data bus being
bidirectionally connected to a stack pointer, return stack
pointer, mode register and instruction register, said stack
pointer pointing into said first push down stack, said internal
data bus being comnected to a memory controller, to a Y
register of a return push down stack, an X register and a
program counter, said Y register, X register and program
counter providing outputs to an internal address bus, said
internal address bus providing inputs to said memory con-
troller and to an incrementer, said incrementer being con-
nected to said internal data bus, said divect memory access
central processing unit providing inputs to said memory con-
troller, said memory controller having an address/data bus
and a plurality of control lines for connection to a random
access memory.

12. The microprocessor of claim 11 in which said memory
controller includes a multiplexing means between said cen-
tral processing unit and said address/data bus, said multi-
plexing means being connected and configured to provide
row addresses, column addresses and data on said address/
data bus.

13. The microprocessor of claim 11 in which said memory
controller includes means for fetching instructions for said
central processing unit on said address/data bus, said means
Jfor fetching instructions being configured to fetch multiple
sequential instructions in a single memory cycle.

14. The microprocessor of claim 13 additionally compris-
ing means connected to said means for fetching instructions
for determining if multiple instructions fetched by said
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means for fetching instructions require a memory access,
said means for fetching instructions fetching additional mul-
tiple instructions if the multiple instructions do not require a
memory access.

15. The microprocessor of claim 13 in which said micro-
processor and a dynamic random access memory are con-
tained in a single integrated circuit and said means for fetch-
ing instructions includes a column latch for receiving the
multiple instructions.

16. The microprocessor of claim 11 in which said micro-
processor includes a sensing civcuit and a driver circuit, and
an output enable line for connection between the random
access memory, said sensing circuit and said driver circuit,
said sensing circuit being configured to provide a ready sig-
nal when said output enable line reaches a predetermined
electrical level, said microprocessor being configured so
that said driver circuit provides an enabling signal on said
output enable line responsive to the ready signal.

17. The microprocessor of claim 11 additionally compris-
ing a ring oscillator variable speed system clock connected
to said main central processing unit, said main central pro-
cessing unit and said ring oscillator variable speed clock
being provided in a single integrated circuit.

18. The microprocessor of claim 17 in which said memory
controller includes an input/output interface connected to
exchange coupling control signals, addresses and data with
said main central processing unit, said microprocessor addi-
tionally including a second clock independent of said ring
oscillator variable speed system clock connected to said
input/output interface.

19. The microprocessor of claim 11 in which said first
push down stack has a first plurality of stack elements con-
figured as latches, a second plurality of stack elements con-
figured as a random access memory, said first and second
plurality of stack elements and said central processing unit
being provided in a single integrated circuit, and a third
plurality of stack elements configured as a random access
memory external to said single integrated circuit.

20. The microprocessor of claim 19 additionally compris-
ing a first pointer connected to said first plurality of stack
elements, a second pointer connected to said second plural-
ity of stack elements, and a third pointer connected to said
plurality of stack elements, said central processing unit
being connected to pop items from said first plurality of stack
elements, said first stack pointer connected to said second
stack pointer to pop a first plurality of items from said sec-
ond plurality of stack elements when said first plurality of
stack elements are empty from successive pop operations by
said central processing unit, said second stack pointer being
connected to said third stack pointer to pop a second plural-
ity of items from said thivd plurality of stack elements when
said second plurality of stack elements ave empty from suc-
cessive pop operations by said central processing unit.

#* #* #* #* #*
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HIGH PERFORMANCE MICROPROCESSOR
HAVING VARIABLE SPEED SYSTEM
CLOCK

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a division of U.S. application Ser. No.
07/389,334, filed Aug. 3, 1989, now U.S. Pat. No. 5,440,
749.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a simplified,
reduced instruction set computer (RISC) microprocessor.
More particularly, it relates to such a microprocessor which
is capable of performance levels of, for example, 20 million
instructions per second (MIPS) at a price of, for example, 20
dollars.

2. Description of the Prior Art

Since the invention of the microprocessor, improvements
in its design have taken two different approaches. In the first
approach, a brute force gain in performance has been
achieved through the provision of greater numbers of faster
transistors in the microprocessor integrated circuit and an
instruction set of increased complexity. This approach is
exemplified by the Motorola 68000 and Intel 80X86 micro-
processor families. The trend in this approach is to larger die
sizes and packages, with hundreds of pinouts.

More recently, it has been perceived that performance
gains can be achieved through comparative simplicity, both
in the microprocessor integrated circuit itself and in its
instruction set. This second approach provides RISC
microprocessors, and is exemplified by the Sun SPARC and
the Intel 8960 microprocessors. However, even with this
approach as conventionally practiced, the packages for the
microprocessor are large, in order to accommodate the large
number of pinouts that continue to be employed. A need
therefore remains for further simplification of high perfor-
mance microprocessors.

With conventional high performance microprocessors,
fast static memories are required for direct connection to the
microprocessors in order to allow memory accesses that are
fast enough to keep up with the microprocessors. Slower
dynamic random access memories (DRAMs) are used with
such microprocessors only in a hierarchical memory
arrangement, with the static memories acting as a buffer
between the microprocessors and the DRAMSs. The neces-
sity to use static memories increases cost of the resulting
systems.

Conventional microprocessors provide direct memory
accesses (DMA) for system peripheral units through DMA
controllers, which may be located on the microprocessor
integrated circuit, or provided separately. Such DMA con-
trollers can provide routine handling of DMA requests and
responses, but some processing by the main central process-
ing unit (CPU) of the microprocessor is required.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to provide a
microprocessor with a reduced pin count and cost compared
to conventional microprocessors.

It is another object of the invention to provide a high
performance microprocessor that can be directly connected
to DRAMs without sacrificing microprocessor speed.
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It is a further object of the invention to provide a high
performance microprocessor in which DMA does not
require use of the main CPU during DMA requests and
responses and which provides very rapid DMA response
with predictable response times.

The attainment of these and related objects may be
achieved through use of the novel high performance, low
cost microprocessor herein disclosed. In accordance with
one aspect of the invention, a microprocessor system in
accordance with this invention has a central processing unit,
a dynamic random access memory and a bus connecting the
central processing unit to the dynamic random access
memory. There is a multiplexing means on the bus between
the central processing unit and the dynamic random access
memory. The multiplexing means is connected and config-
ured to provide row addresses, column addresses and data on
the bus.

In accordance with another aspect of the invention, the
microprocessor system has a means connected to the bus for
fetching instructions for the central processing unit on the
bus. The means for fetching instructions is configured to
fetch multiple sequential instructions in a single memory
cycle. In a variation of this aspect of the invention, a
programmable read only memory containing instructions for
the central processing unit is connected to the bus. The
means for fetching instructions includes means for assem-
bling a plurality of instructions from the programmable read
only memory and storing the plurality of instructions in the
dynamic random access memory.

In another aspect of the invention, the microprocessor
system includes a central processing unit, a direct memory
access processing unit and a memory connected by a bus.
The direct memory access processing unit includes means
for fetching instructions for the central processing unit and
for fetching instructions for the direct memory access pro-
cessing unit on the bus.

In a further aspect of the invention, the microprocessor
system, including the memory, is contained in an integrated
circuit. The memory is a dynamic random access memory,
and the means for fetching multiple instructions includes a
column latch for receiving the multiple instructions.

In still another aspect of the invention, the microprocessor
system additionally includes an instruction register for the
multiple instructions connected to the means for fetching
instructions. A means is connected to the instruction register
for supplying the multiple instructions in succession from
the instruction register. A counter is connected to control the
means for supplying the multiple instructions to supply the
multiple instructions in succession. A means for decoding
the multiple instructions is connected to receive the multiple
instructions in succession from the means for supplying the
multiple instructions. The counter is connected to said
means for decoding to receive incrementing and reset con-
trol signals from the means for decoding. The means for
decoding is configured to supply the reset control signal to
the counter and to supply a control signal to the means for
fetching instructions in response to a SKIP instruction in the
multiple instructions. In a modification of this aspect of the
invention, the microprocessor system additionally has a loop
counter connected to receive a decrement control signal
from the means for decoding. The means for decoding is
configured to supply the reset control signal to the counter
and the decrement control signal to the loop counter in
response to a MICROLOOP instruction in the multiple
instructions. In a further modification to this aspect of the
invention, the means for decoding is configured to control
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the counter in response to an instruction utilizing a variable
width operand. A means is connected to the counter to select
the variable width operand in response to the counter.

In a still further aspect of the invention, the microproces-
sor system includes an arithmetic logic unit. A first push
down stack is connected to the arithmetic logic unit. The first
push down stack includes means for storing a top item
connected to a first input of the arithmetic logic unit and
means for storing a next item connected to a second input of
the arithmetic logic unit. The arithmetic logic unit has an
output connected to the means for storing a top item. The
means for storing a top item is connected to provide an input
to a register file. The register file desirably is a second push
down stack, and the means for storing a top item and the
register file are bidirectionally connected.

In another aspect of the invention, a data processing
system has a microprocessor including a sensing circuit and
a driver circuit, a memory, and an output enable line
connected between the memory, the sensing circuit and the
driver circuit. The sensing circuit is configured to provide a
ready signal when the output enable line reaches a prede-
termined electrical level, such as a voltage. The micropro-
cessor is configured so that the driver circuit provides an
enabling signal on the output enable line responsive to the
ready signal.

In a further aspect of the invention, the microprocessor
system has a ring counter variable speed system clock
connected to the central processing unit. The central pro-
cessing unit and the ring counter variable speed system
clock are provided in a single integrated circuit. An input/
output interface is connected to exchange coupling control
signals, addresses and data with the input/output interface. A
second clock independent of the ring counter variable speed
system clock is connected to the input/output interface.

In yet another aspect of the invention, a push down stack
is connected to the arithmetic logic unit. The push down
stack includes means for storing a top item connected to a
first input of the arithmetic logic unit and means for storing
a next item connected to a second input of the arithmetic
logic unit. The arithmetic logic unit has an output connected
to the means for storing a top item. The push down stack has
a first plurality of stack elements configured as latches and
a second plurality of stack elements configured as a random
access memory. The first and second plurality of stack
elements and the central processing unit are provided in a
single integrated circuit. A third plurality of stack elements
is configured as a random access memory external to the
single integrated circuit. In this aspect of the invention,
desirably a first pointer is connected to the first plurality of
stack elements, a second pointer connected to the second
plurality of stack elements, and a third pointer is connected
to the third plurality of stack elements. The central process-
ing unit is connected to pop items from the first plurality of
stack elements. The first stack pointer is connected to the
second stack pointer to pop a first plurality of items from the
second plurality of stack elements when the first plurality of
stack elements are empty from successive pop operations by
the central processing unit. The second stack pointer is
connected to the third stack pointer to pop a second plurality
of items from the third plurality of stack elements when the
second plurality of stack elements are empty from succes-
sive pop operations by the central processing unit.

In another aspect of the invention, a first register is
connected to supply a first input to the arithmetic logic unit.
A first shifter is connected between an output of the arith-
metic logic unit and the first register. A second register is
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connected to receive a starting polynomial value. An output
of the second register is connected to a second shifter. A least
significant bit of the second register is connected to The
arithmetic logic unit. A third register is connected to supply
feedback terms of a polynomial to the arithmetic logic unit.
A down counter, for counting down a number corresponding
to digits of a polynomial to be generated, is connected to the
arithmetic logic unit. The arithmetic logic unit is responsive
to a polynomial instruction to carry out an exclusive OR of
the contents of the first register with the contents of the third
register if the least significant bit of the second register is a
“ONE” and to pass the contents of the first register unaltered
if the least significant bit of the second register is a “ZERO”,
until the down counter completes a count. The polynomial to
be generated results in said first register.

In still another aspect of the invention, a result register is
connected to supply a first input to the arithmetic logic unit.
Afirst, left shifting shifter is connected between an output of
the arithmetic logic unit and the result register. A multiplier
register is connected to receive a multiplier in bit reversed
form. An output of the multiplier register is connected to a
second, right shifting shifter. A least significant bit of the
multiplier register is connected to the arithmetic logic unit.
A third register is connected to supply a multiplicand to said
arithmetic logic unit. A down counter, for counting down a
number corresponding to one less than the number of digits
of the multiplier, is connected to the arithmetic logic unit.
The arithmetic logic unit is responsive to a multiply instruc-
tion to add the contents of the result register with the
contents of the third register, when the least significant bit of
the multiplier register is a “ONE” and to pass the contents
of the result register unaltered, until the down counter
completes a count. The product results in the result register.

The attainment of the foregoing and related objects,
advantages and features of the invention should be more
readily apparent to those skilled in the art, after review of the
following more detailed description of the invention, taken
together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an external, plan view of an integrated circuit
package incorporating a microprocessor in accordance with
the invention.

FIG. 2 is a block diagram of a microprocessor in accor-
dance with the invention.

FIG. 3 is a block diagram of a portion of a data processing
system incorporating the microprocessor of FIGS. 1 and 2.

FIG. 4 is a more detailed block diagram of a portion of the
microprocessor shown in FIG. 2.

FIG. § is a more detailed block diagram of another portion
of the microprocessor shown in FIG. 2.

FIG. 6 is a block diagram of another portion of the data
processing system shown in part in FIG. 3 and incorporating
the microprocessor of FIGS. 1-2 and 4-5.

FIGS. 7 and 8 are layout diagrams for the data processing
system shown in part in FIGS. 3 and 6.

FIG. 9 is a layout diagram of a second embodiment of a
microprocessor in accordance with the invention in a data
processing system on a single integrated circuit.

FIG. 10 is a more detailed block diagram of a portion of
the data processing system of FIGS. 7 and 8.

FIG. 11 is a timing diagram useful for understanding
operation of the system portion shown in FIG. 12.

FIG. 12 is another more detailed block diagram of a
further portion of the data processing system of FIGS. 7 and
8.
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FIG. 13 is a more detailed block diagram of a portion of
the microprocessor shown in FIG. 2.

FIG. 14 is a more detailed block and schematic diagram
of a portion of the system shown in FIGS. 3 and 7-8.

FIG. 15 is a graph useful for understanding operation of
the system portion shown in FIG. 14.

FIG. 16 is a more detailed block diagram showing part of
the system portion shown in FIG. 4.

FIG. 17 is a more detailed block diagram of a portion of
the microprocessor shown in FIG. 2.

FIG. 18 is a more detailed block diagram of part of the
microprocessor portion shown in FIG. 17.

FIG. 19 is a set of waveform diagrams useful for under-
standing operation of the part of the microprocessor portion
shown in FIG. 18.

FIG. 20 is a more detailed block diagram showing another
part of the system portion shown in FIG. 4.

FIG. 21 is a more detailed block diagram showing another
part of the system portion shown in FIG. 4.

FIGS. 22 and 23 are more detailed block diagrams show-
ing another part of the system portion shown in FIG. 4.

DETAILED DESCRIPTION OF THE
INVENTION
Overveiw

The microprocessor of this invention is desirably imple-
mented as a 32-bit microprocessor optimized for:

HIGH EXECUTION SPEED, and

LOW SYSTEM COST.

In this embodiment, the microprocessor can be thought of
as 20 MIPS for 20 dollars. Important distinguishing features
of the microprocessor are:

Uses low-cost commodity DYNAMIC RAMS to run 20

MIPS

4 instruction fetch per memory cycle

On-chip fast page-mode memory management

Runs fast without external cache

Requires few interfacing chips

Crams 32-bit CPU in 44 pin SOJ package

The instruction set is organized so that most operations
can be specified with 8-bit instructions. Two positive prod-
ucts of this philosophy are:

Programs are smaller,

Programs can execute much faster.

The bottleneck in most computer systems is the memory
bus. The bus is used to fetch instructions and fetch and store
data. The ability to fetch four instructions in a single
memory bus cycle significantly increases the bus availability
to handle data.

Turning now to the drawings, more particularly to FIG. 1,
there is shown a packaged 32-bit microprocessor 50 in a
44-pin plastic leadless chip carrier, shown approximately
100 times its actual size of about 0.8 inch on a side. The fact
that the microprocessor 50 is provided as a 44-pin package
represents a substantial departure from typical microproces-
sor packages, which usually have about 200 input/output
(I/O) pins. The microprocessor 50 is rated at 20 million
instructions per second (MIPS). Address and data lines 52,
also labelled D0-D31, are shared for addresses and data
without speed penalty as a result of the manner in which the
microprocessor 50 operates, as will be explained below.
DYNAMIC RAM

In addition to the low cost 44-pin package, another
unusual aspect of the high performance microprocessor 50 is
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that it operates directly with dynamic random access memo-
ries (DRAMS), as shown by row address strobe (RAS) and
column address strobe (CAS) I/O pins 54. The other I/O pins
for the microprocessor 50 include V,,, pins 56, V¢ pins 58,
output enable pin 60, write pin 62, clock pin 64 and reset pin
66.

All high speed computers require high speed and expen-
sive memory to keep up. The highest speed static RAM
memories cost as much as ten times as much as slower
dynamic RAMs. This microprocessor has been optimized to
use low-cost dynamic RAM in high-speed page-mode.
Page-mode dynamic RAMs offer static RAM performance
without the cost penalty. For example, low-cost 85 nsec.
dynamic RAMs access at 25 nsec when operated in fast
page-mode. Integrated fast page-mode control on the micro-
processor chip simplifies system interfacing and results in a
faster system.

Details of the microprocessor 50 are shown in FIG. 2. The
microprocessor 50 includes a main central processing unit
(CPU) 70 and a separate direct memory access (DMA) CPU
72 in a single integrated circuit making up the micropro-
cessor 50. The main CPU 70 has a first 16 deep push down
stack 74, which has a top item register 76 and a next item
register 78, respectively connected to provide inputs to an
arithmetic logic unit (ALU) 80 by lines 82 and 84. An output
of the ALLU 80 is connected to the top item register 76 by line
86. The output of the top item register at 82 is also connected
by line 88 to an internal data bus 90.

A loop counter 92 is connected to a decrementer 94 by
lines 96 and 98. The loop counter 92 is bidirectionally
connected to the internal data bus 90 by line 100. Stack
pointer 102, return stack pointer 104, mode register 106 and
instruction register 108 are also connected to the internal
data bus 90 by lines 110, 112, 114 and 116, respectively. The
internal data bus 90 is connected to memory controller 118
and to gate 120. The gate 120 provides inputs on lines 122,
124, and 126 to X register 128, program counter 130 and Y
register 132 of return push down stack 134. The X register
128, program counter 130 and Y register 132 provide
outputs to internal address bus 136 on lines 138, 140 and
142. The internal address bus provides inputs to the memory
controller 118 and to an incrementer 144. The incrementer
144 provides inputs to the X register, program counter and
Y register via lines 146, 122, 124 and 126. The DMA CPU
72 provides inputs to the memory controller 118 on line 148.
The memory controller 118 is connected to a RAM (not
shown) by address/data bus 150 and control lines 152.

FIG. 2 shows that the microprocessor 50 has a simple
architecture. Prior art RISC microprocessors are substan-
tially more complex in design. For example, the SPARC
RISC microprocessor has three times the gates of the
microprocessor 50, and the Intel 8960 RISC microprocessor
has 20 times the gates of the microprocessor 50. The speed
of this microprocessor is in substantial part due to this
simplicity. The architecture incorporates push down stacks
and register write to achieve this simplicity.

The microprocessor 50 incorporates an I/O that has been
tuned to make heavy use of resources provided on the
integrated circuit chip. On chip latches allow use of the same
I/O circuits to handle three different things: column
addressing, row addressing and data, with a slight to non-
existent speed penalty. This triple bus multiplexing results in
fewer buffers to expand, fewer interconnection lines, fewer
I/O pins and fewer internal buffers.

The provision of on-chip DRAM control gives a perfor-
mance equal to that obtained with the use of static RAMs.
As a result, memory is provided at % the system cost of static
RAM used in most RISC systems.
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The microprocessor 50 fetches 4 instructions per memory
cycle; the instructions are in an 8-bit format, and this is a
32-bit microprocessor. System speed is therefore 4 times the
memory bus bandwidth. This ability enables the micropro-
cessor to break the Von Neumann bottleneck of the speed of
getting the next instruction. This mode of operation is
possible because of the use of a push down stack and register
array. The push down stack allows the use of implied
addresses, rather than the prior art technique of explicit
addresses for two sources and a destination.

Most instructions execute in 20 nanoseconds in the micro-
processor 50. The microprocessor can therefore execute
instructions at 50 peak MIPS without pipeline delays. This
is a function of the small number of gates in the micropro-
cessor 50 and the high degree of parallelism in the archi-
tecture of the microprocessor.

FIG. 3 shows how column and row addresses are multi-
plexed on lines D8-D14 of the microprocessor 50 for
addressing DRAM 150 from I/O pins 52. The DRAM 150 is
one of eight, but only one DRAM 150 has been shown for
clarity. As shown, the lines D11-D18 are respectively con-
nected to row address inputs A0—AS8 of the DRAM 150.
Additionally, lines D12-D15 are connected to the data
inputs DQ1-DQ4 of the DRAM 150. The output enable,
write and column address strobe pins 54 are respectively
connected to the output enable, write and column address
strobe inputs of the DRAM 150 by lines 152. The row
address strobe pin 54 is connected through row address
strobe decode logic 154 to the row address strobe input of
the DRAM 150 by lines 156 and 158.

DO0-D7 pins 52 (FIG. 1) are idle when the microprocessor
50 is outputting multiplexed row and column addresses on
D11-D18 pins 52. The D0-D7 pins 52 can therefore simul-
taneously be used for I/O when right justified I/O is desired.
Simultaneous addressing and I/O can therefore be carried
out.

FIG. 4 shows how the microprocessor 50 is able to
achieve performance equal to the use of static RAMS with
DRAMSs through multiple instruction fetch in a single clock
cycle and instruction fetch-ahead. Instruction register 108
receives four 8-bit byte instruction words 1-4 on 32-bit
internal data bus 90. The four instruction byte 1-4 locations
of the instruction register 108 are connected to multiplexer
170 by busses 172, 174, 176 and 178, respectively. A
microprogram counter 180 is connected to the multiplexer
170 by lines 182. The multiplexer 170 is connected to
decoder 184 by bus 186. The decoder 184 provides internal
signals to the rest of the microprocessor 50 on lines 188.

Most significant bits 190 of each instruction byte 1-4
location are connected to a 4-input decoder 192 by lines 194.
The output of decoder 192 is connected to memory control-
ler 118 by line 196. Program counter 130 is connected to
memory controller 118 by internal address bus 136, and the
instruction register 108 is connected to the memory control-
ler 118 by the internal data bus 90. Address/data bus 198 and
control bus 200 are connected to the DRAMS 150 (FIG. 3).

In operation, when the most significant bits 190 of
remaining instructions 1-4 are “1” in a clock cycle of the
microprocessor 50, there are no memory reference instruc-
tions in the queue. The output of decoder 192 on line 196
requests an instruction fetch ahead by memory controller
118 without interference with other accesses. While the
current instructions in instruction register 108 are executing,
the memory controller 118 obtains the address of the next set
of four instructions from program counter 130 and obtains
that set of instructions. By the time the current set of
instructions has completed execution, the next set of instruc-
tions is ready for loading into the instruction register.
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Details of the DMA CPU 72 are provided in FIG. 5.
Internal data bus 90 is connected to memory controller 118
and to DMA instruction register 210. The DMA instruction
register 210 is connected to DMA program counter 212 by
bus 214, to transfer size counter 216 by bus 218 and to timed
transfer interval counter 220 by bus 222. The DMA instruc-
tion register 210 is also connected to DMA I/O and RAM
address register 224 by line 226. The DMA I/O and RAM
address register 224 is connected to the memory controller
118 by memory cycle request line 228 and bus 230. The
DMA program counter 212 is connected to the internal
address bus 136 by bus 232. The transfer size counter 216 is
connected to a DMA instruction done decrementer 234 by
lines 236 and 238. The decrementer 234 receives a control
input on memory cycle acknowledge line 240. When trans-
fer size counter 216 has completed its count, it provides a
control signal to DMA program counter 212 on line 242.
Timed transfer interval counter 220 is connected to decre-
menter 244 by lines 246 and 248. The decrementer 244
receives a control input from a microprocessor system clock
on line 250.

The DMA CPU 72 controls itself and has the ability to
fetch and execute instructions. It operates as a co-processor
to the main CPU 70 (FIG. 2) for time specific processing.

FIG. 6 shows how the microprocessor 50 is connected to
an electrically programmable read only memory (EPROM)
260 by reconfiguring the data lines 52 so that some of the
data lines 52 are input lines and some of them are output
lines. Data lines 52 D0-D7 provide data to and from
corresponding data terminals 262 of the EPROM 260. Data
lines 52 D9-D18 provide addresses to address terminals 264
of the EPROM 260. Data lines 52 D19-D31 provide inputs
from the microprocessor 50 to memory and I/O decode logic
266. RAS 0/1 control line 268 provides a control signal for
determining whether the memory and I/O decode logic
provides a DRAM RAS output on line 270 or a column
enable output for the EPROM 260 on line 272. Column
address strobe terminal 60 of the microprocessor 50 pro-
vides an output enable signal on line 274 to the correspond-
ing terminal 276 of the EPROM 260.

FIGS. 7 and 8 show the front and back of a one card data
processing system 280 incorporating the microprocessor 50,
MSM514258-10 type DRAMs 150 totalling 2 megabytes, a
Motorola 50 MegaHertz crystal oscillator clock 282, 1/0
circuits 284 and a 27256 type EPROM 260. The I/O circuits
284 include a 74HCO04 type high speed hex inverter circuit
286, an IDT39C828 type 10-bit inverting buffer circuit 288,
an IDT39C822 type 10-bit inverting register circuit 290, and
two IDT39C823 type 9-bit non-inverting register circuits
292. The card 280 is completed with a MAXI12V type
DC-DC converter circuit 294, 34-pin dual AMP type headers
296, a coaxial female power connector 298, and a 3-pin
AMP right angle header 300. The card 280 is a low cost,
imbeddable product that can be incorporated in larger sys-
tems or used as an internal development tool.

The microprocessor 50 is a very high performance (50
MHz) RISC influenced 32-bit CPU designed to work closely
with dynamic RAM. Clock for clock, the microprocessor 50
approaches the theoretical performance limits possible with
a single CPU configuration. Eventually, the microprocessor
50 and any other processor is limited by the bus bandwidth
and the number of bus paths. The critical conduit is between
the CPU and memory.

One solution to the bus bandwidth/bus path problem is to
integrate a CPU directly onto the memory chips, giving
every memory a direct bus the CPU. FIG. 9 shows another
microprocessor 310 that is provided integrally with 1 mega-
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bit of DRAM 311 in a single integrated circuit 312. Until the
present invention, this solution has not been practical,
because most high performance CPUs require from 500,000
to 1,000,000 transistors and enormous die sizes just by
themselves. The microprocessor 310 is equivalent to the
microprocessor 50 in FIGS. 1-8. The microprocessors 50
and 310 are the most transistor efficient high performance
CPUs in existence, requiring fewer than 50,000 transistors
for dual processors 70 and 72 (FIG. 2) or 314 and 316 (less
memory). The very high speed of the microprocessors 50
and 310 is to a certain extent a function of the small number
of active devices. In essence, the less silicon gets in the way,
the faster the electrons can get where they are going.

The microprocessor 310 is therefore the only CPU suit-
able for integration on the memory chip die 312. Some
simple modifications to the basic microprocessor 50 to take
advantage of the proximity to the DRAM array 311 can also
increase the microprocessor 50 clock speed by 50 percent,
and probably more.

The microprocessor 310 core on board the DRAM die 312
provides most of the speed and functionality required for a
large group of applications from automotive to peripheral
control. However, the integrated CPU 310/DRAM 311 con-
cept has the potential to redefine significantly the way
multiprocessor solutions can solve a spectrum of very com-
pute intensive problems. The CPU 310/DRAM 311 combi-
nation eliminates the Von Neumann bottleneck by distrib-
uting it across numerous CPU/DRAM chips 312. The
microprocessor 310 is a particularly good core for
multiprocessing, since it was designed with the SDI target-
ing array in mind, and provisions were made for efficient
interprocessor communications.

Traditional multiprocessor implementations have been
very expensive in addition to being unable to exploit fully
the available CPU horsepower. Multiprocessor systems have
typically been built up from numerous board level or box
level computers. The result is usually an immense amount of
hardware with corresponding wiring, power consumption
and communications problems. By the time the systems are
interconnected, as much as 50 percent of the bus speed has
been utilized just getting through the interfaces.

In addition, multiprocessor system software has been
scarce. A multiprocessor system can easily be crippled by an
inadequate load-sharing algorithm in the system software,
which allows one CPU to do a great deal of work and the
others to be idle. Great strides have been made recently in
systems software, and even UNIX V.4 may be enhanced to
support multiprocessing. Several commercial products from
such manufacturers as DUAL Systems and UNISOFT do a
credible job on 68030 type microprocessor systems now.

The microprocessor 310 architecture eliminates most of
the interface friction, since up to 64 CPU 310/RAM 311
processors should be able to intercommunicate without
buffers or latches. Each chip 312 has about 40 MIPS raw
speed, because placing the DRAM 311 next to the CPU 310
allows the microprocessor 310 instruction cycle to be cut in
half, compared to the microprocessor 50. A 64 chip array of
these chips 312 is more powerful than any other existing
computer. Such an array fits on a 3x5 card, cost less than a
FAX machine, and draw about the same power as a small
television.

Dramatic changes in price/performance always reshape
existing applications and almost always create new ones.
The introduction of microprocessors in the mid 1970s cre-
ated video games, personal computers, automotive
computers, electronically controlled appliances, and low
cost computer peripherals.
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The integrated circuit 312 will find applications in all of
the above areas, plus create some new ones. A common
generic parallel processing algorithm handles convolution/
Fast Fourier Transform (FFT)/pattern recognition. Interest-
ing product possibilities using the integrated circuit 312
include high speed reading machines, real-time speech
recognition, spoken language translation, real-time robot
vision, a product to identify people by their faces, and an
automotive or aviation collision avoidance system.

A real time processor for enhancing high density televi-
sion (HDTV) images, or compressing the HDTV informa-
tion into a smaller bandwidth, would be very. feasible. The
load sharing in HDTV could be very straightforward. Split-
ting up the task according to color and frame would require
6, 9 or 12 processors. Practical implementation might
require 4 meg RAMs integrated with the microprocessor
310.

The microprocessor 310 has the following specifications:
CONTROL LINES
4—POWER/GROUND
1—CLOCK
32—DATA T/O
4—SYSTEM CONTROL

EXTERNAL MEMORY FETCH

EXTERNAL MEMORY FETCH AUTOINCREMENT X

EXTERNAL MEMORY FETCH AUTOINCREMENT Y

EXTERNAL MEMORY WRITE

EXTERNAL MEMORY WRITE AUTOINCREMENT X

EXTERNAL MEMORY WRITE AUTOINCREMENT Y

EXTERNAL PROM FETCH

LOAD ALL X REGISTERS

LOAD ALL Y REGISTERS

LOAD ALL PC REGISTERS

EXCHANGE X AND Y

INSTRUCTION FETCH

ADD TO PC

ADD TO X

WRITE MAPPING REGISTER

READ MAPPING REGISTER
REGISTER CONFIGURATION
MICROPROCESSOR 310 CPU 316 CORE
COLUMN LATCHI1 (1024 BITS) 32x32 MUX
STACK POINTER (16 BITS)

COLUMN LATCH2 (1024 BITS) 32x32 MUX

RSTACK POINTER (16 BITS)

PROGRAM COUNTER 32 BITS

X0 REGISTER 32 BITS (ACTIVATED ONLY FOR

ON-CHIP ACCESSES)

Y0 REGISTER 32 BITS (ACTIVATED ONLY FOR

ON-CHIP ACCESSES)

LOOP COUNTER 32 BITS

DMA CPU 314 CORE

DMA PROGRAM COUNTER 24 BITS
INSTRUCTION REGISTER 32 BITS

I/0 & RAM ADDRESS REGISTER 32 BITS
TRANSFER SIZE COUNTER 12 BITS
INTERVAL COUNTER 12 BITS

To offer memory expansion for the basic chip 312, an
intelligent DRAM can be produced. This chip will be
optimized for high speed operation with the integrated
circuit 312 by having three on-chip address registers: Pro-
gram Counter, X Register and Y register. As a result, to
access the intelligent DRAM, no address is required, and a
total access cycle could be as short as 10 nsec. Each
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expansion DRAM would maintain its own copy of the three
registers and would be identified by a code specifying its
memory address. Incrementing and adding to the three
registers will actually take place on the memory chips. A
maximum of 64 intelligent DRAM peripherals would allow
a large system to be created without sacrificing speed by
introducing multiplexers or buffers.

There are certain differences between the microprocessor
310 and the microprocessor 50 that arise from providing the
microprocessor 310 on the same die 312 with the DRAM
311. Integrating the DRAM 311 allows architectural changes
in the microprocessor 310 logic to take advantage of existing
on-chip DRAM 311 circuitry. Row and column design is
inherent in memory architecture. The DRAMs 311 access
random bits in a memory array by first selecting a row of
1024 bits, storing them into a column latch, and then
selecting one of the bits as the data to be read or written.

The time required to access the data is split between the
row access and the column access. Selecting data already
stored in a column latch is faster than selecting a random bit
by at least a factor of six. The microprocessor 310 takes
advantage of this high speed by creating a number of column
latches and using them as caches and shift registers. Select-
ing a new row of information may be thought of as per-
forming a 1024-bit read or write with the resulting immense
bus bandwidth.

1. The microprocessor 50 treats its 32-bit instruction
register 108 (sce FIGS. 2 and 4) as a cache for four 8-bit
instructions. Since the DRAM 311 maintains a 1024-bit
latch for the column bits, the microprocessor 310 treats the
column latch as a cache for 128 8-bit instructions. Therefore,
the next instruction will almost always be already present in
the cache. Long loops within the cache are also possible and
more useful than the 4 instruction loops in the micropro-
cessor 50.

2. The microprocessor 50 uses two 16x32-bit deep reg-
ister arrays 74 and 134 (FIG. 2) for the parameter stack and
the return stack. The microprocessor 310 creates two other
1024-bit column latches to provide the equivalent of two
32x32-bit arrays, which can be accessed twice as fast as a
register array.

3. The microprocessor 50 has a DMA capability which
can be used for I/O to a video shift register. The micropro-
cessor 310 uses yet another 1024-bit column latch as a long
video shift register to drive a CRT display directly. For color
displays, three on-chip shift registers could also be used.
These shift registers can transfer pixels at a maximum of 100
MHz.

4. The microprocessor 50 accesses memory via an exter-
nal 32-bit bus. Most of the memory 311 for the micropro-
cessor 310 is on the same die 312. External access to more
memory is made using an 8-bit bus. The result is a smaller
die, smaller package and lower power consumption than the
microprocessor 50.

5. The microprocessor 50 consumes about a third of its
operating power charging and discharging the I/O pins and
associated capacitances. The DRAMs 150 (FIG. 8) con-
nected to the microprocessor 50 dissipate most of their
power in the I/O drivers. A microprocessor 310 system will
consume about one-tenth the power of a microprocessor 50
system, since having the DRAM 311 next to the processor
310 ecliminates most of the external capacitances to be
charged and discharged.

6. Multiprocessing means splitting a computing task
between numerous processors in order to speed up the
solution. The popularity of multiprocessing is limited by the
expense of current individual processors as well as the
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limited interprocessor communications ability. The micro-
processor 310 is an excellent multiprocessor candidate,
since the chip 312 is a monolithic computer complete with
memory, rendering it low-cost and physically compact.

The shift registers implemented with the microprocessor
310 to perform video output can also be configured as
interprocessor communication links. The INMOS transputer
attempted a similar strategy, but at much lower speed and
without the performance benefits inherent in the micropro-
cessor 310 column latch architecture. Serial I/O is a prereq-
uisite for many multiprocessor topologies because of the
many neighbor processors which communicate. A cube has
6 neighbors. Each neighbor communicates using these lines:

DATA IN

CLOCK IN

READY FOR DATA

DATA OUT

DATA READY?

CLOCK oUT
A special start up sequence is used to initialize the on-chip
DRAM 311 in each of the processors.

The microprocessor 310 column latch architecture allows
neighbor processors to deliver information directly to inter-
nal registers or even instruction caches of other chips 312.
This technique is not used with existing processors, because
it only improves performance in a tightly coupled DRAM
system.

7. The microprocessor 50 architecture offers two types of
looping structures: LOOP-IF-DONE and MICRO-LOOP.
The former takes an 8-bit to 24-bit operand to describe the
entry point to the loop address. The latter performs a loop
entirely within the 4 instruction queue and the loop entry
point is implied as the first instruction in the queue. Loops
entirely within the queue run without external instruction
fetches and execute up to three times as fast as the long loop
construct. The microprocessor 310 retains both constructs
with a few differences. The microprocessor 310 microloop
functions in the same fashion as the microprocessor 50
operation, except the queue is 1024-bits or 128 8-bit instruc-
tions long. The microprocessor 310 microloop can therefore
contain jumps, branches, calls and immediate operations not
possible in the 4 8-bit instruction microprocessor 50 queue.

Microloops in the microprocessor 50 can only perform
simple block move and compare functions. The larger
microprocessor 310 queue allows entire digital signal pro-
cessing or floating point algorithms to loop at high speed in
the queue.

The microprocessor 50 offers four instructions to redirect
execution:

CALL

BRANCH

BRANCH-IF-ZERO

LOOP-IF-NOT-DONE
These instructions take a variable length address operand &,
16 or 24 bits long. The microprocessor 50 next address logic
treats the three operands similarly by adding or subtracting
them to the current program counter. For the microprocessor
310, the 16 and 24-bit operands function in the same manner
as the 16 and 24-bit operands in the microprocessor 50. The
8-bit class operands are reserved to operate entirely within
the instruction queue. Next address decisions can therefore
be made quickly, because only 10 bits of addresses are
affected, rather than 32. There is no carry or borrow gener-
ated past the 10 bits.

8. The microprocessor 310 CPU 316 resides on an already
crowded DRAM die 312. To keep chip size as small as
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possible, the DMA processor 72 of the microprocessor 50
has been replaced with a more traditional DMA controller
314. DMA is used with the microprocessor 310 to perform
the following functions:

Video output to a CRT

Multiprocessor serial communications

8-bit parallel I/O
The DMA controller 314 can maintain both serial and
parallel transfers simultaneously. The following DMA
sources and destinations are supported by the microproces-
sor 310:

DESCRIPTION /o LINES

1. Video shift register OUTPUT 1to3

2. Multiprocessor serial BOTH 6 lines/channel
3. 8-bit parallel BOTH 8 data, 4 control

The three sources use separate 1024-bit buffers and separate
I/O pins. Therefore, all three may be active simultaneously
without interference.

The microprocessor 310 can be implemented with either
a single multiprocessor serial buffer or separate receive and
sending buffers for each channel, allowing simultaneous
bidirectional communications with six neighbors simulta-
neously.

FIGS. 10 and 11 provide details of the PROM DMA used
in the microprocessor 50. The microprocessor 50 executes
faster than all but the fastest PROMs. PROMS are used in
a microprocessor 50 system to store program segments and
perhaps entire programs. The microprocessor 50 provides a
feature on power-up to allow programs to be loaded from
low-cost, slow speed PROMs into high speed DRAM for
execution. The logic which performs this function is part of
the DMA memory controller 118. The operation is similar to
DMA, but not identical, since four 8-bit bytes must be
assembled on the microprocessor 50 chip, then written to the
DRAM 150.

The microprocessor 50 directly interfaces to DRAM 150
over a triple multiplexed data and address bus 350, which
carries RAS addresses, CAS addresses and data. The
EPROM 260, on the other hand, is read with non-
multiplexed busses. The microprocessor 50 therefore has a
special mode which unmultiplexes the data and address lines
to read 8 bits of EPROM data. Four 8-bit bytes are read in
this fashion. The multiplexed bus 350 is turned back on, and
the data is written to the DRAM 150.

When the microprocessor 50 detects a RESET condition,
the processor stops the main CPU 70 and forces a mode 0
(PROM LOAD) instruction into the DMA CPU 72 instruc-
tion register. The DMA instruction directs the memory
controller to read the EPROM 260 data at 8 times the normal
access time for memory. Assuming a 50 MHz microproces-
sor 50, this means an access time of 320 nsec. The instruc-
tion also indicates:

The selection address of the EPROM 260 to be loaded,

The number of 32-bit words to transfer,

The DRAM 150 address to transfer into.

The sequence of activities to transfer one 32-bit word
from EPROM 260 to DRAM 150 are:

1. RAS goes low at 352, latching the EPROM 260 select
information from the high order address bits. The
EPROM 260 is selected.

2. Twelve address bits (consisting of what is normally
DRAM CAS addresses plus two byte select bits are
placed on the bus 350 going to the EPROM 260 address
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pins. These signals will remain on the lines until the

data from the EPROM 260 has been read into the

microprocessor 50. For the first byte, the byte select

bits will be binary 00.

3. CAS goes low at 354, enabling the EPROM 260 data
onto the lower 8 bits of the external address/data bus
350. NOTE: It is important to recognize that, during
this part of the cycle, the lower 8 bits of the external
data/address bus are functioning as inputs, but the rest
of the bus is still acting as outputs.

4. The microprocessor 50 latches these eight least signifi-
cant bits internally and shifts them 8 bits left to shift
them to the next significant byte position.

. Steps 2, 3 and 4 are repeated with byte address 01.

. Steps 2, 3 and 4 are repeated with byte address 10.

. Steps 2, 3 and 4 are repeated with byte address 11.

. CAS goes high at 356, taking the EPROM 260 off the
data bus.

9. RAS goes high at 358, indicating the end of the
EPROM 260 access.

10. RAS goes low at 360, latching the DRAM select
information from the high order address bits. At the
same time, the RAS address bits are latched into the
DRAM 150. The DRAM 150 is selected.

11. CAS goes low at 362, latching the DRAM 150 CAS
addresses.

12. The microprocessor 50 places the previously latched
EPROM 260 32-bit data onto the external address/data
bus 350. W goes low at 364, writing the 32 bits into the
DRAM 150.

13. W goes high at 366. CAS goes high at 368. The
process continues with the next word.

FIG. 12 shows details of the microprocessor 50 memory
controller 118. In operation, bus requests stay present until
they are serviced. CPU 70 requests are prioritized at 370 in
the order of: 1, Parameter Stack; 2, Return Stack; 3, Data
Fetch; 4, Instruction Fetch. The resulting CPU request signal
and a DMA request signal are supplied as bus requests to bus
control 372, which provides a bus grant signal at 374.
Internal address bus 136 and a DMA counter 376 provide
inputs to a multiplexer 378. Either a row address or a column
address are provided as an output to multiplexed address bus
380 as an output from the multiplexer 378. The multiplexed
address bus 380 and the internal data bus 90 provide address
and data inputs, respectively, to multiplexer 382. Shift
register 384 supplies row address strobe (RAS) 1 and 2
control signals to multiplexer 386 and column address strobe
(CAS) 1 and 2 control signals to multiplexer 388 on lines
390 and 392. The shift register 384 also supplies output
enable (OE) and write (W) signals on lines 394 and 396 and
a control signal on line 398 to multiplexer 382. The shift
register 384 receives a RUN signal on line 400 to generate
a memory cycle and supplies a MEMORY READY signal
on line 402 when an access is complete.
STACK/REGISTER ARCHITECTURE

Most microprocessors use on-chip registers for temporary
storage of variables. The on-chip registers access data faster
than off-chip RAM. A few microprocessors use an on-chip
push down stack for temporary storage.

Astack has the advantage of faster operation compared to
on-chip registers by avoiding the necessity to select source
and destination registers. (A math or logic operation always
uses the top two stack items as source and the top of stack
as destination.) The stack’s disadvantage is that it makes
some operations clumsy. Some compiler activities in par-
ticular require on-chip registers for efficiency.

o 1 O
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As shown in FIG. 13, the microprocessor 50 provides
both on-chip registers 134 and a stack 74 and reaps the
benefits of both.

BENEFITS:

1. Stack math and logic is twice as fast as those available
on an equivalent register only machine. Most program-
mers and optimizing compilers can take advantage of
this feature.

2. Sixteen registers are available for on-chip storage of
local variables which can transfer to the stack for
computation. The accessing of variables is three to four
times as fast as available on a strictly stack machine.

The combined stack 74/register 134 architecture has not
been used previously due to inadequate understanding by
computer designers of optimizing compilers and the mix of
transfer versus math/logic instructions.

ADAPTIVE MEMORY CONTROLLER

A microprocessor must be designed to work with small or
large memory configurations. As more memory loads are
added to the data, address, and control lines, the switching
speed of the signals slows down. The microprocessor 50
multiplexes the address/data bus three ways, so timing
between the phases is critical. A traditional approach to the
problem allocates a wide margin of time between bus phases
so that systems will work with small or large numbers of
memory chips connected. A speed compromise of as much
as 50% is required.

As shown in FIG. 14, the microprocessor 50 uses a
feedback technique to allow the processor to adjust memory
bus timing to be fast with small loads and slower with large
ones. The OUTPUT ENABLE (OE) line 152 from the
microprocessor 50 is connected to all memories 150 on the
circuit board. The loading on the output enable line 152 to
the microprocessor 50 is directly related to the number of
memories 150 connected. By monitoring how rapidly OE
152 goes high after a read, the microprocessor 50 is able to
determine when the data hold time has been satisfied and
place the next address on the bus.

The level of the OE line 152 is monitored by CMOS input
buffer 410 which generates an internal READY signal on
line 412 to the microprocessor’s memory controller. Curves
414 and 416 of the FIG. 15 graph show the difference in rise
time likely to be encountered from a lightly to heavily
loaded memory system. When the OE line 152 has reached
a predetermined level to generate the READY signal, driver
418 generates an OUTPUT ENABLE signal on OE line 152.
SKIP WITHIN THE INSTRUCTION CACHE

The microprocessor 50 fetches four 8-bit instructions each
memory cycle and stores them in a 32-bit instruction register
108, as shown in FIG. 16. A class of “test and skip”
instructions can very rapidly execute a very fast jump
operation within the four instruction cache.

SKIP CONDITIONS:

Always

ACC non-zero

ACC negative

Carry flag equal logic one

Never

ACC equal zero

ACC positive

Carry flag equal logic zero

The SKIP instruction can be located in any of the four
byte positions 420 in the 32-bit instruction register 108. If

the test is successful, SKIP will jump over the remaining
one, two, or three 8-bit instructions in the instruction register
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108 and cause the next four-instruction group to be loaded
into the register 108. As shown, the SKIP operation is
implemented by resetting the 2-bit microinstruction counter
180 to zero on line 422 and simultaneously latching the next
instruction group into the register 108. Any instructions
following the SKIP in the instruction register are overwritten
by the new instructions and not executed.

The advantage of SKIP is that optimizing compilers and
smart programmers can often use it in place of the longer
conditional JUMP instruction. SKIP also makes possible
microloops which exit when the loop counts down or when
the SKIP jumps to the next instruction group. The result in
very fast code.

Other machines (such as the PDP-8 and Data General
NOVA) provide the ability to skip a single instruction. The
microprocessor 50 provides the ability to skip up to three
instructions.

MICROLOOP IN THE INSTRUCTION CACHE

The microprocessor 50 provides the MICROLOOP
instruction to execute repetitively from one to three instruc-
tions residing in the instruction register 108. The microloop
instruction works in conjunction with the LOOP COUNTER
92 (FIG. 2) connected to the internal data bus 90. To execute
a microloop, the program stores a count in LOOP
COUNTER 92. MICROLOOP may be placed in the first,
second, third, or last byte 420 of the instruction register 108.
If placed in the first position, execution will just create a
delay equal to the number stored in LOOP COUNTER 92
times the machine cycle. If placed in the second, third, or last
byte 420, when the microloop instruction is executed, it will
test the LOOP COUNT for zero. If zero, execution will
continue with the next instruction. If not zero, the LOOP
COUNTER 92 is decremented and the 2-bit microinstruc-
tion counter is cleared, causing the preceding instructions in
the instruction register to be executed again.

Microloop is useful for block move and search operations.
By executing a block move completely out of the instruction
register 108, the speed of the move is doubled, since all
memory cycles are used by the move rather than being
shared with instruction fetching. Such a hardware imple-
mentation of microloops is much faster than conventional
software implementation of a comparable function.
OPTIMAL CPU CLOCK SCHEME

The designer of a high speed microprocessor must pro-
duce a product which operate over wide temperature ranges,
wide voltage swings, and wide variations in semiconductor
processing. Temperature, voltage, and process all affect
transistor propagation delays. Traditional CPU designs are
done so that with the worse case of the three parameters, the
circuit will function at the rated clock speed. The result are
designs that must be clocked a factor of two slower than
their maximum theoretical performance, so they will operate
properly in worse case conditions.

The microprocessor 50 uses the technique shown in FIGS.
17-19 to generate the system clock and its required phases.
Clock circuit 430 is the familiar “ring oscillator” used to test
process performance. The clock is fabricated on the same
silicon chip as the rest of the microprocessor 50.

The ring oscillator frequency is determined by the param-
eters of temperature, voltage, and process. At room
temperature, the frequency will be in the neighborhood of
100 MHZ. At 70 degrees Centigrade, the speed will be 50
MHZ. The ring oscillator 430 is useful as a system clock,
with its stages 431 producing phase 0-phase 3 outputs 433
shown in FIG. 19, because its performance tracks the
parameters which similarly affect all other transistors on the
same silicon die. By deriving system timing from the ring
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oscillator 430, CPU 70 will always execute at the maximum
frequency possible, but never too fast. For example, if the
processing of a particular die is not good resulting in slow
transistors, the latches and gates on the microprocessor 50
will operate slower than normal. Since the microprocessor
50 ring oscillator clock 430 is made from the same transis-
tors on the same die as the latches and gates, it too will
operate slower (oscillating at a lower frequency), providing
compensation which allows the rest of the chip’s logic to
operate properly.
ASYNCHRONOUS/SYNCHRONOUS CPU

Most microprocessors derive all system timing from a
single clock. The disadvantage is that different parts of the
system can slow all operations. The microprocessor 50
provides a dual-clock scheme as shown in FIG. 17, with the
CPU 70 operating a synchronously to I/O interface 432
forming part of memory controller 118 (FIG. 2) and the I/O
interface 432 operating synchronously with the external
world of memory and I/O devices. The CPU 70 executes at
the fastest speed possible using the adaptive ring counter
clock 430. Speed may vary by a factor of four depending
upon temperature, voltage, and process. The external world
must be synchronized to the microprocessor 50 for opera-
tions such as video display updating and disc drive reading
and writing. This synchronization is performed by the 1/O
interface 432, speed of which is controlled by a conventional
crystal clock 434. The interface 432 processes requests for
memory accesses from the microprocessor 50 and acknowl-
edges the presence of I/O data. The microprocessor 50
fetches up to four instructions in a single memory cycle and
can perform much useful work before requiring another
memory access. By decoupling the variable speed of the
CPU 70 from the fixed speed of the I/O interface 432,
optimum performance can be achieved by each. Recoupling
between the CPU 70 and the interface 432 is accomplished
with handshake signals on lines 436, with data/addresses
passing on bus 90, 136.
ASYNCHRONOUS/SYNCHRONOUS CPU IMBEDDED
ON A DRAM CHIP

System performance is enhanced even more when the
DRAM 311 and CPU 314 (FIG. 9) are located on the same
die. The proximity of the transistors means that DRAM 311
and CPU 314 parameters will closely follow each other. At
room temperature, not only would the CPU 314 execute at
100 MHZ, but the DRAM 311 would access fast enough to
keep up. The synchronization performed by the I/0 interface
432 would be for DMA and reading and writing I/O ports.
In some systems (such as calculators) no I/O synchroniza-
tion at all would be required, and the I/O clock would be tied
to the ring counter clock.
VARIABLE WIDTH OPERANDS

Many microprocessors provide variable width operands.
The microprocessor 50 handles operands of 8, 16, or 24 bits
using the same op-code. FIG. 20 shows the 32-bit instruction
register 108 and the 2-bit microinstruction register 180
which selects the 8-bit instruction. Two classes of micro-
processor 50 instructions can be greater than 8-bits, JUMP
class and IMMEDIATE. A JUMP or IMMEDIATE op-code
is 8-bits, but the operand can be 8, 16, or 24 bits long. This
magic is possible because operands must be right justified in
the instruction register. This means that the least significant
bit of the operand is always located in the least significant bit
of the instruction register. The microinstruction counter 180
selects which 8-bit instruction to execute. If a JUMP or
IMMEDIATE instruction is decoded, the state of the 2-bit
microinstruction counter selects the required 8, 16, or 24 bit
operand onto the address or data bus. The unselected 8-bit
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bytes are loaded with zeros by operation of decoder 440 and
gates 442. The advantage of this technique is the saving of
a number of op-codes required to specify the different
operand sizes in other microprocessors.

TRIPLE STACK CACHE

Computer performance is directly related to the system
memory bandwidth. The faster the memories, the faster the
computer. Fast memories are expensive, so techniques have
been developed to move a small amount of high-speed
memory around to the memory addresses where it is needed.
Alarge amount of slow memory is constantly updated by the
fast memory, giving the appearance of a large fast memory
array. A common implementation of the technique is known
as a high-speed memory cache. The cache may be thought
of as fast acting shock absorber smoothing out the bumps in
memory access. When more memory is required than the
shock can absorb, it bottoms out and slow speed memory is
accessed. Most memory operations can be handled by the
shock absorber itself.

The microprocessor 50 architecture has the ALU 80 (FIG.
2) directly coupled to the top two stack locations 76 and 78.
The access time of the stack 74 therefore directly affects the
execution speed of the processor. The microprocessor 50
stack architecture is particularly suitable to a triple cache
technique, shown in FIG. 21 which offers the appearance of
a large stack memory operating at the speed of on-chip
latches 450. Latches 450 are the fastest form of memory
device built on the chip, delivering data in as little as 3 nsec.
However latches 450 require large numbers of transistors to
construct. On-chip RAM 452 requires fewer transistors than
latches, but is slower by a factor of five (15 nsec access).
Off-chip RAM 150 is the slowest storage of all. The micro-
processor 50 organizes the stack memory hierarchy as three
interconnected stacks 450, 452 and 454. The latch stack 450
is the fastest and most frequently used. The on-chip RAM
stack 452 is next. The off-chip RAM stack 454 is slowest.
The stack modulation determines the effective access time of
the stack. If a group of stack operations never push or pull
more than four consecutive items on the stack, operations
will be entirely performed in the 3 nsec latch stack. When
the four latches 456 are filled, the data in the bottom of the
latch stack 450 is written to the top of the on-chip RAM
stack 452. When the sixteen locations 458 in the on-chip
RAM stack 452 are filled, the data in the bottom of the
on-chip RAM stack 452 is written to the top of the off-chip
RAM stack 454. When popping data off a full stack 450, four
pops will be performed before stack empty line 460 from the
latch stack pointer 462 transfers data from the on-chip RAM
stack 452. By waiting for the latch stack 450 to empty before
performing the slower on-chip RAM access, the high effec-
tive speed of the latches 456 are made available to the
processor. The same approach is employed with the on-chip
RAM stack 452 and the off-chip RAM stack 454.
POLYNOMIAL GENERATION INSTRUCTION

Polynomials are useful for error correction, encryption,
data compression, and fractal generation. A polynomial is
generated by a sequence of shift and exclusive OR opera-
tions. Special chips are provided for this purpose in the prior
art.

The microprocessor 50 is able to generate polynomials at
high speed without external hardware by slightly modifying
how the ALU 80 works. As shown in FIG. 21, a polynomial
is generated by loading the “order” (also known as the
feedback terms) into C Register 470. The value thirty one
(resulting in 32 iterations) is loaded into DOWN COUNTER
472. A register 474 is loaded with zero. B register 476 is
loaded with the starting polynomial value. When the POLY
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instruction executes, C register 470 is exclusively ORed
with A register 474 if the least significant bit of B register
476 is a one. Otherwise, the contents of the A register 474
passes through the ALU 80 unaltered. The combination of A
and B is then shifted right (divided by 2) with shifters 478
and 480. The operation automatically repeats the specified
number of iterations, and the resulting polynomial is left in
A register 474.
FAST MULTIPLY

Most microprocessors offer a 16x16 or 32x32 bit multiply
instruction. Multiply when performed sequentially takes one
shift/add per bit, or 32 cycles for 32 bit data. The micro-
processor 50 provides a high speed multiply which allows
multiplication by small numbers using only a small number
of cycles. FIG. 23 shows the logic used to implement the
high speed algorithm. To perform a multiply, the size of the
multiplier less one is placed in the DOWN COUNTER 472.
For a four bit multiplier, the number three would be stored
in the DOWN COUNTER 472. Zero is loaded into the A
register 474. The multiplier is written bit reversed into the B
Register 476. For example, a bit reversed five (binary 0101)
would be written into B as 1010. The multiplicand is written
into the C register 470. Executing the FAST MULT instruc-
tion will leave the result in the A Register 474, when the
count has been completed. The fast multiply instruction is
important because many applications scale one number by a
much smaller number. The difference in speed between
multiplying a 32x32 bit and a 32x4 bit is a factor of 8. If the
least significant bit of the multiplier is a “ONE”, the contents
of the A register 474 and the C register 470 are added. If the
least significant bit of the multiplier is a “ZERO”, the
contents of the A register are passed through the ALU 80
unaltered. The output of the ALLU 80 is shifted left by shifter
482 in each iteration. The contents of the B register 476 are
shifted right by the shifter 480 in each iteration.
INSTRUCTION EXECUTION PHILOSOPHY

The microprocessor 50 uses high speed D latches in most
of the speed critical areas. Slower on-chip RAM is used as
secondary storage.

The microprocessor 50 philosophy of instruction execu-
tion is to create a hierarchy of speed as follows:

Logic and D latch transfers 1 cycle 20 nsec
Math 2 cycles 40 nsec
Fetch/store on-chip RAM 2 cycles 40 nsec
Fetch/store in current RAS page 4 cycles 80 nsec
Fetch/store with RAS cycle 11 cycles 220 nsec

With a 50 MHZ clock, many operations can be performed in
20 nsec. and almost everything else in 40 nsec.

To maximize speed, certain techniques in processor
design have been used. They include:

Eliminating arithmetic operations on addresses,

Fetching up to four instructions per memory cycle,

Pipelineless instruction decoding

Generating results before they are needed,

Use of three level stack caching.
PIPELINE PHILOSOPHY

Computer instructions are usually broken down into
sequential pieces, for example: fetch, decode, register read,
execute, and store. Each piece will require a single machine
cycle. In most Reduced Instruction Set Computer (RISC)
chips, instruction require from three to six cycles.

RISC instructions are very parallel. For example, each of
70 different instructions in the SPARC (SUN Computer’s
RISC chip) has five cycles. Using a technique called
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“pipelining”, the different phases of consecutive instructions
can be overlapped.

To understand pipelining, think of building five residen-
tial homes. Each home will require in sequence, a
foundation, framing, plumbing and wiring, roofing, and
interior finish. Assume that each activity takes one week. To
build one house will take five weeks.

But what if you want to build an entire subdivision? You
have only one of each work crew, but when the foundation
men finish on the first house, you immediately start them on
the second one, and so on. At the end of five weeks, the first
home is complete, but you also have five foundations. If you
have kept the framing, plumbing, roofing, and interior guys
all busy, from five weeks on, a new house will be completed
each week.

This is the way a RISC chip like SPARC appears to
execute an instruction in a single machine cycle. In reality,
a RISC chip is executing one fifth of five instructions each
machine cycle. And if five instructions stay in sequence, an
instruction will be completed each machine cycle.

The problems with a pipeline are keeping the pipe full
with instructions. Each time an out of sequence instruction
such as a BRANCH or CALL occurs, the pipe must be
refilled with the next sequence. The resulting dead time to
refill the pipeline can become substantial when many
IF/THEN/ELSE statements or subroutines are encountered.
THE PIPELINE APPROACH

The microprocessor 50 has no pipeline as such. The
approach of this microprocessor to speed is to overlap
instruction fetching with execution of the previously fetched
instruction(s). Beyond that, over half the instructions (the
most common ones) execute entirely in a single machine
cycle of 20 nsec. This is possible because:

1. Instruction decoding resolves in 2.5 nsec.

2. Incremented/decremented and some math values are
calculated before they are needed, requiring only a
latching signal to execute.

3. Slower memory is hidden from high speed operations
by high-speed D latches which access in 4 nsec.

The disadvantage for this microprocessor is a more complex
chip design process. The advantage for the chip user is faster
ultimate throughput since pipeline stalls cannot exist. Pipe-
line synchronization with availability flag bits and other
such pipeline handling is not required by this microproces-
SOr.

For example, in some RISC machines an instruction
which tests a status flag may have to wait for up to four
cycles for the flag set by the previous instruction to be
available to be tested. Hardware and software debugging is
also somewhat easier because the user doesn’t have to
visualize five instructions simultaneously in the pipe.
OVERLAPPING INSTRUCTION FETCH/EXECUTE

The slowest procedure the microprocessor 50 performs is
to access memory. Memory is accessed when data is read or
written. Memory is also read when instructions are fetched.
The microprocessor 50 is able to hide fetch of the next
instruction behind the execution of the previously fetched
instruction(s). The microprocessor 50 fetches instructions in
4-byte instruction groups. An instruction group may contain
from one to four instructions. The amount of time required
to execute the instruction group ranges from 4 cycles for
simple instructions to 64 cycles for a multiply.

When a new instruction group is fetched, the micropro-
cessor instruction decoder looks at the most significant bit of
all four of the bytes. The most significant bit of an instruc-
tion determines if a memory access is required. For example,
CALL, FETCH, and STORE all require a memory access to
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execute. If all four bytes have nonzero most significant bits,
the microprocessor initiates the memory fetch of the next
sequential 4-byte instruction group. When the last instruc-
tion in the group finishes executing, the next 4-byte instruc-
tion group is ready and waiting on the data bus needing only
to be latched into the instruction register. If the 4-byte
instruction group required four or more cycles to execute
and the next sequential access was a column address strobe
(CAS) cycle, the instruction fetch was completely over-
lapped with execution.
INTERNAL ARCHITECTURE

The microprocessor 50 architecture consists of the fol-
lowing:

PARAMETER STACK  <———> Y REGISTER
ALU* RETURN STACK
<———>

<——-32 BITS-——>
16 DEEP
Used for math and logic.

<——-32 BITS--—->
16 DEEP
Used for subroutine
and interrupt return
addresses as well as
local variables.
Push down stack.
Can overflow into
off-chip RAM.
Can also be accessed
relative to top of
stack.
(32-bits, can decrement by 1)
Used by class of test and loop
instructions.
(32-bits, can increment or decrement by
4). Used to point to RAM locations.
(32-bits, increments by 4). Points to
4-byte instruction groups in RAM.
(32-Bits). Holds 4-byte instruction
groups while they are being decoded
and executed.
MODE - A register with mode and status bits.
MODE-BITS:
- Slow down memory accesses by 8 if “1”. Run full
speed if “0”. (Provided for access to slow EPROM.)
- Divide the system clock by 1023 if “1” to reduce
power consumption. Run full speed if “0”. (On-chip
counters slow down if this bit is set.)
- Enable external interrupt 1.
- Enable external interrupt 2.
- Enable external interrupt 3.
- Enable external interrupt 4.
- Enable external interrupt 5.
- Enable external interrupt 6.
- Enable external interrupt 7.
ON-CHIP MEMORY LOCATIONS:

Push down stack.
Can overflow into
off-chip RAM.

LOOP COUNTER

X REGISTER
PROGRAM COUNTER

INSTRUCTION REG

MODE-BITS

DMA-POINTER

DMA-COUNTER

STACK-POINTER - Pointer into Parameter Stack.
STACK-DEPTH - Depth of on-chip Parameter Stack

RSTACK-POINTER
RSTACK-DEPTH

- Pointer into Return Stack
- Depth of on-chip Return Stack

*Math and logic operations use the TOP item and NEXT to top Parameter
Stack items as the operands. The result is pushed onto the Parameter Stack.
*Return addresses from subroutines are placed on the Return Stack. The Y
REGISTER is used as a pointer to RAM locations. Since the Y REGISTER
is the top item of the Return Stack, nesting of indices is straightforward.

ADDRESSING MODE HIGH POINTS

The data bus is 32-bits wide. All memory fetches and
stores are 32-bits. Memory bus addresses are 30 bits. The
least significant 2 bits are used to select one-of-four bytes in
some addressing modes. The Program Counter, X Register,
and Y Register are implemented as D latches with their
outputs going to the memory address bus and the bus
incrementer/decrementer. Incrementing one of these regis-
ters can happen quickly, because the incremented value has
already rippled through the inc/dec logic and need only be
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clocked into the latch. Branches and Calls are made to 32-bit
word boundaries.

INSTRUCTION SET

32-BIT INSTRUCTION FORMAT

The thirty two bit instructions are CALL, BRANCH,
BRANCH-IF-ZERO, and LOOP-IF-NOT-DONE. These
instructions require the calculation of an effective address. In
many computers, the effective address is calculated by
adding or subtracting an operand with the current Program
Counter. This math operation requires from four to seven
machine cycles to perform and can definitely bog down
machine execution. The microprocessor’s strategy is to
perform the required math operation at assembly or linking
time and do a much simpler “Increment to next page” or
“Decrement to previous page” operation at run time. As a
result, the microprocessor branches execute in a single
cycle.
24-BIT OPERAND FORM:

Byte 1 Byte 2 Byte 3 Byte 4
WWWWWW XX - YYYYYYYY - YYYYYYYY-YYYYYYYY

With a 24-bit operand, the current page is considered to be
defined by the most significant 6 bits of the Program
Counter.

16-BIT OPERAND FORM: QQQQQQQQ-WWWWWW

XX-YYYYYYYY-YYYYYYYY With a 16-bit operand,

the current page is considered to be defined by the most

significant 14 bits of the Program Counter.
8-BIT OPERAND FORM: QQQQQQQQ-QQQQQQQQ-

WWWWWW XX-YYYYYYYY With an 8-bit operand,

the current page is considered to be defined by the most

significant 22 bits of the Program Counter.
QQQQQOQNQ—Any 8-bit instruction.
WWWWWW-—Instruction op-code.
XX—Select how the address bits will be used:

00—Make all high-order bits zero. (Page zero addressing)

01—Increment the high-order bits. (Use next page)

10—Decrement the high-order bits. (Use previous page)

11—TLeave the high-order bits unchanged. (Use current

page)

YYYYYYYY—The address operand field. This field is
always shifted left two bits (to generate a word rather than
byte address) and loaded into the Program Counter. The
microprocessor instruction decoder figures out the width of
the operand field by the location of the instruction op-code
in the four bytes.

The compiler or assembler will normally use the shortest
operand required to reach the desired address so that the
leading bytes can be used to hold other instructions. The
effective address is calculated by combining:

The current Program Counter,

The 8, 16, or 24 bit address operand in the instruction,

Using one of the four allowed addressing modes.

EXAMPLES OF EFFECTIVE ADDRESS
CALCULATION

Example 1
Byte 1 Byte 2 Byte 3 Byte 4

QQQQQQQQ QQQQQQAQQ 00000011 10011000

The “QQQQQQQQAQs” in Byte 1 and 2 indicate space in
the 4-byte memory fetch which could be hold two other
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instructions to be executed prior to the CALL instruction.
Byte 3 indicates a CALL instruction (six zeros) in the
current page (indicated by the 11 bits). Byte 4 indicates that
the hexadecimal number 98 will be forced into the Program
Counter bits 2 through 10. (Remember, a CALL or
BRANCH always goes to a word boundary so the two least
significant bits are always set to zero). The effect of this
instruction would be to CALL a subroutine at WORD
location HEX 98 in the current page. The most significant 22
bits of the Program Counter define the current page and will
be unchanged.

Example 2

Byte 1 Byte 2 Byte 3 Byte 4
000001 01 00000001 00000000 00000000

If we assume that the Program Counter was HEX 0000
0156 which is binary:

00000000 00000000 00000001 01010110=0LD PRO-

GRAM COUNTER.
Byte 1 indicates a BRANCH instruction op code (000001)
and “01” indicates select the next page. Byte 2,3, and 4 are
the address operand. These 24-bits will be shifted to the left
two places to define a WORD address. HEX 0156 shifted
left two places is HEX 0558. Since this is a 24-bit operand
instruction, the most significant 6 bits of the Program
Counter define the current page. These six bits will be
incremented to select the next page. Executing this instruc-
tion will cause the Program Counter to be loaded with HEX
0400 0558 which is binary:
00000100 00000000 00000101 01011000=NEW PRO-
GRAM COUNTER.
INSTRUCTIONS
CALL-LONG

0000 00XX-YYYYYYYY-YYYYYYYY-YYYYYYYY

Load the Program Counter with the effective WORD
address specified. Push the current PC contents onto the
RETURN STACK.

OTHER EFFECTS: CARRY or modes, no effect. May
cause Return Stack to force an external memory cycle if
on-chip Return Stack is full.

BRANCH

0000 O1XX-YYYYYYYY-YYYYYYYY-YYYYYYYY

Load the Program Counter with the effective WORD
address specified.

OTHER EFFECTS: NONE
BRANCH-IF-ZERO

0000 10XX-YYYYYYYY-YYYYYYYY-YYYYYYYY

Test the TOP value on the Parameter Stack. If the value is
equal to zero, load the Program Counter with the effective
WORD address specified. If the TOP value is not equal to
zero, increment the Program Counter and fetch and execute
the next instruction.

OTHER EFFECTS: NONE
LOOP-IF-NOT-DONE

0000 11YY-(XXXX XXXX)-(XXXX XXXX)-(XXXX

XXXX)

If the LOOP COUNTER is not zero, load the Program
Counter with the effective WORD address specified. If the
LOOP COUNTER is zero, decrement the LOOP
COUNTER, increment the Program Counter and fetch and
execute the next instruction.

OTHER EFFECTS: NONE
8-BIT INSTRUCTIONS PHILOSOPHY

Most of the work in the microprocessor 50 is done by the
8-bit instructions. Eight bit instructions are possible with the
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microprocessor because of the extensive use of implied

stack addressing. Many 32-bit architectures use 8-bits to

specify the operation to perform but use an additional
24-bits to specify two sources and a destination.

For math and logic operations, the microprocessor 50
exploits the inherent advantage of a stack by designating the
source operand(s) as the top stack item and the next stack
item. The math or logic operation is performed, the operands
are popped from the stack, and the result is pushed back on
the stack. The result is a very efficient utilization of instruc-
tion bits as well as registers. A comparable situation exists
between Hewlett Packard calculators (which use a stack)
and Texas Instrument calculators which don’t. The identical
operation on an HP will require one half to one third the
keystrokes of the TI.

The availability of 8-bit instructions also allows another
architectural innovation, the fetching of four instructions in
a single 32-bit memory cycle. The advantages of fetching
multiple instructions are:

Increased execution speed even with slow memories,

Similar performance to the Harvard (separate data and

instruction busses) without the expense,

Opportunities to optimize groups of instructions,

The capability to perform loops within this mini-cache.
The microloops inside the four instruction group are effec-
tive for searches and block moves.

SKIP INSTRUCTIONS
The microprocessor 50 fetches instructions in 32-bit

chunks called 4-byte instruction groups. These four bytes

may contain four 8-bit instructions or some mix of 8-bit and

16 or 24-bit instructions. SKIP instructions in the micropro-

cessor skip any remaining instructions in a 4-byte instruction

group and cause a memory fetch to get the next 4-byte
instruction group. Conditional SKIPs when combined with
3-byte BRANCHES will create conditional BRANCHES.

SKIPs may also be used in situations when no use can be

made of the remaining bytes in a 4-instruction group. A

SKIP executes in a single cycle, whereas a group of three

NOPs would take three cycles.

SKIP-ALWAYS—Skip any remaining instructions in this
4-byte instruction group. Increment the most significant
30-bits of the Program Counter and proceed to fetch the
next 4-byte instruction group.

SKIP-IF-ZERO—If the TOP item of the Parameter Stack is
zero, skip any remaining instructions in the 4-byte
instruction group. Increment the most significant 30-bits
of the Program Counter and proceed to fetch the next
4-byte instruction group. If the TOP item is not zero,
execute the next sequential instruction.

SKIP-IF-POSITIVE—If the TOP item of the Parameter
Stack has a the most significant bit (the sign bit) equal to
“0”, skip any remaining instructions in the 4-byte instruc-
tion group. Increment the most significant 30-bits of the
Program Counter and proceed to fetch the next 4-byte
instruction group. If the TOP item is not “0”, execute the
next sequential instruction.

SKIP-IF-NO-CARRY—If the CARRY flag from a SHIFT
or arithmetic operation is not equal to “1”, skip any
remaining instructions in the 4-byte instruction group.
Increment the most significant 30-bits of the Program
Counter and proceed to fetch the next 4-byte instruction
group. If the CARRY is equal to “17, execute the next
sequential instruction.

SKIP-NEVER (NOP) execute the next sequential instruc-
tion. (Delay one machine cycle).

SKIP-IF-NOT-ZERO—If the TOP item on the Parameter
Stack is not equal to “0”, skip any remaining instructions
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in the 4-byte instruction group. Increment the most sig-
nificant 30-bits of the Program Counter and proceed to
fetch the next 4-byte instruction group. If the TOP item is
equal “0”, execute the next sequential instruction.
SKIP-IF-NEGATIVE—If the TOP item on the Parameter
Stack has its most significant bit (sign bit) set to “17, skip
any remaining instructions in the 4-byte instruction group.
Increment the most significant 30-bits of the Program
Counter and proceed to fetch the next 4-byte instruction
group. If the TOP item has its most significant bit set to
“0”, execute the next sequential instruction.
SKIP-IF-CARRY—If the CARRY flag is set to “1” as a
result of SHIFT or arithmetic operation, skip any remain-
ing instructions in the 4-byte instruction group. Increment
the most significant 30-bits of the Program Counter and
proceed to fetch the next 4-byte instruction group. If the
CARRY flag is “07, execute the next sequential instruc-
tion.
MICROLOOPS
Microloops are a unique feature of the microprocessor
architecture which allows controlled looping within a 4-byte
instruction group. A microloop instruction tests the LOOP
COUNTER for “0” and may perform an additional test. If
the LOOP COUNTER is not “0” and the test is met,
instruction execution continues with the first instruction in
the 4-byte instruction group, and the LOOP COUNTER is
decremented. A microloop instruction will usually be the last
byte in a 4-byte instruction group, but it can be any byte. If
the LOOP COUNTER is “0” or the test is not met, instruc-
tion execution continues with the next instruction. If the
microloop is the last byte in the 4-byte instruction group, the
most significant 30-bits of the Program Counter are incre-
mented and the next 4-byte instruction group is fetched from
memory. On a termination of the loop on LOOP COUNTER
equal to “07, the LOOP COUNTER will remain at “0”.
Microloops allow short iterative work such as moves and
searches to be performed without slowing down to fetch
instructions from memory.

EXAMPLE
Byte 1 Byte 2
FETCH-VIA-X-AUTO- STORE-VIA-Y-AUTOINCREMENT
INCREMENT
Byte 3 Byte 4
ULOOP-UNTIL-DONE QQQQQQQQ

This example will perform a block move. To initiate the
transfer, X will be loaded with the starting address of the
source. Y will be loaded with the starting address of the
destination. The LOOP COUNTER will be loaded with the
number of 32-bit words to move. The microloop will
FETCH and STORE and count down the LOOP COUNTER
until it reaches zero. QQQQQQQQ indicates any instruction
can follow.

MICROLOOP INSTRUCTIONS
ULOOP-UNTIL-DONE—If the LOOP COUNTER is not

“0”, continue execution with the first instruction in the

4-byte instruction group. Decrement the LOOP

COUNTER. If the LOOP COUNTER is “0”, continue

execution with the next instruction.
ULOOP-IF-ZERO—If the LOOP COUNTER is not “0” and

the TOP item on the Parameter Stack is “0”, continue
execution with the first instruction in the 4-byte instruc-
tion group. Decrement the LOOP COUNTER. If the

LOOP COUNTER is “0” or the TOP item is “1”, continue

execution with the next instruction.
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ULOOP-IF-POSITIVE—If the LOOP COUNTER is not
“0” and the most significant bit (sign bit) is “0”, continue
execution with the first instruction in the 4-byte instruc-
tion group. Decrement the LOOP COUNTER. If the
LOOP COUNTER is “0” or the TOP item is “1”, continue
execution with the next instruction.

ULOOP-IF-NOT-CARRY-CLEAR—If the LOOP
COUNTER is not “0” and the floating point exponents
found in TOP and NEXT are not aligned, continue execu-
tion with the first instruction in the 4-byte instruction
group. Decrement the LOOP COUNTER. If the LOOP
COUNTER is “0” or the exponents are aligned, continue
execution with the next instruction. This instruction is
specifically designed for combination with special SHIFT
instructions to align two floating point numbers.

ULOOP-NEVER—(DECREMENT-LOOP-COUNTER)
Decrement the LOOP COUNTER. Continue execution
with the next instruction.

ULOOP-IF-NOT-ZERO—If the LOOP COUNTER is not
“0” and the TOP item of the Parameter Stack is “07”,
continue execution with the first instruction in the 4-byte
instruction group. Decrement the LOOP COUNTER. If
the LOOP COUNTER is “0” or the TOP item is “17,
continue execution with the next instruction.

ULOOP-IF-NEGATIVE—If the LOOP COUNTER is not
“0” and the most significant bit (sign bit) of the TOP item
of the Parameter Stack is “1”, continue execution with the
first instruction in the 4-byte instruction group. Decre-
ment the LOOP COUNTER. If the LOOP COUNTER is
“0” or the most significant bit of the Parameter Stack is
“0”, continue execution with the next instruction.

ULOOP-IF-CARRY-SET—If the LOOP COUNTER is not
“0” and the exponents of the floating point numbers found
in TOP and NEXT are not aligned, continue execution
with the first instruction in the 4-byte instruction group.
Decrement the LOOP COUNTER. If the LOOP
COUNTER is “0” or the exponents are aligned, continue
execution with the next instruction.

RETURN FROM SUBROUTINE OR INTERRUPT
Subroutine calls and interrupt acknowledgements cause a

redirection of normal program execution. In both cases, the

current Program Counter is pushed onto the Return Stack, so
the microprocessor can return to its place in the program
after executing the subroutine or interrupt service routine.

NOTE: When a CALL to subroutine or interrupt is
acknowledged the Program Counter has already been incre-
mented and is pointing to the 4-byte instruction group
following the 4-byte group currently being executed. The
instruction decoding logic allows the microprocessor to
perform a test and execute a return conditional on the
outcome of the test in a single cycle. A RETURN pops an
address from the Return Stack and stores it to the Program

Counter.

RETURN INSTRUCTIONS

RETURN-ALWAYS—Pop the top item from the Return
Stack and transfer it to the Program Counter.

RETURN-IF-ZERO—If the TOP item on the Parameter
Stack is “0”, pop the top item from the Return Stack and
transfer it to the Program Counter. Otherwise execute the
next instruction.

RETURN-IF-POSITIVE—If the most significant bit (sign
bit) of the TOP item on the Parameter Stack is a “0”, pop
the top item from the Return Stack and transfer it to the
Program Counter. Otherwise execute the next instruction.

RETURN-IF-CARRY-CLEAR—If the exponents of the
floating point numbers found in TOP and NEXT are not
aligned, pop the top item from the Return Stack and
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transfer it to the Program Counter. Otherwise execute the

next instruction.

RETURN-NEVER (NOP)—Execute the next instruction.

RETURN-IF-NOT-ZERO—If the TOP item on the Param-
eter Stack is not “0”, pop the top item from the Return
Stack and transfer it to the Program Counter. Otherwise
execute the next instruction.

RETURN-IF-NEGATTVE—If the most significant bit (sign
bit) of the TOP item on the Parameter Stack is a “1”, pop
the top item from the Return Stack and transfer it to the
Program Counter. Otherwise execute the next instruction.

RETURN-IF-CARRY-SET—If the exponents of the floating
point numbers found in TOP and NEXT are aligned, pop
the top item from the Return Stack and transfer it to the
Program Counter. Otherwise execute the next instruction.

HANDLING MEMORY FROM DYNAMIC RAM
The microprocessor 50, like any RISC type architecture,

is optimized to handle as many operations as possible
on-chip for maximum speed. External memory operations
take from 80 nsec. to 220 nsec. compared with on-chip
memory speeds of from 4 nsec. to 30 nsec. There are times
when external memory must be accessed.

External memory is accessed using three registers:

X-REGISTER—A 30-bit memory pointer which can be
used for memory access and simultaneously incre-
mented or decremented.

Y-REGISTER—A 30-bit memory pointer which can be
used for memory access and simultaneously incre-
mented or decremented.

PROGRAM-COUNTER—A 30-bit memory pointer nor-
mally used to point to 4-byte instruction groups. Exter-
nal memory may be accessed at addresses relative to
the PC. The operands are sometimes called “Immedi-
ate” or “Literal” in other computers. When used as
memory pointer, the PC is also incremented after each
operation.

MEMORY LOAD & STORE INSTRUCTIONS

FETCH-VIA-X—Fetch the 32-bit memory content pointed
to by X and push it onto the Parameter Stack. X is
unchanged.

FETCH-VIA-Y—Fetch the 32-bit memory content pointed
to by X and push it onto the Parameter Stack. Y is
unchanged.

FETCH-VIA-X-AUTOINCREMENT—Fetch the 32-bit
memory content pointed to by X and push it onto the
Parameter Stack. After fetching, increment the most sig-
nificant 30 bits of X to point to the next 32-bit word
address.

FETCH-VIA-Y-AUTOINCREMENT—Fetch the 32-bit
memory content pointed to by Y and push it onto the
Parameter Stack. After fetching, increment the most sig-
nificant 30 bits of Y to point to the next 32-bit word
address.

FETCH-VIA-X-AUTODECREMENT—Fetch the 32-bit
memory content pointed to by X and push it onto the
Parameter Stack. After fetching, decrement the most
significant 30 bits of X to point to the previous 32-bit
word address.

FETCH-VIA-Y-AUTODECREMENT—Fetch the 32-bit
memory content pointed to by Y and push it onto the
Parameter Stack. After fetching, decrement the most
significant 30 bits of Y to point to the previous 32-bit
word address.

STORE-VIA-X—Pop the top item of the Parameter Stack
and store it in the memory location pointed to by X. X is
unchanged.

STORE-VIA-Y—Pop the top item of the Parameter Stack
and store it in the memory location pointed to by Y. Y is
unchanged.
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STORE-VIA-X-AUTOINCREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by X. After storing, increment the most sig-
nificant 30 bits of X to point to the next 32-bit word
address.

STORE-VIA-Y-AUTOINCREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by Y. After storing, increment the most sig-
nificant 30 bits of Y to point to the next 32-bit word
address.

STORE-VIA-X-AUTODECREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by X. After storing, decrement the most sig-
nificant 30 bits of X to point to the previous 32-bit word
address.

STORE-VIA-Y-AUTODECREMENT—Pop the top item of
the Parameter Stack and store it in the memory location
pointed to by Y. After storing, decrement the most sig-
nificant 30 bits of Y to point to the previous 32-bit word
address.

FETCH-VIA-PC—Fetch the 32-bit memory content pointed
to by the Program Counter and push it onto the Parameter
Stack. After fetching, increment the most significant 30
bits of the Program Counter to point to the next 32-bit
word address.

*NOTE When this instruction executes, the PC is pointing
to the memory location following the instruction. The
effect is of loading a 32-bit immediate operand. This is an
8-bit instruction and therefore will be combined with
other 8-bit instructions in a 4-byte instruction fetch. It is
possible to have from one to four FETCH-VIA-PC
instructions in a 4-byte instruction fetch. The PC incre-
ments after each execution of FETCH-VIA-PC, so it is
possible to push four immediate operands on the stack.
The four operands would be the found in the four memory
locations following the instruction.

BYTE-FETCH-VIA-X—Fetch the 32-bit memory content
pointed to by the most significant 30 bits of X. Using the
two least significant bits of X, select one of four bytes
from the 32-bit memory fetch, right justify the byte in a
32-bit field and push the selected byte preceded by
leading zeros onto the Parameter Stack.

BYTE-STORE-VIA-X—Fetch the 32-bit memory content
pointed to by the most significant 30 bits of X. Pop the
TOP item from the Parameter Stack. Using the two least
significant bits of X place the least significant byte into the
32-bit memory data and write the 32-bit entity back to the
location pointed to by the most significant 30 bits of X.

OTHER EFFECTS OF MEMORY ACCESS INSTRUC-

TIONS:

Any FETCH instruction will push a value on the Param-
eter Stack 74. If the on-chip stack is full, the stack will
overflow into off-chip memory stack resulting in an addi-
tional memory cycle. Any STORE instruction will pop a
value from the Parameter Stack 74. If the on-chip stack is
empty, a memory cycle will be generated to fetch a value
from off-chip memory stack.

HANDLING ON-CHIP VARIABLES
High-level languages often allow the creation of LOCAL

VARIABLES. These variables are used by a particular
procedure and discarded. In cases of nested procedures,
layers of these variables must be maintained. On-chip stor-
age is up to five times faster than off-chip RAM, so a means
of keeping local variables on-chip can make operations run
faster. The microprocessor 50 provides the capability for
both on-chip storage of local variables and nesting of
multiple levels of variables through the Return Stack.
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The Return Stack 134 is implemented as 16 on-chip RAM
locations. The most common use for the Return Stack 134 is
storage of return addresses from subroutines and interrupt
calls. The microprocessor allows these 16 locations to also
be used as addressable registers. The 16 locations may be
read and written by two instructions which indicate a Return
Stack relative address from 0-15. When high-level proce-
dures are nested, the current procedure variables push the
previous procedure variables further down the Return Stack
134. Eventually, the Return Stack will automatically over-
flow into off-chip RAM.

ON-CHIP VARIABLE INSTRUCTIONS

READ-LOCAL-VARIABLE XXXX—Read the XXXXth
location relative to the top of the Return Stack. (XXXX is
a binary number from 0000-1111). Push the item read
onto the Parameter Stack.

OTHER EFFECTS: If the Parameter Stack is full, the

push operation will cause a memory cycle to be generated

as one item of the stack is automatically stored to external

RAM. The logic which selects the location performs a

modulo 16 subtraction. If four local variables have been

pushed onto the Return Stack, and an instruction attempts
to READ the fifth item, unknown data will be returned.

WRITE-LOCAL-VARIABLE XXXX—Pop the TOP item
of the Parameter Stack and write it into the XXXXth
location relative to the top of the Return Stack. (XXXX is
a binary number from 0000-1111.)

OTHER EFFECTS: If the Parameter Stack is empty, the

pop operation will cause a memory cycle to be generated

to fetch the Parameter Stack item from external RAM.

The logic which selects the location performs a modulo

16 subtraction. If four local variables have been pushed

onto the Return Stack, and an instruction attempts to

WRITE to the fifth item, it is possible to clobber return

addresses or wreak other havoc.

REGISTER AND FLIP-FLOP TRANSFER AND PUSH

INSTRUCTIONS

DROP—Pop the TOP item from the Parameter Stack and
discard it.

SWAP—Exchange the data in the TOP Parameter Stack
location with the data in the NEXT Parameter Stack
location.

DUP—Duplicate the TOP item on the Parameter Stack and
push it onto the Parameter Stack.

PUSH-LOOP-COUNTER—Push the value in LOOP
COUNTER onto the Parameter Stack.

POP-RSTACK-PUSH-TO-STACK—Pop the top item from
the Return Stack and push it onto the Parameter Stack.

PUSH-X-REG—Push the value in the X Register onto the
Parameter Stack.

PUSH-STACK-POINTER—Push the value of the Param-
eter Stack pointer onto the Parameter Stack.

PUSH-RSTACK-POINTER—Push the value of the Return
Stack pointer onto the Return Stack.

PUSH-MODE-BITS—Push the value of the MODE REG-
ISTER onto the Parameter Stack.

PUSH-INPUT—Read the 10 dedicated input bits and push
the value (right justified and padded with leading zeros)
onto the Parameter Stack.

SET-LOOP-COUNTER—Pop the TOP value from the
Parameter Stack and store it into LOOP COUNTER.

POP-STACK-PUSH-TO-RSTACK—Pop the TOP item
from the Parameter Stack and push it onto the Return
Stack.

SET-X-REG—Pop the TOP item from the Parameter Stack
and store it into the X Register.

SET-STACK-POINTER—Pop the TOP item from the
Parameter Stack and store it into the Stack Pointer.
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SET-RSTACK-POINTER—Pop the TOP item from the
Parameter
Stack and store it into the Return Stack Pointer.
SET-MODE-BITS—Pop the TOP value from the Parameter
Stack and store it into the MODE BITS.
SET-OUTPUT—Pop the TOP item from the Parameter
Stack and output it to the 10 dedicated output bits.
OTHER EFFECTS: Instructions which push or pop the
Parameter Stack or Return Stack may cause a memory
cycle as the stacks overflow back and forth between
on-chip and off-chip memory.
LOADING A SHORT LITERAL
A special case of register transfer instruction is used to
push an 8-bit literal onto the Parameter Stack. This instruc-
tion requires that the 8-bits to be pushed reside in the last
byte of a 4-byte instruction group. The instruction op-code
loading the literal may reside in ANY of the other three bytes
in the instruction group.

EXAMPLE
BYTE 1 BYTE 2 BYTE 3
LOAD-SHORT-LITERAL.  QQQQQQQQ  QQQQQQQQ
BYTE 4
00001111

In this example, QQQQQQQQ indicates any other 8-bit
instruction. When Byte 1 is executed, binary 00001111(HEX
0f) from Byte 4 will be pushed (right justified and padded by
leading zeros) onto the Parameter Stack. Then the instruc-
tions in Byte 2 and Byte 3 will execute. The microprocessor
instruction decoder knows not to execute Byte 4. It is
possible to push three identical 8-bit values as follows:

BYTE 1 BYTE 2
LOAD-SHORT-LITERAL LOAD-SHORT-LITERAL
BYTE 3 BYTE 4
LOAD-SHORT-LITERAL 00001111

SHORT-LITERAL-INSTRUCTION

LOAD-SHORT-LITERAL—Push the 8-bit value found in
Byte 4 of the current 4-byte instruction group onto the
Parameter Stack.

LOGIC INSTRUCTIONS
Logical and math operations used the stack for the source

of one or two operands and as the destination for results. The

stack organization is a particularly convenient arrangement
for evaluating expressions. TOP indicates the top value on
the Parameter Stack 74. NEXT indicates the next to top

value on the Parameter Stack 74.

AND—Pop TOP and NEXT from the Parameter Stack,
perform the logical AND operation on these two
operands, and push the result onto the Parameter Stack.

OR—Pop TOP and NEXT from the Parameter Stack, per-
form the logical OR operation on these two operands, and
push the result onto the Parameter Stack.

XOR—Pop TOP and NEXT from the Parameter Stack,
perform the logical exclusive OR on these two operands,
and push the result onto the Parameter Stack.

BIT-CLEAR—Pop TOP and NEXT from the Parameter
Stack, toggle all bits in NEXT, perform the logical AND
operation on TOP, and push the result onto the Parameter
Stack. (Another way of understanding this instruction is
thinking of it as clearing all bits in TOP that are set in
NEXT.)



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel51 of 168

5,809,336

31

MATH INSTRUCTIONS
Math instruction pop the TOP item and NEXT to top item

of the Parameter Stack 74 to use as the operands. The results

are pushed back on the Parameter Stack. The CARRY flag
is used to latch the “33rd bit” of the ALU result.

ADD—Pop the TOP item and NEXT to top item from the
Parameter Stack, add the values together and push the
result back on the Parameter Stack. The CARRY flag may
be changed.

ADD-WITH-CARRY—Pop the TOP item and the NEXT to
top item from the Parameter Stack, add the values
together. If the CARRY flag is “1” increment the result.
Push the ultimate result back on the Parameter Stack. The
CARRY flag may be changed.

ADD-X—Pop the TOP item from the Parameter Stack and
read the third item from the top of the Parameter Stack.
Add the values together and push the result back on the
Parameter Stack. The CARRY flag may be changed.

SUB—Pop the TOP item and NEXT to top item from the
Parameter Stack, Subtract NEXT from TOP and push the
result back on the Parameter Stack. The CARRY flag may
be changed.

SUB-WITH-CARRY—Pop the TOP item and NEXT to top
item from the Parameter Stack. Subtract NEXT from TOP.
If the CARRY flag is “1” increment the result. Push the
ultimate result back on the Parameter Stack. The CARRY
flag may be changed.

SUB-X—

SIGNED-MULT-STEP—

UNSIGNED-MULT-STEP—

SIGNED-FAST-MULT—

FAST-MULT-STEP—

UNSIGNED-DIV-STEP—

GENERATE-POLYNOMIAL—

ROUND—

COMPARE—Pop the TOP item and NEXT to top item from
the Parameter Stack. Subtract NEXT from TOP. If the
result has the most significant bit equal to “0” (the result
is positive), push the result onto the Parameter Stack. If
the result has the most significant bit equal to “1” (the
result is negative), push the old value of TOP onto the
Parameter Stack. The CARRY flag may be affected.

SHIFT/ROTATE

SHIFT-LEFT—Shift the TOP Parameter Stack item left one
bit. The CARRY flag is shifted into the least significant bit
of TOP.

SHIFT-RIGHT—SHhift the TOP Parameter Stack item right
one bit. The least significant bit of TOP is shifted into the
CARRY flag. Zero is shifted into the most significant bit
of TOP.

DOUBLE-SHIFT-LEFT—Treating the TOP item of the
Parameter Stack as the most significant word of a 64-bit
number and the NEXT stack item as the least significant
word, shift the combined 64-bit entity left one bit. The
CARRY flag is shifted into the least significant bit of
NEXT.

DOUBLE-SHIFT-RIGHT—Treating the TOP item of the
Parameter Stack as the most significant word of a 64-bit
number and the NEXT stack item as the least significant
word, shift the combined 64-bit entity right one bit. The
least significant bit of NEXT is shifted into the CARRY
flag. Zero is shifted into the most significant bit of TOP.

OTHER INSTRUCTIONS

FLUSH-STACK—Empty all on-chip Parameter Stack loca-
tions into off-chip RAM. (This instruction is useful for
multitasking applications). This instruction accesses a
counter which holds the depth of the on-chip stack and
can require from none to 16 external memory cycles.
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FLUSH-RSTACK—Empty all on-chip Return Stack loca-
tions into off-chip RAM. (This instruction is useful for

multitasking applications). This instruction accesses a

counter which holds the depth of the on-chip Return Stack

and can require from none to 16 external memory cycles.
It should further be apparent to those skilled in the art that
various changes in form and details of the invention as
shown and described may be made. It is intended that such
changes be included within the spirit and scope of the claims
appended hereto.
What is claimed is:
1. A microprocessor system, comprising a single inte-
grated circuit including a central processing unit and an
entire ring oscillator variable speed system clock in said
single integrated circuit and connected to said central pro-
cessing unit for clocking said central processing unit, said
central processing unit and said ring oscillator variable
speed system clock each including a plurality of electronic
devices correspondingly constructed of the same process
technology with corresponding manufacturing variations, a
processing frequency capability of said central processing
unit and a speed of said ring oscillator variable speed system
clock varying together due to said manufacturing variations
and due to at least operating voltage and temperature of said
single integrated circuit; an on-chip input/output interface
connected to exchange coupling control signals, addresses
and data with said central processing unit; and a second
clock independent of said ring oscillator variable speed
system clock connected to said input/output interface.
2. The microprocessor system of claim 1 in which said
second clock is a fixed frequency clock.
3. In a microprocessor integrated circuit, a method for
clocking the microprocessor within the integrated circuit,
comprising the steps of:
providing an entire ring oscillator system clock con-
structed of electronic devices within the integrated
circuit, said electronic devices having operating char-
acteristics which will, because said entire ring oscilla-
tor system clock and said microprocessor are located
within the same integrated circuit, vary together with
operating characteristics of electronic devices included
within the microprocessor;
using the ring oscillator system clock for clocking the
microprocessor, said microprocessor operating at a
variable processing frequency dependent upon a vari-
able speed of said ring oscillator system clock;

providing an on chip input/output interface for the micro-
processor integrated circuit; and

clocking the input/output interface with a second clock

independent of the ring oscillator system clock.

4. The method of claim 3 in which the second clock is a
fixed frequency clock.

5. The method of claim 3 further including the step of:

transferring information to and from said microprocessor

in synchrony with said ring oscillator system clock.

6. A microprocessor system comprising:

a central processing unit disposed upon an integrated

circuit substrate, said central processing unit operating
at a processing frequency and being constructed of a
first plurality of electronic devices;

an entire oscillator disposed upon said integrated circuit

substrate and connected to said central processing unit,
said oscillator clocking said central processing unit at a
clock rate and being constructed of a second plurality
of electronic devices, thus varying the processing fre-
quency of said first plurality of electronic devices and
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the clock rate of said second plurality of electronic
devices in the same way as a function of parameter
variation in one or more fabrication or operational
parameters associated with said integrated circuit
substrate, thereby enabling said processing frequency
to track said clock rate in response to said parameter
variation;

an on-chip input/output interface, connected between said

said central processing unit and an external memory
bus, for facilitating exchanging coupling control
signals, addresses and data with said central processing
unit; and

an external clock, independent of said oscillator, con-

nected to said input/output interface wherein said exter-
nal clock is operative at a frequency independent of a
clock frequency of said oscillator.

7. The microprocessor system of claim 6 wherein said one
or more operational parameters include operating tempera-
ture of said substrate or operating voltage of said substrate.

8. The microprocessor system of claim 6 wherein said
external clock comprises a fixed-frequency clock which
operates synchronously relative to said oscillator.

9. The microprocessor system of claim 6 wherein said
oscillator comprises a ring oscillator.

10. In a microprocessor system including a central pro-
cessing unit, a method for clocking said central processing
unit comprising the steps of:

providing said central processing unit upon an integrated
circuit substrate, said central processing unit being
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constructed of a first plurality of transistors and being
operative at a processing frequency;

providing an entire variable speed clock disposed upon

said integrated circuit substrate, said variable speed
clock being constructed of a second plurality of tran-
sistors;

clocking said central processing unit at a clock rate using

said variable speed clock with said central processing
unit being clocked by said variable speed clock at a
variable frequency dependent upon variation in one or
more fabrication or operational parameters associated
with said integrated circuit substrate, said processing
frequency and said clock rate varying in the same way
relative to said variation in said one or more fabrication
or operational parameters associated with said inte-
grated circuit substrate;

connecting an on chip input/output interface between said

central processing unit and an external memory bus,
and exchanging coupling control signals, addresses and
data between said input/output interface and said cen-
tral processing unit; and

clocking said input/output interface using an external

clock wherein said external clock is operative at a
frequency independent of a clock frequency of said
oscillator.
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REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the
patent; matter printed in italics indicates additions made
to the patent.

ONLY THOSE PARAGRAPHS OF THE
SPECIFICATION AFFECTED BY AMENDMENT
ARE PRINTED HEREIN.

Column 17, lines 12-37:

Most microprocessors derive all system timing from a
single clock. The disadvantage is that different parts of the
system can slow all operations. The microprocessor 50 pro-
vides a dual-clock scheme as shown in FIG. 17, with the
CPU 70 operating [a synchronously] asynchronously to 1/O
interface 432 forming part of memory controller 118 (FIG.
2) and the /O interface 432 operating synchronously with
the external world of memory and I/O devices. The CPU 70
executes at the fastest speed possible using the adaptive ring
counter clock 430. Speed may vary by a factor of four
depending upon temperature, voltage, and process. The
external world must be synchronized to the microprocessor
50 for operations such as video display updating and disc
drive reading and writing. This synchronization is performed
by the I/O interface 432, speed of which is controlled by a
conventional crystal clock 434. The interface 432 processes
requests for memory accesses from the microprocessor 50
and acknowledges the presence of I/O data. The micropro-
cessor 50 fetches up to four instructions in a single memory
cycle and can perform much useful work before requiring
another memory access. By decoupling the variable speed of
the CPU 70 from the fixed speed of the /O interface 432,
optimum performance can be achieved by each. Recoupling
between the CPU 70 and the interface 432 is accomplished
with handshake signals on lines 436, with data/addresses
passing on bus 90, 136.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT:

Claims 3-5 and 8 are cancelled.

Claims 1, 6 and 10 are determined to be patentable as
amended.

Claims 2, 7 and 9, dependent on an amended claim, are
determined to be patentable.

New claims 11-16 are added and determined to be patent-
able.

1. A microprocessor system, comprising a single inte-
grated circuit including a central processing unit and an
entire ring oscillator variable speed system clock in said
single integrated circuit and connected to said central pro-
cessing unit for clocking said central processing unit, said
central processing unit and said ring oscillator variable
speed system clock each including a plurality of electronic
devices correspondingly constructed of the same process
technology with corresponding manufacturing variations, a
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2

processing frequency capability of said central processing
unit and a speed of said ring oscillator variable speed system
clock varying together due to said manufacturing variations
and due to at least operating voltage and temperature of said
single integrated circuit; an on-chip input/output interface
connected to exchange coupling control signals, addresses
and data with said central processing unit; and a second
clock independent of said ring oscillator variable speed sys-
tem clock connected to said input/output interface, wherein
a clock signal of said second clock originates from a source
other than said ring oscillator variable speed system clock.

6. A microprocessor system comprising:

a central processing unit disposed upon an integrated cir-
cuit substrate, said central processing unit operating at
a processing frequency and being constructed of a first
plurality of electronic devices;

an entire oscillator disposed upon said integrated circuit

substrate and connected to said central processing unit,
said oscillator clocking said central processing unit at a
clock rate and being constructed of a second plurality
of electronic devices, thus varying the processing fre-
quency of said first plurality of electronic devices and
the clock rate of said second plurality of electronic
devices in the same way as a function of parameter
variation in one or more fabrication or operational
parameters associated with said integrated circuit
substrate, thereby enabling said processing frequency
to track said clock rate in response to said parameter
variation; an on-chip input/output interface, connected
between said central processing unit and an off-chip
external memory bus, for facilitating exchanging cou-
pling control signals, addresses and data with said cen-
tral processing unit; and

an off-chip external clock, independent of said oscillator,

connected to said input/output interface wherein said
off-chip external clock is operative at a frequency inde-
pendent of a clock frequency of said oscillator and
wherein a clock signal from said off-chip external clock
originates from a source other than said oscillator.

10. In a microprocessor system including a central pro-
cessing unit, a method for clocking said central processing
unit comprising the steps of:

providing said central processing unit upon an integrated

circuit substrate, said central processing unit being con-
structed of a first plurality of transistors and being
operative at a processing frequency;

providing an entire variable speed clock disposed upon

said integrated circuit substrate, said variable speed
clock being constructed of a second plurality of transis-
tors;

clocking said central processing unit at a clock rate using

said variable speed clock with said central processing
unit being clocked by said variable speed clock at a
variable frequency dependent upon variation in one or
more fabrication or operational parameters associated
with said integrated circuit substrate, said processing
frequency and said clock rate varying in the same way
relative to said variation in said one or more fabrication
or operational parameters associated with said inte-
grated circuit substrate;

connecting an [on chip] or-chip input/output interface

between said central processing unit and an off-chip
external memory bus, and exchanging coupling control
signals, addresses and data between said input/output
interface and said central processing unit; and



Case4:12-cv-03861-SBA Documentl Filed07/24/12 Pagel66 of 168

US 5,809,336 C1

3

clocking said input/output interface using an off-chip
external clock wherein said off-chip external clock is
operative at a frequency independent of a clock fre-
quency of said variable speed clock arnd wherein a
clock signal from said off-chip external clock originates
from a source other than said variable speed clock.

11. A microprocessor system, comprising a single inte-
grated circuit including a central processing unit and an
entive rving oscillator variable speed system clock in said
single integrated circuit and connected to said central pro-
cessing unit for clocking said central processing unit, said
central processing unit and said ring oscillator variable
speed system clock each including a plurality of electronic
devices correspondingly constructed of the same process
technology with corresponding manufacturing variations, a
processing frequency capability of said central processing
unit and a speed of said ring oscillator variable speed sys-
tem clock varying together due to said manufacturing varia-
tions and due to at least operating voltage and temperature
of said single integrated circuit; an om-chip input/output
interface connected to exchange coupling control signals,
addresses and data with said central processing unit; and a
second clock independent of said ring oscillator variable
speed system clock connected to said input/output interface,
wherein said central processing unit operates asynchro-
nously to said input/output interface.

12. The microprocessor system of claim 11, in which said
second clock is a fixed frequency clock.

13. A microprocessor system comprising: a central pro-
cessing unit disposed upon an integrated circuit substrate,
said central processing unit operating at a processing fre-
quency and being constructed of a first plurality of electronic
devices;

an entire oscillator disposed upon said integrated circuit
substrate and connected to said central processing unit,
said oscillator clocking said central processing unit at
a clock rate and being constructed of a second plurality
of electronic devices, thus varying the processing fre-
quency of said first plurality of electronic devices and
the clock rate of said second plurality of electronic
devices in the same way as a function of parameter
variation in one or morve fabrication or operational
parameters associated with said integrated circuit
substrate, thereby enabling said processing frequency
to track said clock rate in response to said parameter
variation;

an on-chip input/output interface, connected between said
central processing unit and an off-chip external
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memory bus, for facilitating exchanging coupling con-
trol signals, addresses and data with said central pro-
cessing unit; and

an off-chip external clock, independent of said oscillator,

connected to said input/output interface wherein said
off-chip external clock is operative at a frequency inde-
pendent of a clock frequency of said oscillator and fur-
ther wherein said central processing unit operates
asynchronously to said input/output interface.

14. The microprocessor system of claim 13 wherein said
one or more operational parameters include operating tem-
perature of said substrate or operating voltage of said sub-
strate.

15. The microprocessor system of claim 13 wherein said
oscillator comprises a ring oscillator.

16. In a microprocessor system including a central pro-
cessing unit, a method for clocking said central processing
unit comprising the steps of:

providing said central processing unit upon an integrated

circuit substrate, said central processing unit being
constructed of a first plurality of transistors and being
operative at a processing frequency;

providing an entire variable speed clock disposed upon

said integrated circuit substrate, said variable speed
clock being constructed of a second plurality of transis-
tors;

clocking said central processing unit at a clock rate using

said variable speed clock with said central processing
unit being clocked by said variable speed clock at a
variable frequency dependent upon variation in one or
morve fabrication or operational parameters associated
with said integrated circuit substrate, said processing
frequency and said clock rate varying in the same way
relative to said variation in said one or more fabrica-
tion or operational parameters associated with said
integrated circuit substrate;

connecting an on-chip input/output interface between

said central processing unit and an off-chip external
memory bus, and exchanging coupling control signals,
addresses and data between said input/output interface
and said central processing unit; and

clocking said input/output interface using an off-chip

external clock wherein said off-chip external clock is
operative at a frequency independent of a clock fre-
quency of said variable speed clock, wherein said cen-
tral processing unmit operates asychronously to said
input/output interface.
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57 ABSTRACT

A high performance, low cost microprocessor system having
avariable speed system clock is disclosed herein. The micro-
processor system includes an integrated circuit having a cen-
tral processing unit and a ring oscillator variable speed sys-
tem clock for clocking the microprocessor. The central
processing unit and the ring oscillator variable speed system
clock each include a plurality of electronic devices of like
type, which allows the central processing unit to operate at a
variable processing frequency dependent upon a variable
speed of the ring oscillator variable speed system clock. The
microprocessor system may also include an input/output
interface connected to exchange coupling control signals,
address and data with the central processing unit. The input/
output interface is independently clocked by a second clock
connected thereto.
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EX PARTE AS A RESULT OF REEXAMINATION, IT HAS BEEN
REEXAMINATION CERTIFICATE DETERMINED THAT
ISSUED UNDER 35 U.S.C. 307 The patentability of claims 1, 2, 6, 7 and 9-16 is con-
5 firmed.

Claims 3-5 and 8 were previously cancelled.
NO AMENDMENTS HAVE BEEN MADE TO

THE PATENT I T S



