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UNITED STATES DISTRICT COURT
DISTRICT OF MASSACHUSETTS

)
ANALOG DEVICES, INC., )
)
Plaintiff, )}

)] Civil Action No. 00CV1084-EFH
V. )
)

LINEAR TECHNOLOGY CORP., )] JURY TRIAL DEMANDED

)
Defendant. )
)

FIRST AMENDED COMPLAINT

1. This is an action for patent infringement by the plaintiff, Analog Devices,
Inc. (“Analog”), against the defendant, Linear Technology Corporation (“LTC”),
pursuant to Title 35 of the United States Code.

PARTIES

2, Analog is a Delaware corporation with a principal place of business at One
Technology Way, Norwood, Massachusetts 02062-9106. Analog is engaged in the
business of designing, manufacturing and selling integrated circuits.

3. LTC is, upon information and belief, a California corporation with a
principal place of business at 1630 McCarthy Boulevard, Milpitas, California 95035.
Upon information and belief, LTC is engaged in the business of designing,

manufacturing, marketing and selling integrated circuits.
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JURISDICTION AND VENUE

4, This Court has subject matter jurisdiction over this action pursuant to 28
U.S.C. §§ 1331 and 1338(a) as this action arises under the patent laws of the United
States, Title 35 of the United States Code.

5. Venue is proper in this judicial district under 28 U.S.C. § 1400(b) as LTC
has transacted business and committed acts of infringement in this district, and this action
arises from the transaction of that business and that infringement, and as LTC has a
regular and established place of business in this district at 15 Research Place,

Chelmsford, Massachusetts 01863.

ANALOG’S PATENT

6. Analog is the owner by assignment of United States Patent No. RE38,083
(the “RE083 patent”), entitled “Rail-To-Rail DAC Drive Circuit,” which duly and legally
reissued on April 22, 2003 from U.S. Patent No. 5,684,481, which duly and legally issued
on November 4, 1997. A true and correct copy of the RE083 patent is attached hereto as

Exhibit A.

CLAIM FOR PATENT INFRINGEMENT
7. Analog realleges and incorporates by reference paragraph 1 through 6, as
if fully set forth herein.
8. Upon information and belief, LTC is infringing and has infringed and/or
induced infringement of and/or contributed to the infringement of the RE083 patent,

including without limitation by making, using, offering for sale, and selling its LTC
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1448, LTC 1658, LTC 1659, LTC 1654, LTC 1665/LTC 1660, LTC 1661, LTC 1662,
LTC 1663 and LTC 1664 products.

9. Upon information and belief, LTC’s infringement has been and continues
to be willful and deliberate.

10.  Asaresult of LTC’s infringement, Analog has suffered substantial
damages and will suffer severe and irreparable harm, unless the infringement is enjoined

by this Court.

PRAYER FOR RELIEFE

WHEREFORE, Analog respectfully requests that the Court grant the following
relief:

(1)  Adjudge that Analog is the owner of the RE083 patent and all rights of
recovery thereunder, and that the RE083 patent is good and valid in law and enforceable;

(2) Adjudge that LTC has infringed and will continue to infringe the REQ83
patent, and that such infringement has been willful and deliberate;

3) Preliminarily and permanently enjoin LTC, its officers, directors,
employees, attorneys, agents, parent and subsidiary corporations, licensees, successors
and assigns, and all persons in concert with them, from further infringement of the RE083
patent;

(4)  Award Analog compensatory damages caused by LTC'’s infringement,
plus pre—judglﬁent and post-judgment interest accrued on such amounts as provided by
law;

(5)  Treble the damages assessed against LTC pursuant to 35 U.S.C, § 184;
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(6) Award Analog its costs and expenses of this litigation, including
reasonable attorney’s fees and disbursements, pursuant to 35 U.S.C. § 285; and

(7)  Award Analog such further relief as the Court deems just and proper.

THE PLAINTIFF DEMANDS A JURY TRIAL ON ALL ISSUES SO TRIABLE.

ANALOG DEVICES, INC.

By its attorneys,

/s/ Eric D. Levin

Wayne L. Stoner (BBO No. 548015)
Wayne M. Kennard (BBO No. 629052)
Ayla A. Lari (BBO No. 636261)

Eric D. Levin (BBO No. 639717)

Hale and Dorr LLP

60 State Street

Boston, MA 02109

Telephone: (617) 626-6000

Facsimile: (617) 526-5000

Dated: March 16, 2004
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CERTIFICATE OF SERVICE

I hereby certify that a true copy of the above document was served on this 16™ day of
March, 2004 by electronic mail on William G. Meserve, Esq., Ropes & Gray, One
International Place, Boston, MA 02110-2624, and by overnight mail on Kenneth B.
Herman, Esq., Fish & Neave, 1251 Avenue of Americas, New York, NY 10020.

/s/ Eric D. Levin
Eric D. Levin
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Exhibit A
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with Serizl Interface”, Apr. 1994,
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67 ABSTRACT

A voltage mode digilal-{o-analog converter (DAC) wilh an
output bulfer operational amplifier is provided with a rail-
to-rail oulput voltage capability by reducing tke DAC’s
output voltage swing to a range that is within the amplifier’s
peraissible input signal moge, and connecting the emplifier
in a multiplicr configuration to produce a corresponding
multiplication of its input sigaal. The DAC output reduction
is preferably achicved by delivering ao n-bit input digital
sigoal to an n+m bit DAC, and holding the DAC's m most
significant bils OFF, The m most significant bits are dummy
bils that are impedance malched with the DAC, while the
amplifier is an operational amplifier with a feedback circuil
that is also impedance matched (o the DAC.

42 Clals, 2 Drawing Sheets
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1
RAIL-TO-RAIL DAC DRIVE CIRCUIT

Maiter enclosed In heavy brackels [ ] appears in the
original patent but forms no part of this relssue specifi-
catlon; matier printed lu Italics indicates the additfons
made by relssoe.

RELATED APPLICATION

This application is a confinuation-in-part of Ser. No.
08/210,618, filed Mar. 18, 1994 abandoned.

BACKGROUND OF THE INVENTION

1. Ficld of the Invention

This invention relates to digital-to-analog converter
(DAC) drive circuits, and particularly to DAC ¢ircuits that
arc conoected 1o output operational amplifiers haviag 2
pormissible inpul voltage range less than the circuil’s rail-
ta-rail differential.

2. Description of the Related Art

DAGS that arc configured to operate in the voltage mode,
in which an outpul apalog voltage that nds (o an
input digital sigmal is produced, typically have their outpuls
buffercd by an operational drive amplifier. This type of
design i5 used, for example, in the PM-7224 8-bit CMOS
DAC described in the Analop Devices, Tac. Data Converter
Reference Manual, volume 1, 1992, pages 2-267 through
2-278_

The basic circuil is illustrated in FIG. 1. A voltage mode
converter DACT is showa with its output 2 connected 1o the
non-inverijog imput of a bulfer operational amplifier A1. The
oulpul 4 of Al is lied back (o the amplifier’s inverting input,
thus providing a upity gain drive for a load 6.

Atypical circuil used to implement amplificr AT is shown
in FIG. 2. The circuit is supplied by positive and negative
voltage supply lines Vg, and V,,, respectively. The voltage
supply levels are referred to as the circuit “rails”. Witk V.
tied 10 analog ground polcntial, Ibe circuit can be openrted
with a single power supply Vo, typically 12~15 volts. The
circeil could aiternately be operated from dual power
supplics, such as +5 and -5 volts for V,,; and V,,, sespec-
tvely.

The amplifier”s outpul slage is shown as an NPN bipolar
teansistor Q1 thal provides a low-impedance, high-cutput
cwrent capability. The cmitter of Q1 is loaded with a curreat
source I, such as a 400 microamp NMOS current source
referenced to V,,, while ifs collector is connected to V.
Sinking the I1 current into V,, allows the amplifier”s omtput
to go dircctly to ground.,

Ao inpul stage consisting of [act] an NMOS transistor Q2
has its drain connected to V,,, with another crent source
12 sioking current from the source of Q2 to V,; the Q2
source is also connected through a resistor R1 to the base of
QL. Transistor Q2 operales as a source follower, driving the
resistor R1 and outpul transistor Q1.

‘The converter DACE by itsclf is a high impedance devics;
the opcratiopal amplificr Al provides a buffer function (o
drive the Joad. However, proper operation of Al geecrally
requires that its input § from the DAC be 1 valt or more
below the positive voltage supply level V.. This means tha(
the voltage swing at the oulput of the DAC must be limited
lo the permissible input vollage range for the amplifier, and
copsequently also limits the output roge for the overalt
cirquit to & similar level. The circuit is thus Kmited 10 an
output renge loss thar a desired “rail-to-rail” voltage swing.

SUMMARY OF THE INVENTION

The present invention seeks to provide an improved DAC
drive circuit that is capable of operating in a vollage mode
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with a full ril-to-rail oufput range. This goal is accom-
plished by dividing the DAC output by a factor that places
it within the permissible inpul range for the op amp, and
providmg the amplificr’s output stage with a gain that aliows
the overall drive circuit (o produce a rail-to-rail output if
desired

In a preferred embodiment the divider is implemented
wilh an zltenuation network, in the form of m dummy DAC
bits, that is impedance matched to the DAC. The DAC,
which is conrected to receive an a-bit digital signal, thus has
n+m bits. The dummy bits erc connecled as the DAC's m
most significant bits, and are always OFF. This produces a
downscaling of ibe input signal range by a factor %™. The op
2mp is configured to produce a compeosatiag 2™
amplification, and includes a feedback circuit that is also
impedance matched to the DAC. By selting m equal to 1, the
DAC's outpul range is divided by 2, with the op amp
doubling the DAC’s output to restore a rail-to-rail cutput
swing.

These aud other features and advantages of the invention
will be apparen! 1o those skilled in the ant from the following
detailed description, taken together with the accompanying
drawings.

BRIEF DESCRIFTION OF THE DRAWINGS

.FIG. 1 is a block diagram of a kaown voltage mode DAC
drive circuit, described above;

FIG. 2 is a schematic diagram of a known operational
amplifier, described above, used in the circuit of FIG. 1;

FIG. 3 is a block diagram illustrating the basic theory of
the invention;

FIG. 4 is a block diagram showing an implementation of
the invention with an n+m bit DAC that receives an u-bit
digital input, aed bas its m most significant bits beld OFF to
serve a dummy funclion; and

FIG. 5 is a simplified schematic diagram that provides
additional circuit deteils of the FIG. 4 embodiment.

DETAILED DESCRIPTION GF THE
INVENTION

FIG. 3 presents a block diagram illustreting the ioventive
concepl that enables a rail-to-rail output from a voltape
made DAC that drives an output buffer amplifier. The oulput
of the DAC 2 is divided by a factor ID in a divide block 10
before being applied to a buffer op amp A2, which is
connected in a mulliply configuration to amplify its input by
a factor greater than unity. This allows the reference input
for DAC 2 to be rail-10-tail, while the swing of the input 1o
thc op amp A2 is restricted to the rail-to-rail swing divided
by D. With D set al a convenient value such as 2, the input
io the op amp A2 will oaly swing from ore rail balf way to
the other rail. The op amp's input stage can casily handle this
vollage swing; providing it with an amplification facior of D
results in the outpu! from A2 as well as the input 10 DAC 2
being railo-rail. This amplification is achieved in the
copventivpal manner by connecting a feedback resistor RF
between the oulput and inverting input of A2, connccting a
gain sclting resistor R/(D-1) between the A2 inverting
input and ground, and connectiog the non-inverting input of
A2 o the DAC output.

The division function is preferably [implementing] imple-
merted by adding one or more dummy bits to the DAC as
its most significant bits, and holding the dummy bits off
contimuously. While a single extra bit witl divide the DAC’s
output by 2, which will normally be compatible with the op
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amp’s jopul stage, the concept can be generalized as illus-
trated in FIG. 4 by applyiog an o-bit digjtal input 12 to DAC
2, which is implemented as an (p+m)-bit device. The divi-
sian furction 10 is accomplished by holding the m mast
significant bits OFF. This sesults in an fnput to the op amp
A2 that bas a voliage range equal to the rail-to-rail differ-
ential divided by 2™ A ruil-to-rail auipul from AZ is
achicved by setling the amplifier’s gain sciting resistor equal
to RJ/(2™-1).

FIG. 5 is a simplified schematic diagram of a voltage
mode DAC and the op amp A2 connccted topether as
indicated in FIG. 4, with m=1. The illustrated DAC employs
a convenliopal R-2R resistance ladder, but the invention is
also applicable o other DAC vollage mode configurations.

The output from the resistor ladder is taken at node 14,
which also provides the input to the output amplifier A2.
Voltage referonces REF A and REF B are provided for the
DAC at termminals 16 and 18, respectively. REF A is pref-
erably sel equal to the Vp, upper rail value, while REF B
is preferably set equal lo ground or Lo the [ower rail velue if
it is different from gronnd.

The DAC’s three most significant bits (MSBs) are shown
within dashed outlines 20, 22 aod 24, while the least
significant bil (LSB) is enclosed within dashed outline 26.
The MSB 20 is actually an attenuation metwork that is
impedance matched to the DAC and is used to divide the
output from the DAC by two. This is accomplished by using
the same R-2R conflguration for bit 20 as for the other bils,
but holding bit 20 constantly OFF regardless of the DAC’s
dipjtal input signal.

A conventional decader 28 receives the digital input
signal either sedally over a single input line 12 or as a
parallel inpul over a aumber of input lines. The decoder
provides swilch control signals over decoder onlput lines
30, 30, . . . 30, 1o the various Iadder stages except for the
MSB 20. In this bil, the 2R resistor 32, is connccled
permanently to REF B. This holds the MSB in a conlinual
OFF stale to implement the divide-by-twe function dis-
cussed above in connection with FIG. 4. With a permancat
conaection o analog ground, the MSB 20 divides ths DAC
output by 2.

The subscquenl DAC bit slages 22, 24 . . . 26 are each
implemented in 2 conventional manner, wilh R-value resis-
tors 34,, 34, . . . 34, connected in series with the DAC
outpul 14 (34,, actually has o value of 2R to terminate the
ladder), and 2R value resistors 32,, 32, . . . 32, connecled
belween respective pairs of R-value resistors and respective
swilching nctworks. The 2R resistors are connected (o either
REF Aor REF B, depending upon the switch control signals
from the decoder 28.

Referring first to the sccond MSB stage 22, the decoder
oulput op line 30, is transmitted through a pair of serics
conncclcd inverters INV, , and INV, ,. The 2R resistor 32,
for the stage is connccied to REF A through a first switch S,
and to REF B through a s¢cond switch §, ;. Bach switch is
preferably implemented with an NMQS and PMOS transis-
tor pair connected in parallel; the gates of the PMOS
teansistor for S,, and NMOS transistor for 8,5 are con-
pecied lo the output of inverter INV, , while the gates'of the
alher Urepsistors in S, , and S, ; are connected in commeon Lo
the ontput of INV, ,. In this way one of the switches S, , and
8, is open and the other is dosed, depending upon the
signal on decoder cutput line 30,. With switch S,, ON and
3,5 OFF, the 2R resistor 32, is connected to REF A, and the
bit contributes a vollage valuc of RER A/4 w the DAC
output at terminal 14. If, on the other hand, the decoder

10

55

60

4
signal causcs switch §,4 to close and switch S,, 10 open, the
2R resistor 32, is connected 1o REP B. This resulis in a zero
vollage contribution to the DAC oufput when REF B is at
ground, and a negative contribution when REF B has a
negalive value.

The remajning bit stages are implemented in a2 mapner
similec to the sccond MSB stage 22, Stage 24 is shawn with
its decoder control line 30, connected through sedes invert-
ers INV, , and INV., ., with its 2R resistor 32, connecied to
REF A and REF B through switches S,, and S,,, respec-
tively. Similarly, the LSB 26 has series inverters INV, , and
INV, _; connected to the decoder control line 30,,, with its 2R
resistor 32, connectable to REF A and REF B, respectively
through switches S, and §,,5. Bit 24 contributes a voltage
of REFA/8 to the DAC output when switch S,, is ON, whilz
bit 26 contribuies & voltage of REF A2 when switch S,
is ON.

The duromy MSB 20 includes a single swilch §,,, imple-
weoled in the same manner as the other bit swilches,
beiween its 2R resistor [320] 32, and REF B, A pair of scries
conunecled inverters INV,; and INV,, are connected at
their input cod to REF B (as apposed lo the invexter pair for
the other bits, which receive respective inputs from decoder
28), and have heir oulpuis connected to swilch S, 50 as to
hold the switch permanently ON. This conncets the bit’s 2R
resistor 32, to REF B, which is typically prounded, and thus
holds the bit 20 continually OFF. Since only ane of 1he
swilches in the swilch pairs for cach of the other bits will be
on at any piven lime, the dummy bil 20 is impedance
malched in terms of both its R-2R resislors and its switch
resistance to the rest of the DAC.

If the 2R resislor of each bit stage (including the MSB 24)
were connected to REF A, the DAC oulpa! al lerminal 14
would be

MN=-1
REF AR

(the ladder termination resistor reduces the cutput by the
value of the LSB). When any of the branch 2R resistors are
connecied lo ground, the net outpnt voltage is decremented
ig accordance wilk the bit order of the grounded resistors,
For example, conaccting the MSB 2R resistor §320] 32, to
ground reduces the DAC output by %, connecting the pext
MSB 2R resislor 32, o ground reduces the oulput by %, and
50 forth, With the MSB 2R resistor 32, penuapenily con-
nected 1o REF B as shown in FIG. §, the DAC oulput can
never exceed REF A2, This is compatible with the input
voltage restrictions for the op amp A2, which xs descritred
above is connecled in & multiplier configuration to provide
a full output swing capability from REF B up to REF A.
It is desirable that the input jmpedance of the fecdback
network for op amp A2, as seen from the op amp’s inverting
terminal, equal the DAC output impedanee; this will provide
input bias current cancellation for the op 2mp. To achieve
this impedance matching, the op amp®s [eedback and gain
conirol resislors 36 and 38 each have a resistance value R,
equal to the resistance values of the serics resislors in the
DAC, Another resistar 40 wilh a valuc of R/2 is connected
between the op amp’s inverting iuput and the junction of
resistors 36 and 38. The input impedance for this resistor
network is the resistance of resistor 40 in serics with the
parallel combination of resistors 36 and 38, for a net inpmt
impedance of R; this is the sawe as the DAC's R-2R output
impcdance scen from output node 14. To complele the
impcdance matching, a switch 42 is connected fa scries with
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resistor 40, Switch 42 is implemented in the same manner as
each of the DAC switches ard is held always ON in &
manper similar to switch SO in the dummy bit 20, The
resistance of swilch 42 thus malches the ncl swilch resis-
tance timt is included in the DAC's oulput impedance.
Resistor 38 and switch 42 do not alter the op amps gain.

Whilc particular embodiments of the juvention have been
shown and described, numerous vatiations and alternate
cembodiments will occur 1o those skilled in the art.
Accordingly, it is inteaded that the invention be limited only
in terms of the appended claims.

I claim:

. A digital-to-analog cooverter (DAC) drive circuif,
comprising:

a pair of voltage reference rodes for supplying different

reference voliage levels,

a DAC that is connected to receive an input digital signal,
and Lo be supplicd dircctly by both of said voltage
reference nodes at the full reference voltage levels, said
DAC having multiple bit positions and jnchuding m
dummy bits iu the most significant of said bit positions,
said DAC being connecied Io receive an n-bit input
digital signal and, including said dummy bils, having
n+m bits, said dummy bits being continnally held OFE,
and

an amplifier Lhat is connected to reccive an analog input
from said DAC and to provide a drive output, said
amplificr haviog a permissible input signal rapge that is
less than the full range berween said refercnce voltage
levels, said dummy bits reducing the DAC"s analog
output swing (o a range that is withie the amplifier's
permissible input signal range,

said amplificr providing ils output with a greater than
unily amplification.

2. The DAC drive circuit of claim 1, wherein said
amplifier amplifies its inpml so thal its oulput has a range that
extends over subslantially the full renge between said ref-
erence vollage levels,

3. The DAC drive cireuit of claim 2, whercin said
amplifier amplifics its input sigpal by a faclor thal is the
inverse of the DAC output swing reduction provided by said
dummy bits.

4. The DAC drive circuit of claim 1, wherein mw=1.

5. The DAC drive circnit of ctaim 1, said DAC compris-
ing an R-2R ladder and an associated switching petwork for
connccting each of its n least significant bits (LSBs) respec-
tively 10 one or the other of said voltage reference nodes,
szid swilchivg wnctwork including respective pairs of
swilches comnected in circait with an 2R, resistor of cach of
sajd n LSBs, with onc switch of each pair connecting its
respective 2R resistor fo one of said vollage reference nodes
and the other switch of esch pair conpecting ils respective
2R resistor to the other of said veltage reference nodes, and
a control nctwark that Wrms ooc switch of cach pair ON and
the other switch of each pair OFF in accordance with said
input digital signal, said dummy bits cach including a singlc
switch comecting an associated 2R dummy bit resistor to
onc of said voltage refercnce nodes that coresponds to an
OFF bit output, with said single switch held ON for all
digjtal inputs.

6. The DAC drive circuit of claim 5, said amplifier
comprising an operational amplificr having its non-foverting
input connected Lo receive the DAC output and ils inverting
input connecled in a feedback circuit with its output, said
feedback circuit having an joput impedance that matches the
oulput impedance of said DAC.,

7. The DAC drive circuil of claim 6, said op amp feedback
cireuit comprising first and second resistors connccted in
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series between the amplifier output and the voltage reference
Bode thal corresponds to as OFF bil output, and a third
resistor and a switch congected in serics belween (he ampli-
Ber’s inverting input and a junciure of said first and second
tesistors, said first and second resistors each having a
resisfance valuc of R, said thind resistor haviug a resistance
valus of R/2, and said swilch being penanently ON and
poatching the switches in the DAC's switching network.

8. The DAC drive circuit of claim 1, said amplifier
comprising an operational amplifier baving its non-inverting
input connected to receive the DAC output and ils inverting
input connected in a feedback circuit with its ountput, said
feedback circuit baving an input impedance that matehes the
oulpul impedance of said DAC,

9. A digilal-to-analog converter {(DAC) drive eircuit,
comprising:

high and low rcfcrence nodes for supplying high acd low
rcference voltage Jevels,

a DAC that is connected fo reccive an ingut digital signal
and 1o produce a corresponding analog output signal
wilh a voltage swing that is limiled to the voltage range
between said bigh and low reference voltage Ievels,
divided by a factor D, and

am operational amplifier supplied with power from said
high and low voltage reference nodes, said amplifier
having a permissible input signal range that is less than
the difference between safd high and low reference
vollages, said amplificr being connecied to amplify its
inpul by said factor D, and thereby produce an ampli-
ficd outpu( that can swing substantially through the full
range between said high and low reference voltage, said
amplifier having ils non-inverting inpul connecied to
receive lhe DAC output and jis inverting joput con-
necled in a feedback circuil wilh ils output, seid feed-
back circuit having an input impedance that matches
the output impedance of said DAC.

106. The DAC drve circuit of claim 9, said divider
comprising an alenuation network thal is impedance
maiched to the DAC.,

I1. The DAC drive circuit of claim 10, wherein said
atfenuation network is implemented as m dummy bits in the
most significant bit positions of s2id DAC, said DAC being
conaecled o receive an o-bit ioput digilal sipnal and,
inclading said dummy bilts, haviog n+m bits, said dummy
bits being held OFE.

12. A digital-to-analog converter (DAC) drive cireuit,
comprising:

2 DAC thal is conaected (o recsive an input digital signal
and {o produce a corresponding anzlog output signal
with s predetermined swing range,

an operationz] amplifier that is connected to receive an
apaleg input from said DAC and 1o provide 2 drve
output, said smplifier haviog a permissible input signal
range that is less than Lhe DAC’s apalog output signal
swing range, and

a divider that is conaected to reduce the DAC™s analog
oulpul swing to a yange 1hal js within the amplifier’s
pemnissible input signal range,

said amplifier receiving its input from said DAC through
said divider and providing its outpul with a greater than
unity amplification, said amplifier having its non-
inverting input connected to receive the DAC output
and its inverting input connected in a feedback circnit
with its output, said feedback circuit having an input
impedeance thal matches the oulput impedance of said
DAC,
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13. The DAC drive circuit of claim 12, wherein said
amplifier amplifies its inpat so that ils owtput has a range thai
extends over substantially the full swing range of the DAC's
analog oulpul signal,

14. The DAC drive circait of claim 13, wherein said
amplificr amplifies its input signal by 2 Factor that s the
inverse of the DAC outpul swing reduction provided by said
divider.

15, The DAC drive circuil of elaim 12, wherein said
divider reduces the DAC's analog output swing by half, and
said amplifier amplifies its input signal by two,

16. The DAC drve circuit of clsim 15, said divider
comprising an attenuation [circuil] remwork that is imped-
agce malched to the DAC.

17, The DAC drive circuit of claim [15], 16, wherein said
alleouation nclwork is implemented as & dummy bil in the
mos! significant bit position of said DAC, said DAC being
connected 0 ceccive an n-bit input digifal signal apd,
including said bit, having n+l bits, said dummy bit being
held OFF.

18. The DAC [drive] cirewit of chim 12, said divider
comprisiog an atlenuation network Lhat is impedance
metched 10 the DAC.

19. The DAC drive circuit of claim 18, wherein said
attenuation network is implemented as m dummy bits in the
most significant bit positions of said DAC, said DAC being
connecled to receive am n-bit ipput digital signal and,
includiog said dummy bits, having n+m bits, said dummy
bits being held OFF.

20. A digital-to-analog converter (DAC) drive circuit,
comprisiop:

a pair of voltage refercece nodes for supplying different

reference vollage levels,
a DAC that Is conuected to receive an input digital signal,
and (o be supplicd by said voltage reference nodes,

ae amplifier that is connected lo receive an analog input
from said DAC and to provide a drive output, said
amplifier having a permissible input signal range that is
less than the full range between said reference vollage
levels, and

a divider (ha is connec(ed to reduce the DAC’s analog

oulput swing 1o a rapge that is within the amplifier’s
permissible input signal range,

said amplifier receiving its input from said DAC throngh

sajd divider, and providing its outpul with agreater than
unity amplification,

said divider comprising an atfenualion network that is

impedance matched to the DAC, said attenvation net-
work implemented as m dummy bits in the most
significant bit positions of said DAC, said DAC being
connected to receive an o-bil iopul digital signal and,
including s3id dummy bits, haviog n+m bils, said
dummy bils being conlinually held OFF,

said DAC comprising an R-2R ladder and an associated

switching network for connecting each of its n Jeast
siguificant bits (LSBs) respeclively to one or the other
of said voltage reference podes, said switching network
including respeclive paics of switches connecled in
circuil with an 2R residor of each of said n LSBs, with
one swilch of each pair connecting its respective 2R
resistor 10 one of said vollage refersnce nodes and the
other switch of cach pair comectiog its respective 2R
resistor o the other of said voltage reference nodes, and
a coatro] network that turns ane switch of each pair ON
and the other swilch of each pair OFF in accordance
with said inpul digital signal, said dummy bits each
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8
includiog a single switch connecting an associated 2R
dummy bit resistor fo one of said vollage reference
nades that corresponds to an OFF bit output, with said
sipgle switch held ON for all digital inputs,

said amplifier comprising an operational amplifier having
its non-inverting input connect=d Io reccive the DAC
output and its inverting input connecled in a feedback
circuil with its output, said feedback circuil having an
iopu! impedance that matches the outpul impedance of
said DAC.

21. Tbe DAC drive circuit of claim 20, ssid op amp
feedback circuit comprising first and second resistors con-
necled in series belween the amplifier output and the voltage
reference node that conresponds to an OFF bit outpit, and a
third resistor and a switeh connccted in series between the
amplificr’s inverting input and a jancture of said first and
scovud resistors, said fiest and secood resistors cach having
a resistance vahie of R, said third resistor having a resistance
value of R/2, and said switch being permanently ON and
matching the switches in the DAC's switching network.

22. A digital-to-analog convertsr (DAC) diive circuit,
comprising:

a pair of vollage refercnoc nodes for supplying different

reference vollage levels,

a DAC that is connecled to receive an input digital signal,
and to be supplied by said valtage reference podes,

an amplifier that is connected to reccive a analog input
from said DAC and to provide a drive oulpul, said
amplifier having a permissible inpul sipnal range 1hat is
less than the full range between said reference voliage
levels, and

a divider that is connecied to reduce the DAC's analog
output swing 1o & range that is within the amplifier’s
permissible input signal range,

said amplifier receiviog its input from said DAC through
said divider aad providing its output with a greater than
unity amplification, said amplifier comprising an opera-
tional amplifier baving its non-inverting input_ con-
nected to reccive the DAC output and ils inverting
inpwt congected in a feedback circuit witk its output,
said feedback circuil having an inpul impedance that
malches the oulput impedance of said DAC.

23. The DAC drive circuil of claim 22, wherein said
amplifier apaplifies its input 50 that its outpul has a range that
extends over substantislly the full range betwecn said ref-
erence vollage levels.

24. The DAC drive circuit of claim 23, wherein said
amplifier amplifies ils input signal by a factor that is the
inverse of the DAC oulput swing reduction provided by said
divider.

25. The DAC drive circuit of claim 22, wherein said
divider reduces the DAC's analog output swing by half, and
said amaplifier amplifics its input signal by two.

26. The DAC drive circuit of claim 25, said divider
comprising an allcgualion network that is jmpedance
maltched o the DAC.

27. A digital-to-analog converter {DAC) drive circuir,

a pair of voltage reference nodes for supplying different
referenice voltage levels,

a DAC thot includes a conversion section cannected 1o
receive a digital input signal and convert the digital
signal to an analog outpur signal, and ant oftenuation
section, said DAC cornected to be supplied direcily by
both of said voltage reference nodes at the full refer-
ence voltage levels, and
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an amplifier having an input that is connecled (o receive
ihe analog oulput from said DAC and to provide a drive
output, said amplifier having a permissible input signal
range that is less than the full range between said
reference voliage levels, and a greater than unity
amplificatior; .

saild aftennation section connected 1o said DAC conver-
sion section to reduce the DAC’s analog output swing
fo a range that is within the amplifier’s permissible
inpus signal range.

28. The DAC drive circuit of claim 27, wherein said

altenuation section includes an aftenuation network,

29. The DAC drive circuit of claim 27, wherein said DAC
is connected to be supplied directly by both of said voltage
reference nodes at the full reference voltage levels.

30. The DAC drive circuit of claim 27, wherein suid
digital input is connected only to said conversion section.

31. The DAC drive circuit of claim 27, said conversion

section comprising multiple DAC bits and said attenuation
sechion camprising af least one DAC bit, with only the
multiple DAC bits of the conversion section having associ-
aled therewith switches cortrolled by said input digiral
signal.
32. The DAC drive circuit of claim 27, wherein said
amplifier amplifies its input so thar its oupus has a range
that extentds over substantially the full range between said
reference voltage levels.

33. The DAC drive circuit of claim 32, wherein said
amplifier amplifies its input signol by a factor that is the
inverse of a DAC oulput swing reduction factor

34 A digitalto-analog converter (DAC) drive circuit,
comprising:

a pair of voliage reference nodes for supplying different

reference voltage levels,

a DAC that is coninected to receive an input digital signal,
ard to be supplied directly by both of said voltage
reference nodes at the full reference voltage levels, and

an amplifier rhat is connected o receive an analog input
from said DAC and fo provide a drive output, said
amplifier having a permissible input signal range that
Is less than the full renge between soid reference
voltage levels,

said DAC including an attenuation portion that reduces
the DAC's analog output swing to a range that is within
the amplifier’s permissible input signal range, said
amplifier providing its output with a greater than unity
amplification.
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35. The DAC drive circuit of claim 34, wherein said
attepuation portion includes an attenuation network.

36. The DAC drive cireuit of claim 34, wherein said
attenuation portion is not commected to receive said input
digital signal.

37. The DAC drive clreult of claim 34, wherein said
amplifier amplifies its input so that its ouiput has a range
that extends aver substantially the full range between said
reference voltage levels.

38. A digital-to-analog converter (DAC) drive circuil,
comprising:

high and low reference nodes for supplying high and low

reference voltage levels,

a DAC that &s connected fo receive the full voltage
differeniial between said reference nodes and an ingut
digital signal, and to produce a corresponding analog
‘sutput signel with a vollage swing that is limited to the
waliage range between said high and low reference
voltage levels divided by a factor D, and

an operational amplifier supplied with power from said
high and low voltage reference nodes, said amplifier
having a permissible input signel range that is less than
the difference between said high and low reference
woltages, said amplifier connected to amplify its input
by said factor D, and thereby produce an amplified
oulput that can swing substantially through th e full
range between said high and low reference voltage
levels.

39. The DAC drive circuit of claim 38, said DAC com-

prising a conversion section connected to receive said input
digital signal and convert it 1o said analeg output signal,
and an atienuation section that is connected to said DAC
conversion section fo reduce the DAC's analog output swing
by said factor D.

40. The DAC drive circuit of claim 39, wherein sald

aftenuation section includes an aftenuation network.

41, The DAC drive circuit of claim 39, wherein said

digital input is connected only to said conversion section.

42. The DAC drive circuit of claim 39, said conversion

section comprising multiple DAC bits and said attenuation
section comprising af least onz DAC bit with only the
multiple DAC bits of the conversion section kaving associ-
ated therewith switches controlled by said input digitat
signal



