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UNITED STATES DISTRICT COURT Bom
DISTRICT OF MASSACHUSETTS
.
) 1
ANALOG DEVICES, INC., )
» 00v109
Plaintiff, ) CV ﬂ &
) Civil Action No.™
V. )
)
SILICON LABORATORIES INC., )
)
Defendant. )
) -
B Y CLE
COMPLAINT AND JURY DEMAND e T -
L. Plaintiff Analog Devices, Inc. (“Analog”) is a Delaware corporation with a "

principal place of business at Three Technology Way, Norwood, Massachusetts 02062,

2. Defendant Silicon Laboratories Inc. (“SiLabs”) is a Delaware corporation with a

principal place of business at 4635 Boston Lane, Austin, Texas 78735.

3, This action arises under the patent laws of the United States, Title 35 of the

United States Code. This Court has subject matter jurisdiction pursuant to 28 U.S.C. § 1338(a).

4. Venue is proper in this district under 28 U.S.C. § 1400(b). SiLabs has transacted
business and committed acts of infringement in this district, and this action arises from the

transaction of that business and that infringement.

5. Analog is owner of U.S. Patent No. 4,983,929 (“the ‘929 patent”), entitled
Cascode Current Mirror, a true copy of which is attached hereto as Exhibit A, which duly issued

on January 8, 1991.
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6. SiLabs is infringing and has infringed and contributed to and induced
infringement of the ‘929 patent, including without limitation by making, selling, and using its

product known as “S13012.”
7. SiLabs’ infringement has been and continues to be willful and deliberate.

8. As a result of Silabs’ infringement, Analog will suffer severe and irreparable

harm, unless that infringement is enjoined by this Court, and has suffered substantial damages.
WHEREFORE, Analog requests that the Court:

1. Adjudge that Analog is the owner of the ‘929 patent and all rights of recovery

under it, and that the ‘929 patent is good and valid in law and enforceable;

2. Adjudge that Silabs has infringed and will infringe the ‘929 patent, and that such

infringement has been willful and deliberate;

3. Preliminarily and permanently enjoin SiLabs, its officers, directors, employees,
agents, licensees, successors, and assigns, and all persons in concert with them, from further

infringement of the ‘929 patent;
4, Award Analog compensatory damages;

5. Treble the damages assessed,;

6. Award Analog its costs and reasonable attorneys’ fees; and




Case 1:00-cv‘989-DPW Document 1 Filed OW/OO Page 3 of 16

7. Award Analog such other relief as the Court deems just and proper.
PLAINTIFF CLAIMS A TRIAL BY JURY ON ALL ISSUES SO TRIABLE.

ANALOG DEVICES, INC.,

By its attorneys,

%MMM&MM.

William F. Lee (BBO#291960)
Wayne L. Stoner (BBO#548015)
Donald R. Steinberg (BBO#553699)
Sara Jane Shanahan (BBO#567837)
Hale and Dorr LLP

60 State Street

Boston, Massachusetts 02109

(617) 526-6000

Dated: May 22, 2000
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[57) ABSTRACT
Acasoodedcumntmiﬂordeviceisdisclowd that is
capable of producing an output current that is a direct
function of an input current received by that device.
Theensoodedcmentminorincludesatleasttwo por-
tions connected together in a cascode manncr. Provi-
sion is also made for feedback connection between
those portions. This feedback connection can, for exam-
ple, be a buffering connection. Voltage signals are gen-
emtadbythisdcvicethatcanbeusedtodriveand
control additional output stages. Each such additional
output stage is capable of producing an additional out-
put current.

28 Clainas, 3 Drawing Sheets
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1
CASCODE CURRENT MIRROR

FIELD OF THE INVENTION

The present invention relates to devices for praduc-
ing or processing currents, and more particularly to the
variety of such devices commonly referred to as current
mirrors.

BACKGROUND OF THE INVENTION

In the field of transistorized current sources, it has
been a general practice to employ current mirrors as
current sources. Current mitrors have also been used to
mirror a varying input signal current. Although such
devices have served the purpose, they have not proven
entirely satisfactory under all conditions of service be-
cause each type of current mirror has a limited operat-
ing range for permissible input currents, unless differ-
ently sized devices are used for cach different applica-
tion. This problem is overcome by the present inven-

tion.

A current mirror receives an input current into one
node, typically into a low impedance, and produces an
output current at another node. That output currentisa
direct function (such a3 a reproduction or linear scaling)
of the input current. In some cases, multiple (equal or
unequal) currents may be produced for distribution to
different output nodes. Increased output resistance and
increased effective open circuit voltage can be obtained
by a cascode multiple current mirror configuration. An
alternative configuration is the Wilson current source,
which utilizes negative feedback in licu of a cascode
configuration. Such a configuration has been found to
bave improved output compliance, which is the voltage
range at the output node over which the current source
continues to function as a proper current source. How-
ever, with the Wilson current mirror, the accuracy with
which the output current mirrors the input current is
reduced. The cascoded current mirror has better such
accuracy, but reduced compliance. Such devices are
described in Gray, P. R. and Meyer, R. G. Analysis and
Design of Analog Integrated Circuits, Second Edition

(John Wiley & Sons, New York 1984) pp. 233-246,

518-519 and 709-718, which is hereby incorporated by
freference. Also see Allen, P. E. and Holberg, D. R.
CMOS Analog Circuit Design, (Holt, Rinehart and Win-
ston, Inc., New York, 1987) pp. 219-321 (especially pp.
219-239), which is also hereby incorporated by refer-
ence.

SUMMARY OF THE INVENTION

Accordingly, it is the general purpose of the present
inveation to provide apparatus capable of producing an
output current that is a dircct function of an input cur-
rent received by that apparatus.

Other objects of the present invention are to provide
apparatus for producing an output current that is a
direction function of a received input current and which
can do so over a wide range of input currents.

Briefly, these and other objects of the present inven-
tion are accomplished by a cascoded current mirror
wherein provision is made for connection, such as a
buffering connection, between the cascoded portions to
provide feedback between such portions of the appara-
tus.
The term “terminal” as used herein is generically, is
not limited to a lug or screw, and for example includes
but is used not limited to an electrode such as defined in
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McGraw-Hill Dictionary, intra. For example, but with-
out limitation, Parker, S. P., ed. McGraw-Hill Dictionary
of Scientific and Technical Terms 3rd ed. (McGraw-Hill,
New York, 1984) at page 1623 has a definition of “termi-
nal* as “One of the electric input or output points of a
circuit or component.” When referring to a transistor,
such a terminai can for example (but without limitation)
be an emitter region.

One such device comprises apparatus for producing
an output current that is a direct function of an input
current received by that apparatus, the apparatus com-
prising a first active semiconductor device including at
least first, second and third terminals; a second active
semiconductor device including at least first, second
and third terminals wherein the first terminal of the first
device is operably connected to the first terminal of the
second device and wherein the third terminal of the first
device is operably connected to the third terminal of the
second device; a third active semiconductor device
including at least first, second and third terminals
wherein the first terminal of the third device is operably
connected to the second terminal of the first device; a
fourth active semiconductor device including at least
first, second and third terminals wherein the first termi-
pal of the fourth device is operably connected to the
second terminal of the second device, wherein the third
terminal of the fourth device is operably connected to
the third terminal of the third device; a fifth active
semiconductor device including at least first, second
and third terminals wherein the first terminal of the fifth
device is operably connected to the third terminal of
each of the first and second devices and wherein the
third terminal of the fifth device is operably connected
to the second terminal of the third device; a sixth active
semiconductor device including at Jeast first, second
and third terminals wherein the first terminal of the
sixth device is operably connected to the first terminal
ofthcﬁntdcviceandtheﬁmtterminaloftheu:eond
device, and wherein the second and third terminals of
the sixth device are operably connccted to the third
terminal of the first device, to the third terminat of the
second device and to the first terminal of the fifth de-
vice; and a seventh active semiconductor device includ-
ing at least first, second and third terminals wherein the
first terminal of the seventh device is operably con-
nected to the first terminal of each of the first, second
and sixth devices, and wherein the second and third
terminals of the seventh device are operably connected
to the third terminal of each of the third and fourth
devices; whereby an input current applicd to the second
terminal of the third device into the third terminal of the -
fifth device will result in production at the second ter-
minal of the fourth device of an output current that is a
direct function of that input current. Each of the first,
second, third, fourth, fifth, sixth and seventh active
semiconductor devices can for example each comprise a
transistor. Each of the first, second, third, fourth, fifth,
sixth and seventh active semiconductor devices can for
example cach comprise a field effect transistor wherein
the first terminal of each of the active semiconductor
devices corprises a source terminal of that device, the
second terminal of each of the active semiconductor
devices comprises a drain terminal of that device, and
the third terminal of each of the active semiconductor
devices comprises a gate terminal of that device. Each
of the active semi-conductor devices can for example
comprise a bipolar transistor wherein the first terminal
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of each of the active semiconductor devices comprises
an emitter terminal of that device, the second terminal
of each of the active semiconductor devices comprises 8
oollectorterminalofthatdevicc,andthethirdterminal
of each of the active semiconductor devices comprises a
base terminal of that device.

As another example, apparatus is provided for pro-
ducing an output current that is a direct function of an
input current received by that apparatus, the apparatus
comprising a first active semiconductor device includ-
ing at least first, second and third terminals; a second
active semiconductor device including at least first,
second and third terminals whetein the first terminal of
theﬁrstdeviceisoperablyconnectedtothcﬁrsttemﬁ-
nal of the second device and wherein the third terminal
of the first device is operably connected to the third
terminal of the second device; 2 third active semicon-
ductor device including at least first, second and third
terminalswhereintheﬁrstterminalofthcthirddevioeis
opemblyconnoctedtothesecondterminaloftheﬁmt
device; a fourth active semiconductor device including
at least first, second and third terminals wherein the first
terminal of the fourth device is operably connected to
the second terminal of the second device, and wherein
the third terminal of the fourth device is operably con-
nected to the third terminal of the third device; a fifth
active semiconductor device including at least at least
first, second and third terminals wherein the first termi-
naloftheﬁfthdeviceisopemblyconnectedtothethird
terminalofcachoftheﬁ:standswonddcvicnand
wherdnthethirdtuminaloftheﬁﬁhdeviueisopeubly
conmected to the second terminal of the third device; a
first impedance device including at least first and sec-
ond terminals wherein the first terminal of the first
im device is operably connected to the first
terminal of the first active semiconductor device and to
the first terminal of the second active semiconductor
device, and wherein the second terminal of the first
impedance device is operably connected to the third
terminal of the first active semiconductor device, to the
third terminal of the second active semiconductor de-
vice and to the first terminal of the fifth active semicon-
ductor device; and a second impedance device includ-
ingatleastﬁmandsecondteminnlswhcreinﬂwﬁ:st
terminal of the second impedance device is operably
connected to the first terminal of each of the first and
second active semiconductor devices and the first impe-
dancedevice,andwhereinthesecondtcrminalofthc
second impedance device is operably connected to the
third terminal of each of the third and fourth active
semiconductor devices; whereby an input current ap-
pliedtothcsecondtermindofthethirddeviceandto
the third teyminal of the fifth device results in produc-
tion at the second terminal of the fourth device of an
output current that is a direct function of that input
current. The first, second, third, fourth and fifth active
semiconductor devices can for example each comprise 2
transistor. Each of the first, second, third, fourth and
fifth active semiconductor devices can for example each
comprise a field effect transistor, wherein the first ter-
minal of each such field effect transistor comprises a
source terminal of that FET, the second terminal of
each such FET comprises a drain terminal of that FET
and the third terminal of each such FET comprises a
gate terminal of that FET. Each of the active semicon-
ductor devices can for example comprise a bipolar tran-
sistor, wherein the first terminal of each such bipolar
transistor comprises an emitter terminal of that bipolar
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secoud terminal of each such bipolar
transistor comprises a collector terminal that bipolar
transistor, and the third terminal of each such bipolar
transistor comprises a base terminal of that bipolar tran-
sistor.

As another example, apparatus is provided for pro-
ducing an output current that is a direct function of an
input current received by that apparatus, the apparatus
comprising a first active semiconductor device includ-
ing at least first, second and third terminals; a second
active semiconductor device including at least first,
second and third terminals wherein the first terminal of
the first device is operably connected to the first termi-
nal of the second device and wherein the third terminal
of the first device is operably connected to the third
terminal of the second device; a third active semicon-
ductor device including at least first, second and third
terminals wherein the first terminal of the third device is
operablyconnectedtothesecondterminaloftheﬁrst
device,

transistor, the

and wherein the second terminal of the third
device is operably connected to the third terminal of the
ﬂrstdcviceandtothethirdu-rminalofﬁlesecond de-
vice; a fourth active semiconductor device including at
least first, second and third terminals wherein the first
terminal of the fourth device is operably comnected to
the second terminal of the second device, wherein the
third terminal of the fourth device is operably con-
nected to the third terminal of the third device; 2 fifth
active semiconductor device including at least first,
seoondandthirdtermimlswhereintheﬁntterminalof
theﬁfthdeviceisopemblyconnecwdtotheﬁrsttermi-
nal of each of the first and second devices, and wherein
the second and third terminals of the fifth device are

yconnectedtothethitdterminalofeachofthe
third and fourth devices; whereby an input current
applied to the second terminal of the third device will
result in production at the second terminal of the fourth
device of an output current that is a direct function of
that input current.

As another example, apparatus is provided for pro-
ducing an output current that is a direct function of an
input current received by that apparatus, the apparatus
comprising a first active semiconductor device includ-
ingatleastﬁrst,wcondandthirdoermimls;asecond
active semiconductor device including at least first,
second and third terminals wherein the first terminal of
the first device is operably connected to the first termi-
nal of the second device and wherein the third terminal
of the first device is operably connected to the third
terminal of the second device; a third active semicon-
ductor device including at least first, second and third
terminals wherein the first terminal of the third device i
operably connected to the second terminal of the first
devices and wherein the second terminal of the third
device is operably connected to the third terminal of the
first device and to the third terminal of the second de-
vice; a fourth active semiconductor device including at
least first, second and third terminals whercin the first

* terminal of the fourth device is operably connected to

the second terminal of the second device, wherein the
third terminal of the fourth device is operably con-
nected to the third terminal of the third device; a first
impedance device including at least first and second
terminals wherein the first terminal of the first impe-
dance device is operably connected to the first terminal
of each of the first and second active semiconductor
devices, and wherein the second and third terminals of
theﬁrstimpedancedevicemopemblyconnectedto
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thethirdterminﬂofmchoftbethirdmdfourthwﬁve
semiconductor devices; whereby an input current ap-
plied to the second terminal of the third active semicon-
ductor device will result in production at the second
terminal of the fourth active semiconductor device of
an output current that is a direct function of that input
current.

Other objects, advantages and novel features of the
invention will become apparent from the following
detailed description of the invention when considered in
conjunction with the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING

In the drawing,

FIG. 1 is a schematic diagram of one embodiment of
a current mirror according to the present invention;

FIG. 2 is a schematic diagram of another embodiment
of another current mirror according to the present in-
vention;

FIG. 3 is a schematic diagram of still another embodi-
ment of still another current mirror according to the
present invention; .

FIG. 4 is a schematic diagram of yet another embodi-
ment of yet another current mirror according to the
present invention; :

FIG. 5 is a schematic diagram of a further embodi-
ment of a further current mirror aceording to the pres-
ent invention; and

FIG.Gisaschemadcdiagramufasﬁllfuﬂhetcm—
bodiment of a still further current mirror according to
the present invention.

DETAILED DESCRIPTION

Referring now to the drawing, wherein like reference
characters designate like or corresponding parts
throughout the several views, there is shown in FIG. 1
a current mirror 11 including P-channel metal oxide-
semiconductor (MOS) field effect trangistors (FETS) 13,
15, 17, 19, 21, 23 and 27. For FETs 19 and 21, the re-
spectivegateanddninareconnectedtomhother.to
help ensure that these transistors remain in saturation.
The input current Irv controls through FET 17 the
nodeﬂﬁomwhichthcva,,.Asignalisproduced.
FETﬂishcreoonnecwdtoactasasourcefollowm
As shown in FIGS. 5 and 6, the V Gate 4 Signal and the
V Gate B Signal are generated
drive and control additional output stages. FET 19 is
used to bias source follower FET 17. As 2 resuit, FET
73 is held in the saturated region of operation, which is
desirable for proper performance, and the impedance at
the node 27V Gm,qoutputissetbythetrmsconduct-
ance of FETs 17 and 19, However, inclusion of FET 17
necessitates additional current to bias FET 17. In this
case, AC capacitive compensation may be added to the
node to which the input current I;vis applied to ensure
stable operation.

In the embodiment of FIG. 1, input current Iy con-
trols output current I our. The gate-to-source voltage
V s 15 applied to FET 15 controls the output current
produced by FET 15 and also determines the output
current produced by FET 13. The current produced by
FET 13 in turm controls FET 23 at the node to which
input current Iz is applied. Source follower FET 17
acts as a voitage buffer, and is connected via a fesdback
loop to FET 19. Taken together, FET 17 and FET 19,
connected in the manner shown in FIG. 1, provide
what may be considered to be an ideal voltage source
producing a constant voltage of about 0.7 volts. This
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. ate over a wider range of

buffer voltage is applied to node 27 (from which control
voltage V Gaw 4 i8 produced), via a negative feedback
loop. This loop tends to make the drain current Ip 13
produced by FET 13 to be substantially equal to the
input current In. However, these two currents are
often not equal, due in part to any parasitic capacitance
at the node 27 at which FET 13 and 19 are connected.
In the event of such a mismatch, net curtent necessarily
would be flowing out of the parasitic capacitance at that
node, and to ground. The voltage applied to FET 13
would continue to change uatil currents Ijvand Ip are

equal. -

In FIG. 1, FETs 17 and 19 together may be consid-
ered to operate like an amplifier having an infinite input
im , that controls the node 27 and control volt-
agevm,,,qproduccdthemt. FETs 23 and 25 are
connected in a cascode configuration with FETs 13 and
15. FET 21 in effect acts as a resistor having supply
providing to FETs 23

device of FIG. 1 to operate properly,
through 25 must operate in the saturation region, neces-
sitating sufficient drain to-source voltage Vps across
each such transistor to saturate it. The buffer provided
by FETs 17 and 19 gives morc leeway for drain-to-
source voltage Vps 23 of FET 23 within which that
transistor would remain saturated. Accordingly, the
device of FIG. 1 remains properly functional over a
wide variety of input current Izy values,

Second input current Izv4 s applied to scaled FET 21
to generate cascode control voltage Viare 8- 11N4 should
be nominally the same as Iy, but need not match pre-
cisely. Although precision of input current Izvis needed
for precision of output curreat IouT, such precision is
not critical for input current I7v4. Input current In4 is
used to set up a bias condition, s0 it would suffice if
Izn4 is roughly similar to input current Izy. :

V- can be a negative bias voltage, a negative supply
voltage, or a ground, V-~ canbea negative bias voltage,
a negative supply voltage, or a ground. V- is utilized to
dispose of cutrent from FET 17.

For propet operation of current source 11, all transis-
tors 13 through 25 must be saturated. Also, for proper
operation of the device of FIG. 2, and for proper opera-
tion of the device of FIG. 3, all of the transistors shown
therein must be saturated. For a transistor to be satu-
rated, its drain-to-source voltage V psmust be sufficient,
For the device to be on, its gate to source voltage Vis
must be greater than the threshold voltage V7 In addi-
tion, for saturation the drain to source voltage V psmust
be greater than Vgs— V', for the device to have suffi-
cient drain-to-source voltage to be saturated. Accord-
ingly, with an increased gate-to-source voltage Vs, the
i required for saturation is
FET 23 is buffered, the drain-to-
source voltage applicd thereto is limited. As a result,
current source 11 without such buffering would have a
more limited range of input current Iy values over
which FET 23 would be saturated, resulting in a limited
input current range of operation for current source 1
In other words, without buffering, FET 23 would have
limited V ps headroom. The buffer provided by FET 17
with FET 19 provides FET 23 with more headroom by
increasing the drain-to-source voltage applied to FET
23. This improved headroom permits cucrent source 11
10 drive a load over a wider voltage swing, and to oper-
input current 1;vvalues. The

increased. Unless

voltage amplitude at the gate of FET 23 and to the gate '
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of FET 17 can thereby be reduced. Increasing such
headroom also reduces headroom used up by current
mirror 11.

As discussed above, FET 21 can be replaced with a
resistor. Also, in the buffer utilized in the present inven-
tion, FET 19 can be replaced with a resistor. Such a
current source 29 is illustrated in FIG. 2. Therein, FET
19 of FIG. 1 has been replaced with a resistor 19 con-
nected between positive supply voltage V+ and node 27
to which the V' Gae 4 input is supplied. Also, FET 21 of
FIG. 1 is replaced in FIG. 2 with a resistor also con-
nected between supply voltage V+ and node 35, at
which voltage V Gare 5 appears. FET 17 and resistor ) |
together provide buffering to FET 23. Because of such
buffering, the saturation region headroom for FET 23 is
increased, permitting proper operation of current
source 29 over a wider range than would have been
possible without the buffering provided by FET 17 and
resistor 31.

Although buffering of FET 23 is preferred, it is not
necessary to proper operation of the imvention. An
operable current sourcc 37 without such buffering is
illustrated by the diagrammatic representation of FIG.
3. In FIG. 3, the buffer of FET 17 with FET 19 or
resistor 31 has been replaced with conductor 39 con-
necting nodes 27 and 35. The elimination of FET 17 also
results in elimination of supply voltage V—. Again,
because of the scaling of FET 21, cascode voltage
V Gare pwill be at an appropriate voltage to keep FET 13
and FET 15 just in the saturated region, provided FET
23 and FET 25 are sized the same as FET 13 and FET
15 respectively. This configuration satisfies the criterion
that FET 13 and FET 1S sec the same drain voltage,
and that the compliance in output current Ipyrbe at the
desirable level of twice the difference between Vgsand
Vr. However, in FIG. 3, the drain to source voltage of
Vps of FET 23 is the threshold voltage Vr. If input
current Iy is sufficiently large, then the difference be-
tween Vs and V7 would be greater than threshold
voltage V7. In that situation, FET 23 would not be in
saturation, introducing a mismatch between input cur-
rent Iy and output current Iopr. As discussed above,
this could make current source 37 le under a
narrower range of input current Iy values than would
have been possible had the buffering of FIG. 1 or FIG.
2 been utilized in lieu of conductor 39, Also, it may be
necessary to apply some capacitance between supply
voltage V+ and node 27 to discourage ringing in the
feedback loop; the specifics of this will be dependent on
the specific process and current densities used.

An alternative configuration to that of FIG. 3 is illus-
trated in FIG. 4. As discussed above, FET 21 of FIG. 3
can be replaced with resistor 33.

In FIGS. 1 and 3, the W/L matio between FET diffu-
sion width and FET diffusion length for FET 21 is
preferably } of the ratio for any of the other FET3
utilized in the current mirror illustrated. This results in
a scaled device 21 to which an extra input current Izng
(which can be the same as Iyn) is applied to generate a
cascode control voltage Vgare 5. Because of this scaling
of FET 21, voltage Vgar £ will be at an appropriate
voltage to keep FETs 13 and 15 just in the saturated
region, provided FET 23 and FET 25 are sized the same
as FET 13 and FET 15 respectively. As a result, FET
13 and FET 15 will each see the same drain voltage.

As shown in FIGS. 5 and 6, FET3 15 and 25 can be
replicated as many times as desired, Generation of volt-
ages VGare 4 and Vgare p 28 discussed above, and provi-
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sion of those voltages to corresponding ones of such
additional FETs, enables inclusion of such additional
FETs. For example, as shown in FIG. 5, the configura-
tion of F1G. 1 can be augmented by the addition of FET
115 and FET 125, The gate of FET 115 is connected to
received voltage VGaie 4. and the gate of FET 128 is
connected to receive voltage VGae 5. Also, as shown in
FIG. 6, the configuration of FIG. 3 can be augmented
by inclusion of additional FETs 115 and 125. The gate
of FET 115 is connected to receive voltage VGate 4, and
the gate of FET 125 is connected to receive voltage
V Gate 5. Again, FET 19 and FET 21 of FIG. 5 can each
be replaced with a resistor, such as is shown in FIG. 2.
Also, FET 21 of FIG. 6 can be replaced with a resistor,
as shown in FIG. 4. In FIG. $ and in FIG. 6, additional
FET 125 produces an output current lour2. Additional
pairs of FET 215, 225, 315, 325, 415, 425, etc. can be
added to any of the configurations of FIGS. 1 through
6, provided that the gate of each such additional FET is
connected to receive voltage or voltage Vgare 4 01 VOIL-
age Ve 5, 88 appropriate. In each case, the second
additional FET 125, 225, 325, 425, ctc. would produce
anothker output cuwrrent IoyTy, IouTs, Iovrs, or Iours,
etc. The relationship between the input current Irvand
any output current can be determined by scaling of a
corresponding pair of FETs 15 and 25, 115 and 125, 215
and 225, 315 and 325, 415 and 425, cic. As one example,
if the ratio of diffusion width to diffusion length of FET
15 and FET 25 is substantially identical to the corre-
sponding ratio of FET 13 and FET 23, then output
current Ioyr produced thereby would be substantially
equal to input current Ijn. If, however, the ratioc of
diffusion width to diffusion length of FET 115 and of
FET 125 is twice that of FET 13 and FET 23, then
output current Ioyzz produced thereby wounld be sab-
stantially equal to twice input current 1zv. Such scaling
of FETs 115 and 125 is preferably accomplished by
appropriately setting the diffusion width of those FETs.
For the example just given, where output current loyr
is to be twice input current Ipy, the diffusion width of
FET 115 and the diffusion width of FET 125 should be
twice the diffusion width of FET 13 and of FET 23.
Other proportions and relationships between I;vand an
output current of the present inveation can be set as
desired by such scaling of the pair of FETs 15 and 23,
115 and 125, etc, from which that output current is
produced.

It should be understood that, although FETSs are
preferred, the present invention can be used in similar
fashion with similar operation with devices other than
those illustrated. For example, the transistors illustrated
in FIGS. 1 through 4 can be n-channel FETS, p-channel
FETs, CMOS, or bipolar transistors. Although PMOS
transistors are illustrated, all topologies shown in the
drawings are equally valid for NMOS transistors. Addi-

‘tionally, the illustrated topologies are useful for a wide

range of possible device geometries, e.g., lengths and
widths of diffusion regions.

Some of the many advantages of the invention should
now be readily apparent. For example, a novel current
mitror has been provided which is capable of producing
an output current that is a direct function of an input
current received by that apparatus, Higher accuracy
mirror functions are provided over wider ranges of
input currents through the provision of additional head-
room for saturation o ion. A precision current mir-
ror has been provided featuring high output impedance,
accurate mirroring at arbitrary scaling factors, and im-
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proved voltage compliance at the output current nodes. 2. Apparatus as recited in claim 1, wherein each of
The present invention is capable of producing an output  said first, second, third, fourth, fifth, sixth and seventh
current that is a direct function of a received input  active semiconductor devices, each comprises a transis-
current, and is capable of doing 30 over a substantially tor.
wide range of input currents. 5 lApparatmurecitedinclaimlwherein: .

Obviously, many modifications and variations of the each of said first, second, third, fourth, fifth, sixth and
present invention are possible in light of the above seventh active semiconductor devices each com-
teachings. Tt is therefore to be understood that the fore- prises a field effect transistor; )
going cmbodiments are presented by way of example said first terminal of cach of said active semiconduc-
only and that, within the scope of the appended claims 10 tor devices comprises a source terminal of that
and equivalents thereto, the invention may be practiced device; o )
otherwise than as specifically described. said second terminal of each of said active semicon-

What is claimed is: ductor devices comprises a drain terminal of that

1. Apparatus for producing an output current that is device; and o,

i i i i 15 said third terminal of each of said active semiconduc-
a direct function of an input current received by that tor deviees comprises a gate terminal of that de-

apparatus, comprising:
a first active sericonductor device including at least vICe. o s \ .
first, second and third terminals; LAppammumtedmclmmlwhcmn:

a second active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said first device is operably con-
nected to said first terminal of said second device
and wherein said third terminal of said first device
is operably connected to said third terminal of said
second device;

a third active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said third device is operably connected
to said second terminal of said first device;

a fourth active semiconductor device including at %0

least first, second and third terminals whercin said
first terminal of said fourth device is operably con-
pected to said second terminal of said second de-
vice, wherein said third terminal of said fourth
device is operably connected to said third terminal

" of said third device;

a fifth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said fifth device is operably connected
to said third terminal of each of said first and sec-
ond devices and wherein said third terminal of said
fifth device is operably comnected to said second
terminal of said third device;

a sixth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said sixth device is operably connected

. to said first terminal of said first device and said
first terminal of said second device, and wherein
said second and third terminals of said sixth device
are operably connected to said third terminal of
said first device, to said third terminal of said sec-
ond device and to said first terminal of said fifth
device; and

a seventh active semiconductor device including at
least first, second and third terniinals wherein said
first terminal of said scventh device is operably
connected to said first terminal of each of said first,
second and sixth devices, and wherein said second
and third terminals of said seventh device are oper-
ably connected to said third terminal of each of said
third and fourth devices;

whereby an input current applied to said second ter-
minal of said third device and to said third terminal
of said fifth device results in production at said
second terminal of said fourth device of a first
output current that is a direct function of that input
current. :
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each of said active semiconductor devices comprises
a bipolar transistor;

said first terminal of each of said active scmiconduc-
tor devices comprises an einitter terminal of that
device;

said second terminal of each of said active semicon-
ductor devices comprises a collector terminal of
that device; and

said third terminal of each of said active semiconduc-
tor devices comprises a base terminal of that de-
vice.

5. Apparatus as recited in claim 1, forther comprising:

an sighth active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said cighth device is is operably
connected to said first terminal of each of said first,
second, sixth and seventh devices, and wherein said
third terminal of said eighth device is operable
connected to said third terminal of each of said
first, second and sixth devices and to said second
terminal of said sixth device and to said first termi-
nal of said fifth device; and

a ninth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said ninth device is operably connected
to said second terminal of said eighth device, and
wherein said third terminal of said ninth device is
opeﬂblyconnectedtonidthirdmminalofmh
of said third, fourth and seventh devices and to said
second terminal of said seventh device;

whereby an input current applied to said second ter-
minal of said third device and to said third terminal
of said fifth device also results in production at said
second terminal of said ninth device of a second
output current that is a direct function of that input
current.

6. Apparatus as recited in claim 1, further comprising:

a first plurality of active semiconductor devices each
including at least first, second and third terminals
wherein said first terminal of each of said first plu-
nlityofde‘vinesisoperablyconnectedtosaidﬁrst
terminal of each of said first, sccond, sixth and
seventh devices, and wherein said third terminal of
each of said first plurality of devices is operably
connected to said third terminal of each of said
ﬁrst,ucondandsixthdcvicesmdtosaidsecond
terminal of said sixth device and to said first termi-
nal of said fifth device; and '

a second plurality of active semiconductor devices
each including at least first, second and third termi-
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nals wherein said first terminals of said second
plurality of devices are each respectively operably
connected to a said second terminal of a corre-
sponding device of said first plurality of devices,
and wherein said third terminal of cach of said
second plurality of devices is operably connected
to said third terminal of each of said third, fourth
and seventh devices and to said second terminal of
said seventh device;

whereby an input current applicd to said second ter-
minal of said third device and to said third terminal
of said fifth device also results in production, at
each of said second terminals of said second plural-
ity of devices, of a plurality of output currents that
are each a direct function of that input current.

7. Apparatus for producing an output current that is

a direct function of an input current received by that

apparatus, comprising:

a first active semiconductor device including at least
first, second and third terminals;

a second active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said first device is operably con-
nected to said first terminal of said second device
and wherein said third terminal of said first device
is operably connected to said third terminal of said
second device;

a third active semiconductor device including at least
first, second and third texminals wherein said first
terminal of said third device is operably connected
1o said second terminal of said first device;

a fourth active semiconductor device including at
least first second and third terminals wherein said
first terminal of said fourth device is operably con-
nected to said second terminal of said second de-
vice, wherein said third terminal of said fourth
device is operably connected to said third terminal
of said third device;

a fifth active scmiconductor device including at least
first, second and third terminals wherein said first
terminal of said fifth device is operably connected
to said third terminal of each of said first and sec-
ond devices and wherein said third terminal of said
fifth device is operably connected to said second
terminal of said third device;

a first impedance device including at least first and
second terminals wherein said first terminal of said
first impedance device is operably connected to
said first terminal of said first active semiconductor
device and to said first terminal of said second
active semiconductor device, and wherein said
second terminal of said first impedance device is
operably connected to said third terminal of said
first active semiconductor device, to said third
terminal of said second active semiconductor de-
vice and to said first terminal of said fifth active
semiconductor device; and

a second impedance device including at least first and
second terminals wherein said first terminal of said
second impedance device is operably connected to
said first terminal of each of said first and second
active semiconductor devices and said first impe-
dance device, and wherein said second terminal of
said second impedance device is operably con-
nected to said third terminal of each of said third
and fourth active semiconductor devices;

whereby an input current applied to said second ter-
minal of said third active semiconductor device
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and to said third terminal of said fifth active semi-
conductor device results in production at said sec-
ond terminal of said fourth active semiconductor
device of a first output current that is a direct func-
tion of that input curreat.
8. Apparatus as recited in claim 7, wherein each of

said first, second, third, fourth and fifth active semicon-
ductor devices, each comprises a transistor.

9. Apparatus as recited in claim 7 wherein:

each of said first, second, third, fourth and fifth active
semiconductor devices each comprises a field ef-
fect transistor;

said first terminal of each of said active semiconduc-
tor devices comprises a source terminal of that

device;

said second terminal of each of said active semicon-
ductor devices comprises a drain terminal of that
device; and .

said third terminal of each of said active semiconduc-
tor devices comprises a gate terminal of that de-

vice.

10. Apparatus as recited in claim 7 wherein:

cach of said active semiconductor devices comprises
a bipolar transistor;

said first terminal of each of said active semiconduc-
tor devices comprises au emitter terminal of that

device;

said second terminal of each of said active semicon-
ductor devices comprises a collector terminal of
that device; and

said third terminal of each of said active semiconduc-
tor devices comprises a base terminal of that de-
vice,

11. Apparatus as recited in claim 7 wherein:

said first impedance device comprises a resistor; and

said second impedance device comprises a resistor.

12, Apparatus 35 recited in claim 7 wherein:

said first impedance device comprises a first transistor
having two terminals connected together; and

said second impedance device comprises a second
transistor having two terminals conmected to-
gether.

13. Apparatus as recited in claim 7, farther compris-

ing: -

a sixth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said sixth device is operably connected
to said first terminal of each of said first and second
active semiconductor devices, and to said first ter-
minal of each of said first and second impedance
devices, and wherein said third terminal of said
sixth device is opersbly connected to said third
terminal of each of said first and second active
semiconductor devices and to said second terminal
of said first impedance device and to said first ter-
minal of said fifth active semiconductor device; and

a seventh active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said seventh device is operably
comnected to said second terminal of said sixth
device, and wherein said third terminal of said
seventh device is operably connected to said third
terminal of each of said third and fourth active
semiconductor devices and to said second terminal
of said second impedance device;

whereby an input current applied to said second ter-
minal of said third device and to said third terminal
of said fifth device also results in production at said
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second terminal of said seventh device of a second
output current that is a direct function of that input
curreat.
14. Apparatus as recited in claim 7, further compris-

g:

a first plurality of active semiconductor devices cach
including at least first, second and third terminals
wherein said first terminal of each of said first plu-
rality of devices is operably connected to said first
terminal of cach of said first and second active
semiconductor devices and to said first terminal of
each of said first and second impedance devices,
and wherein said third terminal of each of said first
plurality of devices is operably connected to said
third terminal of cach of said first and second ac-
tive semiconductor devices and to said second
terminal of said first impedance device and to said
first terminal of said fifth active semiconductor
device; and

10

13

a second plurality of active semiconductor devices 20

each including at least first, second and third termi-
nals wherein said first terminals of said second
plurality if devices are each respectively operably
connected to a said second terminal of a corre-

sponding device of said first plurality of devices, 25

and wherein seid third terminal of each of said
second plurality of devices is operably counected
to said third terminal of e¢ach of said third and
fourth active semiconductor devices and to said
second terminal of said second impedance device;
whereby an input current applied to said second ter-
minal of said third device and to said third terminal
of said fifth device also results in production, at
each of said second terminals of said second plural-
ity of devices, of s plurality of output currents that
_ are each a direct function of that input current.
15. Apparatus for producing an output current that is
direct function of an input current received by that

apparatus, comprising:

a first active semiconductor device including at least

a second active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said first device is operably con-
aected to said first terminal of said second device
and wherein said third terminal of said first device
isoperablyconnectedtosaidlbirdtemﬂmlofsaid
second device;.

a third active semiconductor device including at least
first, sccond and third terminals wherein said first
terminal of said third device is operably connected
to said second terminal of said first device, and
wherein said second terminal of said third device is
operably connected to said third terminal of said
first device and to said third terminal of said second
device;

a fourth active semiconductor device including at
leastﬁnt,secqndandthirdtetmimlswhereinsaid
first terminal of said fourth device is operably con-
nected to said second terminal of said second de-
vice, wherein said third terminal of said fourth
device is operably connected to said third terminal
of said third device;

a fifth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said fifth device is operably connected
to said first terminal of each of said first and second
devices, and wherein said second and third termi-
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nals of said fifth device are operably connected to
said third terminal of cach of said third and fourth
devices;

whereby an input current applied to said second ter-
minal of said third device results in production at
said second terminal of said fourth device of a first
output current that is a direct function of that input
curreat. :

16. Apparatus as recited in claim 1S, wherein cach of

said first, second, third, fourth and fifth active semicon-
ductor devices, cach comprises a transistor.

17. Apparatus as recited in claim 15 wherein:

cach of said first, second, third, fourth and fifth active
semiconductor devices each comprises a field ef-
fect transistor;

said first terminal of each of said active semiconduc-
tor devices comprises a source terminal of that
device;

said second terminal of said active semiconductor
devices comprise a drain terminal of that device;
and .

said third terminal of each of said active semiconduc-
tor devices comprises a gate terminal of that de-
vice.

18. Apparatus as recited in claim 15 wherein:

each of said active semiconductor devices comprises
a bipolar transistor;

said first terminal of each of said active semiconduc-
tor devices comprises an emitter terminal of that

device;

gaid second terminal of each of said active semicon-
ductor devices comprises a collector terminal of
that device; and

said third terminal of each of said active semiconduc-
tor devices comprises a base terminal of that de-
vice. .

_ 19, Apparatus as recited in claim 18, further compris-

g:
a sixth active semiconductor device including at least

first, second and third terminals wherein said first
terminal of said sixth device is is opetably con-
nected to said first terminal of each of said first and
second devices, and wherein said third terminal of
said sixth device is operably connected to said third
terminal of each of said first and second devices
and to said first terminal of said fifth device; and

a seventh active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said seventh device is operably
connected to said second terminal of said sixth
device, and wherein said third terminal of said
seventh device is operably connected to said third
terminal of each of said third and fourth devices;

whereby an input current applied to said second ter-
minal of suid third device and to said third terminal
of said fifth device also results in production at said
second terminal of said seventh device of a second
output current that is a direct function of that input
current.

20. Apparatus as recited in claim 15, further compris-

g
a first plurality of active semiconductor devices each

including at least first, second and third terminals
wherein said first terminal of each of said first plu-
rality of devices is operably connected to said first
terminal of each of said first and second devices,
and wherein said third terminal of each of said first
plurality of devices is operably connected to said




Case 1ZOO-CV-W89-DPW Document 1 Filed 05'00 Page 15 of 16

4,983,929

15
third terminal of each of said first and second de-
vices and to said first terminal of said fifth device;
and

a second plurality of active semiconductor devices
each including at least first, sccond and third termi- 5
nals wherein said first terminals of said second
plurality of devices are cach respectively operably
connected to a said second terminal of a corre-
sponding device of said first plurality of devices,
and wherein said third terminal of each of said
second plurality of devices is operably connected
to said third terminal of each of said third and
fourth devices;

whereby an input current applied to said second ter-
minal of said third device and to said third terminal
of said fifth device also results in production, at
each of said second terminals of said second plural-
ity of devices, of a plurality of output currents that
are each a direct function of that input current.

21. Apparatus for producing an output current that is
a direct function of an input current received by that
apparatus, comprising:

a first active semiconductor device including at least

first, second and third terminals;

a second active semiconductor device including at
least first, second and third terminals wherein said
first terminal of said first device is operably con-
nected to said first terminal of said second device
and wherein said third terminal of said first device
is operably connected to said third terminal of said
second device;

a third active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said third device is operably connected
to said second terminal of said first devices and

_ wherein said second terminal of said third devices
is operably connected to said third terminal of said
first device and to said third terminal of said second
device;

a fourth active semiconductor device including at 40
least first, second and third terminals wherein said
first terminal of said fourth device is operably con-
nected to said second terminal of said second de-
vice, wherein said third terminal of said fourth
device is operably connected to said third terminal
of said third device;

a first impedance device including at least first and
second terminals wherein said first terminal of said
first impedance device is operably connected to
said first terminal of cach of said first and second
active semiconductor devices, and wherein said
second and third terminals of said first impedance
device are operably connected to said third termi-
nal of each of said third and fourth active semicon-
ductor devices;

whereby an input current applied to said second ter-
minal of said third active semiconductor device
results in production at said second terminal of said
fourth active semiconductor device of a first out-
put current that is a direct function of that input 60
current.

22. Apparatus as recited in claim 21, wherein each of
said first, second, third and fourth active semiconductor
devices, each comprises a transistor.

23. Apparatus as recited in claim 21 wherein:

each of said first, second, third and fourth active
semiconductor devices each comprises a field ef-
fect trangistor;
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said first terminal of each of said active semiconduc-
tor devices comprises a source terminal of that
device;

said second tenminal of each of said active semicon-
ductor devices comprises a drain terminal of that
device; and

said third terminal of each of said active semiconduc-
tor devices comprises a gate terminal of that de-
vice.

24. Apparatus as recited in claim 21 wherein:

each of said active semiconductor devices comprises
a bipolar transistor;

snid first terminal of each of said active semiconduc-
tor devices comprises an emitter terminal of that
device;

said second terminal of each of said active semicon-
ductor devices comprises a collector terminal of
that device; and

said third terminal of each of said active semiconduc-
tor devices compriscs a base terminal of that de-
vice.

25, Apparatus as recited in claim 21 wherein said first

impedance device comprises a resistor.

26. Apparatus as recited in claim 21 wherein said first
impedance device comprises a transistor having two
terminals connected together. :

27. Apparatus as recited in claim 21, further compris-
ing:

a fifth active semiconductor device including at least
first, second and third terminals wherein said first
terminal of said fifth device is is operably con-
nected to said first terminal of cach of said first and
second active semiconductor devices and to said
first terminal of said first impedance device, and
wherein said third terminal of said fifth device is
operably connected to said third terminal of each
of said first and second active semiconductor de-
vices and to said second terminal of said first impe-
dance device;

a sixth active semiconductor device including at least
ﬁrst,secondandthirdterminalswhercinsaidfmt
terminal of said sixth device is operably connected
to said second terminal of said fifth device, and
wherein said third terminal of said sixth device is
opetablyoonnectedtosuidthirdtermimlofeach
of said third and fourth active semiconductor de-
VICES;

whereby an input current applied to said sccond ter-
minal of said third device also results in production
at said second terminal of said sixth device of a
second output current that is a direct function of
that input current.

28. Apparatus as recited in claim 21, further compris-

ing:

a first piurality of active semiconductor devices each
including at least first, second and third terminals
wherein said first terminal of each of said first plu-
rality of devices is operably connected to said first
terminal of each of said first and second active
semiconductor devices and to said first terminal of
said first im device, and wherein said third
terminal of each of said first plurality of devices is
operably connected to said third terminal of each
of said first and second active semiconductor de-
vices and to said second terminal of said first impe-
dance device; =

a second plurality of active semiconductor devices

each including at least first, second and third termi-
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.. \ . to said third inal of each of said third an
pals wherein said first terminals of said second fourth active semiconductor devices;

plurality of devices are each respectively operably whereby an input current applied to said swm;:d ter-
. . minal of said third device also results in produc-
connected to a said sccond terminal of a corre ﬁon,atmhofsaidseoondteminalsofsaidsecond

sponding device of said first plurality of devices, plurality of devices, of 2 plurality of output cur-
dehereinsnidthitdwrmimlofmhofuid Ze“:;:.smttanremhndirectﬁmctionofthatinput
socondpluraﬁtyofdevicuisopeﬂblyoonnmmd 0 P
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