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BiCMOS Adjustable Linear Current Mirror
A. K. Gupta, J. W. Haslett, and F. N. Trofimenkoff

Abstract—Two novel BICMOS adjustable gain linear current
mirrors are presented. Variable gain is achieved by introducing
a de voltage into the control loop Simulation and experimental
results indicate that the gain is linear over several decades of
signal current. The circuits are designed for maximum voltage
swing with cascoded output to provide high output resistance.

Index Terms— Mirrors, BiCMOS.

1. INTRODUCTION

ARJABLE gain current mirrors are used in a variety

of analog signal processing applications such as active
filters [1], D/A and A/D converters [2], current-mode signal
processing circuits [3], optical centroid detectors [4], autoze-
roed  operational amphﬁers etc. Adjustable current mirrors
based on the log—antilog property of the b1polar transistor
have ‘been developed [11, [3], [5]. These current mirrors
have good controllability .and linearity over several decades
of signal current. Although bipolar transistors have excellent
log—antilog properties, they suffer from finite current gain g3
and dependence of 8 on collector current (the degradation
effect). In the circuits published to date, a small nonlinearity
in the cascode output circuit is present due to finite 3, to the 8
degradation effect of the bipolar transistor, and to the internal
resistance of the control voltage source.

The proposed current mirrors [6] are designed with BiC-
MOS technology, and take advantage of the log-antilog prop-
erty of the bipolar transistors and infinite gate resistance of the
MOS transistors to achieve improved linearity. High output
tesistance is achieved using improved cascode circuits which
facilitate maximum voltage swing.

H ADJUSTABLE CURRENT MIRROR

The basic principle used to.achieve an adjustable current
mirrog (ACM) is-based on the log—antilog property of bipolar
transistors. The addition of a constant term in the log transform
results in a gain term in the antilog transform. This concept
can be realized in two-ways as shown in Figs. 1(a) [1] and (b)
[5]. The internal resistance of the voltage source Vorry and
the parasmc resistances of the transistors cause a nohlinearity
in the transfer function at large signal currents. The realization
of the concept as shown in Fig. 1(b) reduces the efféct of the
internal resistance of the voltage source by approximately two
orders- of magnitude. Two new circuits are presented based
on this realization. These will be referred to as the base
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Fig. 1. Two different realizations of the adjustable current mirror.

resistor adjustable current. mirror and the active voltage source
adjustable current mirror. '

A. Base Resistor AdJusz‘able Current-Mirror

One method of implementing. the circuit in Flg 1(b) s
shown in Fig. 2(a). The realization of : the - voltage. source
Vorry, 18 achieved by the res1stances Rb and the current
sources Icrrr and TcongT [5) The gain is adJusted by con-
trolling current Iogrr. The sum of the base currents the-con-
trol current {orgy, and the bias eurrent I congr flows:through
the MOSFET M, without -affecting the input current.. The
resistances Ry are in the range of a few hundred ‘ohms, making
the circuit easy to fabricate in monolithic form. Nonlinearity is
introduced by the finite pa’rasitic emitter and base resistances
of transistors Q1 and )y and resistances R;. The magnitude
of resistances R and controlling current I ¢TRI détermine the
tradeoff between nonlinearity and power dissipation.

To increase the output resistance, the cascode conﬁguratlon
can be used. Fig.:2()~(f) shows. different cascode’ -circuit
implementations with the basic base resistor ACM; MOSFET’
M, and Ms, as shown in Fig. 2(b),” can be used in- the
cascode configuration although the low g,,, of the MOSFET’s
and the large voltage drop between the gate and source
make this- alternative less attractive. NP N transistors (g
and' ()4, as shown i Fig. 2(c), ¢an alsa be used ‘in’ the
cascode configuration to ' provide: h1gh output resistance. In
many CMOS technologies; Vs for a moderate. drain’ curfent
is-generally much larger than Vi g -of the bipolar tran51stor
Usmg this fact, the cdscode: configuration shown in Fig. 2(c)
can be modified as shown'in Fig. 2(d) to provide larger input -
Voltage swing. The geometry ‘of the MOSFET M; should be
chosen carefully to bias the circuit properly forthe max1mum
specified signal current and the minimuny Vg of My

The current gain of the cuirent mirrors shown in Fig. 2(0)
and (d) will depend on the f of transistor Q, because the
base current flowing through Q)4 does not get amplified, but
is subtracted from the amphﬁed current. The (3 degradatlon
effect causes a change in the current gain which intreduces
a significant amount of nonlinearity. Another MOSFET, M,

0018-9200/97$10.00 © 1997 IEEE
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Fig. 2. Base resistor adjustable current mirror.

can be used to provide base currents to (J3 and Q)4 as shown
in Fig. 2(e) to decrease the 3 degradation effect. This circuit
can be modified to increase the voltage swing as shown
in Fig. 2(f). The geometry of Qs should be chosen so that
Q1 and Q, are biased in the forward active region for the
maximum specified signal current. This circuit has very little 3
degradation effect, maximum output resistance, and moderate
voltage swing.
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Fig. 3. Active voltage source adjustable current mirror. (a) Active voltage
source. (b) Adjustable current mirror.

B. Active Voltage Source Adjustable Current Mirror

In the base resistor ACM, the control voltage ‘source is
realized by a passive resistor and a current source. The
internal resistance of this type of voltage source is equal to
the resistance of the resistor used. To achieve low internal
resistance, the active voltage source shown in Fig. 3(a) can
be used as the control voltage source. The control voltage is
controlled by the current source IcTgry,. By choosing suitable
bias currents and geometries of the MOSFET. M., the internal
resistance can be made as small as 1-10 Q. If this voltage
source is used in the ACM scheme shown in Fig. 1(b), the
nonlinearity at the high signal current levels will be dominated
by the parasitic resistances of @ and Q». Fig. 3(b) shows the
adjustable current mirror circuit using the active voltage source
and the 3 degradation immune cascode circuit.

III. ANALYSIS

Base resistor adjustable current mirrors with and without
the 3 degradation immune cascode circuit and active voltage
adjustable current mirror are analyzed. The analysis is based
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on-the modified Ebers—Moll equations [7] to include the Early
effect and the low-current § degradation effect, given by

Ic = (14 Vop/Va)lgeV2e/Vr €))
and
Ig = _ILS_eVBE/‘VT + IggeVee/Nevr @)
F
where
Br maximum forward current galn

Is QADnn2/QE‘ -
A cross sectional area of the emitter;

Q5 number of doping dtoms in the base per unit area of
the emitter;
D,,  average effective value of the electron diffusion con-

stant in the base;
Va4 forward Early voltage;
Isg  base-emitter leakage saturation current;
Ng  base-emitter leakage emission coefficient;
VT kT / q.
The current gain 3 of the transistor is defined as

=< 3)
‘Using (1)-(3) gives
B(Ver, Ic)
,Bp(]. -+ VCE/VA)l/NE

(1+VCE/VA><[1/NE 4 Brly Ve [gprJNETD
©

For V4 > Veg, (4) can be simplified to
B

Blc) = - TR
( 14+ BFIS I/NEISEIgl/NE] 1)

®

It can readily be shown that the current gain of the cas-
* coded current mirror without 3 degradation effect cancellation
[Fig. 2(d)] -is given by

Iout HH/(I + 6)
Gmirr Iin = = 6
) = S TR g ALy ©

where '
H = @6VCTRL/VT o)
Verre = Ietrr B — IconsTRe 3
a1 Vo 111(153152/154151) + VerrL ©

Va

| ¢ %e(—[in(iReql”‘HRqu))/VT -1 (10)
Reqi-=Rgy -+ Ry /(1 + B(1i)) 1D
Regz = Rps + Ry /(1 + B(HIy)) (12)
Rer =71 + o1 /(1 + B(In)) (13)

Rpo =1y + 12/ (1 + B(HILy)) (14)

Te;-= emitter bulk resistance of @;
Tp; = base bulk resistance of Q).
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The Early effect is responsible for H’, which is fairly close
to unity, The errors due to the parasitic resistances and internal
resistance of the voltage source are represented by the factor e.
At low-level signal currents; the value of € is close to zero and
does not affect the linearity but for high-level signal curtents
this is responsible for the nonlinearity. Since current gain
depends on 3, the: 3 degradation effect 1ntroduces nonhneanty
at low signal current levels.

The current gain of the current mirror shown in F1g 2(f)
is given by

Iout _ ” 1 + 1//8('[111)
Iin - mm

Guier(fin) = HH (L+e€). (15
In (15), H' and € are given by (9) and (10), respectively. The
nonlinearity due to 3 degradation effect is very small in'this
case because of the cancellation of 3(Ii,) with S(HT,).

The current gain of the current mirror shown in Fig. 3(b) is
also given by (15), with modified ‘H and R, as

Isols, (ICTRL.)
H = (16
Is1Tsi (Ieonst = IoTaL) )
1 . ;
Ry — a7
TobGmibGrme

It should be noted that the current gain of the active voltage
source ACM is, to first order, independent of temperature.

IV. INTEGRATED CIRCUIT IMPLEMENTATION

The circuits were implemented in a commercial 0.8-pm
BiCMOS process, fabricated through the Canadian Microelec-
tronics Corporation.: The base resistor ACM and active voltage
source ACM werg fabricated on separate 1C’s- and internal
connections were taken out to package pins to test the current
mirror with and without a 3 degradation immune cascode
circuit. The plot of the layout of the IBACYCM1 IC, which
is the 1mplementat10n of 'the base resistor ACM shown in
Fig. 2(f),! is shown in Fig: 4. The die area excludmg bonding

* pads and logo is 156 pum . x 210 pum. The plot of the layout of

the IBACYCM2 IC, which is the 1mp1ernentat10n of the active
voltage source ACM shown in Fig. 3(b); is shown in. F1g 5.

The die area excluding bondmg pads ‘and logo is 175 pm X
270 pm. The positive power supply Vpp ‘and hegative power
supply Vg were chosen to be 3.5 V and —1.5 V, respectively,
because the maximum power supply was limited to'5 V by the
process. In the case of a single power supply, a 1.5 V potential
drop between Ground and Vgg can be achieved by using two

- diode-connected transistors connected i In:series with .a cuirent

source.

V. ANALYTICAL, SIMULATION, AND TEST RESUL‘TS i
The current mirrors were demgned for 31gna1 currents rang-

ing from 50 pA to 0.2 mA. The max1mum output current was
limited to 0.2 mA: : :

The internal connettions wers faken out o packagé pins in:such’a way
that the base resistor ACM shown in F1g 2(d) could also be tested.



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 32, NO. 1, JANUARY 1997

Fig. 5. Layout of the IBACYCM2 IC.

The [ degradation effect is severe at low signal currents.
To study the performance of the circuit, percent normalized
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Fig. 6. Nonlinearity due to 8 degradation effect at a nominal gain of 16.
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Fig. 7. Nonlinearity due to internal resistance of voltage source and parasitic
resistances at a nominal gain of 16.

gain errors defined as 100 X (Gmirr — Gmirr,)/Gmirr, are
plotted where G iy, is the current gain when the input current
is equal to 1 pA. Fig. 6 shows the percent normalized gain
errors of the base resistor current mirrors with [Fig. 2(f)] and
without [Fig. 2(d)] the 3 degradation immune cascode circuit
at a nominal current gain (H ) of 16. It is evident that by using
the 3 degradation immune cascode circuit, the nonlinearity is
decreased by approximately one order of magnitude.

At high signal currents, the parasitic resistances and voltage
source internal resistance start introducing gain error. Fig. 7
shows the percent normalized gain errors of the base re-
sistor ACM [Fig. 2(f)] and the active voltage source ACM
[Fig. 3(b)] at a nominal current gain of 16. The linearity
improves by using an active voltage source.

Fig. 8 shows the input current versus output current charac-
teristics of the base resistor [Fig. 2(f)] and the active voltage
source ACM [Fig. 3(b)]. Fig. 9 shows the current gains- of
the base resistorr ACM and the active voltage source ACM
at control signal levels such that the gains are approximately
0.25, 1, 4, and 16. The maximum current gain of the ACM
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Fig. 8. Measured input-output characteristics of the ACM’s.

with sitnple cascode circuit is limited to the current gain, 3, of
the transistor. The maximum curtent gain is increased in the 8
degradation immune cascode current mirrors. In circuits where
small gain variation is needed, the BiCMOS current mirrors
can be very useful because of their large dynarmic range of
more than 120 dB.

VI. CONCLUSION

Two novel adjustable gain current mirrors with high output
resistance and improved linearity have been described. An
analysis based on a bipolar transistor model that includes
the Farly effect has been presented and the results have
been verified by SPICE simulation and experiment using a
commercial 0.8-pm BiCMOS process.
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