A WIDE LINEAR RANGE LOW-VOLTAGE TRANSCONDUCTOR

Adrian Leuciuc

State University of New York at Stony Brook
Department of Electrical and Computer Engineering
Stony Brook, NY 11794, USA

ABSTRACT

This paper presents a wide linear range transconductor
based on the differential pair with emitter/source de-
generation. The proposed circuit can be implemented
in both bipolar and CMOS technology. The transcon-
ductor exhibits high linearity that is achieved by forc-
ing a constant current through the main transistors in
the differential pair and collecting the output current
by means of two additional transistors and two current
mirrors. Simulation results are presented for a CMOS
implementation operating at a 1.8V supply voltage.

1. INTRODUCTION

Operational transconductance amplifiers (OTAs or trans-
conductors) are basic building blocks in high-frequency
continuous-time filters and continuous-time delta-sigma
modulators. Compared to op-amp based integrator
topologies (active-RC, MOSFET-C), the OTA-C (or
G,, — C) approach has the advantage of a feed-forward
structure and therefore of a higher frequency operat-
ing range. The main drawback of OTA-C filters is the
nonlinearity of transconductors that introduces distor-
tions at the outputs of integrators. Several techniques
to improve the linearity performance of both bipolar
and MOS transconductors have been proposed in the
literature. Roughly, these methods can be grouped in
two classes: (i) compensation of transistor nonlinearity
with other transistors of the same type; (ii) use of pas-
sive resistors to achieve the desired linearity. Transistor-
only linearization methods include: cross-coupling of
multiple differential pairs [1], [2], [3], adaptive bias-
ing [1], [4], source degeneration using MOS transis-
tors [5], shift level biasing [7], and pseudo-differential
stages (using transistors in the triode region or in sat-
uration) [8], [9]. However, for all these techniques the
reported transconductor linearity is limited to 40-60
dB. Nevertheless, applications like delta-sigma modu-
lators for high resolution A/D converters, and filters
for HDTV require better linearity, corresponding to
more than 10-b. Such a linearity performance can be
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achieved by using resistor-based transconductors [10]-
[15]. This paper describes the implementation of a wide
linear range resistor-based transconductor capable of
low-voltage operation.

2. LINEAR TRANSCONDUCTORS USING
RESISTORS

Most of the resistor-based linear transconductors are
based on the simple differential-pairs with resistive emit-
ter /source degeneration (Fig. 1). These circuits are
described by

v; — Ri, = vpp1 — vBE2 = AvBg, (1)
respectively
v; — Ri, = vgs1 — vas2 = Avgs, (2)

where v; = v;; — v;2. The right side term in (1)-(2)
characterizes the nonlinearity of the transconductors.
Ideally, one wants to have the output current set only
by resistor R. Therefore, one should satisfy Avgg = 0,
respectively Avgg = 0.
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Figure 1. Differential pairs with emitter/source resistive
degeneration

The linearity problem is more critical in the MOS
case because of the quadratic dependence of the gate-
to-source voltage on the drain current. This is the
reason why throughout this communication one em-
phasizes the MOSFET-based circuits, but the reader
should be aware that similar topologies are valid using
bipolar technology. One way to achieve the above con-
ditions is to use the topologies proposed in [11], [15]
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and based on the configuration depicted Fig. 2(a). In
this figure the two additional op-amps will force the
input voltage to be equal to the voltage across resistor
R which will set the output current 7,.
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Figure 2. Two possibilities of improving the linearity of
the circuits in Fig. 1.

The alternative solution proposed in this commu-
nication is depicted in Fig. 2(b). One uses again two
additional op-amps, but this time their role is to en-
sure constant currents Iy flowing through the differen-
tial pair transistors. The output currents are available
at the outputs of the op-amps and one can find several
different circuit configurations to deliver these currents
to the load, as it will be shown in the next section.
Vo sets the voltage at the high impedance nodes at
the drains of transistors M; — Ms and the tail current
sources I}y may be different from I to supply possible
biasing currents for the outputs of op-amps. The op-
amps can be replaced by operational transconductance
amplifiers (OTAs) without significantly changing the
operation of the circuit. However, one has ensure that
the product GoraR is large enough in order to main-
tain an approximately constant voltage at the drains
of transistors M7 — Ms. Actually, as shown in the next
section, the proposed transistor-level implementations
of the topology in Fig. 2(b) are using simple transcon-
ductors instead of op-amps.

3. CIRCUIT IMPLEMENTATION

The most straightforward realization of the topology
shown in Fig. 2(b) is to use as op-amps two fully dif-
ferential emitter/source coupled stages and to deliver

the output currents from their unused, high resistance
output terminals (Fig. 3). Nevertheless, a simpler so-
lution is to use single ended amplifiers and current mir-
rors to supply the output currents. One such possible
realization has been proposed in [10] and it is shown in
Fig. 4(a). The amplifiers are implemented with tran-
sistors Mg — Ms — M1, respectively My — Mg — Mis.
The minimum supply voltage allowed for this circuit
is given by 2Ves + Vps(saty = 2Vr + 3Vps(sar)- The
bipolar version of the circuit depicted in Fig. 4(a) has
been reported in [12].
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Figure 3. A straightforward realization of the
transconductor in Fig. 2(b).
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Figure 4. Two possible implementations of the
transconductor in Fig. 2(b).

The author proposes a more compact implementa-
tion, capable of operating at even lower supply volt-
ages, and depicted in Fig. 4(b). In this case the am-
plifiers are implemented using a single transistor in a
common source configuration (M3 and My) and the
minimum supply voltage ensuring all transistors oper-
ating in saturation is Vgs+2Vps(sat) = Vr+3Vps(sat)-
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A similar BICMOS implementation has been previously
reported in [16].

3.1. Frequency response and stability

As any system with feedback, the circuit in Fig. 4(b)
may have stability problems. The open-loop circuit is
characterized by a low-frequency gain

_ gnngnLE]R*R
(2 + gm1 R) ’

three poles set by the time constants

Cya1 R
2+gm1R7

)

R
leR*C*,TQZ 5

73 = (Cgaz + Cyas)
and two high frequency right half plane zeros. In the
and C*

is the capacitance at the drain of M;. The dominant
pole set by 71 can be made small enough by design to
guarantee a 60° phase margin.

R
above expressions R* = ry7||ro1 [ 1+ gm1§>

3.2. Noise analysis

The power spectrum density of the input referred noise
voltage results

S, (f) = TR+ 1 ( LS () + 8, () +

2 (gml R)2

24 gmiR\ >

S 1)+ (FE2E) 5, ()4 81, (1) + S (f))
9m1

where S;, (f) is the power spectrum density of the drain

noise current of transistor My:

8 Ky gm
Si, (f) = nggmk + TW

It can be easily seen that one can minimize the noise
contribution of M; 2 and M7 g by making the product
gm1 R as large as possible. For a given R and input lin-
ear range (that sets the gate-to-source overdrive voltage
of M 2) this will increase the power consumption and
one has to make a trade-off dissipated power/noise.

4. SIMULATION RESULTS

The circuit in Fig. 4(b) have been designed using
the TSMC CMOS 0.25um process and simulated in
Hspice using a single 1.8V supply voltage. To maxi-
mize the linear range, all MOSFETSs are operating in

the moderate inversion region with gate-to-source over-
drive voltages in the range of (100-130)mV. When us-
ing NMOS input devices, the optimum input common
mode voltage is around 1.1V. Figure 5 shows the sim-
ulated transconductance for different source degenera-
tion resistor values. There is a small difference between
the predicted value of the transconductance (G, =
1/R) and the obtained one. The reason for this is that
the body effect of M; 2 has been neglected in all the
above calculations. Considering the body effect, the
small signal transconductance of the circuit in Fig. 4(b)
is

G g1 1 220, 4+Vsp1 1

" gt g R 2,/2¢0; + Vsp1 +7R

which is in a good agreement with the simulation re-
sults. The ideal value of the designed transconductance
can be obtained by using input PMOS devices with
their bodies and sources tied together.
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Figure 5. Simulated transconductance
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Figure 6. Simulated THD: x - 1kHz; ¢ - 10kHz; OJ -
100kHz; v - 1IMHz; + - 10MHz
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In Fig. 6 the simulated THD as a function of the in-
put signal amplitude is plotted for different frequencies.
THD is less than -60dB for 1Vp-p input up to 1MHz
and for 1.8Vp-p input up to 100kHz. The rather poor
linearity of the proposed circuit for frequencies higher
than a couple of hundreds of kHz is due to the large
nonlinear capacitances present at the drains of transis-
tors Ml’g.

5. CONCLUSIONS

A novel transconductor with wide linear range and op-
erating at low supply voltages is presented. The pro-
posed transconductor uses a passive resistor to achieve
high linearity. Compared to transistor-only transcon-
ductors that can be usually easily tuned, resistor-based
transconductors necessitate more complex tuning cir-
cuitry (e.g. translinear loops, electronically controlled
current mirrors, arrays of passive devices). However,
by replacing the resistor with MOSFETSs operating in
the triode region [6] one can still achieve good linear-
ity while adding the advantage of simple tuning tech-
nique. The proposed transconductor can be used in
continuous-time filters with tough linearity requirements
or in high SNDR continuous-time delta-sigma modula-
tors.

6. REFERENCES

[1] A.Nedungadi and T. R. Viswanathan, ”Design of Lin-
ear CMOS Transconductance Elements,” IEEE Trans.
Circuits and Systems, vol. CAS-31, No. 10, pp.891-
894, Oct. 1984.

H. Khorramabadi, "High frequency CMOS continuous
time filter,” PhD dissertation, University of California,
Berkeley, 1985.

E. Seevinck and R.F. Wassenaar, ” A versatile CMOS
linear transconductor/square-law function circuit,”
IEEE J. Solid-State Circuits, vol. SC-22, pp. 366-377,
June 1987.

M.G. Degrauwe, J. Rijmenants, E. A. Vittoz, and H. J.
De Man, ” Adaptive biasing CMOS amplifiers,” IEEE
J. Solid-State Circuits, vol. SC-17, pp.522-528, June
1982.

F. Krummenacher and N. Joehl, ”A 4-MHz CMOS
Continuous-Time Filter with On-Chip Automatic
Tuning,” IEEE J. of Solid-State Circuits, vol. SC-23,
no.3, pp.750-758, June 1988.

I. Mehr and D.R. Welland, ” A CMOS continuous-time
Gm — C filter for PRML read channel applications at
150Mb/s and beyond,” IEEE J. Solid-State Circuits,
vol. SC-32, pp. 499-513, April 1997.

(7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[-164

Z. Wang and W. Guggenbuhl, " A voltage-controlled
linear MOS transconductor using bias offset tech-
nique,” IEEE J. Solid-State Circuits, vol. SC-25, pp.
315-317, Feb. 1990.

R. Alini, A. Baschirotto, and R. Castello, ” Tunable
BiCMOS continuous-time filter for high-frequency ap-
plications,” IEEE J. Solid-State Circuits, vol. SC-27,
pp. 1905-1915, Dec. 1992.

S.L. Wong, "Novel drain-based transconductance
building blocks for continuous-time filter applica-
tions,” Electron. Lett., vol. 25, no. 2, pp.100-101, Jan.
1989.

D.R. Welland, " Transconductance amplifiers and ex-
ponential variable gain using the same,” U.S. Patent
5 451 901, Sept. 19, 1995.

7.Y. Chang, D. Haspelagh, and J. Verfaillie, ” A highly
linear CMOS G,,-C bandpass filter with on-chip auto-
matic tuning,” IEEE J. Solid-State Circuits, vol. SC-
32, pp. 388-397, March 1997.

K. Kimura, ”A linear transconductance amplifier ob-
tained by realizing a floating resistor,” IEEE Trans.
Circuits and Systems - I, vol. CSI-45, pp. 108-113, Jan.
1998.

E.K.F. Lee, "Low-voltage opamp design and differ-
ential difference amplifier using linear transconductor
with resistor input,” IEEE Trans. Circuits and Sys-
tems - II, vol. CSII-47, pp. 776-778, Aug. 2000.

U. Chilakapati, T. Fiez, and A. Eshraghi, A 3.3V
transconductor in 0.35um CMOS with 80dB SFDR
up to 10MHz,” Proc. of CICC 2001, May 2001, pp.
459-462.

A. Leuciuc and Y. Zhang, ” A highly linear low-voltage
MOS transconductor”, Proceedings of ISCAS’2002,
Phoenix, 26-29 May 2002, vol. III, pp. 735-738.

S.D. Willingham, K. W. Martin, and A. Ganesan, ”A
BiCMOS low-distortion 8-MHz low-pass filter”, IEEE
J. Solid-State Circuits, vol. SC-28, no. 12, Dec. 1993,
pp. 1234-1245.



	MAIN PAGE
	SEARCH
	--------------------
	Amplifiers
	--------------------
	I_153
	I_157
	I_161
	I_165
	I_169
	I_173
	I_177
	I_181
	I_185
	I_189
	I_193
	I_197
	I_201
	I_205
	I_209
	I_213
	I_217
	I_221
	I_225
	I_229
	I_233
	I_237
	I_241
	I_245
	I_249
	I_253
	I_257
	I_261
	I_265
	I_269
	I_273
	I_277
	I_281
	I_285
	I_289
	I_293
	I_297
	I_301
	I_305
	I_309
	I_313
	I_317
	I_321
	I_325
	I_329
	I_333
	I_337
	I_341
	I_345
	I_349
	I_353
	I_357
	I_361
	I_365
	I_369
	I_373
	I_377
	I_381
	I_385
	I_389
	I_393
	I_397
	I_401
	I_405
	I_409
	I_413
	I_417
	I_421
	I_425
	I_429
	I_433
	I_437
	I_441
	I_445
	I_449



