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ABSTRACT

We present four circuits implemented in subthreshold
CMOS which greatly increase the linear range over the basic
di�erential pair. These circuits are appropriate for low volt-
age applications since there is no stacking of saturated tran-
sistors. The �rst circuit topology employs multiple asym-
metric di�erential pairs. The second is a symmetric \bump"
transconductor. The remaining two use source degenera-
tion via double di�usors. These circuits are analyzed and
optimized using a symbolic simulation package and veri�ed
in T-SPICE. A linear range of �49mV is demonstrated for
the two most complex transconductor designs using a 2-Volt
supply.

1. INTRODUCTION

To date, subthreshold CMOS continuous-time �lters have
been largely based on the transconductance-C integrator.
These integrators have low power consumption, operate on
low voltages, occupy small area, and have 2-3 decades of
tuning range [1, 2]. Nevertheless, other continuous-time �l-
tering strategies are possible, notably MOSFET-C and log-
domain. MOSFET-C �lters are not implemented in sub-
threshold CMOS because of their perceived complexity and
limited tuning range. Indeed, they appear to require a high-
gain, low-output impedance ampli�er, and to be only tun-
able within roughly one octave [3, 4]. Log-domain �ltering
is popular in complementary bipolar technology [5]. Sub-
threshold CMOS implementations of log-domain �lters suf-
fer from body e�ect and mismatch in the gate-to-substrate
coupling coe�cient, �. A twin-tub process can relieve the
former constraint, while the latter appears di�cult to sat-
isfy, in general.
An outline of this work is as follows: In the next section,

we de�ne linear range. We discuss the basic di�erential
pair, and compare it to four circuit topologies which have
greatly improved linear range. Based on ideal subthresh-
old CMOS device equations given in Appendix A, we wrote
MAPLE worksheets to analyze these circuit topologies. Re-
sults of circuit simulations in T-SPICE make up Section 3.
We conclude with discussion and summary.

2. TRANSCONDUCTOR TOPOLOGIES

2.1. The Di�erential Pair and De�nitions

A common subthreshold CMOS transconductor is the dif-
ferential pair. It consists of two matched transistors operat-
ing in saturation and a constant current source Ib. From de-
vice equations found in Appendix A, the di�erential output
current iDM can be written as a function of the di�erential

input voltage, vDM , as in [6, 7]:

iDM = Ib tanh
�
�vDM
2Ut

�
(1)

De�ne the transconductance of the di�erential pair as
G � @iDM=@vDM . Normalize G by dividing by its maxi-
mum value Gmax. In this work, distortion is de�ned as the
largest deviation of the normalized transconductance from
unity. Then the linear range is the continuous set of values
of vDM for which the distortion is equal to a constant. For
Ut = 25:7mV, � = 0:7, and 1% distortion, the linear range
of the basic di�erential pair is �7:3mV.
At the expense of modest increases in area and power con-

sumption, several linearizing schemes have been introduced
which extend the linear range of the di�erential pair, includ-
ing source degeneration via diode-connected transistors [8],
source degeneration via single and double di�usors [9], mul-
tiple asymmetric di�erential pairs [10], application of the
input signal to the substrate, or \back-gate" [11], and the
use of a correlator, or \bump" circuit, to linearize the basic
di�erential pair [12, 13].

2.2. Asymmetric Di�erential Pairs

The work of [10] can be extended from bipolar to subthresh-
old CMOS technology, using two, three, or more asymmet-
ric di�erential pairs. A transconductor with two asymmet-
ric di�erential pairs in subthreshold CMOS has been re-
ported in [14]. A transconductor with three asymmetric
di�erential pairs is shown in Fig. 1(a). All transistors oper-
ate in the saturation region. The e�ect of unequal sizing of
a di�erential pair is to create an intentional voltage o�set.
The di�erential current is given by

iDM = �Ib tanh
�
�vDM
2Ut

+
lnm

2

�
+ (1� 2�)Ib tanh

�
�vDM
2Ut

�
(2)

+ �Ib tanh
�
�vDM
2Ut

� lnm

2

�
where m is the relative width-to-length ratio of transistors
M1a;b to M2a;b and � is the fraction of Ib that is sourced
by transistors M3a;b. Free parameters m and � are used to
modify the shape of the transconductance function.
Two possible criteria for optimizing the linear range are

equiripple and maximal atness [10]. Maximal atness is
computationally easier to derive and more robust to para-
metric variation than equiripple. On the other hand, the
equiripple design achieves a higher linear range. In prac-
tice, it appears to be most e�ective to center the design
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Figure 1. Transconductors (a) with three asymmet-
ric di�erential pairs, and (b) linearized with a sym-
metric bump circuit.

somewhere between the two optimizing criteria. Thorough
investigation of this topic is beyond our scope.
Here we employ the maximal atness criteria. With two

degrees of freedom, the �rst two nonzero derivatives of G
will be set to zero. Setting the second and fourth derivatives
equal to zero, positive roots occur at m = 4 +

p
15 and

� = 25=66. These roots are independent of Ib, �, and Ut.
For the same parameter values as before, the linear range
is �49 mV, or approximately seven times that of the basic
di�erential pair.

2.3. The Bump Di�erential Pair

Proposed in [12], the \bump" circuit has several applica-
tions, such as computing the correlation of two voltage or
current signals. Fig. 1(b) is a symmetric version of the
bump di�erential pair as found in [13]. The symmetry pro-
vides for greater robustness against device non-idealities,
such as non-zero drain conductance.
The di�erential current is given by [13]

iDM =
Ib tanh

�
�vDM
2Ut

�
1 + m

2
sech2

�
�vDM
2Ut

� (3)

where m is the relative width-to-length ratio of transistors

M2a;b;c;d to M1a;b. The transconductance function is maxi-
mally at for m = 1. In this case, the linear range obtained
is �29:2 mV, or approximately 4 times that of the basic dif-
ferential pair. Interestingly, this range is identical to that
obtained using two asymmetric di�erential pairs [14].

2.4. Di�usor Di�erential Pairs

The di�usor, proposed in [15] and discussed in [16] is a
MOS transistor operating in the subthreshold ohmic region.
Fig. 2(a) shows a di�erential pair with source degeneration
via double di�usors. This topology is alternate to that of
the double di�usor circuit reported in [14].
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Figure 2. The di�erential pair (a) with source de-
generation via double di�usors, and (b) with double
di�usors and double di�erential pairs.

An equation for the di�erential output current of Fig. 2(a)
is

iDM = Ib tanh

 
�vDM
2Ut

� tanh�1

"
tanh

�
�vDM
2Ut

�
2m + 1

#!
(4)

This circuit has only one degree of freedom, given by the rel-
ative width-to-length ratio m of M2a;b;c;d to M1a;b. Setting



the second derivative of G equal to zero, we �nd the only
positive root occurs at m = 1. For the same circuit condi-
tions, the linear range is identical to that of the transcon-
ductor linearized with the bump circuit, �29:2mV.
Fig. 2(b) is a double di�usor transconductor with a sec-

ond di�erential pair inserted between the di�usors. Equa-
tions for iDM as a function of vDM can in principle be de-
rived using equations found in Appendix A. However, in
our work, we applied these basic equations in a MAPLE
worksheet. We used MAPLE to symbolically analyze and
numerically optimize the circuit.
The transconductor in Fig. 2(b) has two degrees of free-

dom, m, the relative width-to-length ratio of M2a;b;c;d to
M1a;b, and n, the relative width-to-length ratio of M3a;b

to M1a;b. Using MAPLE, it is found that maximal at-
ness occurs at m = 0:2449 and n = 0:1567. Identical to the
transconductor with three asymmetric di�erential pairs, the
linear range is �49mV.
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Figure 3. Simulation of (a) output current, and
(b) normalized transconductance, as a function of
vDM for two asymmetric di�erential pairs (solid),
the bump di�erential pair (dot-dash), and the dou-
ble di�usor di�erential pair (dash). A small o�set
has been added.

3. SIMULATION RESULTS

We simulated the four transconductors in T-SPICE using
level 5 model parameters from the 2�m MOSIS process.
Level 5 in T-SPICE implements the Maher-Mead MOST
model [6], which is accurate in the subthreshold and tran-
sition regions. Speci�c transistor ratios for each topology
are given in Table 1. The bias current is 1nA, V dd = 1:25V
and V ss = �0:75V.

Table 1. Transistor Ratios (�m/�m)

(W=L)1 (W=L)2 (W=L)3 (W=L)4
Fig. 1(b) 10=10 10=10 20=10 20=10
Fig. 2(a) 10=10 10=10 20=10 20=10
Fig. 1(a) 51=10 6=10 9=12 6=12
Fib. 2(b) 45=10 10=11 10=7 20=10

In Fig. 3(a), we show iDM as a function of vDM for
three topologically di�erent, but functionally equivalent
transconductor designs: two asymmetric di�erential pairs,
the double di�usor, and the bump transconductor. The
curves have been intentionally o�set to aid in viewing.
Fig. 3(b) demonstrates a linear transconductance range of
approximately �27mV for all three designs.
Similarly, Fig. 4(a) plots iDM as a function of vDM for two

topologically di�erent, but seemingly equivalent transcon-
ductor designs: three asymmetric di�erential pairs and the
double di�usor with two di�erential pairs. Again, the curves
have been intentionally o�set to aid in viewing. From
Fig. 4(b) we demonstrate a linear range of approximately
�49mV for both of these designs.

4. DISCUSSION AND SUMMARY

We have presented four circuits for implementing low-
voltage highly-linear transconductors in subthreshold
CMOS. One of the circuit topologies employ multiple asym-
metric di�erential pairs. A second uses a voltage correlator,
or \bump" circuit, to linearize the basic di�erential pair.
The other two topologies use MOS transistors operating as
di�usors, i.e., in the subthreshold ohmic region. We have
demonstrated through circuit simulation linear ranges that
are from four to seven times that of the basic di�erential
pair. Chip layout and fabrication are pending.

REFERENCES

[1] R.F. Lyon and C. Mead. An analog electronic co-
chlea. IEEE Trans. Acoust., Speech, and Signal Proc.,
36(7):1119{1134, July 1988.

[2] W. Liu, A.G. Andreou, and M.H. Goldstein, Jr.
Voiced-speech representation by an analog silicon mo-
del of the auditory periphery. IEEE Trans. Neural Net-
works, 3(3):477{487, May 1992.

[3] Y.P. Tsividis. Integrated continuous-time �lter
design|an overview. IEEE J. of Solid-State Circ.,
29:166{176, March 1994.

[4] G. Groenewold, B. Monna, and B. Nauta. Micro-power
analog-�lter design. In R.J. van de Plassche, W.M.C.
Sansen, and J.H. Huijsing, editors, Analog Circuit De-
sign : Low-Power Low-Voltage, Integrated Filters and
Smart Power. Kluwer Academic, Boston, 1995.

[5] Y.P. Tsividis. Externally linear, time-invariant systems
and their application to companding signal processors.
IEEE Trans. Circ. Syst. II, 44:65{85, February 1997.



−150 −100 −50 0 50 100 150
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1
Transfer Characteristics

Vdm [mV]

Id
m

 [n
A

]

(a)

−60 −40 −20 0 20 40 60
0.98

0.985

0.99

0.995

1

Normalized Transconductance

Vdm [mV]

G
m

 / 
G

m
M

ax
 [S

/S
]

(b)

Figure 4. Simulation of (a) output current, and (b)
normalized transconductance, as a function of vDM
for: three asymmetric di�erential pairs (solid) and
the double di�usor transconductor with two di�er-
ential pairs (dashed). A small o�set has been added.

[6] C.A. Mead. Analog VLSI and Neural Systems. Addi-
son-Wesley, Reading, MA, 1989.

[7] E.A. Vittoz. Micropower techniques. In J. Franca
and Y.P. Tsividis, editors, Design of MOS VLSI Cir-
cuits for Telecommunications and Signal Processing.
Prentice-Hall, 2nd edition, 1994.

[8] L. Watts, D.A. Kern, R.F. Lyon, and C.A. Mead. Im-
proved implementation of the silicon cochlea. IEEE J.
Solid-State Circuits, 27(5):692{700, May 1992.

[9] P.M. Furth and A.G. Andreou. Cochlear models imple-
mented with linearized transconductors. In ISCAS-96,
volume 3, pages 491{494, Atlanta GA, May 1996.

[10] H. Tanimoto, M. Koyama, and Y Yoshida. Realization
of a 1-V active �lter using a linearization technique
employing plurality of emitter-coupled pairs. IEEE J.
Solid-State Circuits, 26(7):937{945, July 1991.

[11] R. Sarpeshkar, R.F. Lyon, and C.A. Mead. An ana-
log VLSI cochlea with new transconductance ampli�ers

and nonlinear gain control. In ISCAS-96, volume 3,
pages 292{296, Atlanta, GA, May 1996.

[12] T. Delbruck. Bump circuits for computing similarity
and dissimilarity of analog voltages. In IJCNN-91, vol-
ume I, pages 475{479, Seattle, WA, July 1991.

[13] M.H. Cohen and A.G. Andreou. MOS circuit for non-
linear Hebbian learning. Electronics Letters, 28(6):591{
592, March 12 1992.

[14] P.M. Furth and A.G. Andreou. Linearised di�erential
transconductors in subthreshold CMOS. Electronics
Letters, 31(7):545{547, March 30 1995.

[15] K.A. Boahen and A.G. Andreou. A constrast sensistive
silicon retina with reciprocal synapses. In J.E. Moody,
S.J. Hansen, and R.P. Lippmann, editors, Advances in
Neural Information Processing 4. Morgan-Kaufmann,
San Mateo CA, 1992.

[16] A.G. Andreou and K.A. Boahen. Neural information
processing II. In M. Ismail and T. Fiez, editors, Ana-
log VLSI Signal and Information Processing. McGraw-
Hill, 1994.

A SUBTHRESHOLD MOS DEVICE
EQUATIONS

Amodel for the current in an NMOS device operating below
threshold is given by [7, 6, 16]

IDS = I0Se
�VGB

Ut (e
�

VSB

Ut � e
�

VDB

Ut ) (5)

where VGB is the gate to bulk voltage, VSB the source to
bulk voltage, VDB the drain to bulk voltage, S � W=L the
width-to-length ratio, I0 the zero-bias current, � the elec-
trostatic coupling coe�cient between the gate and channel,
and Ut � kT=q the thermal voltage. In this simple model,
we ignore the e�ect of a nonzero drain conductance on IDS.
In practice, its e�ect can be minimized by choosing long
devices. Equation (5) is valid in the ohmic region, where
the transistor is said to behave as a di�usor [15, 16].
If VS < VD � 5Ut, the drain dependence can be safely

ignored, and the transistor is said to be in saturation. In
this case, the model for drain current simpli�es to

IDS = I0Se
�VGB

Ut e
�

VSB

Ut (6)


