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ABSTRACT

This paper presents a new linear MOS transconductor
consisting of a differential pair with resistive source de-
generation and an extra pair of op-amps to increase the
linearity. The proposed transconductor operates at a

1.8V supply voltage and the achieved THD is better

than -80dB up to 2.5MHz for a 0.8Vp-p input differen-
tial voltage.

1. INTRODUCTION

The transconductor is a basic building block in ana-
log circuit applications, such as continuous-time fil-
ters and delta-sigma modulators. Especially in the
case of delta-sigma modulators for high resolution A/D
converters one needs highly linear transconductors to
satisfy the required signal-to-(noise+distortions) ratio.
Several techniques have been proposed in the literature
to improve the linearity performance of both bipolar
and MQOS transconductors. In the following we will
refer mainly to MOS transconductors. The reported
transistor-only linearization methods include: cross-
coupling of multiple differential pairs [1], [2], (3], adap-
tive biasing [1], [4], source degeneration using MOS
transistors [5], [6], shift level biasing {7], series con-
nection of multiple differential pairs [8], and pseudo-
differential stages (using transistors in the triode region
or in saturation) (9], {10]. However, due to the inher-
ent nonlinearity of transistors, reported transconductor
linearity is limited to 40-60 dB. Much better linearity
performance can be achieved by using resistor-based
transconductors [11]-[15]. This paper describes the im-
plementation of a highly linear resistor-based transcon-
ductor capable of low-voltage operation.
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2. LINEAR MOS TRANSCONDUCTORS USING
RESISTIVE SOURCE DEGENERATION

Most of the resistor-based linear transconductors are

based on the simple differential-pair with resistive source
degeneration (Fig. 1). Using the simple quadratic

equation describing the operation of MOS transistors

in strong inversion, the analysis of the circuit in Fig. 1

yields:
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where Visers represents the effective gate-to-source
voltage of transistors My — My and v; = v;; — v;2. The
right side term in (1), equal to the difference between
the gate-to-source voltages of the two differential tran-
sistors, characterizes the nonlinearity of the transfer
characteristic. It can be seen immediately that the lin-
earity of the transconductor in Fig. 1 can be improved
by either reducing Vg gess and/or by decreasing the ra-
tio 4,/Ip. Reducing Vgsess below a certain level will
increase the noise and reduce the bandwidth of the cir-
cuit because the transistors will operate in moderate
or even weak inversion. The latter approach will in-
crease the power consumption for a given output dy-
namic range.

Figure 1. The differential MOS pair with resistive source
degeneration.

An effective method to improve the linearity of the
differential pair with resistive degeneration has been re-
ported in {11]. Constant drain current transistors are
used in the differential pair and the output current is
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collected by current mirrors connected at the sources
of the differential transistors. Another approach is re-
ported in [14], but the circuit therein makes use of
several current mirrors that can drastically reduce the

bandwidth. The transconductor presented in {15] uses -

additional resistors connected in series with the inputs
of the main differential pair in order to reduce the ef-
fective input voltage and improve the linearity. This
circuit lacks the infinite input resistance required by
most applications.

3. THE PROPOSED MOS TRANSCONDUCTOR

The nonlinearity of the MOS differential pair with resis-
tive source degeneration can be eliminated if the input
voltage falls entirely on the degeneration resistor. To
achieve this, two additional op-amps can be connected
at the inputs of the transconductor, as it is shown in
Fig. 2. With ideal op-amps the above requirement is
obviously satisfied and the transconductance of the cir-
cuit is G,,, = 1/R. Considering finite gain op-amps, the
analysis of the circuit yields the following 7 — v transfer
characteristic:
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where A is the gain of op-amps. This approach has
been initially proposed in [12] where two simple differ-
ential pairs with single-ended outputs replace the op-
amps in Fig. 2. Because no voltage level-shifting has
been used, this circuit cannot operate in a low voltage
environment. The circuits we propose eliminate this
disadvantage as it will be shown later.
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Figure 2. The proposed transconductor topology.

Before presenting the implementation issues, one
question to be answered to is the needed value for the
gain A to achieve a desired linearity. The answer is
of utmost importance because the bandwidth in which
the linearity of the overall transconductor is preserved
will be set by the bandwidth of the op-amps. For
the same circuit complexity and power dissipation, the
smaller the required gain, the larger the bandwidth will
be. Starting from (2) and using the harmonic balance

method when only the third harmonic is present, we
obtain

7 : 2
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where I; and I3 are the fundamental and the third
harmonic of the output current, respectively, and V;
is the amplitude of the input sinusoidal voltage. For
example, for Vgsers=100mV and RIy=1V, to obtain
HD3<-80dB at V;=0.8V we need A>21.25. The simu-
lated THD for a circuit with the topology shown in Fig.
2 is depicted in Fig. 3. From this plot one can see that
the gain of the op-amps need to be larger than the one
predicted by (3). This is due to the fact that higher
order harmonics contribute to THD and (3) is only an
approximate expression obtained by using the simple
quadratic model for the MOS transistor in strong in-
version. However, the error between the simulated and
predicted values of THD is only of 6-7dB.
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Figure 3. The simulated THD of the transconductor in
Fig.2 with R=4kQ, Ip=250uA, and Vgsess=0.1V for
different op-amp gains: X no amps; A A=10; o A=20; O
A=50; o A=100; Vv A=200; + A=500.

4. CIRCUIT IMPLEMENTATION AND
SIMULATION RESULTS

As mentioned before, the basic topology depicted in
Fig. 2 has been originally introduced in {12]. In this ref-
erence the solution chosen for implementing the input
op-amps restricts the dynamic range of the transcon-
ductor. In the following we propose two new solutions
that allow the low-voltage operation of the circuit.
The first approach uses the initial configuration in-
troduced in {12] with an additional voltage level-shifting
stage. The obtained circuit is shown in Fig. 4(a).
Without the level shifting circuitry (Mi; — M1a, My7—
M), the minimum supply voltage guaranteeing the
correct operation of the circuit is equal to 2Vgg +
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2VDs(sat)- The additional four transistors decrease the
value of the minimum supply voltage to Vas+2Vps(sat)-
The paid price is a small increase in die area and power
consumption.
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Figure 4. Two possible implementations of the
transconductor in Fig. 2.

The second solution is depicted in Fig. 4(b). The
two op-amps are implemented using single transistor
stages My, respectively Mg, with active loads Mg —
Mjp. Additional inverting stages My, M2, are needed
to obtain the negative feedback. It is easy to check
that the minimum required supply voltage is Vgs +
2Vps(sat), the same as in the case of the circuit in Fig.
4(a). Because the necessary gain to achieve distortions
lower than -80dB is small and it can be obtained with
a single stage amplifier, in the final realization of the
circuit in Fig. 4(b), transistors Ms — Mg (the loads
for the second stages of the op-amps) are connected as
diodes. This way one can easily obtain gains in the
range of 40dB and bandwidths up to several tens of
MHz.

The circuits in Fig. 4 have been designed using the
TSMC CMOS 0.25um process and a single 1.8V sup-
ply voltage, and simulated in Hspice. The presented
simulation results are for the circuit in Fig. 4(b). Fig-
ure 5 shows the simulated transconductance for differ-
ent source degeneration resistor values. In Fig. 6 the
simulated THD as a function of the input signal ampli-
tude and frequency is plotted. THD is less than -80dB
for a 0.8Vp-p up to 2.5MHz and with R=3k2. Figure

7 shows the simulated total input referred noise volt-
age obtained when considering both thermal and flicker
noise generators of the MOS transistors (1/f noise pa-
rameters supplied by TSMC). Total equivalent input
referred noise voltage is around 30uV at 2.5 MHz for
R=3k1.
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Figure 5. The simulated transconductance for different
values of the source resistor.
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Figure 6. Simulated THD for different frequencies: o
100kHz; A 1MHz; o 2.5MHz; + 5MHz.

5. CONCLUSIONS

A highly linear transconductor consisting of a MOS
differential pair with resistive source degeneration and
an extra pair of op-amps boosting its linearity is pre-
sented. A very simple and effective implementation of
the supplementary op-amps ensures the operation of
the transconductor at low-supply voltages. The circuit
can be used in continuous-time filters with tough lin-
earity requirements or in high SNDR. continuous-time
delta~sigma modulators. Tuning can be achieved by
means of resistive arrays or by using electronically con-
trolled current mirrors.
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Figure 7. Simulated noise performance for different
degeneration resistor values: v 3kQ; O 4k(2; o 5kQ2; A
6k + Tk x 8k2; o 9k; o 10kS2.
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