Cascadablie CMOS current gain cell with gain
insensitive phase shift
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It is shown that by using a complementary circuit topology,
electronically variable gain in combination with a gain insensitive
phase shift can be achieved. A cascadable CMOS current gain cell
based on this concept is proposed, together with a linearisation
technique for this circuit.

Introduction: Circuits that amplify a signal by an electronically
variable amount while maintaining a constant phase shift can be
very useful. In piezoelectrically driven resonators [1] and other
oscillator-like circuits, they enable amplitude control without
affecting the resonance frequency and in integrated filters they
enhance tuning flexibility and simplify design. Apart from a varia-
ble gain and gain insensitive phase shift, such circuits should have
a linear transfer function and low noise. Recently several current
gain cell circuits have been proposed [2-4] that feature a variable
gain in combination with a constant bandwidth, suggesting a gain
independent phase shift property. However, although this is true
for the basic cell, extra current mirrors are usually needed to sepa-
rate the output signal current from the biasing current or to cas-
cade single cells. Because these bias currents largely vary with the
gain setting, the bandwidth of the mirrors also varies significantly,
which introduces considerable phase shift variations. This Letter
shows that much lower phase shift variations arise in a comple-
mentary circuit topology without mirrors.

Principle of operation: The circuit diagram of the new complemen-
tary current gain cell is depicted in Fig 1. The input transistors
M1-M4 implement a differential I-V convertor, and output tran-
sistors M5-M8 form a transconductance stage, so that overall a
current amplifier results. The circuit can handle bidirectional input
currents and produces bidirectional output currents. The biasing
circuit (current sources Iy, and I,y and M9-M10 (matched to
M1-M4)) force the input voltages and output currents to zero in
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Fig. 1 CMOS current gain cell with complementary topology

the quiescence condition. Thus the output signal current is readily
available and cells can directly be cascaded without level shift
problems, without using current mirrors.

The input I-V conversion is linear if a square-law model for the
MOSTs is used (strong inversion, saturation) and the transcon-
ductance parameters of the p- and nMOST are chosen equal [5].
The output V-1 conversion, the sum of a nMOST and pMOST
long tail pair transfer function, can be linearised by adding a tail
current proportional to the squared input voltage [2]. A detailed
analysis shows that the desired current is already present in the
sum of the drain currents of the input transistors, so that it can be
added to tail currents Iy, by means of current mirrors CM1 and
CM2. However, the body effect of the input transistors affects the
compensation. This effect can be accounted for, however, by
changing the mirror ratio m. If a first order body effect model is
used, assuming a linear increase of the depletion charge with
increasing channel-substrate voltage [6], the resulting optimum
current mirror ratio is
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where k,;y and k., are the transconductance parameters pC,, W/L
of the input and output stage, and o is a body effect parameter
which can be related to the widely used body-effect model with
parameters y and ¢,, by evaluating the derivative of the threshold
voltage with respect to Vs, in the biasing point. Based on this
model, the equivalent differential input resistance becomes
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For m = m,,, the overall transfer function is linear and the current
gain becomes
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Eqn. 3 shows that the current gain 4, equals —m,, for Ioym = 0
and can be varied by means of both I, and Iy, (Ioye can be
both positive and negative). The above equations hold for transis-
tors operating in strong inversion and saturation, which restricts
the operating range. Applying the corresponding boundary condi-
tions [6] to the circuit results in theoretical maximum values for
[Tl of x Iy for {4)/m,, and of 8 x Iy x |A)/m,, for |4)
smaller than m,,. Furthermore the load of the gain cell must be
such that the output voltages remain between (V,,~Vpp)/a and
(Viv-Vpe)/ o for both circuit halves.

Phase shift properties: The dominant pole of the gain cell is deter-
mined by the equivalent input resistance and the input capacitance
with respect to ground. Detailed analysis shows that for balanced
input currents, the common source nodes of the long tail pairs
have constant voltages (in fact the cell can be biased by constant
voltage sources [5]). Thus almost all parasitic capacitances of the
MOSTs operate either at constant voltages or contribute to Cyy,
which gives the cell a first order behaviour over a large frequency
range. The equivalent input resistance given by eqn. 2 is independ-
ent of I,,m Because C,y is also independent of I,,n, the phase
shift of the gain cell does not change, provided that I, is used
to vary the gain. Only the gate-drain capacitance of the output
transistors in combination with the transconductance of the out-
put stage gives a gain dependent right half-plane zero. However,
because this zero is often located at much higher frequencies than
the dominant pole, it introduces relatively small phase variations.
Furthermore, if necessary, it can be further reduced by adding
crosscoupled compensation capacitors preferably implemented by
matched MOSTs.

Table 1: Most important SPICE level 3 simulation parameters

used
KP VTO GAMMA | PHI | THETA
uarv? v vos v v
nMOS 77 0.60 0.61 0.76 0.05
pMOS 33 -0.60 0.52 0.70 0.16

Simulation and measurement results: The DC transfer function of
the gain cell was examined by means of measurements using 125/
10 pMOS and 50/10 nMOS breadboard transistors (ky . kp), fabri-
cated in a 2.5um CMOS process. A value m,, = 70 was found
using eqn. 1 with average values for the p- and nMOST parame-
ters given in Table 1. For experimental reasons mirrors with bipo-
lar transistors and resistors were used (saturation voltage 0.5V).
The solid lines in Fig. 2 show the measured differential gain as a
function of the input current for balanced input currents and for
several values of 7,,;, and constant I, = 20uA. When compared
to the situation without compensation (m = 0, dashed lines in Fig.
2), it is clear that the linearity is significantly improved. Varying
mz10% around its optimum does not drastically change these
curves, which indicates that the compensation is not highly criti-
cal. The theoretical input frame is roughly related to 8 x [, as
expected (dotted lines in Fig. 2). However, the gain increases less
progressively than predicted by eqn. 3, which is mainly due to the
mobility reduction effect. The overall gain control range was 0.3 —
2.9, with a THD=1% for input currents up to 75% of their theo-
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retical maximum. Larger nominal gain values can easily be imple-
mented by choosing koyr/kyy larger than 1. Simulations indicate
that mismatches between kp and ky up to 25% contribute less than
0.4% to the THD.
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Fig. 2 Differential gain of the cell for Iy, = 20ud and m = 0.7 and m =
0

m = 0.7: Ioyn = -21, -14, 0, 28, 56, 108, 216, 432uA
————m=0:Ioyry = 7, 14, 28, 56, 84, 136, 244, 460pA

The AC behaviour of the gain cell was examined by simulation,
because breadboard parasitics would dominate measurements.
Simulations showed an equivalent thermal input noise varying
between 4.5 and 1.5 pAAVHz over a gain range 0.3 - 2.9. The sim-
ulated bandwidth f,4; remained constant at 11 MHz and the phase
shift varied less than 0.2° at 1MHz. When current mirrors with
the same transistors are used to subtract the output currents, a sig-
nificantly larger phase shift variation of 12° is found.
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