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A B S T R A C T

This work assesses the applicability of a compact CMOS current-mode companding integrator in the design of
analog continuous-time filters with high linearity. The companding integrator is based on the proportionality
between the source transconductances of the input and output MOS transistors and is independent of the
inversion level of the devices. The circuit has been designed in CMOS 130 nm technology with approximately
90 μm2 total active area including biasing elements. According to simulation results the integrator performs a
useful frequency bandwidth of up to 4MHz and a third order intermodulation distortion smaller than �47 dB for
input amplitudes ranging from 100 nA to 1 μA. The small and large signal responses and the third order inter-
modulation, among other features, have also been analyzed through simulation for a fourth order low-pass filter
and a sixth order bandpass filter. Performance is compared with a CMOS log-domain integrator and filter.

1. Introduction

Hardware interacts with the outside world predominantly in analog
fashion through a portion of circuit designated as Analog Front-End
(AFE) that usually greatly impacts the power consumption and the sili-
con area in mixed-signal integrated systems. For this reason, analog
continuous-time filters, an important category of signal processing cir-
cuitry, find many applications and has received special attention [1–3].
When compared to their voltage-mode counterparts, current-mode filters
exhibit an inherent compactness and larger bandwidth [4,5]. This is
because the summing operation is performed at circuit node reducing
topology complexity and because their low input impedance extends
bandwidth up to transition frequency.

In the context of low-voltage and low-power analog integrated cir-
cuits, the companding architectures are known for their high dynamic
range, concerning both signal-to-noise and signal-to-distortion ratios,
even in a low supply voltage environment [6–9]. The signal
compressing-processing-expanding procedure allows keeping the inter-
nal amplitudes within the high linearity and noise immunity boundaries,
while externally managing large signals.

On the developing of companding circuits it is necessary to take into
account the device nonlinear behavior. Whenever implemented in CMOS

technology, the companding architectures rely upon the behavior of
MOSFET current-voltage characteristics. Such behavior is either expo-
nential, if the MOS transistor operates in weak inversion, or quadratic if
the device operates in strong inversion. In both cases, compression is
performed as long as current signals are converted into voltage signals.
Whether based on the weak inversion behavior, companding filters are
classified as log-domain [7,9,10] and whether based on the strong
inversion behavior, the circuits are named square root-domain [11]. In
[12], we have proposed a new and compact companding architecture of
CMOS analog integrator whose fundamentals does not depend upon the
MOSFET inversion level. Indeed, the voltage-current characteristic of a
MOS transistor is compressing throughout the entire inversion regime
and not only where a particular asymptotical behavior predominates.

In this work, the companding current-mode integrator of [12],
hereafter called Proportional Source Transconductances Integrator – PSTI, is
revisited in its principle of operation. A balanced version of the circuit is
proposed and designed in CMOS 130 nm technology. PSTI performance is
simulated for comparison with the fully differential log-domain com-
panding integrator of Seevinck [7], also here designed in the same
technology. The applicability of PSTI is analyzed through the design and
simulation of two analog filters: a 4th order low-pass filter and a 6th
order band-pass filter. The adopted filter design methodology is detailed.
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2. Proportional Source Transconductances Integrator - PSTI

2.1. Companding current-mode integrators

A companding current-mode integrator operates according to the
block diagram of Fig. 1, adapted from [13]. The input current iin is
normalized (compressed) by a signal i0, which is proportional to the de-
rivative of the output current with respect to the capacitor voltage v. This
normalized current iC is then integrated through the capacitor and the
resulting voltage is applied to an expanding function f(v) that returns the
output current iout. The term companding comes from the contraction of
the terms compressing, accomplished through the current normalization
iin/i0, and expanding, performed by the function f(v).

Both input and output signals of the integration block (capacitor) are
compressed versions of the external input and output signals respec-
tively, thus being loosely comprised into the limits of overload level and
noise floor. Since the expanding function f(v) is nonlinear, the external
input signal must be pre-distorted in order to compensate this nonline-
arity. Therefore, the normalization factor in companding integrators
must be proportional to the derivative of f(v) with respect to the internal
integrator output v.

In [6], the concept of companding circuits is generalized by the
concept of ELIN (externally linear and internally nonlinear) circuits and
their ability to improve signal-to-noise and signal-to-distortion ratios is
emphasized.

2.2. Principle of operation of PSTI

The principle of operation of the Proportional Source Trans-
conductances Integrator – PSTI is illustrated in Fig. 2:

The drain current of a MOS transistor, disregarding small dimension
effects and mobility degradation, is related to its terminal voltages by
[14]:

iD ¼ IS½FðvGB; vSBÞ � FðvGB; vDBÞ � (1)

where IS is the specific current, proportional to the aspect ratio, vSB is the
source to bulk voltage, vDB is the drain to bulk voltage, vGB is the gate to
bulk voltage and the dimensionless function F (vGB, v) should approach
an exponential at weak inversion and a second order polynomial deep in
strong inversion. Moreover, F (vGB, v) should vanish for increasing v, so
that, in forward saturation:

iD ¼ ISFðvGB; vSBÞ (2)

The source and drain transconductances are defined as [14]:

gms ¼ �∂iD
∂vS

¼ IS
∂FðvGB; vSBÞ

∂vS
(3.a)

gmd ¼ ∂iD
∂vD

¼ �IS
∂FðvGB; vDBÞ

∂vD
(3.b)

In the linear region, that is, for very small drain to source voltage vDS,
gms and gmd are approximately equal and:

iD ffi gmsvDS ffi gmdvDS (4)

In Fig. 2, M1 is the output device that must operate in saturation and
M2 is the input device that must operate in the beginning of non-
saturation (linear region). Both are biased with constant gate voltages.
Since the current through the capacitor is proportional to the drain to
source voltage (vDS2) of M2,

iIN ¼ iD2 ¼ gms2vDS2 ¼ gms2
G

C
dvC
dt

(5.a)

According to Fig. 2, the source potential of both transistors is pro-
portional to the capacitor voltage, thus:

iIN ¼ gms2
G

C
k
dvS1
dt

(5.b)

By differentiating iOUT with respect to time and using (3.a):

diOUT
dt

¼ diD1
dt

¼ ∂iD1
∂vS1

dvS1
dt

¼ �gms1
dvS1
dt

(6)

From (6) and (5.b):

iIN ¼ �gms2
gms1

C
kG

diOUT
dt

(7)

The source transconductances of M1 and M2 are not constant but,
since their source to bulk voltages are equal, from the definition of (3.a) it
follows that gms2/gms1¼ IS2/IS1. Therefore:

iIN ¼ �IS2
IS1

C
kG

diOUT
dt

¼ �W2=L2

W1=L1

C
kG

diOUT
dt

(8)

as expected for a linear integrator.
It should be noted that the principle of operation of PSTI is analogous

to that of companding current-mode integrators. The compressed signal
G.vDS2¼G.iIN/gms2 of Fig. 2 corresponds to iC of Fig. 1, gms2/G being the
normalization factor. The expanding function f(v) is accomplished by
output transistor M1 current-voltage relationship in saturation. More-
over, since vC, integral of the compressed signal, is applied to the source
terminals of M1 and M2, the df(v)/dv block of Fig. 1 is equivalent to the
source transconductance effect. Nonlinearity compensation is achieved
by the proportionality between the source transconductances of input
and output transistors.

2.3. Circuit architecture and design considerations

Fig. 3 illustrates the architecture adopted to synthesize the PSTI
principle of Fig. 2. In order to assure that M2 operates in the linear region,
VGG1 is set to VDD. The voltage controlled current source that drives the
capacitor in Fig. 2 is accomplished by the differential amplifier M7-10 of
Fig. 3, which converts the small signal drain to source voltage of M2 into
the current signal Gm.vDS2, Gm being the transconductance gain. The

Fig. 1. Block diagram of companding current-mode integrator (adapted
from [13]).

Fig. 2. Principle of operation of the PSTI.
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