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The proposed amplifier architecture follows a consolidated topology based on second-generation current con-
veyors (CClIs), optimized for fully-differential operation. The architecture uses gain-boosting to improve the
offset and noise characteristics of a recently proposed design. Wide input and output ranges and high accuracy
are obtained by designing the CCIIs according to an original two-stage architecture with local voltage feedback.
Embedding of chopper switch matrices into the amplifier enables vector analysis of the input signal, expanding
the application field. The main strengths of the proposed amplifier are compactness and versatility.

Measurements performed on a prototype designed with a 0.18 um CMOS process are described.

1. Introduction

The instrumentation amplifier (in-amp) is the optimal choice for
interfacing sensors that generate, either directly or indirectly, a voltage.
An in-amp designed for general-purpose sensor interfacing should be
able to amplify and demodulate sinusoidal signals, enabling complex
impedance measurements or implementation of the lock-in approach
[1]. At the same time, the in-amp should be configurable as a chopper
amplifier to read dc signal with great accuracy [2]. In order to obtain
compatibility with an as large as possible variety of sensors, a general-
purpose in-amp should also have wide input common mode range
(ICMR) and programmable gain. A unity gain option should be avail-
able to read sensors that produce relatively large output voltages, such
as electrochemical gas sensors. Finally, compactness is mandatory to
enable integration in low-cost systems on a chip (SoCs).

The classical three-op-amp [3] architecture generally does not meet
the above criteria, since its first stage amplifies the differential mode
while leaving the common mode unchanged, making the amplifier
prone to saturation when the common mode is close to the rails. This
architecture is also not optimized in terms of compactness and requires
resistor trimming. Indirect current feedback amplifiers [4-6], involving
direct application of the input differential signal to a differential pair,
are less suitable to achieve the wide input ranges required in unity-gain

settings. The current-balance in-amp uses source followers in the input
stage [7] or even involves stacking of the input and output section [8],
with severe limitation on the input common mode range and/or the
output swing.

In this work, we propose a compact instrumentation amplifier based
on second generation current conveyors (CCIIs) [9-10]. While the
general architecture follows a well-known current-mode approach, the
amplifier embodies also voltage-mode characteristics. A first example of
the proposed architecture was presented in Ref. [11]. However, noise
and offset performances of that preliminary version were not adequate
for use in high accuracy sensor interfaces. In particular, flicker noise
started to appear below 10 Hz, while statistical tests performed after
Ref. [11] publication yielded input offset voltages up to 200 uV. Sig-
nificant improvements of the offset and flicker noise characteristics
have been obtained in the amplifier proposed in this paper by in-
troducing gain boosting in the output stage. The effectiveness of the
approach is demonstrated by means of experiments performed on a
prototype designed with a 0.18 ym CMOS process. Measurements de-
scribed in this paper include also tests that were not presented in Ref
[11], such as statistical characterization of the offset voltage and
quantitative estimation of the phase and magnitude errors achieved in
demodulation experiments.
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Fig. 1. Simplified view of the proposed instrumentation amplifier.

2. Circuit description
2.1. Principle of operation

A simplified schematic view that represents the principle of opera-
tion of the proposed architecture is shown in Fig. 1. Two identical CCIIs,
indicated with dashed boxes in the figure, are connected to form a fully
differential amplifier according to a scheme derived from Refs. [12,13].
Briefly, input voltages Vy, and Vy_ are copied to nodes Vx, and Vx_,
respectively. Thus, a current (Vpy.-Viv—)/R; flows across resistor Ry
and is replicated as a differential current across nodes V;, and V,_, so
that R; and R, carry the same current. It can be easily shown that the
differential-to-differential gain is given by:

A= €))

Let us consider the CCII on the left, since the same considerations
applies to the right section. Note that M;; forms a common-source in-
verting amplifier biased by a constant current provided by My, (V3 is a
constant voltage). The cascade of the M;;-Mj;, amplifier and the single-
stage amplifier indicated with OTA-L forms a two stage operational
amplifier (op-amp) that, thanks to the voltage feedback connection,
transfers voltage Vy. to Vx.. Since My is nominally identical to My,
current Ipy; tracks Ipqg.

For symmetry reasons, in nominal conditions, Ip3; = Ipy, thus the
currents exiting terminals Vx. and V7, are identical, as required by the
CCII definition. The desired output common mode voltage is set by
varying Ips and Ip4r through Veypp, controlled by a conventional
common mode feedback (CMFB) loop. The input amplifiers OTA-L and
OTA-R are designed to provide a rail-to-rail ICMR. In these conditions,
the input common mode range of the whole amplifier is limited only by
the maximum swing of voltage Vx, as shown in next section.

2.2. Proposed in-amp architecture with embedded chopper modulators

Blocks Sy and Soyr in Fig. 2 are chopper modulators, consisting in
switch matrices that, depending on the logic value of the clock, transmit
the signal along either the solid or dashed paths indicated inside the
Sin-Soutr symbol, and labeled with the clock value (“0” or “1”) that
enables them. For simplicity, arrows and labels inside the chopper
modulator symbols will be omitted in the rest of the paper. Demodu-
lation is performed by Soyr, controlled by clock ck. If the input signal
does not require modulation, then ckepop = 1, and Syy becomes trans-
parent. Otherwise, setting ckchop = ck enables chopper modulation.
Block CA is a unity-gain current amplifier, the purpose of which is
lowering the resistance seen by modulator Soyr, greatly increasing the
frequency response. Capacitors Co; and Co, are added to operate pre-
filtering of demodulation byproducts.

Application of the modulation/demodulation scheme of Fig. 2 to the
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Fig. 2. Demodulation scheme. CA is a current amplifier. For demodulation

functions, only clock ck is active. To implement chopper modulation, ckchop is
set equal to ck.

amplifier of Fig. 1 leads to the circuit of Fig. 3, representing the pro-
posed amplifier. The current amplifier CA consists of the common-gate
stage Mao1-Maoog, which forms a cascode structure with My and Mog. In
order to equalize M;; and M,; drain-source voltages and improve
precision of the I; = Ix relationship, common gates (M;;r, Mj;r) are
also introduced in the “X” section of the CCIIs. The same cascode
structure is applied to the lower part of the circuit, composed of n-type
devices. Modulator Spyr is split into S; and S,: the former actually
implements signal (Iz;-I>g) demodulation, whereas the latter is neces-
sary to modulate the offset and flicker noise components of bias cur-
rents Ipy and Ipgg.

To reduce offset and low frequency noise contributions from M,
and My4;.r, Which do not benefit from the modulation effect of S; and
S,, these devices have been included into individual feedback loops,
based on amplifiers Ay;r and Appg, respectively, forming a gain-
boosting configuration [14]. Offset and noise from Ay r and Ap R is
rejected by the combined action of S; and Ss, for Ay;.r, and S,, S4 for
Appgr-

Resistors Ry, = Ry and Ry, = Ryy are such that Ry, + Rijg = Ry
and Ryp + Rog = Ro. Groups Rc,Cc implement standard Miller com-
pensation of the mentioned two-stage feedback loop. Constant voltages
Vg2 and Vp3 are generated by conventional bias circuits.

Dummy switches Spp and Spy (always on) are introduced to com-
pensate for the static voltage drop introduced by modulators S; and S,,
respectively. The output common mode voltage is stabilized to V44/2 by
the simple loop based on amplifier Acyp.

3. Analysis of non-idealities
3.1. Finite frequency bandwidth

As far as bandwidth is concerned, we recall that it is necessary to
maintain a flat frequency response over the required frequency range
up to the demodulator input. The elements that dominate the frequency
response are depicted in Fig. 4(a), showing the differential mode re-
presentation of the left half of the amplifier. The input signal, Vy, is
transferred to Vx by a low pass transfer function, with upper band limit
equal to the 0-dB frequency (fp) of the OTA-L/M;; composite op-amp.

The M;;-Mj;;, series supplies the whole ac current exiting Vx node.
This current includes the correct contribution, which flows into resistor
R;1, and an error component, which flows into parasitic capacitances
(represented by C,x) and into the C¢, R series. Assuming that ig; = ig;:
ooy 1+
Ld2

“Roii+il
1L 1 +ij )

By means of simple calculations and neglecting the zero nulling
resistor R¢, we can find the following approximations for f, and f:
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