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ABSTRACT

A CMOS instrumentation amplifier based on a simple topology that comprises a double-input G,,,-stage
and a low-distortion class-AB output stage is presented. Sub-threshold design techniques are applied to
attain high figures of differential-gain and rejection parameters. Analyses of input-referred noise and
CMRR are comprehensively carried out and their dependence on design parameters determined. The
prototype was fabricated in standard n-well CMOS process. For 5V-rail-to-rail supply and bias current of
100nA, stand-by consumption is only 16uW. Low-frequency parameters are Ap),=86dB, CMRR=89.3dB,
PSRR+=87dB, PSRR-=74dB. For a 6.5pF-damping capacitor, ®),=73° and GBW=47KHz. The amplifier
exhibits a THD of —64.5dB @100Hz for a 1V,,-output swing. Input-noise spectral density is 5.2uV/ Hz
@1Hz and 1.9uV/ Hz @10Hz, which gives an equivalent input-noise of 37.6uV, over 1Hz-200Hz band-
width. This circuit may be employed for low-frequency, low-distortion signal processing, advantageously
replacing the conventional 3-opamp approach for instrumentation amplifiers.

Index Terms: Instrumentation amplifier, double-port amplifier, class-AB output stage

1. INTRODUCTION

Instrumentation amplifiers (IA’s) are essential
parts wherever a small differential voltage must be
accurately amplified in the presence of a strong com-
mon-mode input voltage. It should thus feature high
input-impedance, low input-referred noise and offset
voltage, large open-loop differential-voltage gain and
substantially reject variations on common-mode and
power-supply voltages. For many control and low-fre-
quency signal processing circuits, IA’s with a gain-
bandwidth product (GBW) of tens of KHz would
meet most of these requirements.

In many applications, such as sensor interfaces,
the overall performance of the system is limited by the
offset and noise of input amplifiers. In this respect,
chopper modulation and auto-zeroing can be used to
improve these figures [1-2]. A current-switching
modulation approach that improves CMRR against
EMI interference is also described in [3]. Although
exhibiting good performance, such techniques
demand great circuit complexity and dissipation.
Current-feedback IA’s topologies can also be found in
literature [4-6].

Upon very-low power consumption budget, a
standard 3-opamp implementation of IA’s [7] is gen-
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erally adopted, with both offset and noise minimized
by properly sizing input transistors of differential
pairs. Nevertheless, a 3-opamp IA still requires a sig-
nificant Silicon area. Furthermore, it depends on
excellent matching between several relatively large
resistors to meet CMRR stringent necessities. To han-
dle these limitations, the insertion of an auxiliary dif-
ferential-pair in the input-stage of a standard opamp
topology has been reported in literature. In [8], a
switched-capacitor amplifier with an auxiliary input
works out offset cancellation. Subjected to charge
injection noise and capacitor mismatching, this solu-
tion is better applied to discrete-time applications. A
good alternative is the so-called Differential
Difference Amplifier (DDA) that comprises a com-
pound of two differential-pairs [9].

This paper introduces a compact low-distortion
CMOS instrumentation amplifier comprising a double-
port transconductance (G,,-stage). Based on the DDA
approach, the differential-pairs in this proposal are
however cross-coupled with respect to incremental cur-
rents stirred by input signal. Such currents are conveyed
to a summing node at G,,-stage output and converted
into voltage. Additionally, a low-distortion, unity-gain
output stage allows moderate capacitive and resistive
load driving capability. Stability is achieved by a
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Figure 1. Instrumentation amplifier block diagram

grounding capacitor. Large values of differential gain
and rejection parameters are attained at very-low cur-
rent bias. A simple resistive feedback network sets the
voltage gain. Additionally, first-order equations are
developed for prescribing CMRR as function of mis-
matching, as well as for noise properties.

2. CIRCUIT DESCRIPTION

The symbolic diagram of the amplifier is depicted
in Figure 1. It consists of a double-port G, -stage and a
voltage-follower output stage. Superimposed to a com-
mon-mode voltage Ve, differential signals vi;=(Vip1-Vin1 )
and vjp=(Vp-Vinp) are respectively applied to input ports
of Gy, and G,,,. Small-signal currents Bi, and Bi,,
respectively driven by (Vip1,Vip2) and  (Vip1,Vin2), are
summed up and voltage-converted at G,,-stage output.

The amplifier schematic is shown in Figure 2.
G,; and G,,, comprise differential-pairs respectively
formed by transistors M, Mg and M,,, M,y, all
operating in weak inversion. Incremental currents i,
and i, are conveyed to the G, -stage output node scaled
by a factor B. Current mirrors M3, - Mgy operate in
strong inversion to improve accuracy. A push-pull out-
put stage composed by transistors My - M, and bias
sources I, and I, allows resistive loading to the ampli-
fier. No quiescent current flows to/from the G, -stage
upon ideal matching between I,; and I,,. Frequency
stability is achieved by a damping capacitor Cc.

Some dc and low-frequency properties of the
instrumentation amplifier are now discussed.
Subscripts DM and CM underline either pure differ-
ential-mode or common-mode drive, respectively.

2.1 Negative Feedback

Figure 3 shows the negative feedback to stabi-
lize the amplifier gain. Neglecting the offset voltage,
in the presence of a common-mode voltage Ve =
Veum + Vagnp, one has
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where Apy is the open-loop differential gain,
CMRR,; the individual common-mode rejection ratio of
G, and r = R, /R As in a conventional opamp, if Apy,
— o and denoting v . = V.. - Vagnp, the closed-loop
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Figure 3. Gain-stabilization through negative feedback.

2.2 Open-loop Differential-Mode Voltage Gain

Let’s assume transistors pair-wise matched and
ideal sources Igag. By superposition,

Abmi= Abmz = IBIASl (3)
2nUt Qo

where Apyi, Apame are the open-loop voltage
gains referred to inputs v;; and v;,, respectively.

Journal Integrated Circuits and Systems 2010; v.5 / n.1:33-41



A Compact Low-Distortion Low-Power Instrumentation Amplifier

2.3 Common-Mode Rejection Ratio

To evaluate the response to a general common-
mode drive, let’s represent Vo and Ve, as com-
mon-mode voltages applied to G,,; and G,,,, respec-
tively. The low-frequency small-signal circuit of G} is
illustrated in Figure 4. Finite resistance Ry; represents
a non-ideal Iyjsg, Whereas g4 and g,z replace low-
impedance devices M3, - Myg. Input-transistors finite
output resistances r; 5 and r,; are also considered. As
a result of Vcpy, @ common-mode current icyy will
flow through Rg;. Similar fact occurs in G,,,. Upon
assumption of rgag 1a>>1 and rgpg.p>>1, incre-
mental v;; and v;, voltages are

Vi = Vemi 4
"1y (gma + gmie) Ro1 (4)
Vewmz (4b)

Viz=
1+ (gmea + gm28) Rp2

where R, = Ry //ra//Toy and Ry, =
Rpa//To2a//Toa- Incremental currents icy, and icyp
are

gmiaVeme gm2AVem2 (52)

1+ (gma+gmie) R 1+ (Qm2A + gmzs) Roz2

icMn = IcM1A + icM2a =

QgmisVemt Qgm28Vem2 (5b)
1+ (gma+gmB)Ro 1+ (Qm2A + gmzs) Roz2

icMp = icm1B + icM2B =

Mirrored by a factor B to G,,-stage output
node, these currents produce a common-mode vol-
tage gain Acy. To obtain an exploitable analysis for
CMRR, different mismatching sources are assumed
orthogonal. Expressions to be given are function of
relative deviations in geometry and process parameters
between G,,; and Gy .

8mA gmB
— Vemt

&n1B ViB /]\ ViB

ViA Em1AViA 1015 TO1B

icM J/A%Rm

Figure 4. Low-frequency small-signal circuit of port G,,.

2.4 Mismatching on Current Mirroring

Departures from ideal current mirrors are here-
in represented by correcting mirroring ratios through
a factor (1 + o), where o embodies device mismatch-
ing and A-effect. As a result,
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Aova 1+ X
MRRa = = 1+ 2gn
CMRR Acma 1—X( * ng) (6)
where
o Mas (7)
(1+ a1)(1+ a2)

and o4, o, and az are respectively associated with
ratios i,/1,, lon/iny and ig,/i,, as established by the
circuit of Figure 2. CMRR, reaches then infinity as
X—1, which theoretically corresponds to perfect mir-
roring. The offset component V, due to current
mirror mismatching is

Vosa = nUT[ (L+ a2)(1+ a2) - (1+ a3)] (8)

2.5 Mismatch on Threshold Voltage

Local mismatches on threshold voltages of
input transistors also degrade CMRR. Although a large
combination of relative mismatching between all four
input transistors is possible, only two mismatch condi-
tions are examined: between devices of a same differ-
ential pair (B;) and from distinct input pairs (B,).

denoting AV = Ve - Vs and AV = Vg
- Vrma, it turns out

—AVTHi
Aows 1+ 2geRa T &P T Ur
CMRRsi = = UiAm. 9)
Acwmsi 2 1-exp —AVri
nUr

with CMRRgy; related to port G
nent Vi is

The offset compo-

mi*

1-exp —AVTHi

. nUr (10)

—AVTHi
1+exp
nUr

Vosgi = 2nUt

B,) Mja= M and M, = M,p: as tail currents are now
equally split, input devices have identical
gm=Ipras/(2nUr). By defining AVygy; = Vigia-V
TmoA = Ve — Vrms, an effective common-mode
voltage Ve - AV, is then applied to G ,. From
(5a) and (5b), common-mode currents would be can-
celed out at G, -stage output node, with no first-order
degeneration of CMRR.

2.6 Mismatch on Transistor Size

Similarly to previous analysis, relative mis-
matches on aspect-ratio (W /L) are twofold:
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Cy) M4 = M), and M, = M,5: Transconductance is
unbalanced by geometry mismatch in the same differ-
ential pair. Expressing (W/L),5/(W/L);p=k; and
(W/L)2a/(W/L)yp = k;, one has

Aomc  ki+l

CMRRa = —— = ———(1+ 2gmRyi
¢ Aavci 2(|(i—2|.)(Jr grRe) (11)

with CMRR; related to port G,,;. The offset term
Vosci 18
ki-1

Vosci = 2nUt
" i+1

(12)

C,) M, = M and M,, = M,p: Let’s now assume
(W/L)1a/(W/L)ss = (W/L)1s/(W/L)sg = k. Like-
wise to case B,, a same g, for all input transistors
yields identical, but opposite current-mode currents at
the stage output, so that CMRR would not be
degraded by k5.

Combining all described mismatch contribu-
tions, straightforward manipulation of (6) - (12)
works out

CMRRAVosa
er CMRR&Vos = CMRRcVac = nUr (L+2gnRy) (13)

As can be observed, the product between
CMRR and V,, components remains constant, at a
given temperature. Therefore, any relative increase on
V,, implies an identical decrease on CMRR, and vice-
versa. The amplifier overall CMRR can be first-order
estimated by

1 1 1 1

CMRR - CMRR~ ' CMRRs ' CMRRc (14)

with corresponding input-referred offset voltage given
by

Vos = VOSA + VosB +Vo£ (14)

Therefore, CMRR can be enhanced by increas-
ing the transconductance and/or accomplishing a
high value for R, association. Setting differential-pair
transistors in weak inversion and implementing Ipjag
with long-channel cascode devices meet both condi-
tions. Weakly-inverted input devices also reduce Vg,
while large geometries lower V . The offset term
Ve Is minimized by using cascode current mirrors in
strong inversion. In addition, common- centroid and
careful layout reduce V, leading to a higher CMRR.
It’s worthy noticing from (6), (9) and (11) that all
CMRR components would approach infinity if respec-
tive mismatch coefficients vanished, despite a finite
R, Nonetheless, such a condition is strictly based on
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the assumption of an ideal cancellation of common-
mode currents at the G, -stage output node.

To provide a numerical insight, let’s assume o
= 0y = a3 = 0.1, AV =AVy,=2mV, k;=k,=1.02,
g.,=1.67pA/V, n=1.2 and R =1GQ. It comes out
CMRR,= 96.9dB, CMRRz=94dB and CMRR=
104.5dB, so that overall CMRR is 87.9dB.

2.7 Noise Figures

As inherent noise represents a fundamental lim-
itation in instrumentation amplifiers, design consider-
ations to reduce it are now discussed. Figure 5 shows
noiseless devices in the single-port G, -stage, with
equivalent gate-connected noise sources v,;. It’s
assumed that the noise produced in the output stage
does not significantly contribute to the equivalent
input-referred noise, as it’s divided by the high vol-
tage-gain of first-stage.

vs4 | pP1— VB20|

M14A-B
MS6
\I/ IBiAS
VB1
MS3 |°_ _Ci’EMSS’”””Ci MI13A-B

vst | F—H[ us2

NIE T

Figure 5. Noise sources in G,,-stage.

Vss

Small-signal noise gains from input to output
of G,,-stage can be determined using a low-frequency
equivalent circuit, where each source introduces a
noise current g..v,.. Considering matched devices
Mja-Mip, M3s-Myg, Msa-Mgg and Mys-Mgg, noise
gains associated with input transistors correspond to
An1a = Anis = Apym, and are given by (4). Noise cur-
rents due to mirror transistors in strong inversion and
conveyed to the output node yield

Bgme B 4[Bslsias

Anza = Ans = Anda = A= —— = — (16a)
Qo Qo 1+ bé
Bgms B 4/psl
Ansa = Anse = Anea = Anes = g _ —m (16b)
Qo Qo 1+X
Anza = An7e = Ansa = Ange = 9 _ 1— B7lsias (16c)
G O
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where ¥ = dViy/dVes = 1/[2(2Pp+V5s)1/2]
[10]. The noise due to transistors implementing Igiag
sources is seen as a common-mode signal, and there-
fore, assumed to be suppressed by the amplifier
CMRR. Using superposition and considering noise
sources all uncorrelated, the input-referred mean-
square noise is

6 2 8
o T T o An3A2 — —3\ Awa 9 T
Vn2 = anA2 + anB2 + 3 (VmA2 + VmBZ) + 3 (VniA2 + VniBz) ( 1 7)
Ana & Ania £

and replacing (3) and (16a) - (16-¢) into (17), one has

2 6 8
= — = V] B . B S
Vn2 = anA2 + anB2 + (1772) LE(VNAZ + VmBz) + ’37 2 (VniA2 + VmBz)

lBas™ |1+ & +x &

Since the drain current in weak inversion tran-
sistors is mainly due to carrier diffusion, the gate-
referred equivalent shot noise power of My, and M,y
is[11]

Viia? = W= MM
Isias

(19a)
where g is the electronic charge and Af is the equiva-
lent noise bandwidth. As remaining devices operate in
strong inversion, flicker and thermal noise are present.
Since low-frequency applications are devised, flicker
noise components prevail [12], which implies

KFn  Af

Visa = Vh3e =Vnaa =Vnig = —_

(WL)nCo” T (19b)
S Siven SR SR L.

B(WL)nCor” T (19¢)
vt Sitveve Sitvove SR
n =Vn = Vn = it D e——

(WG f (19d)

where KF, and KF, are flicker coefficients for n- and
p-channel MOSFET, respectively. Lastly, replacing
(192)-(19d) into (18), the amplifier input-referred
noise spectral density turns out

W (2nUr)?

W _ ( l\ 4,unKFn 1 4upKFp 2
A e | B L) LaCof * BLe )L ot (20)

Noise power decreases then with bias current,
mirroring factor and channel length of mirror devices.
The calculated noise spectral density as a function of B
and L is displayed in Figure 6, where m is a multiply-
ing factor applied to L;y=10pm and L,,=9.6nm.
Optimal values of B lie between 2 and 4, as a further
increase has little effect on noise reduction. Such a
behavior is expected since (20) has also noise compo-
nents with no dependence on factor B.
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Figure 6. Spectral noise dependence on B and Lzp, L7a.

2.8 Class-AB Output Stage

The class-AB output stage in Figure 2 meets
the requirements for unity voltage-gain and appropri-
ate bandwidth. Furthermore, it features circuit sim-
plicity and controllability of quiescent current, essen-
tial for low-power applications. However, the use of
source-followers drivers M;; and M, intrinsically
limit the output peak swing, as a voltage drop Vgg +
2Vpsar is mandatory for biasing. To cancel out
crossover distortion, M;; and My, have their Vg vol-
tages balanced by voltage drops V, and Vj of diode-
connected Mg and M, respectively. These devices are
held in weak inversion by current sources 157 and I,,,
which in turn are mirrored from Igjag. M;; and My,
operate in weak inversion with respective quiescent
currents Iy and Iy;,. Upon ideal matching Iy, = I,
= 14, and assuming same m for both types of device
and Iy = Ipo(W/L)exp(Vgs/MUr) [13], the voltage
balance in the TL loop yields

e T R ()
IDO“\T) . |D0p\T} b IDOD\T} 0 |D0n\T/ "

where Ipg, and Ipg, are process-dependent
parameters. Imposing (W/L)g = (W/L);; and
(W/L)1p= (W/L),, implies L)) = Lo, = Lo, so that
no quiescent current flows to/from R;. Moreover, as
gate-to-gate voltage Vg = Vo + | Vi | = Vo + | Vp |,
it turns out I, = I. As current mirroring is reasonably
accurate, good control of quiescent current is there-
fore achieved.

The amplifier output swing decreases as the
load becomes less resistive. For a positive swing, M,
reaches strong inversion and linear operation still sub-
sists as long as it remains in saturation. Defining V,;
as the minimum voltage across current source I,
Vgsi1 1s limited to
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Vestimax = Vop — Va1 — Vipeak — Vacno (22)

For low-frequency signals and given values of
Vipeak and Ry, the aspect ratio of My, is imposed by

(W) 20+ x) 1 Vipeak (23)
\L/y~ wnCox (Vesimex—Vmi)? R

Similar analysis can be extended to sizing Mj,, as
determine by a negative excursion.

3. AMPLIFIER DESIGN AND SIMULATION

The circuit was designed according to a stan-
dard n-well 0.7um CMOS process. Nominal parame-
ters are Vygy = 0.83V, Vigp= -1.1V, u,C, =
143MA/V2’ Mpcox= 41““A/V27 Yn= 0'74V1/2’ Yp=
0.43V1/2, mu=m,=1.2 and KF,= 3.0x1022V2F and
KF,= 4.4x10-24V2F. Standard deviations for V- and
Vrgp are 7mV and 25mV, respectively. A 5V rail-to-
rail supply accommodates relatively large voltage
drops across diode-connected transistors. The amplifi-
er was specified for GBW = 30KHz and maximum
stand-by consumption of 25pW. A preliminary analy-
sis revealed that Ig;ag=100nA complies with both
requirements.

Current Ippag is derived from the self-biased
PTAT reference of Figure 7 [13]. As Mg, and Mg,
operate in weak inversion, Vi = IR = UInK, where
K =Wy, /Wg, = 5. Feedback produced by Mg, — Mgg
and internal noise would ideally build up I;. However,
a triggering path (not shown) is recommended to
guarantee that the circuit starts if the supply voltage
Vpp ramps up slowly. An off-chip resistor R in the ref-
erence-current generator gives current flexibility,
whereas providing an insight on I dependence on
Vpp variations. Cascode current mirrors with long-
channel devices and low-level current boost the source

Vbp
MS4 F °|HMS6VB2°| MI14A-B
I
- Vol J/ BIAS
MS3 |° AL MS5 4 MI13A-B

MS1 |——| I: MS2
IR\|/ R/I\VR

Figure 7. PTAT reference current generator.

Vss
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resistance Ry, a necessary condition to a high CMRR.

The amplifier input-devices output conduc-
tance and their geometry mismatch are reduced by
imposing a 10pm-minimum size. Their operation in
weak inversion ensures a maximum g, while mini-
mizing Vg terms. The maximum current in weak
inversion, Iy = 2n(W/L)u,Co U? [13], limits the
aspect-ratio of input transistors. By choosing B=10, a
trade-oft between power consumption, intrinsic noise
and suitable bandwidth is achieved. Again, long-chan-
nel cascode current mirrors enhance the gain-stage
output resistance and lower V. Moreover, the
square-law dependence on L; and L, in (16) suggests
a more effective noise reduction by adopting long-
channel devices in current mirrors. Maximum length
is however dictated by the output swing requirement.
The push-pull stage was sized to comply with an
80pA-driving capability @R; =10K<Q. Class-AB opera-
tion is achieved by setting the quiescent current I to
I,=1.5I3;as=150nA, although simulation indicates
[4=280nA. Apart from asymmetries on generating I 5,
and I,,, such a deviation is also credited to the body
effect of Mg and M. Since the drain current clean-
exponential dependence on Vg is inexact [14], the
translinear (TL) loop Mg — My, offsets I from I, to
some extent. Additionally, an identical n} factor for n-
and p-type transistors is assumed.

Transistor drawn dimensions are listed in Table 1.
Input transistors feature (10um,/10um) sizing to ensure
weak-inversion operation, whereas reducing offset volt-
age due to lithography mismatch. Loads M3, — My and
M, — Moy have long channel to lessen noise terms, as
well as enhancing the voltage gain. M;-M,, transistors
have large aspect-ratio to provide relatively high current
stirring, but L = 0.9um was adopted to improve pair-
wise matching of My-M;; and M;y-M;,. Long-channel
M5 Mg (L=20um) improves the condition I5;=I4,
to minimize the interference of crossover-distortion
cancelation circuit on the amplifier gain stage.

Simulated results using PSPICE and Bsim3v3
models are low-frequency Apy=93dB, phase margin
®y=55° and GBW=100KHz, for 6.5pF-damping
capacitor. Closed-loop gains are in excellent agree-
ment with (2). For a 10K2-load resistance, an output
swing of 0.93V and THD values of -70.5dB
@10Hz and -50.8dB @100Hz are also predicted.

4. EXPERIMENTAL RESULTS

Figure 8 depicts the photomicrograph of the
instrumentation amplifier, which occupies an effective
area of 0.1mm2. A second version of the amplifier,
with an external C was also prototyped. On either
version, access to the compensation node allows a
deeper analysis on frequency stabilization.
Measurements were taken with Vpp= 2.5V, V= -
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Table I. IA Transistor Sizing

Mia - Mag | M3p - Mgg| Msp - Mgl M7a - Mgg | Mg, Myg| Myg, Myp| Myg- Mys| Mys - Myg| Myz- Myg

wEm) 10 2 20 9.6

32 64 40 60 40

Lpm)| 10 10 10 9.6

0.8 0.8 20 20 20

Table Il. 1A Experimental Parameters

Offset voltage 2.3mV (mean) , o = 1.1mV
Apm@1Hz 86dB
Dy 73°
GBW 47KHz
CMRR 82.8dB - 98.8dB
PSRR+ 84.5dB - 91.3dB
PSRR- 71.8dB - 78.2dB
Common-Mode Input Range -1.60V to +1.22V
THD@100Hz -66.3dB@R; =10KQ , -58.7dB@R; =1KQ
Vhoise2/Af (input-referred) 5.2uV/VHz@1Hz, 1.9nV,/VHz@10Hz

* 2 ..r’ s
Figure 8. IA photomicrography.

2.5V and Vgnp= OV and summarized on Table 2.
On-chip reference current is 100nA, for an overall
stand-by power consumption of 13.4pW.

Figure 9 overlays simulated and experimental
data of Apy; and phase-shift over a frequency span of
1Hz-100KHz, for R;=10KQ and C;=12pF.
Symmetry between input ports is confirmed by meas-
uring practically identical characteristics of Apy gain,
after interchanging differential pairs.

Oftset voltage has a mean value of 2.3mV and
a standard-deviation (o) of 1.1mV. Frequency charac-
teristic of the amplifier rejection figures is displayed in
Figure 10. CMRR, PSRR+ and PSRR- @l1Hz are
98.8dB, 91.3dB and 78.2dB, respectively. As expect-
ed, the proposed amplifier features lower CMRR as
compared to IA implementations using chopping
techniques (140dB [4]) or current-feedback topolo-
gies (106dB [5]).

Measurements of input-referred noise spectral
density give 5.2uV/VHz @l1Hz and 1.9uV/vVHz
@10Hz, which corresponds to an equivalent input
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Figure 9. Simulated and experimental Apy, and ®y.

noise of 37.6uV, over 1Hz-200Hz bandwidth.
Although the current-mode based IA in [5] presents a
much lower equivalent noise (1.6uV), it demands
larger power dissipation (50uW), however. Input-
referred noise of the proposed IA can be further min-
imized by re-sizing differential-pair transistors, at
expense of area.

Calculated and experimental data of the input-
referred noise spectral density are superimposed in
Figure 11. Measurements were collected by setting
the amplifier as a voltage follower. A low-noise 60dB-
gain external amplifier boosts the noise power before
acquisition. Good agreement with (16) is attained at
low frequencies, although no statistics for KF coeffi-
cients were available for calculation.

A voltage-follower configuration was used to
obtain large-signal characteristics. As shown in Figure
12, good fitting occurs between calculated and meas-
ured low-frequency output swing as a function of load.
For R;=10KQ, peak amplitude is 0.92V@100Hz and
reduced to 0.85V@10KHz. Heavier load currents also
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Figure 11. 1A input-noise spectral density.

degrade linearity. For a 500mV-output, 100Hz-sinu-
soidal signal, THD decays from -66.3dB to -58.7dB for
load resistances of 10K and 1K€, respectively. Since
nonlinearities associated with transconductance g, are
first-order canceled out in the differential stages, a major
contributor to overall distortion is the push-pull circuit.
As swing increases, transistors operating in saturation
move towards the triode region. In addition, the mobil-
ity dependence on gate voltage and the body effect on
M, also degrade the linearity. A 40dB-gain was fixed by
external resistors R,=47KQ and R;=470L in the circuit
of Figure 3. For a given output swing, the lowest resis-
tive load (= R,) is estimated from (23), whereas noise
contribution limits its value to a maximum. A distortion
measurement of an amplified 10KHz-sinusoidal signal
exhibits a THD of —41dB, for 500mV-output ampli-
tude. This figure improves to —-64.5dB @100Hz.

Figure 13 shows the maximum amplitude of
input signal @100Hz as function of the amplifier pro-
grammed gain, for a fixed THD of —44dB. At low
gains of 5 and below, full output swing can no longer
be attained since input pairs are driven out of their lin-
ear region by a high differential signal.
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5. CONCLUSIONS

A simple topology for a CMOS instrumentation
amplifier conceived for low-power, low-distortion elec-
tronics is introduced. It comprises a double-port G, -
stage and a low-distortion class-AB output stage to
drive moderate capacitive and resistive loads. Low bias
currents improve differential gain and rejection param-
eters, while still featuring a suitable bandwidth.
Analytical expressions for CMRR and input-referred
equivalent noise, in which their dependence on design
parameters are described, are also presented.

The circuit was prototyped on a conventional
n-well CMOS process and occupies an area of
0.Imm2. For a rail-to-rail 5V-supply and Igjag=
100nA, stand-by consumption is 13.4pW. Open-loop
measurements revealed a low-frequency Apy=86dB,
®,=73° and GBW=47KHz for C=6.5pF, R;=10KQ
and C;=12pF. Offset voltage has a mean of 2.3mV
and Oy,=1.1mV. Input common-mode range is [-
1.60V, +1.22V]. For R;=10KQ, peak swing is 0.92V
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@100Hz and 0.85V @10KHz. For a 500mV-output,
THD@100Hz is -66.3dB for RL=10KQ.

Experimental CMRR@1Hz varies from 98.8dB
@V, =0.7mV to 82.8dB@V_=5.1mV. PSRR+ and
PSRR- values are within intervals [84.5dB, 91.3dB]
and [71.8dB, 78.2dB], respectively. Good agreement
between calculated and measured input-noise spectral
density was attained. Noise measurements are
5.2uV/VHz @1Hz and 1.9nV/VHz @10Hz.

Owing to its compactness and low consump-
tion, the proposed topology advantageously replaces
bulky three-opamp instrumentation amplifiers. Input
common-mode range can be further broadened by
replacing diode-connected transistors with wide-
swing current mirrors. Output driving can be
increased by adopting larger (W /L) ratios in the push-
pull stage without degrading bandwidth since its input
capacitance composes the compensation capacitor.
Although a 5V rail-to-rail supply was specified to
accommodate high Vg values, the present technique
is compatible with lower voltages. The amplifier is
suitable for many low-power control and low-fre-
quency signal applications, such as battery-operated
and remote systems.
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