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ABSTRACT

A generalized analysis of the common-mode
rejection performance due to both (trans-)
conductance and capacitance mismatches in MOS
transistor pairs is developed for the current-feedback
instrumentation amplifiers (CFIAs). The generalized
equations can be applied to the CFIAs with the current
feedback path either via the drain terminals and the
source terminals of the input stage. Such a
generalization enables us to explore the optimum
CFIA structure with a high CMRR for a specific
application. Extensive verification of the developed
equations is provided via practical simulation using
BSIM MOS models, with excellent agreement between
simulated and analytical results.

Keywords: Instrumentation amplifiers, CMRR, CMRR
analysis, CMOS amplifiers.

1. INTRODUCTION

Instrumentation amplifiers (IA) are one of the
indispensable  building elements in bio-medical
electronics. It serves as a front amplifier to amplify a
typically very low-level bio-medical signal emanated
from a sensor to a larger magnitude, in order to enable
further processing, such as filtering and analog-to-digital
conversion [1], [2]. Thus, the IA needs to possess a low
noise performance. In addition, the IA must also have a
capability to suppress large common-mode signals
normally present along with the required signal.

Current-feedback IA (CFIA) uses both isolation and
balancing technique as opposed to resistive-feedback 1A
which employs only balancing scheme. This makes the

CFIA more superior in terms of the CMRR
performance. Fig. 1(a) to 1(d) summarize the schematics
of all the existing CFIA structures reported in the
literature [3] — [7]. These are illustrated in CMOS
implementations. Upon inspecting the IA structures,
important observations can be made as follows. First, all
the CFIA makes use of the resistive degenerated
differential MOS pair as the differential input stage.
Secondly, pMOS transistors are preferable due to their
relatively low flicker noise as compared to the nMOS
counterparts. Thirdly, the drain networks of the CFIAs
are either a resistive load formed by diode-connected
transistors [3], [4] and current source transistors [7], or
an active load formed by current mirror transistors [6].
Finally, all the CFIAs rely upon a high-gain negative
feedback loop to enable a high precision gain, where the
feedback path can be either via the drain terminals [4] or
the source terminals [3], [5] —[7].

From the above description, it may be deduced that
all the CFIA structures share the same input differential
pair, whereas their major differences lie in the feedback
path, and the types of the drain/source networks. This,
together with the fact that the common-mode rejection
performance is primarily determined by mismatches
(either systematic or random types) of the input stage,
has opened up a possibility to derive a generalized CFIA
structure that can enable us to derive a set of unified
expressions for the CMRR performances of all the
existing CFIAs. This should enable us to determine the
optimum CFIA design with the minimum power
requirement for a specific CMRR performance. More
importantly, the unified analysis could allow us to
explore the CFIA structures to search for the structure
that provides both high CMRR and low power
performances
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Fig. 1 CMOS CFIA schematics of (a) direct CFIA [3], (b) indirect CFIA [4], (c) local feedback CFIA [5], [6], and

(d) recent direct CFIA implementation [7].

2. FORMULATION OF THE GENERALIZED
CFIA EQUATIONS FOR COMMON-MODE
RESPONSE ANALYSIS

2.1 Description of the generalized current-
feedback CFIA’s input stage

Fig. 2(a) shows the generalized input stage of the
CFIA where it is essentially a resistively degenerated
CMOS differential pair with the drain network as a load,
and the source network as a current source (biasing).
The voltages at the drain terminals are sensed by the
amplifier A to the output. As indicated, the output
feedback path can be via the source terminals is
(classified as the direct feedback configuration), or the
drain terminals i;, (classified as the indirect feedback
configuration), depending on the CFIA configurations

under consideration.

Fig. 2(b) shows the small-signal analysis model for
the generalized input stage of Fig. 2(a). It is noticed that,
without affecting the analysis results, the drain and
source networks are flipped, and this is for analysis
convenience. Note that all the parasitic capacitances are
included to enable a study of the high-frequency
mismatch effects. C,; and C,, are the capacitances of the
MOS transistors where C;, and C,; are the total
capacitances of the source/drain terminals including
those from the load/source or amplifier stages that are
connected to the terminals. By applying KCL at each of
the CFIA nodes, the basic equations are derived as
summarized in (1) to (4) of the next page.

The expressions for iy, in (3) and (4) is dependent
on the type of the load network. For a resistive load, 7,,,.
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in Fig. 2(b) is set to zero. For a current-mirror load, ~ we have ¢,,,.= v/ 751 and the conditions 7 >> ry).
| | <
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Fig. 2 Generalized CFIA input stage (a) schematic and (b) small-signal model

— 1 -, .
KCL node s;: (gml + jwcgsl)(vic - vsl) + M - (_ + jwcsl}”sl - M + Zfs =0 (1)
Tds1 Ts1 Ry

. Vigo — U 1 . Vg — U .
KCLnode sy: (g9 + jC y50) (v — Usp) + M - (— + ]wCSQJvSQ -2 sl i, =0 (2)

Tis2 T2 Ry
KCL node d;: (v;, —vgq) — joC o M ; i =0 3)
: Im1\Vie — Us1 Jo gdl(vzc Udl) + r g+ Yig =
dsl
KCL node ds: R @ap=V) .. @)
2 gm?(vzc USZ) J gd?(vzc vd2)+ r + %9 g =
ds2
To systematize the common-mode analysis, we have r=1(l-0,,/2) s Tyo =1y(1+ 0,5 /2)
chosen to put mismatches into the equations via the
following definitions: Co1 = Cp(l+ 0,45 /2) > Cpeo =Cp(1= 0,45 /2)
Im :gm(l_o-g7n/2) > Gm2 = gm(1+o-gm/2) ngl :ng(1+0'6gd/2) > Cyan =ng(l—dcgd/2)
Tas1 = Tys (1 = O.s / 2) > Tds2 = Tds (1 + Oy /2) Csl = Cs (1 -0 /2) , Cy = Cs(l + 0,4 /2)

ra=nl+0,/2) .rg=nl-0./2) Cp=Cyl+0,y/2) » Cp=Cil-0,/2)
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where o, = Az / x. Note that the mismatch signs By taking the sum and the difference between the
‘ KCL equations in (1) — (4) at the drain nodes and the

defined above result in cumulative contributions of
source nodes, we have (5) to (8).

each mismatch.

KCL node (s;+s5):
Va1, Ya2 Ust | Us2 Ust | Ys2
(gmlvic + gm?”ic) - (gmlvsl + gm2v52) + [_ + _] - (L + L] - [L + L]
Tist  Tds2 Tist  Tds2 Ts1 T2
+ja)(Ogslvic + CngUic) - ja)(Cgslvsl + Cgs?”s?) - ja)(cslvsl + 052U52> =0 )
KCL node (d;+d,):

Va1 ., Va2 . ; Usi | Us2
(gmlvic + ngUz'c) - (gmlvsl + ngUs?) + ( + + (Zdl + ZdQ) - +
Tds1 Tds2 Tds1 Tds2

_jw<0gdlvic + ngQUic) + jw(cgdlvdl + ngQUdQ) =0 (6)

KCL node (s; — s5):

v v v v v Vg
(gmlvic - ngUic) - (gmlvsl - gm?“s?) + (ﬂ - ﬁj - [Ll - i} - (il - _Zj

Tds1 Tds2 Tds1 Tds2 Ts1 Ts2
. . : _ 7
+]w(0gslvic - Cgs2vic) - ]w(cgslvsl - CQSQUSQ) - ]6()(0511)51 - 032032) =0 )

2| B2 |y 95 = 0
Rl

KCL node (d; — d):

Vg Vg2 . . v ()
(gmlvic - gm?”ic) - (gmlvsl - gm2vs2) + [_1 - _] + (Zdl - Zd?) - [Ll - LJ

Tds1 Tds2 Tds1 Tds2
_ja)(cgdlvic - ng?”ic) + jw(ogdlvdl - ng2vd2) ®).
+2ifd =0
Based on the mismatch definitions, we can and the difference of the KCL equations by two, and
approximate the sum and difference terms as applying the approximations into (5) — (8), we obtain
summarized in the Appendix. By dividing the sum (9) to (12).

1 1 . . 1 .
KCL node (s,+s2)/2: [gm t—t—F ]wcgs + ]wcsjvs T = (gm + ]COCQS)UL'C ©)
Tds Ts Tds
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1 1 ) . .
KCL node (d;+d,)/2: (gm + —] Vg — (— + jCOngj Vg — g = (gm - ]C()ng )Uic (10)
Tds Tds
KCL node (s;—s,)/2:
2 1 1 1
[gm +—+—+—+joC, + ja)Csj% _ L dv U
Rl Tds Ts 2 Tds
o o o o,.C (i
m . cgs™ gs .
+Lgm(vic_vs)_ﬂ(vd_vs)_ - Ug — JO £_g (vic_vs)_]a) > Vg =0
2 2rds 2’/’9 2
logm T s i,,s oegs Yoes
KCL node (d;—d>)/2:
1 dv 1 dv, di
SR N SO L/
(gm Tds j 2 [rds g gd] 2 2 s
(12)
O o . O dC d
+ﬂgm(vic _Us)_ﬂ(vd_vs)""]a) e (’U",—’Ud)=0
2 2r,), 2
D ; D

ogm ZUV’ ds

, where id = (idl + ldz)/z and dld = (idl - ldz)/z It is
seen that the CFIA equations are now reduced into
compact forms by taking their sums and differences.
Nevertheless, it is noticed that auxiliary relations are
now required to express the sum and the difference of
the drain current terms, i; and di;. These are
dependent on the type of the drain load network.

For the resistive load, we have in, = (1/rg, +
JoCa2) Va2 since iy, = 0 [cf. Fig. 2(b)]. Thus, we
obtain the sum term as

:%((1/%1 +jw0d1)vd1 +(1/1ﬂd2 +ja)0d2)vd2)
v, [+ joCu,

, and the difference term as

di, (idl - idQ)

2 2
:%((1/7}11 -i—ja)C’dl)vd1 —(1/rd2 +ja)Cd2)vd2)

dv v dv o C
2Td 27"d 2 2
—

. 7
i oed
ord

Applying the above relations to (10) and (12), after
rearrangement, we have a set of the general CFIA
equations under the resistive load as shown in (13) to

(16).

Common-mode equations:

1 1
(gm +—+—+ joC, + joC,

Tds Ts

1 .
jvs Uy = (gm + ]wcgs)vic (13)

Tds



A WORAPISHET : ON THE GENARALIZATION OF COMMON-MODE REJECTION ANALYSIS 107

1 11 . -
(gm + _J Vs ~ [_ t ol + JdeJUd = (9 = J0C gq)v;, 19
d

Tds Tds

Differential-mode equations:

2 1 1 d
(gm +—+—+—+ joC, +ja)CSJ%——

Rl Tds Ts

1\d S .
(gm +—j ;)5 —[—+—+ JoC g + jCy

Tds Tas T4

- Zfs = _Zo"qm

+ iards + iars + iUCgS + iacs (15)

d’l)d . . ; ; ] )
]7 —U%d = “logm t lords T lord ~ Yocgd T Yocd (16)

Let us now consider the current-mirror load. We have
Ggo = (1= 0 J0g1 [ T + Vaa [ Tap + J@C 045 - Note
that (o is the mismatch in the current mirror

transfer. Since it is typical that 7,4 >> r;;, we have

lgo & (L—0,,)vq /Ty + j@Cyovg9 - SO, we obtain
. . . 1 .
ig = (i +ip) /2% 5[(1}(11 /T +]a)C'd1vd1)

+ ((1 0, Wy [Ty + ijdQ“dQ)] v, [+ joC v,

where r; =r, is set arbitrarily for convenience, and

di 1, —1 dv, o o C
d:(dl d2):jw0d d+ cmvd1+ja) cd dvd
2 2 2 2

. i
i oed
(18)

After rearrangement, we now have the general
equations for the common-mode CFIA analysis as
shown in (19) to (22).

17)
Common-mode equations:
1 1 . _ 1 .
G +— + —+ jaC s + joCy |vg ——1y = (g, + JOC 5 )v;, (19)
Tds Ts Tds

1 1
{gm +—j’l}s —{—+ja)0gd + jwcd]Ud _%

Tds Tds T4

Differential-mode equations:

1 Tds Ts

(gm +%+i+l+ joC,, + ja)C((),]d;}‘9 L duy

= (gm - jwcgd)vic 20)

“logm * lords T io-rs + toegs + iacs 2D

1 \dv 1 . , dvg . . , . ,
(gm + _j 28 - [_ + ja)ng + ]deJTd ~Ud = “logm T lords ~ locgd T locd (22)

Tds Tds
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Table 1 Unified common-mode feedback current responses for CFIAs

Parameters ; i
Y, fd Expressions
T+, T
Im N0 g - d s ds
Rl (Td + 7+t gmrsrds)
rd Td + 7‘3
y N0 yqs R
1 (Td Tt t gmrsrds)
T. T
s no,, - 5 ImTds
(Td + 7+t gmrsrds)
T 9
ImTd
noq (1 + I J . 5 m_ds
Imiv (Td T T t gmrsrds)
T+, +T
Cgs nxf O-cgngs ’ . . s
(Td + 7+t gmrzsrds)
C 2
gd
N fCyi0egq| 1+
ngl
114+ ImTd"ds
(Td T s t gm%rds)
Im"s74d
Cs ﬂ”fo'cscs . m's'ds
(Td T Tt gmrsrds)
c, 2
Uﬂfcdacd 1+
ngl
. ImTa"ds
(Td + 7+t gmrsrds)

The common-mode responses are also dependent
upon the sensing condition of the amplifier 4 in Fig. 2(a)
and 2(b). For a balanced sensing scheme, the amplifier 4
is of differential type and its input (+/—) terminals senses
the voltage difference between the drain terminals.
Typically, the differential gain of the amplifier is very
high within the operating bandwidth of the CFIA,
whereas the common-mode gain is very low (less than
one). Following this, we have v, ~ vy = v,, and thus,

dvy = vy — Vg = 0, i.e., differential-mode virtual earth.
For the recent direct CFIA with the differential output in
[7], the gain of the amplifier 4 in the model of Fig. 2(a)
is equivalent to unity. To obtain a high loop gain, the
CFIA makes use of a large drain resistance 7;; instead,

and the differential drain voltage, dv, , of the input stage

is applied directly to the output stage to produce the
feedback current. Following this, we have a finite value
of dv, as given by

) _dvs_ 1
e

It should be noted that an unbalanced or single-ended
sensing at the drain terminal of the input stage is also
possible. However, as it will lead to systematic
common-mode responses, this scheme is not feasible
and hence is not of practical and analysis interest.

B

. T 23)
(R +2/g,)

dv, = ydv,
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Table 2 Approximated unified common-mode feedback current responses for CFIAs

Parameters i 15 fd Expressions
Im no L
o ngm (7"9 H rds)
Tds no 1
g ———
" ngmrds
P o L
77 s 27:9
Td 1 1 2
o, — |1+
77 f'd ZTS ngl
C 1
gs nrfo., ., ————
g Im (rs H rds)
C 2
gd
oot 112
ey ngl
C, nxfo.sCs
C 2
I nzfoCy 'r—d[1+ )
Ty ngl

3. ANALYSIS RESULTS OF
GENERALIZED CFIA EQUATIONS

THE

Based upon (13) to (22), the unified expressions for
the current ifs or ifd under the common-mode input for

each of the component mismatches can be derived as
summarized in Table 1. They can be applied for all the
structures including the direct and local (source
feedback) CFIA in [3], [6] and [7], the indirect (drain
feedback) CFIA in [4], with both the resistive and
current mirror loads. The structural dependent factor 7 is
defined as follows. For the source feedback CFIAs, we
have 1= 1. For the drain feedback CFIA, we have

7= v 4)
(1 +2 / ngl)

In fact, (24) reflects the current relation between the
source and drain feedback currents, ifs and ifd. That is,

with the use of the current division, the following
relation can be shown for the circuit in Fig. 2(b):

i = (R, /2) _ 1 i (25)
(g, R 2) (142 guF) "
n

For the sake of completeness, it should be noted that for
the source feedback direct CFIA in [7], as a result of the
amplifier gain at unity, it can be shown that

1 . (26)

(B )
2 ngl T ngl(Td || rds)

To ease a comparison between each component
mismatch, it is instructive to reduce the expressions by
the condition that 7; << r,,r;, which is of typical

design condition in most practical [As, except for the
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structure in [7]. The approximated expressions are
summarized in Table 2. In inspecting the table, one can
deduce that, given the same percentage of component
mismatch, those parameters associated with the input

differential pair, particularly g, , r;, and C' 4q are more

S

dominant than the others.

Table 3 Simulated versus calculated mismatch parameters for SCFIA with AW /W =0.02, AV, =1 mV for all

transistor pairs.

Mismatch Nominal Mismatch factors o
parameters values Simulated Calculated
1,1, 37.72 A +0.0212 +0.0216
I, 37.72 uA —0.1005 —0.0993
Im 543.7 uS +0.0204 +0.0208
Tds 1.833 MQ —0.0249 —0.0216
T4 6.873kQ) —0.0193 —0.0191
Ts 1.065 MQ +0.1069 +0.0993

Table 4 Common-mode feedback currents of SCFIA based on simulated mismatch errors in Table 3

Common-mode feedback current ifs
Mi b (SCFIA)
flsrilatc Simulation Analytical Simulation
actors (Small-signal Calculation (Transistor level -
equivalent circuit) (Table II) BSIM3v3)

O gm (+0.0204) —139.1nA —138.9nA
0,45 (—0.0249) + 62.65nA + 62.22nA NA
O, (+0.1069) +50.21nA +50.19nA

z o + 65.85nA + 65.50nA + 62.65nA

4. ANALYSIS VERIFICATIONS

The compact form of the CMRR performance
analysis equations developed in Section 3 is verified via
simulation using BSIM3v3 MOS transistor models
parameters from a standard 3.3-V 0.35-um CMOS
process. The simulated circuits for verification are based
upon two practical configurations, i.e., the SCFIA in [6]
(cf. Fig. 1(c)) and the DCFIA in [5] (cf. Fig. 1(b)), of
which the schematics for simulations are shown in Fig.
4(a) and 4(b), respectively. To facilitate the investigation
of each of the mismatch effect, deterministic

mismatches. The analytical derivation is verified by
incorporating systematic mismatch into the transistor
pairs of the input V-to-I stages, by changing the widths
and the threshold voltages where dc voltage sources are
included at the gate terminals. As suggested with the
help of simulation, transistor mismatches in the other
stages have virtually no effect on the CMRR results.

Let us first begin with the (trans) conductance
mismatches. Considering the SCFIA, the small-signal
parameters for the input stage of the simulated SCFIA
with nominal operation were extracted and these are
given in Table 3. Also given in the table are the
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simulated and calculated mismatches of the small-signal
parameters using Table 2 with AW /W =0.02 and

AV, =1 mV for all the transistor pairs in the input

stage. Good agreement is observed with errors less than
14%. Table 4 shows the calculated feedback currents
associated with each of the small-signal parameter
mismatches in Table 3. As evident from Table 4, the
overall calculated source feedback current is in close
agreement with those obtained from simulation based on
both the equivalent small-signal circuit and CMOS
transistor schematic, thereby validating the integrity of

the analysis.

Verification of the generalized CMRR analysis is
also given through simulation of the DCFIA where the
extracted small-signal parameters at nominal operation
are given in Table 5. Similarly, with the same variation
of the width and threshold voltage, it is evident that the
simulated and calculated mismatches of the small-signal
parameters are in close agreement with errors less than
4%. Also, as given in Table 4, the overall calculated and
simulated drain feedback current of the DCFIA are in
good agreement.

Table 5 Simulated versus calculated mismatch parameters for DCFIA with AW /W =0.02, AV, =1 mV for all

transistor pairs.

Mismatch Nominal Mismatch factors o

parameters values Simulated Calculated
I, 37.74 uA +0.0331 +0.0346
I, 37.74 uA +0.0342 +0.0368
1, 37.74 uA +0.0209 +0.0216
Im 543.9 uS +0.0294 +0.0284
Tds 1.82MQ —0.0350 —0.0368
i 3.498 kO —0.0189 —0.0191
Ts 1.064 MQ2 —0.0337 —0.0346

Table 6 Common-mode current responses based on simulated mismatch errors.

Common-mode feedback current response ¢ fs
Mismatch : - (DCFIA) - -
factors Slrn.ulatlon Calculation Slmulatlon
Behavioral level Transistor level
(BSIM3v3)
O m (+0.0294) —19.71nA —19.74nA
O 45 (—0.0350) + 8.68nA + 8.67nA NA
O,q (—0.0189) + 8.86nA + 8.88nA
0,5 (—0.0337) —1.55nA —1.55nA
ZJ —3.73nA —3.74nA —3.95nA

Let us now turn to the capacitance mismatches.
Table 7 shows the extracted nominal capacitances at the
input stage of both the SCFIA and DCFIA. Note that to

avoid the inherent capacitance mismatch associated with
the drain current mirror load, a neutralization capacitor
was added [8].
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Table 7 Extracted nominal capacitance values for SCFIA and DCFIA.

Mismatch SCFIA DCFIA
parameters
Cys 2.43pF 2.43pF
Cua 39.34fF 39.34fF
Cy 2.07pF 2.07pF
C, 0.375pF 0.375pF
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Fig. 3 (a) Simulated (legends) versus calculated (lines) high frequency common-mode current responses due to
capacitance mismatches (all set at AC | C = 0.05) for SCFIA, (b) simulated (legends) versus calculated (lines) high

Jrequency common-mode current responses due to capacitance mismatches (all set at AC / C = 0.05) for DCFIA.

Fig. 3 (a) and 3 (b) show the simulated and
calculated frequency responses of the source and drain
common-mode feedback currents, respectively. For
these plots, systematic capacitance mismatches at
AC /C =0.05 were included in all the extracted

capacitances in Table 7 by adding linear capacitors in
parallel. It is evident from the simulated responses that
the simulation and calculation based on Table II are in
close agreement and thus the integrity of the analysis is
verified.

5. CONCLUSIONS

A generalized analysis of the common-mode
rejection ratio (CMRR) performance due to both (trans-)
conductance and capacitance mismatches is developed
for the current-feedback instrumentation amplifiers

(CFIAs). The generalized equations can be applied to
the CFIAs with the current feedback path either via the
drain terminals and the source terminals of the input
stage. Such a generalization enables us to explore the
optimum CFIA structure with a high CMRR for a
specific application. Extensive verification of the
developed equations is provided via practical simulation
using BSIM MOS models, with excellent agreement
between simulated and analysis results.

6. APPENDIX

The derivations of the approximated sum and
difference expressions employed in the analysis of this
paper are given as follows:
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1) (gmlvl + gm2v2) 5) (’Ul /7"1 —’02 /7“2)
:(gmiagm/Z)vl+(gm$agm/2)v2 v, v,

9% 9,5 B 7’?0—7’/2 TiO'T’/Q
=g,0,tog.v [2+g v, Fog v, /2 71(1_‘_0_/2) (14_-0'/2)
:gm(v1+v)+0'g (v —v)/2 lr r

N ——) \ﬁ,__a

20 dv =7(v1i0'v1/2—02i0'v2/2)

=2g,vtog dv/2~2g v 71”
- "6—— :;((Ul—’l}2)i0'(1}1+1}2)/2)
_dv, v
2) (vl/r1+vz/r2) r r
_ oo, Y 6) (Cyv, + Cyu,)

=(CxoC/2)v, - (CFoC /2)y,

Cl UI C2 U’J

r
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