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Abstract

One of the standard techniques to extend the signal
swing of analog IC's is to use fully-differential circuits.
However, the common-mode feedback (CMFB) loops
that are used to stabilize the DC output level also affect
the differential-mode signal processing. In this paper, a
general description is given of fully-differential amplifiers
with their CMFB loops, and the impact of CMFB loop
mismatching on CMRR, noise and distortion is
discussed.

1. Introduction
Many analog IC's must operate with low total supply

voltages, as dictated by system requirements or

limitations in the IC process. This implies that the total
signal swing can be very limited, and that achieving high
signal-to-noise ratios becomes a difficult design
problem. Fully-differential signal processing can result in

a significant improvement in performance, for the

following reasons:

190 In a perfect fully-differential or balanced circuit
implementation, all even harmonics are effectively
cancelled. Even when there is a slight mismatch
between the left and right side of the circuit, the
partial cancellation of the even harmonics can be
sufficient to reduce THD with an order of magnitude.

2°: Fully-differential signal processing is to first order
insensitive to error, noise and interference sources
which appear as Common-Mode (CM) error
sources. This is particularly important for analog
circuits on a predominantly digital IC, where
high-frequency switching transients are super-
imposed on the supply and substrate bias voltages.

One of the basic problems of fully-differential
operation is that the feedback around the amplifiers
does only provide a Differential-Mode (DM) feedback,
and therefore a stabilization of the quiescent DM signal
levels. The same feedback does however not provide
any stabilization of the CM voltage levels. As a result, an
extra CMFB loop must be added to each operational
amplifier, to maintain the output CM voltage at a preset
DC level, which is most often the analog reference or
ground voltage.

In most textbooks [1] or papers on analog IC design,
DM feedback loops are treated with much more depth
than CMFB loops. In particular, the following issues are
seldomly covered in a general way:
1°. What is the CMFB loop gain and bandwidth?
2°. What is the impact of the CMFB loop on the DM

signal processing?

3°. How does the CM output level depend on DM
signals? o
In this paper, we will present a general description of

fully-differential amplifiers with a CMFB loop included. A
set of gain parameters is defined which are suitable for
predicting the actual performance of such a balanced
amplifier. The presented formalism takes mismatching
and non-linearity in the CMFB loop into account. The
gain parameters which are defined here can easily be
calculated or simulated for different circuit
configurations. Hence, the authors expect that the
presented formalism should be useful to compare
different CMFB strategies, and to answer the questions
stated above in a general way.

2. Description of Fully-Differential Amplifiers

It is common practice in CMFB circuits to sense the
CM output voltage Vo cM by a circuit which is ideally
insensitive to the DM output voltage Vo,DM- The output
of such CM sense circuit can be either a voltage (Fig.1a)
or a current (Fig.1b). For simplicity, we will in this paper
always refer to the output of the CM sense circuit as a
voltage, although the analysis is equivalent for current
output CM sense circuits. In Fig.1a and 1b, the input
voltages are represented by the CM input voltage Vi cM
and the DM input voltage Vj pp. The output CM and DM
voltage components are Vo,CM and Vg pp. Realize that
these four voltages do not exist as vo?iages on physical
circuit nodes, but rather as linear combinations of the
real input and output node voltages.The sensed voltage
Vs however is a physical node voltage in the circuit.
Unbalance in the CM sensing circuit will result in a
(slight) dependency of Vg on Vo pm. Therefore, the "CM
Sense" block in Fig.1a and 1b has two inputs, Vo cM
and Vo pM. The sense signal Vg is applied as a
secondary input to the main amplifier. This secondary
input has a high gain between Vg to Vg cM; unbalance
in the main amplifier circuit will also créate a non-zero
gain between Vg and Vg pu.

The lineariz
_The classical textbook description of the different
gain paths in a fully-differential circuit, which typically
neglects the CMFB loop completely, is as follows:
Vo,oM | _| ADD Acp| | Vipm
Vo,cM Apc Acc| | Viem
where all four gains App, Apc, AGp and Acc can be
functions of frequency. l:i"he ratio of App over Agp is
known as the open-loop Common-Mode Rejection atio
(CMRR) of the amplifier. The gains Apc and Agcc
typically do not play an important role in predicting the
performance of the fully-differential circuit in which this
amplifier is applied, as long as the CMRR of all blocks is
high. However, if the CMFB loop is taken into account ,

we get a much more complicated representation of the
circuit:

Vi,om
VopM | _| ADD AcD Asp V;,CM
Voom] | Apc Acc Asc Vg

[Vs] =] Aps Acs]-[vo’DMjl

Vo,CM

which, after elimination of the sense node voltage Vg,
which is after all just an internal node of the circuit, can
be rewritten as:

VO,DM - ADD' ACD' . Vi,DM
Vo,cM Apc Acc Vieum
where the new DM and CM gains are given by:

anc’ _ ADD("AscAcg) +ApcAcsAsp
bD 1-AscAcs-AspAps
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*_Acpli-AscAce + AccAcsAsD
1-AscAcs-AsDADS

*_ Aoc(1-AspApg) + ADDADSASC
1-AgcAcs AsDADS

_ Acc(AspApsg) + AcpApsAsC

Acc 1-AgcAcs- AgpA
) SCACS ASDADS
It is important to realize that the gains Agp and Apg are
only due to mismatches; therefore:
_AspAcs >>Agp.ADS ‘

It is also important fo realize that what is commonly
called the loop gain Tgpm of the CMFB loop is effectively:

Tcm = AsC.Acs . ‘
TcM should be made as high as possible at DC, and its
bandwidth should be as high as the differential-mode
bandwidth, which depends on App and the external DM
feedback network. The major Qesign problem here is
that the gain A%% is the gain through the secondary
input stage which has in many cases considerably lower
transconductance than the primary input stage which
realizes App. Hence, it is rather difficult to reach the
same bandwidth for CM and DM feedback loops.

Another very important parameter to describe the
interaction between CM and DM signals, is the loop gain
ATC¥, which is defined here as:

ATcM = Asp-Acs e
For a perfectly balanced amplifier circuit, Agp and
therefore also ATgM are both equal to zero. The
physical interpretation of AT\ is the following. TCM is
the CMFB loop gain. For a perfectly balanced amplifier
circuit, the gain from node Vg to each of the amplifier
output nodes Vg* and Vo~ is equal; this gain has been
called Agg before. If the amplifier circuit is unbalanced
or mismatched, then the gain between V% to Vot and
between Vg and Vg~ is not equal, and tne dif%rence
between these gains is the gain Agp. Therefore, ATC
represents the unbalance between the CMFB loop gain
through Vgt and through Vg, as is indicated in Fig.1c.

We can now simplify the four effective gains of the
amplifier to the following equivalent forms:

* ADD(‘I—TCM)+ADCATCM ~

Acp

Apc

*

App =
DD T Tom ApD
A . ACD(1'TC|\A) +AccATeM
b - 1-Tom
A - Apc(1-AspApg +ADDADSASC
DC = 1 _TCM
A Acc(1-AspApg) +AcDADSASC
cc = 1-Tcm

It js important to realize that the open-loop DM gain
App’ is almost equal to App. i.e. it is not significantly
affected by the non-idealities of the CMFB loop. As will
be shown later, this conclusion is only true as long as
the complete amplifier system is linear.

The CMRR of the amplifier, after the inclusion of the
CMFB loop, now becomes equal to:

+ App(1-Tem + ApcAT
CMAR’ - pp(1-TcM +ApcATcM
Acp(1-Tem +AccATem

or:
App(1-Tcm +ApcATeM

ADD(1 'TCM) + CMRR'ACC‘ATCM

Two important conclusions can be made here. First
of all, all four gains of the original amplifier (App, ACD,
Apc and AC(E)' together with the CMFB loop gains Tom
and AT, all can have a major impact on the effective
CMRR of the amplifier. It is also clear that the CMRR will
be degraded if the common-to-common gain ACcC is
large, if the CMRR before inclusion of the CMFB loop

CMRR = CMRR.
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was high, and if the CMFB loop gain Tg is low, but has
an appreciable unbalance. In the limiting case, the
CMRR' can be reduced to:

«  App(1-T
ovre’ - ooliTeM

. AccATem
As a result, CMRR™ may reduce to only 50 to 60 dB.
The im f noise in th FB |

Using the same matrix equations as before, we can
analyze the noise performance of the amplifier. For
simplicity, we assume here that the noise performance
of the ‘main amplifier can be represented by an
input-referred (differential-mode) noise voltage ena. We
will model the noise performance of the CMFé\‘ sense
circuit by an output referred noise source with value
eNs. This means that this noise source eNg is also the
input referred noise of the secondary input of the main
amplifier, where the CM sense signal Vg is fed back into
the main amplifier. The effective input referred noise
\t/)oltage of the total amplifier can now be approximated

y:
eNS

1-Tcm App

which implies that the noise level in the DM signal path
will not be affected significantly by noise generated in
the CMFB loop circuitry.

¢) The non-linear case

Obviously, any practical amplifier circuit will be
non-linear, ‘due to the non-linearity of the [-V
characteristic of the MOS transistors. However, in a
fully-ditferential amplifier, it is not only sufficient to
linearize the gain App [2]. Let us assume that the sense
voltage Vg contains a component Fpp which is a
non-linear f%nction of the DM voltage Vo DM:

Vg = Acs.(V +Fpm) '
In Fi%.Z tocf, th?’e%Mprev%Msly published CM sense
circuits are shown. In Fig.2, the common-source voltage
of a differential pair Vg is used to estimate the CM
voltage [3,4]. In Fig.3, a current mirror is degenerated by
resistors (MOSFET's in the linear range) that are
sensitive to the CM voltage; the output is a current [1,4].
Both circuits have very high Fppy values, as is indicated
in Fig.5. A generic version of a family of improved
current-output CM sensing circuits {5,6] is shown in
Fig.4; this circuit has a very small Fpp value over the
whole Vg pMm range. For most CM sense circuits, Fom

can be approximated By:

* ATeM
ENA = eNA t

FDM -Vo,DM* _

Let us further, to 'simplify the calculations, assume that
all other gains in this amplifier (as defined before) are
linear, and that a purely linear DM feedback is applied
around the amplifier, which yields a closed-loop gain
AcL. Then we can derive the following equations for the
second and third order harmonic distortion of the output
DM signal:

a.ATeM
HDjy = V2. LA
2 AcL-—7gy inRMS
o a ATcm 2
HD3 = 4.AcL 5 Vin RMS
Tcm

In Fig.6, the HD2 distortion component is shown for the
three circuits in Fig.2 to 4, due to a non-zero a,
assuming a linear DM amplifier gain. On top of this, we
will also see an appreciable shift in the CM output
voltage, due to the DM sigpal: 5
_Vo.CM = . ACL: - Vi DM

In Fig.7, tﬁe two output voltages Vo+ and V- are shown
for the three CM sense circuits in Fig.2 to 4. It can be
observed that the CM output level shift results in a very
assymmterical signal swing. It can even cause



premature saturation of one of the output nodes, if a is
too large. It is clear from Fig. 5 to 7 that the circuit in Fig.4
[5.6] are clearly superior over the other circuits.

3. Conclusions
The main conclusion of this paper is that the CM
sense circuits can have a major impact on the accuracy
of the DM signal processing. Major parameters that
affect such DM signal processing are:
1°: The parameters Fpp (or o) which characterizes the
non-linear relation%ip between the CM sense
output Vg and the DM output signal.
2°: The unbalance in the CM loop gain ATcm.
To optimize the performance of the 1u%y-differemial
circuit, one should choose a CM sense circuit with a
minimal non-linear (quadratic) sensitivity to Vo pp, €ven
when this means that a small linear sensitivity'to%o DM
must be tolerated. The circuit in Fig.4 results in far bétter
linearity and signal swing specifications than the circuits
in Fig. 2 and 3.
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Fig.1: Simplified block diagrams of a fuily-differential
amplifier with Common-Mode feedback.
a) CM sense with voltage output Vg
b) CM sense with current output Ig
c) Definition of Top and AT\ for simple OpAmp
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Fig.2: Commonly used CM sensing circuit with voltage
output Vg (common source of diff. pair)
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Fig.3: Commonly used CM sensing circuit w:t current
output Ig (source degeneration of current mirror)
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Fig.4: %mproved version of CM sensing circuit with
current output Ig with two differential pairs.
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Fig.5: Normalized variation FE M in CM sensing, due to
DM output voltage, for the circuits in Fig.2 to 4.
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Fig.6: THD (dominated by HD2) caused by non-zero Fppm
for the three circuits in Fig.2 to 4 (does not include
possible distortion due to other non-linearities).
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Fig.7: Shift in CM output voltage due to non-zero Fpm
for the three circuits in Fig.2 to 4, for amplifier with
unity-gain feedback. High values for Fpm lead to
very assymmetrical signal swing.
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