906 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 50, NO. 12, DECEMBER 2003

Analysis of Switched-Capacitor Common-Mode
Feedback Circuit

Ojas ChoksiMember, IEEEand L. Richard CarleyFellow, IEEE

Abstract—A detailed analysis of the dc behavior of switched-ca- adequately compensated by ensuring a good phase margin and
pacitor common-mode feedback circuit (SC-CMFB) is presented. g fast settling step response. Minimizing the number of nodes in

A mathematical model, useful for analysis, is developed and the sl ; ; P
expressions for the output common-mode (CM) voltage, with and the CM path simplifies compensation without limiting the speed

without considering the charge injection of switches and leakage [4]- . .
currents, are derived. Further, the expression for dc CM settling ~ The main advantages of SC-CMFBs are that they impose no

time, is presented. The effect of parasitic capacitances, dc CM gain, restrictions on the maximum allowable differential input sig-
charge injection error, and leakage currents, on the steady—state nals, have no additional parasitic poles in the CM loop, and
value of the dc CM voltage is analyzed and design guidelines to are highly linear. However, SC-CMFBs inject nonlinear clock-

minimize these errors are presented. Finally, an improved version feedth h noise into th tout nod di th
of the SC-CMFB circuit is analyzed. This circuit has very low er- eedthrough noise Into the opamp output nodes and increase the

rors due to charge injection and leakage currents and settles much 10ad capacitance that needs to be driven by the opamp. Hence,
faster than the traditional SC-CMFB circuit. SC-CMFBs are typically only used in switched-capacitor appli-

Index Terms—Charge injection, circuit analysis, common-mode Cations rather than continuous-time applications [4].
feedback (CMFB), feedback circuit, leakage currents, switched ca-  SC-CMFBs are widely used in fully-differential switched-ca-
pacitor. pacitor circuits. However, a detailed analysis of the dc behavior
of the SC-CMFB circuit and its nonideal effects, does not exist
I. INTRODUCTION in the Iiterature. This paper pre;ent.s a detaile_d a_nalysis_ of the
) o _ dc behavior of the SC-CMFB circuit, along with its nonideal
T HE use of fully-differential circuits in implementing effects. In addition, this paper also provides design guidelines
high-performance analog integrated ~circuits in & improve the performance of the circuit. An improved version
mixed-signal environment is becoming increasingly popula the SC-CMFB circuit described in [5] is also analyzed. The
Fully-differential circuits provide much better rejection ofyytiine of the paper is as follows. In Section Il, switched-ca-
common-mode (CM) noise and high-frequency power-supphacitor CMFB circuit design and operation are discussed and
variations compared to their single-ended counterparts. HoWng|f-circuit equivalent, suitable for mathematical analysis of
ever, since the CM loop gain from the external feedback 0@ pehavior, is developed. In Section I, the dc analysis of
around the fully-differential opamp is small, the CM voltag&c.cMFB circuit, ignoring charge injection, mismatch, leakage
in fully-differential circuits is not precisely defined. Withoutcyrrents and switch resistances, is presented and a closed-form
proper control, the output CM voltage tends to drift to thgypression of the dc output CM voltage is derived. In Section IV,
supply rails due to power-supply variations, process variationfie same analysis as in Section I1l, is carried out considering
offsets, etc. Hence, an additional CM feedback loop is usualiye charge injection due to switches and the leakage currents. In
necessary. The circuit comprising this CM feedback 100p ection V, certain issues related with the design of SC-CMFBs
called the CM feedback (CMFB) circuit. ~ such as the CM gain and loop bandwidth, CM dc settling time,
The design of a good CM feedback circuit can be quite chajeady-—state CM voltage values, charge injection errors, and
lenging [4]. In most applications, the slew rate and unity-gaigakage current errors are discussed and design guidelines, for
frequency of the CM loop should be comparable to that of thgster settling and lower clock-feedthrough noise, are given. Fi-
differential loop to avoid output signal distortion resulting fronha"y, a modified version of the traditional SC-CMFB circuit as

clipping due to slow settling of the output CM voltage. Thejescribed in [5], with faster settling time and higher accuracy of
number of parasitic poles in the CM loop should be minimizege steady-state value, is analyzed.

Also, the gain of the CM loop should be sufficiently large so

as to obtain the CM voltage within the desired accuracy. To be

practical, the CM loop should not add significantly to the dif- Il. SC-CMFBAND ITS MODEL
ferential loop’s load. For good stability, the CM loop should b@a. SC-CMFB Design

In general, a CMFB circuit consists of a CM sense/detect
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+Vpc- - Voc+ combined intaS; andS,,, Se_ into Sq, resulting in a total of

Vop ” Vs “ v six switches.
Let us now understand how the output CM is precisely
G G

defined when the circuit reaches steady-state. During the

(a) steady-state, if the input gate—source voltdge ¢f M,,;, and
M, _ is precisely defined, then the output CM voltage is pre-
v L Vi I vV, v cisely defined according to (1.2), i.&4m = Vi + Vemret — Vbias
°p ‘*‘@ | | Y on whereV, = Vs typically. The gate—source voltage of tran-
Vpe C, C, Vpe sistorsM,,1+ and M,,1_ is precisely defined by the following
(b) action. Transistors\/,,;+ and M,,;_ act asconstantcurrent
sources of valudp wherelp = Ip; + Ips as shown in
Fig. 1. Generation of CM voltage and level-shifting. Fig. 2. If the transistord/,,; . and M,,; _ are sized to operate

in saturation, then gate—source voltagg, of value Vg is

the polarity as shown in Fig. 1(a). The output voltaggsand determined such that it satisfies the equatipn= f (V. Vas)
V. are level-shifted by/pc and then averaged by capacitoréor somelp and Vy,. Note thatVy, of M., and M, _ is
C: and C, to produce the desired bias voltage. As shown fetermined by the bias voltag€.... and Vy, of My, and
Fig. 1(b), capacitors’; andC, charged to voltagd’pc with M,»_, respectively, and its almost constant due to cascoding.

the polarity indicated, can be represented with a series voltdg@nce.Vs is also constant. The charge necessary to form this
source of valud/pc. voltageVy, = Vg onC,; is drawn fromCs4 andC,_, which

Equating the current througt, andCs, in turn, draw the charge from nod&s,. andV,_, respectively.
The circuit configuration works like a CM OTA with the input
(C1-Vi4+Cy-Vs) (1.1) CM defined to bel’z and a low-frequency gain of..,. Thus,
(C1+ C) ’ ' the output CM voltagéd’.,, is precisely defined. Further, due
to the feedback provided by capacitars, and C,_ around
the high CM gain OTA, the nod¥, acts like a virtual ground
and its value remains almost constal (= Vg) during the

V, =

SinceV; = Vo, — Vpe andVy = V,,,, — Vpe, substituting
V1 andV; and usingCy = C5 in (1.1) above yields

(O - Vp + Co - Vo) switched-capacitor transients or the output CM variations.
Vi = (C1 + Cs) — Vpc Once the CM voltage is defined at the output nodes after
(Vop + Vi) startup, the CM is controlled by the negative feedback action
:p#_VDC of the CM loop. Any CM variation at the output nodes is cou-
= Voo — Voo (1.2) pled at nodé/,, via capacitoCs., andCsy_. AsV;, changes, the

gate—source voltage of transistdis,, , M,,1— changes, which

whereVe, = (Vop + Von) /2 is the output CM voltageAs ev- inturn, changes the current sunk by these transistors, cancelling
ident in (1.2), the output CM sensing and comparison with the variation of the output CM. Let us assume that a positive CM
reference voltagéVpc) is achieved directly with capacitors signal is present at the output. This positive variation will cause
precharged to a desired offset vaxfe. the currents in both\/,,1+, M,,1_ to increase, decreasing the

The detailed implementation of a switched-capacitor CMF8utput CM voltage and stabilizing it. Thus, as long as the CM
circuit [1], [2] in conjunction with a folded-cascode amplifiedoop gain is large enough and has enough bandwidth to stabilize
implementation, is shown in Fig. 2. The input stage, shown &st CM variations, the CM output voltage is always maintained
a box, typically consists of a pMOS differential pair with theat the reference CM value.
drains of pMOS transistors connected to nodeend B shown
in Fig. 2. TransistorsVl,14., My1— Mnoy, My along with g sc-CMFB Model for dc Analysis
current sourcesgpy, form the output stage of the folded-cas-
code amplifier. The rest of the elements in Fig. 2 constitute the The convention for the SC-CMFB analysis used in the rest of
SC-CMFB circuit. the paper is defined as follow®:(nT) denotes the voltage at

During clock phase, C14 andC;_ are connected t6's the end of2*" clock cycle, and’ is the clock period. In discrete
and C,_, respectively. The dc voltage acros, and Cs_ domain, this is denoted d8[n]. The steady-state value is de-
is determined byC;, andC, _, respectively, and is refreshednoted asV’[oo] whereV[oo] = lim V[n]. The motivation for
every¢, clock phase. During clock phage, C;; andC;_ are proposing a new SC-CMFB model for dc analysis is as follows.
charged toV.mret — Viias @and capacitor€’,, and C,_ gen- Very often in the literature, the CM amplifier in SC-CMFB
erate the control voltag®;, level-shifting the average outputcircuitis modeled and analyzed for ac as well as dc behavior [3].
voltage byV.mret — Viias @S described in (1.2) above. OverallThe CM amplifier is denoted as a single input amplifier with a
switchesSy 4, S1, Soy, Sa, Ss4, S, andS,, S, along gain of —A.,, and used both for ac and dc analysis. However,
with capacitors”; . andC; _ form a differential resistance andwhen such a model is used, it can be shown that the steady-state
the whole circuit acts like a simple low-pass filter having a deoltage difference across the feedback capaditdrc] — Vi [oo]
input voltageVpe = Vet — Vbias- NOte, that if the circuit is in Fig. 2, is precisely defined to bE. .t — Viias but the in-
symmetric, then the voltages at nodesandn. are identical dividual steady—state node voltaggégoo] and V;[co] are not
and these nodes can be shorted together. Thus,S; - can be defined. In order to precisely establish the output CM voltage,
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Cpei cmi dc analysis [3]. All other leakage currents are either supplied by
% % a voltage sourc€V,,,f) or by the OTA and, therefore, do not
affect the analysis. This circuit model will be subsequently used
for mathematical analysis of the dc behavior.

Using the model shown in Fig. 3(a), accurate expressions for

o
|(
I\
Ay

Vbias—s/ ST W,[og], Vs [oo] andV, [co] — V[oo] can be derived, as shown in
"o T(élu z c (;t)hz Section lI.
Pt 921_ Vs
@ lll. ANALYSIS WITHOUT CONSIDERING CHARGE INJECTION
(¢ \ ) o, AND LEAKAGE CURRENTS
2
A . . . . .
. . The analysis that follows in this section, is based on the fol-
_\ = o, e /_ lowing assumptions:
1) The SC-CMFB circuitis fully symmetric and there are no
(1T (12T T :
mismatches.
(b) 2) Switches are assumed to have a low resistance such that
Fig. 3. (a) SC-CMFB half-circuit equivalent dc model. (b) Clock Waveforms. T’]heeglse?;tttggg time errors during any clock phase can be

3) Leakage currents and the charge injection of switches

Vi[oo] has to be defined. However, such a model fails to explain are ignored. (Analysis with the leakage currents and the

how V; [c<] is defined. Hence, a model useful for dc analysis is charge-injection of switches is done in Section IV.)
proposed as shown in Fig. 3(a). If the circuit shown in Fig. 2 is 4) CM amplifier has a low frequency gain '
fully-symmetric ar)d there are no mismatches, then.|t can be "€Under the assumptions stated above, the circuit of Fig. 3(a)
placed by a half-circuit equivalent model as shown in Fig. 3(a':)a

Note that the opamp with low-frequency gain,, represent n be analyzed as follows:
the CM amplifier formed byMo1,, Moy, Moo, Moy and Since noded’; andV, are high-impedance nodes from the

; . ¢ point of view, charge is conserved at these nodes. The charge
the current sourcek,;. The modeling of the single-ended C'\@onservation equation, from the time instant (n — 1/2)T

OTA. In '.:'g' 2with a dn‘fere'ntlal Input CM O.TA havm.g a nonlr]'after switchS; opens till the time instartt= n1" before switch
verting input voltage of/g is the key point in analyzing the ch opens. at nod&: can be written as
behavior of the SC-CMFB circuiAs shown in Fig. 3(a), node 2 Opens, b

V;, forms the inverting input of the amplifier connected in neg- C1- (Viias — Vemret) + Cp1 - Viias

ative feedback (and hencE, acts like a virtual ground) as in o v 1] v 1

Fig. 2. However, the noninverting input of the OTA connected 2\ Ve Ty L

to Vg isimpliedin Fig. 2. Since the feedback generates the bias 1

voltage valud’p at the gate of transistord,,, ., M,,;— and any +Cp2 - Vp [” - 5} = (Cp1 + Cp2)

deviation of voltagd/, from this bias voltage valu&y is am- Viln] + (Ci + Cs) - (Vi[n] = Vi [n]) (1.3)

plified by the CM OTA, the representation bf as the positive

input terminal in the model shown in Fig. 3(a) is justified. For Note that if there are no leakage currents, then the charge is
simplicity, ideal switches with zero resistance, are considere@nserved at nodg, during the period whe, is low. Hence

for analysis, though in practice, MOS transistors are used to im-

plement these switches. The dc leakage currents associated with Vs {" N 5} =Vo[n—1]

the reverse-biased source and drain junctions of the MOS tran- 1

sistors acting as switches are also shown since they affect the Vo[n = 51 =Vo[n —1]. (1.4)
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Equation (1.4) can be used in (1.3) to elimin&i¢n — 1/2]
andV,[n — 1/2], leading to

C1 - (Vbias — Vemret) + COp1 - Viias + C2
c(Vo[n = 1] = Vo[n = 1]) + Cpa - Vi[n — 1]
= (Cp1+Cp2) - Vo[n]+(C1 + C2) - (Vi[n] -V, [n]) . (1.5)

Based on the equivalent dc model described in Section I, it

can be written that

Voln] = Aem - (VB — Vo[n]) (1.6)

Solving (1.5) and (1.6) to eliminafé,, it can be written that

WVo[n] = Ky + 3 - Vy[n — 1] 1.7
where
K — Cl - (Acm : VB - chref) + (Ol + Opl) - Vbias
b (Cl + 02) : (Acrn + 1) + Cpl + CpZ
/B_ 02'(Acm+1)+0p2

(Cl + 02) ° (Acrn + 1) + Cpl + sz )

It is important to note from the above expression that 1.
Substituting the values df,[n — 4] recursively fromi = 1 to
n in (1.7) yields

=Ky - (14 8+--+6"7") + 6" V0]

m-(l_ﬁn)w”-vb[()]

1-
whereV}[0] denotes the initial voltage at nodig at¢ = 0. The
steady—state value or the final valuelgfrn] denoted by, [0]
is given by

(1.8)

K,
Vy[oo] = lim Vi[n] = ﬁ

B Ve+ (f) : [(1 + Cc—pll) : Vbias_‘/cmrefi|
- 1+(A1m)-(1+ )

sincef < 1. Thus,V;[n] can be written as

— (1.9)

p1
Cy

Viln] = Valoo] + 6" - (V4[0] — Vi[oc)) (1.10)

SinceV,[n] = Aem - (VB — V3[n]), an equation similar to
(1.7) can be written as
Voln] = Ko + - Vo[n — 1] (1.11)

whereK, = Aep - [V - (1 = 8) — K3).
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whereV,[oo] = Aem - (VB — Kp/(1 — B)) = K, /(1 — B).
Using (1.9) forV;[co], the steady—state value or the final value
of V,[n], denoted by, [], is given by

Valoc] = lim Vol = Aem - (Vi = Viloc))
) (Vg — Vbias)}
1+ () (1+ %)

Thus, from (1.9) and (1.13)

chref + |:(1 +

Chp1
C1

. (1.13)

Vo [OO] - ‘/[,[OO]
(V::mrof - Vbias) ’ (1 + Ain]

Cp1 Cp1Vbias
(VB —Vhias) = 5767

(1.14)

If A., is very large, (1.14) can be approximated as

Valoc] = Vloe] % (Vr = Vi) + (2 ) - (Vi = Vi)
(1.15)

Practically, it is very difficult to estimat&z accurately be-
cause of its dependence on the exact drain current, drain-source
voltage, threshold voltage, etc. Thus, any mismatch between the
external bias voltag#,,;.; and the input CM of the CM ampli-
fier Vg, is scaled by a factor af’,; /C;. So this factor should
be reduced as much as possible in order to achieve an accurate
output CM.

The SC-CMFB circuit model shown in Fig. 3(a) was imple-
mented in HSPICE with a folded cascode amplifier. An ideal
switch model with a low on-resistance was developed to imple-
ment switches without the charge injection effects. The capac-
itor values chosen for this implementation &'e = 1.5 pF,

Cy = 0.5 pF andCp; = 0.15 pF. The dc gain of the ampli-
fier is 46.7 dB. As shown in Fig. 4(a), whéhn ..t = 0.9 V,
Vhias = 0.72VandVp = 0.724 V, V, settles to the desired CM
value of 0.9 V, identical to that computed from (1.13). When
Vhias IS changed to 0.6 W, settles to a value of 1.031 V in
Fig. 4(b). This confirms the validity of (1.13).

The value ofV}, calculated from (1.9) is 0.719 V, which is
also verified from the simulations in Fig. 4. Note that in both the
cases, the value &f, remains almost constant, equal to 0.719 V,
irrespective of thé/,;,s voltage value. This proves the validity
of the model shown in Fig. 3(a) wheiig was defined by the
bias currents in transista¥/,,14+, M,1_ in the feedback loop
and was assumed to be independeritif;.

IV. ANALYSIS WITH CHARGE INJECTION AND LEAKAGE

The same assumptions as stated in Section Il hold for the
analysis in this section, except that the leakage current and
charge injection will not be ignored. Let us consider switches
S1 and Se as shown in Fig. 3(a) with charge injection and

Similar to the derivation of (1.10)/,[n] can be expressed asleakage currents associated with the reverse-biased source and

Voln] = Vo[oo] + " - (V5[0] = Vo[oc]) (1.12)

drain junctions of the MOSFETSs used in their implementation.
As shown in Fig. 3(a), the current sourdg, models the
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Vemret = 0.9

100 180
Time (i) (TE)

@

(b)

Fig. 4. Simulation plots of the output CM voltadé with (a) Vemrer = 0.9,
Viias = 0.72,V, = 0.724,C,,1/C1 = 0.1, A, =46.7dB and (bY errer =
0.9, Vbias = 0.6,V, = 0.724,C,1/C1 = 0.1, A, =46.7 dB.

leakage currents of the source/drain-bulk junctions of tra
sistors used in switcl¥, at nodeV;, and;; models the sum
of the leakage currents of the source/drain-bulk junctions of

transistors used if; andS; at nodel;. Let Aq; = charge in-
jected on nodé&%, when switchS; opens;Ags = total charge
injected/absorbed on nodé&s andV;, when switchS; opens;
Aga.,p = the fraction of the total chargeAg, injected on
nodeV, when S, opens.

From the time instant = (n — 1)T when switchS, opens
till the time instant = (n — 1/2)T when switchS; opens, the
charge balance equation at nddecan be written as

C?'(‘/b [n—%]—%[n—%]>+0p2%[n_ﬂ

=y - (Vifn = 1] = Viln = 1]) + Cpo - Vi[n — 1]

II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 50, NO. 12, DECEMBER 2003

Similarly, (1.3) can be modified as

Cl : (Vbias - ‘/cmref) + Cpl . Vbias

ce (o

"7y 2
+Cp2 - (Vb {n— %}) +Aq —Age — (Iy1 + 1y2) -
= (Cp1 + Cp2) - Vy[n] + (C1 + C2) - (Vi[n] — Vo[n]).
(1.17)

Using (1.16) and (1.17) and the steps similar to those de-
scribed in Section IIl, an equation fof [»] similar to (1.7), can
be derived as

o[ N

Won] = Ky + B+ Vi[n — 1] (1.18)
where
, Aq + Aoy — Ay — (Iy1 +2-1p2)- L
(Cl + 02) . (Acrn + 1) + Cpl + Cp2

andg is same as given in Section IlI.

The steady-state value 6f[n] denoted by, [co] is modified
as, shown in (1.19) at the bottom of the page.

Similarly, (1.13) can be modified as shown in (1.20) at the
bottom of the next page.

From (1.19) and (1.20)V,[cc] — Vi[oo] can be easily de-
rived. The dc solution fo¥, [co — 1/2] — Vj[oo — 1/2] can be
derived from (1.6) and (1.17), by first deriving the expressions
for V,[n —1/2], V;[n — 1/2] in terms ofV, [n] — V},[n] and then
using the expression fdr,[oc] — V;,[o0]. Note that in presence
of charge injection and leakage currents, the steady—state value
Vi loo — 1/2] — Vi[oo — 1/2] is different fromV, [oo] — Vy[oc].

V. DISCUSSION

In this section, certain design issues regarding SC-CMFB cir-
cuit are discussed and design guidelines are provided as follows.

A. CM Gain and Loop Bandwidth

The CM gain of the CM loop should be as high as possible
for good accuracy. As evident in the expressions/dro] and
Vi[o0], the error terms are attenuated Hy,,. The larger the
Acm, the closer are the values Bf[co] & V;,[00] 10 Viprer @and
Vg, respectively, whe},;.s =~ Vp.

Secondly, the CM loop bandwidth should be large enough to
suppress the highest frequency CM disturbances. This is nec-
essary because in the event of output CM variations, a slower

+ Agoy — Iy2- = (1.16) CM loop may allow the output signal to be saturated or clipped
2 when the output swing is large and there is little voltage head-
room. Also, in presence of mismatches or large signal condi-
K'l
Vi[o0] —nli_I};o Vp[n] = 1 _bﬁ
VB + 54— [(1 + CC—T> * Vbias — Vemret + (Aar +A("CZI'”_A”) - [(IJI(;?&])Z)-T]}

A

o

1 (1.19)

cm

) ()
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/
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F

Fig. 5. A Fully-differential opamp in feedback configuration along with a SC-CMFB circuit.

tions (which cause unequal, in symmetric circuits), the CM

m [(Vig-vin)2]
variations can get converted into differential variations and cai 9™ Ve Vs)2] om B
corrupt the differential signal. So a faster common- mode Ioo;v,p R T —I—R
will have less differential signal distortion and faster differential i o
IMC Ve

signal settling in the presence of circuit nonidealities [14]. R C

Ideally, one would like to suppress the CM disturbances ove * ﬂ
the bandwidth of the differential mode (DM) input signal i.e., Ci, Cpo C.
make the unity-gain frequencies of the differential and the Cl\/vm | _l— Von

loops equal [7], [8], [10], [11]. Some references even advocate

alarger CM loop bandwidth than DM loop bandwidth [9], [12]Fig. 6. Opamp model with differential gain and CM gain.

[13]. While desirable, making the CM loop bandwidth greater

than or equal to that of the DM loop bandwidth is difficult to A linear opamp model shown in Fig. 6 is used for computing
achieve in practice because of area, power dissipation and ¢ife DM and CM return ratios.

cuit constraints. For example, the circuits in which the CM loop Similar to the analysis in [3], the differential return ratio
and the differential loop share the same compensation netwaRRDM) can be calculated as

the CM loop bandwidth is typically lesser than the differential (2 gm - Z1 - Zo)

loop because the CM loop includes more transistors and has RR(DM) = : (1.21)

additional high-frequency poles. Increasing the CM unity-gain (Zl t e T ZZ)

frequency usually results in more area and powerconsumptlwherez1 = 1/(5(Cin + C7)), Zo = Roa||[1/(5(Coq + Cp +

Hence, depending upon the application and circuit constraings )], Cr = C1+C» duringgs andCr = C» during, . Also,

the CM loop bandwidth can be designed such that spurious q expression foRRCM) is

signals are sufficiently suppressed in the band of interest that ( T Z3)

they do not disturb the differential performance of the op amp  RR(CM) = gme * Loc * 23

circuit. 2 (Zoe + Zoa + Z3) - { _ ]
Thirdly, the CM loop should be well compensated over the Cr + +

desired frequency range. Otherwise, the injection of high-frethere Z,. = (2 - Roc)||[2/(5Coc)], Zoa = Rod||[1/( Coa)l,

quency CM signals can cause the CM output to ring or eveéry, = Cr + (Cr-(Cp2/2)/(Cr+ Cp2/2)) and
possibly become unstable. Thus, the CM loop should be pras = 1/s{C7, + [Cr - (C1 + Cin)]/ (Cr + C1 + Cin)}.

erly stabilized to ensure a good phase margin and fast settlingFor small enoughC,., as compared t@'r, C; ~ CL +
A fully differential opamp in feedback configuration, with SC-C,2/2, Z5 is almost independent @ andRR (CM) is pro-
CMFB is shown in Fig. 5. portional toC'r/ (Cr + Cpa/2). IncreasingCr increaseRR

Voloo] = lim Vyln] = Aem - (Vis = Viloo])

Vemref + |:( %11) . (VB — Vbias)j| _ (A(11+A(gl_vbfA(lz) + [(IJI(-;.ZéIIJ)Q).T]

= (1.20)

() (1)
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Fig. 7. The DM and the CM return ratio plots for the model in Fig. 6(a) DM and CM loop unity-gain frequenci€s (&) DM and CM loop dc gains versus

Cr (c) DM and CM loop phase-margins versiis .

(CM). On the other hand, sin€gr appears as an additional loaddown, resulting in significant savings in power consumption.
to the differential loop, the differential unity gain frequency deket us consider the circuit shown in Fig. 2, in context with the

creases a€'r increases. IRRCM) is a certain known factor

power-down mode. Since all the clocks are disabled and biasing

k of RRDM) bandwidth and all other design parameters arirrents for the amplifier are reduced to zero, the voltage at

known, thenRR(CM)

k - RR(DM) can be solved for the high-impedance nodg, is neither properly defined, by

the value ofCr. In the example below; is chosen to be 1 for the switching circuit nor by the amplifier in a feedback loop.
simplicity. However, depending upon the application and cith presence of leakage, the dc voltage values at nages,,
cuit constraints, an appropriate valuefotan be chosen. TheandV, are not preserved during a long power-down duration.
graph of the differential loop and the CM loop unity-gain freHence, the dc output CM settling time of the SC-CMFB is
guencies versuSr is shown in Fig. 7(a). The model parametersrucial for a reliable operation of fully-differential analog

shown in Fig. 6 are chosen to hg;, = 1 mS, C;, = 1.25 pF,
Cr = 0.5pF, Cp = 0.5 pF, C, = 2 pF, Rog = 1 MQ,
Cos = 1DF, gme = 1 mS, Cpp = 1pF, C,, = 1DpF,
R,. = 1 M. The optimum value of'r is 1.45pF as shown in
Fig. 7(a). Fig. 7(b) shows theR(DM) andRR(CM) dc gains
versusCr and Fig. 7(c) shows the phase margingkét (DM)
andRR(CM) as a function ofC'r. In practice, SPICE simula-
tions should be used to choose a proper valu€pfsuch that

the CM loop bandwidth is comparable to that of the differential

loop.

B. DC Output CM Settling Time

circuits during an initial power-on or a transition from the

power-down mode into an active mode. The dc output CM

settling time of the SC-CMFB circuit is analyzed as follows.
During the clock phasgs, whenC; charged td/, . ot — Viias

is connected t@';, there is a step change in the voltages of nodes

V, andV,. Using (1.11)

AV,[n] = Vyln] = Voln — 1] = K, = (1= B) - Vi — 1]
= (1= ) - (Valoo] = Vol — 1. (122)

If C1 > C5, theng decreases and the step size increases for the
samen. Hence, the SC-CMFB circuit reaches its steady—state

In most modern portable and battery-powered systemsfaster after startup. The same conclusion can be arrived at,
power-down modéstandby mode) is present. When the systemsing (1.12) and noting that the error term decreases faster for
is not in active use, the analog and the digital circuitry is shatsmaller3 asn increases.



CHOKSI AND CARLEY: ANALYSIS OF SWITCHED-CAPACITOR COMMON-MODE FEEDBACK CIRCUIT 913

If D is the required normalized dc settling-time error toler- & G
ance, then, using (1.12) Voo Y v
Vo[ ) Va[o] J ! J ! J "
D> (|1- =p[" |1 - . 1.23
( Vll) = Ve wgy o 6 %

Taking the natural logarithm on both sides and rearranging T

[

(1.23), we get Vemret Vbias Vemret
hl ? [0] . . . . - . . .
1— Voa[oo]) Fig. 8. A SC-CMFB circuit for use with amplifiers having invalid output

(1-24) during a clock phase.

sincel < A < 1. . ) .
Thus, the dc output CM settling-time for the SC-CMFB igsnjected at nod&;. When the switcl$,; closes at the begining of
' ¢- phase, the sum of charges absorbed from AgdmndVji.e.,

given by . .
Ags2, constitute the total channel charge. Thi\g; . is a frac-
< D > tion of Ag, and as per (1.27), it partially cancels the chatge.
In | —Fm~ R . ;
1— ( VDM) Hence, the voltage error due to charge injection is primarily de-
ts = In 3 T (1.25)  termined by the charge injection of the switghand it should
be carefully designedince the charge stored in the channel of
a transistor is directly proportional to its width, the charge in-
where [z] = jection error increases with a bigger switch. In order to realize
rounding to the nearest integer greater than = and g |ow-series resistance switdh for proper settling within a
T = Clock period. clock phase, the use of large width transistors is mandatory. In
If V5[0] = 0, then (1.25) reduces to such a situation, one can either use an nMOS transistor with a
In(D) half-sized dummy transistor or a parallel implementation of a
s~ { In G -‘ ' (1.26) Jarge switch and a small switch to minimize the charge injec-

Rearrangingd given in Section Ill as ti_on due to switchS;. In the former technique., the nMOS trar)-
sistor should turn off before the dummy transistor turns on. Sim-
Cy - [1 + (%)] +Cp ilarly, in the latter technique, the large switch should turn off first
before turning off the small switch. Also, as seen from (1.27),
Coy - [1 + (f)} + Cpo leakage current sourdg, contributes half as much error as that
due to leakage current sourEg since the nod#& is connected
it can be seen that @, /C; decreaseg] decreases and, hencey, nodeV;, only during thep, phase in Fig. 3(a). Hencthe area
ts decreases according to (1.26). of drain/source junctions of transistors in switéh should be
minimized

B= |1+

C. Steady—State Values ] ,
) According to (1.20), if thenet voltage error due to charge
The steady—state values Bf andV, i.e., V,[c0] & Vp[oo]

; ; - ol injection and leakage currents as per (1.27) is negative, then
are given by (1.9) and (1.13), in case of no charge injection agA

oo] increases as compareditg,,.¢ and if it is positive then
leakage currents and by (1.19) and (1.20) when these effectsvetor 2] decreases. Also, H is large, then according to (1.19),
considered.

) ) V,[00] is unaffected.

As evident from the above stated equations, the expression he following are the design guidelines presented based on
for V,[oo] andVy[oc] are a function 0fcy,, Cp1, C1 and arein- 44 issues discussed above.

dependent of’,, andC’. The m|smatch betweel,i; andVy 1) Applications With a Reset Phas&Vhen the SC-CMFB
affects the steady—state valuel@fand is scaled by a factor Ofcircuit as given in Fig. 2 is used for switched-capacitor ap-
(1+C,1/Ch). For better accuracy of the steady—state values i iions with a reset phase, e.g., Sample and Holds (S/H),
the desired values;,; should be minimized as much as possiblg| . nhases, should be used for amplification/integration and
andCy, Aen maximized. Note thalys and Cpy in Fig. 3(a)  ¢jock phases, for refreshing the voltage on capacit@s. Thus,
have no effect on the final values bf andVs. Cr = Cy and as described in Section V-A, the valugfcan

be determined by making the CM loop bandwidth comparable
to that of the differential loop. Choosir@, larger thanC, re-

As shown in (1.20), the voltage error due to charge injectiafyits in faster dc settling, lower steady—state errors, charge in-

D. Error due to Charge Injection and Leakage

of switches is given by jection errors and leakage errors. However(asgets larger,
[(I] +2.0) L ] _ (Aqi+Ags 0 —Aga) switch S; must also increase in size, in order to charge the ca-
AViror = T 2oy G ) pacitpr duringp, phase. Henc_c(}l must be judiciously chosen
1+ (%) . (1 + %ﬂ) keeping the above facts in mind.

(2.27) For applications with a reset phase, a simpler version of the
As shown in Fig. 3(a), when switc$}, opens atthe end @f;  circuit can be derived from that of Fig. 2 by removiag and
phase, afraction of the total channel charg8gfi.e.,Aq2 .3, is  directly connecting the bias voltages as shown in Fig. 8.
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Percentage change in Optimum BW Vs. C'/C2
70 T T T T T T T

The circuit consists only of capacitofs and switches con-
trolled by clock phasé,. However, this circuit cannot be used : 4 :
for opamps with auto-zeroing/offset cancellation phase inS/H |~ © . & o vyl
or comparator applications where the opamp is connected in % : ; 5-08
unity-gain configuration during this operation. ’ : : ' '

2) Applications Without a Reset Phas&/hen the

SC-CMFB circuit is used in applications where the output

g

g

z

§

Ewlo i T 305
is valid at all times, the CM loop loads the differential loop ¢ '
differently in each clock phase. The total capacitance of theg’m_____ Y/ D R M"
CM loop seen by the differential loop, 87 = Cs in clock 8 503
phasep; andCr = Cy + Cs in clock phasep,. Thus, in clock 3 :

| BIRN  E e N R A

phasep,, there is a worst case loading of the differential loop
by the CM loop. One approach to solve this is to make the ol
value of Cy much smaller (between one-fourth and one-tenth)
than that ofC, such thatC'r ~ C; in both clock phases [4]. : L : : :
The value ofC; can be designed using the procedure describec % 2 4 8 8 il 2 w8 13 2
in Section V-A. However, as described in Section V-B and n

Section V-D, the dc settling time and the error due to charg@. 9. A plot of percentage deviation in the optimum CM loop bandwidth
injection and leakage increases significantly. Also, whgris ~ VersusC:/Cs.

small andC,; is nonnegligible, the mismatch betweép;,s

N
o

T

s

and the gate—source voltage of transistdfs,, M,:1_ i.e., /¢2 /¢1 Vor /¢2 /‘1’1 v
Vg, introduces further error in the steady—state valu& oas o™ °© ° he ° cmref
evident from (1.20). Ci_L G C

Another approach is to make the loading of the differentii ) () V ) O
loop by the CM loop, such that the loading is equaldp,  Vbias -5 <o 2% <o Vhias
on an averageln this procedure, the optimum value 6 = C_| G, Ci
Cr.opt is determined by plotting the graph of differential loog o | O 0, o,
and CM loop unity-gain frequencies versUs as described in Vemret o o < < Vemret
Section V-A. Let us assume that the value of the paraSiicis Vo-

known. As shown in Fig. 2, during the clock phaseCr = Cy . . . _ _
. ) Fig. 10. Alternative SC-CMFB configurat th tric loading of th
and the CM loop bandwidth decreases due to higher attenuatlgI loop. ermative contiguration With symmetric foading ot fhe

WhenCr = Cy + Cs during theg,, the CM loop bandwidth
increases. If the deviation of the CM loop bandwidth in eith
case mentioned above, from the case wbgn= Cr o, iSp
andd = Cp2/2 - Cr opt, then

Hitferential loop due to CM loop i§'r = C; + Cs. According
to the procedure described in Section V-A, the valu€'ptan
be determined by making the CM loop bandwidth comparable to

o = [2-p-6-(1+6)] o 198 that of the differential loop. Thefi; can be designed 5-10times
1= 62 — p2 " Thopt (1.28) that of C,, for faster dc settling, lower steady- state errors, charge
[6-(1—p)] injection errors and leakage errors. Thus, a better performance
Cy = {W} - Cr,opt.- (1.29) of SC- CMFB can be obtained using the circuit in Fig. 10, for

. i ) . the same total capacitance loading of the DM loop, at the cost
Equations (1.28) and (1.29) are derived in the Appendix . ¥ 54ditional die area.

a = Cy/Cy, then using (1.28) and (1.29), a quadratic equation an analysis similar to that presented in Section Il can be

for p can be written as carried out in a similar fashion under the same assumptions. Let
PP—(1+68)-(1+2-a) p+6=0. (1.30) Uusdenote the parameters derived in Section Il for the traditional
SC-CMFB circuit with a subscript” and the parameters for the

Solving it for o at different values ob, the graph in Fig. 9 mogified circuit with a subscripts#.”

can be plotted. Note that sinoe> 0,p < 1, andp < 6 forboth |t can pe shown that the parameters for the modified circuit
6,p > 0, (1.34) is always valid for a finit€’; are related to the parameters for the traditional circuit according
For a sample value of,; = 0.4 pF, Crope = 1 pF and g the following:
C1/Cy = 4, p can be found out to be 11.9% from the graph
below. Kb,m, :(1 + [))t) : Kb,t (131)
An improved version of the SC-CMFB circuit that can be Bim :/33 (1.32)
used for continuous-time applications, is shown in Fig. 10 below Kom =(1+ ;) - Ko s (1.33)

[5]. In the circuit shown in Fig. 10, an extra set of capacitors

C1 and an extra set of switches are used. Switches on the t&a#érefore
side of axis of symmetry through,, andV,_ node, operate

with opposite clock phase as compared to those on the right Vo,m[00] =Vo t[o0]

side. Thus, during every clock phase, the total loading on the Vi,m[oo] =Vp¢[0] (1.34)
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Comparative CMFB Settling Behavior Vs Time chref Vbias chrel
wBbo e l
¢1 ¢1\ q)l
16
% j T A j &
14F C, I o I C
Vo Z}Vb A
S12 o,\
g _,_._._.T_‘ L) . Cl“ 1 “Cl A ¢
g 1 : il‘_._._:._._.; : : : : 1 J ” Vb2” J
5 N = 3 0, /4 0,
/I A U A T S N R S S ] ]
chref Vbias chref
06 : : : : : : : = Trad. chrFI;B
s B : : : : : : —— New Cl
i : : : : : : : 3.., Fig.12. A SC-CMFB circuit with symmetric loading of the DM loop as in [6].
0.4t : E : K : i : — = Vomet
[} 5 10 i 15 20 25
Time (nS) (1.20) can be written as (1.37), shown at the bottom of the

Fig. 11. A comparative plot of the settling behavior of the CMFB circuitPa9€, where
shown in Figs. 2 and 10.

[02 + (AL) (Ca + Cp2)]
when no charge injection and leakage currents are considered. x=1+2-

Ci+ () (C1+ G,
Further, assuming the same initial output voltage for both the [ ! (A) (@ ! 1)]
circuits, the dc settling time, using (1.25), (1.32), and (1.34), Similarly, (1.13) can be modified as in (1.38), as shown at the

can be written as bottom of the page.
'1 D Note that in above equations, singeis greater than 1 for
n W nonzeroa, the error due to charge injection is further reduced.
tsm = ln(/;m) -T SinceC; can be chosen to be larger th@p for the same total
m capacitance, the above mentioned circuit settles faster and has
much lower charge injection errors as compared to the tradi-
I tional circuit.
In V’?m Another circuit [6], which uses the circuit of Fig. 8 as a
B 1—(vo_;[oo1) T st (1.35) building block is shown in Fig. 12. In this circuit, while one
- 2-1n(5;) ~ 9 ) pair of capacitors get charged to dc reference values, the other
pair provides the CM feedback control. The output nodes are
switched to the either pair during opposite nonoverlapping

. _ hases. Note that this circuit can also be derived from the circuit
Thus, the improved SC-CMFB circuit settles muchfasterthég@]own in Fig. 10 by removing’, from Fig. 10. While the

i(%r(;luf)rsotr:\{tlﬁg ;?nfﬁztt%? \E\?aevterfe(l) ?ﬁznsﬂgxﬁﬂggg'sﬁan be Vecri'rcuit in Fig. 12 settles much faster than that in Fig. 10, there

The step-size for the new circuit is are some drawbacks associated with it. During the nonoverlap
time between two clock phases, the CM feedback is not present.
AV, m[n] =(1 = Bm) - (Vom[o0] = Vom[n — 1)) Hence, there is no CM control during the nonoverlap period.
_ 2 As a result, any high frequency CM noise can cause a drift in
=(1=5) - (Vorloo] = Vomln —1]). (1.36) the CM value from the desired value.

Sinces,, = 3? andj3; < 1, the improved SC-CMFB circuit  Also, due to the presence of series resistance of switches con-
reaches its steady—state faster than the traditional circuit aftexctingV,., V,_ to V;, in the high frequency CM signal path
startup. during each clock phase, the CM loop bandwidth is degraded.

Considering the charge injection and leakage current erfarFig. 10, Cs directly couples the high frequency CM varia-
and assuming no mismatch, equations similar to (1.19) atidns toV;,.

Kbm

»

Viom[oo] = im Vp m[n] =

n—00 1-—

=)

Q

Vot [(1F D) Vi Veer + (C222) 4 2  Cntlonnt]

= (1.37)

() (1)
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Vom|[oo] = lim Vo, 0] = Aem - (VB — Vim[0])

chmrcf + - [(1 + %;11) ‘ (VB - Vbias)i| - ((Aqél__iqz) + A(gl'vb) - (IJI_CIIJZ)-T

_ . (1.38)

() 1+ @)
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