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SUMMARY  This paper describes the nonlinear behavior of
CMOS ADC input capacitance. Our SPICE simulation, based
on the BSIM3v3 model, shows that the input capacitance of a
typical CMOS flash-type ADC (with a single-ended NMOS differ-
ential pair preamplifier as the input stage) decreases as its input
voltage increases; this is the opposite of what we would expect
if we considered only MOSFET gate capacitance nonlinearity.
We have found that this can be explained by the nonlinearity of
the total effective input capacitance of each differential amplifier
stage, taking into account not only MOSFET capacitance but
also the fact that the contributions of the gate-source and gate-
drain capacitances to the input capacitance of the differential
pair change according to its input voltages (an ADC input volt-
age and a reference voltage). We also discuss design methods to
reduce the value of the CMOS ADC effective input capacitance.
key words: ADC, CMOS, input capacitance, monlinearity,
BSIMS3

1. Introduction

It is well-known [1], [2] that the input capacitance of a
CMOS Analog-to-Digital Converter (ADC) is nonlin-
ear, and the nonlinearity of the CMOS ADC is one of
the important issues when designing high-speed, high-
precision CMOS ADCs. For example, their step re-
sponses are different for rising and falling step inputs,
due to nonlinear input capacitance [3]. However, to our
knowledge, there are no references which discuss how
nonlinear they are, and why they are.

This paper analyzes the nonlinear behavior of
CMOS ADC input capacitance using SPICE simulation
based on the BSIM3v3 model with the aim of improv-
ing the AC performance of our CMOS ADC designs [4].
There are many architectures and circuit topologies for
CMOS ADCs [1], [2], and in this paper we will focus on
a flash type with single-ended input stages, and with
the reference voltage provided to one of the inputs of
each NMOS differential pair (preamplifier). Our SPICE
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simulation results show that the input capacitance de-
creases as the ADC input voltage increases, and we
have found that this cannot be explained by MOS gate-
capacitance nonlinearity alone, but we have to consider
the total effective input capacitance of a MOS differen-
tial amplifier. We will also discuss design methods for
reducing the value of the input capacitance.

2. Analysis of Input Capacitance Nonlinear
Behavior of CMOS ADC

This section describes why the input capacitance of a
CMOS ADC decreases as its input level increases. (The
definition of the input capacitance for a general circuit
is given in Appendix.) First, nonlinearity of the MOS
gate-capacitance is described, and second, the input ca-
pacitance nonlinearity of the differential pairs with re-
sistive load is clarified. Finally the nonlinearity of the
CMOS ADC input capacitance is discussed.

2.1 Nonlinearity Analysis of MOS Gate Capacitance

In this subsection, we will obtain NMOS gate-
capacitance characteristics with respect to gate-source
voltage Vs and drain-source voltage Vpg using SPICE
simulation based on BSIM3v3 model [5]. Figure 1
shows the circuit configuration with AC input voltage
Vac (biased at the voltage of Vgs) fed to an NMOS gate
through a resistor R, of 1M which is intentionally
added to aid to determining the value of Cgate. Note
that the drain of the NMOS FET is biased to a voltage
Vps. As a first-order approximation, we can assume
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Fig.1 Circuit configuration to obtain the gate capacitance
value of an NMOS (biased at the voltages of Vpg and Vgg) by
SPICE simulation.
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Fig.2 (a) Characteristics of the gate capacitance versus the

gate-source voltage (Vgg) as a function of the drain-source volt-
age (Vpg) obtained from SPICE simulation of the circuit in Fig. 1.
(b) Gate capacitance components for Vpg = 0.5V obtained from
SPICE simulation. Here Cinge = Capir + Castr-

that, for large values of Ropn, Ron and Cgate are a first-
order system with a time constant of Ro,Cgate. From
SPICE AC analysis, we can obtain the bandwidth fpw
of Vout with respect to V. from the gain characteristics.
(fBw is the frequency where gain decreases by 3dB.)
Thus we can obtain the value of Cgate for given Vgg
and Vpg as follows:

Cgate = 1/(27TfBWRon)~

Figure 2 shows the characteristics, obtained from
SPICE simulation, of the input capacitance (Cgate) ver-
sus the gate-source voltage (Vig) for different drain-
source voltages (Vpg).

Next we will try to interpret the results in Fig. 2.
Note that the MOS gate capacitance is given by

Cgate = Cap + Cas + Cas.

Here Cgp is the gate-drain capacitance, Cgg is the
gate-source capacitance and Cgp is the gate-substrate
capacitance, and their capacitance values are varied ac-
cording to the MOS operating range (i.e., they depends
on Vpg and Vgg). According to the Meyer MOS capac-
itance model [5]-[7], their values can be approximated
as follows:
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Fig.3 Explanation of gate-oxide capacitance (Cox), depletion

capacitance (Cgep), gate-drain and gate-source overlap capaci-
tances (Cgpov, Casov), and their fringe capacitances (Capir,
Castr)-

A. Accumulation Region (Vgs < 0):

CGB :WLCOX>
Cep=WCgpov + WCapn#:,
Cas =WCasov + WCast:-

Here W is the gate width, L is the gate length,
Cox = €ox/tox (tox is the gate-oxide thickness and e,y is
the permittivity of the gate-oxide). Also Cgpoy and
Ceapsr are the gate-drain overlap and fringe capaci-
tances respectively, and Cgsoy and Cgsge are the gate-
source overlap and fringe capacitances respectively;
these are illustrated in Fig. 3. The gate-drain and gate-
source overlap capacitances are specified by CGDO and
GGSO respectively, and the total gate-drain and gate-
source fringe capacitance (Caps + Caste) is specified
by Cr in BSIM3 model parameters [5]. Then the total
gate capacitance is given by

Coate = WLCox + WCoy (1)
where Cy, is defined as
C’ov = CGDOV + CGDfr + CGSOV + CGSfr-

B. Depletion Region (0~ Vgs < Vin):

In this operating region, the depletion layer is formed
under the gate, and its capacitance (Cgep) and the
gate-oxide capacitance (W LCoy) are connected in se-
ries (Fig. 3). Hence the total gate capacitance is smaller
than that in the accumulation region, and it is given by

1
1/(WLCox) +1/Caep

C. Triode Region (Vin < Vas, 0 < Vps < Vas — Vin):
CGD = (1/2)WLOOX + WCGDOV + WOGDfI'7 (3)

Cgate = + WCOV (2)

Cas = (1/2)WLCox + WCasov + WCast: (4)

The gate-bulk capacitance is neglected, because the in-
version layer acts as a shield between the gate and the
bulk:

Cag = 0.

Then the total gate capacitance is given by
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Cgate = WLCox + WCoy. (5)
D. Saturation Region (Vi < Vs, Vas — Vin < Vbg):
Cap = WCapoy + WCaprt:- (6)

Cas = (2/3)WLCOX + WCasov + WCast:- (7)

Similar to the triode region case, the gate-substrate ca-
pacitance is given by

CGB =0.
Then the total gate capacitance is given by
Coate = (2/3)WLCox + WCoy. (8)

Remark (i) Figure 2(b) shows the values of the gate
capacitance components obtained using SPICE simula-
tion. For example, WCapov, WCasoy and WCapg +
WCaps are obtained from SPICE simulation by set-
ting each parameter value of CGDO, GGSO or Cy to
zero one by one.

(ii) Qualitatively speaking, the simulation results in
Fig. 2 and the MOS capacitance model described above
match fairly well; e.g., Cgate 1s larger in the accumula-
tion region than in the depletion region, and it is larger
in the triode region than in the saturation region. In
our simulation results, the values of Cap, Cas and Cap
change smoothly between the operating regions.

(iii) However the Meyer MOS capacitance model is a
crude approximation, and there is an important dif-
ference between our simulation results and the model,;
in our simulation results, Cgp has a finite (non-zero)
value in the triode and saturation regions. This is be-
cause Meyer model ignores the fact that the bulk (de-
pletion region) charge @y, (and hence Cap = dQyn/Vas)
is determined by the channel potential which depends
on Vgg and Vpg while BSIM3 model takes it into ac-
count [5]. The fact that Cgp has a finite value in tri-
ode and saturation regions is essential to our proposed
method for ADC input capacitance reduction described
in Sect. 3.

(iv) We have also solved Poisson’s equation [8] numer-
ically and confirmed the plausibility of the result in
Fig. 2.

(v) The gate-capacitance Cgate becomes larger when
an NMOS FET is ON (in saturation or triode region),
compared to that when it is OFF (in depletion region).
Hence one might think that as the input level of a
CMOS ADC increases, the number of input differential
pairs whose NMOS FETSs connected to the input Vi,
are ON increases and thus input capacitance increases.
However this contradicts the fact described in Sect. 2.3
that “as the input level of a CMOS ADC increases, its
input capacitance decreases.”

2.2 Nonlinearity Analysis of MOS Differential Pair
Input Capacitance

In this subsection, we will obtain input capacitance
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characteristics of an NMOS differential pair with re-
spect to the input level. Let us consider an NMOS dif-
ferential pair with resistive loads R; in Fig. 4(a), where
the input voltage Vi, and a fixed reference voltage Vet
are fed to their two input gates respectively. The in-
put capacitance of the NMOS differential pair can be
defined as the capacitance seen from the input V;,.

A. SPICE Simulation Result:

Figure 4(b) shows the SPICE simulated characteris-
tics of the input capacitance versus the input level of
an NMOS input differential pair with resistive loads
(Fig.4(a)) for several voltage values of Vi, using the
method in Sect. 2.1. We see that the input capacitance
is large for Vi, < Ve, and it is small for Vi, > Vi,
while it has the peak at Vi, =~ Vior. Now we will con-
sider the input capacitance in three operating regions
with different input levels V;,.

B. In the case that Vi < Vies:

In this operating region, M1 is OFF (in the accumula-
tion or depletion region) while M2 is ON. Since M1 is
in depletion region in our design, it follows from Eq. (2)
that the input capacitance Cj,; is given by

1
J(WLCo) + 1/Caep

C. In the case that Vi, &~ Vie:

In this operating region, both M1 and M2 are ON, and
the differential pair circuit works as an amplifier. Note
that its gain from the input Vi, to the drain node of
M1is —R; - g, (where g,,, is transconductance of M1),
and due to the Miller effect [6], [9], the contribution of
Cap to the input capacitance is (14+ Ry - g )Cap. Then
the total input capacitance Cj,s is given by

Cinz = (1 + R; - gm)Cap + Cas. (10)

C'inl = 1 + WCov- (9)

Here Cip and Cgg are given by Egs. (6) and (7) respec-
tively when M1 is in saturation region. We see that the
input capacitance has the peak in this operating region
due to the Miller effect.

D. In the case that Vi, > Vier:

In this operating region, M1 is ON while M2 are OFF,
and hence all of the tail current I, of the differential
pair flows through M1. Thus the gate-source voltage
of M1 (which is the voltage across Cgg) keeps almost
constant. Therefore little charge flows from Vi, to Cgs
when Vj, varies, which makes the contribution of Cgg to
the input capacitance of the differential pair very small.
Thus the input capacitance Ci,3 is approximately given
by

C’in3 ~ CGD- (11)

Here Cgp is given by Eq. (6) when M1 is in saturation
region while it is given by Eq. (3) in triode region.

Remark: (i) The input capacitance of the differen-
tial amplifier shown in Fig. 4(a) would be given by the
dotted-line in Fig.4(c) for Vier=1.75V if we assume
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Fig.4 (a) An NMOS input differential pair with resistive loads R;, where the body
of each NMOS FET is connected to Vgs. (b) Characteristics of the input capacitance
versus the input voltage level of each NMOS input differential pair with resistive loads
(Fig. 4(a)) for several Vier values of 1.000V, 1.375V, 1.750V, 2.125V and 2.500V. (c)
Characteristics of the input capacitance versus the input voltage level of each NMOS
input differential pair with resistive loads (Fig.4(a)) for Vier = 1.750V (solid-line), and
the input capacitance if we consider only the MOS FET gate capacitance (dotted-line).
(d) Characteristics of the input capacitance versus the input voltage level of a CMOS
ADC obtained from the summation of all the input capacitances of 45 input differential
pairs with several different Vie¢’s. (This graph is the same as the solid-line in Fig.7.)

that the input capacitance is equal to the MOS gate
capacitance obtained in the previous subsection. How-
ever, the actual input capacitance is given by the solid-
line in Fig. 4(c).

(ii) To confirm the validity of Egs. (9), (10) and (11)
we have performed SPICE simulations to obtain the
bandwidth fpw with a dummy capacitor Cqummy in
parallel with Cgp, Cas or Cgp (Fig.5).

o When Vi, < Vier, the effect of Cqummy between the
gate and the drain is the same as that between the
gate and the source; in both cases the bandwidth
decreases by almost the same amount.

o When Vi, = Vier, the effect of Cqummy between the
gate and the drain is more significant than that
between the gate and the source; in both cases
the bandwidth decreases, but in the former case

the bandwidth reduction is more substantial. Also
SPICE simulations showed that as we increase Rj,
the bandwidth decreases (almost) proportionally
in the former case, while it does not change much
in the latter case.

e When Vi, > Vi, in the case of Cqummy between
the gate and the drain, the bandwidth decreases
significantly, while in the case of Cqummy between
the gate and the source, it doesn’t.

These simulation results using a dummy capacitor sup-
port the validity of our analysis above.

(iii) According to our simulation, the input capacitance
Cin1 (when Vi, < Vier) is larger than that of Ciys (when
‘/in > ‘/ref):

C’inl > Cin3~ (]‘2)
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Fig.5 Effects of dummy capacitance (0.1 pF) on the input ca-

pacitance of the differential pair (Fig. 4(a) with Viet=1.75V). The
cases of no dummy capacitor, a dummy capacitor between gate
and drain of M1, one between gate and source, and one between
gate and bulk are shown.

This can happen because

(a) when Vi, < Vier, M1 is OFF (in depletion re-
gion) and the total gate-capacitance Cgatcorr of M1 is
smaller than Cgateon, and the input capacitance Ciyy
is equal to the value of Cgatcorr, and

(b) when Vi, > Vier, M1 is ON (in saturation region)
and the input capacitance Cj,3 is approximately only
the gate-drain capacitance part (which is mainly Cgpoy
and Cgpg in saturation region) in Cgateon and its gate-
source capacitance part does not affect the value of
Cins-

(¢) In other words, since

1

Ot = WL + 170 T
and

Cing = WCapov + WCGDfr,
then

Cint — Cing = .

1/(WLCox) + 1/Claep
+ WCasov + WCastr-

Hence Cj,1 > Cinz holds.

2.3 Nonlinearity Analysis of CMOS ADC Input Ca-
pacitance

This section shows that the input capacitance of a
CMOS ADC decreases as its input level increases and
explains its reason. We consider the case that the
ADC input is single-ended, and its input circuitry con-
sists of an array of preamplifiers (NMOS differential
pairs with resistive loads); for each differential pair,
one of two inputs is connected to the ADC input, while
the other is connected to the corresponding reference
voltage (Fig.6). This configuration is very popular in
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Fig.6 A typical input circuitry of a flash-type CMOS ADC.

many flash-type CMOS ADCs. Figure 7 shows the
characteristics of input capacitance (Cj,) versus the in-
put level (Vg.) obtained from SPICE simulation with
BSIM3v3 parameters for 0.35 um CMOS process, using
the method of Sect. 2.1. For our SPICE simulation, we
used the circuit topology of Fig.6 with the following
conditions [4]:

o the reference voltages are Vier, = 2.5V and Vierm =
1.0V,

e the unit resistor R in the resistor string is 5 €2,

e the number of differential pairs (V) is 45,

e the resistive load R; in each NMOS differential pair
is 1k2,

e dimensions of each NMOS differential pair are
W =100 pm and L = 0.35 pm,

e the body of each NMOS FET is connected to either
its source or Vgg, and

e the bias current of the differential pair is 200 puA.

We see in Fig.7 that the input capacitance decreases
as the input level increases.
Next we will clarify this reason. Letting N; be
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Fig.7 Characteristics of the input capacitance versus the in-
put voltage level of a CMOS ADC obtained from SPICE simu-
lation of the circuit in Fig.6. The solid-line indicates the case
when the body of each NMOS is connected to Vgg in the input
differential pair while the dotted-line indicates the case when it
is connected to its source.

the number of input differential pairs of a CMOS ADC
in the operating region of Vi, < Vier (where Vies is
the corresponding reference voltage for each differential
pair), No be that for Vi, = Vi and N3 be that for
Vin > Viet. Then the total input capacitance (Ciotal)
of the CMOS ADC is given by

Ctotal = N1Cin1 + NoCina + N3Cins,

where N7 + No + N3 = N and N is the total number
of differential pairs at the input circuitry of the CMOS
ADC (in our case N = 45). As the input voltage Vi,
increases, N1 decreases and N3 increases while N, keeps
constant. Since we have the relationships of Eq. (12),
we see that Ciota) decreases as the input voltage Vi,
increases, which explains the SPICE simulation result
in Fig. 7. See also Figs. 4 and 8.

3. Effects of NMOS Body in Input Differential
Pair

In this section, we will study the design issue that af-
fects CMOS ADC input capacitance nonlinearity. As
Fig. 7 shows, the input capacitance of a CMOS ADC
is more nonlinear but its average value is smaller when
the body of each NMOS in the input differential pairs
is connected to its source (Fig.8(a)) compared to the
case when it is connected to Vsg (Fig. 4(a)). Figure 8(b)
shows simulated characteristics of the input capaci-
tance versus the input voltage level of each NMOS in-
put differential pair with resistive loads for several Vier
values, and Fig. 8(c) shows the input capacitance char-
acteristics of a whole CMOS ADC.

Remark: (i) The Meyer MOS capacitance model tells
us that the gate-substrate capacitance Cgp is approxi-
mated to be zero in saturation and triode regions. How-
ever, in our simulation it has a finite (non-zero) value
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Fig.8 (a) An NMOS input differential pair with resistive loads

R;, where the body of each NMOS FET is connected to its source.
(b) Characteristics of the input capacitance versus the input volt-
age level of each NMOS input differential pair with resistive loads
(Fig. 8(a)) for several Vier values of 1.000V, 1.375V, 1.750V,
2.125V and 2.500 V. (c) Characteristics of the input capacitance
versus the input voltage level of a CMOS ADC obtained from the
summation of all the input capacitances of 45 input differential
pairs with several different Vie¢’s. (This graph is the same as the
dotted-line in Fig.7.)

even in these regions (Fig. 2(b)). Hence precisely speak-
ing, in case that Vi, > Vief, the input capacitance of
the differential pair is given by
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Fig.9 (a) Proposed preamplifier with the body of an NMOS input differential pair

driven by a source follower circuit. (b) Characteristics of the input capacitance versus the
input voltage level of the proposed pre-amplifier for Ve = 1.75 V. “Bulk-source follower”
line indicates the input capacitance in Fig. 9(a), “Bulk-Vss” line shows the one in Fig. 4(a)
while “Bulk-Source” line shows the one in Fig. 8(a). We see that the input capacitance of
the proposed preamplifier in Fig.9(a) becomes smaller. (c¢) Characteristics of the input
capacitance versus the input voltage level of CMOS ADCs. “Bulk-source follower” line
indicates the input capacitance of a ADC when the pre-amplifiers in Fig.9(a) are used,
and “Bulk-Vss” line shows the one when those in Fig. 4(a) are used. Also “Bulk-Source”
line shows the one when those in Fig.8(a) are used. We see that when the proposed
preamplifiers in Fig.9(a) are used, the (average) input capacitance value of a CMOS
ADC is reduced even though its input voltage dependency remains as almost the same.

Cinz = Cap + CaB

when the NMOS body is connected to Vgs. However
when the NMOS body is connected to its source, it is
given by

Cinz = Cap

because Vop (= Vigs) does not change much when V5,
changes for Vi, > Vier (which is the same reason as in
Sect. 2.2 D). This explains the results in Figs. 8(b) and
(c).

(ii) The input capacitance of a CMOS ADC may be
required to be linear for its better AC performance
and in such a case the body of NMOS FET should
be connected to Vgg, rather than its source; for exam-
ple, the input capacitance of the CMOS ADC can be
used as a hold capacitance for its preceding track/hold

circuit and in such a case the capacitance nonlinearity
degrades its AC performance [10].

Next we propose a preamplifier circuit in Fig. 9(a)
where the differential pair NMOS body is driven by a
source follower circuit. In this case, Cgqp of M1 does
not contribute to the input capacitance of the preampli-
fier circuit for the whole input range of Vi,. Figure 9(b)
shows the simulated input capacitance of the preampli-
fier in Fig.9(a) for Viee = 1.75V and Fig.9(c) shows
the simulated CMOS ADC input capacitance when the
preamplifiers in Fig.9(a) are used. We see that the
(average) input capacitance value of a CMOS ADC is
reduced even though its input voltage dependency re-
mains as almost the same.

Remark: (i) According to our SPICE simulation,
the effect of the size variation of a small MOS-
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FET (10 4m/0.35um) is small; when the size of
(10 pm/0.35 pm) changes by +50%, the input capac-
itance changes by less than £5%.

(ii) If we incorporate this method (Fig.9(a)) in our
ADC design [4], it is estimated that the power dissi-
pation of the ADC increases about by 1% and its chip
area increase is about 5%.

(iii) We note that a similar method has been also used
in a track/hold circuit [11].

4. Conclusions

We have described the nonlinear behavior of CMOS
ADC input capacitance. With SPICE AC simulation
based on BSIM3v3 model, we showed that the input
capacitance of a CMOS ADC decreases as the input
voltage increases. However this characteristics cannot
be explained by the nonlinear property of MOS gate-
capacitance alone; we have to consider the input ca-
pacitance of an MOS differential pair for three oper-
ating regions. Using this method, we can explain the
nonlinear behavior of CMOS ADC input capacitance.
Also we have discussed the design issues for the input
capacitance; we have found that the CMOS ADC in-
put capacitance is more nonlinear but its total value is
smaller when the NMOS body of the input differential
pair (preamplifier) is connected to its source compared
to the case when it is connected to Vgg. Further, we
propose a preamplifier circuit where the differential pair
NMOS body is driven by a source follower circuit to re-
duce the ADC input capacitance. The followings are
left for the future work:

e Clarification of the relationships between the
CMOS ADC overall performance and its input ca-
pacitance nonlinearity.

e Experimental verification of the results described
here.
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Appendix: Definition of Input Capacitance

Let us consider a general circuit in Fig. A-1. If we
change the input voltage from Vi, to Vi, + dVj, and
an amount of charge, dQ;y,, flows from the input volt-
age source to the circuit, then the input capacitance Cy,
at the input voltage operating point of Vj, is defined as

inn

C’in = .
dVin

If the value of Cj, is constant regardless of the value
of Vi,, the input capacitance is said to be linear. On
the other hand, if Cj, is a function of the input voltage
Vin (i.e., Ciy is expressed as Ci,(Vin)), it is said to be
nonlinear.

Vin

Vin= VintdVin

Circuit

Fig. A-1 Definition of input capacitance for a general circuit
whose input is Vi,.
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