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Abstract: To improve the simulation accuracy of SIMULINK. a novel inclusive behavior model of an integrator is pro-

posed that introduces the effects of different circuit nonidealities of a switched-capacitor sigma-delta modulator into SIM-

ULIK simulation. The nonlinear DC gain and nonlinear settling process are introduced into the op-amp module. The signal-

dependent charge injection and nonlinear resistance are introduced into the switch module. In addition, the noise source in-

cluding flicker and thermal noise is introduced into system as an independent module. The novel model is verified by SIM-

ULINK behavioral simulations. The results are compared with results from circuit level simulation in Cadence SPICE using

TSMC 0. 35pm mixed signal technology. It shows that the novel model succeeds in introducing the influences of the

nonidealities into behavior simulation to more realistically describe the circuit performances and increase the accuracy of

SIMULINK simulation.
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1 Introduction

An A/D converter is the only channel through
which signals can be transferred from natural envi-
ronment to digital processors. Recently, it has been
widely applied to modern electronic equipment,inclu-
ding portable products powered by batteries, which
are required to work in low voltage,low power condi-
tions. Since >-A data converters can meet this require-
ment inherently,they have attracted a lot of interest.

A >-A data converter is comprised of an analog
modulator and a digital filter. As the development of
modern integrated circuit (IC) technology,its feature
size and the supply voltage are continuously scaling
down. The modulator design becomes a great chal-
lenge when high performance is demanded.

The 3-A modulator is usually implemented in two
switch capacitor (SC)
and continuous time (CT). The CT modulator may

different configurations

consume lower power in some cases;however,it is in-
herently too sensitive to some non-idealities like clock
jitter and mismatching. Moreover,it has poor compat-
ibility with standard CMOS technology. In contrary,
the SC modulator is robust and insensitive to these
non-idealities. Furthermore, it has good compatibility
with standard CMOS technology. So the SC modulator
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is being applied more recently. This paper is focused
on the SC modulator.

Although the SC >-A modulator is relatively sta-
ble and robust, there are still a lot of issues in its de-
sign when high performance is required, especially in
low voltage,low power cases. For example, when sup-
ply voltage is reduced,the DC gain of op-amp and its
linearity will become poor,and so does the transient
response. This causes a nonlinear issue to the system
and results in the performance degradation. Thus,it is
worthwhile for circuit designers to analyze it.

In IC design. the circuit level simulation using
SPICE is usually regarded as the most accurate way to
predict the circuit performance. However, while the
system is very large,it will occupy too many computer
resources and take too long in practice. Alternatively,
simulation based on the macro-model in SIMULINK
can achieve both high accuracy and time efficiency as
long as accurate enough models are available. This is
the target of the research on behavior modeling in
this paper.

There are many previous works on behavior mod-
eling. However, not all the main nonidealities existing
21 such as feedthrough,phase margin,
and flicker noise,were embraced. All these factors as

in real circuits

well as nonlinear DC gain,slew distortion,and charge
injection will be analyzed in this paper. Based on the
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Fig.1

Single-ended SC integrators

analysis,the behavior model is proposed and added to
SIMULINK. The model is applied to simulate a three
order single bit 3-A modulator. The results are com-
pared with that simulated in Cadence SPICE using
TSMC 0. 35,m mixed signal technology to verify the
developed model.

2 Integrator nonidealities analysis

Figure 1 shows a single-ended integrator that is
comprised of an S/H circuit and an op-amp with ca-
pacitor feedback. Suppose the integrator is ideal, then
the switch resistance and parasitic capacitor of the S/
H circuit can be omitted; and the op-amp has no
transfer delay and an infinite gain. Equation (1) is the
ideal transfer function. Of course, these assumptions
are not valid in actual circuits. Thus,the ideal transfer
function should be modified according to practical sit-
uations to improve the simulation accuracy. In this
chapter, the performance of a real op-amp and its
effect on the transfer function of integrator will be
discussed.

Cs z7!

— X

H(z) = c, 1=

D

2.1 Finite gain

Because of the finite gain of real op-amps, it is
impossible to transfer charges from the sampling ca-
pacitor to the integrating capacitor fully at each peri-
od. Therefore, the output voltage can not reach the
expected value,causing a gain error and pole location
error in the transfer function of the integrator.

Equation (2) is the charge transfer function for a
given period. Equation (3) is the z-domain voltage
transfer function. They both differ from the ideal
transfer function in gain and pole error. These errors
will result in the noise floor rising and leakage in the
cascade structure. Figure 2 (b) is their realization in
SIMULINK. The structure of the integrator is differ-
ent from the popular,one shown in Fig. 2 (a).
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Fig.2 (a) Conventional integrator in SIMULINK; (b) Im-

proved integrator in SIMULINK
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The improved integrator features a distinct struc-

H(z) = p (3

ture that contains a differential block in the feedback
path. The differential block behaves as a feedback ca-
pacitor in the integrating phase,which senses the out-
put voltage and feedback current through detecting
the differential voltages™’ .

2.2 Nonlinear DC gain

Analysis of finite gain is based on the assumption
of constant gain. However,this is not true in real cir-
cuits. Actually,the gain varies with the change of in-
put signals, which is illustrated in Fig. 3.

In Fig. 3, the output resistance of an op-amp is
expressed as r,//ry swhere r, and ry, are the chan-
nel resistance of the output transistors M1 and M2 re-
spectively. roy o 1/ [y s rop o 1/Ay I, where I, I, is
the output currents and A;, Ay are the channel-length
modulation coefficients of M1 and M2. In proper de-
sign,both M1 and MZ2Z are working in the saturation
region and can be described as Eq. (4) . Parameter A is
dependent on the overdrive voltage V, in Eq. (5),

where A, and A, are decided by process*’ .
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Fig.3 Simplified structure of a two stage op-amp
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Usually, parameters of output transistors are
symmetrically designed to keep the quiescent output
voltage around the midpoint of the supply voltage.
For simplicity,both nMOS and pMOS are assumed to
have the same overdrive voltage V,,835A¢sand A, . As-
suming that the currents through both transistors are
equal,using square law equation (4),the AV, can be
expressed as Eq. (6).

AV = MLV # AV + (Vg = AVI? + 1, (Vg + AV)? + 3, (Ve — AV)] )
% = 2% = 2L UAY A (Vi + V)T = 3 (Vi = AV )
a =2V =20 (Vg = AV Via = 326d1 Via (Vg — AV)?
B= (Vg + AV 4+ (Vg = AVD? + 1, (Vg + AV® + 4 (Vo — AV)?
dAVou _ (A Ve = DAV + 2VE = & Vi Vi (8
dav MWLV + 80 VIOAV? + Vi + 24 V]

Equation (7) is the expression of gain. Since the
typical value of f3,2,,and A, are much less than the
unit,and AV is usually on the order of magnitude of
several millivolts, neglecting high order terms, Equa-
tion (7) can be reduced to Eq. (8),which shows that
the gain is mainly determined by A, and partially by
Ai» and V4 derived from the effect of overdrive volt-
age on channel depth. The curves of Eqgs. (7) and (8)
are plotted in Fig. 4 by solid and dashed lines,respec-
tively. It can be seen that they are quite consistent
with each other. In addition, the gain nonlinearity of
the first stage can be neglected due to its small varia-
tions.

Figure 5 shows that a nonlinear block is intro-
duced into the forward path of the improved integra-
tor to model the DC gain nonlinearity of the op-amp.
The settling accuracy of the integrator depends on the
amplitude of the input signal. Compared with the
method mentioned in Ref.[2], this model provides a
more direct guide in circuit design.

2.3 Settling behavior

Figure 6 (b) is the step response of a unit gain
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Fig.5 Nonlinear block in SIMULINK

feedback op-amp,and Figure 6 (a) shows the struc-
ture of the op-amp. The response can be divided into
three distinct parts: feedthrough, slewing, and linear
settling. Equation (9) is the expression for the linear
settling process when the step input is applied.
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Fig.6 (a) Two stage op-amp; (b) Step response of op-amp
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where GBW is the unit-gain bandwidth of the op-
amp,and z is the RHP zero caused by Miller capaci-
tor,both in rad/s. o ‘
. ’ . 1d C\. 2
. Feedthrough is caused b}f the exllstmg RHP zero, ofo/c?( g \'\E-/c?f
which was often overlooked in previous works. How- v sl \'l 1 ‘fl <2
ever,it is important because it will result in a signal- (IQ 2 f 53
dependent settling error. As expressed by Eq. (9),the Ye Q/E
RHP zero increases the real part of the time constant = -
and makes its product with the sum of hyperbolic sine (b)
and hyperbolic cosine terms larger than a unit. Then,
. . Fig.7 (a) Nonideal switch model; (b) Charge error contribu-
the output becomes negative first and slows down the tion

settling process. The effect of feedthrough can be re-
garded as a reduction of effective settling time. The
time reduction is determined by V;, and slew rate.

Slewing is another nonlinear phenomenon in step
response. The reduced time for linear settling due to
slewing is signal-dependent. That makes the settling
inaccuracy arise and become input-dependent. It may
be serious because in this case the quantizer input is
not white as it should be. Theoretically, slewing time
can be found by analyzing the behavior of the op-amp
from stop of slewing to linear settling. However, sle-
wing time is still affected by the op-amp structure and
signal,and thus it is hard to obtain. For example. the
slewing time of a two stage op-amp should be found
by solving the transcendental equation as Eq. (11),
which is proved to have no analytical solution. Nu-
meric simulation seems to be an approach. However,it
is still unadoptable in the block description in SIMU-
LINK because it will consume too many computer re-
sources. Fortunately, an alternate approach is availa-
ble since the slewing duration for a two stage op-amp
is very close to that of a one stage op-amp if they
have the same GBW. Equation (12) shows that the so-
lution for a one stage op-amp is easy to get. Thus, by
solving it,the slewing time of a two stage op-amp can
be found.

, Pyt APyt

Apip(e ' =e ™D, SRx ) = SR (11)
P2 — D1

Apie " (Vy—SRX D =SR=>1 ~ Lo - L (19
" SR  Ap,

where A is the DC gain, p, is the dominant pole,and
p» is the second dominant pole,both in rad/s.

Linear settling is a small signal process and it is
easier to predict it than slewing and feedthrough. In
common consideration, GBW is the main factor to de-
termine the settling performance. However, it is also

influenced by the phase margin in limited slew rate
and GBW. Inadequate PM will result in unstable set-
tling according to input and bias conditions, which is
another source of harmonic generation.

A proper choice of GBW and PM will improve
the system performance' . It is recommended to use a
moderate phase margin and a large GBW to minimize
the overall settling error and alleviate the require-
ments of slew rate and power consumption.

3 Switch nonidealities analysis

Figure 7 (a) is a nonideal model of a switch.
When the switch is off, the charges stored in the
channel and overlap capacitors of the MOS transistor
will be released and injected into the sampling or in-
tegrating capacitor. The injection can be divided into
two cases:the slow case,as shown in Eq. (13) ,and the
fast case,as shown in Eq. (14). Usually, the fast case
is more serious and it will be discussed later.

— 2 ngo + Cchannel T UCS

Vcrror - 2 CS ><4 / 2‘8 +

Cuao Vi
s va v, U= as

— 2 ngo + Cchunncl _ Bvit

Vcrror - 2Cb X ( Vht 6 UC§ ) +

ngo _ vin

C. (Vi+ Vi = VD, U>2C5 QEY)
here Vh( = Vh - ‘/S - V‘ . Vg = Vh - Ut[:))] .

ng() = Wld C()x ’ Cchanncl = WIC()X (15)

where U is the slope of clock falling edge, V, and V,
are the clock voltage when the switch is on and off,
respectively,and V is the drain source voltage.
Figure 7 (b) shows the error source distribution
of the charge injection in the integrator. Errors will
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be introduced both in the sampling phase and the in-
tegrating phase. At the last period of the sampling
phase, the charges in parasitic capacitors S1 and S3
are injected into C,. The two parts can not cancel
each other completely because V;, is not equal to AC
ground,and the net gain charge is a polynomial func-
tion of Vi,.In the integrating phase,the case is much
better, because the charges in parasitic capacitors S2
and S4 are equal and they can counteract completely.
Considering C;, S4 absorbs charges from C,; during
switching on and injects the same amount of charges
during switching off, it also can be neglected and S1
can be considered as the most influential error source.
Substituting Eq. (15) into Eq. (14), the charge error
due to switching off can be expressed as Eq. (16) ,and
the net charge error is Eq. (17).

- BC2wWliCo + WIC )

12UC? he
Vl;lgox Vi +%(VH -V (16)
:_B(ZWldCox + WlCox) 3
Vnc 12UCSZ vm +
BC2wl,Co + WIC,) ) _
1UC? VieVin
BC2wliCo + WIC,) |, wiC,,
( 4UC? Vi + 2C. )Vin 17

where [, is the lateral diffusion length of the drain
underneath the gate. In TSMC 0. 35;m mixed signal
technology, [, is 1.2X 10" "m, C, is 4. 6 X 10 F/m?,
and t,,=7.5X10""m.

Charge injection may result in great distortion in
a low voltage circuit. To prevent it, the circuit and
layout design must be careful. Some measures like
dummy switches, CMOS switch, bottom plate sam-
pling,and bootstrap switch are adoptable to improve
it”’. The modeling of signal-dependent charge injec-
tion can be realized through a polynomial module that
detects the input and add its output to signal again.

The next nonideality of the switch is its nonzero
and nonlinear resistance. Because it has nonzero re-
sistance,the settling error inevitably exists. The worst
case is that the resistance is determined by input volt-
age,which results in nonlinearity and signal depend-
ent inaccuracy of settling. To analyze the nonlinear
resistance of the switch,the Laplace transformation is
used as shown in Eq. (18) and its time domain form is
obtained as Eq. (19). The time constant is determined
by Vi, and clock voltage.

8&m = ‘8( Vgt - Vin)9C = (:S3 VinC
s(l s )
ﬁ( Vgl - Vin)
(18)
'(V‘*Vi")l
V.= Vil —e ) (19)

Rs“ itch

MW\
=

®

Fig.8 (a) Switch thermal noise; (b) Op-amp thermal noise

In general,the problem caused by resistance non-
linearity is not as severe as that by charge injection.
But in extremely low supply voltage conditions,it be-
comes the bottleneck of system performance. A boot-
strap switch or clock voltage doubler can be used to
avoid this problem. In case of less charge injection,

the bootstrap switch is preferred®’.

4 Noise analysis

Intrinsic noise includes thermal noise and flicker
noise. Thermal noise is caused by the random fluctua-
tion of carriers due to thermal energy. It is white in
spectra density and has a wide band'”'. The energy can
be accumulated onto sampling or integrating capaci-
tors,but is limited by the time constant of the switch
capacitor or gain bandwidth of the op-amp, respec-
tively,as in Fig. 8 (a). The expression of accumulated
energy of thermal noise due to switch resistance is
shown as Eq. (20).

, 7 4kTR, _ E
e, = JO 1T 2 fR C)° (21-chsC;)2df C. (20)
, _ [ 16kT BE&m Gy 2 _ 4kT
n = df = —— (2D
JO 3gml Bgml + Zﬁfco ‘ f 3C,

where k is the Boltzmann’s constant and T is the
temperature in Kelvin. A Gaussian random block with
unit variance and a constant block equal to kT over
Cs are used for modeling and the product of their out-
put can be regarded as the switch thermal noise.
Op-amp thermal noise can be regarded as input
referred noise,shown in Fig. 8 (b),and the expression
of accumulated noise energy on the integrating capac-
itor is expressed as Eq. (21). The effective output ca-
pacitor can be structurally different. In a one stage
op-amp,it is determined by Cj,qs C; and Cs. But in a
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2nd order op-amp,it equals Cc™.

Flicker noise is also called 1/f noise. It exists in
association with a direct current and has a spectral
density that is inversely proportional to frequency.
Adding an offset to the op-amp input straightfor-
wardly fails to model the influence of flicker noise ef-
fectively because their behaviours are quite different
in both the time and frequency domains. As shown in
Fig. 9 the modeling of flicker noise can be realized by
using a combination of subfilters described as Eq. (23)
to filter the white noise and get the mock flicker

noise™ .
S, () = wilf (22)
N =0.5n
Hz) =1+ 0 2afeTo (g

1 - z7exp(—= 2x107"f. T)
where N represents the number of the subfilters, and
each subfilter is single order. Figure 10 depicts the
transient and frequency response, which are close to
the theoretical ones. Thermal noise is usually the main
consideration when high resolution or wide signal
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Fig.11 Clock jitter realization

band is required. Augmenting the sampling capacitor
can minimize this problem,but at the cost of increas-
ing the chip area and power consumption. Some meas-
ures like correlated double sampling and chopper sta-
bilization can be used to diminish its effect.

5 Clock jitter

Clock jitter is introduced by the non-uniform
sampling of the input signal. This effect increases the
total error power at the system output. The magnitude
of this error is a function of the statistical properties
of the jitter and the input signal to the system''.
When the input is a sinusoidal, the error can be ex-

pressed as
x(nt + 8 — x(1) & 2nfndAcos(2nfunt) = 6%x(t)

(24)
where ¢ is the sampling uncertainty. This error can be
modeled by a combination of Gaussian random block
with unit variation and derivation block of the input
as shown in Fig. 11.

6 Simulation and validation

Figure 12 shows the entire behavior model in
SIMULINK, which takes noise and nonidealities of
the As
above, these nonidealities can greatly influence the
performance of the SC =-A modulator under certain

integrator into consideration. mentioned

conditions. A comparison of simulation results be-
tween ideal and nonideal modulators is illustrated in
Fig. 13. Many nonidealities like charge injection, slew
limitation, low phase margin, and gain nonlinearity
result in an obvious degradation of the system per-
formance.

Phase margin is usually overlooked because en-
larged slew rate and gain bandwidth can alleviate its
effect. But as more strict requirements are requested
in low voltage low power applications, it can not be
neglected. Figure 14 shows the effect of different
phase margins on the 3rd harmonic generation when
slew rate and gain bandwidth are limited. When the
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induces the SNR degradation when large input is ap-
plied®). When circuit nonidealities are considered, the
maximum input is greatly reduced because more non-
linear blocks exist in the loop. Figure 15 is a compari-
son of simulated SNDR for ideal and nonideal modu-
lators.

Figure 16 shows the implemented circuit of the
mentioned modulator. The specifications of the build-
ing blocks are listed in Table 1. It is simulated by Ca-
dence SPICE in TSMC 0. 35;m mixed signal technolo-
gy-

Figure 17 shows the output PSD curves of the cir-
cuit simulated by SIMULINK model and Cadence
SPICE,respectively. The parameters listed in Table 1
are adopted for both. The curves show that the simu-
lated output spectra densities of SIMULINK are con-
sistent with that of SPICE.

Table 2 shows the comparison of simulation
time,accuracy,and coverage between the SPICE and
SIMULINK simulation while nonideal models are in-
troduced. Here, the simulation time is that spent for
scanning 8192 FFT points while the accuracy option

0 A ——Simulink SNDR=95.8dB
_20t ‘ \ Circuit SNDR=94.2dB
-40f / ‘
m -60f ‘
2 \ !
a -80r ‘ I3rd Harmonic
g ——_105.4d
Sooop L 7_}33.%3
~120f-~ g MM
Charge injection f
-140} nolinear gain \ / {'\ /
160 considered ) 120k .
10? 10° 10 10°
Frequency/Hz

Fig.17 Comparison of PSD between SPICE and Simulink sim-
ulation while nonideal models are introduced

of transient simulation in Cadence SPICE is moder-
ate. Although the accuracy of the SPICE simulation is
good, it fails to introduce the models of transient
flicker noise and thermal noise to predict the effects
of noises. Verilog-AMS is more flexible than SPICE,
but it also has no flicker noise source model. SD Tool-
box"""! is based on the behavior simulation in a SIMU-
LINK environment, which is similar to this work, so
that a very short simulation time is achieved. Howev-
er,many nonidealities like inadequate phase margin,

Table 1 Parameters of modulator shown in Fig. 16
Parameter Value feed through, and flicker noise are lacking in this
Oversampling ratio, OSR 128
Clock frequency/kHz 256 Table 2 Comparison with other simulation methods
Input sinusoidal frequency/Hz 250 .
Time Accuracy Coverage
C1+C25C3 1/5,1/3,1/6
ar.dz,ds 3.4-4 SPICE ® (12h36min) © ©
b 1
¢ 1/500 Verilog-AMS ® (8min43s) © ©
DC gain/dB 55
Slew rate/(MV/s) 3 SD toolbox © (23s) ® ®
P o
Unit gain bandwidth/MHz 4 This work © (57¢) @ ©
Phase margin/ (") 60




118  Ou Weietal.:

High-Consistency Behavior Modeling of a Switched-Capacitor Sigma-Delta Modulator in ---

2217

tool. Therefore, its accuracy is much lower than that
of this work. Table 2 shows that the behavior models
presented in this paper have the best cost-effective-
ness among these methods.

7 Conclusion

In this paper.,an inclusive and precise behavior
model of an SC sigma-delta modulator in SIMULINK
was proposed. The considerations for the model con-
struction include finite DC gain and its nonlinearity,
feedthrough, limited slew rate, limited GBW, inade-
quate phase margin, nonlinear switch resistance,
charge injection, and noises. A real circuit based on
TSMC 0. 35,m mixed signal technology was accom-
plished and simulated using Cadence SPICE. The con-
sistency between SIMULINK and Cadence SPICE

simulations verified the developed novel model.
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