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Abstract— This paper describes an implementation of a Because they sample the analog input signal atabeive the
“Cascade-of-Integrator-FeedBack” (CIFB) Sigma-Delta Nyquist rate, precision sample-and-hold circuitrys i
modulator behavioral model in SIMPLORER VHDL-AMS. The unnecessary. Also, the burden of analog anti-alip§iter is
model includes most of the non-idealites which att the considerably reduced. Much of its function is tfangd to
performance of the component, such as sampling jit, KT/C  the digital decimation filter, which can be desigpth and
noise and operational amplifier.parameters. The speam plot  manufactured to precise specifications, includingirear
and the Power Spectral Density of t_he_ output signals also phase characteristic [3].
gr_esent_ed to evaluate the characteristics of the rmdalator. A sigma-delta A/D Converter consists of an analtmgh
imulation results obtained using a second-order B Sigma- u N . W . ’
Delta modulator demonstrate the validity of the moeél by the the ,mOdU|ator_ '_and, a digital block, the deumdtovyhlch
mean of estimating signal-to-noise and distortion atios and CONSists of a digital filter and a down samplerslaswn in Fig.
effective number of bits. 1. The modulator is used to sample input signal at
oversampling rate which generates an output strafainbit.
After over-sampling, it typically performs very gsa analog-
to-digital conversion at the resulting narrow-basignal. By
using coarse digital-to-analog conversion and faelp the
qguantization error introduced by the coarse quantis
I. INTRODUCTION spectrally shaped, i.e., the major portion of these power is
shifted outside the signal band. This process ieda
guantization noise shaping. The digital decimatifilter
removes the out-of-band portion of the quantizagaor and
brings back the output rate to Nyquist rate [4]itRermore, in
order to simulate any Sigma-Delta A/D converter edas
system, developers need tested and well-suited Isxadde
evaluate the performance of their systems on differ
development software platform such as MATLAB-
SIMULINK and SIMPLORER VHDL-AMS [5]-[6].

Keywords— Sigma Delta Analog-Digital Converter; CIFB

Modulator; Simplorer VHDL-AMS; Power Spectral Density;
Non-idealities Effects.

Nowadays mixed signal circuits are filling the dagiween
analog and digital circuits which reduces the sizesystem,
increases speed of operation, reduces power diggipand
increases design flexibility. Data converters ahe ftore
components of the mixed signal systems [1]. Anatpdigital
converters based on sigma-delta modulators arentbst
suitable converters for communication systems, auahd
high resolution precision industrial measurememiagtions.
The key feature of these converters is that theytlae only
low power and low cost conversion devices whichvige
both high dynamic range and flexibility in convadilow
bandwidth input signals. Sigma Delta ADC, a type ¢f
oversampling ADC is highly tolerant to analog citcu X“L;‘ N T \y(n)

Analog block Digital block
A A=

imperfections, thus making it a good choice to ireal | , .5 S,L?g?,ilgg:a | p| Decimator | Low pass
embedded ADC interfaces in modern systems-on-qL§) Input

[2]. In addition to their tolerance for circuit nddealities,
over-sampled A/D converters simplify system intéigra by
reducing the burden on the supporting analog dincui

filter

—>
Digital
Output

Fig. 1 Diagram of Sigma-Delta ADC
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These performances of sigma-delta modulator likat: thmanufacturing process. In addition, MASH modulatas

Power Spectral Density (PSD), Signal-to-Noise R&8bIR),
Signal-to-Noise and Distortion Ratio (SNDR) and d€ffve
Number Of Bits (ENOB), ... etc., can be affected bgea of
non-idealities linked to operational amplifier cooment,
sample and hold operation, thermal noise ... etcréfbee,
and in order to enrich the behavioral model ligariof

SIMPLORER VHDL-AMS, a behavioral model of second

order CIFB sigma-delta modulator is proposed asdugised.
The model takes into account most of non idealisiesh as
sampling jitter, kT/C noise and operational amplfifi
parameters. We also analyze the behavior of theutatmt in

two case studies: with and without non-idealitie®ded.

Finally, simulation results of some parametersdR SSNDR

and ENOB are presented to evaluate the effectsesiet non-
idealities on the simulation results of PSD.

Il. SIGMA-DELTA MODULATOR

A. ADC Description

In the field of high-fidelity audio, high performes
Analog-to-Digital Converter (ADC) is greatly needed
computer audio decoder. To keep the audio sigdality, the
precision of ADC should be as high as 16 bits dredsignal
bandwidth is in the range which is at least asdsi@0 kHz
[14],[19]. With traditional ADCs like double-integting ADC,
successive approximation ADC, and folding ADC,sithard
to achieve high precision. So sigma-delta ADC newniore
widely used in computer audio decoder chips [213]

A sigma-delta converter consists of an integratar,
comparator and a single bit Digital-to-Analog Cortge
(DAC, D/A converter), as shown in Fig. 2. The D/énwverter
is used to make the digital output signal compatibith the
analog input signal. The system is based on thesawgling
principle, where the input signal sampling frequens N
times higher (oversampling rate) than the Nyquistidiency
(two times the higher signal frequency) [27].Thépou of the
DAC is subtracted from the input signal. The reagltsignal
is then integrated, and the integrator output geltas
converted to a single-bit digital output by the garator. The
resulting bit becomes the input of the DAC and lgiger's
output is subtracted from the ADC input signal awd on.

digital part, which would increase the complexity the
circuit [22]. That is why, in this paper, we chodbe single
loop structure for the evaluation study.

Integrator

Comparator

Digital
Filter
&
Decimator

gt

Fig. 2 Sigma-Delta ADC architecture [16]

All sigma—delta feedback topologies may be chareetd
by two transfer functions: the Noise Transfer FUTC{NTF)
and the Signal Transfer Function (STF). The NTFedeines
to what extent the quantization noise is reducea igiven
bandwidth and hence determines the overall SNDRhef
converter. Depending on the chosen architectureyay or
may not be possible to independently specify the.$Ffom a
circuit design point of view, it is desirable toeustegrators as
the fundamental active building block. This allowke
switched-capacitor (SC) circuits to be designea iparasitic
insensitive manner. Meanwhile, by adding a smaliatise
feedback term around pairs of integrators in tlaplélter, it
is possible to move the open-loop poles, which becdTF
zeros when the loop is closed, away from dc aldreg unit
circle [23]. From the consideration mentioned ahav€IFB
topology is chosen in this work.

B. CIFB modulator architecture

To describe the behavior of CIFB modulators, weduse
powerful development environment: SIMPLORER VHDL-
AMS. It is an intuitive, multi-domain, multi-techlugy
simulation program that enables developers to sitaul
complex power electronic and electrically contrdlystems
[10]. This high-level hardware description languaigean
IEEE standard and extension of a digital languagtDV

This closed-loop process is carried out at a veigh h [17]. VHDL-AMS is widely used in electronic desidiow for

“oversampled” rate. The digital data coming frora #hDC is
a stream of “ones” and “zeros,” and the value efdlgnal is
proportional to the density of digital “ones” comifrom the
comparator. This bit-stream data is then digitéiligred and
decimated to in a binary-format output [9].

For sigma-delta ADC, there are two traditional stuves:
single loop structure and multi-stage noise shapgimgcture
(MASH). Each of these structures can be realizeél ame-bit
guantizer or multi-bit quantizer. The single lodgnsa delta
modulator is not sensitive to mismatch of capacisnand
charge leaking. In order to increase the precikigh order is
needed. Unfortunately, this would make
conditional stable. MASH modulator is always stalblet

modeling various mixed-signal (analog and digiteibcuits
and systems including such recent applications &$DR
systems [18]-[19]. The bloc diagram of second orG#fB
sigma delta modulator implemented with SIMPLORER is
given in Fig. 3. Coefficients ;a & are the feedback gain
factors from the quantizer output to the inputhe integrator
and g is the small feedback term from the outpuhefsecond
integrator. The chosen coefficient values of thedutator
parameters are summarized in Table |. The choselevare
of the same order of magnitude as those availabled most
important references [29]-[30].

the system The Input/Output (I/O) relationship of the desigresdond-

order sigma-delta modulator can be expressed gs [[24,

mismatches of capacitances and charges leaking hiyve [28]:

influence on this type of structure. This requieesery good

Y(2) = STF(2*X(2) + NTF(2*E(2



where STF(2) is the signal transfer functioNTF(2), the TABLE Il
noise transfer functiorg(z), the additive quantization noise, SMULATION PARAMETERS
X(z), the modulator input and Y(z) is the modulatotput. Parameters values

For second order CIFB sigma delta modulator preseint - -
. . . . Sampling Frequenc Fs=1MHz
Fig. 3, NTF(z) and STF(z) equations are given retpay by: ping Fred Y
Amplitude Signal 1V
(z-1%+ gy Frequency Signal Fe = 100 kHz
NTF(z) = ::z_ﬂ:_f:E:::z_j;I+g Cy—C40aidy ) Number of Samples N = 65536
STF(2) = - _rir:ﬂi @) Integrators GZ,(z) = GZ(2) 1
le— 1124 poey’m—114 gy + ayrafy 1
G,}F Simulation results are given in Figs 5 and 6. lovh
, respectively, input and output representationsecbaed order
g CIFB sigma delta modulator and the Power Specteisily
ke . ! L of the modulator output. We can see that simulatisults for
| 1 o - i //— ideal CIFB sigma delta modulator are in good agesgnwith
SINE ¢l G2 o theoretical values.
To characterize the proposed modulator model, ves ne
evaluate some parameters of the modulator suchN#®, S
SNDR and ENOB. Simulation results of these pararsetee
given in Table Il. These parameters are defined by:

Fig. 3 Second-order CIFB sigma—delta modulator SNR _Fs (3)
TABLE | s
COEFFICIENT VALUES OF MODULATOR SNDR =—— (4)
Bog+ P
SNDR—L1.76
Coefficient  a, ENOB :T [20] (5)

Value 0.25 0.25 0.05 0.03 0.4 0.0092

whereF; denotes the signal powes;, the noise power, and
P the power of the harmonics of the signal. In amidéggma-
delta modulator, the SNR is determined only by the
guantization noise according to [12]:

Fig. 4 shows the graphical representation of ntesfer
function, NTF, and signal transfer function, STF.

-
2

: _ mENgla 4 Opibit
SNR ? - 72l (6)

SNR :— @)

Magnitude (dB)

where A denotes the input range of the sigma-delta
modulator, L is the order of the modulator, M the

: oversampling ratio (M’f’f25 , with f denoting the sampling

_80 1 1 1
0 0.2 0.4 0.6 0.8 1
Normalized Frequency (xx rad/sample) frequency and B the signal bandwidth) and N isritimber of
Fig. 4 NTF and STF transfer characteristics bits in the quantizer [13].
. ) Table 1ll, shows simulation results of SNR, SNDRdan
C. Smulation results of second order CIFB modulator ENOB values obtained for second order CIFB modulato

Simulation results are obtained using the “DAY Post The results obtained are very interesting, how#hvisris an
Processor” of SIMPLORER. It is a powerful tool talaulate ideal representation of the second order CIFB sidaita
new data channels. This tool includes integratiomodulator. Practical implementations will introduegrors
differentiation, calculation of power charactedstiand the which need to be modeled. These errors are commail t
Fast Fourier Transform (FFT) of data channels [11§igma delta architectures [8]. The performanceigiha-delta
Parameters values chosen for simulation are summethin modulator can be affected by a set of non idealitech as
Table 1l [12], [32], [33]. sampling jitter, KT/C noise and operational amplifi



parameters (noise, finite gain, finite bandwidtlewsrate and with amplitude A and frequency, fis sampled at an instant
saturation voltages). In the following, we will debe non- which is in error by an amou#tis given by [7]:

idealities models which we implemented in SIMPLORIBR
previous work [31].
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Fig. 5 Input and Output of CIFB modulator
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X(t+ 8) - x(t)= 2nfi, SA COS(2fnt) = 5= (£} (8)

hit)

Fig. 7 Effect of clock Jitter in the sampling

This effect can be simulated with SOMPLORER by gsin
the model shown in Fig. 8 which implements Eq. (B
assumed that the sampling uncertaihtg a Gaussian random
process with standard deviation (parameter ‘GairFig. 8).
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Fig. 6 Power Spectral Density of output modulator

TABLE Il
SIMULATION RESULTS OF SECOND ORDERIFB MODULATOR
Parameter Value
SNR (dB) 89.55
SNDR (dB) 83.24
ENOB 13.77

I1l. OVERVIEW OF NONIDEALITIES MODELS IMPLEMENTED IN
SIMPLORERVHDL-AMS

In this section, we will detail models of differeatrors
added to the CIFB sigma-delta modulator: Sampliitier)
KT/C noise and Op-Amp Noise.

A. Sampling clock Jitter

Sampling clock jitter results in non-uniform samgliand
increases the total error power in the quantizepuwuy as
shown in Fig. 7. The magnitude of this error isuaction of
both the statistical properties of the jitter ahd tnput signal
to the converter. The error introduced when a siinlas signal

YO[0] = 0 Initial Value

Memaory
RANDOM

RANDOM

DEAD1

Fig. 8 Modeling of clock jitter with SIMPLORER

B. Op-Amp Noise

In order to realize effective integrators, the wsfethe
operational amplifier (op-amps) is required. Howevep-
amps can be power hungry devices and much of thigep
dissipation is related to the gain of the deviteah be shown
that loop gain error given by A\(1+A) will shiftéhmodulator
poles from their desired locations. This in turdl affect the
NTF zeros, moving the signal band noise higher. &ighows
the model of the op-amp noise implemented in SIMRER.
The Gain represents the total rms noise voltaganed to the
op-amp input.

CONST —
>< 10
Y0[0] := 0 Initial Value J 1 |
Memory GAIN OpNoise
RANDOMN ‘
RAMDOMA — DEAD1 AN

Fig. 9 Modeling of Op-Amp Noise with Simplorer



In this model we considered only thermal noise, levhi

flicker 1\f noise and dc offset are neglected. balein low-
pass Sigma-Delta modulators, flicker noise and fikeb are
typically canceled by means of auto-zero, corréelateuble
sampling, or chopper stabilization techniques [13].

C. KT/C Noise

Thermal noise is caused by the random fluctuatién
carriers due to thermal energy and is present eaen
equilibrium. Thermal noise has a white spectrum ande
band limited only by the time constant of the shsd
capacitors or the bandwidths of op-amps [10]. E@.shows
behaviour model on SIMPLORER of KT/C noise.
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Fig. 10 Modeling of Thermal Noise with Simplorer

Because the KT/C noise is introduced along withsilgaal
at the most beginning, it might be the second nsestous
noise after the quantization noise and must bentakéo
consideration. Since the KT/C noise is random itureg we
describe the noise as in Eq. (9) in whigft) can also be

modeled as a Gaussian random process within thgera|

between —1 and 1 [15].
e

e(n) =X, ald) « ﬂl‘—' 9)

£
IV. ESTIMATION OF EFFECT DUE TO NONDEALITIES

Like any analog system, there are inherit of naaliies

[24]. In this section, we will examine the effedt @mmon

non-idealities in the context of second order CHiddna delta

modulator. Fig. 11 shows the block diagram of aoadoorder

CIFB structure with non-idealities implemented gsithe
proposed SIMPLORER models.

CONST

G
Jiter

Fig. 11 Block diagram of a second-order CIFB sigiedia modulator

To validate the models proposed of the various non-
idealities affecting the operation of the CIFB saydelta
modulator, we performed several simulations with DIH
AMS Simulator where only the non-idealities of tfiest
integrator were considered, since their effects a
attenuated by the noise shaping. The parametarsevahosen
for the simulation are summarized in Table IV [13R], [33].
Simulation results are given in Figs 12 and 13.

TABLE IV
SIMULATION PARAMETERS

Parameters Value
Signal Amplitude 1vVv
Signal Frequency BW =100 kHz

Sampling Frequency Fs =1 MHz

Number of Samples N = 65536

Integrating Capacitance of C=4e-12
the first integrator

113.4m

00.0m
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0 128k 260k 3%k 00k Bilk

Fig. 12 Spectrum plot of output signal with noeatities
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Fig. 13 PSD of second order CIFB Sigma-Delta maidul obtained with
SIMPLORER

Fig. 12 shows the frequency response of outputabifpr
non-ideal modulator implemented with SIMPLORER. The
magnitude of the second harmonic is about -83 e&dihg to
a total harmonic distortion (THD) of about -80 dRhile the
signal noise ratio (SNR) is about 89 dB. Fig. 1&sents



power spectral densities (PSD) at the output oftloelulator
when two of the most significant non-idealities thre first
integrator are taken into account. As we can dexethave
small errors between two the models of modulatath(and
without non-idealities).

It's clear that non-idealities errors affect thefpemances (6l
of the modulator. Harmonics of spectrum plot fom+ideal
modulator are more disturbed than the ideal model,it
affects the simulation of signal to noise raticte modulator. [7]
Also, from results presented in Table V, we notesnaall
difference between simulation results of the twalgls.

TABLE V (8]
MEASUREMENTSRESULTS OFCIFB MODULATOR WITH NON-IDEALITIES [9]

Parameters Value

SNR (dB) 88.71
SNDR (dB) 96.40
ENOB 15.77

(5]

[10]

[11]

It is important to note that when an analog sigisal
sampled, the variation of the sampling period waisandirect
effect on circuit performance. Therefore, the clqitter is
only introduced by the sampling signal and thusefiect of
this error on a sigma delta converter is independérthe
structure of the modulator. Also we can see thdterwthe
jitter error, thermal noise and op-amp errors iases the
spectral density at the output of the quantizersiases.

[12]
[13]

[14]

V. CONCLUSION

15
In the present work, we presented a complete set[of]
behavior model of second order CIFB Sigma-Delta nhatdr
including the non-idealities of the modulator. Wefided
three macros implemented with SIMPLORER which déscr
the behavior of such non-idealities of the modutat@ock
Jitter, Thermal Noise and Operational Amplifier B&i A
simulation result of PSD and frequency response w38l
presented and simulation results of some modulator

[16]

[17]

parameters were analyzed to highlight the model

performances. Results obtained are very encouraffinga [19]

comparison with actual measurements obtained oreah r[20]

prototype and also an implementation of these dealities

on other structures of sigma delta modulators img&irer [21]

VHDL-AMS.
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