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Comparative analysis of Sigma Delta modulation
and pulse code modulation in micro-accelerometer

TAN Xiao-yun, ZHOU Xian-zhong,JIANG Yi-ming,CHEN Wei-ping
(MEMS Center s Harbin Institute of Technology, Harbin 150001,China)

Abstract: A comparative study of the Sigma Delta Modulation(SDM) and the Pulse Code Modulation
(PCM) is presented, and the advantages and the disadvantages of the two kinds of modulation are also
obtained. A 2-bit SDM simulated system and a 2-bit (PCM) simulated system for a micro-accelerome-
ter are established in this paper. Then, the accelaration signals pass through the modulations are com-
paratively analyzed, and the difference of two mudulations output waves is obtained by the comparive
analysis. Finally, the power spectral density patterns of two kinds of the modulated signals are com-
puted with a periodogram respectively. The power spectral density from experimental results indicates
that the quantization noise of the PCM is more serious than that of the SDM in the low frequency, but
the quantization noises of both modulation methods are the same in the high frequency. The simulated
results show that the SNR of the SDM is 20 dB higher than that of the PCM, though the SDM modu-
lation system is more complex than the PCM.
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1 Introduction

Recently, high performance micro-accelerome-
ters have attracted more and more attention for
their portable applications such as laptop com-
puters and cellular phones. Thereby an analog-
to-digital converter must be used as an interface
to move the border between the analog and digit-
al parts. Nowadays, Sigma Delta modulators are
widely used in micro-accelerometers as interface

circuitst!,

Micromachined accelerometers are
one of the most important classes of MEMS de-
vices that hold the second largest sales capacity
after the pressure sensors. The applications of
the inertial guidance, space microgravity, earth-
quake prediction, geophysical sensing and so on
have promoted have led the demand for high per-
formance micromachined inertial sensors, and
lead to the high accuracy accelerometers to have
a resolution of micro-g, even submicro-g. High
performance inertial sensors usually have the ad-
vantages of the closed-loop control strategy in-
crease the Dynamic Ranges (DR), linearity, and
the bandwidth. To avoid the electrostatic pull-in
problems in purely analog force-feedback closed-
loop control strategies, the Sigma Delta modula-
tor closed-loop force-feedback control schemes
have become very attractive'?. It can achieve a
direct digital output and can be interactive to a
digital processor without other components; it
also relaxes the design of analog circuits.

Most of the previous work takes the mechani-
cal part as an integrator to form a second-order
single-loop electromechanical Sigma Delta modu-

latort,

For the second-order electromechanical
system, the equivalent DC gain of the mechani-
cal integrators is considerably lower than that of
their electronic counterparts, which leads to a
much lower signal-to-quantization noise ratio.

And limited cycles caused by truncation in elec-

tronic modulators also exist in electromechanical
system, which needs to properly compensate the
system to prevent limited cycles from moving to
the low frequency or degrading the performance.
In order to increase the resolution and improve
the performance further, some methods in pure
electronic system have been introduced to the e-
lectromechanical system, such as high order sys-

M), multistage noise shaping™ and multi-bit

tem
quantization. The high signal-to-quantization
noise ratio can be obtained by the high order sys-
tem. However, the stability is still an open issue
for the high order system, and the input range
decreases as the order increases. Accuracy noise
cancellation is difficult to achieve in microfabri-
cation so that multistage noise shaping may be
unrealizable in practice. The multi-bit feedback
eases the stability problem, reduces the quanti-
zation noise, and makes the system more like a
linear system, but realizing linear multi-bit feed-
back in electromechanical system is more compli-
cated than that in electronic sigma delta modula-
tor due to the nonlinear nature of the feedback
actuators.

Unlike traditional converters, the over sam-
pling and noise shaping techniques employed in
Sigma Delta modulation allow to trade the speed
for the accuracy'®. In this paper, a comparative
study of Sigma Delta modulation (SDM) and
Pulse Code Modulation (PCM) in micro-acceler-

ometers is presented.

2 Principle of accelerometer with
Sigma Delta modulation and

pulse code modulation

A block diagram of the single-loop SDM is
shown in Fig 1. It contains three main parts, a
B-bit quantizer is used for analog to digital con-

version of the integrator output, the output dig-
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Fig. 1 Single-loop Sigma Delta Modulator

The feedback loop operates at a much higher
frequency than the Nyquist frequency of the in-
put signal, which introduces over sampling to
reduce noise and improve the system perform-
ance. Usually, the digital output is interactive to
a digital signal processor and can be constructed
at the Nyquist frequency. The mechanical part
of an electromechanical system performs as a
second-order integrator which is one stage of the
overall integrator formed by both the mechanical
part and the electronic part or the mechanical
part only., PCM schemes are probably the simp-
lest approach to quantizing finite frame expan-
sions. The 2K-level PCM scheme with step size

0 replaces each x, with

¢,=Q(x,) =arg r{lin\r,,—q\ , (D)
qGA(;\,
where Ax={(—K+1/2)8, (—K+3/2)68, -,

(K+1/2)6.

The architectures of accelerometer with SDM
and PCM are shown in Fig. 2, respectively. In
addition, both of them are constituted of a 2-bit
quantizer. It is implied from Fig. 2 that acceler-
ometer with SDM is a close loop system but ac-

celerometer with PCM is an open loop system.

00 Butter SQ Codecl
I UJ—'I
m O den(s) '\Z I 2 o)
ro-order
Transfer fcn Analog elg)o(l)d eScalarquantizer
filter design Out

encoder

(a) Micro-accelerometer with SDM

(b) Micro-accelerometer with PCM
Fig. 2 Comparison of architectures of micro-acceler-

ometers with SDM and PCM

The comparative results of the modulated sig-
nals with PCM and SDM are shown in Fig. 3.
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Fig. 3 Comparison of modulated signals of micro-ac-

celerometers with PCM and SDM

3 Power spectral density analysis

of SDM and PCM

One of the important applications of signal pro-
cessing is the spectral analysis. Because of the
computational efficiency of FFT, many tech-
niques for spectral analysis of continuous-time or
discrete-time signals utilize the DFT either di-
rectly or indirectly. There are two basic approa-

ches to estimate the power spectrum. One ap-
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proach is referred to as periodogram analysis and
is based on the direct Fourier transformation of
finite-length segment of the signals. The other
approach firstly estimates the autocovariance se-
quence and then computes the Fourier transform
of this estimation. For the periodogram, if prop-
erly normalized, the (modified) periodogram is
asymptotically unbiased. Furthermore, the bias
approaches zero as the window length increa-
ses'™,

The power spectrum densities of the two mod-
ulated signals are compared in Fig. 4. It can be
clearly seen that the magnitude of quantized
noise of SDM is much lower than that of PCM in
low frequency, while the magnitudes of quan-
tized noise of the two modulations are almost the
same in the high frequency. According to the ad-
ditive white noise approximation of the quantiza-
tion error, the quantized noise with PCM is sup-
posed to be white noise, so the magnitude of
quantized noise with PCM is uniform in all fre-
quency. However, because of the quantized
noise shaping effect of SDM, the quantized noise
is shaping by a high pass filter. Thereby, the
quantized noise with SDM is much lower than
that with PCM in low frequency.

For the sake of demodulation, the modulated
signals are filtered by a low pass filter. As Fig. 5
shown, the signal to noise ratio (SNR) of de-
modulated signal with SDM is higher than that
with PCM by about 20 dB.
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(b) Power spectrum density with SDM

Fig. 4 Comparison of power spectrum densities of

modulated signals with PCM and SDM
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(a) Spectrum density of demodulated signal with PCM
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(b) Spectrum density of demodulated signal with SDM
Fig. 5 Comparison of power spectral densities of de-

modulated signals

4 Conclusions

Comparing the SDM with the PCM, it is implied
that the bandwidth of PCM is much wider than
that of SDM, as the SDM trades bandwidth for
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high resolution, the SDM is not suitable for a
high frequency application. However, in the ap-
plication of measuring low frequency accelera-
tion, such as seismic wave, the SDM is much
more appropriate than PCM,as SDM can achieve
much higher resolution than PCM, though the
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