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Abstract

Sinusoidal signal can be used as stimulus to test static and dynamic parameters of ADC. A
sigma-delta modulation based sinusoidal signal generator for ADC testing in SOC was introduced. The
generator was built on the same chip with ADC. A numerical resonator generated a sinusoidal signal which
was converted to a single bit stream by a sigma-delta modulator. Due to oversampling, the quantization
noise was pushed to high frequency range. A high-quality sinusoidal signal was generated by low-pass
filtering the bit stream. The sigma-delta modulator was inserted into the resonator to decrease silicon area
overhead and calculate time. A cascaded integrator comb decimation filter was used as the low-pass filter.
The amplitude and frequency of the output sinusoidal signal could be accurately set by digital parameter of
the generator to meet the requirement of static and dynamic performances testing.
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1. Introduction

Increasingly more analog and mixed signal cores are integrated in complex Systems-
on-Chip (SOC). Those cores are normally very sensitive to noise and loading effects, which limit
the external monitoring and make their test a major challenge in SOC technique [1]. To resolve
the problem, one promising strategy is the BIST (built-in self-test) approach in which both
stimulus generation and response measurement are performed on the chip. The most
commonly used mixed signal devices are analog-to-digital converters (ADC) and digital-to-
analog converters (DAC) [2].

Within the past few years, Several BIST schemes for ADC have been proposed in
literature [1-5]. But few approaches in the literature have proposed to can test both the static
and dynamic parameters in one BIST scheme because the silicon area overhead would be
unacceptable. To measure both static and dynamic parameters, it is necessary to have trustful
and highly configurable stimulus. In this paper, we focus on developing efficient sinusoidal
signal generator for stimulus of ADC testing. The amplitude and frequency of the output
sinusoidal signal can be accurately set by digital parameter of the generator to meet the
requirement of static and dynamic performances testing.

2. Sinusoidal Signal Generator

Spectrum analysis and histogram analysis are commonly used methods to testing an
ADC [6]. Spectrum analysis uses the steady state response of the ADC under test to a multisine
stimulus to calculate the characteristics parameters of the ADC. There are so many dynamic
behaviour of ADCs can be described by frequency-domain characteristics parameters, such as
IMD (InterModulation Distortion), SINAD (Signal to noise and distortion ratio), THD (Total
Harmonic Distortion), SNR (Signal to Noise Ratio), SFDR (Spurious-Free Dynamic Range).
Histogram testing method is widely used for determination of nonlinearity errors of ADC. The
histogram method involves the application of a given analog signal to the ADC input and the
record of the number of times each code appears on the ADC outputs. Processing the
measured data against a reference histogram then permits extracting the circuit's
characteristics. The excitation signals for ADC under test can be either a low-slope ramp signal
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or a low-frequency sinusoidal wave. But a ramp generator is analog circuit which is normally
very sensitive to noise and difficultly used to BIST. The input ramp should have at least two to
four bits of resolution more than that of the ADC under test. In addition, it is easy to improve
sinusoidal signal purity by suitable filtering [3,4]. So the stimuli of histogram analysis and
spectrum analysis are sinusoidal signal. For static testing, an low-frequency sinewave is
required. For dynamic testing, a high purity high-frequency sinewave is required.

One of the main stumbling blocks for BIST of ADC has been the difficulty of fabricating
a precision analog signal generator on the same chip with the ADC without any external testing
or calibration. Analog circuits are sensitive to parameters of the circuits. A significant percentage
of mixed-signal SOC may contain DSP, digital, memory, analog and mixed-signal cores, so we
can use those digital core to generate a sinusoidal signal. In [2,3], an all digital method that
encodes an analog signal inside a pulse density modulated single bit-stream was shown to be
capable of generating a high-quality analog multitone signal by simply low-pass filtering the bit
stream with a rather imprecise filter. This paper modified the method in [2,3].
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Figure 1. The scheme of the sinusoidal signal generator

Figure 1 illustrates the scheme of the sigma-delta modulation based sinusoidal signal
generator. A numerical resonator output a sinusoidal signal which have noise. A digital sigma-
delta modulator converted those discrete sinusoidal signals to a pulse density modulated single
bit stream and push the noise to high frequency range. By using an low-pass filter (LPF), the
high frequency range noise is filterd out. The output of the LPF is a high-quality sinusoidal
signal. As this method is essentially all digital and can accurately set both the amplitude and
phase of each of the sinewave, it is the ideal stimulus for ADC BIST in SOC. This paper
modified the structure of the genrator and the LPF.

2.1. Numerical Resonator

The structure of the numerical resonnator is shown as Figure 2. The resommator
resemble an LC resonator. The location of the resonator ploes is determined by configuuring the
coefficients a; and a,. Assuming the resonator is clocked at a rate f,s = 1/T, the oscillation
frequency wy will take the following form:
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Figure 2. The structure of the numerical resonator
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The amplitude (A) and phase (@) of the oscillating tone are determined by the initial
conditions imposed on registers x; and X,:

S = (L -aa,)x (0) +ax,(0)
sin(w? + @)

(2)

b=t 1 (0)sina,7)

(1 - aa, —cos(@w))x,(0) +a,x,(0) &)

Based on equations (1)-(3), we can obtain the desired frequency, amplitude and phase

of the sinusoidal signal through proper selection of coefficients a, and a; and the initial
conditions on x; (0) and x,(0) [2].

2.2. Sigma-Delta Modulator

The sigma-delta modulator is used to transfer the resonator output signal into a 1-bit
stream. The resonator output is a multi-bit sinusoidal digital signal of amplitude A and frequency
fo=wo/217. If we converted the digital signal to an analog signal a high resolution DAC is required
that will increase the area overhead of chip. The sigma-delta modulator quantizes an input
signal into 2 categories: above 0 or below 0, and converts an input signal to be 1 or -1,
respectively. So a multi-bit digital input signal is encoded into a pulse-density of the a signal-bit
stream. Figure 3 shows the scheme of sigma-delta modulator. X;(n) is the sinusoidal digital
signal, x(n) is the 1-bit output bit stream. For 1 order sigma-delta modulator, the fuction H(z) is

-1
zZ

1=z

(2) =

Ok

Figure 3. The scheme of sigma-delta modulator

Assuming the quantization noise delta is white, and noting that the total noise power is

) 7
e’ _intherange of +—,

rims

. 2
e’ =L Mirge = A (4)
A sz 12

Where Ais quantization step. The spectral density of the quantization noise is [7]:

1 A1
E(f)=e |—=|—]||— 5
(1) =e,, 7 (sz 7 (5)

S S

If the signal is bandlimited to f,, the sigma-delta modulator use a higher sampling rate,
fs, than the Nyquist rate, 2f,. Usually, the oversampling rate (OSR) is from 16 to 512,
OSR=fy/2*f,,. When sigma-delta modulator use high sampling rates, or OSR>>1, the
quantization noise is spread over the larger sampling frequency. Since the signals of interest
are all below fg<<fs , x(n) is fitered by a low-pass filter with bandwidth fz which eliminates
guantization noise greater than fz. Then the noise power P, that falls into the signal band will be
given by:
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p= [ pryar = et 2r, ) =S =B
”_J‘—f;g ( ) _enﬂs( B )_ﬁ_ﬁﬁ (6)

So the quantization noise in-band is decreased since the overall power of noise is still
the same.

- xi(n) | sigma-delta x(n)

aj Z
‘ modulator

1or-1

A
x(nt1) % multiplexer H‘Z
)

Figure 4. The modified resonator

In order to decrease the area cost and the complexity of the circuit, we modified the
resonator. Firstly, the resonator works in oversampling rate fs to avoid an interpolation filter.
Secondly, we move the sigma-delta modulator into the numerical resonator. Because the
sigma-delta modulator quantizes an input signal into 2 categories (1 or -1). So we can use a
two input multiplexer instead multiplication (multiplicate a,). At the same time, the coefficients a;
is selected as 2", so the multiplication can be instead with a shift opration. The modified
resonator is shown in figure 4.

2.3. Decimation Filter

In order to spread the quantization noise over a large frequency range, the sampling
rate of the sigma-delta modulator must be fairly high. To recover the output signal or to lower
the sampling rate, a down-sampling filter is required. Sigma-delta modulator spread the
gquantization noise to high frequency, to eliminate the high frequency noises, a low-pass filter is
required. The low-pass filter eliminates the spectrum of X(w) in the range of /D<w<1r. The
spectrum of X(w) outside the range is eliminated. The main components of a decimation filter
are a low pass filter and a down-sampling device, as shown in figure 5.

x(n) w(n Down-lse;r)npling _ ym)

Figure 5. The scheme of the decimation filter

The input signal x(n) is the output signal of the sigma-delta modulator, h(n) is a low-
pass filter, so w(n) have the same frequencies, fs, but the decimator reduces the sampling rate
of the output signal y(m), to fs/D, where D is the decimation factor. Then the output sequence of
decimation filter y(m) is:

v (m) =w(mD) ()

There are numbers of filter design techniques that can be applied to make a decimator.
For example, multi-rate and/or multi-stage decimators are being used. In order to decrease area
cost of chip, this paper selected the cascaded integrator comb (CIC) filter [8].

A comb filter or sinck filter has a transfer function as
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where M is the length of the filer, and its frequency response is

/() |:l5i”(‘°/”/2) _sinc(ail 12)
M sin(wl 2) sin(w/ 2)

(9)

The filter can be implementd by cascading the intergrator

— with the comb filter
-z

@ —Z"”). This structure dose not require any multipliation or storage for the filter coefficients,

so the area cost of chip is small. To obtain an efficient decimation structure, we start with an
intergrator-comb filter followed by the downsampler. To improve the lowpass frequency
response, we can cascade k CIC filter. the function of k CIC filter is:

= i =i ' = i—l_Z_M k :i — Nk L '
H(Z)_(MZ’:OZ J (M l—Z_lj M(l z >(1—Z_1J

The structure of K CIC filter can be modified, order all integrators on one side of the
filter and the comb filters on the other side, and then we aplly the first nobel identities as shown
in figure 5.

X o S

Figure 6. The structure of k CIC filter

So the structure of sigma-delta modulation based sinusoidal signal generator is shown
as figure 7. Owing to the over sampling nature of the sigma-delta modulator and the low-pass
filtering action of the decimation filter, the nosie of sinusoidal signal was attenuated. Selecte
proper coefficients a, and a; and the initial conditions on x; (0) and x»(0), we can obtain the
desired frequency, amplitude and phase of the sinusoidal signal to meet the conditions of static
and dynamic performances testing.
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Figure 7. The structure of sigma-delta modulation based sinusoidal signal generator
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4. Simulate Result

A 8-bit ADC of ADI corporation, the AD9289 is used to validate the efficiency of the
method presented in this paper. The AD9289 is a monolithic, single-supply, 65 MSPS ADC with
an on-chip, high-performance sample-and-hold amplifier and voltage reference, 1Vp-p to 2Vp-p
input voltage range. We use ADISIimADC with Matlab on a PC platform to capture the ADC
output codes and calculate the frequency spectral under a special stimulus. The behavioral
modeling of the ADC and ADIsimADC are offered by ADI corporation.

For the dynamic testing, the values fos = 1MHz, al = 2/, a, =4.81928*10°, x;(0) = 0 ,
Xo(0) = 0.78539 are selected, then we can obtain the oscillation frequency of f = 1Khz, A =1 and
¢= 0. Figure 8 shows the sinewave of resonator output. The bit strem of sigma-delta modulator
output is shown in figure 9. The spectrum of the bitsream of sigma-delta output is shown in
figure 10. If the decimation factor D=4, the spectrum of the sinusoidal signal generator is shown
in figure 11, the high frequeny noise is eliminated. Figure 12 shows the frequency spectrum of
ADC response to the sinusoidal signal. The SINAD is 47.436dBc.
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Figure 8. The sinewave of resonator output Figure 9. The bitsream of sigma-delta output
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Figure 12. The spectrum of ADC response

4. Conclusion

Spectrum analysis and histogram analysis are commonly used methods to testing an
ADC. The stimuli of histogram analysis and spectrum analysis are sinusoidal signal. For static
testing, an low-frequency sinewave is used. For dynamic testing, a high purity high-frequency
sinewave is used. A sigma-delta modulation based sinusoidal signal generator for ADC testing
in SOC was introduced in this paper. Owing to the over sampling nature of the sigma-delta
modulator and the low-pass filtering action of the decimation filter, the nosie of sinusoidal signal
was attenuated. The frequency, amplitude and phase of the sinewave stimuli can be adjusted
through proper selecting generator parameters which are stored in ADC WBR. So the silicon
area overhead of the BIST structure of this paper is small. Simulation result proved the method
in this paper is efficient.

Sinusoidal Signal Generator for ADC Testing in Mixed-Signal SOC (Shirong Yin)



3717 = e-ISSN: 2087-278X

Acknowledgements

The authors would like to thank the anonymous reviewers for their constructive
comments that immensly helped in the preparation of the revised version of the manuscript.
They would also like to thank the Assocoate Editor of the journal for the very helpful suggestion
and kind encouragement.

This research was supported by the National Nature Science Foundation of Chongqing,
China. (No. 2010BB2276). Many references had to be deleted to shorten this paper, and we
apologize to authors and readers for work that could not be cited.

References

[1] Manuel J Barragan, Diego Vazquez and Adoracién Rueda. A Sinewave Analyzer for Mixed-Signal
BIST Applications in a 0.35 ym Technology. IEEE Design and Diagnostics of Electronic Circuits and
systems. 2006; 117-122.

[2] Kuen-Jong Lee, Soon-Jyh Chang and Ruei-Shiuan Tzeng. A Sigma-Delta Modulation Based BIST
Scheme for A/D Converters. Proceedings of the 12th Asian Test Symposium (ATS’03). 2003: 1-4.

[3] MF Toner and GW Roberts. A Frequency Response, Harmonic Distortion, and Intermodulation
Distortion Test for BIST of a Sigma-Delta ADC. IEEE Transactions on Circuits and Sysyem-11: Analog
and Digital Signal Processing. 1996; 43(8): 608-613.

[4] Hsin-Wen Ting, Bin-Da Liu, and Soon-Jyh Chang. A Time Domain Built-In Self-Test Methodology for
SNDR and ENOB Tests of Analog-to-Digital Converters. Proceedings of the 13th Asian Test
Symposium (ATS 2004). 2004.

[5] Vladimir A Zivkovic, Jan Schat, Frank van der Heyden, and Geert Seuren. Core-Based Testing of
Embedded Mixed-Signal Modules in a SoC. IEEE Design & Test of Computers. 2009: 78-86.

[6] Dominique Dallet, José Machado da Silva. Dynamic Characterisation of Analogue-to-Digital
Converters. Science Press in China. 2007.

[71 Hui Liu. A re-configurable pipeline ADC architecture with built-in self-test techniques. lowa State
University, Ames, lowa. 2001.

[8] Jonh G Proakis, Dimitris G Manolakis. Digital Signal Processing. Publishing House of Electronics
Industry, Beijing. 2007.

TELKOMNIKA Vol. 11, No. 7, July 2013 : 3711 — 3717



