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Abstract: This paper presents the effect of timing jitters on the performance of sigma delta ADC for SDR mobile
receivers. The time-varying behavior is caused by the non-stationary nature of the clock jitter process. Jitter is
the limiting effect for high speed analog to digital converter with high resolution and wide digitization
bandwidth, which are required in receivers in order to support high data rates. Mathematical modeling has
been done for the same to show the effect of clock jitter as well as aperture jitter on the performance of Sigma
delta ADC for SDR mobile receivers in terms SNR. The present work shows that there is degradation in the
system performance due to timing jitters. It is also shown that when clock jitter becomes more dominant,
increasing the OSR does not improve the performance of Sigma Delta ADC. SNR with quantization error
(SONR) has been evaluated using second order sigma delta ADC. It is shown that at 256 OSR the SONR is
118.9dB which is very close to the calculated theoretical value. Simulation has been done using SD toolbox of
MATLAB Simulink.

Key Words: Sigma delta ADC, Clock jitter, Aperture jitter, Software Defined radio, Signal To noise ratio
(SNR).

I Introduction
A radio that defines in software its modulation, error correction and encryption processes, exhibits some control
over the RF hardware, and can be reprogrammed is clearly Software radio [2]. The wideband ADC is one of the
most challenging tasks in software radio design. The input analog signal is sampled at a frequency f;, which
converts it into a discrete time signal. The rapid development of digital wireless system has led to a need for
high resolution and high speed band pass analog to digital converters. Continuous time band pass Sigma delta
modulator are very suitable for such high frequency application.
To achieve high-resolution without requiring high precision analog components, over sampling techniques are
often used. This relies on three techniques: oversampling of the input signal, quantization error shaping and
digital filtering. The core circuit of the ADC is a sigma-delta modulator, which acts as a high pass filter to filter
the quantization error in the signal bandwidth. Because of the over sampling that makes the signal bandwidth
much smaller than half of the sampling frequency, a digital decimation filter can be used to down sample and
filter the modulated signal to the Nyquist bandwidth. In Sigma—Delta Modulators, the over sampling is used
along with noise shaping to get rid of the quantization error as much as possible. By introducing a Digital to
analog filter in the feedback loop, thereby feeding back the quantized signal back to the input as depicted in
Figure 1, the shape the quantization error can be out of band of interest[1-3].
The paper is organized as follows: The timing jitters are introduced in section I11. An. Jitter model is discussed
in sectionlV. SNR calculation is given in section V, Results are discussed in section VI and the work is
concluded in section VII.
The present work presents a technique called oversampling technique to reduce the timing jitter effects using
oversampling method.
1. Timing Jitters

The rapid development of digital wireless system has led to a need of high resolution and high speed analog to
digital converter. The performance of a data converter is dependent upon the accuracy and stability of the clock
supplied to the circuits. When data converter employs a high sampling rate, clocking issues become magnified
and significant distortion can be result[13].
Analysis of Signal to noise ratio
For a sinusoidal signal which does not exceed the FSR of the ADC, the SNR due to the quantization error is
given by

SQNR = 6.02N + 1.76 + 10l0gy, (g) dB 1)

Here f; is the sampling rate and £, is the maximum frequency of analog signals and N stands for bit resolution
and also given by
SQNR = 6.02N + 1.76 + 10log,,(k)dB (2)
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Where k = f;/2f..
For sampling rate equal to the Nyquist rate (k=1) then

SQNR = 6.02N + 1.76 ?)
Eaiz)
Xz +/R )
+ Hez) (&)

Figure 1. Signal Flow of the Sigma-Delta Modulator
It is seen that the signal transfer function is simply a delay, while the noise transfer function is a discrete-time
differentiator. Analysis of the first-order sigma-delta modulator reveals that the quantization noise power is
given by (4).
2.2 3
py = el (L) @

36 OSR
Where V;sgamplitude of signal and OSR is is oversampling ratio defined as the ratio of f, to nyquist

frequency2f.. So the SNR of the sigma-delta ADC with first order noise shaping is
SNR = 20l0gy, (ﬁ)

SNR = 10logs, (322V) + 10l0gyo (= OSR?) ()
For improving the SNR, increase the OSR. In second-order modulator, the improvement is 15dB with doubling
the OSR while for the first-order modulator the improvement is only 9 dB. SNR for mt"* modulator is given by

SNR = 20l0gs, [(2" - 1)/3/2 ¥t 0SRI™+1/2)] (6)

Here m is the order of filter, OSR is the oversampling ratio. The SNR can be calculated using various loop
orders (m= 2, 6, 8) and 1-bit quantizer (n=1). With varying the OSR, different gains in SNR can be achieved.

1. Jitter Model in High Speed ADC
In circuit design that involves the use of a high-performance, high-speed analog-to digital converter (ADC), one
of the main care is the clocking scheme. The conversion process starts when a clock signal tells the Sample and
Hold (S&H) to take the samples. Up to that instant, the internal switch on the S&H circuit is closed, allowing
the voltage across the capacitor to track the input signal. One of the edges of the input clock then indicates when
to open this switch, and the capacitor holds the voltage at that instant in time.A mathematical estimation of the
best-case signal-to -noise ratio without other noise sources is

2
Tjitter” = f (slope(r)Xjitter)dr = —f [ ]ltter] dr (7)
2t
7| 2rACOS——
= lJitterZJ — T |dr= <a 27z da 2”>
T 5 T T 'de T
1 (2mA 21 2 T (2mA 1 1 .
= ;( ) jitter? —f (cos*a)da = ;( ) jitter? Xg(a + sina X Cosa) (8)
T (2mA\? 1 (2mA)\? ..
= Z( ) jitter? —n = —( - ) jitter? 9)
The theoretical I|m|tat|on of the SNR due to jitter is given by
s ) g
SNR(dB) = ~ = 10logy, W} = —20log,,(2nf,,jitter) (10)

Assuming all these sources of noise are uncorrelated, the total noise is the addition of a noise term independent
of input frequency and a noise term dependent on input frequency [6-7].
The theoretical limitation of the SNR due to jitter and other sources of noise are considered given by
2
SNR(dB) = 10l0g, ATz (11)
Thermal+Quantization+=| ((ZTA)) jitter?
Two of the most significant timing issues are Aperture Jitter and Clock Jitter, which are produced from timing
errors in the sample and hold circuit of an ADC and the decoder circuit of the DAC [1].
-Aperture jitter-Due to uncertainty in sampled pulse

-Clock jitter —Due to time variation in clock time period
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In [10] Walden discovered the aperture jitter as dominating error effect that limits the achievable SNR. In the
last few years different authors derived formulas to quantify the SNR limiting effect of jitter in ADCs.
Koyabashi et al. presented a formula which allows to calculate the SNR in the presence of an aperture jitter
[13]. The effect of clock jitter was investigated by Awad[7].

A. Aperture Jitter

In communication system, aperture jitter causes uncertainty in phase of the sampled signal, degradation of the
noise floor of a data converter, Aperture jitter is random variation in time of the exact sampling instant that
causes phase modulation. It results in an additional noise component in the sampled signal. Aperture jitter is
caused both by the sampling circuit and sampling clock, the latter source being closely related to the phase noise
of the sampling clock oscillator.

B. Clock Jitter

Clock jitter is what engineers would readily call time-domain distortion. Clock Jitter is caused by phase noise.
The resolution of ADCs with a digitization Bandwidth between 1MHz and 1 GHz is limited by jitter. Clock
jitter does not actually change the physical content of the information being transmitted. Depending on
circumstance, this may or may not affect the ultimate decoded output [2].
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Figure 2: Aperture Uncertainty and Aperture Jitter [2]

C. Improving SNR by Over Sampling Method

Over sampling is a popular method used for improving SNR in ADC. The input is sampled at a rate higher than
the minimum required Nyquist sampling rate, f;. When over sampling with a factor of k = 16, the same 100-Hz
input signal is sampled at 3200Hz. The samples obtained by over sampling are low-pass filtered and decimated
using a digital filter to achieve a reduction of the quantization noise. The signal at the frequency band of interest
is not affected by the filter, and the result is an improved SNR [13-14].

D. Aperture Jitter Effect in Sigma Delta ADC

Aperture jitter is random variation in time of the exact sampling instant that causes phase modulation and results
in an additional noise component in the sampled signal. Aperture jitter is caused both by the sampling circuit
and sampling clock, the later source being closely related to the phase noise of the sampling clock oscillator. In
communication system, aperture jitter causes uncertainty in phase of the sampled signal and degrades the noise
floor of a data converter. Aperture jitter stands for the random sampling time variations in ADCs which are
caused by broadband noise in the sample and hold circuit. Here it is found that the aperture jitter affects the
sampled signal.

abtsd

nT, nT+7

Figure 3: Amplitude error due to aperture jitter
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Consider a signal g(t) that is to be sampled, as shown in Figure (3). This signal would ideally be sampled at
points that are multiples of Ts, the sampling period. However, due to jitter, sampling does not occur at exactly
multiples of Ts, and hence the sampling period varies between samples. This in turn results in an amplitude
error. Therefore the uncertainty in sampling position results in an amplitude error of the sampled signal.
The effects of aperture on > A ADC can be predicted by the following simple analysis. Assume an input signal is
sine wave and is given by the equation

v(t) = Vysin2nf,t

The rate of change of this signal is given by
Z—: = 2nf.Vycos2nft (12)

Now let AV, = the rms voltage error and At = the rms value of aperture jitter ¢;and substitute these values in

equation (15).

_ 27TfCVotj

Avrms - ﬁ

The rms value of the full-scale input sine wave is Volxﬁ, the noise produced by aperture jitter is usually
modeled as white noise, therefore the signal to noise ratio (expressed in dB) is given by

(13)

V, /N2 V2
SNR = 201log,, [on/ ] + 101og(OSR) = 20log,, llW\/?/OtlJl + 101og(OSR)
rms
V2

— 20l0gy [ﬁ] + 10log (OSR)

(14)
Where t; is the aperture jitter. This amplitude error and hence the signal-to-noise ratio due to jitter becomes
worse, if the signal to be sampled varies fast i.e. such as a high frequency carrier. If the deviation of sampling
points from the ideal position is large, as deduced from equations above, SNR is poor. Conclusion is that the
uncertainty is proportional to the frequency of the input analog signal and it is independent of sampling rate. The
equation (14) assumes an infinite resolution ADC where aperture jitter is the only factor determining SNR. It
can be proved that the SNR of an ADC is also affected by aperture jitter.

E. Clock Jitter Effect on Sigma Delta ADC
Clock jitter is defined as the uncertainty of the sampled signal in time domain due to the uncertainty of the
sampling clock [13][17]. It is mainly caused by the instability of the oscillator resulting in sampling time errors
in the ADC, therefore degrading the converter’s achievable SNR and resolution.

qin)

x{n) = x(nT+d;) .
p tjn)

\—B—b hin) \:B_—P yin)

_T »
Clock jitier 1

Figure 4: Discrete time Y A modulator in the presence of clock jitter
Examination of sigma delta modulator in the condition of clock jitter, the output yj(n) now contains error from
both the quantization noise and clock jitter, given by:

Yj(n) = (X (nT + dn) — yj(n))* h(n) + qj(n) (15)

Additional error due to jitter
_ 1 H(z) 16
Ey(z)_L+H(Z)}Eq(z){HH(Z)}X(Z) (16)

v. SNR Calculation
In analytical calculations, the clock jitter error and the quantization noise are assumed to be independent of each
other. The achievable SNR in the clock jitter condition can be numerically approached (in dB) by
P .
SNR = 10! <$> 17
0910 Pjitter"'Pquant ( )
Where Pgignq represent the power of input signal, Pj¢eer and Pgyqne indicate the jitter- triggered error and

quantization noise power respectively.
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The average noise power due to the clock jitter can then be formulated as follows [17]:
Psignai=A*Al2 (18)
Pquant: (A*A)/ (12*L) (19)
Consider a real Analog input signal x(t). In the ADC, x(t) is sampled at the time instant tn=nT+Jn with the
nominal sampling period T. Jn are the random sampling time variations due to aperture jitter and clock jitter.
For a block of N sampling point ,the mean error power caused by random jitter process can be calculated as
Py = ~IN=3 E{e(nT) * e(nT)) (20)
where e(nT) = x(nT + J,,) — x(nT)
The corresponding error powers due to error :
P = <IN T E(lei(nT)I?) (21)
The above formula is in time domain, By Fourier transform, the resultant formulae of P; in frequency domain
can be obtained and written as:
Pj = %211\1];(} fjooo Sss (f)(l - E{ejzn]n})df Xavnfh (22)
HereS,(f) is the power spectral density(PSD) of x(t).
The Jitter dependent SNR (in Decibels) is given by

P,
SNR; = 10logp—j (23)

Where P [” S (P)df
Therefore the SNR; is

- JZ, Sss(D)ar
SNR; = 10log,, %Z%;éfwaSS(f)(l_E{ejzn]n})df

Where S¢(f) represents the PSD of input signal, Table 1 shows that performance for different standard with
different value of OSR as well as it shows jitter tolerance [19].

(24)

V. Simulation Results

In order to confirm the above analysis, some simulation results are presented. Calculation of the SNR at the
ADC’s output for an maximum input frequency f. and a sampling frequency f,=2f. has been done while
varying the bit resolution. Assumed that the error is due to only the quantization and not due to aperture jitter.
For high frequencies above the Nyquist rate, equation 3 is valid. An increase in the sampling rate leads to an
increase in the SQNR. For a sampling rate equal to the Nyquist rate (k=1), decrease the quantization noise: the
term 10log (k) indicates that it is preferable to use sampling rates as greater than the Nyquist rate as possible
(over sampling) because the SQNR has been increased with increasing OSR as shown in fig.(5).
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Figure 5: SQNR versus k(oversampling ratio), for N=2, 8, 10, 12, 14 bits

Figure (6) shows the SNR degradation due to jitter, varying the input frequency (in MHz) with different value

of jitter in pico second. In time domain jitter calculation using equation (10), to kept constant number of sample

N is 1000 and vary jitter variance 0 to 5*107-13.,SNR degrades as we increase jitter variance as shown in figure

(6). Similarly in figure (7) keep constant jitter variance 0.5*107-13 and vary the number of samples N, SNR

decreases. We improve SNR with jitter by using over sampled ADC.
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Figure 6: Limitation of SNR due to jitter as a function of input frequency
By using SNR equation (6) of sigma delta ADC, figure (5) shows that as we increase over sampling ratio with
order of sigma delta, SNR increases. Table.l is also given in which effect of SNR and OSR with increase in
order of Sigma-Delta ADC and bit resolutions. We calculate effect of clock jitter on Sigma Delta ADC. Greater

value of vco leads to the greater SNR reduction. Clock jitter degrades the SNR of the sigma delta ADC.
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Figure 7: SNR verses N for constant clock jitter variance of 0.5%107-13

The parameter used as centre frequency fc is 70 MHz sampling frequency f; is 280 MHz and sampling point
N=9*10"6. The values of vco for integrated Oscillator range from 10"19 s to 10721. In Figure (8), oversampling
is expected to improve the system performance by spreading out the quantization noise to a much larger
bandwidth. However, this improvement can only be perceived for the low value of OSR. For high value of OSR,
the clock jitter noise becomes more dominant compared to the quantization error and leads to the inevitable
noise floor.

Table 2: Effect of SNR and OSR with increase in bit resolution of Sigma-Delta ADC (Theoretical Values)

Oversampling SNR  Improvement | Bit resolution
factor k indB

2 3 0.5

4 6 1

8 9 15

16 12 2

32 16 25

64 18 3

128 21 3.5

256 24 4
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Using equation(14),Taking input frequency fc=100MHz aperture jitter is equal to 2ps and sampling rate fs vary
from 200MHz to 300MHz Figure(8) shows that as the sampling frequency increases, SNRaj is constant. We
conclude that aperture jitter SNR (SNRaj) is independent of sampling rate.

100, T T T T T

90F b
80r B
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SNRaj(dB)  60F; 1

50r b

40/ 1
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20F b
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fs(MHz)

Figure 8: SNRaj versus sampling rate (fs)

Figure 9 shows the aperture jitter power spectrum. The signal was sampled with a sampling frequency of 400
MHz and white Gaussian aperture jitter with a standard deviation (rms aperture jitter) taj = 0.25 ps for fi <<taj"-
1 The error power spectrum is white and distributed over whole digitized band. Therefore we increase aperture
jitter SNR (SNR,;) by using over sampling technique. But in case of clock jitter, over sampling does not
improve the clock jitter SNR (SNR_;). Figure 10 shows the clock jitter‘s power spectrum which has narrow
peaks at £20MHz and £90MHz surrounded by Lorentzian shaped spectra which are spread across the spectrum
of input signal. The chosen phase noise constant fi<< (vconT) ”0.5. In traditional ADCs, jitter with SNR in
between 25-5dB whereas the Sigma Delta ADC has SNR in between 48-38.5db in case of clock jitter and 120-
60dBin case of aperture jitter. Jitter tolerance is much better in sigma Delta ADC which is -1*10ps.Sampling
technique for improving SNR in case of jitter does not apply on traditional ADC because these ADCs use
sample and hold circuit which is an active device and bandwidth of active device is limited. It does not employ
on RF or intermediate frequency.
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Figure 9: Mean error PSD caused by aperture jitter
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Simulation of second order sigma delta ADC has been done using MATLAB Simulink. Simulation diagram of
second order sigma delta ADC is shown in figure 12. The simulated result for SNR and SQNR is shown in fig.
(13). It shows that SNR is 94.8 dB with 256 OSR.

Table 4 Calculated values of SNR and SNDR with respect to OSR

OSR SNR in dB SQNR in | RESOLUTION(ENOB)
dB (bits)
32 54.8 69.8 8.8
64 69.8 87.8 11.3
128 83.9 105 13.6
256 95.7 119.8 15.6
OSR vs SONR
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Figure 11: Theoretical graph of SQNR Vs. OSR
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Figure 12: Simulated diagram of second order Sigma Delta ADC
PSD of a 2nd-Order Sigma-Delta Modulator (detail)
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Figure 13: Simulated result for SNR and SQNR Vs frequency
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VI. Conclusion

This presents that how degradation is there in the system performance due to clock jitter and aperture jitter and
concluded that aperture jitter process is stationary as shown in fig (8). Its characteristic functions do not depend
on the absolute sampling time instant nT, i.e. they are time-invariant. In the case of clock jitter the characteristic
functions strongly depend on the absolute sampling time.. Error power spectra of clock jitter and aperture jitter
are significantly different. In the case of aperture jitter the mean error power is uniformly distributed over the
whole digitization band, so that the jitter dependent SNR in a given frequency band can be increased by over
sampling techniques. In the case of clock jitter the error power is concentrated around the frequencies of the
input signal components. Analysis shows that Clock jitter is dominating error and severely degrades the system
performance in terms of achievable SNR. The SQNR is 118.9dB. 15.5 bits is the Bits of resolution for the
second order sigma delta ADC using simulation. Practically it can be considered as 15 bits. Here it can be seen
that simulated results are very close to the theoretical results.
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