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ABSTRACT

A general method to design continuous-time Sigma—
Delta (X A) modulators with delayed return-to-zero
(RZ) feedback pulse is presented. This method can
be applied to design modulators with any arbitrary
delay and pulse width. It is shown that the key-
point to avoid the degrading effects of clock jitters,
is to generate a low jitter feedback pulse-width, us-
ing a monostable multivibrator.

1. INTRODUCTION

Recently, continuous-time XA modulators have re-
ceived increasing attention for either high-speed [1]
or low-power [2] applications. The main advan-
tages of continuous-time XA modulators over their
discrete-time counterparts are: higher sampling rate
[3], lower thermal noise [4] and intrinsic anti-aliasing
filtering [5, 6].

The first major problem encountered in the im-
plementation of continuous-time XA modulators is
the quantizer delay. In a classical continuous-time
YA modulator [7], the D/A is driven directly by the
quantizer output. The D/A output, which consti-
tutes the feedback signal, is held constant during a
complete clock period (NRZ scheme). This struc-
ture suffers from excess loop delay which is due to
non-zero response time of the quantizer. Although
the problem related to the constant component of
the quantizer delay may be solved by a multi feed-
back structure[8], the signal dependent component
of the quantizer delay would continue to degrade
the XA performance[9]. The second major problem
encountered in the implementation of continuous-
time YA modulators is clock jitter. Timing errors
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due to clock jitter in the feedback loop increases the
noise level in the signal band [2, 10]. In the contin-
uous time XA modulator with delayed RZ feedback
pulse, clock jitter modifies both the pulse-delay and
the pulse-width.

Here, we propose a structure including an ex-
plicit delay in the feedback loop with a return to
zero pulse (RZ scheme) [5]. This additional delay
tq allows for a complete settling of the quantizer
output. In this structure, the coefficients are cho-
sen so as to take into account the delay and the
D/A pulse-width 7 in the feedback loop. Then, the
impact of the two types of jitter on the system per-
formance is studied and it is shown that the jitter
modulating the pulse-width has a more degrading
effect on SNR.

2. DESIGN PROCEDURE

A general structure of a single-bit Nth order con-
tinuous time YA low-pass modulator is shown in
Fig. 1. The D/A ouput signal is supposed to have
a rectangular shape with a pulse-width of 7 delayed
by an amount of t; with respect to the sampling
instant, Fig. 2. Because of using a single-bit quan-
tizer and an RZ-scheme, the feedback signal takes
three values +1,-1 and 0.
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Figure 1: A general structure of an Nth order single-bit
continuous-time LA modulator.



Figure 2: The feedback D/A pulse Hpa(s)-

The coefficients a,, are calculated so that the
continuous-time system presents the same quanti-
zation noise-transfer function as its discrete-time
equivalent [6, 5]. The loop-gain of the modulator
is given by:

L.G = Hpa(s)K(s) (1)
_ ﬂ a2 anN
a HDA(S)(TS + T2s2 ot TNSN)

where K (s) is the loop filter and Hpa(s) is the
transfer function of the D/A. In order to be able
to use modified z-transform [11], we define the pa-
rameters mi; and mo as : tg = (1—m1)T and tg+7 =
(1 —m2)T, where T represents the sampling period.
So, the transfer function of the D/A is obtained :

e—Ts m1T's maoT's
Hpa(s) = —— (™" —e™7) (2)

It can be easily verified that the z-transform of the
loop-gain is calculated from:

K(s)

Z(LG) = Zm1( ) - Zm2(

In the following, the above relation will be used to
find the coefficients for the first and second order
systems.

2.1. First Order System

For a first-order system, equation (3) gives :

Z(LG) = %(Zml(s%)—zmz(sizo
ZLG) = mpi— (4)

Equating the above relation to the loop gain of a
discrete-time system, given by —z~'/(1 — z7"), the
coeflicient is obtained as a1 = —T/r. This shows
that a; is independent of the pulse delay time tg4,
and that any variations in ¢4 do not modify the
noise transfer function as long as the pulse-width
T remains constant.

2.2. Second Order System

In the case of the second-order system, the z-transform

of the loop gain is obtained using (3) :

(5)

Z(LG) = % (Zml(slg) _Zm2(si3)) + a?l (Zm1(81_2) _Zmz(slg)>
Z(LG) = ax(m —m2)ﬁ
+ (%(mf — mé) + ai1(my — mz)) %

Equating the above relation to the loop gain of a
second-order discrete-time system, given by (—2z~ '+
27%)/(1 — 2z~ ")?, the coefficients a; and as are ob-
tained, respectively, as:

a1 (m—-2)T/T (6)
as = —T/T

where we have defined: m = (m1 + m2)/2. It is seen
that the coefficient as is independent of the delay
time t4 but a; depends on t4 through the parame-
ter m. It is clear that for the NRZ case,i.e., 7 =T
and t; = 0, the above relations will give the same
results obtained by Candy [7]: a; = 1.5 and a3 = 1.
Relation (6) gives the modulator coefficients for any
desired value of 7 and t4. However, practical con-
siderations may limit the degrees of freedom. A
pulse-delay of t; = 0.5T is directly realizable us-
ing the clock pulse. An arbitrary pulse-width can
be generated using a monostable multivibrator cir-
cuit. Such circuit offers the advantage of lowering
the pulse-width clock jitter. This is an important
point because, as will be discussed in the following
section, the pulse width jitter has a more degrading
effect than the pulse-delay jitter.

3. CLOCK JITTER EFFECT

In this section we consider the random variation of
the D/A output pulse due to clock jitters. The de-
lay clock jitter E and the pulse-width clock jitter
472 give rise to random variations at the integrators
output. This introduces an additional noise compo-
nent at the modulator output which decreases the
SNR. The simulations are performed for the follow-
ing nominal values: t4 = 0.57 and 7 = 0.4T. For
the second-order system, we use (6) to get the mod-
ulator coefficients : a1 = —4.25 and a» = —2.5.
Continuous-time simulations have been carried-out
using the electrical simulator ELDQO. The two clock
jitters are assumed to be white and uncorrelated
with a Gaussian distribution.
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Figure 3: SNRg and SNR; against relative pulse-
width clock jitter \/612/T.

3.1. First Order System

In the first-order modulator, the sampled output
does not depend on t4, so the clock jitter dt2 is ex-
pected to cause no SNR loss. However, the clock
jitter 472 gives rise to white noise at the output.
A clock variation V72 causes an amplitude error
of \/372/r giving a noise power of 372/72. Since
the ouput noise due to clock jitter §72 is white, the
output Signal to Jitter-Noise Ratio (SNRy) for an
input sine-wave of amplitude « is found to be:

o>0OSR
ZF/T2

SNR; =10log (7)
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Figure 4: The effect of clock jitters, 672 and E, on
the SNR of a first order system, (input signal = —6dB,
OSR = 128).

In Fig. 3, the above relation is plotted along
with the Signal to Quantization-Noise Ratio SINRg
for the previously mentioned nominal values and
OSR = 128. In an optimal design, the clock jitter
noise must be kept below the quantization noise.
To obtain the output Signal to Jitter-Noise Ratio
(SNRj;) by simulation, the quantizer was removed
from the XA loop. The result of simulations for
the total Signal to Noise Ratio (SNR = SNRg +
SNRj) are shown in Fig. 4. It is seen that as pre-
dicted, the clock jitter 6¢2 has no effect on SNR but

the effect of §72 becomes significant for v/§72 greater
than 0.1% of the clock period.

3.2. Second Order System

In order to study the output spectrum of the second-
order modulator affected by clock jitter, the quan-
tizer was removed from the XA loop. In this case,
the output contains only the input signal and the
clock jitter resulted noise. Fig. 5 shows the ouput
spectrum due to clock jitters §72 and §t2 respec-
tively. It is seen that the jitter 872 produces an
almost white noise at the output while §t2 gives rise
to a first-order shaped noise. In other words, the
resulted noise is high-pass filtered by the function
(1—271). In fact, the noise sources due to clock jit-
ters 672 and 62 can be modeled as shown in Fig. 6.
The clock jitter 672 appears directly at the output
while the clock jitter ¢2 is submitted to a first-order
noise-shaping. This means that in a second-order
modulator, SNR loss is mainly related to the ran-
dom variations of the pulse width 472 .
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Figure 5: The effect of clock jitters, §72 and E, on
the output spectrum of a second order system, (quantizer
removed,).
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Figure 6: A second order continuous-time XA model
taking into account the clock jitters 672 and §t3 .
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Figure 7: Effect of clock jitters, 72 and E, on the
SNR of a second order system, (input signal = —6dB,
OSR =128).

Fig. 7 compares the impact of clock jitters §72
and 4t on the signal-to-noise ratio of a second-order
modulator operating with an input amplitude of
—6dB below the feedback level and an OSR = 128.
It is seen that SNR is subject to a severe deteriora-

tion even for a V72 as low as 0.01% of the clock pe-

riod while increasing 4/dt3 from 0.01% to 1% causes
only a loss of —2.3dB in SNR.

In this section, it has been shown that a first-
order modulator is insensitive to clock jitter mod-
ifying the pulse-delay, while the random variations
of pulse-width give rise to an output white noise. In
a second-order modulator, the output noise due to
variations of feedback pulse-delay has a first-order
high-pass filtered form. On the other hand, the
clock jitter modifying the feedback pulse-width gen-
erates an almost white noise.

4. CONCLUSION

In this paper, it was proposed to insert an explicit
delay in the feedback loop of continuous-time 3 A
modulators in order to give sufficient time for the
quantizer to settle. This extra delay may be taken
into account in the calculation of the coefficients
of the modulator so that the overall noise transfer

function is not modified. A method based on mod-
ified z-transform was presented to obtain the mod-
ulator coefficients for any feedback pulse delay and
duration. A study of clock jitters has shown that the
output noise due to random variations of feedback
pulse-width has a more significant degrading effect
on SNR. This makes clear that the key-point to re-
alize high-performance continuous-time sigma-delta
modulators is to generate low-jitter feedback pulse-
width. This may be achieved through an integrated
monostable multivibrator with stablized pulse-width.
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