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Abstract—

In this paper, a design method for continuous-time XA mod-
ulators with RZ feedback pulse is proposed. This method is
used to design a second-order continuous-time ©A modulator.
The circuit is realized using continuous-time current-mode in-
tegrators and switched-current sources DAC. The effect of the
integrator thermal noise and non-ideal RZ feedback pulse on
the system performance is studied. An analog layout language
was used to generate the complete layout of the modulator in
a 0.6um CMOS process. With a sampling frequency of 26 MHz,
the circuit is expected to achieve 80 dB of Dynamic Range for
a 200kHz bandwidth input signal. The circuit operates from a

power supply of +1.65V with a power consumption of 9.1mW

and occupies an area of 0.848mm?.

I. INTRODUCTION

Currently, the popularity of continuous-time ¥A modu-
lators is increasing due to some important advantages they
have over the well-known discrete-time A modulators. Re-
cently, continuous-time modulators with higher sampling
rate [1], lower power consumption [2], and lower thermal
noise [3] than their discrete-time counterparts, have been re-
ported. Additional advantages of continuous-time XA modu-
lators are inherent anti-aliasing filtering [2], reduced sampling
errors, and the fact that they are well suited for realization
in other technologies (such as bipolar or GaAs).

However, continuous-time XA modulators with non-return-
to-zero (NRZ) feedback signal suffer from harmonic distor-
tion due to the asymmetry in the waveform of the DAC out-
put signal [4]. At high sampling frequencies, signal dependent
quantizer delay increases the noise floor in the band of inter-
est [1] and excess loop delay causes Signal-to-Noise Ratio
(SNR) degradation [5].

Digital-to-Analog converters with return-to-zero (RZ) elimi-
nate the correlation between the input signal and the amount
of current fed back. This correlation is the main source of har-
monic distortion in NRZ DACs with asymmetric waveforms.
If the DAC output is set to zero at the beginning of each
cycle, the quantizer will have enough time to settle and the
loop delay will be absorbed.

In Section II of this paper, a design method for continuous-
time ¥A modulators is proposed. The circuit design of the
several building blocks and the effects of both thermal noise
and non-ideal RZ feedback pulse on the system performance
are described in Section III. Section IV presents simulation
results of the implemented circuit and discusses clock jitter
and layout. The conclusion is given in section V.
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Fig. 1. A general structure of an Nth order single-bit continuous-
time XA modulator.
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Fig. 2. The rectangular feedback DAC pulse Hp ac (s)-

II. SysTEM DESIGN

A general low-pass continuous-time XA modulator is
shown in Fig.1. It is formed by a cascade of integrators whose
transfer function is %, where T is the sampling period. The
digital-to-analog converter output signal is supposed to be
rectangular with a pulse-width 7 and delayed by ¢4 with re-
spect to the sampling instant, Fig.2. In order to obtain the
coefficients a1, a2, ..., an, we first find the Z transform of the
continuous-time XA loop gain and then equate it to the loop
gain of the equivalent discrete-time YA modulator. The Z
transform of the continuous-time loop-gain is given by

Z(L.G) = Z[K(s)Hpac(s)] (1)

where K (s) and Hpac(s) are the loop filter and the DAC
transfer functions respectively. The rectangular feedback
DAC pulse, shown in Fig.2, can be described in the time
domain by the following relationship :

hdac(t) = u(t — td) — u(t - td — T) (2)

By applying the Laplace transform to (2) we get

—tgs _ ,—(tq+7)s
HDAc(S) = € z (3)
Substituting (3) into (1), yields
etas _ g~ (tatr)s
2(L.G) = Z[K(s)( ‘ ()



Z(L.G) can be found using the modified Z transform tech-
nique [6]
K(s
(s)y

Z(LG) = Zml(@) - Zmz(T

(5)

where m1 and m2 are defined such that ¢4 = (1 —ma1)T and
ta+7 = (1—m2)T. For the general structure, shown in Fig.1,
the loop filter transfer function can be defined by

A+ (6)

a
K(s) = Ts T?s2 TNgN

In the special case of a second-order system, the loop filter
is reduced to

ail a2

K(s)= Tag (7)

T Ts
Therefore, in a continuous-time second-order XA modulator,
the Z transform of the loop gain is given by

a1 az a1

a2
Te T 72g8) ~ 273

Using table II given in the appendix, and equating the above
relation to the loop gain of a second-order discrete-time LA
modulator, given by (—227*+272)/(1—2"1)?, the coefficients
a1 and a3 are found to be

a2 = —— (9)

For the NRZ case (r = T and tq = 0), the above relations
will give the same results as those obtained by Candy in
[7] : a1 = —1.5 and a2 = —1. Eq. (9) gives the modulator
coefficients for any desired value of 7 and ¢4. In our system,
we have chosen tg = iT and T = %T, which can be realized
by using a DAC clock frequency equal to twice the sampling
frequency. The correfg)onding coefficients for these values of

tq and 7 are a1 = —7 and a2 = —%.

III. CirculT DESIGN

The differential structure for a second-order XA, shown
in Fig.3, has been implemented using two fully-balanced
current-mode integrators, a differential current comparator
and two switched-current sources RZ DACs. Current mirrors
have been used to realize the feedback coefficients.
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Fig. 3. A Differential Second-Order XA Modulator.
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Fig. 4. A Fully-Balanced Current-Mode Integrator.

A. The Integrator

The integrator circuit is depicted in Fig.4 [8]. Neglecting
output conductances and parasitic capacitances, and assum-
ing identical transistors, small-signal analysis of this circuit
yields the following input-output relation :

fop — Gon = ‘g—g(iw — i) (10)
From the above expression, we can see that, for proper op-
eration of the modulator, the following condition has to be
satisfied : 2 = 1. Small signal analysis of Fig. 4 including
gds and Cgq gives

(1-3)
bop — Gon = A 21 bip — tin 11
o = fon = o2 iy i) (1)
where
(gm - gd&) 29ds gm — Gds
1 Qng P (C + 4ng) an 0 29ds

As a rule of thumb, the DC-gain of the integrators in XA
modulators needs to be greater than or approximately equal
to the oversampling ratio (Ao > 2{3;‘0 ). A cascode configura-
tion was used to obtain the required DC-gain (Ap) and to

reduce harmonic distortion due to output conductance error.

B. Thermal Noise

The first integrator in a ¥A modulator is the main source
of thermal noise. Assuming that the transconductances gmn
and gmp of the NMOS and PMOS transistors in the integra-
tor are equal, the power spectral density of thermal noise at
the integrator input can be expressed by

2

1, 2
Si = 3% = 3 [60mn + ) AKT (12)
The input referred noise power is given by
2, =Sifn (13)

where fn is the equivalent noise bandwidth. In continuous-
time single pole circuits we have fy = 7 f., where f. is the
cut-off frequency. In XA A /D converters, since all signal com-
ponents beyond By are attenuated by the digital decima-
tion filter, fn is usually taken equal to By [9]. Nevertheless,



it can be shown that for a continuous-time integrator with

Ay > 2’;;() the following expression is always satisfied :

5 fe < Bo (14)

This implies that we should take fxv = 3 fc. Since p1 = 27 £,
then input referred noise power can be expressed by :
72

Yin =

16gm KT 9dscas

where g4s.,, is the output conductance of the cascode con-
figuration. Replacing %2 by the sampling frequency fs, and
2

taking ggs.,, = 23‘3: we get
2, &~ 32KTf, 2% (16)
gdm
An expression can be obtained for the Dynamic Range
272 27721,2
I°/2 IL
pr=T01/2 mILVg (17)

2 B32KTf,(Vgs — Vi)

where m is the modulation index, L is the transistor’s length
and Vg is the Early effect coefficient. Eq. 17 is an important
design equation. Using this equation, we can determine the
minimum biasing current, I, required to achieve the desired
dynamic range and sampling frequency.

C. Return-To-Zero DAC

The return-to-zero DAC, shown in Fig.5, is composed of
two switched current sources (—I,.f) and a continuous cur-
rent source (+1I,cf). By proper control of the gate voltage of
MN2 and MN3 we can obtain at the output 2 levels, +1I,..¢
and —I,.f. The zero is obtained by activating only one neg-
ative source (+Iref — Iref = 0) [10]. Due to the mismatch
between positive and negative current sources, the difference
is not an exact zero and an offset is present during the return-
to-zero interval. A single-ended second-order XA modulator
using this DAC has been simulated and the power spectral
density is shown in Fig.6(a). To observe the DAC circuit ef-
fect on the system linearity, independently from other sources
of non-linearity, ideal blocks were used to model the integra-
tors and the comparator. As we can see from Fig.6(b), the use
of a differential structure has attenuated harmonic distortion
compared to the single-ended structure.
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Fig. 5. (a) Switched-Current Sources RZ DAC. (b) Simulated Output
Signal Waveforms.

dB dB
0 cwevsame 0 wavsome o

-140

Hz
Frequency

(b)

Fig. 6. The power Spectral Density of a Second-Order XA Modulator
with Ideal Models for all Elements Exzcept the Feedback DACs.
(a) Single Ended. (b) Differential.

D. Comparator

The requirements on the comparator are relaxed due to
the use of a delayed RZ DAC. The zero at the beginning
of each period gives enough time for the quantizer to settle.
The comparator circuit used [11], achieves settling-time of
less than 2ns.

IV. CirculT IMPLEMENTATION

For a biasing current of I = 100uA in the integrators, the
maximum input level is limited to £ = 13uA (see Fig.3).
The current mirrors in the feedback provide % = 30pA and
% = 20pA. To obtain the required integrator constant, the
value of the capacitance should be set to C' = 26pF in each
integrator. Table I summarizes the characteristics and the
expected performances of the second-order continuous-time

YA modulator.

TABLE I
CIRCUIT CHARACTERISTICS
Supply Voltage 3.3V
Sampling Frequency 26MHz
Signal Bandwidth (2Bg) 200kHz
OSR 128
Integrator DC gain 58dB
Signal-to-Quantization Noise Ratio 82dB
Signal-to-Thermal Noise Ratio (DR) 84dB
Power Consumption 9. 1mW
Technology 0.6um
Area 0.348mm’

A. Clock Jitter

Care must be taken in the realization of the clock signal ; a
previous study, concerning clock-jitter effects on continuous-
time XA modulators [12], has shown that the Signal to Jitter-
Noise Ratio (SNRy) in a continuous-time XA modulator can
described by the following relation :

a?/2

o072 /1?

OSR

SNR; =10log (18)
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Fig. 7. SNRg, SNRrn and SNR; against pulse-width clock jitter.

where a is the amplitude of the input signal and 872 is the
DAC’s pulse-width jitter. Eq. 18 is plotted in Fig. 7, along
with the Signal to Quantization-Noise Ratio (SNRqg) and
the Signal to Thermal-Noise Ratio (SNRrs) of a second-
order modulator with the characteristics shown in table I.
Fig. 7 shows that, in order to obtain a total signal to noise
ratio (SNR) higher than 82 dB, a clock with less than 0.02%
jitter has to be used.

B. Layout

The complete layout of the modulator in a 0.6 pm tech-
nology is shown in Fig.8. It has been automatically gener-
ated using the analog layout language CAIRO [13]. The lan-
guage contains a parametrized device library that relies on
the symbolic layout approach. This approach is used in the
ALLIANCE VLSI CAD system to achieve technology inde-
pendence. The user code describes the relative device and
sub-circuit placement in horizontal and vertical slices, as well
as the required routing in a completely hierarchical structure.
Layout is generated by using as inputs : the user’s code, the
circuit netlist, the shape parameter and process technology
information. Little effort is then required to generate new
layouts for different technologies or new modulators with
modified specifications. The layout produced is completely
symmetric as shown in Fig.8.
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Fig. 8. The Layout Generated using CAIRO.

V. CONCLUSION

A simple design method, based on the modified Z trans-
form technique, can be used to calculate the feedback coef-
ficients for RZ continuous-time XA modulators. A second-
order continuous-time XA modulator with RZ feedback has
been implemented in a 0.6um technology. The modulator is
expected to achieve 12 bits of resolution for a signal band-
width of 200kHz and a sampling frequency of 26 MHz.
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APPENDIX

TABLE II
MODIFIED Z TRANSFORM

—T =)
Zm(s%) Tirzz—l + (13‘:—1)2

2 2,—1 om41)z—2 ,—3
Zn(f) | Hlpss + B+ 2]
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