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Abstract: This paper introduces a high-revolution,200kHz signal bandwidth A modulator for low-IF GSM receivers that

adopts a 2-1 cascaded single-bit structure to achieve high linearity and stability. Our design is realized in a standard 0. 18um

CMOS process with an active area of 0. 5mm X 1. Imm. The A modulator is driven by a single 19. ZMHz clock signal and

dissipates 5. 88mW from 3V power supply. The experimental results show that,with an oversampling ratio of 48,the mod-
ulator achieves a 84. 4dB dynamic range,73. 8dB peak SNDR,and 80dB peak SNR in the signal bandwidth of 200kHz.
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1 Introduction

As CMOS technology develops, system integra-
tion for wireless communication applications has be-
come more popular. In order to reduce the manufac-
turing costs,the conversion module that changes ana-
log signals to digital ones should be put as close as
possible to the antenna,so that the system can prima-
rily process signals in the digital domain. Analog-to-
digital converters (ADC), which connect the analog
and digital worlds,are the key conversion module and
should have high dynamic range and low power con-
sumption. Among all kinds of ADCs, the sigma-delta
(ZA) ADC is a good choice for integration design.
For over-sampling and noise-shaping techniques, the
SA ADC offers high resolution without complex ana-
log components or excessive matching requirements.
In addition, SA ADCs ease the difficulty in forward
anti-aliasing filters design due to high over-sampling
ratio. In this paper,the design and measurement of a
>A modulator for low-IF GSM receiver is reported.
Implemented in standard 0. 18m CMOS technology,
our modulator achieves a 200kHz signal bandwidth
with 13bit resolution.

2 2-1 cascaded system design

There are two structures for high-order XA mod-
ulator build-up:single-loop'"! and cascade (MASH)*' .
Compared with cascade structure, single-loop is less
sensitive to analog circuit imperfection. However, it

1 Corresponding author. Email : lizhuo05(@ mails. tsinghua. edu. cn
Received 10 May 2008, revised manuscript received 16 July 2008

Article ID: 0253-4177(2008)11-2232-06

might be unstable when the order is higher than two.
The instability can be solved by preventing internal
signals from overload when low integration gain fac-
tors are selected. However, in that case, the SNR
would be much worse than the corresponding ideal
one. Besides,in order to realize the low gain factors,
the single-loop requires large integration capaci-
tances,and those capacitances lead to high parasitic
bottom capacitances at the amplifier outputs. Accord-
ing to the above analysis,a 2-1 cascade structure is se-
lected in this paper for its high linearity and stability.

2.1 Implementation approach

First, for a high resolution A modulator with
minimum power,we should select a proper implemen-
tation approach. There are three implementation ap-
proaches for SA modulators: continuous-time™!,
switched-current™ ,and switched-capacitor.

(1) The continuous-time approach has an inher-
ent anti-aliasing effect and can release the require-
ment of amplifier signal-setting, thus reducing the
overall power consumption of the system. However,a
continuous-time XA modulator has difficulties in
achieving high dynamic range due to its high sensitivi-
ty to non-idealities of the CMOS circuits,such as clock
jitters'® ,excess loop delay'® ,and process variation'” .

(2) The switched-current approach seems appeal-
ing because it can use smaller capacitors and lower
supply voltage to implement modulators without line-
ar capacitors requirement. However, it is difficult to
obtain high linear performance under low supply volt-
age,and power in this approach is much higher.

(©2008 Chinese Institute of Electronics
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(3) In the switched-capacitor approach,the accu-
racy is insensitive to the circuit non-idealities men-
tioned above and a very high resolution can be
achieved. Therefore, the system design in this paper
adopts the switched-capacitor approach.

2.2 Over-sampling ratio

The ideal dynamic range of a A modulator with
single-bit quantizer is expressed as™

DR = Average Power of Maximal Input Signal
Average Power of Noise in Signal Bandwidth
1 2
_ ? Vrcfu
TCZL 1 ‘/rcf2
2L +1° M 3
= 2 x 21;%11\42“' (D

where L, M,V represent the order of modulator,o-
ver-sampling rate,and the input reference voltage,re-
spectively.

Equation (1) demonstrates that high resolution
could be achieved by increasing M or L. When the or-
der L is determined, Eq. (1) can help us choose a
proper over-sampling rate M. However, this equation
still encounters some limitations in practice. For in-
stance, it focuses on quantization noise but does not
take thermal noise and circuit noise into account. It
also neglects the fact that the amplifiers’ finite gain
and the capacitors’ mismatch may cause the quantiza-
tion noise induced by the first stage to leak into the
output,and consequently degrade the SNR. Regarding
the above considerations and extra margin for other
non-ideal factors, the over-sampling rate is set to be
48,which is bigger than the ideal one.

The 2-1 cascade single-bit structure of the pro-
posed >A modulator is shown in Fig. 1. The MATLAB
simulation results are illustrated in Fig. 2. The peak
SNDR is 89dB and the overload level is — 3dBFs. By
properly selecting the coefficients b, , b, , b; , the out-
put swing of each integrator is controlled to less than

2-1 cascade structure of the A modulator

+ 1.5V when the input signal is overloaded. Mean-
while,a £ 1.5V output swing is not difficult to imple-
ment in 3V power supply.

2.3 Non-ideal effect

In order to achieve high resolution and linearity,
several non-ideal effects should be considered.
2.3.1 Thermal noise

Sampling capacitors selection is critical for saving
power and chip area. Besides the quantization noise,
thermal noise generated by the sampling process
should also be taken into account. For a 2-1 cascaded
structure, the total noise power is:
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Fig.2 MATLAB simulation results (a) SNDR versus input
amplitude; (b) Output swing of each integrator
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where SN1 s SN2 , SN3 represents the input noise power
from the 1st, Z2nd, and 3rd integrator, respectively. 51 |c 4
The coefficient of Sy and Sy, is smaller than that of Vi — + = Vop
Sy, » thus the specification of the last stage’s opera- - —l — V.
tional amplifier could be released. ST |G S4
The sampling noise power of a differenti:fll inte- 2V $3 .
grator with sampling capacitor C, is given by'® ] ] Il
2 4kT Vrefn cm Cf
o= X2 2
v C. (2

The sampling capacitor of the first integrator is
derived from Eq. (2) to ensure that the thermal noise
does not affect the total performance. Because the
noise power of the 2nd and 3rd integrator is greatly
attenuated relative to that of the 1st integrator, the
sampling capacitors in these integrators could be
scaled down to save power without performance deg-
radation.

2.3.2 Mismatch

Due to capacitor mismatch in the cascade struc-
ture, the factors of the analog part (modulator), a
and ¢ will not perfectly match those of the digital
part (noise cancellation logic), d and ¢, which will
affect the performance badly. So the capacitor mis-
match should be considered at the system level.

Considering the mismatch effect,the total power
of quantization noise is presented as

4 8
So= [a‘;ﬁ e (G, 0+ 0000 000 },gl +
1 T{'G ,
% 2
6'2 7M'O'OZ (3)
where

a(l+6,),¢c = ¢(1+68)
oo and oo, represent the quantization noise power

a =

from the first and second quantizer,respectively.
In order to confine no more than 1dB difference

of quantization noise between unmatched and

matched situations, the following requirement should

be met.
5010 = 1) IS
O —— ><
N 7 M
T
< 0.43 M
< 5.6%

It shows that there is no limitation for §,. The
matching requirement of §. could be met using a large-
size unit capacitor, like 200fF, and dummy capacitors
to provide a similar process environment.

2.3.3 Operational amplifier open-loop gain

The finite amplifier gain may cause integrator
gain error. The MATLAB simulation shows that the
first two integrators need a DC gain higher than

Fig.3 Structure of switched-capacitor integrator

80dB, while the last one only needs a DC gain as low
as 60dB without degrading SNR. However, consider-
ing process and temperature variations as well as mar-
gin saving for non-ideal factors, amplifiers need a
higher nominal gain to achieve sound noise shaping
and linearity.

3 Circuit design

3.1 Integrator design

As the basic and essential model in the sigma-del-
ta modulator,a switched capacitor integrator (Fig. 3)
is adopted here for its high accuracy and low sensitivi-
ty to clock jitter. It samples the reference voltage and
input signal by the same capacitor, reducing the load
capacitance of the present and former stages, and
hence the total power consumption is lowered accord-
ingly. A four-phase clock is used to climinate the
charge injection and clock feed-through effect which
may bring harmonic distortion.

There are three kinds of switches adopted in the
integrator : CMOS switch (S1,S2),nMOS switch (S3) .
and an advanced nMOS switch (S4) (Fig. 4). CMOS
switches are used to connect input signals and refer-
ence voltages that have large variations during opera-
tion. The advanced nMOS switches are connected to
common-mode voltage, and consist of an nMOS
switch and another two nMOS transistors driven by an
opposite control voltage. The structure counteracts
part of the charge feed-through. The worst conse-
quence of this structure is that when all the charge
feeds into one side, the structure has no improvement.
However, except for this condition, it will always
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Fig.4 Structure of the advanced nMOS switch
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Fig.5 OTA structure (a) OTA;(b) CMFB circuit

counteract part of the charge feed-through. The best
consequence happens when the charge is divided
evenly between each side, completely counteracting
the charge feed-through of the switch.

3.2 Operational trans-conductance amplifier (OTA)
design

The amplifier uses most of the power in the sys-
tem. Its structure selection is based on the require-
ments of DC gain, gain bandwidth production
(GBW), and output swing. Although an amplifier
with a cascode output stage is capable of achieving
high DC gain and GBW, it suffers from a limited out-
put swing, which may affect active operation under
low voltage. A two-stage with common-source output
structure,on the other hand, could meet the require-
ments of high DC gain and moderate GBW with lar-
ger output swing, less power consumption, and lower
circuit noise. Therefore, the two-stage with common-
source output structure is adopted in this design (Fig. 5).
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Table 1 AC simulation results of OTA
Temperature  Open-loop GBW Phase margin
Corner . . .
/C gain/dB /MHz /()
TT 27 98 158 69
SS 120 99 128 69
FF 0 97 173 69

In this structure, the first stage of the amplifier
uses cascode structure to provide high DC gain, while
the second stage implemented by common-source
structure applies large output swing (for example
1.5V under 3V supply voltage) . which is enough for
the present system design. The differential pair is
made up of pMOS due to its low flicker noise. Because
the output resistor of the amplifier is not very large,
the output common voltage could be derived from di-
viding voltage implemented by resistors R;, R, of
100K. It feeds back to the pseudo-transistor by con-
trolling its gate voltage after comparing it with the
reference common output voltage. Regarding stabili-
ty,the pseudo-transistor is divided into two parts,one
part offers feedback signal, while the other part sup-
plies current as normal. In order to improve phase

margin., Ahuja compensation®”

is adopted because it
can achieve good frequency performance with no ex-
tra components. This structure has a potential risk
that the nMOS transistors M1~M4 may be pressed to
the linear region because their source-drain voltage
are limited by the M5~ M6’s gate voltage. As a re-
sult,a proper resistor R is added under M5 and M6 to
eliminate the limitation,so that the amplifier is work-
ing normally under all corners. The simulation results
of the OTA are listed in Table 1, where the circuit is
verified in 3 different corners.

3.3 Comparator design

Single bit quantizer, a comparator, is shown in
Fig. 6. The offset requirement of the comparator in
sigma-delta ADC is moderate and easy to meet. In this
design, fast regeneration speed (less than one clock
period) and low power consumption are the largest
concerns. The proposed structure consists of a differ-
ential input pair (M01),a top and bottom regenera-
tion loop (M02,M04) ,and switches (M05,M06). The
differential input pair is used to isolate the following
digital circuits and reduce the kickback effect to the
former integrator. The regeneration loop is adopted
to amplify the small signal to full voltage swing. The
switches are used to provide a reset signal. The struc-
ture is followed by an R-S latch to store the results of
the comparator and some series converters cascaded
as a buffer to offer enough drive power.
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Fig.6 Comparator schematic

3.4 Layout design

The modulator’s layout is shown in Fig. 7. The
digital and analog circuit parts are isolated by a pro-
tection ground and are connected to digital and analog
power supplies, respectively. The sampling and inte-
gration capacitors are made of square shape and en-
closed by dummy capacitors to achieve high matching
requirement. The modulator is designed using stand-
ard 0.18ym CMOS technology with a core area of
0.5mm X 1. 1mm. The total area including pads is
0.7mm X 1. 5mm.

4 Experimental results

The measured output spectrum of modulator is il-
lustrated in Fig. 8. MATLAB was used to do FFT for
the digital cancellation logic and the decimation filte-
ring during the performance evaluation. The DC out-
put spectrum shows that the noise floor of the modu-
lator is — 85. 8dBFs. The frequency of input sine sig-
nal is selected to be 60kHz to enable the second and
third order distortion to fall into the 200kHz base-
band, thus making the result more accurate. It shows
that the second order distortion is — 93. 6dB,and the
third is — 76. 7dB. Figure 9 illustrates the measured
SNR/SNDR as a function of input amplitude. The
peak SNR and SNDR achieves 80 and 73. 8dB when

Fig.7 Microphotography of the modulator

input signal is — 7dBFs. The dynamic range of the
modulator is 84.45dB because the overload level is
— 1. 35dBFs. An abstract of the measured characteris-
tic of modulator is listed in Table 2.

5 Conclusion

This paper presents the design of a 2-lcascaded
single-bit sigma-delta modulator for low-IF GSM
receiver. The modulator is implemented in 0. 18;m
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Table 2 Measured characteristics of the modulator

Specification Measurement result
Power supply 3V
Reference voltage + 1V (diff)
Signal bandwidth 200kHz
Sampling frequency 19.2MHz
Overload level — 1. 35dBFs
Dynamic range 84.45dB
Peak SNR 80dB
Peak SNDR 73.8dB
Static power consumption 5.88mW
Active area 0.55mm?
Technology 0.18m CMOS

CMOS technology and occupies 0.5mm X 1.1mm
area. The experimental results show that the modula-
tor achieves a dynamic range of 84.45dB and a peak

SNDR of 73. 8dB. The bandwidth is 200kHz and the
sampling frequency is 19. 6MHz. The modulator dissi-
pates less than 6mW static power from a 3V supply.
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