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A 2.7 mW, 90.3 dB DR Continuous-Time Quadrature
Bandpass Sigma-Delta Modulator for GSM/EDGE
Low-IF Receiver in 0.25 pm CMOS

Song-Bok Kim, Stefan Joeres, Ralf Wunderlich, and Stefan Heinen, Fellow, IEEE

Abstract—Quadrature bandpass XA modulators based on
polyphase filters are suited for analog-to-digital conversion in
GSM/EDGE low-IF receivers. This paper presents a contin-
uous-time quadrature bandpass sigma-delta (¥ A) modulator
with a chain of integrators with weighted capacitive feedforward
summation (CICFF) topology—which is a desirable solution for
implementation in low power applications. A new compensation
scheme for the polyphase filter is proposed. The summation
of feedforward signals is implemented by weighted capacitors,
without the necessity of any additional active components. The
effectiveness of the proposed architecture is proved on a test chip
which was designed in a standard 0.25 pm CMOS technology.
The designed 3 A modulator has a power consumption of 2.7 mW
at 1.8 V supply voltage, a dynamic range of 90.3 dB and a peak
SNDR of 86.8 dB. The chip area is 0.5 x 1.4 mm? including pads.

Index Terms—Analog-to-digital conversion, capacitive feedfor-
ward summation, CICFF, CIFF, complex filter, continuous-time
circuit, polyphase filter, quadrature bandpass sigma-delta
modulator.

I. INTRODUCTION

ONTINUOUS-TIME (CT) > A modulators have become

very popular in telecommunication applications over the
last years, mainly due to some significant advantages over dis-
crete-time implementations. A quadrature bandpass A mod-
ulator as shown in Fig. 1, based on a polyphase filter is well
suited for the use in low-IF receivers [1]-[3]. They directly per-
form the analog-to-digital conversion of quadrature analog 1/Q
signals within the signal bandwidth around the intermediate fre-
quency (IF) and therefore reduce the problem of 1/f noise and
DC offsets. In this case, a lower sampling frequency and a lower
A modulator order can be implemented resulting in a lower
power consumption and a smaller chip area for the analog part.
Hence, CT quadrature bandpass XA modulators have become
state-of-the-art in GSM cellular phone architectures [3].

In recent years, several successful implementations of
quadrature bandpass XA modulators have been presented
[4]-[6]. Quadrature bandpass > A modulators with switched-ca-
pacitor (SC) architecture [7] have a sampled processing at their
modulator inputs. To avoid alias effect, they essentially need
anti-aliasing filters between the mixers and modulator inputs.
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In quadrature bandpass XA modulators with continuous-time
architecture, the signals are sampled by quantizers inside the
modulator and the CT loop filters act as anti-aliasing filter, so
no additional filter is necessary.

CT quadrature bandpass >A modulators are implemented by
replacing the low-pass filter of a low-pass XA modulator with
the polyphase filter [8]—-[10]. These polyphase filters can be ob-
tained by cross-coupling the inputs and outputs of two low-pass
integrators for the analog I/Q paths, shifting the filter character-
istics from DC to intermediate frequency.

In the design of analog-to-digital converters for GSM cellular
phones, the demand for low power and low voltage is extremely
critical. The feedforward topology with capacitive summation
is a desirable solution [11], [12]. But, the method based on two
cross-coupled low-pass integrators for polyphase filter, causes
an asymmetry in response of magnitude around intermediate
frequency and an instability of the modulator, because the zeros
by capacitive summation are still placed around DC.

In this paper, in order to implement in low power application,
CT quadrature bandpass XA modulator with capacitive feedfor-
ward summation for GSM/EDGE low-IF receiver is presented.
Therefore, in Section II, an additional compensation cross-cou-
pling for the polyphase filter with capacitive feedforward sum-
mation is proposed to provide a symmetric transfer function and
stability of the modulator with capacitive feedforward summa-
tion. Section III describes the architecture of a third-order CT
quadrature bandpass XA modulator used in the implementation
of a low-IF GSM/EDGE receiver. In Section IV, the modulator
non-idealities are considered, and schematic for the proposed
modulator is printed in Section V. The measurement results of
test chip which was designed in a 0.25 pm CMOS technology
are introduced in Section VI, and finally Section VII gives a
conclusion.

II. ARCHITECTURE OVERVIEW

A polyphase filter for quadrature bandpass >A modulators
can be obtained by translating a low-pass filter transfer function
from DC to the desired intermediate frequency (w. = 27 f.).

Hppr(jw) = Hrp(jw — jw.). (D

This translation moves all poles and zeros in the s-plane to po-
sitions centered around the intermediate frequency. Therefore,
in an ideal case, the characteristics of the low-pass YA mod-
ulators are preserved in quadrature bandpass YA modulators
as well, except for different center frequency. This implies that
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Fig. 1. CT quadrature bandpass A modulator in low-IF receivers.
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Fig. 2. Low-pass filters with (a) CIFF and (b) CICFF topology.

the selection of a low-pass filter is a main key to the design of
quadrature bandpass >A modulators.

A. Low-Pass Filter With CICFF Toplogy

A single-loop topology is mainly used for quadrature band-
pass XA modulators. Two main single-loop topologies exist:
the chain of integrators with distributed feedback(CIFB) and
the chain of integrators with weighted feedforward summation
(CIFF) [13], [14].

The integrator outputs in the CIFF topology have a reduced
output swing in comparison to CIFB and are therefore more de-
sirable in low voltage application. Although the CIFF topology
has several benefits, it demands extra current for the feedfor-
ward summation as shown in Fig. 2(a). This can be overcome
by a capacitive feedforward summation architecture as shown
in Fig. 2(b), which is a good solution for the targeted low power
applications [12], [13]. The main advantage of this architecture
is the elimination of the feedforward summation amplifier at the
output of the filter and hence no additional power in the feedfor-
ward branches is consumed. In contrast to the feedforward sum-
mation architecture with a transconductance amplifier [3], [4],
the feedforward coefficients are inherently linear. The feedfor-
ward coefficients are determined by the ratio between the feed-
forward capacitors and the integrating capacitor of the last inte-
grator as shown in

kqj:C]c,qj/Cn(izll(n—l))7 anI. (2)

Due to these benefits, the chain of integrators with weighted

capacitive feedforward summation (CICFF) topology, is best

(n-1) integrators and the outputs of (n-1) integrators are also
identical to CIFF topology as shown in Fig. 2. Therefore, using
conventional cross-coupling resistors [8]-[10], the outputs of
(n-1) integrators can be translated from DC to center frequency.
The cross-coupling resistors are defined as follows:

1
wcCi : (TL— 1))7

where C} is a integrating capacitor of a +th integrator. The output
(¥i = yr1,i + Jyo,:) of the ith complex integrator is

(n—-1)).

Rei = (i=1 3)

a;

Yi = Yi-1  (i=1: “

s — J We

Hence, all inputs fed into the last stage are shifted by jw, in
low-pass integrator transfer functions. In the last stage, when
using conventional cross-coupling [9], all poles are moved
around jw.., but the zeros introduced by capacitive summation
are still placed around DC. The total output Y is

n—1
a S
L n— E ki Q-
s—jw" ot <8—jwc> P Vi

The zeros introduced by capacitive summation causes an asym-
metry around center frequency in an equivalent noise shaping
transfer function (NTF) in the z-domain as well as in polyphase
filter transfer function. Furthermore, the modulator becomes
more sensitive to instability.

The last stage with the summation node should take addi-
tional compensation cross-couplings in order to move the zeros
due to the capacitive summation, as well as the conventional
cross-couplings in order to move the pole of the integrators to
Jw,.. The compensation cross-couplings can be implemented by
standard resistors Rg ;, which are determined as follows:

(i=1:(n-1)).

Y = &)

Rsi= Rcn/ki (6)
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Fig. 3. Last stage of polyphase filter with capacitive summation.

It implies that w. = 1/(Rs,;Ck, ;) from (2) and the zeros intro-
duced by the capacitive summation are moved by jw, in the
s-plane. Fig. 3 shows the last stage for polyphase filter with
CICFF topology. Here, term jy; means a multiplication with
complex constant j and a swapping of real and imaginary part
of ith quadrature complex integrator output y; (cross-coupling).
Therefore the total output Y is

n—1

(479
+ k
s _jwcyn 1 ; iYi-

Y =

N

The above equation is identical to that of CIFF topology. Note
that the output of the polyphase filter with local feedback loop
is slightly different to CIFF topology [6], but all poles and zeros
are moved to jw.. The polyphase filter with the capacitive feed-
forward summation was proposed in [5]. But, the summation
uses an additional amplifier and therefore more power is needed.

III. CT QUADRATURE BANDPASS YA MODULATOR
FOR GSM/EDGE

A 3rd-order polyphase filter for CT quadrature bandpass XA
modulator for GSM/EDGE low-IF receiver was selected. From
demands of the receiver system, the center frequency was set to
fe = 130 kHz, with a bandwidth of f5 = 200 kHz and a sample
frequency of f; = 26 MHz. Fig. 4 shows the polyphase filter
with CICFF topology, designed for GSM/EDGE. The polyphase
filter includes a local feedback loop for an optimized placement
of the zeros in the NTF. The optimized placement can minimize
the shaped noise spectrum in passband [13]. The summation
nodes for the output of second quadrature complex integrator
are moved to front of the local feedback loop, in order to avoid
resonance damping of the local feedback loop [12]. Note that
if the last integrator is not within the local feedback loop, the
capacitive summation for all signals should be implemented at
the last integrator. The polyphase filter transfer function is

kra1(s — jwe)? + kearas(s — jwe) + arazas

Hppr(s) = (s — jwe) [(s — jwe)? + azasby]

(®)

where a; = 1/(R,Cq), bf = RQ/Rf and We = 1/(Rc,,;cqj) =
1/(Rs,iCk,i) in all stages. As shown in the above equation, the

=
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TABLE I

MODULATOR PARAMETER

coefficients values
a1, ag=ag | 0.9136/T, 0.1142/T,
by, ki, ko 0.04, 0.5, 1.0

feedforward coefficients k; do not affect the placement of poles
in the polyphase filter, therefore there is no change in the op-
timized placement of zeros in the equivalent NTF. The feed-
forward coefficients only affect the stability of the modulator,
because the poles of the NTF depend on the feedforward coef-
ficients and the scale coefficients of the integrators.

The polyphase filter transfer function is shown in Fig. 5. The
coefficients of the polyphase filter are optimized for a max-
imum open-loop phase margin, as this improves the modulator
stability, allowing a relaxation of the delay requirements on
the analogue circuits. The out-of-band gain of the NTF is kept
below 1.5 for stability and the polyphase filter gain at in-band is
selected as 70 dB to meet the required SNR. The modulator co-
efficients used in this design are shown in Table I. Fig. 6 shows
the CT quadrature bandpass 2A modulator for GSM/EDGE
low-IF receiver. It has the proposed polyphase filter, single-bit
quantizers at I/Q feedforward paths and DACs at I/Q feedback
paths.

A method to find a matched Hppp(s) that implements the
NTF designed in the z-domain is usually used for the design of
a CT XA modulator, by means of the impulse-invariant transfor-
mation [15] as shown in following equation which is extended
to the quadrature bandpass modulator.

15 _
t=n
7z [prp } (L™ DAC(s)Hppr()]}] oo,

where DAC(s)! is the Laplace transformation of the feedback
DAC pulse DAC(t) and Hppp(z) is the DT loop filter. Here,
a non-return-to-zero (NRZ) pulse is chosen for the feedback
DAC, because it has less influence on the clock jitter than other

IForalow f., NTFand DT polyphase filter Hpp (=) obtained by a feedback
DAC pulse centered around DC is fairly good, while for a higher f., a cross-
coupling of the feedback DAC pulse is necessary for symmetric poles around
fe in the NTF and stability purposes [10].
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proposed compensation cross-couplings, the NTF is symmetric
around the center frequency. All poles and zeros are shifted by  Fig. 7. Placement of the poles and zeros of NTF (“0”: zero, “x : pole).
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e7weTs toward the upper half of unit circle in the z-plane. Other-
wise, without the compensation cross-couplings, the poles of the
NTF are asymmetrically placed at the around e/*<”* and thus,
the NTF is also asymmetric at the out-of-band. Furthermore, one
pole is shifted toward the outside of the unit circle, increasing
sensitivity to instability. It should be noted that without the pro-
posed zero compensation for the capacitive feedforward coef-
ficients, the higher the center frequency, the worse is the mod-
ulator stability, as shown in the bottom of Fig. 7. All zeros of
the NTF that are spread inside the signal bandwidth maximally
suppress the in-band noise around the center frequency.

IV. MODULATOR NONIDEALITIES

In order to satisfy demands for GSM/EDGE applications, the
ADC resolution should be in the range of 13—16 bit. In the ideal
case, the peak SNDR of the proposed CT quadrature bandpass
single-bit ¥A modulator is 105.8 dB at the the sampling clock
of 26 MHz. Unfortunately, the SNDR of the modulator is re-
duced by the non-ideal effects, while causing instability.

A. Sensitivity to RC-Product Variation

In DT modulators implemented in SC technique, the inte-
grator scales are computed by sampling clock and capacitor ra-
tios, which are intrinsically precise [7]. In contrast, in CT XA
modulators integrator scales are mapped into resistor-capacitor
products, which largely vary over chip process and tempera-
ture. The process variations of the absolute component values
of 10-20% might cause the possible variation of the RC-product
to more than 35% [16]. The following equation shows a model
for RC-integrator transfer function subject to a tolerance d ¢

1

INT; = .
(5) s R;Ci(1+ 8re)

(10)

The RC-product variation causes the deviation in the optimized
zero and the targeted pole locations of the NTF as well as that
from the center frequency. The equivalent NTF was simulated
with different RC-tolerances d gc. It can be seen that the band-
width as well as the center frequency of the modulator are se-
verely varied as shown in Fig. 8. Here, all resistive and capactive
ratios such as by, k; were assumed to be preserved.

When 6rc < 0, the modulator becomes unstable due to an
aggressive noise shaping, while increasing slightly the SNDR.
When dgrc > 0, the degradation of the SNDR causes. For
O0rc = 0.35, the SNDR loss is around 10 dB as shown in Fig. 9.
Therefore, the RC-product variations should be suppressed or
handled.

In additional, the quadrature bandpass XA modulators are
susceptible to a mismatch between the circuit components in the
I/Q paths [9], [17], which leads a severe decrease of the SNR.
Since the subsequent stages in polyphase filter suppress the un-
wanted effects introduced by mismatch, the mismatch in I/Q
paths closer to the quantizer is less problematic. The crosstalk
depends mainly on the mismatch between the input resistors,
and feedback DAC resistors in the first quadrature complex in-
tegrator. Therefore, it is necessary to take care in chip design for
a good matching in the first stage of the modulator.
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Fig. 8. The NTFs with different RC-product deviations.
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Fig. 9. SNDR loss vs. RC-product variation.

B. Excess Loop Delay

CT XA modulators seriously suffer from excess loop delay,
which can not be seen in DT designs. It reduces the modulator
performance such as the SNDR and stability [15], [18], [19].

Fig. 10 shows the placement of poles and zeros of the NTF
with increasing excess loop delay, in our design based on
Table I. The placement of the zeros of the NTF is not changed,
but the placement of the poles has tendency toward outside of
the unit circle with increasing excess loop, causing a loss of
modulator stability. It can be also seen that an additional pole
and zero are introduced by the excess loop delay, increasing the
order of the denominator and the numerator of the NTF by one.

From simulation results, the designed CT quadrature band-
pass XA modulator was shown that when modulator loop delay
is less than 50% full sample period, the SNDR loss is less than
6 dB (Fig. 11), permiting no using an additional compensation
scheme to reduce the effect of excess loop delay. The simulation
was done with NRZ analog feedback DAC pulse in I/Q paths
and —3 dBFS input level.
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C. Clock Jitter

The performance of CT XA modulators is limited by the sam-
pling clock jitter [20]-[22]. The clock jitter is a statistical vari-
ation of the clock edge, which depends on the clock source and
chip design. The noise introduced by clock jitter increases the
in-band noise power, and therefore decreases the SNR.

The noise spectral density by clock jitter in CT quadrature
bandpass YA modulators with NRZ DAC pulse is derived by
the same manner as in [22]

2
1 oy
P~ (gsz) (7)o + i)

where o5 is the variance of the DAC clock uncertainty AT [n],
and Ps,, and Ps,, are the power of 6y; = yr[n] — yr[n — 1]
and 6yg = yog[n] — yo[n — 1] in the quantizer outputs. The
error sequences dyr[n] and éyg[n] which take the values of
42 and O for a modulator with 1 outputs, are proportional to

(1)
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Ay? = (y[n] — y[n — 1])®> = 4 and the number of bit transi-
tions of quantizer outputs in I/Q paths. The number of transi-
tions is related to the input signal and especially the modulator
design. An optimized design for reducing the number of transi-
tions might be found by a choosing NTF [23]. In our consider-
ation, they are taken as 6y;[n] = 6yg[n] = 2. Therefore, the
SNR by clock jitter in CT quadrature bandpass XA modulators
with NRZ DAC pules is

OSR-V2

- 2
1 (%)

where V;,, is the amplitude of the input signal. Its power is twice
as large as that of the low-pass modulator, due to the summation
of real and imaginary powers of a complex signal. In this design,
the variance of the DAC clock uncertainty should be less than
5 ps at sampling clock of 26 MHz.

SNRJ,NRZ = 1010910 (12)

D. Finite Gain-Bandwidth

When the unity gain-bandwidth (GBW) of the amplifers used
in the quadrature complex integrators is finite, the performance
of CT quadrature bandpass XA modulators is reduced. The fi-
nite GBW causes a gain error and an additional second pole of
the integrator in the CT low-pass XA modulators [24]. When
the open-loop gain of the single-pole amplifier is

A(s)

Apc

= _PC  GBW = Apc - d
sjwy +1° pC - wy(rad/s)

13)

then, the transfer function of the quadrature complex integrator
is

a;

(s = jwe) + (1/Ai(s)) - (s + @i + we)’

QINT(s) = (14)
Here, A;(s) and a; are the open-loop gain of the amplifier and
the scale value for the ¢th integrator in the cascaded quadrature
complex integrators, respectively. The transfer function has a
dominant pole close to jw. and an additional (parasitic) pole
in the s-plane. The parasitic pole is located in the left-half of
the s-plane, within a limitation imposed by the permissible
design parameters. The dominant pole might locate at the
right-half plane, depending on the selection of the complex
integrator parameters. This implies that the complex integrator
might become unstable. In addition, the frequency shifting is
deviated from the wanted center frequency. In this design, the
stability of the quadrature complex integrators is guaranteed by
selected modulator parameter and the deviation from the center
frequency can be neglected.

For the CIFF topology, quadrature complex integrators of the
polyphase filter are identical to above equation. On the other
hand, for the CICFF topology, all the stages except for the last
stage quadrature complex integrator are the same as above, but
the last stage has a huge capacitive load and a resistive load at
the input for the capacitive summation and its compensation.
The sum of the feedforward coefficients is

n—1
M=1+Y k. (15)
=1
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Fig. 12. Placement of poles and zeros when the finite GBW. The arrow denotes
the increasing direction of finite GBW.

Without local feedback loops, the final output of the last stage
(Fig. 3) is

(p * Yn—1 + Z?;11 ki(s - jwc) " Yi
(s — jwe) + (1/An(s)) - (M(s + we) + an)

Y = (16)

As shown in above equation, the sum of the feedforward coef-
ficients M affects the gain error of the polyphase filter and there-
fore increases the in-band level of the NTF. Obviously, when the
feedforward capacitors, namely, the feedforward coefficients in-
crease, the gain error also increases with reducing finite GBW
of the last amplifier from (16). It implies that the GBW of the
last amplifier should be greater than other stages. In general, the
higher GBW, the greater the power consumption. Thus, it might
have a loss of one of the benefits of the CICFF topology for
low power. For a low center frequency, without an additional
increment of the GBW of the amplifier of last stage, acceptable
performances can be obtained.

All amplifiers in the designed modulator have identical struc-
tures and sizes—identical GBW and DC gain as shown in (14),
because the modulator has capacitive summation nodes at the
front of the second and third complex integrators. Fig. 12 shows
the placement of poles and zeros of the equivalent NTF in the
z-domain. It can be seen that additional poles and zeros are
placed around the origin in the z-plane. With a lower GBW,
some of the poles are placed outside of the unit circle and the ad-
ditional poles and zeros also affect the modulator performance.
Otherwise with a higher GBW, additional poles and zeros are
canceled around the origin and the modulator might give an ad-
equate performance. The SNDR loss by finite GBW is shown
in Fig. 13. The severe degradation of the SNDR means the in-
stability of the modulator. It can be shown that in our design
consideration, the GBW should be at least as large as 27 f.

Note that with a higher center frequency, the SNR degrada-
tion by finite GBW is much greater, because the cross-coupling
resistors reduce and therefore it makes greater resistive load
in the inputs of quadrature complex integrators. Hence, with
a lower f., the CT quadrature bandpass A modulator with
CICFF topology are more suited in low power application.

SNDR Loss (dB)
5

0 1 2 3 4 5 6 7 8 9 10 11
n (=GBW/(2 1))

Fig. 13. SNDR loss vs. finite GBW.

V. CIRCUIT IMPLEMENTATION

The top schematic for a chip of the GSM/EDGE data con-
verter comprises the proposed 3rd-order polyphase filter with
CICFF topology, dynamic latched comparators, the feedback
NRZ feedback DAC pulse generators, and output buffers for
measurement.

A. Integrator Design

Opamp-RC quadrature complex integrators are selected for
the sake of linearity in low-voltage application. In the design of
the integrator, the opamp is most important in order to satisfy
desirable specifications, because its non-ideality by finite DC
gain, GBW and input capacitance affect the modulator directly.
In detail, the finite DC gain, GBW and input parasitic capaci-
tance makes an error of the integrator gain and a parasitic pole.

To satisfy the bandwidth and the sampling clock demands, the
opamps are designed with higher GBW than 150 MHz, with a
phase margin of 56.5 degree under a load capacitance of 0.2 pF.
The DC gain of the designed opamps is higher than 60 dB. In
order to accommodate the low supply voltage, fully differential
two stage Miller opamps were chosen, where a continuous-time
common mode feedback circuit is attached as shown in Fig. 14.
The simulated DC power consumption of the opamps is about
170 pA.

Because of a potentially large deviation of the RC-product
due to process variations, quantized arrays of switchable capac-
itors are included. The capacitance value for the test chip is man-
ually controlled by external pins until tolerance 6 g of 40%.

B. Quantizer and Feedback DAC

In the real and imaginary paths, the output signals of the
polyphase filter are sampled by a single-bit dynamic latched
comparator with a master-slave D-flip-flop and converted to a
digital signal. Fig. 15 shows the schematic of the quantizer. The
simulated power consumption is less than 60 W using a 1.8-V
supply, with a sampling clock of 26 MHz. The master-slave
D-flip-flop is implemented with NOR gates. The delay is 1.5 ns
and DC offset is less than 3 mV.
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Fig. 15. Single-bit quantizer.

For the generation of the NRZ feedback DAC analog pulses,
the CMOS transmission switches, which are connected to refer-
ence voltage sources, are directly driven by the buffered digital
output stream of the quantizer.

VI. MEASUREMENT RESULTS

Fig. 16 shows a chip micrograph of a designed 3nd-order CT
quadrature bandpass >A modulator for GSM/EDGE low-IF re-
ceiver. The chip layout was designed in a 0.25 ym CMOS tech-
nology based on the following rules:

* All analog blocks were clearly separated from the digital
blocks on chip in order to prevent a crosstalk from digital
circuits.

¢ All cross-couplings of the quadrature complex integrators
and all compensation cross-coupling resistors are sym-
metrically placed between real and imaginary channels in
order to reduce the mismatch. Especially, the integrating,
cross-coupling and feedback DAC resistors of the first
quadrature complex integrator were carefully designed
with larger width.

Fig. 16. Chip micrograph.

Fig. 17 shows the measurement setup used for the XA mod-
ulator chip. A signal generator provides the quadrature input
signals with common mode DC level. These measurements
were made at a sampling rate of 26 MSamples/s. The quadra-
ture single-bit-streams are transformed to the frequency domain
by an Fast Fourier Transformation (FFT) transformation in a
signal analyzer. The shaped noise spectrum is observed. The
bit-streams of both I/Q paths are fed through an oscilloscope to
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a Matlab workstation in order to estimate the SNDR and input
DR.

In order to ensure that second and third harmonic tones
fall within the signal bandwidth of 200 kHz centered around
130 kHz, a quadrature sinusoid at 70 kHz with —3 dBFS was
selected. Measurement results demonstrate a SFDR of 96.0 dB
and an image rejection (IR) of 88.3 dB as shown in Fig. 18.
The SNDR of the designed chip was measured under the above
conditions. These date demonstrate that input DR of 90.3 dB
was achieved with a peak SNDR of 86.8 dB as shown in Fig. 19.

The measured power dissipation is less than 2.7 mW at 1.8 V
supply voltage. In Table II, the measured results are summa-
rized.

VII. CONCLUSION

This paper presents a continuous-time quadrature bandpass
sigma-delta(>XA) modulator with a CICFF topology for the use
in GSM/EDGE low-IF receiver, which has a capacitive summa-
tion of feedforward coefficients. The CICFF topology is suited
for implementation in low power applications. A new compen-
sation scheme with cross-coupling resistors was proposed for a
polyphase filter and the summation of feedforward signals was
implemented by weighted capacitors, without the necessity of
any additional active components. Compensation scheme needs
to move of zeros to the center frequency, which are introduced
due to the capacitive feedforward summation. The effectiveness
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Fig. 19. SNDR versus input level.

TABLE II
IC PERFORMANCE
Parameters Esfahani’03[3] This work
Input IF/Bandwidth | -100 KHz/270 KHz 130 KHz/200 KHz
Peak SNDR 78.4 dB 86.8 dB
input DR 82.0 dB 90.3 dB
Image Rejection 57 dB @ mean 76 dB @ 70 KHz
Input Range 2 Vpp 1.8 Vpp
Power Dissipation 4.6 mW @2V 2.7mW @18V
Technology 0.25um CMOS 0.25um CMOS
Chip area 0.66 x 0.59mm? | 0.5 x 1.4mm? (inc.pad)
FOM [3] 9.3 x 101° 7.4 x 1016

of the proposed architecture is demonstrated on a test chip which
was taped out in a standard 0.25-ym CMOS technology. The
designed XA modulator has a power dissipation of 2.7 mW at
1.8 V supply voltage, a dynamic range of 90.3 dB and a peak
SNDR of 86.8 dB at 26 MS/s. The area of chip is 0.5 x 1.4 mm?
including pads.

REFERENCES

[1] F. Henkel, U. Langmann, A. Hanke, S. Heinen, and E. Wagner, “A
1-MHz-bandwith second-order continuous-time quadrature bandpass
sigma-delta modulator for low-IF radio receivers,” IEEE J. Solid-State
Circuits, vol. 37, no. 12, pp. 1628-1635, Dec. 2002.

M. Steyaert, P. Coppejans, W. De Cock, P. Leroux, and P. Vancoren-
land, “A fully-integrated GPS receiver front-end with 40 mW power
consumption,” in 2002 IEEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers, San Francisco, CA, Feb. 2002, pp. 396-397.

F. Esfahani, P. Basedau, R. Ryter, and R. Becker, “A fourth-order con-
tinuous-time complex sigma-delta ADC for low-IF GSM and EDGE
receivers,” in 2003 Symp. VLSI Circuits Dig., Kyoto, Japan, Jun. 2003,
pp. 75-78.

J. Arias, P. Kiss, V. Prodanov, V. Boccuzzi, M. Banu, D. Bisbal, J. S.
Pablo, L. Quintanilla, and J. Barbolla, “A 32-mW 320-MHz contin-
uous-time complex delta-sigma ADC for multi-mode wireless-LAN
receivers,” IEEE J. Solid-State Circuits, vol. 41, no. 2, pp. 339-351,
Feb. 2006.

R. Schreier, N. Abaskharoun, H. Shibata, D. Paterson, S. Rose, I. Mehr,
and Q. Luu, “A 375-mW quadrature bandpass ~A ADC with 8.5-MHz
BW and 90-dB DR at 44 MHz,” IEEE J. Solid-State Circuits, vol. 41,
no. 12, pp. 2632-2640, Dec. 2006.

[2

—

[3

—

[4

=

[5

=

Authorized licensed use limited to: NORTHERN JIAOTONG UNIVERSITY. Downloaded on February 25, 2009 at 21:44 from |IEEE Xplore. Restrictions apply.



900

(6]

(71

(8]

[9

—

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

S. B. Kim, S. Joeres, N. Zimmermann, M. Robens, R. Wunderlich,
and S. Heinen, “Continuous-time quadrature bandpass sigma-delta
modulator for GPS/Galileo low-IF receiver,” in Proc. 2007 IEEE Int.
Workshop on Radio-Frequency Integration Technology, Singapore,
Dec. 2007, pp. 127-130.

S. A.Jantzi, K. W. Martin, and A. S. Sedra, “Quadrature bandpass £ A
modulator for digital radio,” IEEE J. Solid-State Circuits, vol. 32, no.
12, pp. 1935-1950, Dec. 1997.

K. W. Martin, “Complex signal processing is not complex,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 51, no. 9, pp. 1823-1836,
Sep. 2004.

J. Crols and S. J. Steyaert, “Low-IF topologies for high-performance
analog front ends of fully integrated receivers,” IEEE Trans. Circuits
Syst. II, Analog Digit. Signal Process., vol. 45, no. 3, pp. 269-282, Mar.
1998.

S. Reekmans, J. De Maeyer, P. Rombouts, and L. Weyten, “Improved
design method for continuous-time quadrature bandpass XA ADC,”
Electronics Lett., vol. 41, no. 8, pp. 461-463, Apr. 2005.

M. Schimper, L. Dorrer, and G. Panov, “A 3 mW continuous-time
¥ A-modulator for EDGE/GSM with high adjacent channel tolerance,”
in Proc. 30th European Solid-State Circuits Conf., Leuven, Belgium,
Sep. 2004, pp. 183-186.

L. Dorrer, F. Kuttner, P. Greco, P. Torta, and T. Hartig, “A 3 mW 74-dB
SNR 2-MHz continuous-time delta-sigma ADC with a tracking ADC
quantizer in 0.3-pm CMOS,” IEEE J. Solid-State Circuits, vol. 40, no.
12, pp. 24162427, Dec. 2005.

S. R. Norsworthy, R. Schreier, and G. C. Temes, Delta-Sigma Data
Converters-Theory, Design, and Simulation. Piccataway, NJ: IEEE
Press, 1996.

R. Schreier and G. C. Temes, Understanding Delta-Sigma Data Con-
verters. Piccataway, NJ: IEEE Press, 2005.

J. A. Cherry and W. M. Snelgrove, “Excess loop delay in continuous-
time delta-sigma modulators,” IEEE Trans. Circuits Syst. II, Analog
Digit. Signal Process., vol. 46, no. 4, pp. 376-389, Apr. 1999.

S. Patén, A. D. Giandomenico, L. Hernandez, A. Wiesbauer, T.
Potscher, and M. Clara, “A 70-mW 300-MHz CMOS continuous-time
YA with 15-MHz bandwidth and 11 bits of resolution,” IEEE J.
Solid-State Circuits, vol. 39, no. 7, pp. 1056-1063, Jul. 2004.

L. Yu and W. M. Snelgrove, “A novel Adaptive mismatch cancellation
system for quadrature IF radio receivers,” IEEE Trans. Circuits Syst. I,
Analog Digit. Signal Process., vol. 46, no. 6, pp. 789-800, Jun. 1998.
F. Henkel and U. Langmann, “Excess loop delay effects in contin-
uous-time quadrature bandpass sigma-delta modulators,” in Proc. 2003
IEEE Int. Symp. Circuit and Systems (ISCAS), May 2003, vol. 1, pp.
1029-1032.

S. B. Kim, S. Joeres, and S. Heinen, “A compensation method of ex-
cess loop delay in continuous-time complex sigma-delta modulators,”
in Proc. 2007 European Conf. Circuit Theory and Design, Aug. 2007,
pp. 140-143.

J. A. Cherry and W. M. Snelgrove, “Clock jitter and quantizer metasta-
bility in continuous-time delta-sigma modulators,” IEEE Trans. Cir-
cuits Syst. I, Analog Digit. Signal Process., vol. 46, no. 6, pp. 661-676,
Jun. 1999.

M. Ortmanns, F. Gerfers, and Y. Manoli, “A continuous-time XA with
reduced sensitivity to clock jitter through SCR feedback,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 52, no. 5, pp. 875-884, May 2005.
H. Tao, L. Té6th, and J. M. Khoury, “Analysis of timing jitter in band-
pass sigma-delta modulators,” IEEE Trans. Circuits Syst. I, Analog
Digit. Signal Process., vol. 46, no. 8, pp. 991-1001, Aug. 1999.

K. Reddy and S. Pavan, “Fundamental limitations of continuous-time
delta-sigma modulators due to clock jitter,” in Proc. 2006 Int. Symp.
Circuits and Systems (ISCAS), May 2006, vol. 1, pp. 2021-2024.

M. Ortmanns, F. Gerfers, and Y. Manoli, “Compensation of finite gain-
bandwidth induced errors in continuous-time sigma-delta modulators,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 51, no. 6, pp. 1088-1099,
Jun. 2004.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 44, NO. 3, MARCH 2009

Song-Bok Kim was born in S. Hamgyong, DPR
Korea, in 1976. He received the B.S. and M.S.
degrees in electrical engineering from the University
of Natural Sciences and Academy of Sciences, Py-
ongyang, DPR Korea, in 1998 and 2000, respectively.

From 2000 to 2005, he was engaged in IC design
and Microelectronics Center, State Academy of
Sciences, Pyongyang, DPR Korea, as a Senior
Researcher where he involved with analog-to-digital
converter chip developments and portable low-power
applications. He is currently working toward the

Ph.D. degree in RWTH Aachen University, Aachen, Germany, under the
financial support of Gottlieb Daimler- und Karl Benz-Stiftung. His current
research interests include mixed-signal circuit design and analog-to-digital

conversion systems.

aiffl =

Stefan Joeres received the Dipl.-Ing. degree from
RWTH Aachen University, Germany, in 2004, and
the Dr.-Ing. degree from RWTH Aachen University
in 2008.

His main research activities were focused on func-
tional verification of mixed-signal, mixed-domain RF
circuits. Since 2008, he is with Robert Bosch GmbH,
Stuttgart, Germany, in automotive electronics.

Ralf Wunderlich was born in Diilmen, Germany, in
1971. He received the Dipl.-Ing. degree in electrical
and electronic engineering from the University of
Dortmund, Germany, working on analog-to-digital
converters. He received the Dr.-Ing. degree in the
field of integrated CMOS-only Hall sensor systems
for precision length measurement at the Microelec-
tronics Department, University of Dortmund, in
2002.

He joined the Chair of Integrated Analog Circuits
at the RWTH Aachen University, Germany, where he

is involved in analog and RF circuit design.

Stefan Heinen (F’07) received the Dipl.-Ing. and
Dr.-Ing. degrees, both in electrical engineering, from
Duisburg University, Germany, in 1988 and 1992,
respectively.

After finishing the Ph.D. on noise simulation
in nonlinear circuits, he joined the Siemens Semi-
conductor Group in 1992. He founded and headed
the Siemens/Infineon Technologies RF IC design
group in Duesseldorf/Duisburg, Germany. His focus
has been in the area of short range wireless and
cellular applications, where he has been the technical

leader behind many commercial successful products for cordless phones and
Bluetooth. In April 2002, he joined the Faculty of Electrical Engineering and
Information Technology at RWTH Aachen University, Aachen, Germany,
where he holds the Chair of Integrated Analog Circuits and is involved in the
research cluster for Ultra High-Speed Mobile Information and Communication
(UMIC), established under the excellence initiative of the German government.
His research interests are in the area of analog and mixed-signal circuit design
as well as RF system design for wireless application. From 2006 to 2008, he
was on leave from RWTH Aachen University serving Infineon Technologies as
a Fellow for RF Solutions.

Authorized licensed use limited to: NORTHERN JIAOTONG UNIVERSITY. Downloaded on February 25, 2009 at 21:44 from |IEEE Xplore. Restrictions apply.



