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Abstract

This paper presents the implementation and experimen-
tal characterization of a reconfigurable XA modulator in-
tended for multi-mode wireless receivers that is capable to
perform the analog-to-digital conversion for GSM, Blue-
tooth, and UMTS standards. The XA modulator reconfig-
ures its cascade topology and building blocks in order to
adapt the performance to the diverse standard specifica-
tions with optimized power consumption. The prototype has
been implemented in a 130-nm CMOS technology and fea-
tures dynamic ranges of 86.7/81.0/63.3dB and peak sig-
nal-to-(noise+distortion) ratios of 74.0/68.4/52.8dB at
400ksps/2Msps/8Msps, respectively. The modulator power
consumption is 25.2/25.0/44.5mW, of which 11.0/10.5/
24.8mW are dissipated in the analog circuitry.

1. Introduction

The next generation of wireless systems will require
low-power multi-standard chipsets that are capable to oper-
ate over a number of different communication protocols,
signal conditions, battery status, etc. [1] [2]. An efficient
implementation of these chipsets demands for reconfigura-
ble transceiver blocks that can adapt to the diverse specifi-
cations with minimum power consumption and at the low-
est cost. One of the key blocks in multi-standard receivers
is the ADC, because of the assorted signal bandwidths and
dynamic ranges that can be required to properly handle the
A/D conversion for several operation modes.

Compared to other data conversion techniques, sig-
ma-delta modulators (£AMs) are very suited for the imple-
mentation of multi-mode ADCs in highly integrated trans-
ceivers using digitally-oriented nanometer CMOS process-
es [3]-[9]. On the one hand, the key principles of ZAMs
(oversampling and noise shaping) make them robust with
respect to circuit errors. On the other, since both parame-
ters determine the dynamic range of a XAM, their variation
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can easily contribute to adapt the converter performance to
different specifications with large hardware re-use. Indeed,
changing the oversampling ratio of a XAM from one stand-
ard of operation to another is a strategy commonly applied
to adapt its dynamic range [3]-[9].

Also, the mandatory use of low oversampling in wide-
band applications typically forces the XAM to achieve the
required dynamic ranges by resorting to high-order shaping
[3] [7] [9], to multi-bit embedded quantizers [4] [8], or
both [6]. Thus, additional strategies to optimize the per-
formance of a multi-mode £AM for wideband standards
can be found in the use of cascade architectures whose
back-end stages can be switched on/off [6] or in the pro-
gramming of notches within the signal band [3] [9].

Besides the former reconfiguration strategies at the ar-
chitectural level of the ZAM, some others can be applied at
the circuit level to adapt the power consumption of the ana-
log blocks. For instance, if a multi-mode SC XAM has to
cope with a large spread of signal bandwidths, the sam-
pling frequency, and thus the amplifier bias currents, can be
also varied for the power consumption not to be deter-
mined by the standard with the largest bandwidth [9].

This work presents a triple-mode ~AM that combines
architecture- and circuit-level reconfiguration strategies in
order to adapt its performance to the requirements of GSM,
Bluetooth, and UMTS standards. The modulator uses a
cascade topology with a switchable multi-bit back-end
stage, reconfigures its sampling frequency, and adapts the
bias currents of the amplifiers to optimize the power con-
sumption. The prototype has been implemented in a
130-nm CMOS process and operates with 1.2V/3.3V sup-
plies. It features dynamic ranges of 86.7/81.0/63.3dB with-
in signal bandwidths of 200kHz/1MHz/4MHz with
25.2/25.0/44.5mW power consumption, respectively.

This paper is organized as follows. Section 2 discusses
the modulator architecture and its reconfiguration, whereas
the circuit-level implementation is described in Section 3.
Finally, Section 4 presents the experimental results of the
prototype and compares its performance with reported mul-
ti-mode XAMs.



2. Modulator architecture

Fig.1 illustrates the architecture of the reconfigurable
YAM. It basically consists of a 4th-order cascade, built up
with a 2nd-order front-end stage and two Ist-order stages
(2-1-1 topology). The integrator coefficients maximize ca-
pacitor sharing and allow to progressively switch off the
back-end stages (to obtain a 2-1 or a 2nd-order topology)
while maintaining the modulator overload level [10]. Mul-
ti-bit operation can also be applied in the modulator last
stage according to a dual-quantization scheme, with no
need for calibration in the multi-bit DAC [11].

The oversampling ratio (OSR), the order of the noise
shaping, and the resolution of the multi-bit last-stage quan-
tizer in this reconfigurable XA architecture have been se-
lected to fulfil the A/D conversion requirements of a di-
rect-conversion receiver intended for GSM, Bluetooth, and
UMTS standards. Table I summarizes the targeted dynamic
ranges (DR) and bandwidths (BW) for each standard, to-
gether with the selected modulator architecture. For the
standard with largest DR (GSM) a 3rd-order shaping and
high oversampling are employed, whereas the modulator
uses a 4th-order shaping and 2 bits in the last-stage for the
standard with largest BW (UMTS) due to the limited over-
sampling. Note that the sampling frequency (Fs) is also in-
creased for the UMTS standard.

The fully-differential SC implementation of the mul-
ti-mode XAM is shown in Fig.2. The former reconfigura-
tion strategies are handled at the circuit level with two sig-
nals (named GSM and SB), which switch on/off the
last-stage of the cascade and control the division of the
master clock frequency (80MHz) by a factor 2.

In addition to the configurations in Table I, either a 2-bit
quantizer or a comparator can be selected in the last stage
in order to give more flexibility to the prototype.
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Fig. 1: Basic block diagram of the XAM.

Table I: Specifications and ZAM architecture.

Standard | DR BW Architecture | OSR Fs

GSM 13bit | 200kHz 2-1 100 | 40MHz
Bluetooth | 11bit| 1MHz 2-1-1(2b) 20 | 40MHz
UMTS 9bit | 4MHz 2-1-1(2b) 10 | 8SOMHz

The same sampling capacitor (0.25pF) is used for all
standards, thus eliminating the need for switchable capaci-
tor arrays at the modulator front-end. This value makes the
dynamic range to be limited by kT/C noise for GSM,
whereas it is limited by quantization noise for UMTS.

The modulator specifications in terms of DR and BW
have been mapped onto electrical requirements of the
building blocks (amplifiers, switches, comparators, etc.)
using compiled equations capturing the non-ideal build-
ing-block behaviour and statistical optimization. This pro-
cedure is fine-tuned by behavioural simulation using SIM-
SIDES, a SIMULINK-based time-domain behavioural
simulator for ZAMs [12]. These requirements define the
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Fig. 2: Schematic of the reconfigurable ZAM.



starting point for the electrical sizing of the building
blocks, which is described in the next section.

3. Circuit design

The four amplifiers in the reconfigurable XAM (OA1 to
OAA4 in Fig.2) use a folded-cascode topology, since the re-
quired DC gains are not high, whereas the speed specifica-
tions are quite demanding for UMTS. The input pairs are
pMOS, what affects power consumption but enables to
cancel their body effect in order to reduce substrate noise
coupling. The use of minimum-length transistors has been
avoided in the input pair and in the current mirrors in order to
limit 1/f noise and mismatching.

All amplifiers share the same transistor sizes, with the
only difference being a larger differential input pair in the
2nd and 3rd amplifiers (OA2 and OA3) in order to obtain a
faster response. The bias current of each amplifier is adapted
from one standard to another according to the scheme illus-
trated in Fig.3. Depending on the amplifier and on the opera-
tion mode, the bias currents vary between 16uA and 80uA.

Table II summarizes the electrical parameters of the dif-
ferent amplifiers for each operation mode. Results corre-
spond to the worst-case value of each individual parameter
obtained from a corner analysis, considering fast and slow
device models, +10% variation in the 3.3-V analog supply
and temperatures in the range [-40°C, +85°C].

All integrators in the ZAM use 0.25-pF sampling capac-
itors. This value has been fixed considering the trade-off
between the modulator operation for GSM —in which
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Fig. 3: Adaptation of a bias current.

thermal noise and capacitors mismatch can seriously limit
the required resolution (13bit)}— and that for UMTS —in
which the required bandwidth (4MHz) in combination with
large capacitive loads at the integrators can seriously im-
pact power consumption. Metal-insulator-Metal (MiM)
structures, which allow thin inter-metal oxide between the
two top metal layers, were used. They exhibit a good
matching (~0.1%) and small bottom-plate parasitics (<5%).
Capacitor sharing allowed by the selected integrator coeffi-
cients reduces the number unit capacitors to only 2x17 in
the complete differential implementation of the XAM.

The design of the CMOS switches has been tackled with
two main considerations in mind. First, the on-resistance
heavily affects the integrator dynamic, slowing down its
transient response [10]. Second, the non-linearity of the
switch causes dynamic distortion at the modulator front-end,
the more evident the larger the signal frequency. According
to these considerations, resistances in the range of 260
can be tolerated in combination with the amplifier dynam-
ics. In the process used, such a value can be obtained with
standard-threshold CMOS transmission gates. The sizes of
the pMOS and nMOS transistors have been selected to
equalize their transconductances, keeping the resistance of
the switch as linear as possible in the full-scale range
(1.2V).

The first two stages of the modulator use comparators as
single-bit quantizers. Their electrical requirements are not
demanding; namely, less than 30-mV hysteresis and
40-mV offset. However, the maximum comparison time
must be around a quarter of the clock period; i.e., 3ns for
the 80-MHz clock frequency for UMTS. Therefore, the
comparator uses the regenerative scheme illustrated in
Fig.4 for speed reasons. It also includes an input amplifying
stage to attenuate the impact of common-mode interferences
on the comparator and of kick-back noise on the integrators.

The 2-bit embedded quantizer that is used in the modu-
lator last stage for Bluetooth and UMTS consists of a flash
ADC that compares the 4th integrator output with voltage
taps provided by a resistive-ladder DAC. The ladder is
built up with 6 unit resistors (400Q2, unsalicided p+ poly)

Table II: Worst-case amplifier performance (electrical simulation).

GSM Bluetooth UMTS

OAl 0OA2-OA3 OAl | OA4 | OA2-0A3 | OA1 | 0A4 | OA2 | OA3
DC gain (dB) 61.6 64.2 62.7 64.6 58.8 57.3 59.9
GBW (MHz) 244 143 183 105 130 326 102 251 232
Slew rate (V/us) 253 102 144 80 85 474 141 352 289
Equivalent load (pF) 0.6 1.3 0.6 1.1 1.3 0.6 2.2 1.3
Output swing (V) +1.8 +1.9 +2.1 +2.0 +1.4 +1.0 +1.2
Input eq. noise [nV/sqrt(Hz)] 11.8 10.4 13.6 11.0 10.5 7.8 8.2
Bias current (uA) 28 24 16 20 52 80 66
Power consumption (mW) 23 2.0 1.3 1.7 4.3 6.6 55
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Fig. 4: Schematic of the comparator.

connected between voltage references of 2.25V and 1.05V.
It provides a differential full scale of 1.2V with 0.5mA cur-
rent consumption.

An on-chip voltage generator provides the reference
voltages to the SC integrators and to the DACs. It consists
of a band-gap reference and a resistive amplifier in invert-
ing configuration. The main requirements for the referenc-
es are a fast settling and a low output impedance in order to
avoid dynamic distortion at the integrators. A 4-Q maxi-
mum output impedance (required for GSM) is obtained
within the signal bandwidth (up to 4MHz for UMTS).

4. Experimental results

The reconfigurable £A modulator has been implement-
ed in a 130-nm 1-poly 8-metal digital CMOS process.
Fig.5 shows the layout of the prototype (Fig.5a), highlight-
ing its main parts, and a microphotograph of the chip
(Fig.5b). The layout has been carefully planned to maxi-
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Fig. 5: Prototype implementation: (a) Layout,
(b) Microphotograph, (c) Test PCB.

mize the modulator performance in terms of robustness
with respect to switching activity, including separate ana-
log, mixed, and digital supplies, guard-rings surrounding
each section of the circuit, etc. The complete modulator oc-
cupies 2.68mm?> including bonding pads, whereas the core
area is 1.40mm?. The chip has been tested using the PCB
shown in Fig.5¢, which includes intensive filtering and de-
coupling strategies, as well as proper impedance termina-
tion to avoid signal reflections.

Fig. 6 illustrates the test set-up, in which an Agilent
93000 SOC test unit is used to generate the input, biasing,
control, and clock signals, and to acquire the output bit
streams of the modulator stages. After the bit-stream acqui-
sition, data are transferred to a workstation, in which the
noise cancellation logic is applied by software and the
overall modulator output is post-processed.

Fig.7 shows the measured 65536-point Hanning-win-
dowed FFTs of the modulator output, for the different
standard configurations, considering a 58.6-kHz input sine-
wave with an amplitude of -9.5dBFS. Note that the recon-
figuration of the noise shaping is clearly visible, together
with the domination of white noise (for GSM) or quantiza-
tion noise (for UMTS) within the corresponding band-
widths. However, a certain amount of offset and non-line-
arity is appreciable in the measured spectra, which is origi-
nated in the input signal conditioning at the PCB level
(probably in the single-to-differential conversion and the
common-mode setting, which is now under improvement).

The measured SNDR curves are depicted in Fig.8 for
each operation mode. The prototype achieves a dynamic
range of 86.7dB for GSM, 81.0dB for Bluetooth, and
63.3dB for UMTS, whereas the corresponding peak SN-
DRs are 74.0dB, 68.4dB, and 52.8dB. Note from Fig.8 that
the SNDR drops prematurely due the harmonic content of
the input signal to the prototype. The peak SNDRs are
measured at -11.6dBFS for GSM and at -9.6dBFS for Blue-
tooth and UMTS (instead of at -5.6dBFS), what leads to a
measured SNDR drop of 1.0bit for GSM and of 0.7bit for
Bluetooth and UMTS.

Matlab Processing Workstation

Digital test unit (HP-93000)

bit streams

bit streams

clock
supplies, references and control signals

input signal

Fig. 6: Test set-up.
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Table III summarizes the most significant features of the
measured performance for the reconfigurable £A modula-
tor. The distribution of the power dissipation among the
different modulator sections is also depicted in the table.
The modulator power consumption is 25.2/25.0/44.5mW
for GSM/Bluetooth/UMTS, of which 11.0/10.5/ 24.8mW
are dissipated in the analog circuitry.

Table IV shows the state of the art in multi-mode
low-pass SC XAMs, extracted from ICs reported in open
literature. The table contains the BWs, DRs, and power
consumptions for each IC and standard of operation. For
the sake of completeness, the employed modulator archi-
tecture, its OSR and Fs of operation, and the supply voltage
and technological process of the implementation are pre-
sented as well. In addition, the two figures-of-merit
(FOMs) commonly employed to evaluate the modulator
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Fig. 8: Measured SNDR curves.

Table Ill: Summary of measured performance.

GSM BT | UMTS
Modulator architecture 2-1 2-1-1(2b)
OSR 100 20 10
BW (MHz) 0.2 1 4
Fs (MHz) 40 80
DR (dB) 86.7 81.0 63.3
Peak SNDR (dB) 74.0 68.4 52.8
Process 130nm CMOS
Core area 1.4mm?
Power consumption® (mW) 25.2 25.0 44.5
Analog core @ 3.3V 11.0 10.5 24.8
Ref. buffer @ 3.3V 19.0 18.9 20.0
Mixed @ 3.3V 9.6 10.0 13.9
Digital @ 3.3V 4.1 4.1 5.5
Digital @ 1.2V 0.6 0.6 1.2

a. Digital output buffers and reference buffer are not included.

performance are also included; namely,

FOM, = Power(W) ) 1012 0

2PROY 5 BW(HZ)

13- 22PRO Hpw(Hy) ,
Power(W) @

Note that FOM, specially accounts for the power con-
sumption, whereas FOM, stresses on the modulator reso-
lution. Therefore, the smaller FOM; and the larger
FOM, , the better performance of the LA modulator.

Since no specific FOMs have been yet proposed for the
multi-standard scenario, the mean values of the FOMs ob-
tained for each standard have also been included in
Table IV as a way to evaluate the overall performance of
the multi-mode ZAMs.

Note that the presented prototype compares favourably
to the ICs reported in [4], [7], and [8], and it also achieves a
performance comparable to that in [3], being thus competi-
tive with the current state of the art.

FOM, = 2kT



Table IV: State of the art in low-pass multi-mode SC ZAMs.

Burger, [3] Miller, [4] Gomez, [5] |Dezzani, [6]] Shim, [7] Lim, [8] Christen, [9] This work
Standard GsM | uMT AMPS] GsM[ cDMA] UMTY  GsM | UMTY GPRS| UMTS] Gsm[ umTs|coMA-2k UMTYEDGE]  UMTS | WLANJGSM| BT| UMTS
BWMHz) | 02 | 384]o018] 02] 0625] 192] o2 2 Lot |2 or| 25| o615 | 1o2] o1 1.92 10 fo2] 1| 4
Fs (MHz) 104 | 184 23 46 26 46 | 30 | 384 32| 4o 40 61 | 26 [46.08]61.44] 240 40 80
OSR 260 | 24 | 639 575 184 12 65 | 1sfios| 10| 16| s 325 16 f 130 12 16] 12 J100]20] 10
DR ity f140[13.00 87 | 152|137 130 | 122128120 80 [ 133] 113 ] 123] 83 123 | 1o | 143 ] 113] 128] 108 f141[132 102
Power mW)f 1.5 7.5] 135 30.0 500 | 24| 14] 29| 24| 43 40 227 29 | 35| 74| 205 | 252[25.0 445
FOM, 18] 23| 42 | 221 54| 29 | 28 Jos8|oo] 28] 12| 04 | 40| 18 3.7 201 07 ] 04 03] 06 36|13 47
FOM, x 105233/ 84| 02 | 42 | 63| 70 | 42 |212120 02 | 212| 142] 32| o6 34 18 | 730 184] 68.7] 82 J122/177 06
FOM, 28 8.3 15 038 29 33 05 32
FOM, x 10° 10.8 54 1.1 17.7 1.9 26 421 10.2
Architecture | 3rd-order 2nd order (6bit) z(fls‘ie"vfﬁr Znd 21((5511)) 3rd order 2(‘1‘?13‘;‘; 2(31)-2(31) 21| 2-1-12b)
Supply (V) 25 27 12] 15] 12 12 1.8 2.8 12 12/33
Process 0.25um CMOS 0.18um CMOS 130nm CMOS | 130nm CMOH{0.18um CMOY  130nm CMOS 130nm CMOS 130nm CMOS
Conclusions for UMTS/GSM Dual-Standard IF Reception”. IEEE J. of
Solid-State Circuits, pp. 1868-1878, Dec. 2001.
. . [4] T.M.R. Miller et al.: “A Multibit Sigma-Delta ADC for Mul-
A mu}tl—mod.e XAM has be.en presented that is capable : timode Receivers”. [EEE J. of f’olid—State Circuits, pp.
to adapt its architecture- and circuit-level parameters to the 475-482, March 2003.
required specifications for GSM, Bluetooth, and UMTS [5] G Gomezetal.: “A 1.5V 2.4/2.9mW 79/50dB DR £A Modu-
standards. The modulator uses a 4th-order cascade topolo- lator for GSM/WCDMA in 0.13um Digital Process”. Proc.
gy that is capable to power its last stage down and adapts ISSCC, pp. 242-490, 2002.
the sampling frequency and the bias currents of the ampli- [6] A.Dezzani et al.: “A 1.2-V Dual-Mode WCDMA/GPRS XA
fiers in order to optimize power dissipation. The prototype Modulator”. Proc. ISSCC, pp. 58-59, 2003.
has been integrated in a 130-nm CMOS process and fea- (7] J.H. Shim et al.: “A Third-Order A Modulator in 0-18-pm
tures dynamic ranges of 86.7/81.0/63.3dB at 400ksps/ CMOS With .Cahprated Mixed-Mode Integrators™. [EEE J. of
2Msps/8Msps, respectively. Solla.V—State Circuits, pp. 918-925, Aprll 2005.
. . [8] J. Lim et al.: “A Low-Power Sigma-Delta Modulator for
Thanks to the combined use of the diverse reconfigura- . L . . . .

. . . . Wireless Communication Receivers using Adaptive Biasing
t¥°n strategies, the prf?sented p.rototyp.e achieves 2.1 Comp?tl_ Circuitry and Cascaded comparator scheme”. Analog Inte-
tive performance, while covering a wide conversion region grated Circuits and Signal Processing, pp. 359-365, Sept.
of the resolution-bandwidth plane. 2006.

[9] T. Christen et al.: “A 0.13um CMOS EDGE/UMTS/WLAN
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