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Abstract—This paper shows that multirate processing in a cas-
caded discrete-time AY. modulator allows to reduce the power
consumption by up to 35%. Multirate processing is possible in a
discrete-time AY modulator by its adaptibility with the sampling
frequency. The power reduction can be achieved by relaxing the
sampling speed of the first stage and increasing it appropriately
in the second stage. Furthermore, a cascaded AX modulator en-
ables the power efficient implementation of multiple communica-
tion standards.

The advantages of multirate cascaded AXY modulators are
demonstrated by comparing the performance of single-rate and
multirate implementations using behavioral-level and circuit-level
simulations.

This analysis has been further validated with the design of a mul-
tirate cascaded triple-mode discrete-time A3 modulator. A 2-1
multirate low-pass cascade, with a sampling frequency of 80 MHz
in the first stage and 320 MHz in the second stage, meets the re-
quirements for UMTS. The first stage alone is suitable for digitizing
Bluetooth and GSM with a sampling frequency of 90 and 50 MHz
respectively. This multimode A modulator is implemented in a
1.2V 90 nm CMOS technology with a core area of 0.076 mmZ. Mea-
surement results show a dynamic range of 66/77/85 dB for UMTS/
Bluetooth/GSM with a power consumption of 6.8/3.7/3.4 mW. This
results in an energy per conversion step of 1.2/0.74/2.86 pJ.

Index Terms—Cascade, CMOS, delta sigma modulation, multi-
mode, multirate, sigma delta modulation.

1. INTRODUCTION

Y exploiting oversampling, a AY. modulator can digitize
B a narrow frequency band with a high resolution. More-
over, such a modulator is less sensitive to the non-idealities of
its intrinsic building blocks compared to other analog to dig-
ital converters. This is partly due to the spread in frequency
of the non-ideal effects by the oversampling and partly by the
shaping obtained by the feedback action. This advantage will be
increasingly important as the industry is driven by technology
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scaling, that continuously challenges the design of analog cir-
cuits with the ever increasing process variations and reduced
supply voltages.

Although continuous-time (CT) AY. modulators are some-
times favored over discrete-time (DT) modulators for their
low-power consumption and wide-bandwidth performance,
in case a high resolution is required, DT AY. modulators are
preferred for their easier implementation as cascaded struc-
tures. Indeed, higher resolution can be achieved by increasing
the order of noise shaping. However, high-order single-loop
AY. modulators require careful design to prevent instability [1]
and this can be avoided by cascading several inherently stable
first- and second-order stages (known as Multi-stAge noise
SHaping, MASH [2]-[4]). The cancellation of the quantization
noise of the first stage in cascaded architectures is based on
the perfect match between the transfer functions in the AY
modulator and the digital filtering in the digital cancellation
filters. This perfect match is more difficult to realize in CT
AY modulators [5]. Moreover, CT AY. modulators are highly
sensitive to jitter and process variations [5]-[7], while DT A
modulators are appreciated for their robustness as their transfer
functions rely on capacitor ratios. This advantage will become
even more pronounced as technology will scale further. Finally,
DT AY modulators offer a straightforward reconfigurability
of the system by adjusting the sampling frequency. Neverthe-
less, since operational amplifiers (opamps) are required, the
application of these AY modulators remains limited, so far,
to sampling frequencies up to 300 MHz [8]-[11] and signal
bandwidths up to 10 MHz [8], [9].

In this work, we exploit the distribution of the sampling fre-
quency throughout DT AY modulators as an extra degree of
freedom by adding a multirate dimension to the system [12].
This allows to reach a better power optimum for the overall
system. The benefits of a multirate approach in a DT AY. de-
sign can easily be seen when considering the first integrator in
the modulator: the first integrator is usually the largest contrib-
utor in the overall power consumption. Errors in the first stage
are not filtered by the loop and thus have the strongest impact
on the AY’s resolution [13]. Hence, the first integrator must be
designed according to the overall dynamic range of the modu-
lator. This results in higher specifications on its building blocks
and consequently, larger power consumption. By reducing the
sampling speed in the input stage, the power of the first inte-
grator can be reduced while the resulting loss in resolution can
be recovered by increasing the clock speed in the later stages
of the system. This increased clock speed in the later stages of
the modulator will hardly influence the required specifications

0018-9200/$26.00 © 2010 IEEE



BOS et al.: MULTIRATE CASCADED DISCRETE-TIME LOW-PASS AY MODULATOR FOR GSM/BLUETOOTH/UMTS

1199

Fs1 Digital cancellation filters
X, |2" order Y1 Ho
1% As | Gsm
E4 BT
do
IFsz=N'Fs1 Fs1 __________________
X, | | 1%t order |Y. | Y
2_':- NT _HUPs-_ AS 2 %HDGC_ Nl E H1 ﬂ)
e L UMTS

Fig. 1. Architecture of the triple-mode multirate 2-1 cascaded AX modulator with digital cancellation filters for UMTS, GSM and Bluetooth.

of its building blocks since their non-idealities (noise and dis-
tortion) are attenuated by the first stage. In this way, multirate
processing can be exploited to trade performance for power and
flexibility.

Multirate processing inside a single-loop AY modulator re-
quires a decimator in the feedback path [12]. This decimation is
critical since all its non-idealities are not suppressed by the loop.
This complexity can be avoided when implementing a cascaded
architecture in which the sampling frequency is modified be-
tween the cascaded stages, since there is no feedback from the
second to the first stage.

A cascaded architecture also offers another advantage: a
power efficient implementation in a multimode context by
switching off the appropriate last stages when needed [9]. Each
communication standard (in this work GSM, Bluetooth and
UMTS) requires a certain resolution specification and hence a
different order for the noise shaping [14], [15]. In a cascaded
architecture, the modulator order is not fixed by the most
demanding communication standard. Instead, the modulator
can work for example as a second-order single-loop or as a 2-1
cascade depending on the standard specifications.

The multirate processing technique was already proposed in
[12] in which behavioral-level simulations were used to show
that the resolution of a cascaded A with the first loop oper-
ating at a sampling frequency F's /2 and the second loop at 2Fs
is equivalent to the resolution of a cascade A3 with both loops
operating at F's. That paper [12] concluded that the evidence of
the power reduction of the first structure could only be quan-
tified by transistor-level simulations. No integrated multirate
cascaded discrete-time AY. modulator has been reported to the
author’s knowledge. To date, two multirate AY. modulator de-
signs can be found in the literature: a single-loop discrete-time
[16] and a multirate cascaded continuous-time [17] AY mod-
ulator. However, both these designs report simulation results
only.

First, this work proves with behavioral-level and circuit-level
simulations that multirate processing in DT cascaded AX
modulators enables to reduce the power consumption. Second,
this work presents the first implemented triple-mode DT
multirate cascade AY. modulator. The design was realized
in 90 nm CMOS technology and achieves state-of-the-art
performance [11]. The measurement results show a dynamic
range of 66/77/85 dB for UMTS/Bluetooth/GSM with a power
consumption of 6.8/3.7/3.4 mW. This results in an energy per
conversion step of 1.2/0.74/2.86 pJ.

The paper is structured as follows. Section II describes the
system-level architecture of the triple-mode multirate cascaded
AY modulator. Section III presents a performance analysis,
supported by circuit simulations, in which both single-rate and
multirate approaches are compared in terms of resolution and
power consumption. This analysis provides the specifications
of the building blocks for the electrical design of the modulator.
In Section IV, the system architecture and the circuit topologies
of its various building blocks (opamps, switched-capacitor
integrators, quantizers) are specified. Also the limitations
and non-ideal effects on the design are discussed and advice
for future implementations is given. Section V reports the
measurement results and emphasizes the improvements that
are obtained over a single-rate approach. Finally, Section VI
concludes the work.

II. SYSTEM-LEVEL ARCHITECTURE

The system-level architecture of the multirate cascaded AY
modulator is shown in Fig. 1 together with the digital cancel-
lation filters. The cascaded structure consists of a second-order
first stage operating at a sampling frequency of F's;, an upsam-
pler with an integer upsampling factor N and a first-order second
stage operating at a sampling frequency of Fiso = N - Fg¢. The
digital output streams of both stages are recombined within the
digital cancellation logic that, ideally, eliminates the quantiza-
tion noise of the first stage. This recombination can be done at
two different rates: either the output of the first stage is upsam-
pled or the output of the second stage is downsampled, the latter
being shown in the schematic of Fig. 1. The first second-order
stage alone achieves a sufficient performance for the Bluetooth
and GSM standards while the full 2-1 cascade is necessary to
meet the UMTS specification.

A detailed block diagram of the modulator, without digital
cancellation filters, is shown in Fig. 2. The first stage uses a feed-
back topology with an extra feedforward branch from the input
to the second integrator input to reduce the output swing of the
first integrator. In both stages, 1.5-bit quantizers are employed
to further reduce the output swing of the integrators and improve
the dynamic range of the modulator. This can be done easily be-
cause a 1.5-bit (three-level) digital analog converter (DAC) can
readily be implemented using a fully differential switched-ca-
pacitor circuit [18].

To calculate the transfer function of a AY modulator, the
quantizer is replaced by a linear model (y = kqz + e(z) with
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Fig. 2. Circuit implementation of the multirate 2-1 cascaded AX modulator.

k, the quantizer gain and e(z) the quantization noise). The dig-
ital output streams of the first and second stages Y7 and Ys op-
erating with a sampling frequency of Fig; and Fso = NFg,
respectively can be expressed as

Yi(z) = b—1272X1(z) +moz (1 — 2z 1) X1 (2)

a1
+ (1= 27 Bi(2) )
b
Ya(z) = a—Zz_lHUstg(zN) +(1—2z"NHEx(2) (@
with
Yi(z) — E(z c
XQ(Z) = 71( )k 1( ) — b—3Y1(Z)
ql 3
C,
=boay (Y1(2) — E1(2)) — b—3Y1(z) 3)
3
and the upsampling filter Hyps
Hype=1+... 427V 4)

while kg, , kg, are respectively the quantizer gain of the first
and second stage, X1(z), F1(z) and X2(z), E2(z) stand for the
input signal and quantization noise of the first and second stage,
respectively. The relationship between the loop coefficients and
the quantizer gain are derived by ensuring a second-order noise
shaping in the first stage:

b2a1kq1 =1 (5)
ag = 2a1b2 (6)

and a first-order shaping in the second stage [13]:

askg, = 1. 7)

After upsampling the digital output of the first stage and pro-
cessing the two digital streams in the cancellation filter, the
output of the full cascade becomes

Yiot(2) = Ha1 (2)(1 + ...+ 27NV (2N) + Hyp(2)Ya(2).

®)
In order to cancel the quantization noise of the first stage
(E1(z)), the digital cancellation filters must be chosen equal to

Hay =2 (d0(1 N 1) )
2

Hyp =di(1—277) (10)
with
Cc3
dy=—2— — 11
e (11)
as
di = ) 12
= abaan (12)

The output of the cascade gives after perfect cancellation of
Eq(z)

b
Viot(2) = Hups(2)2~ N+ a—iz_N—}—mz(l — YV Xx4(2)

tdi(1— 21— 2 Y Ey(2). (13)

III. PERFORMANCE ANALYSIS

This section extracts the performance in terms of resolution
and power consumption for the 2-1 cascaded A modulator
(shown in Fig. 2) for different settings of the upsampling factor
N and the sampling frequency F's used in the first stage. First,
the resolution is estimated using behavioral-level simulations
with an ideal model. Next, to compare the power consumption
of each configuration, simulations of transistor-level opamps are
performed. Since the global power consumption is dominated
by the opamps, the required specifications on these amplifiers,
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TABLE I
RESOLUTION OF THE DIFFERENT CONFIGURATIONS OF 2-1 CASCADE
AY. MODULATOR OBTAINED BY BEHAVIORAL-LEVEL SIMULATIONS

Configuration Stage 1 Stage 2 Resolution

Fs, Fs,  ENOB
[MHz]  [MH]

- 80 80 10 )
Single-rate 160 160 3.3 (2)
P 80 160 13 (3
Multirate N=2 160 390 5 @

Multirate N=4 80 320 13.5 (5)

GBW and SR, are determined to estimate the global power con-
sumption.

A. Extraction of the Resolution

In this section the resolution is determined for an ideal cas-
caded A modulator for different upsampling factors and sam-
pling frequencies. The 2-1 cascade AY. modulator described
in Section II has been modeled by using functional blocks in
Simulink [19].

The five different test cases in the behavioral-level simula-
tions are shown in Table I. Among these test cases, three upsam-
pling factors were considered: N = 1 for the single-rate case,
N = 2 and N = 4 for the multirate case. The N = 4 multirate
setting is chosen as a reference for comparison. In this reference
design, the oversampling ratio for the first stage is chosen to
achieve an overall ENOB for the cascade higher than 10 bits in
a signal bandwidth of 1.92 MHz (the specification for UMTS).
This leads to a sampling frequency in the first stage of 80 MHz.
In the single-rate as well as in the N = 2 multirate case, sam-
pling frequencies of 80 MHz and 160 MHz have been consid-
ered for the first stage to study the effect of the sampling fre-
quency and the upsampling factor on the resolution and power
consumption.

The following settings were used in the behavioral-level
model:

* All the loop coefficients, shown in Fig. 2, are equal to 1/2.
Their value was maximized, in order to minimize the ca-
pacitive load, until the output swing of the integrators hits
half the supply voltage (VX = Vaa/2). In these condi-
tions, dy is equal to 3 [using (11)] and d; equal to 2 [using
(12)].

* The reference voltage of the DAC is fixed to 0.8 V. In-
creasing the reference voltage increases the dynamic range
of the modulator. However, the outputs of the opamps re-
quire a certain headroom to function properly. This head-
room is determined by the saturation requirement of the
output stage of the opamp.

¢ The input sine wave amplitude is set to Vaa /2.

The resulting ENOB are given in Table I. We observe that the
single-rate setting with F's, = 160 MHz (second row in Table I),
the multirate setting with N = 2 and F's, = 160 MHz (fourth
row in Table I) as well as the multirate setting with N = 4
and F5, = 80 MHz (fifth row in Table I) achieve the highest
ENOBs. Hence, they are the preferred configurations to pro-
vide a sufficient SNDR margin for the transistor-level design.
As predicted by [12], the resolution of the single-rate cascade
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Fig. 3. Implementation of the discrete-time switched-capacitor integrator with
a three-level DAC.

at 160 MHz (second row in Table I) and the multirate cascade,
with the first stage at 80 MHz and the second stage at 320 MHz
(fifth row in Table I), achieve similar performance.

B. Extraction of the Power Consumption

In this section, the power consumption is analyzed for three
out of the five test cases above [(1), (2), and (5)] from Table I.
The total power consumption of the system is mainly deter-
mined by the GBW and SR metrics of the opamps and these
amplifiers are assumed to be the dominant contributors in the
global power consumption. This assumption will be confirmed
by the transistor-level simulations of the global system as de-
scribed in Section IV-E. The modulator in Fig. 2 has been im-
plemented in Spectre with all the opamps blocks mapped to a
transistor-level design in a 90 nm CMOS technology. All the
other building blocks were modeled using a Verilog-A model.
The power consumption estimation was realized by extracting
the required current specifications for the opamps in the dif-
ferent configurations.

The circuit-level model was built as follows:

* Each switched-capacitor integrator (SCI) was imple-
mented as shown in Fig. 3 (more explanation can be found
in Section IV-A). The capacitive loading for each opamp
was added in the circuit-level model.

* The main design criteria for the opamp in the SCI are suf-
ficient DC gain and output swing, large GBW and SR. A
two-stage opamp topology was chosen to provide DC gain
up to 55 dB [20]. The amplifier consists of a folded-cascode
input stage followed by a Miller compensated common-
source stage [Fig. 4(a)]. As can be seen, one cascode tran-
sistor in the first stage was removed to ensure the saturation
for the three stacked transistors fed with a supply voltage
of 1.2 V. The second stage was added to increase the output
swing of the opamp. The specifications on the GBW and
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TABLE II
SPECIFICATIONS ON THE OPAMPS AND RESOLUTION FOR DIFFERENT CONFIGURATIONS OF THE 2-1 CASCADE
AY MODULATOR OBTAINED BY OPAMP TRANSISTOR-LEVEL SIMULATIONS

Configuration Opamp GBW  Ipis I Iror Resolution
[MHz] [mA] [mA] [mA] ENOB

1 235 0.075 0.17 0.53

(1) Single-rate Fg, =80 MHz 2 235 0.075 0.17 0.53 9.5
3 140 0.05 0.11 0.35
1 950 0.55 032 2.1

(2) Single-rate Fg; =160 MHz 2 950 0.55 032 2.1 12.9
3 800 0.425 0.17 1.4
1 660  0.278 0.17 1.06

(5) Multirate N=4 Fg, =80 MHz 2 660  0.278 0.17 1.06 12.1
3 760 0.3 035 1.6
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Fig. 4. Topology of (a) the opamp and (b) its common-mode feedback circuit.

the internal SR (determined by the bias current Ip;,s of the
input stage and the Miller capacitor) determine I;j,s. The
external SR (determined by the output stage current I
and the load capacitance) of the amplifiers can be adjusted
according to the required sampling frequency by varying
It The Miller capacitor is chosen to be about a factor
of 2 smaller than the load capacitor. To reduce the power
consumption, the output current is reduced as much as pos-
sible (which decreases the external SR). Therefore, in this
case, the external SR is similar to the internal SR. The
continuous-time common-mode feedback circuit is given
in Fig. 4(b). A small capacitor was added in parallel with
the common-mode sensing resistors to provide sufficient
common-mode phase margin.

» The input sampling capacitors are set to 450 fF and 300 fF
for the first and second SCI of the first stage and 200 fF in
the SCI of the second stage. These capacitor values result

from a compromise between £7'/C noise, matching sensi-
tivity and capacitive loading of the opamps.

* The switches are modeled in Verilog-A with an on/off-re-

sistance.

* The quantizers in Verilog-A have a delay, rise and fall time.

* The upsampler is modeled by an ideal sample and hold

controlled by the clock of the first stage. The samples held
are then transferred to the second stage at a rate N times
higher depending on the test case.

The minimum requirements (shown in Table II) for the three
opamps in the 2-1 cascade in the three configurations have been
found by iteratively decreasing their value until the modulator
resolution starts to degrade.

The external SR and the related I,,¢, behave as expected;
doubling the sampling frequency in the first stage requires dou-
bling the I, of the first stage amplifiers [from case (1) to (2)
for Opamp 1 and Opamp 2]. The external SR requirement on the
second stage amplifier (Opamp 3) is relatively lower than that
of the first stage (Opamp 1 and 2) in the single-rate cases [(1)
and (2)]. This can be explained by the fact that the first stage has
the highest impact on the overall resolution and thus the speci-
fications on its building blocks are the most demanding.

Considering the GBW, the internal SR and the related Ip;,s, it
can be seen that the requirements in the second-stage amplifier
(Opamp 3) are also relatively lower than those of the first stage
(Opamp 1 and 2) in the single-rate cases [(1) and (2)]. The Ig;as
requirements of the first stage are halved when comparing the
single-rate case at 160 MHz and the multirate case [case (2) to
(5)]- The requirements of the single-rate case at 80 MHz and the
one at 160 MHz cannot be compared since the resolution of the
first test-case is lower.

These observations lead to the conclusion that, in order to
achieve low power consumption, the sampling frequency of the
first integrator needs to be kept as low as possible. Moreover,
increasing the sampling frequency in the second stage can be
done without substantially affecting the power consumption.

To obtain the total current consumption Itor of each opamp
for each configuration, the current of the input stage, the output
stage, the cascode and the CMFB circuit of each opamp are
summed. Consequently, the multirate setting with a minimal
Fs, and a maximal Fs, (N = 4) appears to be the optimal
in terms of power consumption for a fixed resolution. The total
output current consumption of this setting (5) is 35% lower than
that of the single-rate case, sampling at 160 MHz (2).
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The resolution of the different circuit-level configurations
(Table II) is comparable with the results found by behav-
ioral-level simulations in Simulink (Table I).

IV. CIRCUIT IMPLEMENTATION

To validate the concept at the transistor-level and verify the
results obtained in Section III, the multirate 2-1 cascade AY
modulator of Fig. 2 has been implemented in a 90 nm digital
CMOS process. The circuit was designed to operate at an up-
sampling factor of 4 and a sampling frequency Fs, = 80 MHz.
A single-rate setting of 80 MHz was also implemented for com-
parison purposes.

To demonstrate the multimode performance of the cascaded
AY. modulators, the first stage alone was designed to digitize
GSM and Bluetooth at a sampling frequency of 50 MHz and
90 MHz, respectively. The two-stage cascade was targeted for
the UMTS standard with a sampling frequency of 80 MHz and
320 MHz in the first and the second stage, respectively.

This section describes the overall chip implementation and
the topology of the building blocks in the AY modulator. The
different building blocks used in the system are the switched-
capacitor integrators, the quantizers and the upsampler.

A. Switched-Capacitor Integrator

The topology of the SCI is shown in Fig. 3. This circuit em-
ploys bottom-plate sampling to reduce the sensitivity to para-
sitic capacitances and charge injection. The switches are imple-
mented as MOS transmission gates, which comprise the par-
allel connection of an nMOS and a pMOS switch to reduce the
dependency of the on-resistance with the drain source voltage.
The bias current Ip;j,s of the input stage of the opamp shown
in Fig. 4, is determined by the specifications on the GBW and
the internal SR. It is set to approximately 350 pA. As this cur-
rent has a negligible contribution to the total power consump-
tion, it is fixed for the three amplifiers. The width of the output
transistor of the amplifier for the third integrator was doubled
with respect to the first and second one, in order to provide the
necessary double output current /¢ in the multirate case with
N = 4. The bias current Ip;,s and output stage current /o
can be adjusted to achieve the required GBW, the internal SR
and the external SR of all opamps during measurements. The
continuous-time common-mode feedback only consumes about
300 pA of current. MOM-capacitors were used to enable the
fabrication in a digital 90 nm CMOS process.

B. Quantizer

The 1.5-bit quantizer needs to perform a three-level quantiza-
tion of the input. It consists of two identical blocks, comprising
a comparator preceded by a switched-capacitor (SC) network
[Fig. 5(a)]. This SC network generates two voltage thresholds at
alevel of Vpp/2 + Vrer/3 and Vpp /3 — Vrer/3 by shifting
the positive or the negative input signal by Vrgr/3 depending
on the threshold. The used sampling capacitor is 200 fF. The
1.5-bit output data, is extracted by subtracting both outputs.

The comparator [Fig. 5(b), left] is based on a regenerative
latch driving a Set-Reset (SR) latch [Fig. 5(b), right].
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Fig. 5. Implementation of (a) the 1.5-bit quantizer and (b) the comparator.

C. Upsampler

The upsampler interpolates the quantization error signal of
the first stage by a factor of 4. The quantization error is equal
to the subtraction of the output of the loop filter and the digital
output of the ADC. The upsampling operation for the output of
the loop filter is implemented by replacing the switched-capac-
itor sampling network of SCI3 by the structure in Fig. 6. During
1, the output of SCI; is sampled on four equal sampling ca-
pacitors, each with a value of 200 fF. The samples are then suc-
cessively processed in four clock phases ®224ivi by SCI3, using
the 4 times faster clock of the second stage. Since the output of
the 1.5-bit quantizer is held constant during the entire sampling
period of the first stage, its voltage can be sampled directly with
the sampling clock of the second stage.

In addition to this multirate mode, a single-rate mode for the
cascade is foreseen by processing only one of the four upsam-
pling capacitors.

D. Non-Idealities and Limitations of the Modulator

This section provides some considerations about the non-ide-
alities in this multirate cascade AY. modulator. It also gives
some hints for future implementations. Finally, the limitations
for the application of this multirate cascade AY modulator are
discussed.

* In the current implementation, the upsampler loads the
second SCI by its four parallel sampling capacitors, which
increases the capacitive load for this SCI. Moreover, the
short sampling time ®yps of the upsampler requires the
second SCI to settle in a 4 times shorter time frame. This
constraint therefore increases the required GBW and SR
specifications and this results in similar requirements for
the second opamp as for the first one. This effect was also
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TABLE III
PERFORMANCE FOR THE 2-1 CASCADE AY. MODULATOR
OBTAINED BY TRANSISTOR-LEVEL SIMULATIONS

Standard Fy Resolution Power
[MHz| ENOB [(mW]
UMTS 80/320 11 6.6
UMTS 80/80 9.5 6.2
GSM 50 12.9 3.2
Bluetooth 90 11.3 3.36

observed in the circuit-level simulations in Section III-B.
In addition, the quantizer of the first stage needs to settle
2 to 4 times faster, because its decision is already needed
in ®5,. Fortunately, the power consumption of this faster
quantizer is negligible with respect to the one of the am-
plifiers. The two discussed issues could be alleviated by
several techniques, e.g., the time-interleaving of the sam-
pling capacitor of the second stage and allowing a clock
cycle delay 1/Fs in the architecture.

In a future design, extra attention will be devoted to
isolating the sampling of the output of the second integrator
by the upsampler from the sampling by the quantizer of
the first stage. If both sampling events occur at the same
instant, the load of the second integrator is increased and
sampling spikes are produced. To counteract this, the
quantizer of the first stage was slightly skewed, but in a
future design a more elegant solution should be found.
An alternative solution is to use a feedforward structure
in the first stage. Indeed, in a feedforward structure,
the input of the second stage is taken directly after the
second integrator, so before the feedforward addition.
This ensures a proper isolation between the quantizer
sampling and the upsampler by the adder. Unfortunately,
this architecture requires an adder, which results in extra
power consumption.

As mentioned in the introduction, cascaded AY, modula-
tors in general are sensitive to capacitor mismatches. To
verify this sensitivity, the sampling capacitors were modi-
fied by 1% and the performance, resulting from this tran-
sistor-level simulation, showed that there is no impact. This
was confirmed by the measurements, which proved that an
optimization of the digital coefficients in the digital can-
cellation filters did not increase the performance. A sim-
ulation of the transistor-level implementation in the four
process corners showed a maximum loss of 1 bit in the case
of slow—slow.
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TABLE IV

CURRENT BREAKDOWN FOR THE MULTIRATE 2-1 CASCADE AY. MODULATOR

AS OBTAINED BY TRANSISTOR-LEVEL SIMULATIONS

Part Current Percentage
[mA] %

SCI 1.1 20

SC1, 1.1 20

(o} 0.2 3.6

Clk 0.12 2.2

SC1I; 1.6 29

Qs 0.35 6.3

Clks 0.46 8.3

BiasOA 0.43 2.8
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Fig. 7. Chip microphotograph.

» The proposed multirate cascade requires a 4 times higher

sampling frequency in the second stage. The attainable
bandwidth in the design of operational amplifiers limits the
maximum sampling frequency to about 320 MHz nowa-
days. The simulations of the implemented switched-ca-
pacitor integrator in the second stage show, however, that
the output only has to settle to about 70% of the theo-
retical predicted output, without deteriorating the perfor-
mance. Nevertheless, for communications standards with
signal bandwidths larger than 10 MHz, the application of
this multirate cascading can be limited by the achievable
sampling frequency of the opamps. In this case, it will be
necessary to limit the upsampling factor to maximally 2.

E. Simulated Transistor-Level Performance

To extract the nominal resolution of the multirate cascade,

transistor-level simulations of the full chip for each standard
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Fig. 8. (a) Measured spectra at peak SNDR for UMTS; (b) the comparison of the multirate and single-rate cascade for UMTS zoomed in from 0.8 MHz until 10

MHz, (c) Bluetooth and (d) GSM.

have been performed. The resolution and power consumption
are summarized in Table III. The UMTS standard was simu-
lated with a sine wave input with an amplitude of 0.8 V and
a frequency of 0.5 MHz. The cascade is also simulated in a
single-rate mode at 80 MHz. The cascade could not be simu-
lated with a sampling frequency of 160 MHz since the first stage
is not designed for this higher sampling frequency.

A simulated current consumption breakdown of the full
multirate cascade is also shown in Table IV. These power
figures show that, although the second stage works at four
times the sampling frequency of the first stage, its consumption
remains comparable to the first stage SCIs. This is achieved
by relaxing its specifications and therefore demonstrates the
potential of a multirate approach in cascaded AY modulators.
It also confirms the assumption that the power consumption is
determined by the operational amplifiers. The transistor-level
simulations of both the resolution and the power consumption
are in good agreements with the mixed-level simulations of
Section III-B.

The modulator has been fabricated in a digital 90 nm CMOS
process [11], which means that no analog options were pro-
vided. The chip microphotograph is shown in Fig. 7. The active
area of the modulator including switched-capacitor integrators,
quantizers, clock generation and DAC is only 0.076 mm?. The
processing by the digital cancellation filters is done in Matlab.

V. EXPERIMENTAL RESULTS

This section discusses the measurement results: resolution,
power consumption, distortion, comparison of multirate and
single-rate mode and the comparison with other multimode
discrete-time AY. modulators.

A. Resolution and Power Consumption

The measurement of the UMTS mode spectrum generated by
the multirate cascaded technique is shown for the peak SNDR in
Fig. 8(a), where the notch at Fis, /4 results from the upsampling
in the digital cancellation logic. With a total power consumption
of 6.83 mW drawn from 1.2 V supply, a peak SNDR of 65.5 dB
is achieved. This results in an ENOB of 10.5-bit and a figure
of merit FoM = Power/2BW2ENOB of 1.2 pJ per conversion
step for the multirate cascade.

The output spectrum of the modulator in the GSM and Blue-
tooth modes are shown for peak SNDR in Fig. 8(c) and (d). With
a power consumption of 3.43 mW and 3.7 mW, a peak SNDR
of 77 dB and 76 dB is achieved for GSM and Bluetooth, respec-
tively. This results in a FoM of 2.86 pJ/conv and 0.74 pJ/conv.

The resolution as well as the power consumption are in good
correlation with the transistor-level estimations.

Fig. 9 shows the SNDR versus the input amplitude for the dif-
ferent modes. A dynamic range (DR) of 66/77/85 dB is achieved
for UMTS/Bluetooth/GSM, respectively.
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TABLE V
MEASURED PERFORMANCE OF THE 2-1 CASCADE AY, MODULATOR FOR 3 STANDARDS

Performance ” GSM Bluetooth I UMTS
Architecture 274 order 1% stage | 2@ order 1 stage | 2-1 multirate
Signal bandwidth 100 kHz 500 kHZ 1.92 MHz
Sampling frequency 50 MHz 90 MHz 80/320 MHz
OSR 250 90 20/80
DR 85 dB 77 dB 66 dB
Peak SNDR 77 dB 76 dB 65.5 dB
THD at peak SNDR -80.5 dB -81 dB -75 dB
SFDR 83 dB 83 dB 79 dB
IM3 76 dB 76 dB 76 dB
Input Range 0.8 Vip—diff
Power (1.2 V supply) 3.43 mW 3.7 mW 6.83 mW
FoM 2.86 pJ/conv 0.74 pJ/conv 1.17 pJ/conv
Core area 0.076 mm?
gob | S GSM uMTS
—a— Bluetooth 0 : :
—=—UMTS b T
= 60 —_ :
g L o |76
o o e
% a0k o L S o -60 :
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Fig. 9. Measured SNR versus input amplitude of the AY modulator for three
standards: UMTS, Bluetooth and GSM.

B. Distortion

The spectrum resulting from a 2-tone test with 175 and
200 kHz in the UMTS mode is shown in Fig. 10. The
third-order intermodulation distortion (IM3) is 76 dB with each
tone at —10.9 dBFS (the power where the peak SNDR has been
reached). Similar performance is obtained for the other modes.

A total harmonic distortion (THD) of 75/81/80.5 dB and a
spurious-free dynamic range (SFDR) of 79/83/83 dB is reached
at the peak SNDR for UMTS/Bluetooth/GSM.

C. Comparison of Single-Rate and Multirate Performance

The multirate performance was also compared to a single-rate
performance at a sampling frequency of 80 MHz (the slew-rate
requirements of the amplifiers are reduced accordingly). The
single-rate setting provides a marginal reduction of the power
consumption (6.43 mW). However, the SNDR dropped by 7 dB.
The resulting FOM is 2.38 pJ/conv, which is the double of the
multirate setting. This clearly shows that multirate operation
offers a performance improvement. The top right of Fig. 8(b)

180 200 220

Frequency [kHz]

Fig. 10. Measured third order intermodulation distortion of the multirate 2-1
AY. modulator for UMTS.

shows the shaping improvement of the multirate approach on
the output spectrum.

The single-rate setting has a THD of —68.3 dB at a peak
SNDR and a SFDR of 70.5 dB.

D. Conclusion

Table V summarizes the measured performance of the design.
Fig. 11 compares the FoM (computed with DR) of different
multimode discrete-time AY modulators [9], [21]-[25]. Refs.
[21], [22], [24] use a single-loop architecture to realize a mul-
timode A3 modulator, while [9], [23], [25] employ a cascaded
architecture. The four stars on the figure represent the achieved
performance for GSM, Bluetooth, the non-optimized single-rate
alternative for UMTS and the proposed multirate solution for
UMTS. It can be observed that the proposed chip demonstrates
state-of-the-art performance. Refs. [21], [24] use 0.18-pm tech-
nology, the rest 0.13-xm technology and their area is at least 2.5
times as large as this work [11].
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Fig. 11. Comparison of FoM with other multimode discrete-time A modu-
lators.

VI. CONCLUSION

This work proves that multirate processing in cascaded dis-
crete-time A modulators allows to reduce the power consump-
tion without a significant resolution penalty. The high-level and
mixed-level simulations show a power reduction of up to 35%
by halving the sampling frequency of the first stage and dou-
bling the one of the second stage in a 2-1 cascaded architecture.

The implementation of the proposed triple-mode multirate
cascaded AY. modulator verify the concept and show a close
match between the simulated and the measured performance.

The measurement results show that this triple-mode AX
modulator for UMTS/GSM and Bluetooth has state-of-the-art
performance. This triple-mode multirate cascaded AY. modu-
lator achieves a dynamic range of 66/77/85 dB for UMTS/Blue-
tooth/GSM with a power consumption of 6.8/3.7/3.4 mW. This
results in an energy per conversion step of 1.2/0.74/2.86 pJ.

Furthermore, this implementation shows that a cascaded
structure is a power-efficient architecture for multimode
requirements.
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