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A Low-Power Multi-Bit XA Modulator in 90-nm
Digital CMOS Without DEM

Jiang Yu, Member, IEEE, and Franco Maloberti, Fellow, IEEE

Abstract—Multi-bit sigma-delta modulators are widely used in
analog-to-digital conversion especially in the modern deep-sub-
micron CMOS process. As the quantizer resolution of XA
modulators increases, the SNR performance improves. However,
the feedback DAC has to maintain high linearity. The general
practice to achieve that is to use dynamic element matching
(DEM). The methodology proposed in this paper will greatly
reduce the complexity or even avoid usage of DEM for multi-bit
3 A modulators. The proposed methodology— truncation error
shaping and cancellation—reduces the feedback DAC levels for
multi-bit quantizers. A prototype was designed in a standard
CMOS 90-nm process to demonstrate the proposed methodolo-
gies. It achieved targeted performance without DEM at low power
consumption with small silicon area.

Index Terms—ADC, dynamic element matching, sigma-delta
modulation.

I. INTRODUCTION

HE sigma-delta (X A) technique is becoming more and

more popular for low-power medium resolution telecom
applications. The technique originated from delta modulation
and differential pulse code modulation (PCM) in the 1950s [1]
was used for many years for obtaining high-resolution, low-
bandwidth analog-to-digital converters (ADCs). Now the in-
creasing demand for low-power high-bandwidth data converters
in system on chip (SoC) favors the use of XA modulators with
limited oversampling ratio (OSR). For many communication ap-
plications, the required resolution is not very high [2]-[4]; so,
for those cases, the technique does not target accuracy but ex-
ploits the benefits of using analog components with limited ac-
curacy and low voltage. The reduced accuracy requirement in
the analog section enables the integration of analog circuits with
digital cores in a digital CMOS process.

The resolution of a ¥A modulator mainly depends on three
factors: the oversampling ratio, the order of the modulator, and
the number of bits of the quantizer. For a given input band-
width, it is possible to enhance the resolution by increasing
the sampling frequency. However, the increased requirement of
bandwidth and slew rate in the operational transconductance
amplifier (OTA) augments the power consumption. The use of
high-order modulators generally increases the number of OTAs
to be used (and, consequently, the power). Moreover, high-order
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modulators have stability problems that are dealt with by feed-
back branches and other factors that limit the high-order bene-
fits [5]. This suggests using low-power medium-resolution low-
order architectures with low OSR and multi-bit quantization.
The use of multi-bit quantizers increases the resolution as well,
but the method requires using multi-bit digital-to-analog con-
verters (DACs) in the modulator feedback loop. DAC nonlin-
earities progress through the modulator with the same transfer
function as the signal. Thus, the reduction of nonlinear effects
do not benefit from the noise shaping. In order to maintain high
linearity to the order of the final precision, the general accepted
practice is to utilize element trimming, which is an expensive
approach, or dynamic element matching (DEM), which trans-
fers the mismatch of individual elements into noise. DEM has
been studied for many years [6]-[11]. It includes several algo-
rithms, for example, a barrel shifter [8], individual level aver-
aging (ILA) [9], [10] and data weighted average (DWA) [11].

One disadvantage of DEM is that if the feedback DAC has
high resolution, then it is potentially difficult to achieve an ef-
fective DEM. A high-resolution feedback DAC requires a large
number of elements. As shown in [6], a 3-bit DAC has 40 320
permutations of input—output connections out of eight elements.
With a three-stage butterfly structure, it is reduced to 4096 con-
nections. Too many elements to average can lead to tones in
the signal band for low input signals. A second disadvantage of
DEM is that the mismatch can be transformed into noise and it
is only partially shaped. Also, the in-band residual can possibly
affect the SNR of the YA modulator.

Different methods have been proposed in previous published
work [12]-[14] to reduce the sensitivity to DAC nonlinearity.
They utilized coarse resolution quantizers and digital cancel-
lation circuitry. Since these methods suffer from inaccurate
matching of the analog and digital paths, the quantizer resolu-
tion reduction is limited. A recently proposed dual-quantization
method [15] employs multiple DACs. Yet one of the multiple
DAC resolution might be equivalent to or higher than the
ADC. Another point is that minimum unit capacitor size in the
switching DAC is limited by the process matching capability
and the silicon area increases greatly as the DAC resolution
increases. To drive the large load, the OTA power consumption
is usually increased correspondingly.

This paper presents a technique that permits a reduction in the
number of levels in the DAC with respect to the ones used in the
ADC. The resolution of the modulator depends on the number
of bits of the ADC, while the limit due to the mismatch depends
on the number of levels of the DAC. As a result, the complexity
of the DEM is kept low or it may even be eliminated, as we will
show in the design demonstrating this method.
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Fig. 1. First order digital ©A modulator.

Section II describes the proposed methodology—truncation
error shaping and cancellation. Section III illustrates the imple-
mentation of the method for a second-order modulator. The be-
havior study of the limitations from various nonlinearities al-
lows optimization of the available noise budget. The test cir-
cuit implemented in a 90-nm CMOS technology uses a 16-level
ADC. This method enables a reduction of the number of DAC
levels in the first and second stages to three and five levels, re-
spectively. Section IV provides details on the design and exper-
imental results.

II. PROPOSED METHODOLOGY

The technique for the reduction the DAC levels uses two
methods: truncation error shaping and residual cancellation.
Both methods require some signal processing, leading to a
negligible increase in power consumption. They are combined
to achieve a simplified DEM or possibly eliminate it.

A. Truncation Error Shaping

The truncation error shaping method results from the use of a
digital XA modulator (without delay between input and output)
before the DAC. Consider the scheme of Fig. 1. It is a digital
first-order structure with the delay moved after the output. The
word-length at the input X and intermediate stages X; and X5
is NV bits while at the output is M bits (N > M). The truncation
of the word-length from X5 to Y corresponds to the injection
of the truncation error E7. Under the same assumption made
for the quantization error, we can model the truncation error by
additive white noise. The power of the truncation error is spread
uniformly over the Nyquist interval. Its value normalized to the
full-scale amplitude is 1/(12 - 22M)_ It is easy to verify that the
signal at the output of the circuit in Fig. 1 is

Y=X4+0-2z"YHE. (1)

The digital processing of a second-order modulation obtains
the truncation noise Er

Y=X+01-2z"1YEr. 2)

Observe that the results in (1) and (2) do not have, as required,
any delay between input and output. They may also be imple-
mented as in [15]. Higher order modulators shape quantization
more aggressively. A high-order shaper with no delay between
input and output can have stability problems, and the number
of truncation bits cannot be arbitrarily large or it is impossible
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Fig. 3. Generic ©A modulator transformation.

to have truncation at all. Thus, the designer must study the sta-
bility of high-order digital > As before their insertion in front
of DACs. The effect of the digital XA is that the output is aug-
mented by the shaped extra additive noise: the truncation noise
due to the word-length reduction.

Consider the generic XA modulator with multiple feedback
paths shown in Fig. 2. The N-bit digital output Y is transformed
into analog by n DACs and multiplied by a proper coefficient
at each integrator input. Used in the figure are separate DACs
that assume a switched-capacitor implementation of each DAC
with ratioed elements for obtaining the coefficients. Note that
the analog signals at the output of each DAC are equal and,
therefore, fully correlated.

Fig. 3 shows the proposed transformation. A digital XA be-
fore each DAC reduces the number of bits by a suitable trunca-
tion of the word-length and adds shaped truncation noise. The
order L; of the digital ¥As and the number of truncated bits can
be different. We assumed that the truncation noises Er; due to
different numbers of truncation bits of the ith digital A are un-
correlated to each other and that the truncation noises are uncor-
related with the quantization noise g. Moreover, if the trunca-
tion is by r bit, the power of Er; is 22" times the power of Fq;
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Fig. 4. Shaped spectra of various noise sources.

Let us assume that H;(z) is the z transfer function between the
input of the ith F'7; and the output Y. The Y is

Y = S(2)X + No(2)Eq + Y _ Hi(2)Er; 3)

i=1

where S(z) and Ng(z) are the signal transfer function and
quantization noise transfer function. Define Er; oyt as the
product of H;(z) and E;

Eriour = Hi(2)Er;. 4)

It was mentioned above that the truncation by 7 bit makes the
magnitude of Ep; 2" times the magnitude of Eg. However, the
shaping can be beneficial to SNR. The power spectrum of the
output signal Er; out is

SETi,OUT = 22T|Hi(f)|QSEQ' 5

When H;(z) = (1—2z~1)%, a standard order L; modulation,
then

SETi,OUT = 22r|1 - e_j2ﬂ-fT$ IzLiSEQ- (6)

If the number of truncated bits and the order of the digital
>A modulator is the same on different paths, they can share the
signal processing block. If the integrated noise due to trunca-
tion is negligible with respect to the Eg contribution, then the
SNR is not affected by the truncation operation. As shown by
(6), the truncation errors are shaped by a given high-pass order.
It is higher than the order of the XA and, despite the larger noise
power by 227, it is possible to have a negligible truncation con-
tribution with signal bandwidth suitably small (or OSR suitably
high).

Fig. 4 shows the spectra of various noise terms for a second-
order XA modulator. The thick line shows the shaped spec-
trum caused by the 4-bit quantization noise Fg. The other lines
are the shaped spectra for 1-bit and 2-bit reduction, i.e., 3-bit
and 2-bit quantization noise, respectively, and truncation noise
shaping equals to third order (1—z~1)? and fourth order (1—2 %)%
Observe that for 1-bit truncation and fourth order, the spec-
trum of the truncation noise is below the shaped quantization
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Fig. 5. Truncation error shaping in a second-order A modulator.

until f = 0.23 fx5. By contrast, the spectrum of 1-bit truncation
and third order goes under the shaped quantization spectrum at
f = 0.08fn. Therefore, an oversampling ratio larger than 4
makes the former situation profitable. For the latter it is required
to have more than 12.5 OSR.

Low-power medium-resolution applications should limit the
OTAs numbers and must use low oversampling ratios for ob-
taining low power consumption in active elements. The use of
a medium-resolution low-speed flash converter can profitably
enhance the SNR. The truncation error shaping determines the
reduction of the number of bits in the DAC. However, as the re-
sults of Fig. 4 indicate, the number of truncated bits cannot be
arbitrarily high: above a given truncation level, the method be-
comes ineffective. Therefore, it might be necessary to use DEM
for reduced levels when the unit elements number is still high
after utilization of the truncation shaping method.

Another element to examine is the voltage swing at the output
of the OTAs used in the modulator. The use of a large number
of bits in the quantizer reduces the quantization error processed
within the modulator. As a result, the swing at the output of
the OTAs almost equals the one in the equivalent filter (with
zero Eg). The truncation error shaping introduces significant
high-frequency noise in the system, thus increasing the required
OTA’s dynamic range. The problem can be tackled by properly
scaling the sampled-data integrators. However, the remedy re-
quires using augmented feedback capacitors and worsens the
feedback factor.

B. Truncation Error Cancellation

Since truncation is the result of a logic operation, the digital
value of the truncation error is known. It is therefore possible to
estimate the effect of the truncation when passed through a given
transfer function. Fig. 5 shows the use of the truncation shaping
method applied to a second-order modulator. The shaped ver-
sion of E7; passed through the first integrator 0.52 =% /(1—271)
becomes

Eriour1 = 0527 (1 — 2~ Y41 Epy (7

while the shaped version of Er passed through 2271 /(1—271)
becomes

Ersouvre = 22711 — 2B~ Epy. (8)
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Fig. 6. Example of truncation error cancellation in A modulator.

The digital estimation of terms expressed by (7) and (8) en-
able a cancellation of the effects at the output of the first and
second integrators. The cancellation requires using two addi-
tional branches, shown in Fig. 6. The first handles 0.52_1(1 —
z71)A=1Ep; combined with the feedback to the second input
and passed through the second digital >A. The result is sub-
tracted at the input of the second integrator, thus passing through
a digital-to-analog conversion. 2z~ (1 —271)B~1 Ex, is added
directly in the digital domain and produces the digital output. It
is easy to verify that the two added branches completely cancel
the truncation error if the analog integrators perfectly match the
digital processing.

The cancellation of the truncation error is such that the effect
of Er; does not extend beyond the first integrator while the
truncation error Ep9 affects the second integrator only. Analysis
of the scheme of Fig. 6 leads to

Yl :Y —|— (1 —_ Z_I)AETl (9)
Y, = (Y - 0.52_1(1 - Z_I)A_lETl) + (]. - Z_I)BETQ.
(10)

By linear model analysis, the system transfer function de-
ducted is

Y =272X +(1-271)Eq. (11

A possible mismatch, §; and 62, between the analog and dig-

ital transfer functions may produce some residual, but that effect

is likely negligible thanks to noise shaping. The system transfer
function is

Y =22X+(1-2"1)2Eg - 61272(1 — 27 H*Epy
—26027 1 — 2 HBHER,. (12)
Observe that the principle of cancellation is similar to the

calculation of the cancellation term in MASH architectures [16].
Fig. 7 summarizes the method. If the analog domain transfer
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Fig. 7. Generic truncation error cancellation scheme.
function is J;(z) and the digital modulator transfer function of
E; is Bj(z), then the cancellation term C(z) is

Cj(2) = =1(2)B;(2)- (13)

Assume the digital domain implementation of I;(z) is not a
perfect match of the analog integrator I J’(z) due to the limited
DC gain, bandwidth, slew rate, etc., then generally the trunca-
tion error residue is

I(2)By(2)E; - ;(2)Bj()E; = ALi()Bj(2)E;.  (14)

As Bj(z) is the noise shaping transfer function, with a stan-
dard format of (1 — 2~1)V its in-band magnitude is minimal.
Hence, the mismatch of the digital and analog transfer function
is usually further suppressed by |(1 — e=7«)™]|.

The number of truncation bits can be different along the A
architecture. They should be verified with the following design
criteria:

* The DEM is at a minimal complexity or even avoided.

» The high-frequency noise injection does not seriously pe-

nalize the OTA output swing.

III. A SECOND-ORDER XA MODULATOR EXAMPLE

The methodology introduced in the previous section is veri-
fied by the design of a 4-bit second-order XA modulator [19].
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TABLE 1
NOISE DUE TO NON-IDEAL EFFECTS

Specifications | SNDR(dB) [ ENOB(bits)
Ideal Case 572 9.2
Thermal Noise from Sampling Capacitance (0.1 pF) 54.5 8.75
Aperture jitter (130ps) 55.4 8.9
Capacitor Mismatch 57.0 9.1
Opamp input referred noise (Vi rms = 10uV) 56.9 9.1
Opamp Finite DC gain (Apc = 70 dB) 57.1 9.1
Opamp GBW = 90 MHz, SR = 90 V/us 56.8 9.0
Modulator Simulated including all non-linearities 51.9 8.33
Prototype Measurement 51.2 8.2

The use of truncation, shaping, and error cancellation enables a
three-level DAC in the main feedback loop and a five-level DAC
in the second integrator feedback loop. The swing at the output
of the OTAs is well controlled and suitable for a low-voltage
supply. A second-order loop is a good choice for reducing the
digital filter complexity and for low power. A third-order coun-
terpart would require an additional OTA which is a significant
source of power consumption [3]. For low OSR, the 4-bit flash
is not particularly power hungry, since the comparator current
usually is in the order of tens of ©A, while OTA is hundreds of
1A The modulator diagram is shown in Fig. 6 by setting A = 2
and B = 1.

This design uses fcrxk = 40 MHz. The circuit targets
at 50 dB SNDR with OSR = 10 and 70 dB SNDR with
OSR = 50. Accordingly, the architecture meets the require-
ments of many applications including wireless baseband
systems such as WCDMA, GSM, and Bluetooth [2], [4].

The main goal of this design is to obtain low-power con-
sumption. The result is obtained by proper management of the
power budget. In generel, a real A modulator achieves an
SNDR lower than the theoretical quantization noise calcula-
tion because of extra noise terms due to various sources and
inaccuracies in the circuits performance. This design assigns
approximately 50% extra the noise budget (the one due to
the shaped quantization noise—with OSR, = 10) to limitations
that help in reducing the power. For instance, the use of small
sampling capacitances leads to small loads to the OTAs. The
power consumption is reduced but a larger 7'/ C noise results.
Limiting the bandwidth and slew rate of the OTAs also reduces
the power but the non-idealities lead to a less effective noise
shaping. The result obtained for SNDR will be 6 dB less than
the theoretical value, as shown in Table 1.

A. Noise Sources and Non-Idealities

A discrete-time implementation of integrators uses switched-
capacitor and operational amplifiers. The noise sources and cir-
cuit non-idealities that limit the SNR are:

¢ thermal noise;

* operational amplifier finite DC gain;

* operational amplifier finite gain bandwidth;

 operational amplifier limited slew rate;

* clock aperture jitter.

The reference voltage used is 0.8 V for the fully differen-
tial operation. The goal is to obtain a dynamic range of 56 dB
(50 dB SNDR @ —6 dBFS) with OSR = 10. The power of
the signal is 80 mV? and the noise power budget is 0.3 ;V?

(550 ©Vyims). For a 4-bit ADC the power of the quantization
error is A2/12 = 833 1V, The quantization noise should be
the main noise source. Its contribution is estimated by

7L 1 L+0.5
nO = 6rms— (—>
V2L +1 \OSR
3.142
(0.1)%° — 402 pV

V5

=2.88x 1072 x (15)

where L = 2.

Thermal noise is an important source of noise. It is mainly
due to the £T/C limit set by the the sampling capacitor C'.
The noise power for each sampling phase and each sampling
capacitance is kT'/Cy. The input-referred noise of the OTA also
increases noise power. Its effect is determined by noise simula-
tions at the transistor level and expressed as £7'/C7 multiplied
by a given factor. In our design, we roughly assume a factor 8
for the global effect of sampling-capacitor and OTA noise. The
total noise is spread over the Nyquist interval and is then atten-
uated by the OSR. In addition to the k£T'/C considerations, the
capacitor size is important for several reasons, such as switching
speed, power consumption of the driving amplifier, etc. In our
design, C1 is set to be 100 fF, leading to a noise power kT/C}
equal to 4.1 nV2, The 1 / f noise of the OTA also possibly af-
fects the SNR. In our design, the limit is assumed negligible.

The clock jitter causes an error in the sampling of the input. Its
effect is equivalent to a white noise with the power in the signal
band of (Awinjitter)?/OSR (A and wj, are the amplitude and
frequency of the input signal, respectively).

The finite gain bandwidth and limited slew rate do not give
simple noise equations. The limit to SNDR is estimated by sim-
ulations.

B. SIMULINK Model

Calculation of the effects of all the non-idealities listed
above was done by behavioral simulations. The results give the
designer indications of the specifications requirements for the
basic blocks. The model of the modulator is shown in Fig. 8 for
a time-domain analysis with SIMULINK. The details of the be-
havioral descriptions can be found in [18]. Table I summarizes
the noise effect of a single non-ideality in terms of SNDR and
effective number of bits (ENOB). The available noise budget
is traded off among a small sampling capacitance and low
bandwidth and slew rate of the first OTA. The limitations of
the second OTA are negligible even if the current consumption
has been scaled by a factor 2. Observe that since the OSR is
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relatively low, the expected high clock jitter in the sampling
creates high equivalent noise.

Observe that the standard deviation of the mismatch among
capacitances is given by 0. = A./+/Cy/Cox where A is 0.012
for the technology used, C, is the unity capacitance, and C is
the specific capacitance. For a 4-bit switched-capacitor DAC,
the C,, should become as small as 6 fF. This value, on the one
hand, is not practical, and, on the other hand, would lead to
0. = 0.0035, which is too large and would require using DEM
even for 60 dB SFDR. The unity capacitance should increase by
a factor 12.25 to obtain o, = 0.001. If the 16-level switched-
capacitor DACs were implemented differentially, the number of
capacitors in two integrators would be increased from 10 to 60
plus range; also, the corresponding routing complexity would
increase and the required DEM circuitry would be larger.

IV. CIRCUIT IMPLEMENTATION

The modulator is designed in 90-nm digital CMOS process.
It requires use of only two operational amplifiers (opamps), 15
comparators, and some digital logic. The reference voltage of
the Vier is 800 mVpeak.

A. Amplifier

System-level simulations show that with single-sampling, an
opamp gain larger than 60 dB and unity-gain bandwidth larger
than 80 MHz are required. The OTA used for the integrators
is a two-stage amplifier; the small output resistance of the sub-
micron transistors requires using a folded cascode in the first
stage. Miller compensation yields a bandwidth of 100 MHz with
an open-loop gain of 70 dB. The total current drawn is about
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0.65 mA for the first-stage integrator and 0.4 mA for the second
stage. The amplifier diagram is shown in Fig. 9.

B. Integrator

Fig. 11 shows the modulator scheme with two switched-
capacitor integrators. It uses two non-overlap clock phases:
¢1 is the sampling phase and ¢ is the integration phase. The
difference of the input signal charge and the DAC level are
injected into Cy during ¢». Delayed versions of ¢14 and ¢ogq
minimize the input signal-dependent charge injection. The sam-
pling capacitor C is 100 fF and C) is 200 fF. The techniques
of minimizing charge injection can be found in [17]. The two
DAC:s use three levels (—1, 0, +1) and five levels (—1, —0.5, 0,
0.5, 1), respectively. They are realized through capacitors and
switches as shown in Fig. 10. As the quantizer resolution is 0.1
V differential per step, the three-level DAC is 0.8 V differential

per step, and for the five-level DAC, it is 0.4 V differential per
step.

C. Comparator and Digital XA Modulator

The 4-bit flash ADC uses 15 comparators made with differen-
tial pre-amplifiers and latches as shown in Fig. 11. The current
consumption of the 15 comparators is 0.3 mA. A poly resistor
string made by 32 equal 250-2 resistors divides an external ref-
erence to produce the reference voltages. The digital XA modu-
lator processing functions were coded in VHDL, simulated with
Modelsim and synthesized in Synopsys. The dynamic current
consumption of the digital processor is 0.1 mA.

D. Silicon Test Result

Fig. 12 shows the chip microphotograph. The total area of the
modulator including the digital circuits is 0.4 mm? and draws
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1.6 mA at 1.3 V including dynamic contributions. The supply
voltage does not exceed the range supported by the process.
A TQFP 64-pin package is used. The measured performance
agrees well with the behavioral model simulations. A printed
circuit board (PCB) was designed and fabricated to test the pro-
totype. Voltage and current references were generated on the test
board. A logic analyzer acquires the multi-bit digital output for
off-chip processing using MATLAB.

Fig. 13 shows the 65 536-point fast Fourier transform (FFT)
plot of the output data. The input sine wave was set at —6 dBFS
at 533.3 kHz. The noise floor is around —100 dB, as expected,
which is mainly due to £7'/C noise. The gains and bandwidths
of the OTAs do not degrade performance. The SNDR is 51
dB with OSR = 10. Similar measurements for OSR = 20 and
OSR = 50 show SNDR equal to 61 and 72 dB, respectively.
The total power consumption including the digital circuitry is
2.1 mW. Fig. 14 shows the SNDR versus amplitude plots for the
three cases. The 0 dB crossings (dynamic range) are at —78 dB,
—66 dB, and —58 dB, respectively. Table II summarizes the
results.
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Fig. 14. SNDR curve in three different modes.

TABLE 1I
YA MODULATOR PERFORMANCE SUMMARY

Power Supply 13V

Power Consumption 2.1 mW

Process Technology 90 nm digital CMOS process
Silicon Area 0.4mm?

OSR 10 20 50
Sampling Frequency(MHz) 40 40 20
Signal Bandwidth(MHz) 2 1 0.2
SNDRycak 51dB | 61dB 72 dB
Dynamic Range 58 dB | 66 dB 78 dB

V. CONCLUSION

The truncation error shaping and cancellation methodologies
proposed in this paper greatly reduce the DEM complexity or
even avoid to use it. A 4-bit second-order XA modulator was
designed without DEM to demonstrate it. The silicon test results
proved the validity of the methodology.

On the one hand, since the coarse-resolution DAC signal is
relatively larger magnitude than the fine-resolution quantizer
signal, and the integrator input sees that signal, the dynamic
range of the integrator output is increased compared with tra-
ditional multi-bit 3A modulators. In the implementation of the
second-order XA modulator, the output swing of both integra-
tors increases about 15% compared with conventional modula-
tors.

On the other hand, as DAC levels are reduced, the use of DEM
circuitry was avoided. No visible tones were observed above
the noise floor, and that noise floor was maintained throughout
more than 70 dB of input range. The benefits are that silicon area
has been saved, since a small number of capacitors are needed.
The number of capacitors required by 16-level DACs is much
greater. The routing complexity and power consumption were
reduced as well. This was realized with a less than 0.01 mm?
digital ¥ A modulator. Therefore, the proposed method appears
to be a cost-effective solution for multi-bit XA modulators.
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