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Abstract—In this brief, a fully differential comparator-based
switched-capacitor (CBSC) second-order delta-sigma () mod-
ulator is presented. To ensure differential operation, the CBSC

modulator utilizes a common-mode feedback circuit to bal-
ance the pull-up current and the pull-down current in the ramp
generator. This modulator has been fabricated in a standard
0.18- m CMOS process. The active area is 0.21 mm?, and the
power consumption, excluding output buffers, is 0.42 mW from
a 1.8-V supply. This modulator achieves 65.3-dB signal-to-noise-
plus-distortion ratio and an input dynamic range of 71 dB when
sampled at 2.56 MS/s (OSR = 64).

Index Terms—Common-mode feedback (CMFB), comparator-
based switched-capacitor (CBSC) circuits, delta-sigma ( )
modulator, fully differential.

I. INTRODUCTION

ELTA-SIGMA () modulators have been widely used

in many applications, such as communication systems
and audio signal processing. Owing to their noise-shaping
characteristics in suppressing in-band noise and their good
immunity to circuit nonidealities, modulators can achieve
a high signal-to-noise-plus-distortion ratio (SNDR). Tradi-
tionally, modulators use switched-capacitor circuits and
operational ampli ers (op-amps) to realize integrators. Their
performances are highly dependent on the gain and linearity of
the op-amps. For nanoscale CMOS processes, it is challenging
to have high-performance op-amps due to low supply voltages
and reduced signal swing.

To solve these issues, some innovatory circuits have been
proposed, such as switched op-amps, inverter-based ampli ers,
and unity-gain-reset op-amps [1] [3]. However, high-
performance op-amps are still required. Recently, a comparator-
based switched-capacitor (CBSC) circuit [4] and a
zero-crossing-based circuit (ZCBC) [5] were used to realize
low-power pipelined analog-to-digital converters. In the CBSC
and ZCBC techniques, threshold-detection circuits, rather than
op-amps, were adopted to detect virtual ground condition. The
linearity and stability requirements for a threshold-detection
circuit were relaxed if the supply voltage is low, and the signal
swing was reduced. Nevertheless, both CBSC and ZCBC pro-
totypes were realized with singled-ended circuits. To suppress
supply and substrate noise, a fully differential circuit [6] is
indispensable, particularly for mixed-signal circuits. In this
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Fig. 1. Block diagram of the second-order modulator.

brief, a fully differential CBSC second-order modulator is
presented. A common-mode feedback circuit is also presented.

Il. CIRCUIT DESCRIPTION

Fig. 1 shows the block diagram of the second-order
modulator [7]. It consists of two integrators, a quantizer, and
feedback digital-to-analog converters. In the CBSC modulator,
the linearity of ramp generators directly contributes to the
overshoot voltage at the end of the charge transfer phase, which
results in an input-referred offset of each integrator. Hence, the
scaling coef cients are chosen to prevent the current sources in
the ramp generators from entering the triode region, so that the
nonlinear distortion can be reduced.

A. Modulator

Fig. 2 shows the fully differential CBSC second-order
modulator and its nonoverlapping clocks [8], [9]. During 1,
the input signal is sampled onto the rst integrator, and the
second integrator performs charge transfer. In 5, the rst
integrator begins to transfer the stored charge while the second
integrator is sampling. Two extra clock phases 14 and 2a
falling slightly in advance of ; and , are employed to reduce
the signal-dependent charge injection errors when the switches
are turned off.

Compared with conventional switched-capacitor integrators,
a threshold-detection comparator and a ramp generator are used
to replace the op-amp in the proposed CBSC integrator. Each
ramp generator consists of two coarse current sources, two

ne current sources, and a common-mode feedback (CMFB)
circuit. To prevent these current sources from varying with
process, voltage, and temperature variations, this CMFB circuit
is used to dynamically control the current sources. Note that the
comparator in front of the D ip- op is different from that in
the integrator. The former serves as a quantizer and is realized
with a dynamic comparator, but the latter is a continuous-time
comparator, which detects the crossover of the common-mode
voltage and determines the instant when the charge transfer
phase is completed.

For the rst integrator during sampling phase 1, the input
voltage is sampled on the sampling capacitors Cs;. Fig. 3
shows the detailed timing diagram of the rst integrator during
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Fig. 2. Fully differential CBSC second-order modulator.
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Output waveforms of the

its charge transfer phase ,. Charge transfer phase » is di-
vided into three subphases: 1) preset phase Pq; 2) coarse charge
transfer phase Ej ;; and 3) ne charge transfer phase E; ;.
At the beginning of », a short preset phase P; connects two
differential output nodes Vop and Vop to reference voltages
Vreen and Vrerp, respectively. It guarantees that the voltages
at summing nodes Vx and Vy always start at opposite values,
away from the virtual ground condition, i.e., Vx = Vy. The
state of the comparator is initialized at the same time to ensure
proper operation of the succeeding state logic. In coarse charge
transfer phase E; ,, two coarse current sources charge and
discharge the outputs of the integrator differentially until the
inputs of the comparator Vx and Vy cross over each other
and change the state of the comparator to turn off the coarse
current sources. Due to the nite delay of the comparator [10],
the output will deviate from its ideal value by overshoot voltage
Vov1, Which is given by

l12tgy
Cr

@)

Vovi =

D

NN
11

Vrerr Vem

where 17 is the coarse current, ty; denotes the delay of the
threshold-detection comparator for a coarse ramp input, and

C+ is the total loading capacitance at the output of the rst
integrator, which is given by
_ Cs1°Cis
Cr =Cs2+Cs3+ CoiCit (2)
During ne charge transfer phase E, 1, the ne current

sources are turned on to reduce the overshoot voltage, until the
comparator detects the second crossing between Vx and Vy .
Similarly, at the end of the ne charge transfer phase, the output
will exhibit an overshoot voltage Voy 2, which is given by

PRAP)
Cr

3)

Vovz =

where 1, is the ne current source, and ty, is the delay of the
threshold-detection comparator for a ne ramp input. From (1)
and (3), it is concluded that, to minimize the overshoot voltage
in the charge transfer phase, the delay time of the comparator
must be as short as possible.

B. Threshold-Detection Comparator

To decrease the delay time, the preampli er of the threshold-
detection comparator in this CBSC modulator is realized
with the self-biased differential ampli er [11] shown in Fig. 4.
Digital buffers are connected in succession to achieve a rail-to-
rail output swing.

Considering a threshold-detection comparator with a ramp
response, the time that it takes for the output to reach the thresh-
old voltage is determined by the transconductance, the output
resistance, and the total loading capacitance of its preampli er
[10]. The ramp response of this transconductance preampli er
is given as [10]

Vo() =Vo +(1) Vo (1)

=Ao*Mt (1 eY)uw (4)
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Fig. 4. Preampli er of the threshold-detection comparator [11].

where M is the constant slope of the ramp input, which is
determined by the current source in the ramp generator; Ao
is the small-signal gain, which is given by

Ao = (Gms + 9m7)(Ros//Ro7) 5)

and is the time constant at the output of the preampli er,
which is given by

= (Cpes + Cep7 + Cpes + Cep7 + CL)(Ros//Ro7).
(6)

Compared with a differential pair, this preampli er has
nearly the same time constant yet twice the small-signal gain. It
incorporates a replica input stage, which consists of My My,
to serve as the self-biased CMFB circuit. It reduces the output
loading and the time constant since no additional CMFB circuit
is needed. Thus, the delay time of the comparator by using this
preampli er is shortened, resulting in a smaller overshoot.

C. Ramp Generator and CMFB Circuit

The ramp generator in this CBSC modulator is realized
with two coarse current sources I, and I3, the ne ones I,
and lg4, and the CMFB circuit, as shown in Fig. 5. The pull-
up current sources 1, and 14 are xed, whereas the pull-down
current sources I, and I3 are controlled by the CMFB circuit.

To allow this CBSC modulator to operate differentially,
the CMFB circuit adjusts the pull-down current sources to
match the pull-up ones. At the beginning of the charge transfer
phase, the switch controlled by preset phase P; is closed in
Fig. 5. It resets the charge on two extra capacitors C; and Cy,
and ensures that the initial value of Voavg starts from Vem
before the charge transfer begins. In Fig. 5, two extra capacitors
C1 and C, are added to sense the differential outputs Vop and
Von. The voltage Voave at the middle of these two capacitors
is equal to the average of Vop and Vo, i.€.,

Vop +V
Voavs = w_ @

During the charge transfer phase, the coarse current sources
and the ne ones are turned on to charge and discharge the
outputs. Supposing that the two coarse (or ne) current sources

MODULATOR 371
|—°Vs1 _
=
E1 1
I_(PLQVBZ
Vor
I'_( Vea A
—=Ci1
A—F
+ R Voave
Vemrs Acwre Py
- S —t—ovcu
ol |
o — —e
Eqq
| E|.1
l—(OJ—O\IBg
VON

VDD

Fig. 5. Ramp generator with a CMFB circuit.

have different magnitudes, the averaging voltage Voave will no
longer be equal to Vcwm. Then, the difference between Voave
and Vewm will be enlarged by ampli er Acwmes to force voltage
Vemes to adjust the pull-down current sources. For example,
when the coarse current sources 11 and I3 are turned on in the
coarse charge transfer phase, Voave < Vcwm if 13 is larger than
I1. Then, Vemes Will be lowered to reduce I3, and vice versa.
The operation in the ne charge transfer phase is the same with
that in the coarse charge transfer phase.

I1l. PERFORMANCE LIMITATION

For the CBSC circuits, the harmonic distortion is dominated
by the linearity of the ramp generators. The nite output
resistance of the current source makes the overshoot error
signal dependent and introduces harmonic distortion to the
delta-sigma modulator. The delay time of the comparator has a
signi cant impact on the performance. The effective open-loop
gain A, of a CBSC circuit [8] is modeled as

Cr*R
Ao T ®)

where Ct is the total capacitance at the output of each stage,
Ro is the output resistance of the current source, tq is the
delay of the threshold-detection comparator, and  denotes
the feedback factor. Consequently, in order to maximize the
effective open-loop gain, the output resistance of the current
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sources should be as large as possible. Thus, the cascode current
sources are adopted here.

In the CBSC circuits, the overshoot voltage induced by the

nite delay of the threshold-detection comparators results in an
input-referred offset. If this overshoot is signal independent, it
contributes a dc offset and has no effect on the SNDR. However,
the practical overshoot voltage is signal dependent since the
output resistance of the current sources is not in nite and also
signal dependent.

Consider a case in which the half-circuit output voltage of
the rst integrator swings from the negative reference voltage
VRrern to the positive one Vrerp, as shown in Fig. 6. At the
beginning, the output is preset to Vregn. Assuming that the
time intervals of the preset phase, the coarse charge transfer
phase, and the ne charge transfer phase are Tp, T1 + tq1,
and T, + tgp, respectively, as shown in Fig. 6, where Ty is
the charging time and T, is the discharging time, tq; and
tyo are the equivalent delay times of the comparator in the
coarse and ne charge transfer phases, respectively. The volt-
age difference between Vrerp and Vrepn is denoted by Vs,
i.e., Vs =Vrerp VRern. At the end of the coarse charge
transfer phase, the relationship among coarse current source 14,
overshoot voltage Vovi, and Vs is expressed as

|1 . Tj_

Vs = 9

s="c: ©
1ty

v =—. 10

ovi =" (10)

Rearranging the two preceding equations, one can have

_y ta

Vovi = Vs T (11)
1

During the ne charge transfer phase, the ne current sources
are turned on to compensate for Voy/1, and a similar relationship
can also be found for the ne current I, and the nal overshoot
voltage Vovz, i.e.,

|2 . T2

V = 12
ov1i CT ( )

(PR
V = —-. 13
ova =~ (13)

From (11) (13), Vovz is rewritten as

tgr et

Vovz = Vg » =2 (14)
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Fig. 7. Simulated relationship between T1/Teq and Vov2/Vs.
Note that the total time interval T is equal to the sum of Tp, Ty,
T2, tq1, and tqp, i.e.,

Ti+To=T Tp tar tax =Teq (15)
where Teq is the net time interval for discharging and charging.
By the inequality of arithmetic and geometric means®, the
minimum Voo is obtained if

Ti=To=— (16)

and the minimized overshoot is

2
¢ty * tgo.

Teg 17)

Vovz,min = Vs

Equation (17) indicates that the smallest nal overshoot
voltage can be obtained in a general CBSC circuit if no offset
cancellation method is adopted. Fig. 7 shows the simulation
results for the relationship between T1/Teq and Vov2/Vs. Note
that the delay times of the threshold-detection comparator tq;
and tg, are assumed to be constant in the preceding discussion.
However, the practical delay time is a function of the input sig-
nal s slope, as described in (4), which results in the asymmetry
of Fig. 7.

IV. EXPERIMENTAL RESULT

A CBSC second-order modulator has been fabricated
in a 0.18- m standard CMOS process. Fig. 8 shows the die
photo, and the core area of the chip is 0.21 mm?. The power
consumption, excluding the output buffers, is 0.42 mW from a
supply voltage of 1.8 V. The measured output spectrum with
32768 samples is plotted in Fig. 9. When sampled at 2.56 MS/s
with a sinusoidal input of 859.375 Hz, this CBSC modu-
lator achieves a peak SNDR of 65.3 dB for a signal bandwidth
of 20 kHz. Fig. 10 shows the SNDR versus the input signal
power. It is shown that the measured input dynamic range is
about 71 dB.

No attempt was made for optimization in terms of power
consumption. The second stage was not scaled to reduce power

1For the nonnegative real numbers X1, Xz, ..., Xn, ((X1 +Xo +eee+
Xn)/n) nXi*X2,..., Xn, if and only if X3 = X2 = **s = Xp, ((X1 +
Xg +eee+Xn)/N) = " X1 X2 *Xn.
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Fig. 8. Die photo.
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Fig. 9. Measured fast-Fourier-transform output spectrum (32 768 points).

Fig. 10. SNDR versus input signal level characteristics.

consumption nor was a higher order topology of mod-
ulators used to achieve a higher SNDR. Table | shows the
performance summary and comparison with other similar
modulators designed with conventional switched-capacitors
circuits.
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TABLE |
PERFORMANCE COMPARISON BETWEEN THE CBSC DELTA-SIGMA
MODULATOR AND OTHER PUBLISHED WORKS

V. CONCLUSION

A fully differential CBSC second-order modulator has
been fabricated in a 0.18- m standard CMOS process. A
CMFB circuit has been presented to achieve the fully differ-
ential operation. Experimental results have shown that the pro-
posed modulator achieves 65.3-dB SNDR and 71-dB dynamic
range. This technique is suitable for future nanoscale CMOS
processes.
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