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Low-Voltage High-Speed Switched-Capacitor Circuits
Without Voltage Bootstrapper

Lei Wang, Member, IEEE,and S. H. K. Embabi, Member, IEEE

Abstract—Low-voltage high-speed switched-capacitor (SC) cir-
cuit design without using voltage bootstrapper is presented. The
basic building block used for low-voltage SC circuit design is the
auto-zeroed integrator (AZI), which can work at both low voltage
and high sampling frequency. With this method, two low-voltage
SC systems were successfully designed and implemented in 1.2-m
CMOS technology. The first one is a fully differential SC bandpass
biquad working at 1.5 V and 5.0-MHz clock frequency. The mea-
sured value is 8.0 at the center frequency of 833 kHz. The second
one is a fully differential fourth-order bandpass�� modulator
that also works at 1.5 V and 5.0 MHz. Its measured third-order
intermodulation is less than 78 dBc due to the low distortion
characteristic of AZI. The measured signal-to-noise ratio of the
modulator is 61 dB within the narrow band of 25 kHz centered
at 1.25 MHz.

Index Terms—Bandpass delta–sigma modulator, high-speed
switched-capacitor circuits, low-voltage switched capacitor,
switched-capacitor bandpass filter.

I. INTRODUCTION

A WELL-KNOWN difficulty of low-voltage switched-ca-
pacitor (SC) circuit design is that the gate-driving voltage

of the input CMOS switch is not large enough. Currently,
there are two major approaches for low-voltage SC design using
standard CMOS technologies. The first one is to add an on-chip
voltage bootstrapper and generate higher clock voltages to drive
switch gates only, while other circuits are unchanged [1], [2].
However, the existence of on-chip high voltages is a danger
for deep-submicrometer CMOS processes. The second method
is switched-opamp technology. The opamp in the integrator is
turned on and off to transfer voltage signals to the next integrator
stage, so no input switch is required to sample the input voltage
[3]–[6]. It is a real low-voltage SC circuit, but it is not suitable
for high-speed SC circuit applications because turning opamps
on/off needs much more time than turning switches on/off.

The auto-zeroed integrator (AZI) was originally used for
offset cancellation in SC circuits [7]. Its application for
low-voltage SC circuits was reported in [8]. Here, AZI was
modified for the design of low-voltage and high-speed SC
without bootstrapped clock voltage. Although circuits using
a similar prototype were found recently [9], [10], this brief
demonstrates an independent research having different design
purposes and tradeoffs (also presented at a conference [11]).
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Fig. 1. Single-ended schematics of AZI.�1 and�2 are nonoverlap clock
phases.

There are differences between the methods used in this brief
and the techniques in [9] and [10].

1) This AZI is designed to work at both high speed and low
voltage.

2) The AZI has a fully differential structure.
3) There is no forward biasing of the p-n junctions of

switches (a common problem for low-voltage SC design
[4]).

In Section II, an AZI is analyzed to explain why it can be used
as the basic building block of low-voltage high-speed SC cir-
cuits. In Section III, a 1.5-V 5-MHz fully differential SC band-
pass biquad is designed using AZI. Section IV shows a 1.5-V
5-MHz fully differential fourth-order bandpass modulator.
Its center frequency locates at 1/4 of the sampling frequency.
Both circuits were fabricated in 1.2-m CMOS process and their
characterization results are listed. A final summary and discus-
sion follows in Section V.

II. A UTO-ZEROEDINTEGRATOR

In an AZI, the charge is transferred by switching the inte-
grating capacitor of the previous integrator, not by switching
the opamp as in a switched-opamp integrator. Two continuously
connected AZIs are shown in Fig. 1 (one side of the fully dif-
ferential structure). is charged to by Integrator I after
is closed in . At the same time, Integrator II is in the reset
phase since is closed, but the charge stored in is not
lost because is open. In , is turned off and the output
of Integrator I is reset to zero. As a result, the charge inis
dumped to in Integrator II. The stored charge in is not
lost during the reset phase of . Consequently, the charge is
transferred from Integrator I to Integrator II. If Integrator II is
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isolated for the convenience of analysis, the transfer function is
expressed as a half-delay integrator.

(1)

It is important to notice that all switches in Fig. 1 are nMOS
transistors whose sources are connected to the common-mode
voltage and gates are connected to the supply voltage,
which is expressed as . This means that
is not signal dependent. If we assume that V to keep
a reasonable output swing range and V to satisfy
the requirement of to turn on a switch, the supply
voltage should be V. This explains
why AZI can work at 1.5 V in 1.2-m CMOS. It also reveals
that it is hard to lower the supply voltages further because of
the existence of . Since the voltage swing is limited to be
less than , the forward biasing of the p-n junction of nMOS
switch is avoided.

The time needed to auto-zero the output of Integrator I or Inte-
grator II is usually much shorter than the time used to charge
or , because not only is the integrating capacitor larger than
the input capacitor in most cases, but there is also the feedback
factor. As a result, the settling of AZI is dominated by the set-
tling time of the integrator (the opamp bandwidth and feedback
factor), which is similar to the settling of the output voltage in a
conventional SC integrator. This fact indicates that low-voltage
AZI can work at clock speeds very close to the speed of a con-
ventional SC circuit. Moreover, the working conditions (voltage
and current biases) of the opamp are not disturbed during op-
erations. This makes AZI more suitable than switched-opamp
circuits for the design of high-speed SC circuits.

Because the channel voltages of the nMOS switch are fixed at
, there is no signal-dependent switch channel voltage, and

therefore no signal-dependent charge injections. It is clear that
there is no need to use the delayed clock phases as used in con-
ventional SC circuits. For the same reason, the on-resistance of
all switches is not related to the signal level. So, AZI does not
have these two major sources of distortion appearing in conven-
tional SC circuits.

Fig. 2 shows the basic schematics of a two-stage fully
differential opamp used in 1.5-V AZI. The main opamp is
composed of . The common-mode feedback (CMFB)
circuit is formed by . This opamp has a unique
dynamic common-mode detection circuit working
at 1.5 V without any signal-dependent switch. The detected
common-mode voltage is compared to through and

. The result is fed back to the input stage of the opamp
through a current mirror. Both and are discharged in

(the integrating phase) because both and are
auto-zeroed by the integrator. In , output voltages are sam-
pled by and and integrated with and . These four
capacitors and the switch perform as anRCvoltage divider.

III. FULLY DIFFERENTIAL BANDPASSFILTER

Using AZI as the basic building block, a fully differential
second-order bandpass SC filter was designed. The sampling
frequency is MHz at 1.5 V. The center frequency is

Fig. 2. Simplified schematic of a low-voltage two-stage differential opamp
with dynamic CMFB.

Fig. 3. Schematic of a fully differential second-order bandpass filter using
AZI. The positions of switches are in�1.

designed at kHz. A simplified schematic
is shown in Fig. 3, which is composed of two stages. The first
stage is an AZI that has been well described in Fig. 1. The ca-
pacitor-coupled input provides rail-to-rail input common-mode
voltages and adds a factor of . The second stage is a
“lossy” AZI, where the charge in is discharged during the
reset, with the transfer function of

(2)

where . Capacitor values are pF,
pF, pF, pF, pF,

and pF. The z-domain transfer function of the SC
biquad is

(3)
For V and V, the gate voltage of any
nMOS switch is V V V. Because there is
no signal-dependent switch and no pMOS switch, only a single
clock phase is needed. Hence, the SC filter has a more compact
structure and reliable performance.
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TABLE I
TESTING RESULTS OF THESC BANDPASSBIQUAD USING AZI

Fig. 4. Plot of the magnitude response of the second-order bandpass filter at
F = 5:0 MHz.

The test circuit in Fig. 3 was fabricated in MOSIS double-
metal double-poly 1.2-m CMOS process. The capacitors were
realized with a 0.1-pF poly1–poly2 unit capacitor. Some of the
important testing data are listed in Table I. The measured center
frequency value is 823.1 kHz, which is1.2% off from the de-
signed value. Fig. 4 is a plot of the magnitude response of the
SC bandpass filter at MHz. The glitch appearing on
the curve is just a plotting artifact that did not appear when the
actual output waveform was observed. Fig. 5 is a copy of an
oscilloscope waveform of the filter output voltage (fully differ-
ential was converted to singled-ended). It is obvious that there
is no sign of the settling uncertainty in the waveform.

IV. FULLY DIFFERENTIAL FOURTH-ORDER BANDPASS

MODULATOR

The second test circuit of the low-voltage SC circuits using
AZI is a fourth-order fully differential bandpass modu-

Fig. 5. Waveform of the output voltage of the bandpass filter. The differential
output voltage was converted to a single-ended voltage and buffered.

lator with a 1-bit quantizer. The sampling rate is 5.0 MHz
and bandwidth is 25 kHz centered at MHz (1/4
of ). It is composed of two stages of resonators built with
AZI. Fig. 6 shows the system diagram of the modulator. Be-
cause AZI has only a half-clock delay, half-delay units have
to be added in feedback paths to keep the loop transfer func-
tion correct. is the 1-bit output data. denotes an AZI
whose transfer function is . The capacitor cou-
pling input is represented by . Other coeffi-
cients are , , , ,

, , , , and .
represents the quantization noise. By using resonators to

build the modulator, the poles of the transfer function are located
on the unit circle such that any mismatch does not allow poles
to leave the unit circle [13]. Therefore, the quantization noise
attenuation is less sensitive to coefficient variations. Linear ap-
proximations of the signal and noise transfer functions [12] are
as shown in (4a) and (4b) at the bottom of the page.

Fig. 7 is the fully differential SC schematic of Fig. 6. Opamps
are illustrated in Fig. 2. The analog comparator

is similar to that reported in other low-voltage SC papers [5].
V, fF, pF, fF,
fF, pF, pF, pF,
fF, pF, pF, fF,
fF, and fF. All switches are nMOS tran-

sistors, except the pMOS switches connected to the reference

(4a)

(4b)



1414 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 8, AUGUST 2003

Fig. 6. Block diagram of the fourth-order bandpass delta–sigma modulator using AZI.

Fig. 7. Schematics of the fully differential SC fourth-order bandpass�� modulator. The output is the 1-bitData. Positions of switches are in�1. Positions of
feedback switches (controlled byData or DD) are at the state of 1.

TABLE II
TESTINGRESULTS OFFOURTH-ORDERSC BANDPASSMODULATOR USING AZI

voltage of . As mentioned in Section II, there is no need to
use delayed clock signals to reduce charge injections.

This test circuit was also implemented in MOSIS 1.2-m
CMOS technology. Important testing data are listed in Table II.
The 1-bit data output was collected with a logic analyzer. The
total record length was around 32 000 bits. For a twin-tone
input 6-dB below the full-scale input amplitude near , the
third-order intermodulation (IM3) can be estimated in Fig. 8. It
matches the low-distortion characteristic of AZI because of no

Fig. 8. Twin-tone testing results nearF . The signal level is half of the full
scale.

signal dependence. The noise performance was mostly limited
by capacitor sizes and parameter values of the first-stage
resonator. Less thermal noise can be achieved by increasing
capacitor sizes and the opamp power. Fig. 9 is a plot of the
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Fig. 9. Noise-shaping spectrum of the 1-bit data output of the bandpass
delta–sigma modulator.

magnitude response of the 1-bit output from 0 to for a
full-scale input voltage.

V. CONCLUSION

Both a fully differential SC bandpass biquad and a
fourth-order bandpass modulator circuit using AZI at
1.5 V were successfully designed. There is no need for internal
voltage bootstrapper. The clock speed of AZI is near that of
conventional SC circuits. Low distortion is observed because
there are no signal-dependent switches. For this reason, delayed
clock phases are no longer needed. There is no forward biasing
of p-n junctions of nMOS switches, so no extra circuits are
needed to prevent the forward biasing from happening. As the
tradeoff of pursuing both high speed and low voltage, as well
as a more conventional structure, the supply voltage cannot
be aggressively lowered to around 1.0 V in these circuits.

Low-voltage SC circuits using AZI could find applications in
broad-band and wireless communications such as the Bluetooth
system.
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