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Abstract 
The continued down scaling of submicron CMOS 
technology forces innovation of practical and eco- 
nomical circuits that will tolerate reduced head- 
room (reduced power supply voltage) due to low- 
ering of the technology’s maximum allowable volt- 
age. Given the relatively large threshold voltages 
with respect to the shrinking headroom, a group 
of widely used analog signal processing building 
blocks that are made of switched-capacitor (SC) 

This work was supported by Lucent Technologics and 
CDADIC (NSF Center for Design of Analog-Digital Intc- 
gratcd Ci rc u i ts). 

0-7803-5727-2/99/$10.00 0 1999 IEEE - 349 

stages will encounter severe overdrive problems 
when operating at these low-voltage conditions. 
This tutorial will summarize some of the well-known 
solutions currently in use, problems associated with 
these solutions, and propose novel circuit techniques 
that we have recently developed for truly low-voltage 
switched-capacitor applications. 

I. Introduction 
As we move towards the nanotechnology era, tech- 
nological advancements in fine-linewidth submi- 
cron CMOS process has allowed tremendous im- 
provements in the area of digital VLSI. The con- 
tinually increasing level of integration with steadi- 
ly rising clock rates is paving a path in the di- 
rection of more sophisticated and powerful digi- 
tal systems. While this positive trend of techno- 
logical achievement promises small, fast and com- 
plex digital signal processing available today and 
increasingly so into the very near future, one of 
the key analog limitations of state-of-the-art sub- 
micron CMOS technologies remains the restricted 
power-supply voltage, limited by the low junction 
breakdown voltage of the high density process and 
by the thin gate oxide, prone to voltage stress and 
breakdown. Even beyond this fundamental limi- 
tation for analog circuit design, in growing num- 
ber of portable applications, the available external 
power source may also limit the supply voltage. 
For example, the external power source may be a 
1.2 V battery, with an end-of-life voltage of only 
0.9 V. 

In much of analog and mixed analog-digital 
circuits, the circuit technique that is most com- 
monly used for analog signal processing is based 
on switched-capacitor (SC) stages. They are used 
in many practical necessary 5pplications, such as 
data conversion (both in Nyiluist-rate and over- 



sampled AC ADCs), analog filters, sensor inter- 
faces, etc. However, there are fundamental limita- 
tions on the operation of switches when the supply 
voltage becomes less than the sum of the absolute 
values of the PMOS and NMOS threshold volt- 
ages. This is specifically illustrated in Fig. 1 .  With 

---------- 
_________- 

small headroom NO headroom 
(usually insufficient) 

Figure 1 : Fundamental problem of a CMOS switch 
a switch connected to a signal voltage (common- 
ly referred to as the Boating switch) that is about 
half-way between the rail voltages (0 V and V'D), 
and &, + I&,[ > VDD, it would not be possible to 
turn the switch on, even if a CMOS transmission 
gate is used to realize it. 

There are two well-known approaches that are 
commonly used to bypass this problem. One uses 
internal voltage boosting to obtain high-swing clock 
signals [ 13. This is typically done by doubling the 
swing of clock signals from 0 - VDD to 0 - 2 v D D .  

This approach is useful if the supply voltage is 
restricted by the external source, as in the case 
of battery-operated devices, or if only the junc- 
tion breakdown was of concern (i.e. gate oxide 
can tolerate 2 v D D ) .  This technique, however, can- 
not be used if the thin gate oxide limits the per- 
missible clock voltage, which is the case in the 
submicron low-voltage CMOS process. This cur- 
rent and future trend is outlined in the Technology 
Roadmap for Semiconductors [2]-[3]. The second 
alternative suggests the use of switched op-amps 
[4]. This approach also suffers from some short- 
comings. Specifically, the transients introduced by 

the required power-up/power-down of the op-amp 
output stage slow down the operation-increased 
settling time leading to reduced operating speed 
(clock rate) of the circuit. 

A third possibility for bypassing the problem 
associated with floating switches is the use of multi- 
threshold process. With the availability of well 
controlled low-threshold devices in future low volt- 
age processes, the headroom problem for float- 
ing switches can be relaxed by a significant am- 
ount. This direction, thus far, was also difficult 
to achieve. This is due to lack of tight control of 
threshold voltages over process and temperature 
variations, and increasing switch leakage during 
the floating switch's off state. 

Finally, recent bootstrapping techniques have 
demonstrated effectiveness for use in low-voltage 
floating switches [5]-[6]. However, these meth- 
ods impose an instantaneous higher voltage glitch 
across the thin gate oxide before the inversion takes 
place under the gate and a channel forms in the 
MOSFET switch. Authors of these circuits hope 
that these brief higher voltage glitches exceeding 
the technology's maximum will not have a nega- 
tive effect on the long-term integrity of the gate 
oxide. The second possible drawback is the cir- 
cuit complexity involved in the implementation of 
a good bootstrapped switch. This would most like- 
ly limit the maximum clocking speed at which it 
can operate. 

(a) clock boosting (b) switched-opamp 

(d) boostrapped clock (c) V, scaling 

Figure 2: Existing low-voltage switch solutions 

These various methods to ease the problem of 
low-voltage switches described in the above are 
summarized in Fig. 2. 
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In the following section (section 11), we will 
expand the dicussion of prior techniques used to 
ease the low-voltage switch problem. And in sec- 
tion 111, we will present a newly proposed method 
of realizing low-voltage SC circuits. It is based 
on the use of a novel integrator architecture, and a 
novel SC gain amplifier. A number of low-voltage 
SC circuit architectures (in the form of an inte- 
grator) that may allow operation down to 1-V lev- 
el or even lower power supply will be presented. 
The proposed techniques avoid the use of clock- 
voltage boosters, switched-opamp, or non-standard 
low-threshold transistors. Circuit design examples 
including various low-voltage integrators, biquad, 
bilinear filter, AX modulator, and pipelined A/D 
converter have been successfully demonstrated. Ini- 
tial simulation results of the 10-bit 20 MS/s pipelined 
A/D converter example confirm the speed advan- 
tage of the new scheme over the existing switched- 
opamp technique. 

11. Prior Art 
As we have discussed in the previous section, the 
existing techniques for low-voltage switches may 
be classified into four categories. Since one of 
the options was directed to technology control, i.e. 
well-controlled low-threshold voltage transistors, 
we will discuss in this section the other three op- 
tions that use circuit techniques. The discussions 
herein are intended to be brief, but substantial en- 
ough to provide systematic circuit-level understand- 
ing of each method to the reader. 

A. Clock-voltage boosting-This method has been 
particularly useful in the past when an applica- 
tion calls for low-voltage external power source 
(e.g. 2.4 V battery) but the IC is fabricated via a 
high-voltage process (e.g. 5-V 2-pm CMOS pro- 
cess). Typically all circuit components, excluding 
the switches and clocks voltages driving them, are 
designed for operation in low voltage. A variety 
of low-voltage op-amps is available for use with 
low power supply voltages, often at around 1 V or 
even lower. Given these options, SC circuits are 
operated with boosted clock voltages, most com- 
monly twice the VDD. This insures that the “on” 
voltage of the N-channel MOSFET is well above 
the minimum ‘‘I& + required clock overdrive”. 
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A good conceptual example of a clock boost- 
er, published by Nakagome et al. [7], is shown 
in Fig. 3. The input to the clock booster is a s- 

VDD 

Figure 3: Nakagome clock booster 

tandard swing (0 - VDD) clock. Once the circuit 
settles, during phase-1 (dl), the booster output is 
reset to 0 V while the capacitor C2 is precharged to 
x VDD, and during phase-2 (42) ,  C2 is connected 
to the output with a boosted voltage of M 2 v D D .  

An alternative to boosting each clock voltage 
(as shown above) is to create a 2 v D D  power supply 
using the same booster (or a similar booster) with- 
out the switch SI, and using this doubled power 
supply voltage in the output of the clock genera- 
tor. 

One highly successful reference point for the 
implementation of a switched-capacitor circuit us- 
ing low external voltage IC is described in [l]. 

B. Switched-opamp technique-This is a fairly re- 
cent method that suggests a way to allow a true 
low-voltage operation, without the use of clock- 
voltage boosters. The switched-opamp technique 
would not violate the maximum voltage restric- 
tions of a low-voltage CMOS process. The basic 
concept behind this method is illustrated in Fig. 4. 
In comparison with the standard SC integrator in 
Fig. 4(a), the switched-opamp integrator shown in 
Fig. 4(b) operates without the floating switch SI, 
thus during sampling phase all switches oper- 
ate with standard low voltage clocks and NMOS 
switches. This will operate down to 1-V level with 
typical threshold voltage (I&.,) of 0.7 V, when the 
opamp virtual ground is set at 0 V. During the op- 
posite phase ($4, however, the node @ is reset 
to ground as in an ordinary integrator. In order 
to avoid conflict with the opamp output, the out- 
put stage of the opamp is tri-stated (i.e. the op- 
amp is switched off). And, naturally, the opamp is 



(a) convential integrator vel; -. 

(b) switched-oparnp integrator 

Figure 4: Conventional and switched-opamp 

switched back on in the next sampling phase &. 
One successful example with good performance is 
found in [8]. 

C. Bootstrapped clocking-The idea of boostrap- 
ping the clock voltages was used before in the con- 
text of accurate and linear sampling of continuous- 
time input signal [9]-[lo]. This has now been ex- 
tended to allow a nearly-perfect low-voltage oper- 
ation [5]-[6]. 

The fundamental operating concept behind the 
boostrapped low-voltage switches is that the float- 
ing MOSFET switch (NMOS for example) would 
always experience a fixed gate-to-source overdn've. 
Qpically Vgs sees the technology's maximum volt- 
age VDD during the on phase. The circuit details 
maybe found in [5]-[6]. 

a simplified conceptual description is shown in Fig. 5. 
The NMOS switch (in this example) is off when 

To illustrate a drawback of the boostrapped switch, 

(@I 1 
VDD I,""'""" 
I 

glitch (Vgs & Vgb) exceeds V,, 

Figure 5 :  Bootstrapped floating switch 

the gate voltage is 0 V. And during the on phase, 

the gate voltage is set to V,,, + VDD, where the 
input signal voltage being sampled Vsig is some- 
where between 0 V and VDD. When the clock 
transition occurs in the NMOS switch, from off st- 
ate to on state, the gate oxide will temporarily see 
a peak voltage glitch exceeding technology's max- 
imum voltage VDD (V,, and Vg6 see VDD + V,,, > 
VDD), which can be as high as 2 v D D .  As soon 
as the channel is formed under the NMOS gate, 
the voltage drop across the gate oxide settles to 
VDD. The authors of these circuits anticipate no 
reliability issues associated with these temporary 
glitches. 

The other drawback of the low-voltage boost- 
rapped switches is the increased complexity. Ab0 
and Gray [5] demonstrated 14-MHz clocking at 
VDD = 1.5V, while this low-voltage switch has 
a problem and would experience difficulty with a 
lower power supply voltage. Steensgaard [6] in- 
troduced a version that overcomes this problem, 
but with additional complexity which would fur- 
ther limit the maximum clock frequency-as his 
intent was to implement high-accuracy low-voltage 
switch and was not aiming for speed. 

111. New Low-Voltage Integrators 
The topology of the new integrator is illustrated in 
Fig. 6 [ 111. The critical changes are that the float- 

a32 c2 

I + vout ; 
I 8 
I I 
I I V. 
I VA I 
I Previous Stage ; : Nextstage 

..-- n r '=.. 
* 2 l - u - L  

Figure 6: New low-voltage integrator topology 

ing switch SI of Fig. 4(a) is eliminated and the 
operation of the groundinghesetting switch is re- 
placed by connecting the sourcing opamp in unity- 
gain feedback (by switch SA in Fig. 6). The switch 
SB is used to preserve the integrated charge on ca- 
pacitor C2. The phases a1 and a2 are non-overlapping 
clock pulses. For a very low voltage application 
(1 -V for example), a low virtual ground voltage V ,  
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is used (V, = 0 for example). This allows the use 
of NMOS switches; however, the switch SB may 
suffer from forward biasing of the N-diffusion to 
P-well (substrate) junction during the = 1 pe- 
nod. This happens at node B if the output volt- 
age Vout was high during the integrating phase @2. 

Specifically, if Vout 2 Vo, "N 0.7 during @ p ~ .  Sev- 
eral solutions to this problem have been found, and 
they are discussed in the following. 

A. Integrator Using Voltage-Shifted Clock-One 
solution to this forward-biasing problem is shown 
in Figs. 7 and 8. This simple solution involves 
the use of a PMOS switch for SB and the genera- 
tion of a voltage-shifted clock signal which swings 
from ground to -VDD (instead of +VDD to gnd). 
The clock level-shift generator shown in Fig. 8 is 
similar in appearance to the commonly used clock 
booster (e.g. Nakagome booster), but one impor- 
tant distinction is that this circuit shifts the clock 
voltage while never exceeding the technology's max- 
imum voltage VDD across any p-n junction or gate 
oxide. Note that the assumed N-well process al- 
lows the biasing of N-type wells to gnd (0 V) in- 
stead of VDD. 

01 

I $l=(Vi-Vdd ) I 

; Stage 

Figure 7: Integrator with PMOS switch 

Figure 8: Voltage-shifted clock generator 

The transient simulation of this integrator us- 
ing voltage-shifted clock is shown in Fig. 9. A 

0.4 
0.3 

3 0.2 
a 5 0 1  

O O  

-O.'I , , , , , , {Y104 -0.2 
0 0.2 0 4  0.6 0.8 1 1.2 1.4 

1 ,  1 

I , , , , , , 1x10" -1.5 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 

Figure 9: Simulation of integrator in Fig. 7 

sinewave input and 200 kHz clock is used. Al- 
so, a simplified finite-gain and bandwidth opamp 
macromodel was used in this simulation. Note 
that the voltage-shifted clock quickly settles to the 
shifted voltage swing, and the output voltage re- 
sets to 0 V instead of somewhere near v D D / 2 .  This 
resetting of the output voltage is necessary for very 
low-voltage operation, and a compensating circuit 
is needed to remedy the resulting dc offset. This 
will be discussed in the following sub-section. 

B. Integrator Using Floating Reference-The con- 
ceptual schematic of an alternate implementation 
is shown in Fig. 10. Here, the forward-biasing of 

Vin,crn 

Figure 10: Integrator using floating reference 

the substrate-to-diffusion P-N junction at node B 
is avoided by placing a floating voltage reference 
in the unity-gain feedback path during = 1. 
The net result is that the output voltage resets to 
VDD instead of gnd. Another attractive feature of 
this topology is that the voltage-shifted clocking 
is no longer necessary. This may prove to be an 
important advantage when high-speed operation is 
considered. 
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One realization of the integrator using float- 
ing voltage reference is shown in Fig. 11. In this 
implementation, the capacitor C3 is precharged to 
V D D  during integration phase Ql, and used as a 
floating voltage reference during reset phase @2. 

In this figure, the input dc shift circuit (contain- 
ing C4) is also shown. Because the input capacitor 
Cl is reset to VDD, the compensating capacitor C4 
(= C1/2) is used to cancel the inherent input dc 
offset and allows the effective input virtual ground 
to be at v D D / 2 .  In these very low voltage SC cir- 
cuits where the opamp virtual ground is forced to 
an extreme bias voltage, either gnd or VDD, such 
dc shift compensation is necessary at the input of 
the integrator. 

Vdd 

Figure 1 1 : Floating reference implementation 

Figure 12: Simulated output (time and frequency) 

A transient simulation with a sinewave input 
signal for this integrator using floating voltage ref- 
erence is shown in Fig. 12. The input is a 5-kHz 
0.2-V peak-to-peak sinewave operating with VDD = 
1 v. 
C. Integrator Using Master/Slave Stages-Yet an- 
other technique for avoiding charge leakage in the 
low-voltage integrator is to use an extra op-amp 
stage (slave integrator) for storing the charge dur- 
ing the reset phase when the integrating capaci- 
tor is floating. Fig. 13 shows the schematic dia- 
gram and required clock phases of such circuit in 

a pseudo-differential configuration. At the rising 
edge of (and @2a) ,  the signal charge stored in 
the master storage element Cjnt is transferred in- 
to the slave storage capacitor CintB; at the rising 
edge of @I (and @ l a ) ,  the charge is returned into 
Cint. The sensitive nodes A and B (Fig. 6 )  are kept 
at or near the analog ground, and charge leakage 
is thereby prevented. This stage can use NMOS 
switches everywhere, since all switches operate at 
analog virtual ground. A drawback of the master- 
slave structure is the need for the second integrator 
stage (slave). However, it is possible to operate 
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Figure 13: Mastedslave integrator 

Figure 14: Simulated output (time and frequency) 

the structure in a double-sampling mode, in which 
both integrators receive input charges in alternat- 
ing clock phases. For such double-sampling cir- 
cuit, the sampling rate can be doubled without in- 
creasing the op-amp bandwidth. The performance 
of this integrator was simulated in HSPICE. A macro 
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model, corresponding to a dc gain of 80 dB and 
a unity-gain frequency of 100 MHz was used for 
the opamp, and the switches were transistor-level 
models. The value of all capacitors were 2 pF, and 
the sampling frequency was 200 Wz. A 20-mV 
p-p 5-kHz sine wave was used as the input sig- 
nal. Fig. 14 shows the output voltage in the time- 
domain for two periods and its spectrum of a larger 
data set. The low harmonic distortion verifies the 
absence of charge leakage. 

IV. Low-Voltage SC Circuit Examples 
In order to verify the proper operation of these 
low-voltage integrators, several of circuit designs 
are in progress. The design and simulation results 
of two benchmark switched-capacitor circuits are 
presented in the following. The circuit examples 
include AX modulator, and 1.5-bit per stage pipeline 
p;/D converter. 

"out 

Figure 15: Low-voltage AX modulator 

Figure 16: MATLAB results match HSPICE 

A. 1.2-VAC Modulator-A second-order AX mod- 
ulator operating with a 1.2-V supply was designed 

and simulated at transistor level using a 0.25pm 
CMOS models where V,, = 0.7V and lV&l = 
0.9. The second-order modulator core is shown 
in Fig. 15. The example shown uses integrators 
with voltage-shifted clocking (refer to Fig. 7). A 
modulator using integrators with floating voltage 
reference (refer to Fig. 11) would look very sim- 
ilar with appropriate modifications. Note that the 
implementation is pseudo-differential. Given the 
limited power supply voltage, it is likely that this 
class of very-low-voltage SC circuits will have to 
use a pseudo-differential configuration due to high 
threshold voltages (unless, of course, the threshold 
voltages also scale down and are small relative to 
the supply voltage). 

in the figure is a conventional floating input sam- 
pling switch. In a true low-voltage implementa- 
tion, the input would be driven either by a simi- 
lar low-voltage circuit (from another block on the 
IC) or by a low-voltage input sampling circuit that 
samples the signal coming from an external source 
to the IC. Such sampling circuit will be described 
later. The existing low-voltage IC implementa- 
tions in switched-opamp technique use a passive 
resistor tied directly from the input to the virtual 
ground of the first opamp. This resistor-input cir- 
cuit approximation is satisfactory only for an over- 
sampling circuit. 

Without the common-mode feedback (accept- 
able for simulation purposes), the first two hun- 
dred data samples of the AX modulator were sim- 
ulated at the transistor-level. The first two hundred 
data samples match the spectrum (from MATLAB) 
shown in Fig. 16. The transistor-level simulations 
were done incorporating a low-voltage opamp. 

Also, for the sampling of the input signal, shown 

B. Commonmode Error Accumulation-Due to the 
pseudo-differential structure which inherently la- 
cks any common-mode feedback, each integrator 
used in the AX modulator is prone to common- 
mode error accumulation. This is because the in- 
tegrator capacitor. is never reset. From one cycle 
to the next any small amount of common-mode 
error (such as non-zero charge injection) is accu- 
mulated and stored on the integrating capacitor. 
Without common-mode compensation, given that 
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the source of common-mode error is fixed (dc), 
the opamp output will eventually saturate. In or- 
der to overcome this problem, a small amount of 
common-mode feedback is implemented. This is 
as shown in Fig. 17. The capacitors C6 and C7 

91 4t  
0.5pf 

"dd 

"dd 9 2  

"in+ -: 91 1 c1 
lpf 

9 2  . + 

F 2  

t . 9 2 .  
vout- - 

* C6 
v o u t - i + i +  

91 

r 

C7 
"out+ 

='C5 

91f$,E 

9 2 4  *IC3 

9 1  
pf "out+ 

"out+ 
" o u ; - v d d  

9 2  0 1  

Figure 17: Pseudo-differential integrator with CMFB 

sense/sample the output (pseudo-differential) common- 
mode voltage and C5 does the dc shift compensa- 
tion similar to input dc shift circuit discussed ear- 
lier. The capacitances of Cs to C7 are same and 
do not have to be very large. The common-mode 
feedback needs only to be enough to compensate 
for the common-mode error. 

C. Nyquist Input Sampling Circuit-Thus far, we 
have excluded from the discussion a critical need 
for low-voltage input sampling circuitry. If the in- 
put signal to these low-voltage blocks are origi- 
nating from another block within the IC, the same 
low-voltage SC techniques apply, but sampling a 
continuous-time input signal originating from ex- 
ternal to the IC poses a critical problem. A resis- 
tor is often used to transfer the input signal to a 
very low-voltage switched-capacitor circuit in or- 
der to avoid having to implement a low-voltage 
sampling circuit [4] [8]. This is acceptable since it 
is not critical for an oversampled converter to uti- 
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lize Nyquist input sampling, but the issue becomes 
more critical as oversampling ratio is reduced and 
when the need extends to Nyquist MI converters. 

A simple implementation of Nyquist input sam- 
pling for low-voltage is shown in Fig. 18. It is 

A 
Vinput 

1.2v 
w- -0.W -- 0.6V - -1.2v - ov 

- 

Figure 18: Nyquist input-sampling circuit 

Vout (sampled) 

> -  
0.4 . 

0.2 . 
10" 

I .  
0.9 0.95 1 1.05 1.1 1.15 1.2 

Time (sec) 

Figure 19: Input-sampling circuit output 

simply an inverting gain stage (with a fixed gain of 
-1) when the signal is being sampled by the fol- 
lowing low-voltage switched-capacitor stage, but 
in the opposite phase the opamp resumes unity- 
gain configuration for reset. Fig. 18 also utilizes 
a floating voltage reference so that it is consis- 
tent with the rest of the switched-capacitor cir- 
cuit (refer to Fig. 11). The HSPICE simulation 
results shown in Fig. 19 verify its proper opera- 
tion. One drawback of this Nyquist sampling cir- 
cuit is that the input range is shifted to 0 to -VDD 
range. The signal source external to IC will have 
to be able to provide such shift, and the bond- 
ing pad cannot allow the forward-bias ESD diode 
from ground. Due to the input series resistor (e.g. 
poly) we would anticipate a reasonable ESD pro- 
tection if used with a reverse breakdown diode for 
negatively-charged ESD protection. It is possible 
to have the input range between ground and VDD 



with additional circuitry [12], but with an added 
possibility for sampling error. 

D. Pipeline A/D Converter-In addition to circuits 
using integrators, a fast low-voltage pipeline A/D 
converter has also been designed and simulated. A 
20-Ms/s 10-bit 1.5-bitIstage pipeline ADC (with 
digital redundancy) was chosen for speed bench- 
mark. Many of the the low-voltage switch issues 
are identical to those of low-voltage switched-capacitor 
integrators, while some are simplified. One fun- 
damental difference between the low-voltage in- 
tegrators and the gain stage us,ed in the pipelined 
A/D converter is illustrated in Fig. 20. Notice the 

I 
I 

previous stage ; 1 
I / 
I 

previous stage ; 1 
I 

!3 Vout 

Figure 20: Low-voltage SC gain stage 
simplification for the reset phase. Because a fixed 
gain stage does not require maintaining an inte- 
grated charge, a series switch (Fig. 6) for the inte- 
grating capacitor is no longer needed and the for- 
ward biasing problem of p-n junction (diffusion to 
well) is eliminated. 

The key repetitive block in the lS-bit/stage 
pipelined A/D converter, the residue-multiply-by- 
two circuit, has been designed for low-voltage op- 
eration and its overall structure simulated. For this 
key structure, shown in Fig. 21, in single-ended 
configuration for illustration purposes, 0 or AV& 
injection is implemented by a separate set of ca- 
pacitors. This was done to avoid the use of float- 
ing switches as in a conventional residue amplifi- 
cation block. Also shown in the figure is the dc 
offset compensation block (capacitor C,,,) which 
sets the effective input common-mode at V D D / 2 .  

integrators, the pipelined ADC structure also faces 
the common-mode accumulation problem. This is 
due to the cascade of fixed 2x gain in each of the 
residue amplification. In pseudo-differential struc- 
ture without common-mode feedback, the common- 

As discussed in the context of pseudo-differential 
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gndl 

(CS = 2Cf) p+ 
vout - 

Figure 2 1 : Residue-multiply-by-two circuit 

mode gain is same as the differential gain. For 
a 10-bit converter example, where there are nine 
residue amplification stages, the initial c o m o n -  
mode error will see a total gain of 2' = 512. It 
is impossible to insure that the common-mode er- 
ror be small enough for such common-mode gain. 
This common-mode accumulation problem is re- 
solved by cross-coupling the feedback capacitors, 
as shown in Fig. 22. The cross-coupling capacitors 
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Figure 22: Residue-x2 circuit with CM compensation 

establish a mild positive feedback in parallel with 
the standard negative feedback. The net differen- 
tial gain is maintained (x2), but the net common- 
mode gain has now been reduced to one. This 
guarantees that the common-mode error injected 
at any point in the converter is no longer ampli- 



fied. The capacitor values may be manipulated to 
reduce the common-mode gain to less than one 
(achieving common-mode attenuation), but with 
increased capacitive loading. A common-mode 
gain of one has been found sufficiently small for a 
reasonable amount of anticipated common-mode 
errors. 

Finally, shown in Fig. 23 is the transistor-level 
HSPICE simulation result for a 10-bit pipelined 
ADC implemented with a cascade of nine 1.5-bidstage 
stages. Multiple simulation results indicate an SNDR 
of 65-70 dB. The input signal is full-scale and the 
sampling rate is 20 MS/s for VDD = 1.5V. The 
low-voltage architecture will allow the operation 
down to 1-V level, but current opamp design limits 
the operational bandwidth for a very low-voltage 
power supply. 
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Figure 23: Simulated spectrum of 10-bit ADC 

V. Conclusions 
A brief overview of existing low-voltage switched- 
capacitor circuit techniques were presented. In 
the context of today’s aggressive down scaling of 
CMOS processes, new low-voltage switched-capacitor 
circuit techniques were proposed. The newly pro- 
posed methods allow larger signal swing without 
the significant reduction of the operating speed, 
and hence are appropriate for future submicron low- 
cost low-voltage CMOS technologies. Design ex- 
amples of a second-order AX modulator and a 20 
MS/s 10-bit 1.5-bitlstage pipelined ND convert- 
er demonstrate the practical capability of the new 
low-voltage SC circuit techniques. 
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