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Abdgtract : A novel , highly linear sampling switch suitable for low-voltage operation is proposed. This switch not
only eliminates the nonlinearity introduced by gate-source voltage variation, but also reduces the nonlinearity re-
sulting from threshold voltage variation,which has not been accomplished in earlier low-voltage sampling swit-
ches. This is achieved by adopting a replica transistor with the same threshold voltage as the sampling transistor.
The effectiveness of this technique is demonstrated by a prototype design of a sampling switch in 0. 334 m. The
proposed sampling switch achieves a spurious free dynamic range of 111dB for a 0. 2M Hz,1 2Vp-p input signal,
sampled at a rate of 2MS/s,about 18dB over the Bootstrapped switch. Also,the on-resistance variation is reduced
by 90 %. This method is especially useful for low-voltage,high resolution ADCs,which is a hot topic today.
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1 Introduction

Because of itslow power consumption and re-
liability ,the required operating voltage for CMOS
technology has been decreasng sgnificantly. This
trend has resulted in enhanced performance of dig-
ital circuits through device scaling. However ,the
reduction in supply voltage presents formidable
challenges for analog circuit design'™ . Therefore,
circuit techniques that do not require process en-
hancements are very popular. As a critical compo-
nent of analog-to-digital converters (ADCs) and
switch-capacitor filters, the sampling switch (a
switch on the sgnal path,often infront of a sam-
pling capacitor) always determines the input signal
swing and the linearity of the whole SC circuit. A-
chieving high linearity and a high dynamic range
simultaneoudy under low supply voltages in deep-
submicron CMOS technology has thusfar been ex-
tremely challenging.

There are two main problems in low-voltage
sampling switches ,which we discussin detail here.
First ,when the supply voltage is less than the sum
of the threshold voltages of the pMOS and the
nMOS , there is a large range in which the input
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signal cannot be well conducted by the switch. Sec-
ond ,the nonlinearity of the sampling switch due to
gate-source voltage variation and threshold voltage
variation poses fundamental limits to the achieva
ble distortion levels of SC circuits.

Two methods have been proposed to deal with
these problems without using low threshold volt-
age devices. One adopts a switched-op-amp™ ,
which avoids the use of critical switches to pass
voltagesin the mid-range by turning on or off the
op-amps. However ,the switch at the front end of
the switched-op-amp cannot be avoided. Another
solution uses bootstrapping techniques® " either
to boost the gate voltage to 2Vai Or to raiseit to Va
+Vin. Usually ,the latter scheme is preferred since
it eliminates the nonlinearity introduced by the
gate-source voltage variation. However ,both meth-
odsfail to eliminate the variation of the threshold
voltage with respect to the input sgnal level. But
the threshold voltage variation must be taken into
account ,especially for high resolution ADCs.

In this paper ,a novel sampling switch is pro-
posed ,not only feas blefor low-voltage applications
but also with a dggnificantly higher linearity than
the previoudy proposed sol utions.
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2 Challenge in lowvoltage sampling
switch design

2.1 Lowvadtage operations

With the reduction of the supply voltage,the
overdrive voltage of the MOS switchesis lowered ,
inhibiting the proper operation of classcal CMOS
switches. The dependence of the switch conduct-
ance on the input voltage under different supply
voltagesis shown in Fig. 1. When the input sgnal
Vinis in the range of [0,V - Vin],the NnMOS
trans stor conducts; When Vi, is in the range of
[Vip V] ,the pMOS trans stor conducts (Vi and
Vp are the threshold voltages of the nMOSand the
pMOS ,respectively) .
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Fig.1 (a) nMOS transistor switch; (b) CMOS tran-
sstor switch

As can be seen from the bottom case of
Fig.1,when Voo is less than the sum of the two
threshold voltages ,thereisaninput sgnal rangein
which none of the transstors conduct. There
fore Vim + Vi is the fundamental limit of the

mi nimum supply voltagefor rail-to-rail operationin
CMOS switches.

2.2 Nonlinearity in a single MOS switch

Besdes the difficulty in low-voltage operation
mentioned above, another challenge appearing in
low-voltage switches stems from the nonlinearity ,
which is due to the gate-source voltage variation
and the threshold voltage variation® . This can be
eadly illustrated with a sngle nMOS switch as
shownin Fig.1(a) . The dashed linein Fig. 2 shows
the individual conductance of the nMOS:

Qds,n = Mn Cox (JLAl)n(Vdd - Vin - Vthn) (1)

for square-law devices that operatein the linear re-
gion ,the third term

Vi = Vino +Y s ( »/2|¢?| + Vo - J2|4?|)

(2)
whereVio is the threshold voltage at Voo =0 Y sw is
the substrate-bias coefficient ,and % is the Fermi
potential ,all of which are technology-dependent
parameters. gs is influenced by the input signal
level in two aspects according to Egs. (2) and
(3) .One is the gate-source voltage,and the other
is the dependence of the threshold voltage on the
source-bulk voltage. It should be noted that Vim is
infact related to Vs ,which is not reflected in the
above first-order expressions.
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Fig.2 CMOS switch conductance for supply voltage more than or less than Vi + Vip respectively

2.3 Overview dof the bootstrap technique

Due to the incompatibility of low-threshold
voltage devices with standard CMOS technology,
circuit techniques are required to alow the sam-
pling switch to operate at low supply voltages
while achieving highrlinearity. Usually the boot-
strap technique is used. The main idea behind this

technique is to boost the gate voltage to Va +
Vinl* ® . The conceptual representation of a boot-
strapped switch isillustrated in Fig. 3. It functions
asfollows. During phase %, C is charged to Voo
and M1 is off , while during phase ¢, the pre
charged capacitor C is connected between the
gate and the source of M1. The Vg of M1 stays
constant and equal to Voo ,independent of the in-
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put signal level. Thus a rail-to-rail input range is
allowed.
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Fig.3 (a) Simplified bootstrapped switch!®® ; (b) Its
timing diagram

The on-resistance of M1 can be written as

Ron = 1 (3)

lJn Cox (ALAZ) (Vdd = Vlhn)

In this way ,a sampling switch with a constant on-
resistance is established ,with the assumption that
Viun stays fixed. However, Vinn varies with Vs, as
shown in Fig.6(a) . Thus the dynamic range of the
sampling switch is still limited. New techniques
are needed to respond to the increasing demand
for high resolution ADCs.

3 Proposed sampling switch

The main idea of the proposed technique is to
boost the gate voltage of the sampling transstor to
a particular level above Vin +Vu ,thus a rail-to-rail
input range is achieved. At the same time ,the non-
linearity due to both gate-source voltage variation
and threshold voltage variation is eliminated.

Figure 4 shows a conceptual representation of
our sampling circuit. The battery voltage at the
output of the op-amp is used to adjust the output
common mode of the op-amp. It is implemented
with the same method as in Section 2 3. During
phase & ,the sampling transistor switches on,and
the gates of M1 and M2 are connected (Vg =
V) ;during phase % ,the sampling switch is off
while the dummy switch MD switches on to bal-
ance the load of the op-amp. It should be noticed
that at the start of the sampling mode, M1 is
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Fig. 4 Conceptual representation of the proposed
switch

turned on before the dummy transistor MD is
turned off so that the dummy switch provides the
initial charge to turn on M1 quickly. In either
phase,the op-amp is always in negative feedback
with the same load,and it forces node A to be e
qual to node B ,where

VA B RonM2 + R3 Vm (4)
and
Ve = —3—R2 ey Vin (5

Thus a constant resistance of transistor (M2) is a-
chieved:

Romz = Rz = 1 (6)

Mn Cox (ALN) 2(Vgz - Vi)

It can be easily concluded from this equation that
the gate voltage of M2 is

1
Ve = Vin + Vi + (7)

”n Cox (JLAZ)Z R2

Therefore, the onresistance of M1 can be
written as

_ 1
Roan— M[ ]
”nCox(L)l(Vch'Vthl+ W )
“n Cox(L )2 R2
(8)

As mentioned in Section 2. 2, the threshold
voltage depends not only on the source-bulk volt-
age,but also on the drain-source voltage'®* . An
increase of the drain-source voltage will cause a
reduction in the threshold voltage. Hence, we
choose R: < Rs to guarantee that M2 operates in
the non-saturation region since the drain-source
voltage, Ve = Vin X R2/ ( Rz + Rs) ,is much smal-
ler than Vg2 - Viz. Although Vawi and Vawz are
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not absolutely equal ,they are very close. As shown
in Fig.6(b) ,the difference of the threshold volt-
age between M1 and M2 can be neglected. Thus,
Vi and Vwe in Eq. (8) cancel each other and
Ronm1 has no relationship with the input signal lev-
el.1f we make (W/ L)1 =(W/L)2,thenfrom the
above equations,it can be easily concluded that

Ronmi = Ronmz (9)
Therefore, a constant on-resistance of the sam-
pling transistor is obtained since M2 has a fixed
resistance of Rz.Meanwhile,a rail-to-rail input is
also achieved according to Eq. (7).

Note that the input swing of the proposed
switch is limited to the op-amp input swing. To a-
chieve a low supply voltage with rail-to-rail signal
swings,op-amp input stages with rail-to-rail input
common-mode ranges have been developed™ ¥
in standard CMOS technology in the range of 1 2

3V.In our design,to obtain a constant gm over
the full common mode input range,a special bia-
sing scheme!™” is adopted,as shown in Fig. 5. The
whole op-amp was designed based on a standard
0. 331 m CMOS process. The unit-gain bandwidth
was smulated to be 12M Hz with a 2pf capacitance
load. The dc gain is 70dB and the power consump-
tionfor a1l 5V supply isabout 146 W.

Vop
S
D) OUTn.a
Lt v —— 12> ouTnb
S
OF:

Fig. 5
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Smplified schematic of rail-to-rail input

In summary ,the proposed technique is an ef-
fective approach to realize low voltage ,high resolu-
tion switches. However ,thisis achieved at the cost
of power consumed by the op-amp to ensure high
open-loop gain and unit gain bandwidth.

4 Smulation results

The circuits are smulated in HSPICE using
Chartered’ s 0. 3y m CMOS BSIM3 models. The

threshold voltages are 0. 62 and 0. 83V for nMOS
and pMOS trangstors, regpectively. Poly-poly re-
sstors are used in the implementation of resstors
R. and Rs. For comparison with the conventional
sampling switches,the equivalent parameters have
been chosen for the proposed sampling switch. The
supply voltage is 1 5V. The sze of the sampling
trandgstor isset to W =2 mand L =0 3% m,and
the value of the sampling capacitor ,Cs =2pf. Res s
tors (R. and Rs) ,replica and sampling transistors
(M2 and M1) ,and capacitorsincluding 1 % random
mi smatches ,are used for smulation.

The first smulation shows the variation of
Vi - Ve With respect to the input signal level ,Vin
(Fig. 6). The variation of Vim - Ve iS approxi-
mately zero in the proposed switch ,though the var-
iation of Vi is the same as the bootstrapped
switch. This verifies the effectiveness of the pro-
posed technique in suppressing the difference be
tween the threshold voltages of the sampling MOS
and the replica MOS.
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Fig.6 Threshold voltage variation

The second s mulation shows gas versus Vin for
three switches (a regular CMOS, a bootstrapped
switch from Ref. [6] and the proposed switch) ,
targeting a gus of approximately 5mS. It can be seen
from Fig. 7 that the conductance of the CMOS
switch varies with respect to the input sgnal dra-
matically while the conductance variation of the
proposed switch is less than O 1mS. This is 90 %
less than that of the bootstrapped switch.

The third smulation shows an FFT plot of
the bootstrapped switch and the proposed switch,
resgpectively. A snusoidal input sgnal of 0. 2M Hz,
1 2V peak-peak voltage is sampled at a frequency
of 2M Hz. The output spectral contentsof the swit-
ches are shown in Figs. 8 and 9 ,regectively. It is
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Fig.7 On-conductance of CMOS switch ,bootstrapped
switch ,and the proposed switch

obvious that both the odd and even harmonics pro-
duced by the proposed sampling switch are re
duced. There is little variation of SFDR when the
input sgnal is swept over the entire Nyquist band-
width.

SFDR=92.7dB@f,=0.2MHz, f =2MHz
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Fig.8 Output spectrum for the bootstrapped switch

SFDR=111dB@f,=0.2MHz, f =2MHz
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Fig.9 Output spectrum for the proposed switch

The layout has been completed and submitted
for fabrication. The proposed sampling switch has
a0 been integrated into a whole ADC and found

to be fully functional .

5 Conclusion

A novel technique is proposed to improve the
linearity of a sampling switch. The nonlinearity due
to variation of the threshold voltage is further e
l[iminated by adopting a replica trang stor with the
same threshold voltage as the sampling trans stor.
This new scheme constitutes a robust circuit for
providing a constant on-red stance switch and sg-
nificantly high SFDR. The proposed technique can
be used for low-voltage high resolution SC filters
and ADCs.
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