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Abstract : A novel , highly linear sampling switch suitable f or low2voltage operation is p rop osed. This switch not

only eliminates t he nonlinearity int roduced by gate2source voltage variation , but also reduces t he nonlinearity re2
sulting f rom t hreshold voltage variation , w hich has not been accomplished in earlie r low2voltage sampling swit2
ches . This is achieved by adop ting a replica t ransist or wit h t he same t hreshold voltage as t he sampling t ransist or .

The eff ectiveness of t his technique is demonst rated by a p rot otyp e design of a sampling switch in 0135μm. The

p rop osed sampling switch achieves a sp urious f ree dynamic range of 111dB f or a 012M Hz , 112Vp2p inp ut signal ,

sampled at a rate of 2MS/ s , about 18dB over t he Bootst rapped switch . Also , t he on2resistance variation is reduced

by 90 %. This met hod is esp ecially usef ul f or low2voltage , high resolution AD Cs ,w hich is a hot t opic t oday.
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1　Introduction

Because of it s low power consumption and re2
liability , t he required operating voltage for CMOS
technology has been decreasing significantly. This
t rend has resulted in enhanced performance of dig2
ital circuit s t hrough device scaling. However , t he
reduction in supply voltage present s formidable
challenges for analog circuit design[1 ] . Therefore ,
circuit techniques t hat do not require p rocess en2
hancement s are very pop ular . As a critical compo2
nent of analog2to2digital converters ( ADCs) and
switch2capacitor filters , t he sampling switch ( a
switch on t he signal pat h ,of ten in f ront of a sam2
pling capacitor) always determines t he inp ut signal
swing and t he linearity of t he whole SC circuit . A2
chieving high linearity and a high dynamic range
simultaneously under low supply voltages in deep2
submicron CMOS technology has t hus far been ex2
t remely challenging.

There are two main problems in low2voltage
sampling switches ,which we discuss in detail here.
First ,when t he supply voltage is less t han t he sum
of the t hreshold voltages of t he pMOS and the
nMOS , t here is a large range in which t he inp ut

signal cannot be well conducted by t he switch. Sec2
ond ,t he nonlinearity of t he sampling switch due to
gate2source voltage variation and t hreshold voltage
variation poses f undamental limit s to t he achieva2
ble distortion levels of SC circuit s.

Two met hods have been proposed to deal wit h
t hese p roblems wit hout using low t hreshold volt2
age devices. One adopt s a switched2op2amp [2 ] ,
which avoids t he use of critical switches to pass
voltages in t he mid2range by t urning on or off t he
op2amp s. However , t he switch at t he f ront end of
t he switched2op2amp cannot be avoided. Anot her
solution uses boot st rapping techniques[ 3～7 ] , eit her
to boost t he gate voltage to 2V dd or to raise it to V dd

+ V in . U sually ,t he lat ter scheme is p referred since
it eliminates t he nonlinearity int roduced by t he
gate2source voltage variation. However ,both meth2
ods fail to eliminate t he variation of t he t hreshold
voltage with respect to t he inp ut signal level . But
t he threshold voltage variation must be taken into
account ,especially for high resolution ADCs.

In this paper ,a novel sampling switch is p ro2
posed ,not only feasible for low2voltage applications
but also wit h a significantly higher linearity than
t he previously p roposed solutions.



半　导　体　学　报 第 27卷

2 　Challenge in low2voltage sampling
switch design

2. 1　Low2voltage operations

Wit h t he reduction of the supply voltage , t he
overdrive voltage of t he MOS switches is lowered ,
inhibiting t he proper operation of classical CMOS
switches. The dependence of the switch conduct2
ance on the inp ut voltage under different supply
voltages is shown in Fig. 1. When t he inp ut signal
V in is in t he range of [ 0 , V dd - V thn ] , t he nMOS
t ransistor conduct s ; When V in is in t he range of
[V thp ,V dd ] ,t he pMOS t ransistor conduct s (V thn and
V thp are t he t hreshold voltages of t he nMOS and the
pMOS ,respectively) .

Fig. 1　(a) nMOS transistor switch ; ( b) CMOS tran2
sistor switch

As can be seen f rom the bottom case of
Fig. 1 ,when V DD is less t han the sum of t he two
t hreshold voltages ,t here is an inp ut signal range in
which none of the t ransistors conduct . There2
fore V thn + V thp is t he f undamental limit of t he

minimum supply voltage for rail2to2rail operation in
CMOS switches.

2. 2　Nonlinearity in a single MOS switch

Besides t he difficulty in low2voltage operation
mentioned above , anot her challenge appearing in
low2voltage switches stems f rom t he nonlinearity ,
which is due to t he gate2source voltage variation
and t he t hreshold voltage variation[8 ] . This can be
easily illust rated with a single nMOS switch as
shown in Fig. 1 (a) . The dashed line in Fig. 2 shows
t he individual conductance of t he nMOS :

gds , n =μn Cox ( W
L

) n ( Vdd - Vin - V t hn ) (1)

for square2law devices that operate in t he linear re2
gion ,the t hird term

V t hn = V t h0 +γsub ( 2 | <f | + Vsb - 2 | <f | )

(2)

whereV th0 is t he t hreshold voltage at V sb = 0 ,γsub is

t he subst ra te2bias coeff icie nt , a nd <f is t he Fer mi

p ote ntial , all of w hich a re tech nology2dep e nde nt

p a ra mete rs . gds is i nf lue nce d by t he inp ut signal

level i n tw o asp ects accordi ng t o Eqs . ( 2 ) a nd
(3) . O ne is t he gate2source voltage , a nd t he ot he r

is t he dep e nde nce of t he t h reshold voltage on t he

source2bul k voltage . It s hould be noted t hat V t hn is

i n f act rela te d t o V ds ,w hich is not ref lected i n t he

a bove f i rst2orde r exp ressions .

Fig. 2　CMOS switch conductance f or supply voltage more t han or less t han V thn + V thp respectively

2. 3　Overvie w of the bootstrap technique

Due to t he incompatibility of low2t hreshold2
voltage devices wit h standard CMOS technology ,
circuit techniques are required to allow t he sam2
pling switch to operate at low supply voltages
while achieving high2linearity. U sually t he boot2
st rap technique is used. The main idea behind this

technique is to boost the gate voltage to V dd +

V in
[4～6 ] . The concept ual rep resentation of a boot2

st rapped switch is illust rated in Fig. 3. It f unctions

as follows. During p hase <p , C is cha rge d t o VDD

a nd M1 is of f , w hile duri ng p hase <s , t he p re2
cha rge d cap acit or C is con nected betwee n t he

gate a nd t he source of M1 . The Vgs of M1 stays

consta nt a nd equal t o VDD , i ndep e nde nt of t he in2
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p ut signal level . Thus a rail2t o2rail i np ut ra nge is

allowe d.

Fig. 3　(a) Simplif ied bootst rapped switch [ 5 ,6 ] ; ( b) Its

timing diagram

The on2resist a nce of M1 ca n be w rit te n as

Ron =
1

μn Cox ( W
L

) ( V dd - V t hn )
(3)

In t his way ,a sa mpli ng switch wit h a consta nt on2
resist a nce is esta blis hed , wit h t he assump tion t ha t

V t hn stays f ixed. However , V t hn va ries wit h V bs , as

s how n i n Fig. 6 (a) . Thus t he dyna mic ra nge of t he

sa mpli ng switc h is still li mited . New tec h niques

a re needed t o resp ond t o t he i nc reasi ng de ma nd

f or high resolution A D Cs .

3　Proposed sampling switch

The main idea of the p roposed technique is to
boost t he gate voltage of t he sampling t ransistor to
a particular level above V in + V th , t hus a rail2to2rail
inp ut range is achieved. At t he same time ,t he non2
linearity due to bot h gate2source voltage variation
and t hreshold voltage variation is eliminated.

Figure 4 shows a concept ual rep resentation of
our sampling circuit . The bat tery voltage at the
outp ut of the op2amp is used to adjust t he outp ut
common mode of t he op2amp . It is implemented
with t he same met hod as in Section 213. During
p hase <s , t he sa mpli ng t ra nsist or switc hes on , a nd

t he gates of M1 a nd M2 a re con nected ( Vg1 =
Vg2 ) ; duri ng p hase <p , t he sa mpli ng switch is of f

w hile t he dum my switc h MD switc hes on t o bal2
a nce t he loa d of t he op2a mp . It s hould be noticed

t hat at t he sta rt of t he sa mpli ng mode , M1 is

Fig. 4 　Concep tual rep resentation of t he p rop osed

switch

t ur ne d on bef ore t he dum my t ra nsist or MD is

t ur ne d of f so t hat t he dum my switc h p rovides t he

i nitial c ha rge t o t urn on M1 quickly. In eit he r

p hase , t he op2a mp is always i n negative f ee dback

wit h t he sa me loa d , a nd it f orces node A t o be e2
qual t o node B ,w here

VA =
R3

RonM2 + R3
V in (4)

a nd

VB =
R3

R2 + R3
V in (5)

Thus a consta nt resist a nce of t ra nsist or (M2) is a2
chieved :

RonM2 = R2 =
1

μn Cox ( W
L

) 2 ( Vgs2 - V t h2 )
(6)

I t ca n be easily concluded f rom t his equation t ha t

t he gate voltage of M2 is

Vg2 = Vin + V t h2 +
1

μn Cox ( W
L

) 2 R2

(7)

　　The ref ore , t he on2resist a nce of M1 ca n be

w rit te n as

RonM1 =
1

μn Cox ( W
L

) 1 ( V t h2 - V t h1 +
1

μn Cox ( W
L

) 2 R2

)

(8)

　　As me ntione d i n Section 2 . 2 , t he t h res hold

voltage dep e nds not only on t he source2bul k volt2
age , but also on t he drai n2source voltage [ 9 ,10 ] . A n

i nc rease of t he drai n2source voltage will cause a

reduction i n t he t h reshold voltage . He nce , we

choose R2 ν R3 t o gua ra ntee t hat M2 op erates i n

t he non2sa t uration region si nce t he drai n2source

voltage , V ds2 = V in ×R2 / ( R2 + R3 ) , is much s mal2
le r t ha n Vgs2 - V t h2 . Alt hough V dsM1 a nd VdsM2 a re
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not a bsolutely equal , t hey a re ve ry close . As s how n

i n Fig. 6 ( b) , t he dif f e re nce of t he t h reshold volt2
age betwee n M1 a nd M2 ca n be neglected . Thus ,

V t h1 a nd V t h2 i n Eq. ( 8 ) ca ncel eac h ot he r a nd

RonM1 has no rela tions hip wit h t he i np ut signal lev2
el . If we ma ke ( W/ L ) 1 = ( W/ L ) 2 , t he n f rom t he

a bove equations ,it ca n be easily concluded t hat

RonM1 = RonM2 (9)

The ref ore , a consta nt on2resist a nce of t he sa m2
p li ng t ra nsist or is obtai ned si nce M2 has a f ixed

resist a nce of R2 . Mea nw hile , a rail2t o2rail i np ut is

also achieve d accordi ng t o Eq. (7) .

N ote t ha t t he inp ut swi ng of t he p rop osed

switc h is li mited t o t he op2a mp i np ut swi ng. To a2
chieve a low supp ly voltage wit h rail2t o2rail signal

swi ngs , op2a mp i np ut stages wit h rail2t o2rail i np ut

com mon2mode ra nges have bee n develop e d [ 11～14 ]

i n sta nda rd CMOS tec h nology in t he ra nge of 112
～3V . In our design , t o obtai n a consta nt gm ove r

t he f ull com mon mode inp ut ra nge , a sp ecial bia2
si ng sc he me [ 12 ] is a dop te d , as show n i n Fig. 5 . The

w hole op2a mp was designe d based on a sta nda rd

0135μm CMOS process. The unit2gain bandwidt h
was simulated to be 12M Hz wit h a 2pf capacitance
load. The dc gain is 70dB and the power consump2
tion for a 115V supply is about 146μW.

Fig. 5 　 Simplified schematic of rail2to2rail input

stage [12 ]

In summary , t he p roposed technique is an ef2
fective approach to realize low voltage ,high resolu2
tion switches. However ,t his is achieved at t he cost
of power consumed by t he op2amp to ensure high
open2loop gain and unit gain bandwidt h.

4　Simulation results

The circuit s are simulated in HSPICE using
Chartered’s 0135μm CMOS BSIM3 models. The

t hreshold voltages are 0162 and 0183V for nMOS
and pMOS t ransistors , respectively. Poly2poly re2
sistors are used in t he implementation of resistors
R2 and R3 . For comparison wit h the conventional
sampling switches , t he equivalent parameters have
been chosen for t he p roposed sampling switch. The
supply voltage is 115V. The size of the sampling
t ransistor is set to W = 20μm and L = 0135μm ,and
t he value of t he sampling capacitor , Cs = 2pf . Resis2
tors ( R2 and R3 ) , replica and sampling t ransistors
(M2 and M1) ,and capacitors including 1 % random
mismatches ,are used for simulation.

The first simulation shows t he variation of
V th1 - V th2 with respect to t he inp ut signal level ,V in

( Fig. 6) . The variation of V th1 - V th2 is approxi2
mately zero in t he proposed switch ,t hough t he var2
iation of V th1 is t he same as t he boot st rapped
switch. This verifies t he effectiveness of t he p ro2
posed technique in suppressing the difference be2
tween t he t hreshold voltages of t he sampling MOS
and t he replica MOS.

Fig. 6　Threshold voltage variation

The second simulation shows gds versus V in for
t hree switches ( a regular CMOS , a boot st rapped
switch f rom Ref . [ 6 ] and the proposed switch) ,
targeting a gds of approximately 5mS. It can be seen
f rom Fig. 7 t hat t he conductance of t he CMOS
switch varies with respect to t he inp ut signal dra2
matically while t he conductance variation of t he

p roposed switch is less t han 011mS. This is 90 %
less t han that of t he boot st rapped switch.

The t hird simulation shows an FF T plot of
t he boot st rapped switch and t he propo sed switch ,
respectively. A sinusoidal inp ut signal of 012M Hz ,
112V peak2peak voltage is sampled at a f requency
of 2M Hz. The outp ut spect ral content s of t he swit2
ches are shown in Figs. 8 and 9 , respectively. It is
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Fig. 7　On2conductance of CMOS switch ,boot st rapped

switch ,and the proposed switch

obvious t hat bot h t he odd and even harmonics p ro2
duced by t he proposed sampling switch are re2
duced. There is lit tle variation of SFDR when the
inp ut signal is swept over t he entire Nyquist band2
widt h.

Fig. 8　Output spect rum for the boot st rapped switch

Fig. 9　Output spect rum for the proposed switch

The layout has been completed and submit ted
for fabrication. The proposed sampling switch has
also been integrated into a whole ADC and found

to be f ully f unctional .

5　Conclusion

A novel technique is p roposed to improve t he
linearity of a sampling switch. The nonlinearity due
to variation of the threshold voltage is f urt her e2
liminated by adopting a replica t ransistor wit h t he
same t hreshold voltage as t he sampling t ransistor .
This new scheme constit utes a robust circuit for
p roviding a constant on2resistance switch and sig2
nificantly high SFDR. The proposed technique can
be used for low2voltage high resolution SC filters
and ADCs.
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一种适用于低电压模数转换器的新型采样开关

彭云峰­　周　锋

(复旦大学专用集成电路与系统国家重点实验室 , 上海　201203)

摘要 : 提出了一种适用于低电源电压的新型高线性度采样开关 .与传统低电压采样开关相比 ,这种新型采样开关
不仅消除了 MOS开关由于栅源电压随输入信号变化所引入的非线性 ,而且进一步消除了 MOS开关由于阈值电压
随输入信号变化引入的非线性 .这是通过采用一个与采样 MOS开关具有相同阈值电压的“复制”开关得以实现的.

基于 Chartered 0135μm标准 CMOS工艺 ,文中设计了一个此类新型 MOS采样开关 ,在输入信号为 012M Hz 正弦
波 ,峰峰值为 112V ,采样时钟频率为 2M Hz时 ,无杂散动态范围达到 111dB ,比栅压自举开关提高了 18dB ;同时导
通电阻的变化减小了 90 %.这种新型采样开关特别适用于低电压 ,高精度模数转换器.

关键词 : 采样开关 ; 非线性 ; 低电压 ; 模数转换器 ; 开关电容电路
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