WO 00/ 42616 PCTI USOQO 00665 LI NEAR SAMPLI NG SW TCH BACKGROUND OF THE
INVENTION 5 L Field of the Invention The invention relates to analog/radio
frequency circuit design. 10 Mre particularly, the invention relates to
an anal og/MR0¥4361¢h. H. Description of the Related Art A sikfpl/ESWRChed
capacitor sanple and hold circuit can be used to 15 convert between an
anal og continuous tine donmain and a sanpled data domain. Figure 1 is a

conceptual schematic diagra W’ %ﬁ*ﬂ?ﬁ ?—@ﬂd capaci tor sanple
and hold circuit. TypicalIyﬂ¥§Q§inp%#LS|gna|G;§§§? i's a radio frequency
(RF) or internediate frequency (IF) signal which carries a band-1imted,

modul at ed signal. The iBWI@?&(@'UP\H)@F'THE‘INVE@QH@NCh 20 whi ch opens
clo

and cl oses at a periodic frequency. A capacitor 22 is connected

bet weeR the output of switch 20 and a conmon ground. The output voltage is
generated across the capacitor 22. The capacitor 22 is typically a linear
poly-poly or_metal:netal, capacitor. The output signal (v0) is a sanpled
data signal.LThe E%Fﬁf’?ﬁl@)eﬁf‘é%é%y at 25 which the switch 20 is opened and
cl osed nust be higher than twi ce the nodul ated bandw dth of the input

signal in order t | .t he i St Mf’ f.or r and
signal, the sanpl ?Rgafrﬂa\tﬁéé%%:%&n %égytggv%r an}%%/rgﬁ?g -cfar F(ralrcg)t?lgaqil}gn%y s long
as it 10s twi Meoreparaodark: g inaemtioa telatesiso Ay anadagRl Ayitthequency | ower
than the carrier frequency of the input 30 signal is referred to as

subsanpling and is,used to d copvert the input signal to a | ower
frequency. The ﬁ@%ﬁ?ﬁﬂfﬁfh?ﬁgﬂﬁﬂgﬁﬁf signal contains copies of the input
signal centered around nultiples of the sanpling frequency. For exanple,

Shown . Equat | ontuiriids VAR el B Smble ppt 6] B BREP Sed o 5°
wherel5 f, | eonprhbetweerhensanadg wgntinsguendine flomainezfudla saanpled dataquency
of the inputysi@ndl ‘Figlfk 1 is a conceptual schematic diagram showing a simple
switched capacitor sample and hold circuit. Typically the input signal
(v,) is a radio frequency (RF) or intermediate frequency (IF) signal which
carries a band-limited, modulated signal. The input signal is applied to a
20 switch 20 which opens and closes at a periodic clock frequency. A
capacitor 22 is connected between the output of switch 20 and a common
ground. The output voltage is generated across the capacitor 22. The
capacitor 22 is typically a linear poly-poly or metal-metal capacitor. The
output signal (v,) is a sampled data signal. The sampling frequency at
25 which the switch 20 is opened and closed must be higher than twice the
modulated bandwidth of the input signal in order to satisfy the Nyquist
Theorem. Thus, for a narrow-band signal, the sampling rate can be lower
than the carrier frequency as long as it is twice the modulated bandwidth.
Using a sampling frequency lower than the carrier frequency of the input
30 signal is referred to as subsampling and is used to downconvert the input
signal to a lower frequency.
The spectrum of the output signal contains copies of the input
signal centered around multiples of the sampling frequency. For
example, the spectral content of the output signal (f,,) can be expressed as

35 shown in Equation 1.

fout =n clk ifm (1)



nis equal to O, 1, 2, 3.... 5 The output signal can be filtered to reduce
the power level at the wundesired frequencies. For instance, if the input

signal is weo/elsesl on a carrier at 240 nmegahertz (MHz) andedigs@datgssi Ng
circuit is clocked at 60 Mz, a replgca of the nodul ated input signal

appears at basebandfe. 60 10 MHz, 120 MHz, 180 MHz, as well as at several
hi gher frequenci"% “TThe replicas above the baseband frequency can be

filtered such t hdf, ioafyal toethetrmremblimgl fregplency i s preserved. The on ‘
resi stance of th i j i R-1c f. , the switch 24
2§§ fs‘é\%cgﬁi t6¢hd %r%g‘c?%g th@%wt %gﬁél ahd

exhi bits ohm c resi nce even SW t'c I'$ closed. 15 Figure 2
is a schematic di’aisrearadi@@i hg? 8n- equi val ent circuit when the switch 20 is
closeds A resistor 26 represents the on resistance of the switch 20. Due

to the resistive nature of, the ¢losed switch,, the output sign is _ related
to the inputlh§ JPU nsigBebcaanele W%E(ﬁ?laﬁdblﬁezt,heo Ver J%ﬁgfzoatvahé (2
where: Vi n imddstredofreqgendies elFoofinstaace nifuhe shpnalsignal oigt cdrstetelieomod t age
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not constant a{]d rnstead |s a function of the vplta&e Ics‘ael t he 1 nput
si gnal . Fi gdeBligas abovgthe hasabapd xegugney damebe ditered \ichafthad enlyaphe
exenpl ary simgé&nmbéﬁﬁﬁﬁsmge@be@s a function of the voltage |level of the
i nput signal . ure axi s re(gr sent s, t he inpyEJ}tlesi gnal

I Fi 3. th i t al
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Equation 3 200rBuaes¥hatebistiveflaats of hRe @idseal switch, hgreOButgt sigances of the

switch 20. related to the input signal in accordance with Equation 2, below.

20 O (2)

where:
v,, is the voltage level of the input signal;

v, s the voltage level of the output signal;

out

25 C is the capacitance value of capacitor; and
R is the on-resistance of the closed switch.

It is evident from examining Equation 2 that the switched capacitor
sampling circuit acts as a low pass filter.

30 In reality, the resistive value of the switch 20 is not constant and
instead is a function of the voltage level of the input signal. Figure 3 is
an x/y graph showing the resistive value of an exemplary single
nMOSFET switch as a function of the voltage level of the input signal. In
Figure 3, the horizontal axis represents the input signal voltage level in

35 volts. The vertical axis represents the ohmic resistance of the switch on a
logarithmic scale in Ohms (S). As shown in Figure 3, the on resistance of
a FET is a strong function of the voltage level of the input signal which is
applied to it.



V. Vv _in (3) 1+sRvinC 5 where: R(vi") is equal to the voltage |evel
dependent on resistance of the closed switch. 10 By exam ni ng Equation 3,
one can see that not only does the sgvitch act as a low pass filter but, in
addi tion, ‘P’ﬂém’f‘%@ﬁonse of the low paSs filter is a functi ohC PSR4 t age
| evel of the input signal. For this reason, the swtch is nonlinear and
tends to create ekikingeinyo kbgsideeatadrs thf cdiwt ehowanin Figurke3, digyadiorsBgnal .
15 Figure 4 j i i i Ic ] pMOSFET
(et al oxi de D5apSGBRERY FEneFURERIEHIN B8 o BRidabe oL MR 36 g
parallel switch 24 conducts signals so long as the voltage range of the

i nput signal remains within the powgr _suppty voltages used to bias it¢y The
parall el switch 24 exhibits substantfalﬂysﬁ%'?sf‘ variance in on resi stag’ge 20

as a function of input signal |evel and, therefore, provides a nore |linear
responde. Figure 5 is an x/y graph show ng the resistive value of a prior
art parallel swhefe:as a function of the voltage |evel of the input

signal. In Figurg, 5, .the hoti al, axi enr e i sign
Vo't age 1vel n B@wdh eGuabky HENBlal By CEEBEFILT, A e Rfloc hP oRe
resi stance of thelpsadaswigth. switch in Chns (S). Notice that between 1.0 to
1.4 Volts (V) the resistance of the switch varies by about 2.5 (i.e. R(vi"
= 1)*2.5 = Rvi" =1.4). Such high levels of variance of on resistance as
a fund®ion iBpexamaningdeduativn doeRecat gef Hhatamt eyt does e $WitcReck 8fpl i ng

pr Oclelssl- 30 a_TnﬁvfIfa@g!ﬂi@ml YOdt,gﬁD@dgleti&{, ﬂhléerﬁ@pph%icﬁtt&illﬁcﬁ)v@fpldéé iflﬂfergsta A
paral lel swtchés is. also,dependent the input voltagg.l evel . Figure
is an x/y grRsHoORRghithG W%@ggflgﬁﬁgﬁéﬁp‘?ew&ﬁs gB‘f‘i{a %’ﬁ S Al S Y% 5ﬁ?el
switch. The swgitdh & vombneedSanck paretsetiot aetteceXtragabnbighr kyptnekditotthen

paral l el sw ! t voltage level of 1.4V. The dotted curve 30
represents t"h?&?‘%“?g‘gﬁﬁ{ég response of the parallel switch at_an input

vol taffe |1 evel of Figuvd iFagishematicsdiagramyshwipe straipHg!l nMOpRES et sponse
of a prior FNMOIFHER(MEtalSHidERemitdndakict Gl @32t LORERISN Swittle 2ahase

response of the  parallel sy tehy at an peut, vol tage Leyel, of 1. 4y Jhe
input signal remains within the power supply voltages used to bias it.
The parallel switch 24 exhibits substantially less variance in on resistance

20 as a function of input signal level and, therefore, provides a more linear
response.

Figure 5 is an x/y graph showing the resistive value of a prior art
parallel switch as a function of the voltage level of the input signal. In
Figure 5, the horizontal axis represents the input signal voltage level in

25 volts. The vertical axis represents the ohmic resistance of the parallel
switch in Ohms (S). Notice that between 1.0 to 1.4 Volts (V) the resistance
of the switch varies by about 2.5 (ie. R(v,, = 1)*2.5 = R(v;, = 1.4). Such
high levels of variance of on resistance as a function input voltage can
cause significant distortion in the sampling process.

30 The frequency response of the on-resistance of prior art parallel
switches is also dependent on the input voltage level. Figure 6 is an x/y
graph showing the frequency response of a prior art parallel switch. The
solid curve 28 represents the frequency response of the parallel switch at
an input voltage level of 1.4V. The dotted curve 30 represents the

35 frequency response of the parallel switch at an input voltage level of
1.0V. Figure 7 is an x/y graph showing the phase response of a prior art
parallel switch. The solid curve 32 represents the phase response of the
parallel switch at an input voltage level of 1.4V. The dotted curve 34



WO 00/ 42616 4 PCT/ USOQO 00665 represents the phase response of the parall el
switch at an input voltage Ilevel of 1.0V. The divergence of the high
frequency racteristics as a function of the input signa tributes
addi ti onalwﬂgpﬁ'%ﬁ@ari ties to the pefformance of the swi tcr#% Oé?ﬂgﬁé

nore greatly distort the output 5 signal. Wien a switch with such

non- | i near peppesehiteshe phaseedes;mnsewtfst@npperaéleﬂ]isgﬁtcfh etjlwenmpRFveltggal , the
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the di stortiQBfRnRsMGess 1 ERith JMe tBhASKS Mdke NBes@y HidBH HeaRtutphat
using the switches at high frequencies is not practical and nore

expensi ve, IS8 and power-hungry down-conversion nethods nust be
enpl oyed. For thédheneasosnsitch hevieh i such naed-linedrhepropduisés yist aiseéved op a
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ef fect tranglistoored( F’Emef@resdhe oresmkb@l@t shmiphes @mhaha&uxﬁzftyulgﬂecfodm ed to
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drai n node of .t p-.channel ET IS cou to a source _node of
n- chakthel Fswbjest f%rfﬂrrtaﬁbtmeee%wa}mothet FReervqry dhe disfertien }bl}ﬁ’élh‘ﬁéﬁi FET

has a n- char@fdrsW The erfdte dncharbelighificahashat msﬁ@mnélsva&h@sdéthhlg'ﬂh
p- channel w.dth is.|ar n- channe I ncr ease

the Ti near | (FBIeTEiRS 549 f@gft@e@i@&dorrl%SXP%%%mr?q Rep & R PoreeShhRERE L on
of i nput vold(n/gn-cappbrsemmmndstmuai halemphbyedt put vol tage produced at

the other term ng,, sé’r}%aidmg%gﬁﬂtxs Aaﬁ\‘n%@de "tfe G gwﬁtrg?'io'éev%%tp dto

an out§ 30termn of t Input termn the swtch is
connekt ed t GWitchhuhdch exhibitg,a mnrallinesy r§FW9 Conpl enentary cl ock signals
are coupled to the gate node of the p-channel FET and the gate node of the

(Tequency than a conter MONIAARYOREHEIRVERIIBN S 2 o6 'Sl gnar . 35
The output term nal produces a subsanpl ed version of the band-limted,
modulated signal . hieqP QUi RIARHIRN A WAith 'd'EXhaftte! Gd' &n 'TIERARRER! €
20 field effect transistor (FET). A source node of the p-channel FET is
coupled to a drain node of the n-channel FET to form a terminal of the
switch. A drain node of the p-channel FET is coupled to a source node of
the n-channel FET to form another terminal of the switch. The n-
channel FET has a n-channel width. The p-channel FET has a p-channel
25 width. The p-channel width is larger than the n-channel width in order
to increase the linearity of the on-resistance of the resulting switch as a
function of input voltage applied to one terminal and output voltage
produced at the other terminal.
In one embodiment, a sampling capacitor is coupled to an output
30 terminal of the switch. An input terminal of the switch is connected to a
band-limited, modulated signal. ~Complementary clock signals are
coupled to the gate node of the p-channel FET and the gate node of the n-
channel FET. The complementary clock signals operate at a lower
frequency than a center frequency of the band-limited, modulated signal.
35 The output terminal produces a subsampled version of the band-limited,
modulated signal.
In another embodiment, a linear switch is incorporated into an
active sample and hold switch. The active sample and hold circuit is
symmetric and configured to accept a balanced input. Two linear



active sanple and hold switch. The active sanple and hold circuit is
symmetric and configured to accept a balanced input. Two |inear WO 00/42616
PCT/ US00/ 00665 5 switches couple a positive input signal of the bal anced
input to tWO%YP¢¥erent sanpling capagitors. After the sanpPFHYSEUPERS tors
are charged, another set of sw tches tonfigures the sanpling capacitors
such that onewikhet houpdeml pogitbepanptibrsigisali of the baedcdthdkpat an tew anp
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BRIEF DESCRIPTION OF THE DRAWINGS
20
The features, objectives, and advantages of the invention will
become more apparent from the detailed description set forth below when
taken in conjunction with the drawings:
Figure 1 is a conceptual schematic diagram showing a simple
25 switched capacitor sample and hold circuit.
Figure 2 is a schematic diagram showing an equivalent circuit to
that of the switch in Figure 1 when the switch of that circuit is closed.
Figure 3 is an x/y graph showing the resistive value of a prior art
single nMOSFET switch as a function of the voltage level of the input
30 signal.
Figure 4 is a schematic diagram showing a parallel nMOSFET and
pMOSFET switch.
Figure 5 is an x/y graph showing the resistive value of a prior art
parallel switch as a function of the voltage level of the input signal.
35 Figure 6 is an x/y graph showing the frequency response of a prior
art parallel switch.
Figure 7 is an x/y graph showing the phase response of a prior art
parallel switch.



parallel swtch as a function of the voltage |evel of the input signal. 35
Figure 6 is an x/y graph showi ng the frequency response of a prior art
parallel switch. Figure 7 is an x/y graph showi ng the phase response of a
prior art W46l switch. WO 00/42616 6 PCTI USOQ 00665 FP@W’%"%"%@ a
schemati c di agram showi ng a switched capacitor sanple and hold circuit
conprising the Ii Hfg&rreresisshaMQmmt@Idiegrasm sledwirgord isgﬂtcﬂﬁda@af)ad'tdlg to

I
t he inventiop, Figure .9 .,s_.an.x/ raph_s i.ng the. istiv 2. of an
5 exenmt ary_ PAPRIS En8 SipcHROD hrliiie SR8 i Nt BRLT AT g 2
function of ténrfigotedagerording tothe heveantjsut signal. Figure 10 is an x/y
graph show ng the ugn e n 2 arye.: I SW ¢t
configured accordfi;%&tgogt?e/al&lnve tggar{:m Iﬁ%lwg%i%%s%sﬁwﬁi gglgghvﬁghg&j ng
the phase reSyBnBRlarpfpallel gvdichmsrafiguped Accardiagi tcfhe JAVERLOBd 2t or di ng
to the i nvenfurttionFbOtHeEvIRad s e QReRRtihsut@gadm show ng an exenpl ary
enbodi nent of a }son | e Vd %%Id circ itlclgu ri{%glia a parallel sw tfch
confi gur ed accord? {%‘rf’ FeaR nY/&ngiah) .S}F(?‘ﬁﬁfge tﬁ%r}?%q%ép“cciynfwoa‘?ﬁg? aff!
showi ng the éxereplae} giaralielhswitoh cohfiguidd atanidingisedhe dnogetiat.e the circuit
embodiment of a QBT Lhoin) 48 VOner A L PR TemaR U an
conpr il8i nga ewmaplagy panklelswiel icgnfigdredt seradiding to théénventéon.i on. Fi gure
15 is a timng dip%q_@gl §hOVE NG, t 1§ ol A% " Bl ARNSBhOwph ot B8 &lebeiks used
to operate the circuit of Figure 14 ﬁ%@“ DESCRI.PTI%]\I OF IHE NVENTI ON
Ref erring i nfTibafigpens of yerenpe and FRUIYCABYRIMING 7 InesdilapWitch o5
show ng a swdref daacidinp ts anpiev@itibmol d circuit conprising the |inear
resi stance, para #gl S\ﬁ%t.éhgtaccor drﬁjé%g to 1hhe.i m{ﬁmnj on.. ﬁ\lni rnehiﬁh?qg% FET
40 and a p-channe 18HET 4 2° &, 4MdBA agt P 0‘6’5‘?& el"'6 Srégtés fe i tch.
A souldbe noddodfs wdesl tp-apieamiecheEtutdfilSguwmil®.ed to a drain node of the

n-channel FET 40 for aya it erm Halentltid N8 MhC hsh dwilk &1 330 1£2{ the
p- channel FET 42 ffl coup ed tg a sour cle nolcii?l\&%)é1 tﬁe re- chgnngl FET 0Oto

f or m anot heremepmMant of a Aaublgi sapplads weite ggin, switched,qapRcifer drait
bi - di recti on@mpfidirgtd pefalletswitiklcoffifulel HeRedaty ® fhah vieAlidn.or
Figure 15 is a timing diagram showing the time relationship of the
20 clocks used to operate the cirauit of Figure 14.

DETAILED DESCRIPTION OF THE INVENTION

Referring initially to Figure 8, a schematic diagram is illustrated
25 showing a switched capacitor sample and hold circuit comprising the
linear resistance, parallel switch according to the invention. An n-
channel FET 40 and a p-channel FET 42 are connected in parallel to create
the switch. A source node of the p-channel FET 42 is coupled to a drain
node of the n-channel FET 40 to form a terminal of the switch. A drain
30 node of the p-channel FET 42 is coupled to a source node of the n-
channel FET 40 to form another terminal of the switch. In general, the
switch is bi-directional and either terminal can be used as either input or
output. A capacitor 44 is used to sample the input voltage level when the
switch is closed and to hold the output signal when the switch is open.
35 The n-channel FET 40 and the p-channel FET 42 are coupled to
complementary clock signals which open and close the switch. The
conductance of the switch can be expressed in terms of the on
conductance of the n-channel FET 40 and the p-channel FET 42 according

to Equation 4.



output. A capacitor 44 is used to sanple the input voltage |evel when the
swtch is closed and to hold the output signal when the swtch is open. 35
The n-channel FET 40 and the p-channel FET 42 are coupled to conplenentary
cl ock si gn¥P904#leh open and close the gwitch. The conductEnFESE00¢45e
switch can be expressed in terns of the on conductance of the n-channel
FET 40 and the p-channel FET 42 accordi ng to Equation 4. WD 00/ 42616 7
PCTI USOQ' 00665 gon - gn +gp (4) vvhe €= % is equal to the on @)
conductance of the switch; g,, is equa‘1 to t R on conductance of the
n-channel FET 40; and g, is equal to the on conductance of the p-channel
FET 42. Substi tU]al ng the well known equation for on conductance of a
MOSFET, 10 Equat % can be derived from Equation 4. gon = 1""nCox (VDD
-Vin -3Y to )+YpQxs'equiahto ¥R dn cbhdudtante op thinewatch; W 15 L is the width

to length ratio q to | ength
ratio of the n- cfé&nneﬁu%Fﬁ{P&l‘ %ﬂnce Y}ér%er?d ;) Ei§g\lxia(gta?llded to the
n-channel FET 40:8, ivequakto/diet eryeondyepnes Ofﬂéep §15 &142.\tn is the

t hreshol d voltage of the n- channel FET 40; 20 Vt, is the threshold

vol tage of t chann cox is a,technol depende i de
capaci t ance; glﬁ% Fltu?%gttﬁ‘@ WBEE IWOM}H AU FTaR o n‘}én‘bfd a ?\/Eog:l%q} he

mobi 11@y of Edeatiprchaandle ddrived2froAs Eqaatiba 4seen by Equation 5, the
on-conduct ance of the parallel switch is a function of the input voltage.
The on-conductance of the parEI lel switch is both a.inear function of the

i nput vol tage | evel and a, non pr funct ocf the |nput thage I(%yel.
The on- conduct ance of &¢he par Iz %% F'ch i el oDI arl ue to

where:

w
15 (Tj is the width to length ratio of the n-channel MOSFET;

w
(I—j is the width to length ratio of the n-channel MOSFET;
'p

Vpp is the drain voltage applied to the n-channel FET 40;
v,, is voltage level of the input signal;
V., is the threshold voltage of the n-channel FET 40;
20 V,, is the threshold voltage of the p-channel FET 42;
¢,. is a technology dependent oxide capacitance;
U,is the mobility of the n-channel FET; and
U, is the mobility of the p-channel FET.

25 As can be seen by Equation 5, the on-conductance of the parallel switch is a
function of the input voltage. The on-conductance of the parallel switch is
both a linear fundion of the input voltage level and a non-linear fundion
of theinput voltage level.

The on-conductance of the parallel switch varies nonlinearly due to

30 the dependence of the threshold voltages on the input voltage level as
given by Equation 6.

o=ty (g o) ®)

35 where:



30 the dependence of the threshold voltages on the input voltage |evel as

given by Equation 6. Mt =Vo+Y\ r Vss- ) (6) 35 where: WO 00/42616

PCT/ USOQ' 00665 8 Vto is the zero back bias threshold; vyis the bOdéﬁ

factor; -O¥OO426d6so| ute val ue of the S{Jéface i nver si on pot&nt/Pa0/00863q vsB
is the source to bulk potential (i.e. (VSs -vin) for n-channel FET 5 or
(VDD -vin) for p-¥hantied zérbThackdries ileeshokd;| ed t he back gate voltage. |f

we assune for a t . on-conductance is only a linear function
of the input vol ?g%gﬂ%gégﬁ,fa%?’can take a derivative with respect to 10

i nput vol tage | eve}- isfabqliteivadus of Bhe surfacadnversiarepplentialeardiual to 0, we
get the result showns il SBUAL RNbilk bbldnt (16! (W1t ko chairlel PEET) 15

Substituting the r'8sult shown in Equafion 7 o%quaion yi el ds the
resul t3 shown bel ow i PTEGat Fn @)rflé“r&‘?ﬁgelr é@%ﬁﬁqmemeéhcagkﬁdhﬁm%cgre on
as shown by the Iirﬁtag&{t@mronﬁaggquati on 9. 2[""n LVDD \Vin +Vtp / J (8)

gOnl constant L n 20 for: VIP < Vin < VDD - Vn (9) 25 Notice that the

| i near dependence on the input voltage |evel is renmoved when the product
of the p-chdfingt assbimd for anchdrhentittibh the dergnlductinice isobnihe pirchaannel
FET is equal . - IR bt ] | to

l ength rati Ofu(%&@ﬂiofﬁﬁ%ﬁ%ﬁ%%?é%le%ﬁﬁy Q? ﬁ[}xg congﬁl?;gﬁ?gsw %H%S%E E%se

poi nt 18 r om vikipet viodtage de v of Bquetipned. By sestin g e Aesivediveequaldord) aMannel

el ectron rmbgeltit}qé/rgsﬁlt%%wn 1© Eyd@foncent i meters squared per volt second
(cn2/vs) for silicon. Typically, the p- channel hole nobility is equal to
500 cn®2/vs for silicon. However, the bili ﬁ’ f a function of the doping
of a substrate and, thus, varies prgﬁigg E_tjhe substrate technol ogy on
which the FET is formed. In "), AL

P

15 Substituting the result shown in Equation 7 into Equation 5 yields the
results shown below in Equation 8 for the region in which both FETs are
on as shown by the limitation in Equation 9.

w
=20l | |Vpp —\V,, +V
gl o ﬂn[ T )[ =, 1 )] (8)
20
for:
V;p < vin < VDD - Vm (9)
25 Notice that the linear dependence on the input voltage level is removed

when the product of the p-channel mobility and the width to length ratio
of the p-channel FET is equal to the product of the n-channel mobility and
the width to length ratio of the n-channel FET. Thus, this condition is a
goodbase point from which to design a parallel switch.

30 Typically, the n-channel eledron mobility is equal to 1300
centimeters squared per volt second (cm?/vs) for silicon. Typically, the p-
channel hole mobility is equal to 500 cm?®/vs for silicon. However, the
mobility of a fundion of the doping of a substrate and, thus, varies
depending on the substrate technology on which the FET is formed. In

35 prior art parallel switches, the width to length ratio for the n-channel and
p-channel FETs are set equal to one another resulting in an on-resistance



35 prior art parallel switches, the width to length ratio for the n-channel
and p-channel FETs are set equal to one another resulting in an

on-resi stance WO 00/ 42616 PCT/ USO0/ 00665 9 curve such as the one shown in
Figure 5. B a5 seen by examination of Equation 7 afFHed€@%on t he
mar ked difference between electron afd hol e nobi lity, setting the width to
| engt h rati octeyealsuils @ottheheneogtownl ist &iguragS5poi Hlowévrerf aad , seear by
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Ther ef or e, dﬁrﬁé %l‘j’%ﬁy Qr‘rg(z% thtrﬁgs S5 T REY évﬁgr e%| cvgh tﬁ o ﬁ%ef m zed in
a comrer ci athaaral [F&HI &@(g@nmmrltsa@hm@\@lt@emm tohdemgndbeewmbd of
15 the Uni vessinap ahafibl FRTbde BoLEO SN 8 INGANG Sx SHBLAN GO TRRL . the

switch is constr ‘med on a common substrate using
0.25 Wcron ‘é’iqlﬂlcﬁfﬁhﬁébﬂmﬂfb%hFET The width of the n-channel FET is set at

12 mcrons and thgswh@fel BhovdletHr c@ﬁaﬁa@hcé:%lf ves parhilel zodwdo ibeakkdd

exonpl ary patcitRgEng ar Ui it Vo5 @ﬁ%%g%‘%ﬂ#%%i%énrvﬁtﬁﬁﬁ?f as a
function of imherdet ttagepltmlee dfie testim atpyta egigal casi bg apftinpizedf &x ad ( pF)
sanpl i ng Capc%glllfnerrca Qvg'ﬂ %%@ﬁlﬁﬂﬂﬁ\tgf zﬁtgi’I@(qu&?W c?e{vheo%%?o'fnpm

signal volta evel " In vo axl s represents
resi stance etlﬁ@w@méyoéqialsﬁmrnemﬁeﬁk@ﬁm (S). Notice that between 1.0 to

1. _4t ght anr esi st %anQEx%ﬁi Pl Y érﬁlboﬁﬁﬁbﬁg/ tﬁ%;ﬁﬁ&oﬁ} 1558@ns_[1|‘1f‘<itédi rfﬁffhl M‘i 0O/f t he
SW eqguce el ow oSu as 0 0 O even | ess n 0
over tho. ws P IPRPSE Gbp CHEETOR P a0 HBI0-30 T4 K01 SRR S ROTEY: whi ch
t he subst ancEhesedtht of thenstchachel FET tkesat ael2vayichm scond thod b\ed&bmf tBOpray be
slightly nor g 'nrﬁe tﬁﬁ% éé@tﬁﬁ?@%@d@@@ﬁﬁ%rﬁs 6, 7, 8, 9% or nore. Figure

10 is an x/y gra r equency response of an exenplary parall el
swi t c® accordi ng Elgutmé ii$1veenti/gn grapte dheiwinge thgeresistive value of the

exemplary parallel switch described above according to the invention as a
function of the voltage level of the input signal using a 1 picofarad (pF)
sampling capacitor. In Figure 9, the horizontal axis represents the input
signal voltage level in volts. The vertical axis represents the ohmic
25 resistance of the parallel switch in Ohms (S). Notice that between 1.0 to
1.4 V the resistance of the switch varies by about 5%. The linearity of the
switch can be reduced below 5% such as 4%, 2%, 1% or even less than 1%
over the usable input voltage range depending on the tolerance with
which the substance used to construct the device may be controlled but
30 may be slightly more in other implementations such as 6, 7, 8, 9% or
more. Figure 10 is an x/y graph showing the frequency response of an
exemplary parallel switch according to the invention. The solid curve
represents the frequency response of the parallel switch at an input
voltage level of 1.4V. The dotted curve represents the frequency response
35 of the parallel switch at an input voltage level of 1.0V. Notice that they
are nearly identical. Figure 11 is an x/y graph showing the phase
response of an exemplary parallel switch according to the invention. The
solid curve represents the phase response of the parallel switch according
to the invention at an input voltage level of 1.4V. The dotted curve 34



represents the frequency response of the parallel switch at an input

vol tage | evel of 1.4V. The dotted curve represents the frequency response
35 of the parallel switch at an input voltage |level of I.0OV. Notice that
“they are ﬁ'@dw{“?lﬁdentical . Figure 110is an x/y graph showi RGTVRY/9R%se
response of an exenplary parallel switch according to the invention. The
solid curve represertst shd Fhasbasspoasy afstheopatdikel pswitchehcaoutirgh tactlor di ng
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sanpl éband hbdwer powsrtcomsiionpiien casl gedwredocaste camepaaedrtel genveniionplgh 20

i nput frequeRyfSrSalbmitiRa! FFoWEVeL, if thabikbld Qniifl'f‘cﬁaﬂz‘i)&ﬁlte{)%&ﬁ;ces a
invention. Figure 12 is atﬁche tic diagra how ng an exe a
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embodi ment  oPOR-4BAH effsed thel BePTRANLe Unfle SY$RMA 1PaYa e%@\%‘ﬁ: HO
accordi ng t ocdimgakizvartol eaditidnal drsht\ém spmédies! Thdefascedubspuplihg t he
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embodiment of a sample and hold circuit comprising a parallel switch
according to the invention. V,, and V,, represent a balanced input to the
sample and hold circuit. In the preferred embodiment, the switches 50, 52,
25 54 and 56 are linear switches constructed as detailed above although other
switch structures can be used. The inverted and non-inverted output of
the circuit produce a subsampled version of a band-limited, modulated
signal applied to the input. The linearity of switches 62, 64, 70, 74 and 76
and the switch pair 72 is less critical than the linearity of the switches which
30 pass the high frequency signals and these switches can be either linear
switches as detailed above or other switches. The capacitors 58, 60, 66 and
68 can be metal-metal or poly-poly type capacitors or any other type of
capacitor exhibiting a linear relationship between charge (Q) and voltage
(v). An operational amplifier 78 buffers the signal and also provides gain
35 to the circuit. Theillustrated circuit hasa gain of two.

Each of the switches is switched on and off according to a clodk
signal. If the circuit shown in Figure 12 is used to subsample a high
frequency signal, the cloc frequency should be more than twice as high as
the band-limited, modulation carried on the input signal. The frequency



and the switch pair 72 is less critical than the linearity of the swtches
which 30 pass the high frequency signals and these switches can be either
linear switches as detail ed above or other switches. The capacitors 58,
160, 66 andVO8UA be netal -nmetal or polypoly type capacit ofSTEHROUNY0t her
type of capacitor exhibiting a |inear reI ationshi p between charge (Q and
vol tage (Vv)of the dpekatanoballowaplthin ethe78atridif éresjuehey sivhjivhl cardesattise
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signal . If tthoieg dmgramsﬁmmngthleutgnﬁéemﬂomh@g@ﬁth«bcl@dfﬁsvamd@ Qpﬁtag‘h
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occur Wi t hoyh 8 1idé&eY @hientbda®si 1 &0 mar didi; hertiasinv dse boeke almdkslkpﬁ
versa. The clock (2d is a del ayed phase of the non 10 overl appi ng phase 2
cl ock whi ch %l GorefpRciay el apping with any of the phase 1 clocks. The
clocks "Yid , Fd Raéfdnﬁln agaih e Hi wmeltm‘antﬂeese@hahhst}@ switch GBdand!five

respectively, f t ure. 12 n h wi tch
50-hnd the © E}@g%ﬁﬁd"f8tib?@8%tw%hnéo%ﬁ‘?w eROLRE SRAd B s8I e
capacli or 58hamdpadtbrt 6 avaperwneated 60 theefar chde ctfethet swithlees 3P m@éng t he
SW tches 50 @é}&cﬁ%ehr giraﬁ%f v&hmd ke %ﬁye& eam)ésd m%“ﬁ@emhsw&hu

he ‘'sw't

Li kew se, e SWt bot h coupl éd_to the negatlve
i nput V;, , a?ﬁéll thee swilgha 86 tase hogh gowpled t@a integﬁtlgg inpdp¥e: AP the are

connect ed t Qapé't%ﬁ;r%6 & dhe efpdchor §9) tepeaivdypad @ﬁlﬁiel&tetﬂ gethd farfdde t he
Swi Loh 52 afd BASVERE 4 graghin. Eﬂgr"té%@?% foanbesaThe Shath 4°
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the capacitor 66, and ground.
The far side of the capacitors 58 and 60 are coupled to the negative
input of the op amp78. The far side of the capacitors 66 and 68 are coupled
25 to the positive input of the op amp 78. In addition, the switch 70 and
switch pair 72 are connected in parallel between the negative and positive
inputs of the op amp 78. In one embodiment, the switch 70 is an
nMOSFET switch which exhibits good mobility and conductance. In one
embodiment, the switch pair 72 is a set of nMOSFET switches which exhibit
30 good mobility and conductance. The switch pair 72 also has a ground
connection. The switch 74 is coupled between thejunction of the switch 50
and the capacitor 58, and the non-inverted output V, of the op amp 78.
The switch 76 is coupled between the jundion of the switch 56 and the
capacitor 68, to the inverted output V_, of theop amp 78.
35 The phase 1 clock is used to sample the input. The phase 2 clock is
used to transfer the charge from the capacitors 60 and 66 to the capacitors 58
and 68, respectively, to produce the sampled output with a gain of two.
When the switches 70, 50, 52, 54 and 56 and the switch pair 72 are closed
and the remainder of the switches are open, the capacitors 58, 60, 66 and



I nput of the op anp 78. The far side of the capacitors 66 and 68 are
coupled 25 to the positive input of the op anp 78. In addition, the switch
70 and switch pair 72 are connected in parallel between the negative and
~positive WHS Wp%‘“ﬁf the op anp 78. In one enbodiment, the SKGYEMPI6Gs an
NMOSFET swi tch whi ch exhi bits good nob2lity and conductance. In one
enbodi ment, é&earapid ehe ggzmt valtage de st &ibsazlqiﬁﬁﬁ'y” swhierc les swhitdtese*®i bi t
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capacitor 68, tot out put Won of the op a 8. 35 The phase 1
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72 opth and aaheplmgtlnﬁ@QCe}Z Tlemsmmheaﬁa, 52 34 @56, 56 e @éﬂp@f@ At vith theand 68

formthe f eaiielbmk IHQééR)fttﬁe%a@ém) clo®.o, T Md@mﬁ § phfidGle apdnb shioetly
grounded to set gain of 'the circuit to two. . The swifch 70 Isﬁél ocked

with the pha?é'@ri eﬁ@mplm HHRngdo mﬂﬁféﬂﬂe sgm plin L pamagidars,Rs 100 At ear |y
phase of thQar{H‘GSQrdmdﬂf‘GKHQiﬁ suldh Ehdﬂth@l‘san@pl@deﬂﬁir ensstoesd theaieonhe

potential on.far_ side of the capacitors. 60 6 set to ground . shortly
bef or e ¢ he SHBEICIOSesERS e Rlter mélgmé%fsﬂgi%ﬁ 8 (bPael el
swi t ches 50,th53anﬁ§luag1ch;ﬁﬁ1tarse§8cﬁ@,(ﬂé&m&\6&h the del ayed phase of the phase

1 clock Od and t
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i nput such t Rratnt prcles daptl @%F 09&’0?@&’“[4%3?%6’@ amlﬂ’n ortly
sequenci Ng raduGEE: AR sHEhk GQQP@MQ’GQ&% Abategewifh ftd defaged phase 85 thoe

TR LhS phadins dedi e SN R e o BIMEI e 0 IR AR £3C
| oop 20 ound dapaciedrsB8p 60866 At 68\to glauredhf tRy, grbhﬁdsmgtthbasqﬁn ahthé2 are
clocked wit hsa%r{]p 11({15 lcg gc?tdprp 0% 615 Bie charges on the sampling capacitors 60
and 66 are transferred to the sampling capacitors 58 and 68 which are now
in the op amp 78 feed back path. Because theinput to the op amp 78 is at a
ground potential, the output of the op amp 78 is now twice the sampled
25 voltage level, thus, completingone sample cycle.

If the switches 50, 52, 54 and 56 are constructed according to the
invention to provide linear switching characteristics, the sample and hold
circuit exhibits a high degree of linearity due to the relative independence
of the frequency and resistive response of the circuitry to the voltage level

30 of the input signal. In addition, the circuit offers an advantage over the
simple parallel switch shown in Figure 8 in that it provides a gain of two,
and isolation between the input and the output as well as substantial
current driving capabilities.

Figure 14 is a schematic diagram showing an exemplary

35 embodiment of a double sampled, unity gain, switched capacitor circuit
comprising a parallel switch configured according to the invention. In
Figure 14, the parallel switches according to the invention are shown as
single switches in order to avoid over clutteringthe drawing. In additional
to the information given below, information conerning double sampled
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circuit 10 sdepivedisantpling freddensy, fisdthd dosk s antheeplhiadel Dhldckeditendypdsi gnal |,
the clock f equel

nodul ati on cafr |OegS (%‘131{]’01%la:j%%glyg@%glr?%].%?fh\gFgwreaesgﬁleglg)%pb?ﬁtq%g?%%o Efsl:%? Lgd,
| oner 2@ han tmen-oaeriappirtg phaerzdloghi Thestodites natehpumdis o detayad phaselul at ed
si gnal at tt‘@fth@%ng)geﬂgﬁpﬁigrﬁ%&.z fGbgure 15 is a timng diagram
The balanced input is applied at the positive input V,, and the
negative input V. A switch 100 and a switch 112 are both coupled to the
positive input V, and a capacitor 102 and a capacitor 114 are connected to
25 the far side of the switches 100 and 112, respectively, in order to alternately
hold the sampled values. Likewise, a switch 124 and switch 136 are both
coupled to the negative input V, and a capacitor 126 and a capacitor 138,
respectively, are connected to the far side of the switches 124 and 136 in
order to alternatelyhold the sampled value.
30 A switch 110 is coupled between the junction of the switch 100 and
the capacitor 102, and the positive output V, of an op amp 150. A switch
122 is coupled between thejundion of the switch 112 and the capacitor 114,
and the positive output V , of the op amp 150. A switch 134 is coupled
between the juncion of the switch 124 and the capacitor 126, and the
35 negative output V, of theop amp 150. A switch 146 is coupled between the
junction of the switch 136 and the capacitor 138, and the negative output
V., of the op amp 150.
The far side of the capacitors 102 and 114 are coupled to the negative
input of the op amp 150 through a switch 104 and a switch 116, respectively.



15 showing the time relationship of the clocks used to operate the circuit
in Figure 14. The main systemclock CK is used to derive the tvvo other
clocks shown in Figure 15. The period of the clock CK, T, is

accordi ng V& ¥H&1%desi red sanpling frepuency, fs. The cl ockpﬁm}sg"’?“ﬁ@ phase
1 clock. The clock dd, not shown, is a delayed phase of the phase 1
clock. The dd‘dnlefé)ﬂmdesaf ﬂﬂa@@aelmm&mmm@&m@leddol&he'pwm:\rfoctkpuﬁd

not shown, i i r AThe
bal anced |npu{ I'S g%ﬁg ﬁbatﬁef?ﬁgﬂpo%ﬁ@ggzlg\égﬁﬂtég% %%aags}%ﬁtgga ve i nput
Vi, ,. A swi t@wnmol%nwé asqviteln 1ﬂ§2arar@nmwdcau;§p@as te gmwandyHOmi e i nput

V;p and a Ca@?ﬁ ciRof 8PP&Hh & He FifcRNo4. CWQ@?&R@]@%@a%M@aF
si de of_ the tches 100 nd 112, res tlvel , .1n orderctho alte

hol d tRe sanpflaracomaested s rkmeééo o FEHm B JURGINAL dhe L3RI Bk 1
coupl ed to thadrkgsaivite T18PW sWitth aeolaﬁd@ap\amh 132 ddGeomttbciedciapsaidsoio 138,

respectivel are.connected to th ar._Si 24 36
or dgr to al %/81:9115}%? %gellh%dkoéhﬁfgbe ??gﬁﬂggr % %Igt}?%‘&ﬁg}igzlgs ‘%%ﬁg a
bet ween t he Jlammdarsmﬁchtm aeiconhedtod inrmsdries he goapad framn th@Z]una:hdntCPfe

posi tive out 18298 1RO By AP 144 SWtch 122 is coupled between the
Junctlon of t C%%Btg{] 3 nd the_ capacitor 114, and the Eoleve out put

VOP ofl0t he op anplnbve pnefgwedﬁnleg@mgnbéhﬁﬁé’dmhsétlﬂﬂew% He4jagsk136orrent t he
switch 124 apgeh &veEiddhas| b@ﬁstm&edam ddrsilad slggat ialeh ubthéen safitchheop

a 150. A switch 146 i.s cou en th unct| ch ;136
a% t he capaV\quStPrﬁ%‘@n Hsef‘fue[? hseifg‘f% ?ﬁ’fjth‘{/ﬁwl e? 862132 }j\f%i 86 The
far side of t1¥etchpaeilirnes FroPeriad ihldrder éo coupd elistootioh efnihgairicom inignput
of the op a %

00/ 42616 14”Bté|t? %§%‘8§g%§a Prﬁ{h%%r&%%&ﬁg&o g %&%gﬁécjﬁ'@{t%lgéﬁ%&% ?%38 are
coupl & to ththgsoayitthes dapges linedr swibches aied bRy BT dhexirm ey h??@ and a
swi tch 140, 6&?&%@?&Yﬁéﬂuetﬁre§§ﬁ&ﬁ& étﬁﬁd@mj M@SFE’Ffbrlﬁ&/I@BBETWﬂ@{e%d in

AR RO WV RS A TR ST,
the junctionid, 1tzhenda]38©ah(be m éthl-naete] bhpol%pmkyhyﬁ)éﬁapa%lwmommjtaﬂlemd a
capaci tor 12905 PRty hihhE%, e PEHAD,SRATLE AR R (] 2R
conne@fed mVQleiag%@/)to ground fromthe junction of the capacitor 138 and
the switch 140. 19hinnfae Aok arKed |SERPUbMRigert BSIIEMWIIC NGS sdPlesl by, 124
and 136 are means of the switches 106, 118, 130 and 142. The switch 108 in series with
switch 106 prevents the grounding of the junction of the capacitor 102
and the switch 104 at the falling-edges of the clock CK which occur while
25 the phase 1 clock is high and the phase 2 clock is low. Likewise, the switch
120 prevents the grounding of the junction of the capacitor 114 and the
switch 116 at the falling-edges of the clock CK which occur while the
phase 2 clock is high and the phase 1 clock is low. The switch 132
performs the same function as the switch 108 and the switch 144
30 performs the same function as the switch 120.

Using the clock CK ensures that the sampling instances are
uniformly spaced in time with relation to one another independent of
which capacitor is being used to sample the input. The time between
falling-edges of the clock CK is uniform if the frequency of the clock CK is

35 fixed. For example, the clock CK operates at a frequency f; and, therefore,
has a period of T, as labeled on Figure 15. The paper referred to above
does not disclose the use of a uniform clock CK or the corresponding
switches 106, 116, 142 or 130 and, therefore, must rely on the falling-edge
of the phase 1 and phase 2 clocks which are not guaranteed to be



| i near switches constructed as detail ed above al t hough other sw tch
structures can be used. It is advantageous for the switches 100, 112, 124
and 136 to have |linear properties in order to avoid distortion of t he
inconing WOM4'€quency signal duringghe sanpling processPaYUE%f¢5%d
above. The 15 other sw tches can be Ilnear swi tches as detail ed above or

t hey may havenifotrhbr splacerhm tonhe uwiitlr eclasiooht@onet andtved pikdBRETuthen MOSFET

Swi t ches V\/r%gg)rﬁ?g |l ggsgglgplﬁ%blrbééé and conductance. The sanpli ng

capacitors 1 can Be metal -netal or pold% goly ty
B

capacitors or anylhe isetitcheg J@0xnd 333 cire sloekast By tthagledayednphase ef élﬂe onshi p
bet ween chargeac Qcl8fds,  dHdUakide ea\ﬁhasér be th@pRas pélk)d@%l ﬂvé@z

trigg coII(?ctlon of sanp Iesa}/ ans qof the switch Oand
192 e vidltEna Ay | STORRHEE tha HOSUG GRPHDEONPRG Pl ¢ Ve SOHRAG of
the juncti orcaphcitoss tepand 104, VWRile dndswiteh 9dRtcohnétd the daEﬁcftei idge edges

of the cl Ockc}g%np}lgccﬂe s%xﬁ%'crheMbh%ﬁ\%%qu &8%1 %@%B%ngétoﬁ{% ¢ aﬁilt%p 1379 5:(1)'| ©

phase 2 cloc roand I'hg of
t he juncti ortheffeechbadaphttiet op amig 13Advhile thgvewmhe_smﬁaand HQSfaae lopeg- edges

of the cl ocwewﬁbcs*evl@&pwéo w&té% r@m@ %oéltecthe i mgth@%tfch@s phase

1 clock is swtch sanme c} ﬁ swtch
108 aHb t he 1dfiarch122glosgtp s@mﬂ etCﬁEa%%EPFen%HEPNg‘ﬁ beed ﬂ:r?é éwt?\srpnzo
Using the clasg 186. eﬂsddfr&fspbhding bPebAgN ii$)Gairicd J0EETitALR th@nhé%i _
spaced in tine ?t on.to. onﬁqwnot her |ndepen ent o{ t acitor
et ng usdbEb Poaint o7 the kit Aien dreasnaren ff the Bute 8FFhe
cl ock CK i s thaidpramp fattthe freqoererycy, of théeclotlodkK Gidthex $]5arﬂ|bbedloxﬁer
exanple, th Y Af a
peri od of TEIt %i&ﬁ%gﬂftﬁ@?h%?fﬁ?gpﬁfsé $%}e&ggpért the erregﬁ ove Eg?)es not
di scl bse thésu§éu§¢dandhe dpep KoTRgBFatiqe of ¢h eemmm n recHEs 106,

116, 142 or %ﬁQm@ﬂso 16h Bf regfiredUS! séteb Wwithir hﬁefxeldtivrm QQQ e@fod Bff phase
1 and phase

| ock t d.to b
PCT) Lsbor 00688 o ety he phastt pn SRt actars Brefichh Te %ﬁsr
addi ng furt ishortedisdrivd obrtirhe dve whighl thng clordhoEKsis High Bamtcmngshéo;fp and

112 are cl O%@’?ﬂPg%’fﬁw‘eﬁ%‘%@Cﬁ%ﬁg Gm‘@%ﬁ?g’r“&%dbg}ﬁ“\,?r&“f# ock dd and the

del ayed pha ase respe 5 alternately
conne¥t i ng the pddie méuit e drofigwe 1k confwmesnihawgonadaalf (fr iel02 and

114. Wnile tﬂ@ﬁvé%?cﬂhelé@aﬁf)rﬁl‘ﬁﬁbﬁ i Fig@Raant @hehl4uh@ing at the same
frequency. Alternatively, the cirauit shown in Figure 14 can operate at
twice the frequency of the cirauit shown in Figure 12 while consuming
approximately the same current. These efficiencies are gained because the

25 op amp is nearly constantly producing an output in comparison with
Figure 12 where the op amp lies idle about one half of the time. This
circuit can be used in a variety of applications such as sample and hold
circuits or analog to digital converters.

A myriad of alternate embodiments within the scope of the

30 invention will be readily discernible to one skilled in the art upon
examination of the above disdosure. The techniques can be applied to
complimentary metal oxide semiconductors (CM(OS) and jundion field
effect technology (JFET) semiconductors. These same principles may be
applied to gallium arsenide (GAs) as well. Also, the capacitors 60 and 66 of

35 Figure 12 maybe removed if unity gain is desired.

The invention may be embodied in other spedfic forms without
departing from its spirit or essential characteristics. ~The described
embodiment is to be considered in all respects only as illustrative and not
restrictive and the scope of the invention is, therefore, indicated by the



the input, the switches 104 and 110 cl ose to connect the capacitor 102 into
the feed back of the op anp 150 while the switches 106 and 108 are open.
While the switch 100 connects the capacitor 102 to the input, the swtches
10 116 and¥9994418se to connect the tapacitor 114 into the FSRHSEAOMSHf 1 he
op anp 150. A corresponding operation is carried out within the negative
iﬂput porti cnpp&ldte]lcieclaimsuiatherm«;m\ ﬁyaﬂw ésregoin godestvigpeidrat Arxlhedml rtgest of
the op anp at,the frequenc e C t ,
frequency oﬂvpﬁg'%HgggNﬁﬂgﬁéﬁsHﬁggﬁﬁwiﬁégﬁé.%gf&?%ﬁﬁggﬁgﬁ§fﬁéﬁmiﬁéﬁéPock CK
15 is not used to beehebretatwithindhbereabpgur ati on of the op anp. Therefore,
the op anp i N@?Dr .ed to settle within the relatively |ong
period of t$@£A53§8ﬂ%%{c t %?phase 1 and phase 2 docks are high, T,,
rather than the shorter period of tine over which the clock CKis high
reduci ng the op anp performance characteristics denmanded by the circuit.
20 The circuit shown in Figure 14 consunes about one half of the power of
the circuit shown in Figure 12 when running at the sanme frequency.
Alternatively, the circuit shown in Figure 14 can operate at twce the
frequency of the circuit shown in Figure 12 while consum ng approximtely
the sanme current. These efficiencies are gai ned because the 25 op anp is
nearly constantly producing an output in comparison with Figure 12 where
the op anp lies idle about one half of the time. This <circuit can be used
in a variety of applications such as sanple and hold circuits or analog to
digital converters. A nyriad of alternate enbodinents within the scope of
the 30 invention will be readily discernible to one skilled in the art
upon exam nation of the above disclosure. The techni ques can be applied to
conplinmentary netal oxide sem conductors (CMC8) and junction field effect
technol ogy (JFET) sem conductors. These sane principles nay be applied to
gal lium arsenide (GAs) as well. Also, the capacitors 60 and 66 of 35
Figure 12 maybe renoved if unity gain is desired. The invention nay be
enbodied in other specific forms without departing fromits spirit or
essential characteristics. The described enbodinent is to be considered in
all respects only as illustrative and not restrictive and the scope of the
invention is, therefore, indicated by the WO 00/ 42616 16 PCT/ US00/ 00665
appended cl ai ns rather than by the foregoing description. Al changes

whi ch conme within the neaning and range of equival ency of the clains



are to be enbraced within their scope. WHAT IS CLAIMED | S: WD 00/ 42616
PCT/ USOQ' 00665 17 CLAIMS 1 A subsanpling, sanple and hold circuit
conpri si ng‘:y 2 a bal anced input configured to be coupled to a band-limte
nodul at ed WOJH4R6164 first and second |inear switches each hBGT/H§0%40645 st
side coupled to a positive input of sald bal anced i nput and configured to
be clocked by a 6 del ayed phase of a phase 1 clock; a first holding
capacitor coupled to a far side of S%%ﬂ&l:l\plgt | inear switch; 8 a second
hol di ng capacitor coupled to a far side of Said second linear swtch; 10 a
third swtch coupl ed between the junction of said second |inear swtch and
said second holdjng c L ; -copfigured to be
cl ocked by a deldlayed %@?ﬁéﬁ?lg{éﬁgnﬁwgpﬁlﬁ?&]‘%go‘i‘%’?r?ﬁlg@k; {.,4 a fourth
switch having a & ipalanegddenpytiprentigsratets Bt §OHP 6§ dai @ fhand-limitehar
switch and m@ﬁd]&tbasﬁgm;di ng capacitor configured to be clocked by said
16 nop-overl apping, phase 2 cl.ock; fifth and.sixth Iinear swtches .each
havi n‘E a first sf?’gé aEausﬁFg’agtIB"eﬁr ﬁvglt%a?qcyef‘?%agfemggi‘%é HAYBECetf Pnput ,
and confi gyasitite ipput! cckaid bylasaed inpeat ayret! qonfigeired twabd ghaksead bychock;
20 a ghird ' ' o |ed to a far side of said fifth |inear

i 22 ANET PReRBRG) kLR

SW t 22 a ‘ | capacitor coupled to a far side of said sixth
linear switch; Rfrd hoddiagitapagitoe ioepleditec faatisenl said firshdineanswitcBai d
sixthglinear sy i&hnansbiedg hphbitdr fAUSle@GoCARAEIHOOf 2R SBEShE UHER

ground, said (ﬁ_g seventh switch configured to be clocked by said del ayed
phase of s@Wt¢bn- overll appi ngphase 2 clock; 28 a eighth switch having a

firs10side couplethird $wichuwiaipled edtwaehdtifd fjhfictidn nefisakivstadndithesai d

third hol din apaci tor, configured.to be cl b i 0
non- over | apsﬁ\%ﬁcg‘ p?ﬁléfsgalfl (??%Oc Cgt}éoﬁlgéz’}g a%?al'cnét\s}?nglg% %e%%%‘%?/%gi 5%?m(i:oﬁ%fled to
a fal2 si de whfigaired ftorlxt clocked by a delayed phase of a non-overlapping phase 2

clock;
14 a fourth switch having a first side coupled to the junction of said first
linear switch and said first holding capacitor configured to be clocked by said
16 non-overlapping phase 2 clock;
fifth and sixth linear switches each having a first side coupled to a
18 negative input of said balanced input, and configured to be clocked by said
delayed phase of said phase 1 clock;
20 a third holding capacitor coupled to a far side of said fifth linear
switch;
22 a fourth holding capacitor coupled to a far side of said sixth linear
switch;
24 a seventh switch coupled between the junction of said sixth linear
switch and said fourth holding capacitor and said common ground, said
26 seventh switch configured to be clocked by said delayed phase of said non-
overlappingphase 2 clock;
28 a eighth switch having a first side coupled to the jundion of said fifth
linear switch and said third holding capacitor configured to be clocked by said
30 non-overlapping phase 2 clock;
an op amp having a negative input coupled to a far side of said first
32 and second capacitors, a positive input coupled to a far side of said third and

fourth capacitors and having a positive output coupled to a far side of said



32 and second capacitors, a positive input coupled to a far side of said
third and fourth capacitors and having a positive output coupled to a far
side of said WD 00/42616 PCT/US00/ 00665 18 34 fourth switch, and an
inverted oM@ 8upled to a far side pf said eighth swi t c RCTAE0U00865, ¢ 1y
switch connected between said positive and negative input of said op anp
and 8énfi gubedth ewitrhelandked inyestad doptpagecdupledcto, adiad s88 af tseint kighviht ch
pair connecswlqdpet ween said positive and negative input of said op anp and
sai d common ‘ground and configured to be clocked 40 by an early phase of
sai d3phase 1 cl ccRinthirvidiin connectph hetween Isaick papidiveapad mngabiver npmsi ofy
phase 2 cl ogly 69%5?%&0&3& rsg,té fBeQR?dk%Hg)fge}[ig Air&}é@rl disagueacy than a

center frequenc sai d . d-limted, signal .and said inverted
and #n inverted 6@@%uts“ﬂ§£bﬁ’a§a%“%%t%$eﬂw?€ﬁcéa g’t‘?ﬁgé‘f?plaé\ﬁia\}@r@ihd’ﬁ of
sai d band- linput ed said@?uﬂrﬁp Qi dSdag@d @bmrion Breuadraid tonfighad B be cdukieel n
said é]i rst, seconcl fifth anﬁr@i‘xt hltﬁlz 1I(,i near switches conprise: a
n-chahnel PN STLH Phesh O RatRiaski [iiand 4 a p- channel FET having a

p- channel wi dt h;whemirisaicapbese telavkdmdsaidanah-pveHappilg phase 2 chwkpired to
adrgan 6 i - T I f i - el
FeT 1" coupRiRd 3B SRt AR lont B e 4 e e B
p- channel addhlimitadarmgedudatad signal and sashiiverfedt Andrnopigeerted owiEase
the binearidfyspid o deipl bebduck N SbIARIPIEE, vdpsibhe cTarRle bdid-Gunitedlavi ng
a positive i ngui ?Sgor ion conprising: first and second |inear sw tches
each havi nd"8 Biate 1Eﬁel'coupl ed to a 4 positive input of a bal anced i nput
and configured to be clocked by a del ayed phase of a phase 1 clock and a
del ayed phase of, a p e 2 cl p j . 1G-a h i citor
coupled to a farz‘si dgﬁ?ﬁ Cé%‘lgﬁ%? i@%{rﬁ}ﬁf ﬁggérrggwg?gﬁ;lgt’aé eé(z%%’nghﬂo{&g? %gﬂﬁ
capacitor dmmgareavitches dampsisge of said second linear 8 switch; a third
swi tch coupl ed baehva%anw@m&&ihgrh alcheaind] fWiksh; dndiear switch 10 and

said first holding capac and positive output of an op anmp and
confifgured to bé ET%@P@Hl Eﬁtfs%‘ﬂnﬁﬁaEéclhﬁnE‘%(‘f‘f&fla‘;

wherein a source node of said p-channel FET is coupled to a drain

6 node of said n-channel FET and a drain node of said p-channel FET is
coupled to a source node of said n-channel FET; and
8 wherein said p-channel width is larger than said n-channel width in

order to increase the linearity of said switch.

3. A symmetric, double sampled circuit having a positive input
2 portion comprising:
first and second linear switches each having a first side coupled to a
4 pbsitive input of a balanced input and configured to be clocked by a delayed
phase of a phase 1 clock and a delayed phase of a phase 2 clock, respectively;
6 a first holding capacitor coupled to a far side of said first linear switch;
a second holding capacitor coupled to a far side of said second linear
8 switch;
a third switch coupled between the junction of said first linear switch
10 and said first holding capacitor and a positive output of an op amp and

configured to be clocked by said phase 2 clock;



WO 00/ 42616 19 PCTI USOQ 00665 12 a fourth switch coupl ed between the
junction of said second linear switch and said second hol di ng capacitor and
said positjve outEut of an op- 14 anp and configured to be clocked ?y sai d
phase 1 cI¥OPY43618¢ 1 and sixth switches,in series to groundP(r?ng)qo@a o sai d
far side of 16 said first sanpling caggcitor, said fifth switch configured
to bE cl ocked by founthi swittlvclouppst detwegemtthe uoetivhe of iseijlsecyndflirssird

; : eLwge o . !
P ocked by “ARAPEnd by SLOARENaRERE Xehabllh BndNai d BoBRG SRR B afCop, |
groukd coupined and ceaifigutred to be chicked dty ssad pheee drdo&anpl i ng capaci tor, said

seventh swi tch qpph Ladr Gt Swhehed acketedYo %@bdn&%d’hgﬂé&% said rHadideifght h
SW tc% configured to be cl ocked rbé%iidgﬁft ai d. phase .2
d p

p | ock;. a ninth switch
coupted be firstgaanplng <agaciiy r%Wlt%rF&qfwre‘gfoc]é%ég?cﬁlSH Bha a
Se?at [ \ée |hﬁﬂalitn ]Ecbc&agﬁelﬁwin@ Bt &leﬂ:ecﬂfef ifgiefuedcy cofosaicll phksd 1 whdl hph@égd2
e phase of said.p e 2 ock, and .26 a,tenth sw.t.ch coup .bet ween
sai ?gar sicz%Ckaané?dng@ﬁr?&”gci\ﬁﬂq% re@ég%giql% egrrlbcy g%{ld r}ha@ gt'%lgg(’i nput to
sai d op anp and sevenflyanddeigbtivswitéhes| iwc kedesito Igroand daiplgddtopbridefapf
sai hase e i i o
on-Ser asﬁﬁeﬁépéﬁg SRS AnRAlls BBRGGh, S RVERE SvitAF konfiEtired, to be,
O aim 3, wetedked biasaidimain clapk and satdi eightb switch copfigured tedipelosked By
n- chemnel KEH BRNdeWcRCR; channel width; and 4 a p-channel FET having a
p- channel w dth; wherein.a source.node of sai -channel .FET is coupled to
D rain 6 node 2o Tl SWHCE AT MEPTERD S el ot dE il dish PrORaRRel
FET 24 couppadtdroared amuegativeonpudftossiid ap amgnard deBfiguBeditoried nlowked
p- channel %%ﬁﬁﬁ?fdsdélgizgc‘i’w&)p%g@Bf§£H$Hl{s§@a61881; Mfdth in order to increase
the linearity of said’s ch. ] ] ) )
26 a tenth switch coupled between said far side of said second sampling
capacitor and said negative input to said op amp and configured to be

28 clocked with said delayed phase of said phase 1 clock;
wherein said phase 1 and phase 2 clocks are non-overlapping and
30 derived from said main clock.
4, The circuit of Claim 3, wherein said first and second linear
2 switches comprise:

a n-channel FET having a n-channel width; and
4 a p-channel FET having a p-channel width;
wherein a source node of said p-channel FET is coupled to a drain
6 node of said n-channel FET and a drain node of said p-channel FET is
coupled to a source node of said n-channel FET;
8 wherein said p-channel width is larger than said n-channel width in
order to increase the linearity of said switch.



