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A Source Follower Attenuator FIELD OF INVENTION 5The invention
broadly relates to a source follower attenuator circuit, to a differential
source follower attenuator, and to a method for attenuating a si(7:|nal.

WBABKESEGUND 10An attenuator is an electronic device or EfdiCHgp/000361

reduces the amplitude or power of a signal without appreciably distorting
the signal's waveform. GonoERERAL!IVRIAIPE 4RSS assive devices

made from resistors. The degree of attenuation may be fixed, continuously

aﬂgg@%%g #ﬁ(ﬁaﬁntally adjustable. 15An existing attenuator circuit
uti itched re

ISES a switc sistive network, termed as ladder resistive network
attenuator. An example of the attenuator is shown in Fig. 1 and the
attenuate (kR0 s sem iglatyd deddn discretddtisowuits afuesistiveshetiork

DaRSLAlLe Efb't%}é%s @%@%%R&Mi disaeyanages: WL RGHIes S,

Resistors o sistive network occupy a larger silicon area
with higher cost; 2. Higher power input buffer and output buffer are
regpingGrodiive the attenuator and subsequent circuits. These buffers
consume large amount of power; and 253. AC coupled circuit is needed
which prevents the attenuator to be used iir%%%/stems where DC coupling is

5107 PRESHSHESRIOAMATTY HERE 1 redishva g na s RiPover of
saitaiptesfomititegratedreiriobiy irdisleriemtédt nsipteie e winvieltegrate Coinauitonal

COmmRRROMISe DarrdialieAURINS fbs 3RaseRieq {ereithes SkatbRliation may

variable attenuators. An existing common spurce based source
sy et RN ST RRIE S M TRERAYRTIPERI®2. The degree of

attenuation of this attenuator (200), which is given in equation 1, can be

‘éﬂﬂ%@%@@@!@&éﬁ@i(&%ﬁﬁ%@ Qfsmﬁﬁﬂé%dré@%mrnaﬁsﬁﬁk,ﬂfﬁmed as ladder
r?asi% (\%1 gre%}\lgrr& ra%t%ﬁ&%ﬁ;or. Sg%%r%rp%oéf the attenuator is shown in Fig. 1 and the
attenuator (100) is commonly used in discrefe circuits. A resistive network based

attenuator has a number of disadvantages, which includes:

1. Resistors of the swiiched resistive network occupy a larger silicon area with
higher cost;

2. Higher power input buffer an& output buffer are required to drive the
attenuator and subsequent circuits. These buffers consume large amounit of
power; and

3. AC coupled circuit is needed which prevents the attenuator to be used in
systems where DC coupling is mandatory.

These disadvantages make the resistive attenuator not suitable for integrated circuit
implementation. Hence, in integrated circuits, common source based attenuators are

adopted for either fixed or variable atienuators.

An exisfing common source based source degeneration amplifier (attenuator) is
illustrated in Fig. 2. The degree of attenuation of this attenuator (200), which is given
in equation 1, can be varled by changing the resistance of the load resistor Reaq, the

degeneration resistor Raegen, Or both.



10

15

20

25

30

35

WO 2008/063133PCT/SG2006/000361 RIGS G - 1 -+ Rdeg en gin (1)
Here, gm is the transconductance of an input transistor and G is the
attenuation degree. It can be understood from equation 1 that accuracy of
WRHNEEH of the 5 attenuator (200) is affected by the transBERGGE{4MERN361
gm. The value of gm needs to be much larger than the Rdegen to reach
acceptalgle Jinearity accuracy for Rload over Rdegen, which means that 1)
lafge gurrent consumption is inevitable to boost up the gm. However, eve"u
with the Iﬁl%aﬁurrent, the accuracy of attenuation cannot be improved in
CMOS based circuits because room for gm improvement is very limited 10
for CMOS based circuits. The situation becomes worse in deep submicron

MeresHCM @R, whrieauipkhbepgdantealf adnaissistands Grivathwhithnuation
fuher reduces attonualion aseiracy. AR 1epul e coul N8RS e
i§FHore commonly adopted in bipolat junction transistor (WI) based
ctsiitsionaPE )i gEeairidani ERRSFARAIEEST Sherbioréeitiferb FERERTS ©
rpamukoRlem@stienobiairing, GVeBibasesb bk tbmmatyr scoinich 8eRi. over
itable, for 'nrﬁ%%ﬁ%t‘?ﬁaﬂra #g%uﬁm%gr{gﬁﬁ%%@ IR RRVIRAYD the gm.
attéfiliator tha seeks to address at least one of the above, problems. 20
SUONRIAIR PYRECORIInG o 1Pt SUFRL: 9B BHSEEh TR e RERL0! be
preiclas ansOMOS felleweratienbateussirauitrcbmprismgravetreshisseuycénited

0 PRASE YRS WL 2 $AYGR SN BELeRHER The S FaRc3OMISRIBRA Bracess
rain connected to ground; a control 2§tran?stor with lm%%cqu%rép%%% os
: n

oM UWRPSBUIRE dFeransth ForndEIERY Jroiie! ina
aitenuatied cutpuisignakasrossithdrsooirceiaiPdrath Hbthe omess commonly

:%ﬂ@t&ﬁﬂ%@ﬂf&ﬁ%ﬂ@ Wr@tﬂ%%ctt%@m@e%td rtféhgé‘._'l_iﬁ@éﬁa afiee §putn be
ransistor and o e contrgo| transistor respectyv, . n
SRR d EEBRSS HE D DAL AT Hre A oS besed

attenuators, which are suitable for integrated circuits.

A need therefore exists to provide an attenuator that seeks to address at least one of

the above problems.
SUMMARY

According to a first aspect of the present invention, there is provided a source
follower aitenuator circuit comprising & current source; an input transistor with a
source connected to the current source and a drain connected fo ground: a control
transistor with a source connected fo the current source and a drain connected {0
ground; wherein an attenuated output signal across the source and drain of the
controt transistor is confrolled by fransconductances, in an on-state, of the input

transistor and of the control transistor respectively.

The attenuator circuit may further comprise a RC low-pass filter circuit connected
between the gate of the input fransistor and the gate of the conirol transistor for salf-
biasing the control fransistor from an input voltage provided at the gate of the input

fransistor.

The RC low-pass filter circult may comprise MOS components.

2
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between the gate of the input transistor and the gate of the control

transistor for self-biasing the control transistor from an input voltage

provided at the gate of the input transistor. 35 The RC low-pass filter
wehgt/easipcomprise MOS components. The attenuator cirdiiff#@g606/080361

further comprise a plurality of control transistors, each control transistor

with a source connected to the current source and a drain connected to

OO G @ MAN FBIRSRE N RSP BSIKR O R R S LRES S yransistors, each
conng } ins rles a blasm% voIta%(?’ii \élherc-;(hnt e att%nuated output

SiGRA AcrEEs' e s¥ificd aitd Graif BFEHE of the' Rontioit a?‘@fgfﬁrsa@ a drain
c@ﬁﬁ%@é%ﬁrﬁf@@%@!ﬁaﬁ@%sgaﬁeant@ nifstaresisioie inpotitrartsistivtendare
altefiberdd mﬁadaaze@fiéwgéﬁ@w@igésWﬁmm@aﬁe@m& BlgRYEIMal across
c%:wt mayfur er c&gprpnsFaglur |t)%of con &tr Nsistors, eachc t{ied by

cOnro]  ransisiors’
transs?or Wlth a source connec?edﬂ e curren SOUI’CG and d %Cfﬂ ro

coiReeRad RN iNaaTt ithaiates bietirédsssile codtal phtuispbrslity of
aepeineciastidns pespdediena biasing voltage, wherein the attenuated

output signal across the source and drain of one of the control transistors

is variably controlled by 15 the transconductance, in an on-state, of the .
inbif FARGHAIGF SIEHEy TPRERSE FoMmERERS BIlEbGTIse Al AmpsFtors, each
centriobitransisitrs witiich aritcaromsiaie tespectivelynt sofRe and a drain

aH&‘iFr@:I@EiC{BCL&m IEherH0 é'é%?"&’ﬁgh%%ég&% %8“% P& QMiors are

state of the 20respectlve control transistors e SWI'[ es may

cOMPREEING SRiElA R ARSI ﬁ{PgﬁgﬁtlHﬁ‘%’@ﬂaﬁ%@r@ﬁ?%@%d’tﬁ?&&ﬁg“a‘
- thesdt dine so@264 eodrdiaig 6 arsoddhd etsﬁeﬁtimhﬁiﬁqwéseahmnbmmued by

thege igpiQidadadifferential soycefpllower %H&”%B%E C%%%Psfééé&g aanast by

and a second attenuafor circuits as claimed in any one of claims 1
mfﬁaé?%‘fﬁ“tﬁ‘é“%ﬁ%%?fsm?&%%ft'ﬂ‘?epFHE"‘t['&ft%%ﬁ%ﬂ%?‘c‘ﬁ%’iﬁﬁ%%ﬁﬁ%baée i an on

polsithrespasivelsource, and the current source of the second attenuator
circuit comprises a negative current source. 30 The source of each control
tr. SIS or of the firs tte or circuit ma ff?] connected to the negative

cureR %%‘ﬂﬁé’é Bt eéft?é’ﬁl?é‘[%er% EedRCHErAiedEpasigle of the
cEpetinemsiaol @ﬁlﬂS@tS?éﬁ;ond attenuator circuit is connected to the.
positive current source of the first attenuator circuit, for DC offset through

CLOSS-C ling.of 35the first and second. uato rcwts

e SRS PR sl SRy 55 Bl signate from
piRSsERd thirsatidhe svdkehsprovided a method for attenuatlng a signal
comprising providing a current source; providing an input transistor with a

Sﬂb‘é&é%?l%%%%g H)dt 85'{ r?%ﬂ?gperg n?ﬂge%‘tgorﬁ '%%%nneﬁ%evgdg% %rgl’i!i%réntiai
providing a contro stor with a source connecte e current
0! lower attenuafar comprising a first and a second attenuafor circuils as
(cla:med in any one of claims 1 to 5; wherein the current source of the first attenuator
circult comprises a positive current source, and the current source of the second

attenuator circuit comnprises a negative current source,

The source of each control fransistor of the first attenuator circuit may be connected
to the negalive current source of the second attenuator circuit, and the source of
each control fransistor of the second attenuator circuit is connecied fo the positive
current source of the first attenlxator circuil, for DC offset through cross-coupling of
the first and second aitenuator circuits,
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5 and a drain connected to ground; obtaining an attenuated outOut signal
across the source and drain of the control transistor such that the
attenuating is controlled by transconductances, in an on-state, of the input

wirangigsndnd of the control transistor respectively. 10 BRIEFCT/SG2006/000361

DESCRIPTION OF THE DRAWINGS The invention will now be described
withdefatence torthaspastaset-dpasingsnenibichthdsRgprevitiahawsstmod for
gglghg&r%dge Lorr*asr% n%5 Srr‘omamorg aHSH&%tOEDEHSé”ep?ﬁMS 3R input

n sour ifier using resistive load and degeneratlon

rBPrEALAEN® PRITRS SURBHES BRR: R SPH SoBEP R nected o
Atemdaatan (Bind)z ignire! 4rshubsie avithffe sentied Sbikaited ity 20F-yurenbsource

mcﬂ%lm98&@5&(@@'%%@oﬁﬁﬁ?r@&ﬁﬂr@&%@éﬂh&é@%@t&lﬁ@@% adRGs the

offset cancellation SFA circuit; Figure 7 shows aﬁlfferentl

NI ASHHAR Y itn SRREH BT RS BE e d 8 SlOWE 5 e eraalled by
sourss followeratidnaaton-siite switohéwin ranaltédr BigletiBestryws! dransistor
Q&%@t%@emented SFA of Fig. 8 with 2 bits control switches; 25 Figure
10 shows measured variable gain control of the SFA of Fig. 9; and Figure
11 shows a flowchart |IIustrat|ng a method for attenuating a signal

RIRHEHi RSl BREmbIeFe o BitfeMINSIST AILED DESCRIPTION 30
Referring to Fig. 3, a basic circuit (300) of a Source Follower Attenuator

_f% |ss own . nd th cu égnt seo rc |sre gneoteedigsl Q_ﬁ S%ﬁfﬁg
0 YA’ %'?la r%‘\‘4"[‘t"(’-:'nua or.'The degree o] enua Ion o 8%3

|wf@!§fbulated according to equation 2 below. Here, M2 denotes one PMOS
transistor (312) primarily used to 35control the degree of attenuation and

s another. PM an Sisto ansistor.
AR S R S rea i
mg@@,ﬁsﬂswewseaemome%mmrmw difinehpeRistyRsisast and
respacituahn 16 Bighndatiee;two PMOS transistors (Mi and M2) (308, 312)

q{%&%@g‘r%&g g‘b%%@'éﬁ!:uﬁ of a Source Follower Attenuator (SFA);

Figure 4 shows a differential SFA circuit;

Figure 5 shows an input self-biased differential SFA circuit;

Figure 6 shows a DC offset canceliation SFA cirouit;

Figure 7 shows a differential source follower attenuator with switches in series;
Figure 8 shows a differential source follower attenuator with switches in paraliel;
Figure 9@ shows a CMOS implemented SFA of Fig. 8 with 2 bits control switches;
Figure 10 shows measured variable gain control of the SFA of Fig. 8; and

Figure 11 shows a flowchart illustrating & method for attenuating a signal according
fo an example embodiment.

DETAILED DESCRIPTION

Referring to Fig. 3, a basic circuit (300) of a Source Follower Attenuator (SFA) is
shown and the current source is denoted as | (302). The SFA (300} is a variable
attenuator. The degree of attenuation of the SFA (300) is calculated according to
equation 2 below. Here, M, denotes one PMOS fransistor (312} primarily used to
control the degree of attenuation and M, denotes another PMOS fransistor (308)
used as an input transistor. Alternatively, M, (312} and M, (308) can be termed as
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between a current source | (302) and the ground at their sources and
drains. The 5 gate of M1 is regulated by an input voltage Vin (304) and

the gate of M2 (308) is set by a bias voltage Vbias (310). A voltage output
WOR)E313) is taken from the sources of M2 (308) and M1 BIZFCTHES/000361

inventors have recognised that an attenuator circuit incorporating a source
Dniolidwesiganaxpluiticiansisterisiesdivie source follower, such as
efficiently handling signals with large amplitude and providing good

I|n rit and o ith sum t e
perdi g%%%ﬁ/%%&% SN %ro 4 J%\g’@p@’andm i }%&t%%w’ Bt

ammn@ Rugahiesoutpait .eﬁ%@mw%mﬁé%%ﬁw&%@w@@é)dws The

dg%%%@ af %ﬂ*@@&@i&ﬁb?@i} ﬁhguattam@@twmm)ta@ﬂ&)gcg‘mm@mapus set by

R T A R e o

. dﬁa@@ﬁﬁléﬂ@ﬁﬂc&ﬁi%}e approximated as the ratio of the transconductances

(gmml and gm) of the input transistors M1 (308) and M2 (312) as shown
edualion, and lurher sts&lwﬁmn AT FRABHRIE = source

nceQranscon tance S transistors are proportlonal E] %?ng
i

ggwmﬁwqmﬁﬁﬁtwc&wﬁm SPYCthPIRREISATE B SO RGN
HPAinttacavda prtigtude and providing good finearity between input and ouiput

with low power consumption, as well as operating at low voltage and provide a wide
bandwidth.

In Fig. 3, aésuming R is the output impedance of the current source | {302}, the
degree of attenuation G of the attenuator circuit {300) of Fig. 3 can be expressed as.

R+
G = gmm (2)

R+1+;

My BMn

Sinca R is normally much higher than 1/gm of the input device M, (308), the degree
of attenuation can be approximated as the ratio of the fransconductances (g and
gmye) oOf the input transistors My (308} and Mz (312) as shown in equation 3 and
further in eqdation 4,

1

i EMpso {3}
Gr— 1
+
Etlyn  EMyn
G= &My . (4}
By + BTy

Since fransconductances (gm) of PMOS transistors are proportional to the aspect
ratios {(W/L) and (W)} of the transistors (M 308 and M, 312) (gm =< W/[L), the

5
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degree of attenuation G can be transformed into equation 5. In equation 5,
the DC voltage value of Vin (304) and Vbins (310) are made to be the
same. The transconductance of M2 (grrim2) can be regulated by . varying
WA S8, which provides another means of attenuation cBhlréf:3pp6/ 060361
addition to the voltage settings Vin 5(304). G (W = A/ OVAL +(w/L)fin (5)

d@g%@féfiBE%@%@Q&HFS?Qiff@ﬁ@f&iﬁbaiﬁ@mitsc@&i@itgn useduaishfigrentipt
circuit 10 based SFA.(400) is constr shown in. Fig. 4. In Fig. 4, t
Gggﬁ:eci\faclﬁjﬁ (§go§'fb¢(é?§% 3%53%@%@?20% tn(qna\pgr%v{:%e% %Bgitis\?e[%ceu rreji:rlﬁe
tprEreP upanas et abfeeletimen e (Q‘?G?%@ﬁ%t@by:%fﬁﬂﬁielg’mr@,%t taich
POHBEAIHTRRRAAO2) side rorPM@S! iarsistors Miméakdkanddizgs Vi,
{ ) are connected in parallel between the current source Ip (402) and
grotind at their sources and drains. An output voltage 15 (V,,,p) (404) at
the positive current Ip (402) side is taken at the sources of transistors Mip
%410) anqg2p (414). The gates of Mu (410) and M2p (414) are controlled
WWVWage %l/Irv, (406) and a positive Vbiasp (412)
respectivély. Symméfrically, on the negative current In (420) side,
transistors M20 (416) and Min (424) are connected between the negative
IRUHSNtSREreR N LA 2psFauMAdiTnes2i-a egativeswaltag eididiarliaY Qircuit

422) is.ta from the sources qf M2,-, (416 in.(424). In a like
R AR O e N Tab) Aot s 2o

ofiftig; (@ Pey heeproviauaddeareniiant prREYOEWIEN (1608naM 2 pepalive
JRFRACLVel) Fefarsianplify theainsiigfHigett400): aselftiissmd)cigsitwo

is_intrqduced to pravi iasi 0 in.Fi \ ing t
Y S R AR MBI AR B TER L i Bl TG e
wﬁﬁwwﬁfﬁ@tlw&ﬁ%kavmgf@@@)a}wéw@wﬁw%r.%%ﬁwﬂqﬁage
(Wig,)qAte gete:qidvitprédlMest comoepiadhiia talesistohBpdn083} ahkasistors

@g@é@@ %ﬁ%iﬁ%%"%? (541 Io.gopng i mseg.z&f R@p%a&%%%en@&@ o a

n
Tecel sﬂi%e biasing voltage \5b|asp. 412 etween the
fegiier iRpHs0Ptane tﬁ’éﬂmaﬁ%)@ﬁo@f’%oﬁ) PPAWSUtYewol AR aftRRSCHVely-

Dositiveiciirent sidendmativeitd)dattbk@rdieridehdamistes bEMEHGI406) Mi,
(@98 MR 641 8 BRERBHAHN G SIUHRE LA LSIHE . SIMUB) QN 8BIHR Ofhe

the‘positive current, the wiring_ is mirrored for the negative current. &n other
RReRdve Clisgeinreyt (Sosfdd 5 rSRIIR, TSR HGHEH Iw 19488 YERGn
(RRd). isicaniectadiodh e gagatfd/middirandVgrauddsVatdna feghlize input
JABkisy, lakesshetuegnihr deristonfi (REBYABE caRALiteren 4a86h, T e
negative voltage output Voir, (422) is taken from the sources of M1,, (424)
TEHERIIENA416). In both the SFAS (400, 500), M2p (414) and M2n (416)
are control transistors while M1p (410) and MTh (424) are input
t@@ﬂﬂﬁﬁn@ofﬁ%ﬂﬂcgﬂ%{)&sm@% iwmf@@mgi{i@sm}a;@iﬁwd@@@d o
e cross-coupled to cance c ents from input signals..An
Sl A S S N A i R
(48 2wideo PG OGBSI EgrBteddonmilg roplisgiiriy watiase A OthPbisRg HRC
Ebﬁ@‘ﬁ@ééﬁﬁltéhef@ﬁﬁéahfﬁﬁd\ﬁ@: G160 ghither mpr(ega;im?:@umwgd no(d0aYistitter;, .
0SS;cou to the pasitiv K r si
GRS L SRR ARSI o
rgreiogimrosiive hiEsisa ¥oiage Yeesddpfo i tikRa ReesRd rRaisiinf02)
dnpuid ChRaYitormowita): Mrgative.yvoiiage atipebbiasis (a2t sBn\his(404)
iﬂﬁl@ﬂ‘%ﬁﬂh%éh&@ﬁ?@&%%ﬁﬁ@ C s i phiyiderive Ofrent 1, (420)

attenua
side, similar to the side of the positive current, the wiring is mirrored for the negative

current. in other words, a capacitor C, (506) and a resistor R, (508) formed low pass
RC filter is connected to the gate of My, (424} and ground. Ve, for Mz, (416) is
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(600) itself, which is common in source followers. However, this may
present an issue in biasing the attenuator device (600) because Vgs (gate
to source voltage) of the input transistors M1p MTh (410, 424) and
WarRSARBEMditransistors M2p M2n (414, 416) need to be the A SEPBS{EP0361
make the relationship of equation 2 and 3 valid. This 20 canh be achieved if

&f%ﬁ%@h@gnlsr@%@t%ﬁqg (%lg@)'%d’%ﬁé@ﬁﬁa(m'?ﬁkﬁwbmérﬂééaﬁewﬁge
0 inpu can be 0

°‘th‘£@ (r%%m \{/%zr & g Kﬁg Iing is t Sigg%}llt nf%teﬁ‘ the
Wﬂﬁé%éoﬁhd\%\[ﬁééﬁrﬂ@ﬂﬁm@r&ﬁé@wBi@@@%ﬁ*@f@wﬂiﬁ Mig (%107 led

R(; fitarsexipat faddiferyalue of the incoming signals and blase the
attenuating transistors (414, 416). 25 Thus, the SFA (600) can also be DC

~ coupled directly. The implementation of a RC filter also brings an

BevaAEgdBHRERECIDICRoHse?. OB SIATTENI G3Bdm eeffetupled fo
m@mm@mmt@ﬁrmwefmﬁalIy\seémﬁhecﬁhﬁyequﬂpuw@m

§é§%ﬂz AU RetoRmance ARRRRIS: IEAYEANA HIS cimiar

does n tconsume any current.’3
fé’BB‘\?@-‘vhfé‘»‘nﬂtﬁw t{é Bhir§ 1608, 6893\'%.5{%?53@&!50@% [od44BByt the
asrhibapacitarsi{ GO0 r)id 84686 anples edtinhichitvenanecst itadaiiel fo402) to

t t
R e T Db

(R o0, SRR ) S SR oS g
Hoosvinfuel, GG B MdoSa CBIE e volfigisredi i &re, (€313tors (Rp, Rn)
(502, 508) and capacitors (Cr, On) (504, 506) are used for providing
riate biasing voltage at th ates of attenuating transistors M2
S TS T 7 S-S0 OPalEr KO B PRAGE G 10 figonuator
(smlstt@ﬁowﬁ@t)) iofdig®arinl 6obych Eitlwermaldguever.digtahaychrasgrésan
iBGEoHl Imgsiﬁgam@eﬁ@%ﬁ)rmt{eo@)@%y@Itﬁg@gé{tla@@ SRS gataglof

Bl b e ad A L B, EeReEr e b i, 479
féﬁgﬁéptééﬁhmwff@rsmefﬁuaﬁiiﬁ %mtedﬂﬂ@rpfméﬁ@aummn@ @ased valid. This
chiffeye atinkR s A00:GIP) scanrpRasetd 2%shoWaiBdeld (V,and8...) (412,

O swit P MOS, configured) ar use
A e e M ol e R BekSchogha prout
Fothers haidh RIS Viehsod belieidf B Aewliepinssesrss Wipllafe In this
dasfetwogoiefdes ROafitigEalty swﬁmi}@blesgﬁéwm?;ge dlustrard filtefsigxiract

5 W 5t |
AR MR HRSRS SRS SISl rEh SRR PHAClne)
??B%si%%l%&sﬂﬁh%hﬂ*ﬂm&w&%‘bé“?@m v()" 'ﬂ? BRipMeEAIgR T 2 RC
fittaitaliesiRp arbap2rSRRlsBRNRL AR CTET 1 F, (d Ao Bum)inguseiin a

cﬂ:%t&scé%t«g?@@"ﬁ%l‘(&%&e@ R4k Sideile é%r&eh%f %épe(mg)ﬂﬁrposes

cross-coupled to the negative current input In ). At the negative

GO RS9 e e TS RBEP o) [o BBl LRI -biased

ghositi(EdeLdpestrioiedripu(de 2yBothegtains of the M3p (706) and M30 (708)
are connected to ground. There are two switches connected in series for

€ h of transistors (706, 708 ylar, at the positive_current sid
RIS P OR T BRURSTLS 0y £ 0ok PELAIN oA il o08) ard
ceoapilinseiiiarg vifehes0sPple(Vee) amits Fpm¢ro4)itabithéiondiyatate circuits
iﬁ%\&@wblffh@&@ie%ﬁ:ﬁ!ﬂﬁsthﬁcﬂﬁﬁf?fM@%K@Q@Q;Sé&@l RC(P?S@&S ;&)g%ﬁ@'fhe
0 serla entary switches S2n n
PR e Ahat, (b e ATCRS FaY e APt dlys
CRRRTIEY a«gm@htmmmmtyrémpm déeontdtige NFDE. | 405 Tenfigiisd).
. Hedfellaeastanoganhictie 568 £600):ph3HHIACE. EIQWSHErSEs) are used for
addition, a pair of serially complimentary connected switches is provided :
for the gates of the transistors (M2p, M20) (414, 416) respectively. In
particular, the gate of M2p (414) is controlled by a pair of serially
connected complimentary switches Sip, (710) and Sip (711).
Symmetrically, at the negative current In (420) side, a pair of serially

connected complimentary switches 5101 (712) 35 and 51n2 (713) controls
the gate of M20 (416). At the positive current Ip (402) side, the switches

(710 711\ of the cernond ctane (752 are cariallyy ronnected tn the
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(716, 714) of the first stage (750) are also connected serially to the
switches (712, 713) of the second stage (752). Fig. 8 shows an alternative
SFA (800). The SFA (800) has two stages (750, 802). At 5 the positive
WRINBAERI 302) side, switches of each control and input traRSiEffF2Ae 4ol
connected in series but the pair of complimentary switches (702, 704) of
PRIl SiBSHERO)ias sBRRad teethadnir afisammiirentsisosvitshes 4)
agdlg‘f 7(1%]6}?? the second stage (802) in parallel. Similarly, at the negative
curretit 20) side, the pair of complimentary switches (716, 714) of the

first stage (750) is also connected to the 10 pair of complimentary
Switehesd 61 udddlioh thesrcoakatagen@8Zhin(padabol) KHisignabkles they

first and the secor. : , 8 i . e
v R e

vebngSalddstG B paley o) Werig14) eovMadgiGe 5 dREsRdtoRbilethe
ifferential BhAR(70Q=80asugivendayirogeitamitchies Bi¢@idigiBl 2@trol

im, 8102). S /11 ) ; jpar r

o R e o
difpsrstirnBlifon GPRi0P) dBnDRRSHS b itFoFBIER (B215t 32831 SoniControl
sBAnR3{ 102, FOA)Z 16, NudI epeiyiscai) the osvoffetateufSo(Samis102The

e AN A N AN 5&@9.6%9@‘%%@,‘3’8(1@)%%%5 AekiGheRes are

implementation of Fig. 8, attenuation controls of two stages (750, 802)
elhe T SARPRTIRR IR $P5RT 8RBABYRkr. The purpose of 25 including

complementary switches (two serially connected switches for a transistor)
Rf{%?ﬁz?igﬁ%rﬁ].@?eﬁdf%ﬁ%%ﬁﬁ&é?t@%mﬁmwhk?&mo' G rg'n(i?@@.ﬂ@%re are
en they are no enuatjon control made. mentar
R R R R
tedddtiro (G IHEODGIM Birmghs! Switelpainel denesechitlRdifigraisiepidMap, Man)
(g%gﬁgg \R@tth raseb @Meﬁlleflﬂﬁ%itlé;ﬂé%i qtsz,,@ﬁgp;} S ,8%;%%2%228,@1(@@2?6@36?1 4)
orm a pair.of complimentary,s es o : 52n .
Rl bt A B TAa S e e ar 856, e o el o
c[rasFeumeth tpdhedtaanistinentiripawitc (0 bf & hesnagative oyram B{HeD)
s(dd, Ihéospurdaingf crmplinentantitiche padithecubéa: input 1, (402). Both
008/063133PC 20 0 T F 0,
B M ined Ry R el oIS BAORATES AL AN o two

syikehprornBReRiRib D ERERART SAT0RR kaMRIfIY RuéiBo b Patiriar Akthe
ieSiicpatifeciie atisel My Arioplstdsatisistbbas pettobdiialW miniecied

cg}gﬂmﬁfgﬁgégﬂecﬂgéfggfﬁﬁ%ﬁ%n heovariatian.of LheeVKEHEHPRY420)

rocess, temper e. The S S?VO 800) operate at low voltage
Skl i RIS vy (IR0 i @ligFrIolns AR BRI0 ChORTIElN SrREBRe
cusedimatitdrpthWiBEACoee UPBAY SRt SHE &Y 47.00n 800 filsbthiagse «olbrcgadder

(JebgwenaReAn At EREMALINd GaapLIewsRass illprdorsaikkiasing.

Degrees of attenuation control of these two SFAs (700, 800) can be varied
by switches. 10 A practical implementation for the SFA (800) of Fig. 8 is
Thiverednridiglaye ok timphedrer gy smgdrilsparaa@sninehge SFA (600) of

FRie etk Ciscul, (@M oFe SR RBSHEMPASHANMEkEIY cBrHfésted switches
.im Iement]gd %y CMOS c% flgured‘ r,[%s?e%rs (M@?R% (%Qg ?6(3)38 %{?\9 V. In
PRGBS 50, TBG IR 28 ket F e SUrBreP A
particular, the gate of Ma, (414) is confrolled by a pair of serially connected
complimentary switches Sy (710) and Sy (711). Symmetrically, at the negative
current |, {420) side, a pair of serially connected complimentary switches Sy (712)
and S (713) controls the gate of My, (416). Atthe ppsitive current I, (402) side, the
switches (710, 711) of the second stage (752) are serially connected to the swifches
(702, 704) of the first stage (750). At the negative current I, (420) side, the switches

8
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15 transistors is given in Table 1. The measured gain control of the SFA
(900) with respect to the control switches is tabulated in Table 2. Table 1:
Input and control transistors aspect ratio WIlip, Min IVI2p, M2p M3p, M3p
W5 6535.00/0.18) 2(5.00/0.18) 4(5.00/0.18) 20Note: m: Ffeitsepfo00361
fingers; W: channel width (pm); L: channel length (pm) 25Table 2:
(Aeastitdl Sihe diath stoptr (TSR 38 SaincleB)ptineasityi@BnthBanitmisky7 12,

W 8) the second stage (752).

Fig. 8 shows an alternative SFA (800). The SFA (800} has two stages (750, 802). At
the positive current I, (402) side, switches of each confrol and input transistor are st
‘connected in series but the pair of complimentary switches (702, 704) of the first
stage (750) are connected to the pair of complimentary switches (710, 711) of the
second stage (802} in parallel. Similarly, at the negative current I, (420) side, the pair
of complimentary switches (716, 714) of the first stage (750) is also connected 1o the
pair of complimentary switches (712, 713} of the second stage (802} in parallel. This
enables the first and the second slages (750, 802) of the SFA (800) to be
independently switched on and off which offers different functionalities compared o
the SFA (700) of Fig. 7.

The degree of attenuation of the differential SFAs (700, 800) is given by

W/L),,

WD S0y, S ) *

Here, switches Sy (Syy, Stz Stnt, Sine) and Sa (Sg, Saopz, Sant, Saaz) have a binary
number of either ™" or 0" for obtaining “on” and “off’ states. In series swilches
implementation of Fig. 7, aftenuation control of S, {Sapt. Sopa, Sant, Sanz) (702, 704,
-718, 714) depends on the on/off state of S, (S1p1, Seez Sinsy Sie) (710, 711, 712,
713) respectively. In the parallel switches implementation of Fig. 8, aftenuation
~confrols of two stages (750, 802) are independent from each other.  The purpuse of
including complementary switches (two serially connected swilches for a transistor)
in the circuits (700, 800) is to turn off the control transistors (706, 708, 414, 416)
when they are not in attenuation control mode. Complimentary switches improve the
attenuation control accuracy and prevent signal feed-through through a single switch
since large incoming signal is expected for most attenuators. In Fig. 7 and 8, Syy
(702) and Sy; (704) form a pair of complimentary switches of Sops Sopt {(716) and Sy,
(714) form a pair of complimentary switches of Sa, Sipt {710) and Sy (F11) form a
pair of complimentary switches of Sim Sim (712) and Sy (713) form a pair of
complimentary switches of Sq,.



Calculated Measured 00 -0.405-0.416.515001-2.805-2.817.01801
0 -4.642

WO 2008/063133 PCT/SG2006/000361

The proposed SFAs (700, 800) provide high linearity without consuming much power.
They (700, 800) also provide wide bandwidth without consuming ruch power. The
SFAs’ (700, 800) gains can be set by an input transistor aspect ratio, which is highly
accurate and independent from the varfation of the power supply, process, and

S tlemperature. The SFAs (700, 800) operate af low voltage and can handle very large
input signal. The SFAs (700, 800) can also be used with both DC/AC coupling. The
SFAs (700, 800) both use source follower as gain attenuator and adopt low-pass
filter for self-biasing. Degrees of attenuation control of these two SFAs (700, 800)
can be varied by switches.

10 _

- A praclical implementation: for the SFA (800) of Fig. 8is given in Fig. 9. It is
implemented using 0.18um CMOS. in the implemented circuit {900), resistors and
capacitors of Fig. 8 are implemented by CMOS configured resistors (MOS-R) (902,
808) and capacitors (MOS-C) (904, 906). The aspect ratio of the input and control

15 transistors is given in Table 1. The measured gain control of the SFEA (900} with
respect to the control switches is tabulated in Table 2.

Table 1: Input and control transistors aspect ratio

'M‘!p! M1n MZD!" MZn M3p, MSn i
m(WIL) | 6(5.00/0.18) | 2(5.00/0.18) | 4(5.00/0.18)

20 Note:
m: number of fingers;
W: channel width (um);
L: channel length (um)

25 Table 2: Measurad SFA gain control
S, 5, Gain (dB}) Linearity | Bandwidth
Calculafed | Measured | (dBm) (MHz)
0] 0 -0.405 -0.4 16.5 150
9 1 -2.805 -2.8 17.0 180
1 0 -4.642 -4.,6 17.0 200
1 1 -6.105 6.1 18.0 210

Referring to Table 1, the input and control transistors are constiucted based on a uni
30 ftransistor with unit aspect ratio of 5.00um/0.18um. '

16
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-4.617.02001 1 -6.105-6.1 18.0 210 Referring to Table 1, the input
and control transistors are constructed based on a unit 30transistor with
unit aspect ratio of 5.00m/0.18pm. Referring also to Table 2, which
WBAEEAtS 18 mmarised pass-band attenuation results, the m&EASUTESHEHE 6!
of the attenuator (900) match well with the calculated gains. This indicates
Hedeaipestedip ddbing nadohitizeqto poseckbSEA (ﬁﬁ@)béﬂ&&aﬁﬂéﬁ%ﬂm&%ﬁﬂﬁs

REMEA0IS alsf s”é‘?atﬁérgﬂ]WJé}&?’V@ﬁ@ ﬁ?a'ﬂ&ﬁb@agﬁ anale: Widied gains.

onfirms hlgh 5 nearlt of the SFA (90 he SFA (900) also achieves
@aﬁmﬁ&ﬁ B%Htﬁﬁaﬁ%ﬁﬁwmwa%wfﬁﬁméﬁq 8%n HirARgasibeof
@a@%@téﬂ@%]ﬂﬁaghwﬁm@ﬁd\vémmamww%gh hugeahstwahﬁ bigfirms high

ﬂ%@%é@ﬁﬁr@% ﬁﬁm@&%@@m&g bip H&%j]mnimwe
ncIu asin cunrles It is wort ntioning tha the SFA (90
R oy B P B A T B P DR ARPGY i S hé200)

adisEA th@pa%fkag@mmmg@m fdr e thy caisemeagiide from 1.8V
5@5@9%%@ hech F&ﬂ%@)mw&%[%weﬁﬂw%&ﬁ RHERSS( Bt BR)SFA
n in Figure 10. T overa rfor % %chazractensté}ipf the
g PR e e R E AN R
%&dﬁﬁﬂh@daféﬁb@@@w\@h@Ebi@%f@éfa%f@’vyas’i‘memqgowe kewpotesgef the
dow-nel andrlide Dand alemiBtokdRkAEe, 3, %ﬁ'lmmﬁé resl The
g&%%‘ﬂéﬁé’}?‘&%as&%cgkﬁ t'%arac e8rpsm; OMQGSM ?&5550&%% ablufg%é LPabIe 3.
Based on these results, the SFA (300) is confirmed to be very suitable fo be used as

a low-power, low-valtage, low-cost, and wide band attenuator..

. Table 3:- SFA overall measured performance

Specification 0.18um CMOS

| Supply Voltage 1.8V
Drain Current 1500uA .

- |Active Area 120 x 80 um?
3-dB bandwidth 1506 to 210 MHz
P3 1>16dBm
Attenuation (2 bits, extendable) O to -6dB

—

Referring to Fig.10, for the experimental results, different degrees of attenuation are
plotted for various switches onfoff states. -In Fig. 10, the vertical axis represents
voltage gain (2 fo —8dB) of the SFA (900} and the horizontal axis represents the
frequency range (1 to 100MHz) of the attenuation. The attenuation degree is plotted
according fo different switches on/off states. Here, “1” means the switch is turned on
and “0" means the switch is turned off. Accordingly, “§;8,=00" means both switches
are turned off where no aftenuation occurs. When both switches are turned on
{818:=11) (Here, S1=8:p1=81p=S1n=Sing; 577520178227 82n1=S2n2), the maximum
attenuation occurs. The simulation resulf of Fig. 10 shows that this circuit (900) gives
linear and stable attenuation over a large range of frequency about 1 to 50MHz in a

stable and efficlent manner.

It will be appreciated by a person skilled in the art that, where a differential SFA is not
required, altemative embodiments can provide a single current source SFA based on

11
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500pAs Active Area 120 x 60 pm2 3-dB bandwidth 150 to 210 MHz 11P3
>16dBm Attenuation (2 bits, extendable) O to -6dB Referring to Fig.10, for
the experimental results, different degrees of attenuation are plotted for

WihHEESShtches on/off states. In Fig. 10, the vertical axis repfdsemt&lopoo3e:

voltage gain (2 to -8dB) of the SFA (900) and the horizontal axis
ERREERRNERINOS R MHRAGY anesn{ bite d O0NE 2 A thevatenusiiomod B0 and
Rl T e

eéfrsbin dre BOB (EMY YO0 abh oMb s mﬁ%ﬁmféhw%@i@ﬁf@%ﬁ& Le.
Mhered)uatteniatian sy sy Widey) @@tbo@wg@taemt@m@qmi%f) current

§&%%E@%H%%§§Li§e§%ﬁ%% ?ﬁ%ﬁ% ttenuatlon occurs. The

simulation result of Fig. 10 shows that this circuit (900) gives linear and
siable aftencaiioniawel atrodimange ofiffeguenayisbautdalo &Yty POS

ﬁéﬁ@f&@r@%ﬁ@&'&ﬁ}} g%%er 30It will be appreciated by a person skilled in

the art that, whe erential SFA is not required, alternative
embodiments can provide a single current source SFA based on either
Heioditiwhorn egitivel e rEtii0sitiesrafith eaSkaib ¢d (O; 508n68@;d7@0signal

200,20, 90P)ain é&&%ﬁ@‘%ﬂfﬂﬂlﬁ:ﬂ@ﬁ'“%@@%@ghﬁzﬁwsé ORI s ource i

connectlons to avoid DC offset in the SFAs (600, 700, 800, and 900), the
RGYIEL of the iebnitoPhaRBidire FRNRIEAT(FOB) andisE CRIRRasE ¥
k8t ansimenaetteddaithecsuerdgpdsitiveled e prdddetice An6Bragdne, a

SOMFeE RhiRinPHAHaRSIBiREé4dtinkr e RPave-RupRlioned ea RAdimeMHsn
S s SIS Ny TeRlacs PR DTS Y YIS AP R A gt 1
provided across the source and drain of the control transistor such that the
attenuating is controlled by transconductances, in an on-state, of the input
transistor and of the control transistor respectively.

It will be appreciated by a person skilled in the art that numerous variations and/or
modifications may be made to the present invention as shown in ihe specific
embodiments without departtng from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects

to be illustrative and not restrictive.
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10Figure 11 shows a flowchart 1200 illustrating a method for attenuating a
signal according to an example embodiment. At step 1202, a current
source is provided. At step 1204, an input transistor with a source
WEctHhEEtet {0 the current source and a drain connected to gfStg3006/800361
provided. At step 1206, a control transistor with a source connected to the
cuAdissource and a drain 15 connected to ground is provided. At step
1208, an attenuated output signal is provided across the source and drain
of the control transistor such that the attenuating is controlled by
TranscOritiEeaelenver s umeha B e iR nsistor and of the control
transistauresgectively. 201t will be appreciated by a person skilled in the
art thag nyMEFQLHYRIGIGRR andiardaediiicatiansmax he Mafe B ihe ng -

¢)resent invention as shown in the specific embodiments without departing

FBIA TRE"GSIRFIP SEBHBYG the invention as broadly described. The present
embodimentobiendicieford) i uicensitereddd ol tlespactsitodoarce and a
dapiRIvRaRd RRLiSstdctive. 25 CLAIMS 1. A source follower attenuator
‘circuit comprising: a current source; 5an input transistor with a source

SR & BN S, Ll ;

connelted t6'the BUffere Hha'ddl A eBhide Eary Rtk of the
Foripblmapisisio withizcedree torsrstdd-torerscirentsosirie, aridhe input
AR ReRRCe thio @ diansistovBgseliasattenuated output signal
across the source and drain of the 10control transistor is controlled by
transconductances, in an on-state, of the input transistor and of the control
- 4ransidtor Riseivekircait Prekpiteed dtotaite Jit Aeterd rsapristigim RC low-
ﬁafsmfmmismae%@cé%m&a ﬁh@@f@iﬁcuﬁtﬁ@nﬁ@&t%hﬁwmﬁ%
e jstor and t at the control transistor for
S B I i e TSR e pgace
Ryaviise dichasnte - oh Sradrpys rargigRenuator circuit as claimed in claim 2,
wherein the RC low-pass filter circuit comprises MOS components. 20 4.

3'I_'he aﬁ‘ﬁ@%ﬂf&?&%ﬁ'%ﬁ%@@’ c?eﬁr% %f, ﬁ%ﬁl‘i‘ﬁ% %é%@gé\',ass filter

comprising a plurality of control transistors, each control transistor with a
U RGeS fleEE@fenesource and a drain connected to ground

and with gates of the respective control transistors are connected in series

© 40 2 bipsingQliRgs: circuit as claimed in any one of claims 1 fo 3, further

comprising a plurality of control transistors, each control transistor with a source
connected to the current source and a drain connecied to ground and with gates
of the respective control transistors are connected in series fo a biasing voltage,
wherein the attenuated output signal across the source and drain of one of the
control transistors is controtled by transconductances, in an on-state, of the input
transistor and all of the plurality of control fransistors respectively.

5. The attenuator circuit as claimed in any one of claims 1 fo 3, further
comprising a plurality of control transistors, each control transistor with a source
connected to the current source and a drain connected to ground and with gates
of the respective control transistors are connected in parallel to a biasing voltage,
wherein the attenuated output signal across the source and drain of one of the
control transistors is variably controlled by the transconductance, in an on-state,
of the inpuf transistor and by fransconductances of those of the plurality of
controt transistors which are in an on state respectively.

13



25 wherein the attenuated output signal across the source and drain of

one of the control transistors is controlled by transconductances, in an
on-state, of the input transistor and all of the plurality of control transistors
respectively. 5. The attenuator circuit as claimed in any one of claims 1 to
3, further 30 comprising a plurality of control transistors, each control
transistor with a source connected to the current source and a drain
gonnected toraiouaestowit iemetdhe apasty @ cantlatitansisiQising
&L%&%é%?tﬁ&%ﬂﬂ I B%%@'@S&?%a OJé%gﬁ’c%’%(;%eﬁﬁ{%!%raﬁe”%é%‘?.d
output signal across‘the source and drain of one of the contro Hransistors
is variably controlled by the transconductance, in an on-state, 350f the

put trafisistaeandiby trarsdonductainees of these o thenphwality-oh of the
ransj i i te.re ively. . .
SOREReT VeRte L el SURdT SLARAE ETRERIAY sidhd S om Jesging
fcLehtBRiRYHRBESh state of the respective control transistors. 7. The
attenuator circuit as claimed in claim 6, wherein each of the switches

gomprisesauya M GIEMRINSIRF BRRYGIIY E&HB%@” feeding

through the switches. 8. A differential squrce follower attenuator

compriglEi@Rrst SRPALAIRIHP R SHEAD PRIFRIRS A @Th0E (i dRisneto 7
of claimstieteiryihe cundrersinrtiecol iredntisttamestirtbieciifstoaterestapositive

QIGHIhEORRHISEMA PRSIV SLLIRNESOHMIRE SRRETHSEMARRL SORIGE QiHhfises

second attenuator, circuit comprises a negative current source. 9. The
&F@&%ﬁﬂ%?%ﬂ%&%ﬁ&%?eer attenuator according to claim 8, wherein the

source of each control transistor of the first attenuator circuit is connected

go the nwgatimﬂh ] SONEE:0 ff&g@ﬁ&@@%ﬂeﬁ@@wad tar&hieiitig ansd Bgim 8,
spurce of each contral transistor.of,the secon nyator gjrcuitis . ., .
B e SR U S TR o s Al oy

o6 tarfigRegdie SHIpIRg i isihmaesssshatiapaiatgircut, and
thigcstitgrcd 0f Advetbodrid atietinttfgie Jgrahd ormprising dramMEnganected

tt%srao%%%mm 95%5&@ r%%ﬁé&%ﬂ(@&%%ﬂf%‘?%@? %gPsegh

e current source and a drain connected to ground: providing
CBREFGPHRNYGH Rl LPES RRESHALRREERS 18 Srent source and a

drain connected to ground; obtaining an attenuated output signal

ﬁFrOSW?ﬁeﬁ%ﬁ%r%‘érﬂIQ{Hé’E@@@%%ﬁ?%ﬁ}ﬁj?tor such that the

attenuatin(gfi%i controlled b%/ transconductances, in an on-state, of the input

transistBFRAHES AEWSRILP AL S stor respectively.

providing an input transistor with a source connected to the current

source and a drain connected to ground;

providing a control transistor with a source connected to the current
source and a drain connected to ground;

obtaining an attenuated output signal across the source and drain of
the control fransistor such that the attenuating is controlied by
transconductances, in an on-state, of the input transistor and of the control
transistor respectively.
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