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ACRRIRAHESNFFINEABLE ACTI VE GEFERERTT AL PHASE SBTTTTERS 1 N BRI C' RELESS
. .APPLI CATI ONS Rel ated Application The present invention relates to phase
splitting circuitry, and,. nore particularly, to phase splitting circuitry

i npl ement ed using active conponents with a feedback circuit. Background of
the Invention In balanced RFIC (Radi o Frequency Integrated Crcuit) m xer
design, it is often desirable to split &n incom ng Radi o Frequency (RF)
signal into two differential signals. Optimally, these differential signals
shoul d be 180[err] out of phase and equal in anplitude. The prior art has
proposed several phase splitting circuits for acconplishing these goals.

The ideal phase SOCURATE AND TUNEABLE ACTIVY DIFFERENTIAL PESSE from one RF
;signal. These signal SSP‘M'I*T@mlﬂ?II@GWé%ELkgg[Aﬂ*FLIIC‘AWIGﬁS phase as possible

whi | e havi tre—output—srgmal s do
not need he.sanme anplitude as the input signal. If generated
dlfferentkgggé%!Me nore or |l ess than 180 out of phase, the signals
are said to be unbal anced by that difference, Simlarly, the generated

di fferential sThrppssntineentips rlaiesitelphase slittingtsarpuitnz.aad.ore petiemelin to phase 1
-anplitudes differ in decibels. The phase splitter has been inpl enented

usi ng ei t seittiggpcigcnitey inpleatntedasing apivecnipondritwities feegdlask civenitconponent s,
such as capacitors and inductors, tend to be lossy in RFICs. Additionally,
they are ill suited for broad band applications. Moreover, since they
occupy a Iarge die area they are nore expensive than thelr active

count er pagt 5, |s often a goal in RFIC design to use active
conmponent S\ 2 It is especially inportant- to have

SﬁLﬁ”Sida"QS‘Eﬁ@aﬁag@ﬂ#&ﬁ‘tﬂ RS el L PR ..

to split an incoming Radio Frequency (RF) signal into two differential signals. Optimally, these

differential signals should be 180° out of phase and equal in amplitude.
The prior art has proposed sever;al phase splitting circuits for accomplishing these goals.
The ideal phase splitter will generate two differential signals from one RF signal. These signals
will be as close to 1_80° out of phase as possible while having as close to equal amplitude as
possible. The quti)ut signals do not need to be the same amplitude as the input signal. If
generated differential signals are more or less than 180° out of phase, the signals are:said to be
unbalaneed by that difference. Similarly, the genereted differential signals are also. said to be

unbalanced by the amount their amplitudes differ in decibels.

The phase splitter has been implemented using either passive or active components,
However, passive componente, such as capacitors and inductors, tend to be lossy in RFICs,
- Additionally, they are ill suited for broad band applications. Moreover, since they occupy a large
| die area, they are more expensive than their active counterparts. Accordingly, it is often a goal

in RFIC design to use active components whatsoever possible.
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fiRAY e @eEHEFcal signal (LJMA 'é'g'kg%z’g level -at ihe RE T nput port and
greatly sinplify the design of LOfiltering. It is therefore an additi onal
goal of RFIC design to create a robust phase splitter circuit providing
bot h accurate phase and anplitude bal ance. Fig. 1A shows a prior art single
FET phase splitter 100. The phase splitter 100 of Fig. 1A conprises a
single FET 102, an input voltage V[err 104 and two out put voI t ages,

Verr] 106, a 108. e uId i.ma) | I ut of
phase with V[ & ‘Ffipf%ﬂy Eﬂ?{&&ﬂa&% é‘ 1‘?4‘? t"é%% &la{ Séll"&ged at
| ow frequencies. However, this phase spli tter I s unable to operate at

hi gher f rie@pplifatiens, sugh pe# dpuble bejanced apmixero Sterfeetlyabaiariced: siguals to thelaning
sophi sticated inbal ance circuitry solves this deficiency to sonme extent.
Thi s ci r cuininniye the latel signab(dl O) feakdgeGoletistalid RIE inpat port 2Ad picratdy sitdplify the pduipne.
Modul ator with Variabl e Gain Usjng Enhancenent- Mdde FETs suitable for 3v

Wrel esS ofpo fil€esini Ot $s thitefolkSan Adfenal N%Sﬁ%fRFﬁEEesngt@B@w){Eob%@hase splitter
M LLI METER- WAVE | THHC CIRS. SY However, there nay still be a 1dB

anplitud m@ ce when the circuit is
operati ng %@??\}le en Wﬂm{%‘ﬂ%&%ﬁﬁ@geover the ability to operate at

hi gh frequenc | eved. onl reate cir 0 reased
die area, and '%3;%53‘98’& a@axp;%%/mag eosnx eﬂ.}p@ tl'&u; %ﬁsn€5§)§Wé¥%99#kgg is
unacceptabl e for use in_higher frequency RFI C design. In Fig. 1B, another
active phdseompsisesa sngle BET ?@2 am it voltagesVigior tod, and fave ouha@brvqlmm&uarmﬁ,cl e by
L. Devlinet al., A2 4 Giz Single Chip Transceiver, p. 23, PROC -1993 | EEE
M CROWAVEanANR, MA8L | Vi BBS ¥iiodid dftidaally Thdl 180ClobSof ﬁgmwiﬂim,z_tlr)&n Thistnmayshel 26
and 128 are provided which are connected in a conmbn gate and conmon source

confi gur acm;phshaﬁpeﬁstdxféﬁm -usdd @ 1dvmﬁét§ueﬁ¢x&nq{ow&excﬂw¢m $pfirtbtiS uRdbl o€ Of
t ransi st or 6 through an AC coupling capacitor 22. At the sane tine, the

3124 | s PR s SR P B .f%‘%ﬁ*rfééﬁqéﬂ%@&?@.@“%@ﬁ@b%%@;t "

configuratio he AC . . T qq s
94" amb apahce circuitry solves this deficiency to some extent. This circuitry is detailed in M.

Goldfarb et al., 4 Novel MMIC Biphase Modulator with Variable Gain Using Enhancement-
Mode FETs suitable for 3v Wireless Applications, p. 99, PRoC. 1994, IEEE, MICROV\_.IA\./E AND
MILLIMETER-WAVE MONOLITHIC CIRS. SYMP. However, there may still be a 1dB amplitude .
unbalance and an 8° phase unbalance when the cir;:uit is operatiné between 700 MHz and 1.7 -
GHz. Moreover, the ability to operate ;t high frequency is achieved only with greater circuit
complexity, increased di‘e area, and increased current consumption. This circuit, therefore, is
unacceptable for use in higher frequency RFIC design.

In Fig. 1B, another active phase splitter 120 is shown. This circuit was uéed in the article
by L. Dcvllin et al., 4 2.4 GHz Single Chip Transceiver, p. 23, PROC. 1993 IEEE MICROWAVE
AND MILLIMETER-WAVE MONOLITHIC CiRs. SYMP. Two transistors 126 and 128 are provided
which are connected in a common gate and common source configuration, respectively. ‘The
input signal is coupled to the source of transistor 126 through an AC coupling capacitor 122,

At the same time, the mput s1gnal is fed to the gate of transistor 128. An AC bypass capacxtor'
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CEHEPY itHeF BB FATFTance and the bY5asY Tapaci tance 122, 124 need to be

. adjusted separately at each specific operating frequency. Accordingly,

al though this circuit may achieve | ess than 0.5 dB anplitude unbal ance and
[err]5[err] phase unbalance, it is applicable only in narrow band
applications, due to the necessity of sgparatel y tuni ng each capacitor.
Fig. 1C shows a differential anplifier Configured as a phase splitter. The

i npedance .node. .S1._149 js.cri.tical .in apci ng theout puts V| er 4 and
VTorrT 1ab2® IR RER e P e hitai ekl 120 P EGRPRe RN RSl B A€ he

I nput signal .. To acconplish this, the inpedance at node S1 149 shoul d be as
| arge as POYINGrapagitangeanding bypasscaprcitanca d2%d 24 aseddo bgadiystad,sppasately abeach) e
This may be acconplished if Rerr] 132 is replaced with.a constant current
sour ce t hapeclfmsoperating fiequanay e desrrdingl¥halthouglsthisiruit oraprechiever lessithandbiidBe i n
pl ace of R err] 132, transistors 140, 142 will receive the sanme anount of

i nput si gamblitdslutbalahceankdHst phasé dnbaldhbe, W ik hpplitatixedrdy iafirrowivand ¥plications,
transi stors 140,142 will receive the sane anount of input signal due to the

infinite hﬂpﬁ’d‘ﬁgﬁ&e&i‘%t@??e#%fjbﬁglfﬂn%i@%ﬁ%?gﬁ’iause of this, the AC input

signal drops across t edance ransi stors 140, 142 equally.

Assum ng the sane bi as,.poi n trapsistors 140, 142 shoul.d have, t he sane
i nput i npedancgfg' Kgg%?“éﬁ %@-@‘F“@@é‘ﬂwﬁﬁa‘ %ng‘frf&?%d?}@s? 1FtFﬁ't e igpedapge at
-v[err]. This effectively reduces the circuit 130 to a sinple voltage

di vi der chpdasiti49dneriticabindralanging te quapdts Viun §44 @1daY dup Hifhi Eﬁgﬁ repisterrsheuld [ er r |
Thus, each transistor 140, 142 will receive half the input signal 138.
Accor di nglideally teeeiveamequalspogticn of thetifiputisighalsi Td acoemplih[this,the impedarice ptuasie and
equal in anplitude. 4 Unfortunately, in RFIC design it is not possible

to repl acg, Ri®shohldbela laBe bsiRAbibleWwr be RhpleMerted®usidy gt A R| asqiosdisle! Thgur ce
such as active devices have strong parasitic characteristics at high

frequenci %g_@lsécbﬁggsnn%g A R21324¢ RpRect GRY 'a ERistht' et V6firce Wit YIS infinite

requi r enent For e

impedance. Thus, using a common current source in place of R, 132, transistors 140, 142 will
receive the same amount of input signal and Both outputs 144, 146 will be balanced.

The two transistors 140,142 will receive the same amount of input signal due to the
infinite impedance of the current source. Because of this, the AC input signal drops across the
input impedance of transistors 140, 142 equally. Assuming the same DC bias point, transistors |
1 40, 142 should have the same input impedance. Accordingly, assuming R, to be infinite, Vesi=

-Vg. This effectively reduces the circuit 130 toa simple_voltage divider circuit, and therefore

‘the following relationship holds true:

)
Thus, each transistor 140, 142 will receive half the input signal 138. Accordingly, the output

 signals 144, 146 will be 180° out 6f phase and equal in amplitude.
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MR8 TYBESHATEOT t abl e wi r el esE*& T %at i ons appl] cation, Vdd may be |ess
than 3 volts or even 2 volts. Accordingly, it may not be feasible in nost
portable wirel ess applications to have an on- chip current source in place
of Rlerr], since the biasing voltage Vds across the drain and source of the
current source transistor should be 1 volt to 1.5 volts. This circuit may,
however, be used in portable wrel ess a4ppl-i cations with a | ow Vvdd

requi renent if the val ue Js. Limted, As prevjously .neptioned, an
i e ns | ISl BRI R RS ARk Sbis AR G R TR 405 e e
mentioned rel ationship of v[err] exists, and the output signals will be
conpl et el4 nparidgal euTenhEOUrGESUSh ALFoting devieas hayasstioag nprgsitio ehasecteyistiesas highur ce
of transistor 140 will effectively short circuit to ground, and the input
vol t age draypemnieso Furtheratypical wireldssievictd ofteh havealopr Y cdquidemdrite riéfr exampleyt
smal|l values of Rerr] will approach 0, and v[err] wll approach V[err] In

general daaeypica fértable wirétéss cothmuniaticis &?ﬁﬁﬂﬁéﬂ, M, pa@nbd idds thArM st edah t he
circuit 130 is typically not feasible. e circult 150 of Fig. 1D shows the

circuit of yJpd ?diﬂ% WoF: : Wl RV : q@ﬂg% .

[ nserted?jyldrrﬂs'sAg‘?or cu lg’h\t/\g‘}sipggtg% f%ég‘h’%ﬁ% S%r okt%lgep .otE élss?ﬂgl\?\énamlﬁﬁ I'g. %E" The
pl ot 180 shown in Fig. 1E represents the sinmul ated anplitude, and phase
differ encczlg’ %‘EFV&@&W"?W@J’%P » SIFG e piasigg Kolfage ?36“’8??(?8@/‘%‘@%“?}“1 gopsce oALhes hown
by the curve 182, the anplitude of output Vierr] is larger than that of
out put V[EFEN sppre.-texmsistoppiranld g | vels t Eﬁtvnlésr- Bhis picuipymesi howevesde uspbimphase
di fferences range between 180 to 163[err] at higher frequencies. This w de
range of portable avirstess aprilicatiqus adth adoer Vyprequiremient ifshavalwsefIR iokmitéd
difficulties nmentioned above in choosing a value for Rs. One solution to
thi s probl em pyeseekly ekliched Rl iARHitdY is Sesle BechuieSad R, HEVREHRS fifRithor or
bypass sone of the input signal V[err]. Acircuit 190 inplenenting this

e | oo R ned ool o Ly BT RO o 5 e 0BPRsH ° 15°

is selected in relation to the source .inpedance Z1=Rs .so as t. ncel
ba?anced. Aﬁtﬁe other extreme, as R, approaches 0, tge source.o]ftransmtot fho w1?1 e%f%ctfvely

short circuit to ground, and the input voltage drop across transistor 142 will also approach 0.
Therefore, at small valu;ts of R,, v,,, will approach 0, and v,,; will approach ¥~ In general
cases, I Ve l > ] Vo l . Therefore, a balanced differential signal using the circuit 130 is typically not
feasible.

The circuit 150 of Fig. 1D ‘sh-ows the circuit of Fig. 1C with typical values for the
individual components inserted. This circuit was used to produce the plot shown in Fig. 1E. The
plot 180 shown in Fig, 1E represents the simulated amplitude and phase differences between the
output signals V, 170 and V, 172. A§ showfx by the curve 182, the amplitude of output Vy, is
larger than that of output V, by 6~8dB. Moreover, as further shown by curve 184, the phase
differences range between 180° to 163° at higher frequencies. This wide range of unbalance in
the phase and amplitude is a result of the difficulties mentioned above in choosing a value for R,

Ong solution to this problem proposed in U.S. Patent No. 5,068,621 is to compensate for

or bypass some of the input signal Vyp7. A circuit 190 implementing this solution is depicted
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aryt crevoResh PRTENEt woul d ot hervﬁlgew?lsc?\?vathrough Rsl.ggengever, the circuits
i npl ementing this solution are not capable of adjusting anplitude and phase
di fferences separately. Myreover, these circuits are even nore conplicated
to design and inplenent than the differential circuit. Accordingly; it is
an object of the present invention to @vercone the di sadvantages of the
prior art. Sunmary of the Invention This and ot her objects are achieved by
the present.. i ' . : [ r..Cl '
t codback thyies I Fhic B ot HERBL ekt 1o B BRE3 22 ) Biepepd Gtkatn bRy
I nput of second transjistor. By, se|ecting appropriate lues for th
corrponentlgz’o@it éef?‘é@bi W_SE?F%%P“(","L‘HP‘F ’f"é‘g% Ff{)‘g ‘"?Fg‘w&? é?ﬁlg’\ﬁ’_ﬁét%%ﬂ“& ced
phase and anplitude are achieved. According to one enbodinment, a _

di f f er enehplcutseniskat ysiuld otbervdser o through Ry vay thpgitsuits implpmentingithisal s
froman input AC signal is provided with first and second transistors. The
sour ces eblutibear fot ansabkt aftadjuating anplitedd sd phaseadiffersnees séparatlynddereovdn i nput
AC signal is applied to the gate of the first transistor. The drain of the

first tr sk skQiits BIeQNES Bdreonplivhte @t difgn Afd ShiS18Aknt thanThd difteséntidiREcdlf.ai N of

the second transistor produces a second output” AC signal that is 180[err]

o ovi deb - conAseghER,t WabionBHh e AlpelidhBlon O FRLEF o et iflst iy, 4

feedback circuit is connected between the drain of the first transistor and
the gatePO#PT#he second transistor. The feedback circuitry couples at |east
a fraction of the anplitude of the first output AC signal to the gate of
the second transistor. This conpensates for an unequal division of the

I nput signal between the first and second transistor due to the limted

r esi st anGunfibayf thOlivefitiowsi st or . 6 I n anot her enbodi nent of the

I nvention, an input inpedance matching circuit for optimzing the phase

splitter circtifsah@bthBidifdW aRARH My Hhd REsehInRnid. BR%rably, in a phase splitter

circuit an LRC feedback circuif is connected from an output of a first tranéistor to an'input of a
second transistor. By selecting appropriate values for the components of the feedback circuit,
differential signails having baiénced phase and amplitude are achieved. -

According to one embodimeﬁt, a differential phase splitter circuit for producing opposite
phase signals from an input AC signal is provided with first and second t.ransistors. The sources
of these transistots are connected to a common' first node. An input AC signal is applied to the
gate of the first transistor. The drain of the first transistor produces a first output AC signal.
Similarly, the drain of the second transistor produces a second output AC signal that is 180° out

- of phase with the first output AC si.gnal: A source résistor is provided, connected in series
between the common first node and ground. A feedback circuit is connected between the drain
of the ﬁrst t:ransi'stor and the gate of the second transistor. The feedback circuitry couples at least
a fraction of the amplitude of the first output AC signal to the gate of the second transistor. This
compensates for an unequal division of the input signal between the first and second transistor

due to the limited resistance of the source resistor.
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ROy et-euiSt MEFNTerbodi ment  of Fie "#hi&fition, the feedback circuit conpri ses

a capacitor and inductor in series, where the capacitor blocks a DC supply
vol tage, and the inductor conpensates for the phase |ag due to the
capacitor. I n another enbodinent, the feedback circuit conprises two
resistors connected in series, V\/nere th6e ratio of the two resistors may be
adjusted in order to adJ ust the anpl i tude unbal ance. In a | ast enbodi nent

. of the inventiion, an .e feedhack circuit .for.nod and
ool | tude. bal dncioffr Babodiisnbi B tuloRo i oShore Bfhig SKBR T 0n

control voltage ap I|ed to the active circuit. Brief Descrlptlon of the

Dr awi ngs QPF@“Z‘&&&@IFB@%" sahmrrcg@wbtqraarﬂaw{owmemﬁ prevded.ri g 1B shows a

second prior art phase splitter. Fig. 1C shows a third prior art phase

splitter. Fig.Inlyg abtesembddimentiof threi invention, thhfesdbaskh birtuiteoompkisey.a chpacithows a

pl ot of experinental data obtained fromthe prior art circuit of Fig. 1D.

Fig. 1F sadWadddier il Sepies,! wikdre tiheDcapa&itati Bldtkh ReDEdpplly Ovbl@ge, Rn@ahs ifdubteri try.
Fig. 2A shows a first errbodl ment of the present invention. Fig. 2B shows

t he feed%&{gfﬁgahe%rtthgé %g&ihgﬁmgﬁ@él n Fig. 2A. Fig. 2C shows an AC

equi val ent circ ovvn I N Fig. 2D shows a plot of
experi nent al at a_pbt ai n %ﬁ | rcu t of. 2 s?ﬁt 3 shows,a second
enbodi nent - of f‘ﬁ%‘“@ &’@ﬂ ac If’f“lj“‘ 9?“%‘?’[59?75 wg Tp ?‘Elc‘g‘r‘?ﬁ%?ﬂ W@ﬁ?esof t he

present |nvent|on 7 F| : 5A shows a fourth enbodi nent of the_ present

i nvent i orvhere the ratig of ﬂ&wwrmvt@é may de pdiapted inorderrte adinstdhe amplitede unbalanagh own
in Fig. 5A _
' In a last embodiment of the invention, an active feedback circuit for modifying the phase

ahd amplitude balance of the two output AC signals is provided, depending on a control voltage

applied to the active circuit.

rief ipti : wi
Fig. 1A shows a first prior art j)hase splitter.-.
Fig. 1B shows a second prior art phase spliter.
Fig. 1C shows a third prior art phase splitter.
Fig. 1D shows a fourth prior art phase splitter.
Fig. 1E shows a plot of experimental dat'a obtained from the prior art circuit of Fig. 1D.
Fig. 1F shows the circuit of Fig. 1C with the addition of bypass circuitry.
Fig. 2A shows a first embodimenf of the present invention.
_ Fig. 2B shows the feedback circuit of the circuit shown in F ig. 2A.
Fig. 2C shows an AC equivalent of the circuit shown in Fig. 2B.

Fig. 2D shows a plot of experimental data obtained from the circuit of 2A. -~ - -+ o o0 -
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FirpM BCEEFOREEN" pl ot  of experﬁﬁ%ﬁ?aﬁsaata obtainéd fromthe circuit of Fig.
5A. Fig. 5D shows a second plot of experinental data obtained fromthe
circuit of Fig. 5A Detailed Description of the Invention According to the
present invention, a differential phase splitter is provided with feedback
circuitry. Four enbodinments are described below. In the first enbodinent,
the feedback circuitry is conprised of passive conponents in series,

connect i nﬁét %ﬁﬁ’g&gﬁﬁ’%ﬂm@é& ten%ﬁﬁ'{%r?éeﬁfin%%xetfoge differential transistor

pair to t a secon ransi's I'n ifferential transistor
pair. In second epbodj nent n.inpuf . inmpedance nmajching circuit is

pr ovi ded.ﬁlgnglgsngsr °éﬁwg§?%?§,°lwwg°f@ag}3% QYVB?‘?%‘& replaced with
active elements. In a fourth enbodinent, a transistor is provided in series
wi th t he Pigs8F skoved apleiefsxptronental datapbtained from te picuidfilagSAv err]. V[err]
is tunable so as to vary the anplitude and phase bal ance of the output

si gnal s. FgchDshowdweseomipiothfierpériméntal deaobtahred fivapthe airaliyofliig. JA The
Differential Phase Splitter Crcuit Wth an LCR Feedback Bal ancing G rcuit
Fig. 2A shows a circuit 200 according to a first enbodi nent of the present
invention. The circuit 200 conprises a differential transistor pair 204,

out put cibcyi.llé 2(2,? . an e q’ba k circuitry 202. The output circuitry
conpri ses—%%%@n&ﬁ@%r]) 244, 254 which. are connected to the
differential transjstor pair as descrifhed bel ow These | oad inpedance
receive a DC sfi§fofingtodhe psieatiovadions difiere aﬁwémerzapragldpwahg kince
244 is a capacitor 242 for AC coupling, and an output inpedance (Ro) 241
connect edcirayitte Housempadimeripare desotibed delowsInthe Hirst gmbadiment dhedfgedbackgeincuitry he
sanme node 225 as | oad i npedance 254 is a capacitor 243 for AC coupling, and

an out put isi sopetisatef fdssiyve eeifipaRnte 48 keits,) donaedting shendrbin of ajfirst thamsistof th théhe
differential pair conprises a first transi-stor 232 and second transistor

230. The gifferential transistor pair to the gate of a second transistor in the differential transistor pair. In

a second embodiment, an input impedance matching circuit is provided. In a third embodiment,
the load resistors are replaced with active elements. In a fourth embodiment, a transistor is
provided in series with the passive elements above, connected to a DC voltage Vy. Vj is tunable -

so as to vary the amplitude and phase balance of the output signals. Each of these embodiments

is described separately below.

Fig. 2A shows a circuit 200 according to a first embodiment of the present invention. The
circuit 200 comprises a differential transistor pair 204, output circuitry 206, and feedback
circuitry 202. |

The output circuitry comprises two load irnpe;ianc“es (R,_)' 244, 254 which are connected
to the differential transistor pair as described below. These load impedances receive a DC signal
228. Connected to the same node 224 as load impedance 244 is a capacitor 242 for AC coupling,

and an output impedance (R,,) 241 connected in series with capacitor 242. Similariy, connected
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s cesWiE PETRYSe transistors 52527,472?58are connecltsg?j to a common node 233. A
source resistor Rs 260 is provided in series wth the sources of
transi stors 232, 230 and ground. An input voltage V[err] 234 is applied to
the gate of the first transistor 232. The drain of first transistor 232 is
connected to | oad i npedance 244 at nodg 224. Simlarly, the drain of the
second transistor 230 is connected to l'oad i npedance 254 and node 225. The

drain of  f}j ' 8 L I: ' i.l.e the
drai n of ¢ e Sme bR %S blond LRGSR Prabldih s AR an ditbn® |,
fraction, of fhe f]i out put, AC signal is.fe ack to the gate of the
second tl“éﬂiqtag‘feo&og%‘fw ﬁf“ﬁ%‘éﬁ%ﬁgwaﬁ?ﬁ“@ﬁg{fy 202, as described bel ow.
The feedback circuitry 202 of Fig. 2A is reproduced in Fig. 2B for clarity.
The feedback dhe diffarenjiabpair remprises e dirsidrapsisiaed32 anrbsegend Wansistar230f i Thet

transi stor 232, and the gate of the second transistor 230. The feedback

Ci r cui t r gowroegsfithese trhaasls QB2 @3padkrt tornefied REDcopmnaendde @3B n Asenice sesiwtdrh a
feedback inductor LF 252, a feedback resistor RF 254, and a gate resistor

RG2 256. RING098 heovided! il SedQOWM el BRES bOfrandi3fbrd 33 200 @R gdmh@. taheinpgedback
circuit 202 between the two resistors 254, 256. The feedback circuitry

g%uims P8 ' eﬁ,rpf,’;ggﬂ? gp@%ﬂrtgge{gggegﬂ%rﬁ&@ GRKP 952, 2l c@@é%?%%h%?s‘t&

rr ere acroSs transistors
Accordin , by feedi SO of e oytput - fromthe drain of the first
et st o33 sstncsted ploghimpegpoce R Saod aph SPGB A0 S Cepiss
feedback circuit 202, the output at v[err] 220 is reduced, while the output
at v02 2230 jssonpasted 4o load impedance @84 endriode R2% e drainof firgitisesigten 82 prasiuceshe

di sproportionate current realized across transistors 232, 230, due to the
limted iafirschagne A siggalirwidle ths thainoof tRdscontheansision230 prodwossp ecvend sutpiit t he
feedback circuit 202 are as follows. The gate resistor 256 biases the

second 1 rgngibsd O fdfod tﬁé‘ﬁsﬁﬁ%ﬁtﬁ nC RiAlbadt to¥ee daltAdf 1R seédnid Hansist
transi stéAEwZ 2. The ? g t eedback cgosggcitor 25a0 l(o)l oc%as t he bl?)Cncorrpsésn%rnt of

L, VoL by B WAy 200,29 e Lo st stor 230

' The feedback circuitry 202 of Fig, 2A is reproduced in Fig. 2B for clatity. The feedback
circuitry 202 is connected between the drain of the first transistor 232, and the gate of the second
transistor 230. The feedBack circuitry comprises feedback capacitor Cp 250 connected in series
with a feedback inductor Ly 252, a feedback resistor R 254, and a gate resistor Ry, 256. The gate
of the second transistor 230 is connected to the feedback circuit 202 betwéén the two resistors
254, 256. The f;eedback circuitry 202 is provided because source resistor 260 causes a
disproportionate amount of Vyp,+234 to be realized across transistors 232, 230. Accordingly,
by feeding éome of the output from the drain of the first transistor 232 to the gate of the second
transistor 230 through the feedback circuit 202, the output at v, 220 is reduced, while the output
at v, 222 i;v, increased. This feedback circuit thus compensates for the disproportionate current
realized across transistors 232, 230, due to the lixﬁited impedance of source resistor 260.

The remaining components of the feedback circuit 202 are as follows. The gate resistor

256 biases the second transistor 230 to the same gate potential as that of first transistor 232. The
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eapaciLbess BSENW | | i nt roduce SAS| 469"?5?71% phase shift into the AC conponent of
the voltage it passes. The feedback inductor 252 counteracts the phase

shift of the signal traveling through feedback capacitor 250. The val ues of
t he feedback capacitor 250 and feedback inductor 252 are preferably chosen
as follows. Assuming an application spgcific frequency w, the values of

f eedback capacitor CF 250 and feedback™i nductor 252 LF should be chosen so

t h at theg %er {Jic?cvyiaggzltro? bﬁ]ﬁlggégqggD? o%iﬁéén?ﬁ&tht%r qu(a%bllggtt at&l{kafs(tf\%asﬁxgt he

resonant equen n Serres | ues
are chosen, to s IISf thl S ti hase de fr.om nod 284
i s cancel’ ge?ﬂ? ﬁqqﬂ’i ’P&Qf{ af?eﬁé@ g&"‘g é‘ﬁi@%‘? %\eg?"ébﬁﬁn
equation (2) gi ves a zero reactance at its resonant frequenc If the

val ues ofaraeiter3a¢ wiltingraduce alaggdg phasd shidutb thelAC pefoprnent o2 8 va gedirosses
correctly, and the reactance of the series LC circuit is accordingly zero,

the circTht fed@Back indoc@r 22Bcotmierd2€s the phese shiftof tHeaightl teavelivgdheotigh Géedbackt 280
as shown in Fig. 2C for signals having the frequency w. The inpedance 282

is the eguiayabento.i rmetvamzp%@gl ngﬁeﬁﬁackrﬁgﬁxtﬁf 950 2pd fééabadknﬂaactée 9he

havi ng the frequency w. Accor Ignals vlerr] 282 and v[err] 224

w Il hav ation: [err] (3) 10 V\here “I'l" means in
par al | el %retf{}ﬁblpgia%a%{\"a%gﬂl{)@)s means by properly choosing the ratio of RF to
Rlerr], Verr] wll be adjusted apd hence the v02 222 will be adjusted.
Thus,  anpl i t uASSURIRG ARSRPHCAtonspes 1%&%@9%&, the-yaluesef feselbackcppacitel Gk

cirCU|try 202 is al so capable of tuning the phase bal ance. This may be
acconpl i shdteedback inductor 252 L, should be chosen so that the following relationship holds true:

)
Note that « is the resonant frequency of the capacitor and inductor in series. If thé values are
chosen to satisfy this equation, any phase deiay from node 224 to 284 is canceled. This is due
to the fact that a series LC circuit following equation (2) gives a zero reactance at its resonant
frequency. If the values. of feedback capacitor 250 aﬁd feedback inductor 252 are chosen
correctly, and the reactance of the series LC circuit is accordingly zero, the circuit 202 of Fig.
2B may be reduced to £he AC equivalent circuit 280 as shown in Fig. 2C for signals having the
frequenc;y w. The impedance 282 is the equivalent input impedance of tra;xsistor 230 for input
signals having the frequency . According]y, AC signals v, 282 and v, 224 will have the

following relation:

Iz,
Vg,= VDI'—-—G-‘?—-——
“ RAR. 12,

€)
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yovadioets AYENRe val ues of t H Scapam tor 250 and inductor 252 accordingly.
For exanple, the reactance of the feedback circuit between node D1 224 and
node 284 in Fig. 2Ais given by the following: (4) The val ue of reactance
XF may be positive (inductive), zero (resistive), or negative (capacitive).
This nmay be acconplished by adjusting {fe values of the capacitor 250 and
I nductor 252 at the application frequency w. By choosing these val ues

accordin ha ' out put ports.236, 238 in Fig. 2A may be
e 2 et GANECR,

effectiv se tuning may be acconplished either linearly or

non-1linearly. may he seen fromE 4), .ph tuni ma a | i shed
l'i near| y%ﬂy%é’&]ﬁggwgfﬁ%lﬁr%ﬂ?glyfé%ﬁ%}hﬁi&‘)eﬁﬁgf g“ri@ﬁz’ﬁ?i‘ g,'ﬂ?ge ﬁ‘i‘fze%sﬁn%@g@F i s
proportional to L7 when CF remains constant. Additionally, the phase may be
adj ust ed thfovv: R2haall by adipstadj Thys, pgplipde urhalasre Wil besgugalien Furthergorg figni ng

It the sane. Additional factors that may be consi dered when choosing a

val ue f offeedbadkerirchity @02 dkalsagapablt of tudtify the plasebidack. Thidmtyde ae&mplishedoot h)
wi || be consideration of the available die area, phase tuning sensitivity,

and pr oceggadjelifs 8irGRlueb bf ﬁié%l#diitai 250 £ inQicest 25D akcordifglp! Fot é;ﬁaﬁﬂfple, the
applications, in choosing a value for the resistive part, the Q factor of

the. | nduGlgfnd o ekiiol G5l SUakn néld HPYSH b ioak DANBUAE TR Gy e

resi stive aspect, S resistive aspect o I nduct or

consi der q!as art of the resistor 254 in the feedback circuit 202 of Fig.
2B. ? , when choosing the values of the elenents of the feedback
circuit 202, the output inpedances 240, 241 should be known.

[Ilustratively, when the output inpedance 241 is O[err], VD, 224 is coupled
to ground through capacitor 242. éﬁ”?h@;qptput | npedance 241 is open
(i.e., infinity [err]), AC signal at D1 w |1¥ go through the feedback
circuit path only. Thus, when designing the feedback circuit, the output
term nation inpedances 240, 241 should be known. This is generally tgue in
RFI C desi gn. :

The value of reactance X; may be positive (inductive), #ro (resistive), or negative (capacitive).
This may be accomplished by adjusting the values of the capacitor 250 and inductor 252 at the
application frequency w. By choosing these values accordingly, phase unbalance at oﬁtput ports
236, 238 in Fig. 2A may be effectively canceled. |
Phase tuning may be accomplisheci either linearly or non-linearly;' As méy be seen from
Eq. (4), phase tuning may be accomplished linearly by adjusting L and keeping C; constant. This
is true since X; is proportional to L, when C; remains constant. Additionally-, the phase may be
adjusted non-linearly by adjusting G, and either adjusting L, or keeping it the same.
Additional factors that may be considered when choosing a value for either feedback
capacitor 250 or feedback inductor 252 (or both) will be consideration of the available die area,. :
phase tuning sensitivity, and process tolerance. It should also be noted that, in practical
applications, in choosing a value for the resistive part, the Q factor of the inductor is largely
irrelevant. Although the inductor may have a resistive aspect, this resistive aspect of the inductor

252 may be considered as part of the resistor 254 in the feedback circuit 202 of Fig. 2B.
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Agmam_tugsusEat i on of one ef PEE{*T K& 0ut put i npedance may have on the
choice of values for the feedback el enent, an experinent using two output
| npedances was conducted. The first experi ment used an out put i npedance
(Ro) of 50[err], while the second used an output inpedance of 500[err]. The
hi gher inpedance represents a typical j,nput inpedance of a next stage
on-chip anplifier. In the experinent, ]T e circuit shown in Fig. 1D was

Lest ;&edlwéhkﬁ‘?%% g‘"%%hh%ﬁé@"?é 9%3 sr"zf@egeﬁ‘#%sn@’feif%@g%ﬁ *f:ﬁ@ Wy,
Channel - PEARIRESE0S 240, oh SR ekt R een HE oup fpe §m°s§?{“ o

out put i npedance, capacitor 250=9. 10pF, inductor 252=1.01nH, resistor
254=16] eisiOR, VanP4isesupledito groend threughjcapaciion 242. Whenribe eutprtimpedanca2411is zi ng a
500[ err] output inpedance, capacitor 250=2. 30pF, inductor 252=0.13nH,

r esi st or opn4i2 ARfisityr (), A@rsibnaks Dd twill g2 Bivovigh [theer feddbadiaikeniChatli ofly.iThus,iwhen i n
Fig. 2A at 236, and at 170 in Fig. 1D. Node @2 is shown in Fig. 2A at 238,
and in Figignlhy e féeﬁgack circtig, the étﬁﬁﬁtttermxnéﬁ@htixﬁﬁeﬂlances Yab, 1229 @hould Be kedivih.

Phase of Phase of . [err] phase used Gai n at gai n at - (dB)

VoI tage r node node 02 oL
alwa@y%Lﬁe?%S' (e mﬁigdggg‘} 5. 43 . 163. 30 -12. 46

175 76 1.67 -17.01 -17. 174

-6.08 1885 Bllgxsgthw ope gffeqt @e@ltput @peggnce maygl'@ Ve gn the choi e 3f7va]ues

154. 01 -12.01 166.02 5.80 GHz Fig. 2A @ -4.134 -4.129

-0. 004 for thegredback element, /B experiment usingorwoutpugignpeglgnces was conducted. The first
experiment used an output impedance (R,) of 50Q, while the second used an output impedance
of SQOQ. The higher impedance represents a typical input impedance of a next stage on-chip
amplifier. In the experiment, the circuit shown in Fig. 1D was compared with the circuit
disclosed in Fig. 2A. Two frequencies were tested: 1.67 GHz and 5.80 GHz. In both
c;.xperiments, circuit 200 of Fig. 2A had first and second transistors 232, 230 having channel
widths =75pum and channel lengths =0.5um. In the first experiment using the 50Q output
impedance, capacitor 250=9.10pF, inductor 252=1,01nH, resistor 254=16Q, and resistor
256=51Q. In the second experiment utilizing a 500Q output impedance, capacitor 250=2.30pF,
inductor 252=0.13nH, resistor 254=2082, and resistor 256=51Q. Node O, is shown in Fig. 2A

- at236, and at 170 in Fig. 1D. Node O, is shown in Fig. 2A at 238, and in Fig. 1D at 172.
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s iRdhaatred=by the above chdd 7*t1f&f% is only a -0.004 dB anplitude
unbal ance in the circuit of the present invention between node OL and Q2 at
1.67 GHz. Simlarly, there is only a 0.15[err] phase unbal ance in the
circuit at 1.67 Gz, and .05 phase unbal ance at 5.80 GHz. Conversely, the
prior art circuit has an anplitude unkal ance of 5.43 dB bet ween nodes
Jerr] and 2. The phase unbalance is’simlarly significantly |arger when
conpared to the circuit of the:present invention. At 1.67 GHz, the phase
unbal ance of the prior art circuit is 4.24. Simlarly, at 5.80 GHz, the
phase unbalarece—m fbz05—t-hE "hﬂfactu“‘*‘m‘ f

the cir quikcugthown Vﬂta@eg Z%Itdébg ZLDcﬁhpws Ithasgef n jortdsobisd Alphdser erjces
versus fingggency (fQfinhhe cfi fidiht S wzed @V olage &t GHiZoledpd ab - [ Diebizes)
Mor eover|, al t hough,Jsaeyab &dgldzcw own ifnpfi 9. 2A gs been optim zed
for a sgee-i—f—i—e—-i—ae‘q-u-e ARS—exs-el-ert—esp f—EH ]
frequendymg 5183 ng diff fe3rmnt flragdeéenci ejs}75di6 outlput
inpedancelgjgﬁﬁf)[ pwi ng values for the elements of thg
CI rCU| t Olll OllllJl I it et 3 aB—atre &
+1[err] (Big. 24 @i
for 1.67 \ezGHzhe
resi st orf—254—295¢t

exper i negjnltig. 1@ cj

PSP~ ) ol f
Coo UTmarg " LIuD arul a4 JIiitdo© nmuarnr ariv O
I

e0i08di meng 174.0% ci foWl8t was| 188t§5n zed
. 5BpF, the nductor p52=1.98nH the
' e the T3—seror

55T or 5. B! 1" t he-le®aci t pk66.02

250=3. 40pF80 Ghiz i hduct or 2p2=0. 130nH, the repi stor 254=208[err], and thje
resi stor{ Zo6=o1 [S‘lr“ltil' CTEUrt_used Freque c:}/' COW _Frequenc gh
Fr equencyFlgB%ﬁﬁ@vi 3i r cuj ¥-138s op;"rq‘ﬂoi‘ed fp?‘ 4?579 2}rc45.43 7

0.8 Gz |580GHz 4| 8 Gz 4.0l GHz Fig.]2A 5. 80 _ 3.6

GHz 7.8 4.2 Gz As seen fromthe above chart, the
circuit of the present invention has roughly 4.0 GHz -

As indicated by the above chart, there is only a -0.004 dB amplitude unbalance in the
circuit of the present invention between node O, and O, at 1.67 GHz. Similarly, there is only a
0.15° phase unbalance in the circuit at 1.67 GHz, aﬁd .05° phase unbalance at 5.80 GHz.
Conversely, the prior art circuit has an amplitude unbalance of 5.43 dB between nodes O, and
0,. The phase unbalance is similarly significantly larger when compared to the circuit of the
present invention. At 1.67 GHz, the phase unbalance of the prior art cir;:uit is 4.24°. Similarly, ‘
at 5.80 GHz, the phase unbalance is 13.98°.

Fig. 2D surnmax"izes the characteristics of thg: circuit shown in Fig. 2A. Fig. 2D shows the
gain and phase differences versus frsqﬁcncy for the circaits optimized at 1.67 GHz and 5.8 GHz.

Moreover, although the above circuit shown in Fig, 2A has been optimized for a specific
frequency, it also has excellent response in a wide frequency range. In two experiments using
different frequencies, an output impedance of 500£, and the following values for the elements
of the circuit, an amplitucie unbalance of less than 1 dB and a phasé unbalance of +£1° was
attained. In the first experiment, the circuit was optimized for 1.67 MHz, the capacitor

250—9 58pF the inductor 252=1.98nH, the resistor 254=295¢], and the resistor 256=51Q. In the
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dandwi gids #oeNt he circuits oftFM*Z2&§°at 1.67 GHZ and 5.80 GHz. However,

the circuit
than a particular frequency,

I's optimzed specifically for w de-band applications rather
an unbal ance of +1dB and +1 phase can easily

be achieved within a 5 GHz bandwi dth. This bandwidth is sufficient to

encomnpas

s all

the frequencies currentl
communi cation systens. The Differenti

A

Phase

used in various commerci al
Circuit Wth an LCR

Splitter

Wre

#0499 P.15/30

i f

| ess

Feedbackg r L4 second
embod, meiero SRl (Gl ol ARt TG RRATHYHE Tefiil) REHL0GE e
furtherotrm d.f row pa a Il on of anrnput

i npedanct® H‘ﬁ% g 13{)?@3;‘? fest??éag%%%h ﬂﬁ@gﬁﬁ%g ﬁgﬁ%qr% circuitry

acconp| i shes this h\/ further nnrhf\/l ng the fre jency. response of the phase
splitter} Cirduithised Y t‘i FReduehicyan ap 'LbGﬁFé be CFé ue N Band His al | pus
maxi mum fpower transfercitiqt1t 7 spe¢i f |cra‘g%I ?}gatlc;g?} frr‘{eqﬂ%ﬁdy For exanp] e,
an i nput{ mat chi ng ci rcqrﬂ 1@)@? ptim zed for{ maxi mum powdr transfer af
1.67 GHz Eig ’-Ldppi i & rclit 200 of Ei 2A with atmatchi ng cirbuit
302. As spgmAnN Fig. 361@Hz' nped “O‘BGGHB'[C“' ng JFBVGHE'[ 302 W@Gﬁ&abW
conpris r—Ft-st—rrattcht ayv) \,apaCi -ot—C——a—-seepRtaeht g-Teapact t+or—2
and a Rig. 2@t chi ng {iS8UGHar L1. | BleeGHapedanck7.8€HAi ng cilrdciGhz r epl acps
Rlerr] for the 11rst transistor 2Z3Z. The second natching capacitor CZ

mat ching i nductor L1 are connected in parallel. The follow ng table
sunmmari zes the gain and phase differences between the circuit of Fig. 2A
and the circuit of In thig experijent, the output i a f the
phase splittefs m‘gﬁ’gf@r#’]"’e thaet, tits HBHER %B’EE&‘?"H}}W%@“’PS&EP &igHoz
f eedback inductor 252=1. A nH, the feedback resistor 254=295[err], and the
gat e r esbandwidthSer-the [circuils ontimized at 1.67 Gblztaad .80 GHal tHayeever, ifithegirenit is
Phase of Phase of [err] phase used - Gin at gai n at
Vol t age aptimived spagificaily fo(Maderbaetgpplications rather than a particular frequency, an unbalance

(dB)

of £1dB and +1° phase can easily be achieved within a 5 GHz bandwidth. This bandwidth is
sufficient to encompass all the frequencies currently used in various commercial wireless

communication systems.

The Differential Phase Splitter Circuit With an LCR Feedback
Balancin d Input e M Circui

In a second embodiment of the present invention, the phase splitter of Fig. 2A is further
optimized for narrow band operation by the addition of an input impedance matching circuit. The
input impedance matching circuitry accomplishes this by further modifying the frequency
‘response of the phase splitter circuitry to match an application specific frequency. This allows
maximum power transfer at the specific application frequency. For example, an input matching
circuit may be optimized for maximum power transfer at 1.67 GHz. Fig. 3 depicts the circuit 300
of F ig.. 2A with a matching circuit 302. A;s seen in Fig. 3, the impedance matching circuit 302

preferably comprises a first matching capacitor C,, a second matching capacitor C,, and a
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180.44 The Differenti al
Splitter Circuit Wth an LCR Feedback Bal ancing Circuit and Active Loads

qthe invention As seen in Fig. 4,

Phase

t he

passi ve | oad i npedances (RL) 244, 254 of Fig. 2A and Fig. 3 are repl aced
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The Differential Phase Splitter Circuit With an LCR
Feedback Balancing Circuit and Active Loads
Fig. 4 shows a third embodiment 400 of the invention. As seen in Fig. 4, the passive load

impedances (R,) 244, 254 of Fig. ZA and Fig. 3 are replaced with active loads. The dicde
connected tra;lsistors_402 and 404 of the circuit 4C0 are in depletion mode. Further, they are
illustratively FETs with a negative pinici-oiI voitage. The active loads have the advantage of
allo_wing a higher voltage gain. However, they are easily saturated.

ist f inst F ti

€ AY

One of the many problems associated with IC fabrication is the tolerances of individual
components. 'i‘hat is, the specific 'electn'cal characteristics of each component usually cannot be
made precise although the ch'aracteristics can usually be forced to lie within a given range or
toleranice. Known as process fluctuation, .this may seriously degrade the performance of IC

circuitry. However, it should be noted thai, inherent in the design of the present invention is a
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shahenentks Fasinat ance to pr oce3'§ T4 u8tati on. Accordi ngly, in high
performance RF applications, it may becone desirable to further cancel
unbal ance caused by process fluctuation. Accordingly, a fourth enbodi nent
of the present invention is provided in which the feedback bal anci ng
circuit is conprised of active elenengg and a tunabl e voltage source. This
fourth enbodinment is shown in Fig. SA. Fig. 5B depicts the feedback

circuit r¥sifhnckitg- roehand t H i I QN ieedback
Copch e R PRNGIAL T e o R B fOS GHAS fryed Ypcliee

AC phase_t &ni as.di,scussed above. However. f bagk nsi st or S
ndded s RoRRiRn i R BEUE B By Boror REB R bR RN R BB gl
iIIustraﬁiver a ¥5§FET' External%i tunabl e DC voltage V[err] 510 is al so
pr ovi dedhe smern saghaench of the ditfreptien gair.one thys cpncgh r or fYampleaifeVorssst ance
of the feedback transistor 506. Accordingly, the serially connected

f eedbac kcenarinsvherothe Baiglaaoes of redbmphnentssresiconndlod raher tan caweleddhegrims a
conbi ned singl e-feedback resistance. In designing the circuit 500 of Fig.
5A, t he whbzlen®imdyciecisanialltas 248, while thoPitase Letealtdae hay 86 hsémdll &08, and gate
resistor 512 are chosen in such a way that the external tuning of VB 510

wi-ll vary the gain and phase bal ance within a specific small range,
centered on the balance point. In this way, the effects of process
fluct uatdon.pay ef fectiyely he capceled. .. ,Fi.g. | § £.,9r aph..550 show ng
the si miSeiiisreptal khase Splitter Careutt With 2 Tunable Acuye Feedbacic Balanalig LIfqUll) “67 Gy

Fig. 5D is a _graph 580 show ng the sinmulation results of the tuning

per f or mance. Howaves thedesdbackircpitry; 208 is potsymmetyical, and does potpossess thgisame ¢ he
channel resistance of transistor 506 is roughly 11 [err]. The output .

i npedandehdrent 5fstancg to provessciiystuation rAGoRigiv, GpRgh performadcecRB applidatiansit nH,
and the resistor 512=32[err]. The transistors 514, .516 both have a channel

W dt h ofmaibbdceine HesiabR ta fittRP kel @balhicethuddd Dy [pedcedsTluchiations Aucoidingdgi st or
515=147[err], the input resistance 517=50[err], while the tuning capacitor

520=1.4 &8N '. S hls: I MBS '%#&P ance
of O. 01%@2%5;3 ph’gggﬁgkﬁfﬁgﬁéﬁ(ﬁéE@gl.dgfgﬁ&ql@%/ftun| gggtgé]é oltage VB
510 from 1.5V.t f'L?V t he un%la ce wll ¥§r¥f om+gi_dBto-1 dB,

d of active ele tunable vo tage source. This tourth embodiment is shown

and t he s comprise ments and
in Fig. SA. Fig. 5B depicts the feedback circuitry of Fig. SA alone for clarity.

In this configuration, the feedback capacitor 502 and the feedback inductor 504 still
provide DC blocking 'fmd AC phase tuning, as discussed above. However, feedback transistor
506 is added in series with feedback resistor 508. Feedback transistor 506 is illustratively a
MESFET. Externally tunable DC voltage V;; 510 is also provided. When adjusted, this voltage
510 will vary the channel fgéistal;xce of the feedback transistor 506. Accordingly, the serially
connected feedback transistor 506 and feedback resistor 508 may be considered as a combined
single feedback resistance. In designing the circuit 500 of Fig, A, the size of feedback transistor
506, feedback resistor 508, and gate resistor 512 are chosen in such a way that the external tuning
of Vg 510 will vary the gain and phase.balance within a specific small range, centered én the

balance point. In this way, the effects of process fluctuation may effectively be canceled.
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p,_t}g,ﬁe isfderemse Wil | change f8M*175°16 to 180.42. Accordingly, the
al ance caused by the process fluctuation can be very effectively
“-canceled with the tunable differential phase splitter. Finally, the
above-di scussion is intended to be merely illustrative of the invention.
Nunerous al ternative enbodi nents may bejglevi sed by those having ordinary
skill in the art without departing fromthe spirit and scope of the

fol lowing claipg, 56 Rey #3ph ko |sh@\5|m hd Eammﬂ'rkéﬁus%?%%ﬁ@l B)hﬁsk §pnﬁer

-di scl osed |nvent|on may be i npl enen usi ng

Por o oo BRSREE et 1 67 el pig M3 Y 4 Brabh ShTRAGMARG st iR teﬁsa%eé*fwgﬁ*&fn'zr curt

“conpri sing: f| rst an second transis aiors the source of said first and
second t r BsTr@aRses I isrypetimentthe mitiah Va valgeriir 11V, athilg Shecehagped resisknesofy
first and second transistor operate as a differential anplifier. the gate
of said ftrassistor Hsis soughly @i Vihegutput impadanceds §0Qthe capabidordi02F=8 106F, sk d
first transistor producing a first output AC signal: the drain of said
second tr gdatteE S04=P100AN CinddhePre§iSoP FIR=800D Tthe Aansidtard 34,1918 bothhatS b Rdnél Out

of phrase with said first output AC signal; a source resistor. said source

resistor GARReEHSYith And &' dhitnel Perpf Of 05730, ARESoR0d s ¥ 5=APQ), the input
resistance 517=50Q, while the tuning capacitor 520=1.4pF. The results obtained from this
experiment was a gain unbalance of 0.01 dB, and a phase difference of 180.1°. By tuning the
voltage V, 510 from 1.5V to 1.9V, the gain unbalance will vary from +1 dB to -1 dB, and the;
phase difference will change from 179.16° to 180.42°. Accordingly, the unbalance caused by
the process fluctuation can be very effectively canceled with the tunable differential phasg
splitter. Finally, the above-discussion is intended to be merely illustrative of the invention.
Numerous alternative embodiments may be devised by those havinglordinary skill in the art
without departiné from the spirit and scope of the following claims. A person skilled. in the
réadily recognizes that the disclosed inv;ntion may be implemented using MESFET, CMOS,

bipoiar, or other technology.
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o ©8dhes katinTcui t connect edP¥etie®h t he drain of said first transistor and
the gate of said second transistor for coupling at least a fraction of..an
anplitude of said first output AC signal to said gate of said second '
transistor for tuning said anplitude and a phase betwe mmnmuﬁm
second transistor. 2. The circuit of ghkaim1l, wherein ﬂwm Bui t
further conprises two resistances connected in series, whefeih & ratio. of
said resistance values is selected t@Qagagicel out anplitude unbal ance. 3.
The circuit of claim2, wherein said two resistances conprises a first end
at one MegicHiBEERvaRbnds:second end at the other resistance, wherein said
first end being connected to said capacitor and inductor of said feedback
circuit,said secaond.end.bei copnected t roynd, and t.h ate of id
second £ ansi b SURREAROH AL SRR bR aRPRHE pharg Hendlr Bofthinglt AT “rp
circuit of claim1, wherein.said feedback circuit further conprises a
capaci t #8132k QOmPrisiRgluct or connected in series, said capacitor for bl ocking
a DC voltage of said first output. said inductor for- conpensating for a.
phase | ag due to d$mstend sqrand trausistdrs, thtsunierof waitl fipst and sicomdifransistarebeing ai d
feedback circuit further. conprises an active circuit for canceling an

unbal - ance comsettdly aR6RAREFirétnoas, WiciedsaidiSE fidsecondhrnsistor sRpdtsaence of
said active circuit depends on a control voltage applied to said active

circuit. differential amplifier;

the gate of said first transistor receiving an input AC signal;

the drain of said ﬁrst transistor producing a first output AC signal;

the drain of said second transistor p.roducing a second output AC signal that is
180° out of phase with said first output AC signal;

a source resistor, said source resistor connected in serigs to said ﬁrst node and
ground; and

a feedback circuit connected between the drain of said first transistor and the gate
of said second transisto-r for coupling at least a fraction of the-amplitude of said first
output AC siénal to said gate of said second transistor to compensate for the unequal .
divisién of éaid input signal between said first and second transistor due to the finite

impedance value of said source resistor.

2. The circuit of claim 1, wherein the feedback circuit further comprises two resistances
connected in series, wherein a ratio of said resistance values being adjustable to adjust

amplitude unbalance.
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: e&s pa@fr Ci rcuit of cl &tm™47 8*®rein a val'ue of each of said_.
cﬁgpam tor and indicttor are selected to cancel out the Pphase ‘Unbal ance

between the first and second out put AC signals. 7. nm:
wherein said active circuit replaces said two resi stan k‘!“\mw‘ﬂ

channel resistance of said active circugt is adj ust abl e 0y ccoht r¥l 15 ng

bi asing voltage thereto. 8. The circuit of claim1, wherein said feedback

circuit gncl uiksciaduit ﬁ'%idimqn‘aih@xfelrﬁs'ame@ibaé!ﬂcﬁd%ﬂlfﬁﬁ&rr coﬁ?ﬁﬁ@. latc@pacit8ithd
resi stor, and wherein said second out put AC signal has the substantially

same frequency, ﬂﬂqct%m?&dntebig& 1rﬁ§er1§§’}'sgidfc'aﬁft§tofoﬁr% o%ﬂﬁl ‘a DC voltage of said first

output, said inductor for compensating for the phase lag due to said capacitor.

4, The circuit of claim 3, wherein said feedback circuit further comprises an active circuit
for modifying the phase and amplitude of the balanced opposite phase signals depending

on a control voltage applied to said active circuit.

5. The circuit of Claim 1, further comprising an input impedance matching circuit for
optimizing said phase splitter circuit for @ow band operation, said input impedance
matching circuit being configured to modify the frequency response of said phase splitter

. circuit so that maximum power {ransfer occurs between said input AC signal and the

phase splitter circuit at a specific application frequency.

6. The circuit of claim 5, wherein the input impedance matching circuit is connected to the
gate of the transistor and comprises a first capacitor configured to receive the input AC

signal and a second capacitor and an inductor connected in parallel, said second capacitor

and inductor connected between the first capacitor and gate.

7. The circuit of claim 1, wherein the transistors is one of a MESFET, CMOS, and bipolar

transistors.

8. The circuit of claim 4, wherein the active circuit is one of a MESFET, CMOS, and a

bipolar transistor. I
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