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A sinple and accunate ddsign nethod for frequency doublers
combining linear and non-Iinear analysis is presented. This
approach $ras applied to study the optimum bias and to compa.re
the performance results of MESFET and HEf.flI f requency doublers.
The theoretical predictions were verified experinentally on a 6

to L2 GHz frequency doubler that exhibited nultiplication gain
of l-0.5 dB for a 0.3 pm gate length HElm and 8.5 dB for a
MESFET with approxinately the same gate dimensions.

INtrRODUCTTON

In general, frequency doublers are obtained by biasing the
gate near pinch-off and exploring the harmonic content of the
drain current. In order to obtain an efficient frequency
doubler in terms of output power and nultiplication gain, the
appropriate large-signal impedances nust be connected at the
drain and gate at several harnonic frequencies. Two important
methods of detennining the large-signal inpedances have been
published: the firstr employs an automatic step by step
matching of the input and output UESFET imped4nce as the
generator increases its amplitude, and the secondo enploys an
optirnization algorithrn for maximum output power and minimum
input power, directly derived fron terminal voltages and
currents constrained to the physical reality of the synthesized
inpedances.

The purpose of this paper is to present an efficient and
simple design rnethod for freguency doublers ernploying MESFETS
and HEMTs. Some laboratory experinents were carried out with
these devices to corroborate tne theoretical predictions, and
the results are presented in a comparative way.

NON-LIIIEAR DESIGN APPROACE

Figure L shows the non-Iinear equivalent circuit used to
represent the MESFET and the HEI{T. The non-linearities
coirsidered are the input capacitance C6g(V6g) and the drain
current source In(V,:erVnc). The dependence ofthese elements on
the gate-source"anH diEin-source voltages are presented at
references 3 and 4 for I{llMT and MESFET. resoectivelv-
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The deslgn approach proposed ln thls paper starts with the
ana}ysis of the interactlon between a slnptified non-Iinear
t.ransistor model and an external hlpothetLcal circuit. As
iepicted in figure 2, the tranELEtor uodel is composed by the
input capacitance and lts charge reEistance and by the drain
current source shunted by the output conductance. In thls nodel
feedback and parasitic effects have been neglected, irnproving
sinulation efficiency. For naxinun gbneration of harmonics the
transistor gate is biaEed near the pinch-off voltage and the
output load is a short clrcuit at all frequencies to provide
efficient nodulation of the drain current. The FET input
circuit is conJugately matched to the generator to maximize
the voltage excursion on the lnput capacitance. The input
circuit paraneters, including the RF generator anplitude at the
fundarnental frequency, the average value of the non-linear
capacitance and the drain current waveform are deternined
iteratively by carryipg out non-Iinear sinulations. In the
present context, the tine domain sinulator SPICE was enployed
to perforn this task.

The second step of the design method is the deteraination
of the optinun second harmonic load, which is considered to be
resistive in this model. It is obtained by the relation between
the maximum dynamic drain voltage and the second harmonic
content of the ctipped drain current. lfhe dynanic drain voltage
depends on drain bias and on the device Ios x Vos
characteristics. Thus, drain voltages are assumed to-be zero at
all freguencies except at the second hamonic. The resulting
harmonic voltages and currents are then transferred to the
device external tetminals, enploying the complete transistor
rncdel and sinrple linear transfer equations'. The external
voltages and currents are then used to synthesize the large-
signal impedances and to calculate the nultiplication gain and
the power distribution at the several hatnonics.

This procedure does not take into account Ehe harmonic
voltages present at the input circuit due to feedback effects.
In general, they can be neglected if their anplitude are much
Iower than the fundamental voltage. However, if this is not the
case, a refinement in the design can be nade by adding to the
fundamental frequency generator of the sinplified circuit, a
second harmonic generator with an anplitude determined by the
feedback introduced by the transistor parasitics. The entire
procedure is then repeated for this new gate voltage and the
new harmonic currents and voltages are transferred to the
external terninals.

The fuIl application of this approach reguires matching
the transistor external terminals at all harmonics, in order to
guarantee that the internal voltages and currents rernain as
initially proposed. of course, this is very difficult if not
impossible, so the. number of haruronics must be linited.
However, the usual practice of considering only the fundamental
and second harmonic frequencies in the case of doublers,
results in small interference on the shape of the drain current
waveform, and'can be adopted vith acceptable results.
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In order to glve suppo.li to the deslgn nethod prtvo translstol!_ n^ossesstiif tne gani';;z area o. 5x3oor.r"rr.'.ii;sirirar RF charadtertstGr- 
1q.r" ueen iJiirr"a - the HEMT 2sK6T7by Solry and the I{ESFET llg7Oo8g by NEC.

A first set of sinurations were caTried out at 10wfrequencies, to . invlqti;;;-" !rr.. "pt-i-ri., bias for efficient
I i T: :il. g:ffi T:ill;,fr1i.i!fi !l1l"T:lil-tr*ent o i itre * ipper
-is uetier- "*prii;;a-;; liT'a"rr"" -;o,rd.:.ii;; *l"..ir"gi5:liff;
oy equation 1, as a -eunctron --oi 

;'i;.
JlillSS; u::'' i"a -uv--it' anptit.d"--oro'l;. u8il"'i:""lilff

cos @/Z) = (VCS - Vpl /Vo (1)

Figure 3 . dis-prays the percentage of second har:nonicconpared to the arai-n curreni p".i-., a function of theff*"?til?"ute1" ror uottr types 
"f 

-C"hristors.-'6-u-s?^,"tion 
orMEsFEri;-i,p:'."'Tf,p""fi Xi;*.r!:'i;i""ISX."'Jl"B'i{':l:.i;

;"f;""r'"::"#lti""*i";* Howevei,- i" ir,.i d; -oF.Hnurr, 
the

angle 
"roq1j"i.jF-"31*: t j":entage . 

occurs for a conauctionir66-.iJ-.i1J.i'?l=;il.iqrT:":'"*;:#:li*;g=."t*:ilff :conduction angle for the HEMT, =itr"L crass B operation easesthe input natching t".q,.1i"rents. rrr"" igsrgr aouf,ier= reguiresclass c bias. ror ertitleni. 
"pliutJoi-, 

'rrrir" 
HEMT doubrers canoperate at crass B h'ith high.i";;;t*;.;. The cnoice-of oprinum*:*lri;."o.,I.*tres- i- "";=ia;;;ai;";; trre ege-clea vorrase

the devi;"-iJltllSnlog"X"XeS*lti:i.#Jn the ri'iil= irnposed 6y

A second set of sinurations were. made to anaryse theinfruence of transisl"r -Jur"sitits, 
iii-ri1r,g wires, and pac,:ageparasitics o1_ ths 55"quJncy aorruif.-p"rrorr.nce. A 7.5 to r.5GHz frequency- doublef -ri; siururate!- using the sirnprifiedtransistor moaet ror -the 

:IEMq zaxazz, biased at 1goo. rtsperformance was evaluhted r"i--'lirrl" dif ferent circuitimplenentations 
. namely, nonofiitric -c-ircuit, 

hybrid circuitemproying chip transi3iorl an'd rrirriJ- circuit --, -r-ii 
packagedevice. The rnonolithi. -lpp."ach,- 

foi which only parasiticcapacitances and resistances .are aggregated to tn" device,resurts in a nurtiprication gain ot r'd-ie-. The appricalion of
:ffi""?:'"?"S"11"" i" . -;t;ria- 

"ir""li 
-where 

lvp-i".-r. bondins
a c c o u n t, a" 

"'"Ls' "== 
h 

" 

= 
nj ; i "t ; !: u 

= 
u 

" 
. 

o 
;t'gl, "f# :iilj ii;device is assumeci to be irrla, ,"""itii? in a gain of I dB. Thesimulations indicaiea- I[it' 

"""ora---iramonic power remainsessentiarry constant witn- a 0.5 dB decrease from the maximum
;::;:n""t "l3ii 

dBrn at ln" r"'totithie -iever ro +g eil ar rhe
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A frequency doubJ.er for- the 6 to 12- GHz frequency band wasdesisned by ali:. approlgrr 
":f"g ;h9 HErrtT zsxszz. Thetheoreticar predictionS' inarcatea i'nurirprlcatlon gain of g .4dB for an iniut po"r." oe--2 dgn and i-i.*rr,,, output power of+ 9'6 dBn f:t ln |nput power of + 1 dBu. An experinentartest circuit .!,ras rniienentea on- o. egs mn thicii aruninasubstrate 

"tti i!-" top6ro-gy i;- 
""!i""L't"a in fr.grure 4. Thedrain circult consis€J-oi-.r narionG frtter casciaea with asuall reactance to natch the ;;;e- harnonic Lnpedance. Thef ilter is 

",:1p_"_::1 Uf--." set of go- open stubs at rhefundanental frequency, -wtrlctr urocis .i; fundamentar and thirdharnonic and are trqiripai"-nC ;;;ff 
"[l=orra n"rmorric-. The inputcircuit enployed csd -JJ"i stubs at -ttre runaanentii frequencywhich reflect the -Secona 

rrarmonic- to the gate, ands i mu 1 t aneous r y natches .i;- runaane-nti l- }""q,r.ncy .

rnitially, the HEMT 2sK677 was inselted in the testcircuit, biasla at a conauction angi!-or r_8oo and adjusted forbest perforaance- The ."=nrtit;_ ;;;iiiJi ot rhe srub! followedclosely the theoreticarr-y' pr"iilt"a-lnpeaances. The measuredmultiptication gain as . -r"-""tlii-:"i ilf".t porrer is presentedin fisure 5. rt-was oitii"?J-;.-;il; ,iil.iprication sain of 10*i.iT"J 
"Y"t$l[:tpuc 

poi'ei ot +B. s dt;, lo'pari's iavourably

The same 6 to L2 GHz test circuit was used to verifyexperimentarrv the aouurlng properties- of g oih., tlpes ofpackaged deviies, and their-relutts are-risted in tabre r.

Muttiprication Gain-dB output power-d,Bmmeasured simutated measured simulated
2SK6 7 7*

NE7o083*
NE 320g3A**
NE71og3**

Frequency doubler results for typical HEMTs andMESFETs. Gate length, *-0.-i pru; ** 0.3 prn.

The outnut power indi.cated in tabre 1 was measured withthe MESFETs 'li""Ea-'i1 ;;;a .J"J ;il" ;;ilr. at r.8oo. Dirrerentconduction angres were triea i;; 
't1" 

HEMTs and it hrasexperimentarry confirmed triii-iao6-i" ;i" mosr appropriate forthe presenr ippricati;; it i" "*p""t!i thar rhis tonclusioncourd be extended to devices tnil--riJ.r" simirar r,characreristics-. comparing the ursrnr= with the 
"dfr=l Ig:concrudes that the ralt"r -pr"r.nts a z ag higher murtiplicationgain, and approxiurately-in! same output power.
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Table f

Lo. o
9.0

L0.5
8.5

9.4
,:o 8.5

8.0
9.0
8.0

9.6
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b9"t presented. rh-e elqreriuental results obtaLned with a testcircuit shored a hlgh d-egree.ot coii"iiir"" between predictlonsand leaaureDents, enphislzrng tha--;;tiarti- ;i-- il; deslsnapproach'. coDparleon of uEsFBIs and nEllrs 6peration revealed
:l"t- thetr optlnun conductlon_ anglir L"C aiiie-renC and thar
!h" latter preeenta at leaet- 2 ad rrrgtni nultLpllcatLon galn.AB a natter of fact thrs htgh garn a€ 

-itre"e 
eriq'encies for a

5il1";:l.u;tt:'o:T!*??::'-i5b':"ffi;'"p"uriinJJ-iliurtgror

rCtrIIo;I.EDABUEXTS

This work was partly supported by FfNEpEstudos e ProJetos ana CflqO/TELEBRAS -Brasileiras.
- Financiadora de

Telecomunicag6es

RETERENCES

1. c. Rauscher. trHigh-Frequency Doubrer operation of GaAsFierd-Effect Transistoisr. inng trans. - r.ricrowave TheoryTech. Vol l{TT-31 No 6 June 1983, pp 462_473

2. c- Guo, E. Ngoya, R.euere, r,l. caniade and J. obregonrroptimar cAD of MESFETs Frequency Multipli"r"- with inawithout Feedbackr. rEEE rnt. -uicrSrarr" syrp. oigest, June1988, pp 1115-1118.

3. F. s. correra and E. canargo ,1g GHz Reverse channer HEMToscillators,. rEEE rnt. Miirowave syrp. oigest; ii;i r.ego,pp 1115-1118.

4. H. Statz, p. Nenmanr -r. w. snith, R.A. Rrcer and H. A.Hauss trGaAs FET Device and circuit sinuration in sprcn".rEEE Trans- Erec. Devices, vor ED-34, No 2, pp 160-169,1987.

5. H- Abe 'A GaAs MESFET oscirrator euasi-linear DesignMethodrr. rEEE Trans. Microwave Theo. Tech., vol utt-ri,No 1, pp L9-25, January 1996.

5. A. Gopinath, A. J. seeds and J. B. Rankin rfconparison ofsingle and Dual-Gate FET Frequency Doubrersr. rEEE Trans.Microwave Theo. Techniques, vol r'rm-ro, No 6, pp 9J.9- 920,June L982.

4rs



l
;
)
)

)

)

l

I

r-
li-

-'l

I
I

0lLaa Lq ie ,-l Lot

Fig. Z Sinplified freqtrency
multiplier prototype.

Fig. 1 FET Don-Iinear

l1
-t r-

Test circuit for the6 a LZ GHz doubler.

rRoc
I

*_J
s

equivalent circuit.

t60 200 21A 280

rig.3 second harmonic normalized
amplitude as a function ofthe conduetion angle.

2SK677
VDS'3 O Voltr
vg :- | .o vo lls
lo:6.OGHr

4 P/ol

r6

r4

t2

-E -6 -4 -_

(--- l ttrtorrilcol
(- l mrorurrd

4 Pin idBm)

I

t-oa ! o

ilnr I

I

I

r2
+-

RI

rr,rPur F- ---Jili;loL_J'.l,jLy,vALENr lj$fi,
2 SX 677

4/

NE 70083

Fig. I

420



t
)
)
t
l
)
l
l
)

)

)

I

fr

I

I

I

I

)

)

I

B/'t depends on fewer conponents compared_to the feedforward,rf the anplif ier .i_s. deeiined- using ihi; f ilm nlniaturized orronolithic amplifier qodules,.-Th;;; modern componrntBpresent small phase shift in its transfer characteristlcsand their smalr dinensiona result in a short ree-cuacr pathwi th acceptabre phase shif ts i;; -A; usuar communicatlonfreguency bands.
The predistortion technique can be appried to existlnganplifiers so that the predist'ortion- circuit can be designedindependentr' and cascaded in rionC ;i the main amprifier,Thus ' the compensating circuits op"rui. at low levels rrthlor.' power consumption and with no additionar power rossee ctthe output. rt is also potentiallv-.ppricable to a broaderbandwidth compared to th; previous meifrc,ds, since the ratloB / A depends only on the perf ormance of it,r"" - 

"oiporr"nt".Besides that advantage, the predistorter Can beindependentlv designed to match the frequencycharacteristics ot'the power amprifier. However, since thepredi-storter is adjusted for ;-;;;;i."r", output power, itfails to perform for systems that rrave amplitude variationssuch as scPc or ssB-AM. Another drawbacli of this system isits inabilitv to for.row the power amplifier characteristicsj n a rvide t empe ra t ure range .In cc)nc I usion, .i t has been shown that the linearizings'stems ccr'r ef r ectiver rv reduce the intermodulation- productsarrd a pr".ir't ir:;rI means f or compar irrg the perf ormance i.rfdifferent svst-ems has been introduced'. tt is expected thatt lr i s pilpe r cou r d tre usef ul as a ;;l;"-. r.rhe. deciding whichi s t l-re rrt.rsl. ade.rlu;11€, sv-stem f or a iJ".li't ,. application.
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