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ABSTRACT

This paper reviews- the basics of AlGaAs/GaAs HEMT

operatron and Iarge srgnal model ing. It also considers its
aoplrcat,ion to the reblization of three typical non-linear
c'l rcui ts, namel y , an 18 GHz osci I I ator, a 12.5 GHz mi xer and
a 6 to 1? GHz freouer)cy dOUbler. The performance presented
by these HEMT components compares favourabl y to those
Dreserlted by s'lmt tar GaAs MESFET components.

I NTRODUCT ION

The I ast decade reg i ste red the i ntroduct i on of a rlew

mrcrowave device, the High Electron Mobi I i ty Trans'i stor or
the Modu I ation Doped Fiel d Effect Transi stor, b€tter known
as HEMT or MODFET1 ,2. Thrs type of transistor employs
heterostructures constructed w'i th different doprng in order
to create a quantum we I I . The I atter conf i nes the el ectrons
* a quasi bidimensional layer in an undoped semiconductor
lesulting in hrgh electron mobi 1it,y. These transistors
present higher power gain, lower noise figure and Superlor
cut-of f t rJquency when compared to convent'i ona I MESFETs3 .

These devices were initially applied 'i n "chip" sty'l e to
the des i gn of mm-Wave componentso for i ts super i or h t gh

f requenCy characte r t st'l cS . Howeve r , the matu 1i ng of the
A I GaAs/GaAs techno I ogy I ed to re I i abl e and repeatabl e
devices at a rather low cost4,s and its'application became

rmDortant rn chrp or packaged styles in the mlcrowave range.
Thus. t,his type of device is the natural optton for tl're
desrgn of low notse ampl if iers operat'i ng ln the f requency
range from 1 to 60 GHz

Considering the general HEMT charactertstics it is
easily verified that non-linear crrcuit functions such as

osci I I ators, mi xers and f requency mu.l t'i pl i ers can al so be

Derformed by th'i s device. If their high frequency
characteristics are also Gonsidered, then it is seen that
these functrons are readily exte.nded to the m'i limeter wave

bandT . However the power compress i on performance of
A I GaAs/GaAs t-tEMTs i s 2 dB I ower than that presented by

MESFETs of eQu.i valent gate area8. The ma'ln reason for th'i s
behav-,i or is the higher transconductance nonlineartty
presented by th'i s dev i ce.
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Recent I y , the HEMT technb l.ogy was app I i ecl to the des I gnof monotithic amplifierso ;;d the 
"*p"iimental results wereverv promising. so .thg way is op.ri-t; integrate severarcircuit functions in .th;'s?Te ,.chior., emphasizing ther nte rest on the non_ I i neii -.ppl 

i cat i on 5r HEMT dev I css .Th I s paper presents a br i ef O.""rlpt i on of the dev i ceooeratron and introducg a simple.dJ-"orirter efficient HEMT)arge slgnal model employing Lquivaleni iircuit. Thie model1 s accu rate enough to preo itt the perio.ron.. of most non-Irnear microh,ave circuit;: Then, it- rs introduced theaop I i cat t on of HEMTs to the des r gn of sorne pract i cal non-I rnear microwave circuits oeveloped at the university, of s6oPaulo. Finally, a brief 
"rr*V is maOe of the non_linearapplications of HEMTs r€ported in the lrterature.
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HEMT OPERATION

I:: .i:::: ,":.::j "1_ :f H EMr emp I oy i ns an A I GaAs;1ff:i3: oil". r,r^?I: 1nd 3^ canl' ' 
"oiJi:;l;;' ";:^":ln"t:depicted in figure t. Itsemr conduct.r ;r;;;;;, comoo'""". 

t3.,. 
tn"jjuln^1-,.. ::?:ro'l I ede\Jr unv r ce, composed of three termt naJ s. Th;control terminal is cal led gui" and consrsrc nr ^ earr^..-,..-,,,,,rrar rs carreo gat,e and conststs of a schottkvlectifying contact. The gatJ is olaced in-horr^raan +r^^ ^,^-.:^dra i n and source contacts .

p l aced r n-between the ohmi c
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rn th'i s device GaAs and AIGaA-s layers are grown over aseml-'rnsulatrng GaAs subst,rate. Molecular Beam Eprtaxy, MBE,cr Metal Organic Chemical Vapour Deposttron, VOCVO, pfocess
::;'"i[,!]:l:: , 

j;.,.=olrutn hrgh quar rry and high durity
The depletron region of the Schottky barnrer mets andeventua I I v over I aps t,lre dep I et ion reg'r on assoc r ated wi th thehete rostructure i n the A r GaAs r ayei under the gate. Thus ,t'he 'free carriers are ret,ained as a bidimensronal electrongas at t,he undoped GaAs s .i de oi t,he hete ro j unct i oninterface. The current contror from source t,o drain is

Fig 1 - cross sectron of a AlGaAs,/GaAs HEMT.
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effected by the gate bias that controls the carrier densi tyon the b'i d r mens i ona I e I ectron gas under the gate .

LARGE SIGNAL MODEL

The large signal device model represented in figure z
l s aCequate to simulate the main non-l inear characteristicscf the HEMT and is readiry applied to any time domainsrmulatore. Thts topology is simi lar to MESFETs non-l inearmodel. but t,hetr elements represent different physical
Df^rerlomerra, requl rlng spec'i f ic current-voltage relatronships.

Frg 2 Large srgnal model for FET devices.

The non-linearities presented in that model are:
drai n current,, the gate-source and gate-drai n di odesgat,e-sou rce and gate-d ra i n capac r tances .

The dratn current source Io (Vgs,Vos ) relates the staticdratn current wtth the intrinsrc gate-source and drarn-source vo'l tages. Then, the part'i al derrvatjves of Io rnrespect to Vg 
=

and Vo s prov t des the rntrinsic
tr-ansconductance and output conductance respective ly. This
cur rent source represents not on'l y tfie electron conductiorr[lrrough t,he bidimensional 9os but also the parasit.i cconduction through the AlGaAs layer for high gate-source
vo I tages. The drat n current can be expressed by the product
of two funct i ons , one dependent on the gate vo 1 tage and theother on the drain voltage, as described rn equation 1.

Io(Vss,Vos ) = F(Vss ).G(Vos ) (1)

The funct i on F , i n the case of HEMTs , must represent
the charge control mechant sm that, 'i s ef f ected through thegate voltage, to simulate the carriers density saturatron ont-he btdimenstonal ggs and the generation of free carriers .i nthe AlGaAs layer when the gate voltage is increased. Thus,
dt fferent functions are requi red to represent the HEMT and
MESFIT characteri sti cs, si nce i n the I atter the ga';e vol tage

the
and

11 lvgr ,rfr I
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controls the width of the depletion'l ayer. These differencesare better i I I ustrated by the experimental characteri sti csof the dra i n current bnd the stat i c transconductance fortypical commercially available MESFET, NETOO by NEC, andHEMT, 2sK677 by soNy, presenting the same gate dimensions0'5 x 30o pmz as depicted in figure 3. The most p.onornceddifference is the saturation of the drain cur."^t at highgate bias that results in poor transconductance performance.
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G(Voa ) = [t-f 1-o,!c, )r l[1+^.Voef

G(Vog) = lt + tr.Vosl

(2)
.exp(X".Vs" )

: 0 ( Voe ( 3/a (3.a)
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Fig 3 (a) Drain current; (b) Transconductance
:" as a function of gate voltage, at Voe = zv(-) HEMT 2SK677; (---) MESFET NE7ooB3.

In the I i terature there are severa I equat i ons torep resent the funct i on F for MESFET dev i ces . The onereproduced i n equati on ( Z) has been proposed to representsimultaneously MESFETs and HEMTslo, by a suitable choice ofthe parameters.

F(Vg" ) =

,

l,

{i

I

rn this equation, the pinch-off voltage Vr and thefi ttr ng parameters F , b, Xx and Xe are determined through DCmeasurements and optimizat'i on procedures.
The function G must relate the drain current to drainvoltage, and represent the behavior of the electronsvelocity in the bidimensional gas, ds a function of electrrcfield. Since this dependence is the same for both devices,the same funct i on app I i ed to MESFETs i s used here for theHEMT. This function is described by equation 3.a for theIosXVos linear region and by equation 3.b for the saturatedregion.
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The stat i c
conductance . i n
N4ESFET and. HEMT
ln figure 4.

Ia x Vor characteristics
fucnt i on of Vo r at Vg. =devices described previously

and the output
0 for the same
are represented

In the model of figure 1 it is observed the presence oftwo output conductances, namely Gp and Go, which have been
added to the mode I to take account respect i ve I y , of 1 eakagecurrents through the substrate and d i spers i on on
t ransconductance and output conductance as a f unct.i on offrequency. The 1 eakage corresponds to a smal I current that
'i s added to the cu r rent sou rce . Hohreve r , the ef f ect of
f requency d i spe rs i on i s much mo re i mpo rtant and can beevaluated by the experimental results displayed in figure S,for the HEMT type 2SK677.

VC. - volr.
bl

Fig 4 (a) Drain current;
in function of drai(-) HEMT 2SK677;

-o.6 -0.. -o. a 0.0 0. a 0..
Vl.. - vol t.

lrl

Fig 5 Output conductance
(a) linear reg'ion;
(-) statrc values

YCr - yo I I r
DI

(b) output conductance
n voltage at Vg. = O.
( --- ) MESFET NE7OO83.
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f ucnt i on of gate vo'l tage
satu rated reg i on ,

) nf values.

The action of the gate diodes is rather complex to berepresented by a simple c'i rcuit, s'i nce two diodes back-to-back are needed to account for the Schottky barr i er

YD1S.O.2 V --
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nnetal /AlGaAs and the heterojunction AlGaAs/GaAs. However,
this representation'i s requ'i red only on strongly overdriven
coerati on, where a hi gh .forward conduction operation becomes'rmportant. For most practical microwave appl ications, the
overdriven case is rarely met, so that single d'iodes may
represent a low forward conduction of the gate.

The Co s and Co o c€rpac i tances rep resents the charge
v ar i at i on under the gate due to vari at i ons on the gate and
d ra r n vo I tages . In MESFETS these capac i tances are assoc i ated
to the charge variation in the depletion 'l ayer, whi le in
HEMTs this c6pac'i tance 'i s due to the modulation of the
charge contarned in the bidimensional electron gas and in
the AlGaAs layer. For gate voltage near the pinch-off, the
gate capacitance depends exclus'i vel y on the bidimensional
electron gas, since the AlGaAs is completely depleted and
behaves as the d'i electri.c of a parallel plate capacitor. The
gate capac'i tance 'i s then an 'i nve rse f unct'i on of the d i stance
between the e I ectron gas and the gate meta I , decreas i ng as
the gate vo I tage approaches p i nchioff . For h i gher gate
voltages, the electron gas density tends to saturate which
resu l ts i n the dec rease of i ts capac i tance . However the
charge variat'i on in the AlGaAs'l ayer, results rn a further
'r nc rease i n the tota I gate capac i tance .

For practi cal purposes the gate-source capaci tance can
be app rox i mated by the capac i tance of a reve rse b i ased
Schott,kv diode, while the gate-drarn capacitance can be
assumed constant, i n the act i ve reg i on of operat i on. The
measu red capac i tance i n funct i on of gate vo 1 tage compared to
the one predrcted by a diode is depicted in ftgure 6.

0.€

0.s

V9" - volts

FiS 6 Gate-source capacitance X gate voltage.
('G ) experjmental; (---) SchottKy diode

NON-LINEAR APPLICATIONS

Initially, HEMT devices were developed for ltnear
appl icat'rons in partrcular for low norse ampl if iers2, due to
i ts superi or not se' performance compared to MESFETS. As
communicatron and radar systems rncrease its operating
frequency far rnto the millimeter wave range, this type of
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cevlce appears as the real option not only for amplifierdeslgh, but also for other type of non-lineir circuits suchas oscillators, m.i xers and frequency multipliers.The ma.i n sources of non I i near i ty are those assoc i ated
w t th the drat n current source, i . e. the transconductance andoutout conductance. The heterostructure used i n HEMTsresults in higher mobility which reflects .i n h.i ghertransconductance, a parameter that has a major effect both'rn the linear and non-linear device performince. The inputcaoacrtance is a non-linear parameter that is important whendes I gn I ng m'i I i meter wave components.

In the following section it islinear applications of the 2SK67Z
name'l y an 1B GHz oscillator, a 1Z,s
GHz f requency cloubl er.

shown three typi cal non-
HEMT dev i ce by SONY,

GHz mixer and a 6 to 12

18 GHz OSCILLATOR

In the design of the 18 GHz HEMT oscillator thereverse channel mode of operat'i on was emo)oyedl o, conductingto a simple circuit toporogy depicted in figr.. 7. ThisaDproach has been wi del y used i n GaAs MESFET osci I I atois,and i t was found that i ts advantages ho I ds true for the
HEMT . Thus , negat i ve res i stance i s gene rated on the HEMTnorts at hieh frequencies ln this mode of operation. Adielectric resonator is coupled to the gate to satisfy theo.sci I lating conditions.

50n s0n

Fig 7 Topology for the 1g GHz oscillator.
The dratn c]rcutt is matched to the 50 ohms output loadbv means of a slngle stub. The large srgna"l model presentedearlier was implemented into SPIcE s'imulator, and was usedto det'ermlne the optimum load impedance for maximum outputPower. An output, power of + 14.5 dBm was obtarned from thesrmulatrons for a resistrve load of 15 ohms.Thts c'lrcu'i t.was constructed on alumina and softsubstrates as displayed in figure g. A soft substrate wasapplred to the drain, since it would ease the matchingcircuit ad.j ust,ment. In the gate an alumina substrate uJas
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used, since i
resonato r and
0 to 600 C.

t presents a
i s more stab I e

flat surface to the dielectric
over the temperature range from

F

\

Fig I Photo of the 19 GHz osci r rator
Adi ustment of the osc i I I at i ng frequency was prov i dedby the screw located in. the upper I id. The experimentalresul ts obtai ned for thi s prototype are descri bed i n tabl e Iwh i ch shows the suscessfu I operat, i on of a HEMT as anosc'i I I ator.

Frequency range
Output Power
Temperature stability
External "e"
Phase Noise @ lOKHz
F requency pu I I i ng @ 1. :

Table I 1g GHz Osci l

12.5 GHz MIXER

17.S 19.5 GHz+ 11 dBm
1.6 PPn/oC
1500
-70 dBc/Hz

1.5 2.1 l4iHz

I ator Performance

In conventional MESFET m'i xers, t,he device is biased inclass B mode and a high Lo dynamrc vo'l tage is appl.i ed to thegate, modulating the transconductance as a funct.i on of time,9n(t). The mixing effect takes place at tho drain, sihce alow RF vo] tage also appl ied to the gate appears .i n the drainmultiplied bv 9m(t). This approach is also applied to HEMTmi xers , and the transconductance compress i on usua I I yobserved in this device, does not affect appreciably themi xer performancel 1 .
Fol lowing this approach a simple mi xer was des.i gned forconve rt i ng the 1 2250 1 27 50 MH z RF band to the 9oo 1 4ooMHz IF band with a Lo operating at 11.3s GHz. The toporogyfor the HEMT mixer is presented in figure g. The dra.i nc i rcu'i t cons'i sts of a >r/ + open stub at the Lo f requency at adistance oz from the lead, such that the effective devicetmpedance is series resonated by the virtual ground imposedby the stub. This conventional procedure assures that the
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dynami c drai n vol tage i e
dynamic current remaine in

zero for the LO si gnal and the
the saturated region.
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Fig 9 Topology of the HEMT mi.xer

The l'/a open stub shorts to ground the second harmon.i cvoltage. The IF impedance was not matched at the output forstab i I i tv reasons . The gate 'i s matched by an open stub
I ocated app rox i mate I y ai t, / z f rom the gate at the Lof requency . The Lo and RF s'i gna I s are app f ied to the gate bymeans of a bandpass and a bandstop f i 1 ter constructed bymeans of d'i electrtc resonators. A11 circuits weremanufactured emploving thin-film technology. This type ofmixer presented a convers'i on gain of 4 dB in a bandwidth of500 l4{z, €ls shown in f rgure fO.

Frg 10 co'nversion gain as a functron of frequency
The SSB no'i se figure for thjs type of mrxer is shown tnfieure 11, where 'i t is observed a minimum of 3.g dB and amaximum of 4.5 dB within the RF band. This no'tse performanceis roughlv 2 dB better than that obtarned with MESFET

m'i xers, confirminq the superior.i ty of HEMTs for this type ofapplicat'i on.
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Fig 1 I ssB Noise Figure Frequency Response

FREQUENCY MULTIPLTER

The most efficient way to build a FET frequency
mul ti pl ieli s to bi as the gate near the pi nch-of f f orcl i ppi ng the drai n current. Then, the second harmon i cgenerated 'i n this distorted current is extracted by aconvenient fi lter placed at the drain terminal. A testcircuit for doubling the 6 GHz frequency that follows ilrrsapproach is represented in figure lltz,

I
90ee

[ilil
rccond

I hormonlc
/ molch

0

50 JL

2lo gooo to

Fig 12 Test crrcuit for the 6 Lo 12 GHz douoler.
The drain f:ilter is composed by a set of' 9Oo open sturbsat the fundamental frequehcyr whrch blocks the fundamentaland th i rd harmon t c and are transparent at the secondharmonic. The larqe signal input impedance must be matchedto the gene rator i mpedance so that the d ynam I c aate vo I tageis maximized and as a cc)rlsequence the multiplrcationefftciency ts optimrzed. The rnput c.i rcuit employed 4So openstubs at the fundamenta I f requenc y wh i ch ref I ect the secondharmonic to the gate, and sjmultaneously matches thefundamental frequency.
The HEMT was inserted in this circuit and after someadjustements it was found that this device can provide 10 dBmultiplication gain and + 8.5 dBm output power at thisfrequency, as shown in fisure 13. The power performance is
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roughly the aame obtained from a GaAe }.|ESFET, but the galn
periormance is Z dB better. In fact thie galn le comparable
to the one obtained with dual gate GaAe MESFETg.

rlllltllc.ll..
reh lall

tlratt
YoEtlovdtl
YO Fl.Ovrllt
lraOalt

l--- | f ltorcllcrl
l- I rltlrrtJ

ll-
a Pt. (al. I

Fi g 1 3 Mu]ti pl i cati on gai n versus i nput power

In this figure it is also shown the theoretica'l 'results
for this mult.iJt ier obtained by computer simulation using
SPICE. The cor.re'l ation between both results confirms the
accu racy of the J arge si gnal HEMT model presented i n thi s
pape r .

CONCLUSIONS

A br i ef descr i pt i on of the HEMT operat i on and an

accurate I arge si gnal model has been presented. Thi s model
was easily implemented into SPICE for simulat'i ng the non-
I i near appl i cati ons of HEMTS.

I t has a I so been shown that HEMT dev'i ces can be app I 'i ed

to the des i gn and fabri cati on of non- I i near components. In
the literature it, can already be found other e'xamples of
non- I i near appl i cati on of HEMTs at mi crowave f requenc'ies.
For .i nstance. a 7O MHz to 11 GHz up-converter has been
reported, which presented 3 dB conversion gain and + 7 dBm

output power at 1 dB gaj n compressi onl 3 . A HEMT drai n mi xer
operati ng at 1 1 .76 GHZ was reportedr a , and presented a

conversion gain of 4.5 dB and a noise figure of 6.5 dB. The

most i mportint non- I i near app I i cat i ons of HEMTs reported at
mm-Wave are: .a mixer capable of converting the' 44.5 GHz to 3

GHz with O dB convers'ion gain and a SSB noise fisure of I
dB7 and a 44.5 GHz osci I I ator presenti ng 0 dBm output power
with 3% eff ic'iencY?.

Thus, i t i s now possi bl e to construct 'hi gh perf ormant
commun i cat i on systems based on H EMT components i n most
f unct i ons , and i t can be expected 'i n the near f utu re
complete HEMT based monolithic integrated microlJave or mm-

Wave subsystems.
It should be emphasized that the devices used in this

context were devel oped qssenti al 1 y for J ow noi se
appl i cati ons. It i s expected that superi or performance can
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be obtained with devices specifically developed for non-
I i near ooerat i on .
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