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Very High-Frequency Small-Signal Equivalent
Circuit for Short Gate-Length InP HEMT's

Agneés Miras and Eric Legros

Abstract—A small-signal equivalent circuit for short gate- 2) Taking into account the frequency dependence of some
length InP high electron-mobility transistors (HEMT's) operating intrinsic parameters allows the corresponding equivalent
at very high frequency (HF) is proposed. First, the extrinsic circuit to fit the S-parameters with better accuracy.

parameters of the equivalent circuit are determined using a

cold HEMT, but without forward gate bias. Then the intrinsic Owing to the systematic study of both real and imaginary

parameters of the equivalent circuit are extracted, including parts of intrinSiCY'param?ter_S according to frgquency,
the frequency dependence of some of them. A fast and accu- an improved equivalent circuit has been established (see
rate method based on least-squares regressions is presented to Fig. 1).

obtain the extrinsic and intrinsic parameters from measured 3) A solution method making successive regressions
S-parameters. The improved equivalent circuit accurately fits the both th | d i . ' f intrinsi
S-parameters of 0.25—m InP HEMT’s over the 500-MHz up on bo e real and imaginary parts or Intrinsic

to 40-GHz measurement bandwidth, for all gate-to-source and Y -parameters allows one to get the values of intrinsic
drain-to-source voltages. parameters. A powerful advantage of this software is to

Index Terms—CAO, equivalent circuit, HEMT, InP, modeling, get ar_\alyt'cal fo_rms of’-, _Sf' or Z-parameters, with a
small-signal. graphical checking of validity.

The steps to extract the parameters frdfrparameters
measurements are similar to those described in [1]. In Section
I, the extrinsic parameters are first determined using a cold

ECENT progress of indium phosphide-based (InP) techEMT at V. = 0, V. = 0 and pinchoff voltage. In Section

nology allowed the fabrication of short gate-length InR|, the intrinsic parameters are determined by solving the
high electron-mobility transistors (HEMT's) with very highy -parameters system derived from measufegarameters by
performances. Designing monolithic microwave integrated Cighe Y- and Z-parameters’ conversions. These transformations
cuits (MMIC'’s) requires an accurate knowledge of the electriilows one to de-embed the extrinsic parameters. The fast solu-
cal characteristics of the transistors. For GaAs—FET's, sevefigh method based on least-squares regressions automatically
models have been established which can be extended to ¥3ftulates the whole set of parameters, and is presented in
HEMT's up to 40 GHz. The models, derived directly fromsection IV. Comparisons showing good agreement between
[1], are well suited up to 25 GHz [8], [10]. Improvementsheoretical and experimentai-parameters for typical gate-
have been made on GaAs-FET models [3], [9], [12]-[15hnd drain-to-source voltages are illustrated in Section V, before
showing the difficulty to simultaneously and accurately figoncluding in Section VI. Some particular points, taken among
the four S-parameters over a large frequency range. An InRe above-mentioned papers, will be discussed in the following
HEMT model has already been presented [16] up to &@ctions focusing on several approaches of transistor electrical
GHz, but this paper’'s approach is different and leads to @Raracterization.
easy implementation and an accurate model over the large
frequency range (500 MHz up to 40 GHz) of the authors’ Il. DETERMINATION OF EXTRINSIC PARAMETERS

application, for the design of both narrow-band amplifiers The determination of extrinsic parameters is performed at
tuned to 38 and 40 GHz, and broad-band distributed-amplifieps. — ¢ (cold HEMT), which allows the equivalent circuit to
based on InP HEMT technology. be simplified.

The presented equivalent circuit is derived from the sym- The parasitic resistances and inductances of the gate, drain,
metrical one (atVy; = 0) [3] validated for GaAs FET's, and and source are first determined. The method used in [1]
has been extended with respect to the following points.  consists of forward biasing the gate. But in the case of this

1) These InP HEMT'’s are sensitive to forward gate biapaper's InP HEMT's, performing microwave measurements

Performing microwave measurements by setting a posit this forward bias requires a positive current (of several
tive current in the Schottky gate can cause gate failun@A) in the gate Schottky diode, and can induce irreversible
Thus, for cold modeling, a measurement at a minimugemages (depending on traps under the gate). It is difficult to
forward gate-to-source voltage is proposed. find a strong enough forward gate bias to make the method
of [1] work. Experimentally, such a compromise is not found
concerning the authors’ InP HEMT’s, which are less forward
Manuscript received December 24, 1995; revised March 24, 1997.  gate bjas-resistant than GaAs ones. Moreover, the removal of
The authors are with Franceélecom-CNET/PAB, Laboratoire de Bagneux,a critical gate bias tuning allows an easier implementation of

F-92225 Bagneux Cedex, France. ) ]
Publisher Item Identifier S 0018-9480(97)04450-5. the automatic extraction on wafer.
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Fig. 1. Small-signal equivalent circuit of InP HEMT's up to 40 GHz including the intrinsic parameters dependence with frequericy, Gai(w),
and G, (w).

where R, is the channel resistance; the constant factors 1/3

and 1/2 take into account the distribute@ network under the

gate (represented here by the lumped eleméis, Cecns

and Rch)-

Since this paper’s InP HEMT'’s gate is not driven at a large

enough forward biasZ.., cannot be simplified taisq, as

can a GaAs FET. Thus, since the influencelgf; and Cys is

negligible, andCy, is mainly included inCyq,, the extrinsic

Z-parameters are obtained by adding both extrinsic access

resistances and inductances as follows:

‘ Rch + Rgch

-600 | * ' ' ! 3 14 (Rgch - Cgen - w)?
Frequency (GHz) . Réch . Cgch

Fig. 2. Imaginary part o, | -parameter versus frequency described by (3a) o | L+ Lg - 1+ (RgCh . CgCh . w)2

for the cold HEMT atV,s = 0 V/Vys = 0V, yielding L, + L, = 22.6 pH

and Cyep, = 154 fF (0.25 x 100 pm?InP HEMT). Rey (3b)

Zio =Zy =R, + 2 +jw - Ls

A cold HEMT was measured at a minimum forward gate- 422 = Bs + Ra + Ren + jw - (Ls + La). (3¢)
to-source voltage (high enough for effective conduction in ] ] )
the channel). In factV,, will be 0 Vfor a depletion HEMT  The theoretical equations af; are in very good agreement
(normally on), and a few hundred millivolts above the pincholf/ith measurements up to 40 GHz.
voltage for an enhancement HEMT (normally off). To determine the three parasmc mductani_‘.gsLd, andLS_,

As V, is taken as low as possible (before reaching a stroﬁ@(zm) "f‘”d_Im(Zm) are fitted by standard linear regressions.
forward gate conduction), the modeling &, requires taking 1m(Z11) is fitted bB; the function ofv defined asg(w) =
into account the contribution of the parasitic capacitafigg, @« 0 w/(1+c¢-w?), to obtainL, andCyq,. The extraction
under the gate, in parallel with the Schottky dynamic resistangg2cedure of coefficients is detailed in Section IV.
Rgen [1]. Then atVy, = 0V, the equivalent impedance of the The frequency response @fn(Z,:) is shown in Fig. 2.

gate junction can be simplified as follows: Equation (3a) shows that the imaginary temm( 7, ) includes
L, + L, and a corrective term, which can be reduced to

Im(z11) (Q)

—-200-

—400

Zu =R+ Ry +

(3a)

Zgen = . Fgel ) (1) —1/(Cgen - w); this is due to the high value Ry, (several
1+ jw - Can - Rgan k) compared td /(Cge, -w) When the gate Schottky diode is
For any gate bias condition, the intrinsic impedance parametatdhe onset of forward biasing. Two consequences are induced
z;; of the equivalent circuit are deduced [1] as follows: by this approximation. First, because the imaginary corrective

term becomes large for low values of the angular frequency
z11 = Ren/3 + Zgen w, the functiong; (w) has to be fitted from typically 2 GHz up
212 = 221 = Ren/2 to 40 GHz, to avoid fitting at least-squares on a high negative
z22 = Ren (2) part of Im(Zy1). In addition, the sunL, + L, and theCg,
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exist [4], [5] to provide the required additional static relation;
in this case, the resistance of the channel under the Rate
is calculated by

Ly

Rch = qu . W
g

(4)
where R, is the sheet resistance of the channel measured by
the well-known transmission-line matrix (TLM) method. The
TLM method consists of successively measuring the resistance
of the layer of interest between several pads with different
spacings. A linear variation of the resistance with pad spacing
is deducedR,, is the slope of the linear function. The TLM
method is used to de-embed the drain and source contact
resistance from the resistance of the layer.

An accurate value of?,, for the HEMT channel should
result from TLM's with gates of different lengths. But in this
case, the experimental TLM’s measurements give a bad accu-
racy. The main cause comes from the differences between the
technological parameters involved in the gate recess etching
of different gate lengths. The authors’ TLM method does not
take into account the recess-etched gate, which implies an
underestimation of the?,, value. A simpler approximation
could then be to negled,, in the real parts of/-parameters
[9], [15], but this parameter is kept in this paper to take into
account the case of larger gate length. The accuracy of this
calculation is sufficient because the effectiy, is negligible
as the gate length becomes shorter. Short gate lengths (of about
0.2 um) are usually small compared to the gate—source and
gate—drain gaps (of about 0.@n). In addition, only a fraction
of Ry, appears in series with the parasitic resistarfggsi.,

Fig. 3. (a) Real part of;;-parameter versus frequency for the cold HEMTRd in the aboveZ—equations.

atVgs = 0 V/Va, = 0V (0.25 x 100um?InP HEMT). (b) Graph presenting
R, 4+ Ry + R, /3 described by (3a), yieldings + Ry + Rcn/3 = 7Q

and Rgcn, = 10.9 ke

Moreover, when the transistor model is used for MMIC de-
sign, some approximations regarding the extrinsic resistances
R, and R; can be made. Actually, a slight uncertainty on

capacitance value (a few hundreds of femtofarad) are extracted determination of the values &, and R, is acceptable,

with very good accuracy.

To determine the three parasitic resistanBgs R4, and R,

because it is directly compensated by another slight uncertainty
on intrinsic resistancesty;, R;, or 1/Gy). This argument is

Re(Z12) andRe(Z,,) are fitted by standard linear regressionszalid for HEMT'’s with different values of gatewidth, because
An accurate fit ofRe(Z;;) needs to accurately determine thall of the resistances of the equivalent circuit are inversely
Rgq, resistance. However, the real corrective tefigy, /(14 proportional to the gatewidth (excep,).

(Rgen Cgen-w)?) tends to approximately/( Ry, -C2 4, -w?) for

g

The above-mentioned compensation is valid for the extrinsic

Rget - Cgen-w > 1. So, the very high value aR,.;, cannot be resistanceR,, only if the gatewidth and the number of gate

easily determined because of the strong decreadte@f; ;)

fingers are fixed. No extension to HEMT's with different

according tow, as is shown in Fig. 3(a). Then the extractiomate-size parameters is allowed, becauseltheesistance is

procedure consists in fittinBe(Z;; ) by the functiong, (w)

proportional to the gatewidth and inversely proportional to the

a+b/w?, to get an approximate value &, which is used square of the number of gate fingers.

as an initial value for the following iterative calculations. For Gate- and drain-pad capacitances are determined by linear
different Ry, values chosen by an appropriate algorithm, thegressions ofim(Y;;) for a gate voltage below pinchoff,
expressioRe(Z11)— Reen /(1+(Rgen Ceen-w)?) is calculated which causes the depletion of the channel. Typically up
until it becomes constant, which finally gives the value ab 5 GHz, the contribution of both series inductances and
Rs + Ry + Ra,/3, as shown in Fig. 3(b). This sum is therresistances are neglected. The corresponding equations are [1]

determined accurately.

For very low values ofR,; (a few hundreds of milliohms),
static determination is preferredi, is then determined by
measuring from pad to pad the resistance of a purposely

designed gate.

Im(Y11) = jw - (Cpg +2-Cp) (5a)
IIn(Yig) = IIn(Ygl) = —jw . Cb (5b)
Im(Y22) = jw - (Cpa + Ch) (5¢)

At this stage, an additional relation between the parasitithereC), is the resulting capacitaneg, (equal toCy, as the
resistancesK., Rq, Ry, andR.,) is needed. Different methodsgate is centered in the drain—source gap, which is a necessary
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approximation [7]) at these bias conditions. But the pads andA frequency dependence of extrinsic and, consequently,
intrinsic capacitances are not easily separated; in particulatrinsic parameters has already been used [15], [16], but
Cpa includes residual drain-to-source capacitance at pinchaffdifferent approach is presented in this paper. In order to
voltage. In reference [7], a physical method to separate thmalytically describe the frequency dependence, each intrinsic
parasitic capacitances of the FET is presented, also includipgrameter is systematically studied versus frequency. Both real
a dependence with the gatewidth. and imaginary parts of measured,-parameters are plotted

In order to separate the two contributions, test patterns wened compared with the graph of the empirical equations
fabricated, including only pads and interconnections (withodescribing them. It appears that the intrinsic paramefgrs

the HEMT or its electrodes). Cods Reds Ri, Cgs, Rgs, 7 are not frequency dependent. It
is not the case foCy,, G4, and G,,, which are frequency
||| DETERM|NAT|ON OF |NTR|NS|C PARAMETERS dependent beyond 20 GHZ and can be Closely described by

the following equations:

A. Intrinsic Parameters Behavior jw - Cas(w) = j -w - Cas, +j - Cas, w2

The determir;ation of thef intrinsic G[r))arameters is carried Ga(w) = Gg, + Gg, -w+ Gy, - &*
out using transformations of measurfeparameters intdz- . 5
and Y-parameters [1], for each bias point. The parasitic (W) = Gy + Gy @+ Gy -0 (7)
extrinsic parameters are de-embeded to obtain the intrinsicseveral types of InP heterojunction field effect transistors
Y -parameters. (HFET’s) and HEMT'’s of 0.2-0.8:m gate length have been
The Y-parameters expressions are calculated from the iRvestigated to verify this set of analytical equations. The slope
trinsic equivalent circuit. A gate—drain resistanlég is added Change according to frequency begins to c|ear|y appear on the
to make the circuit Symmetrical with regard to drain and Sourqe.pararneter graphs beyond 20 GHz. Moreover, the frequency
[3]. This is useful for an extension to large-signal modeling ifependence of these intrinsic parameters is independent of
the case of zero-volt drain-to-source voltage. In [14], [16], &trinsic parameters variations around their nominal value.
Cuc capacitance is added betweBnandR;, which physically An experimental justification of these correcting coefficients
results from a nonuniform free-charge density in the channg. presented in Section V.
The addition ofR; or Cy. causeRRe(Y12) to vary as the square
of the frequency, sd?; (chosen here) o€y, have identical g |ntrinsic Parameter Extraction
roles. WhileRe(Y12) is generally positive(y. usually has a _ . o
positive value, and?; a negative value. Adding?; or Cie The extraction of the equivalent circuit parameters from
leads the equivalent circuit to more closely fit the experimen rmeasured parameters uses the method of [1] to separate

Si1o-parameter at HF, since the model described in [1] givéh,e real and rimaginary parts, dﬁj—pgrameters. Hovxrever, din
Re(Y12) = 0. Experimental results confirm this particulaf IS paper, t ey-parameters equations are transformed to
frequency behavior [3]. introduce functions depending on the angular frequency

In addition, the accuracy of the short gate-length InP (Y o) — —Cyq + jw 8
HEMT’s equivalent circuit is improved by adding a frequency m(Y12) = Dy (8a)
dependence of’y, G4, and G,,,. The calculated intrinsic R; - CQd w2 1
Y -parameters are Re(Yp) = ——2F— — — (8b)

D2 Rgd
R -C% .2 1 R.-C?% .2 1 Cs - jw
Vo, =t Tes 29 Ted 7, - Im(Yy; +Y,) = =& 7~ 8c
11 D, + e + Dy + Raa m(Y11 + Y12) D, (8c)
. Cgs ng R; - CgQS cw? 1
G - s Re(Yi{ +Y)= —= 8d
+ jw <D1 + D2> e(Y11 + Y12) D, —i—RgS (8d)
Yip — _Rj -Cde-wQ 3 i B jw'cgd IIn(Yé2+Y12) ij-cds(w) (86)
D, Rga Dy Re(Ya2 + Y12) = Ga(w) (87)
—jwT 02,2 L o—jweT
Y,le Gnl(w)-el _R] ng W YVQI_YVIQZW—CC«
1+j(x)'Ri'Cgs Do 1+jw-R;- gs
1 jw - Cga is expressed in polar coordinates:
" Ra Dy Gn(w) = magnitud@(Ya; —Y12)(1 + jw « R; + Cys)]
Rj . 02(1 . w2 1 (89)
Yoy = Ga(w) + —F——— + ,
22 d(W) Do Rgd T = phaS@Yél—Yig)(l + Jjw - R; - Cgs)]
. C, 8h
+ jw - <C’ds(w) + D—gd> (6) (8h)
with ? where D; and D, have been defined in (6).

5 o o The left terms of (8a)—(8h) are then fitted by the cor-
Di=1+R Cyw responding function of the parameter, and the intrinsic
Dy=1+ Rf» SC3y W parameters are successively calculated from the coefficients of
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these functions. The extraction procedure of the coefficients is
detailed in Section IV.

Another advantage of the authors’ extraction method, com-
pared to those giving analytical expressions of each intrinsic
parameters [1], [3], [10], [14], or performing optimizations, is
to be closer to the device microwave behavior described by the
intrinsic Y-parameters, even if no direct physically based ex-
traction as in [11], [13] has been made. Actually, an easy fitting
of Y-parameters by appropriate functions gives the possibility
of establishing and validating the authors’ equivalent circuit
graphically. Equivalent circuit intrinsic parameters are directly
extracted from combined -parameters. The good agreement
betweenY -parameters values and their fitting function guar- «
antees the validity of each intrinsic parameter extraction.

All intrinsic parameters of the equivalent circuit are simi-
larly determined for all bias points. As the extraction method
is fast (typically 2 min for 70 operating points on a PC 486/66
MHz) and accurate, it can be used directly after on-wafer
measurements of short gate-length InP HEMT'’s.

IV. EXTRACTION METHODOLOGY

The development of the extraction methodology is funda-
mental to solve (3a)—(3c), (5a)—(5c¢), and (8a)—(8h) described in
the previous sections. The major difficulty consists of finding
a convergent algorithm to solve the nonlinear system obtained
from the least-squares method applied to rational functions.
Easy implementation and efficient results are given by the
following method, which is a new fruitful extension of the
usual least-squares method.

Regressions have to be achieved on the following typical
functions in order to extract the equivalent-circuit parameters
from (3a) to (3c), (5a) to (5c), and (8a) to (8h):

filwy=a+b-w

for R, + Ra,/2 (3b)

R, + Rqg+ Ra, (30)
flw)y=b-w

for L, (3b), Ls + L4 (3¢)

Cy (5b)

Cha (5€), Cpg (5a), and alsa- (8h)
falw)=a+b-wc-w?

for Gy(w) (8f), andG,,,(w) (89)
filw)=b-w+c-w?

for Cys(w) (8e)

W

1+x-w?
for L, + L, (3a)

glw)=a-w+b-

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 7, JULY 1997

1
gg((x)) =a-+ b . E
used to getR, + R + Ren/3 (3a)

(w) = v
gy =0 + - w?
for Cyq (8a), and alsa’y, (8c)
po
A

for R; and Ryq (8b)
and alsoR; and R (8d).

Polynomial caseused for thef(w)
Bw) + ¢ x(w).
According to the well-known least-squares method, the
following system using a matrix formalism (shown at the
bottom of the page) is solved to determine the unknowns
a, b, ande, where(w;, ;) is the set of points to be fitted
by the functionsf;, andn is the absolute error function
(n = 122w = fulwi)?).
Rational casewhere x is the unknown involved in the
rational gp(w) = a - a(w) + b - B(w, z).
The method consists of fixing the value of the unknown
x, to again find the previous polynomial case, following
these steps:
1) normalizingw; and g3 (w;) according to the respec-
tive maximum values;
2) making iterations starting from the initial minimal
1 and maximalz, values ofx as explained now.
As z1 andz- are fixed values, the above matrix solv-
ing procedure can be used for the two polynomial

a-ofw)+b-

functions:
Gk, (W) = a - a(w) +b- Bw, /11 T2),
and

gr, (W) =a-a(w)+b-plw,/(1+e) z1-22).

The optimized values of, and b are obtained for each
equation. The least-square relative error is then calculated
by:

|Ei(yi - gk(wi))2|

If Error(gy,) < Error(gy, ), thenz, is taken to be equal to
\/Z1 - z2, while z; keeps its value (otherwise, is taken
to be equal to,/z1 - z2, while zo keeps its value). This
is equivalent to a dichotomy with a logarithmic scale.
Whenz; andz, are equal within approximately 5%,
then the corresponding, b, andz = x; = x5 values are

Error =

on
L |8 w)  Tiaw)Bw) Tia)xw)) (@) (Tl (o
2 | a5 | = | Ziotwn) Alwi P wi) i Bwi)xw) | [0 = [ ZiwiBlw) | =0
b \Sal) e Tw) xlw) T Do) e/ \Siwox) \o

dc
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Fig. 4. (a)l4s(Vys, Vys) static characteristics of the 0.26 100um? InP ) . . .
HEMT used as exsami)le in Figs. 2-9. @ = 0 V), (L: Vg = —0.2 V), Fig. 6. Evolution ofGg(w) = Re(Y22 + Yi2) (8f) versus frequency(iy
(2: Vas = —0.4 V), (31 Vg = —0.6 V) (4‘:’ Vs = 0.8 V), (5 Vgs = —1 increases at about 8.8% at 40 GHz as compared to 1 GH¥ at= 0
V). The points indicate the representative operating points chosen in Fig.Vﬁ?S."/ds =08 V.

(b) Table showing extrinsic and intrinsic parameters extracted at the operating

point Vys = 0V/IV3s = 0.8 V. T T T T T T T

the solutions, and are then denormalized; otherwise one %
goes to b) for a new iteration loop. (%
This method can be easily extended to similar functions -
with any order ofw. It is almost instantaneous, and gives an
excellent fit. 100

V. EXPERIMENTAL RESULTS

Different types of InP HFET’s and HEMT's of 0.2—-0,8n ‘
gate length fabricated in the authors’ laboratory have been 90 N T NS SO SR S
investigated to verify the authors’ model, and to compare it 0 10 20 Freqagncy (GHZ;‘O
with previously published results. Figures are now presented
for the same 0.25< 100 qu InP HEMT. The static and Fig. 7. Evolution of G, (w) described by (89)Gy increases at about
microwave measurements, and the InP HEMT’s extraction ai&9% at 40 GHz as compared to 1 GHzJgt = 0 V/Tq. = 0.8V.
implemented in a single software. A small-signal simulator
uses uncompiled models with frequency-dependent elements.

Fig. 4 presents the static characteristics and the extrinsic and
intrinsic parameters extracted at the onset of saturation, for a
0.25 um InP HEMT. Figs. 5-7 show the frequency behavior
of Cys, G, and Gy as follows:

¢ As shown in Fig. 5, a parabolic behavior with frequency
clearly appears ofim(Yss + Y12) = jw - Cys(w) (8e).

This effect already exists ohm(Y>;) even with good
extrinsic capacitance values, though an overevaluation of
the pad capacitanc€’,q (already solved in Section II)
causes the parabolic behaviorlaf(Y3) to increase. The
parabolic behavior ofm(Ys, + Y72) is more obvious
becauselm(Y;.) (8a) is equivalent toﬁ at HF

(for w > Rj.lcgd).
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Fig. 8. Comparison of measurefl-parameters (jagged lines) (0.26 100um? InP HEMT) with simulation results of the method proposed in [3]:
a-curves, and the authors’ procedure: b-curvesyat = 0 V/IVys = 0.8 V -A,; represents the relative differences between a-curves and b-curves

S-parameters (normalized withS;;| at 40 GHz.

* As shown in Figs. 6 and Re(Y22 + Y12) = G4(w) (8f) very good agreement between measured and simulsited
and G,,,(w) (8g) exhibit a parabolic behavior beyond 2@arameters for all operating points over a 500-MHz to 40-GHz
GHz. frequency range.

« Oy, Gg4, and G, sufficiently move versus frequency, However, a major limitation concerning equivalent circuits

so that, at HF, those effects described by (7) cannot tsethe ability to extrapolate them beyond the measurement
neglected. range. In particular, many of the 100-GHz HEMT devices

MeasuredS-parameters are compared with simulation retgeing designed up until now are designed using equivalent
(f;ércuits from 0O to 40-60-GHz measurements and extrapolating

sults of the method proposed in [3] with the authors’ procedu ) .

. ) constant parameters. Polynomials offer a good extrapolation
using frequency polynomial dependence 6f,, G4, and . g

S : olut5|de the frequency range as long as the higher order terms
G,,. The results are shown in Fig. 8. The authors’ mode . h . ?
ialds bett t HE. basicall ling f thremam small, in order to keep their corrective effect. An
yields ed er accuracyt/) a ' ha5|ca| y ;e_su ing from gslpmation of the extrapolation validity was recently confirmed
Very goo agreement etween the real and imaginary partsw? h measurements in the 80-GHz frequency range.
Y -parameters, with (6) and (7) calculated from the equivalent
circuit, up to 40 GHz.

Final results are presented as real/imaginary parts for typical
operating points chosen on thigs(Vys) characteristics, on A small-signal equivalent circuit for short gate-length InP
Fig. 9. In spite of a slight uncertainty on a simulats¢i- HEMT's at very HF is presented. The cold-HEMT modeling
parameter above 25 GHz in the pinchoff region, there wgithout forward biasing the gate is described. A frequency

VI. CONCLUSION
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Fig. 9. Real and imaginary parts of the measured (jagged lines) and simulated (smootl${pesimeters up to 40 GHz (0.26 100 ym? InP HEMT)

for representative operating points [see Fig. 4(@]: Vg = 0 VIVgs = 0 V (cold model),r : Vs = 0 VIVge = 0.4 V (ohmic region),0 : Vs = 0

VIVy4s = 0.8 V (at the boundary between ohmic and saturation regien), V;s = 0 V/Vys = 1.4 V (saturation region), "V, = —0.4 V/IV3, = 0.8

V.V Vg = =08 VIVg, = 0.8 V (pinchoff region). ForS2;-paramaters, the real and imaginary parts are presented on two graphs which have two
different scales. Foi511- and Si2-parameters, one or two bias points are removed for a better readability.
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polynomial dependence of some intrinsic parameters over tions,” [EEE Trans. Microwave Theory Teghvol. 41, pp. 199-205,
the 15-40-GHz frequency range is taken into account a&% Feb. 1993.

. S. J. Mahon, D. J. Skellern, and F. Green, “A technique for modeling
leads to a more accurate model. The described new and S-parameters for HEMT structures as a function of gate bitEEE

method to determine the equivalent circuit elements is closely Trans. Microwave Theory Tegheol. 40, pp. 1430-1440, July 1992.

; ; ; i ; 2] S. J. Mahon, M. J. Chivers, and D. J. Skellern, “Simulation of HEMT
involved in both establishment of the emplrlcal equatlon[% dc drain current and 1 to 50 GHZ-parameters as a function of gate

and accurate extraction solving. It is well adapted for on-  pjas " IEEE Trans. Microwave Theory Techiol. 41, pp. 1065-1067,
wafer characterization. Plotting the real and imaginary parts June/July 1993.

_ s : e ] S. J. Mahon and D. J. Skellern, “Modeling drain and gate dependence
of Y-parameters, and their fit by the equations describing t of HEMT 1-50 GHz, small-signab-parameters, and dc drain current,”

equivalent circuit, is an effective way to verify and validate the  |EEg Trans. Microwave Theory Techvol. 43, pp. 213-216, Jan. 1995.
model. Very gOOd agreement between measured and simuldfddl H- O. Vickes, “Determination of intrinsic FET parameters using circuit

partitioning approach,IEEE Trans. Microwave Theory Teghiol. 39,
S-parameters over a SOO—MHz to_ 40—GHz frequency range has pp. 363-366, Feb. 1991,
been demonstrated for typical bias points. [15] A. Eskandarian and S. Weinreb, “A note on experimental determination
of small-signal equivalent circuit of millimeter-wave FET'S|EEE

Trans. Microwave Theory Techvol. 41, pp. 159-162, Jan. 1993.
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