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A New Extrinsic Equivalent Circuit of HEMT’s
Including Noise for Millimeter-Wave
Circuit Design
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Abstract—In this paper, we propose a reliable extrinsic equiv- to as the “conventional equivalent circuit”) associated with
alent circuit of a high-performance high electron-mobility tran-  intrinsic noise sources. The intrinsic and extrinsic elements
sistor (HEMT) to determine both the [S]-parameters and noise ¢ 1his equivalent circuit are determined from measurements

parameters in the millimeter-wave range from characterizations . . L
performed below 40 GHz. In the case of the conventional equiva- performed at relatively low frequencies. Several publications

lent circuits, only three extrinsic elements have to be determined [3], [4] have shown that this conventional equivalent circuit
instead of (at least) eight. We show the validity of the proposed remains valid up to thé/-band (75-110 GHz). However, the
extrinsic equivalent circuit by [S]-parameters and noise figure main drawback of this method is that the calculated millimeter-
measurements up o thel-band (75-110 GHz). The proposed ,4ya [§]-parameters and noise parameters are very sensitive
equivalent circuit is reliable and is very well suited for the design L L -
of low-naise integrated circuits for millimeter waves. to the vz_‘;xlue of ce_rtam |ntr_|nS|_c and extrinsic elements of this
conventional equivalent circuit.
To achieve a good agreement between measured and cal-
culated[S]-parameters up to 120 GHz, Tasker and Braunstein
N VIEW OF the increasing number of applications in th¢g] increase the complexity of the equivalent circuit by adding
centimeter-wave range, the millimeter-wave range is nowput, output, and feedbadiC distributed networks. However,
largely used. Multipoint video-distribution system (MVDS)he determination of each element of such a complex circuit
(40.5-42.5 GHz), wireless local area networks (LAN's) (6@t relatively low frequencies is very sensitive to uncertainty of
GHz), and automotive radar (77 GHz) are among the maskasurements and to the determination of parasitic parameters.
focused millimeter-wave applications today. In addition, addn the other hand, the determination of parasitic elements in
vanced technologies are now available for manufacturifige millimeter-wave range may be inaccurate.
integrated circuits used in this range. Concerning noise calculation of field-effect devices, the
The main challenge is to design this integrated circUitospieszalskil}, /T, intrinsic model, commonly used with
accurately. To this end, a reliable broad-band high electrofivo equivalent noise temperatures [4], requires an accurate
mobility transistor (HEMT) model is needed for designingnowledge of the value of certain intrinsic elements likg
low-noise amplifiers. or G4, whereas it is well known that the determination®f
There are two conceivable main ways for determining the particularly inaccurate.
microwave and noise parameters of HEMT's for designing To avoid these mentioned equivalent-circuit drawbacks, we
low-noise circuits in millimeter waves. First, we can us@ave developed a new methodology based on an extrinsic
values of [S]-parameters and noise parameters measured EMT model, including noise sources which can obtain both
rectly in the millimeter-wave range. However, it is venthe [S]-parameters and noise parameters up tolthdand.
difficult to measure the four noise parameters of HEMT's After describing this extrinsic model and the associated
accurately in this frequency range using an impedance-tunip@cedure, we present the variations of the elements of this
noise-measurement system. In addition, these meagdited model versus the gatewidth and biasing conditions. Lastly,
parameters and noise parameters cannot be extrapolateda@i-compare the calculatef$]-parameters and noise param-
rectly either as a function of the frequency, gatewidth, @fters with measurements performed up to the millimeter-
various bias conditions. The second possibility is to usevgaves range.
conventional equivalent circuit [1], [2] (hereafter referred
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lower than fj:
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Cpg ' Cpd 1
lI M metionv] G 'I = 20 {Cpu(By + R)} @
Re . For commonly used devicesf;,,, iS comparable or even
/ greater than the intrinsic cutoff frequencyg,,/
Intrinsic part 2w - (Cgs + Cga). The frequency limitation of the proposed
Ls model is then almost the same as the limitation of the

conventional equivalent circuit.

Concerning the associated noise model, we define two
equivalent noise temperaturds, and 7., from the two
uncorrelated noise sources, andi.y [5] (see Fig. 2), as

Fig. 1. Conventional small-signal equivalent circuit of the HEMT.

follows:
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where ZE is an element of the following impedance matrix:
O
ext — ZQElv Z2E2v

a% J—
Cinthy =0.

Measured device [Y]V

Fig. 2. Proposed extrinsic equivalent circuit of the HEMT, including two
noncorrelated noise sources.

} = Yau] ™

(5)

uncorrelated noise sources, an input voltage noise sogggce, Compared to conventional intrinsi€, /7y two-temperatures
and output current noise soureg,; [5]. models_ [4], this extrinsic noise model has the following
The analysis of the intrinsic part of the conventional equiRrOPErties.

alent circuit of HEMT (see Fig. 1) shows thiat]-parameters 1) NO intrinsic element values are needed to calculate

exhibit specific variations versus frequency. The imaginary an(_j Lous.- ) .

parts of [Y]-parameters vary linearly as a function of the 2) Using a _physms—based model [7], '.t can be shqwn that

frequency, while its real parts vary linearly versus the square the validity of the uncorrelateq NOISE sources 1S valid
. . . through a broad range of drain-current density (up to

of the frequency. In an e>.<t.en5|o.n _of the work of Minassian [5], 200 mA per millimeter of gatewidth).

we show that these specific variationdB{-parameters versus 3) Using the conventional equivalent circuit, we can calcu-

frequency remain valid when adding the three access resistance |ated the extrinsic cross-correlation functiegiz,, as a

R,, R,, and R, to the intrinsic part of the equivalent circuit, function of the intrinsic ondc,:%) as follows:

along with the source inductanée and the gate and drain pad

capacitance’,,, and C,q. In fact, only the series inductance

L, and Ly modify these specific variations significantly. The ,

source inductancé; may be a drawback to this method in the

millimeter-wave range if it is given a value higher than a few

10~ H. This limitation never occurs in the case of HEMT'’s

Cintoys = (€gt) + RsidQ)- (6)

) Using a physics-based model [7] or experimental results,
it can be shown that,:, presents a low negative real
part essentially; at least under a low-noise bias condition

(lys < 150 mA/mm). As a result, theRsﬁ term

designed for on-wafer low-noise applications.

By considering the new equivalent circuit shown in Fig. 2
and the above comments, we can expres$tij€-parameters
by the matrix shown in (1), at the bottom of this page. The
matrix (1) remains valid as long as the operating frequency is

(positive value) of (6) leads to

Cinfry (this work) < e, (Pospieszalski)

(7)

This property of the extrinsic noise model reinforces the
uncorrelated noise sources’ assumption.

V] = {Yg Y@} _ {(

E
Y33

(a11-w?+3- by - w)
a210+a21-w2+j-b21-w)

(@12 ~w2+j~b%2 ‘W)
(a2z, + a2z - w? + j - byy - w)

1)
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5) Concerning the cross-correlation functien,:?,,, we
can also easily show that this correlation function in-
creases when the input pad capacitaftg is added.
Consequently this parasitic input capacitance has to be
deembedded.

In summarizing the main advantage of this extrinsic model
(compared to the intrinsic ones), only three extrinsic elements
(Lg, Cpg, and Lg) have to be determined instead of eight
(at least). As compared to the conventional equivalent circuit, ;

this model is less sensitive to measurements uncertainty and® 5 -
more reliable for millimeter-wave integrated-circuit design.
However, due to the lack of information concerning the

20 1

10 1

ij (arbitrary units)
-
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intrinsic elements and certain access elements, this method ©°
is not suited to HEMT physical studies or to the optimization
of fabrication processes.

To determine the elements of the model, we first determine
the coefficients:;; andb;; of the matrix (1) from the measured
[S]-parameters after deembedding the three extrinsic elements 150 -
Lg, Chg, and Ly. These extrinsic elements are obtained using
a conventional “cold FET” method [1] or the new approach
described in [8]. These coefficients are calculated by simple
linear regression dfy']¥ versus either frequency or the square :
of the frequency. We then obtain the two equivalent noise
temperatures from noise-figure measurements [9].

The [S]-parameters and noise figure of the HEMT are
measured in the 5-40-GHz frequency range using a conven-
tional on-wafer probe station. These relatively low operating
frequencies greatly simplified the measurement procedure.
As compared with measurements facilities in fie or W- 0
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bands (the measurement tools and its associated calibration 0
procedure) provides accurate and reliable measurements in this
frequency range (5—-40 GHz).

The two previously mentioned steps are performed for

devices with different gatewidths and for different biasin@g' 3.

200 400
Ids (mA/mm)

(b)

600

(a) Variations (versus the gatewidth) of the andb;; coefficient of
e [Y]” matrix of the proposed equivalent circuit in the case of a prh -

con.di'Fions. For a given drain to source VOltag‘?Jsz the  gate-length pHEMTZ,. = 100 mA/mm, V. = 3 V. (b) Variations (versus
variations of the elementa;, b;;, Tin, andT,,;) of this model the drain-current density) of the;; andb;; coefficient of the[Y']* matrix of

Versus gatewidth and drain-current density, can be fitted W proposed equivalent circuit in the case of a@m-gate-length pHEMT.

simple first- or second-order polynomial functions. This aspect
of the proposed model is very useful to simplify the design
process of integrated circuits.

are quite similar than the variations of the intrinsic elements
of the conventional equivalent circuit.

Fig. 4(a) shows the variation of the two equivalent noise

Ill. EXPERIMENTAL RESULTS

In this section, we present the experimental data of tHi
model for a pseudomorphic HEMT (pHEMT) with a Quin
gate length.

a;j, b;; (1) deduced from the measurggi-parameters versus
gatewidth for a given drain current/, = 100 mA/mm;
Vis = 3 V). As shown in Fig. 3(a), the variations of the
coefficientsa;;, b;; versus gatewidth can be fitted using ver
simple polynomial functions. In fact, these coefficients sho)gY‘
almost the same scaling rule of the intrinsic elements of t
conventional equivalent circuit.

The variations of these coefficients versus drain-current
density for a given gatewidth (15pm) are represented in

temperatured}, and7,,; as a function of gatewidth, where
ge drain-current density is 100 mA/mnivg{ = 3 V). These
temperatures are almost independent of the gatewidth. More-
over, Fig. 4(b) shows thafl},, is directly related to the
In Fig. 3(a), we show the variations of some coeﬁiciengrain current whileT’, is constant and close to the ambient
temperature.
To summarize, using simple fitting functions (first- or
second-order polynomial functions), the variations of the
)parameterszij, bi;, 1Tin, and 15, versus gatewidth and drain
rrent (for a givenV,,) constitute the inputs data for the
gsign of millimeter-wave integrated circuits.

IV. V ALIDATION OF THE MODEL IN

MILLIMETER-WAVE FREQUENCY RANGE

Fig. 3(b). It should be noted that the variations of the coeffi- [S]-parameters and noise parameters in the millimeter-wave
cientsa;;, b;;, as a function of gatewidth and drain currenttange of an HEMT can obviously be calculated from the



1234 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998
TABLE |
ERRORS BETWEEN CALCULATED AND MEASURED [S] PARAMETERS (IN PERCENTAGE (%) FOR MAGNITUDE AND IN DEGREES FORPHASE)
Frequenc
Range | Alsnl AlS11 AlS1o| AlS12 AlSo1] AlS2 AlSa| Al S22
1-50 GHz <2% +2° <5% £ <1% +1° <2% £7°
50-75 GHz <6% +2° <6% +6° <6% +6° <5% +10°
75-110 GHz <9% £3° <10% +10° <9% +10° <7% +10°
600
500 A omese T
u
. 400 1
X
E 300 ——
c
£
200 A
——Tin
- #- -Tout
1007 (@ (®)
0 . . ; . Fig. 5. Comparison of measured and calculated scattering parameters in
the 1-110-GHz frequency range. The device is a pHEMT of 012 x
0 50 100 150 200 25 um?; Vy, = 2V, Ve = 0 V. (a) Reflection coefficients. (b) Transmission
W (um) coefficients, dashed lines correspond to extrapolated parameters, full lines
correspond to measured parameters. The modul$s:ofs multiplied by ten
@ as a matter of clarity of the graph.
2500
the directivity of the bench. This point is especially important
2000 1 - for the noise measurements.
‘:‘:i"t Fig. 5(a) and (b) shows the good agreement between the
_ —— .
¥ 1500 - - measuredS]-parameters and calculated ones using the pro-
3 . posed model in the 1-110-GHz frequency range. The device
= .’ .
£ 1000 m is a0.15x 2 x25 um? PHEMT; Vs =2V, Vg =0V. The
-
- calculatedS]-parameters are deduced from the parametgrs
Ll b;; and from the extrinsic elemenfs,, Ly. These parameters
5001 ,.--°" - -
. are determined from 5-40-GHz measurements following the
procedure described in Section Ill.
0 " T T " ! The errors between calculated and meas(f¢garameters
0 100 200 300 400 500 :
lds (mAmm) are shown in Table I.

(b)

Fig. 4. (a) Variations (versus the gatewidth) of tg and7,.; equivalent

For the noise performance, the proposed model is vali-
dated by comparing the noise figure with a @0generator
impedance XF'50) in the measurement process and in calcula-

noise temperatures of the proposed equivalent circuit in the case ofmﬁ.l-tion model. NF 5, is a good criterion to show the accuracy
. b5

gate-length pHEMT 3, = 100 mA/mm, V3, = 3 V. (b) Variations (versus

the drain-current density) of tHE,, andTou. equivalent noise temperatures ofObtained by the noise model in the four noise parameters
the proposed equivalent circuit in the case of a@ni-gate-length pHEMT. becauseNL';o precisely depends on the four noise parameters

W = 150 um, Vg = 3 V.

proposed extrinsic model. To show the validity of this moderl

of the device.

To show the validity of the calculated noise parameters

sing the extrinsic equivalent circuit, we have developed a

arrow-band on-wafer noise measurement setup at 60 and

we have to compare the calculated and measured data d%rsz. Using such benches, we are able to measilite,

to millimeter waves.

Concerning the measurements[6f-parameters in thé -

with an estimated accuracy of0.3 dB, which is quite
reasonable, considering these very high frequencies.

band (50-75 GHz) andV-band (75-110 GHz), we use a Fjg. 6(a) shows the good agreement of the measured and
millimeter-wave automatic-network analyzer (MWANA) anc:alculatedNFs, and the available associated gaifi,(s0)
PicoprobeV'- and W-bands probes. These probes are coRersus the drain current in the case of a250 x 0.1 ym?
nected to the MWANA with rectangular WR15 or WR10.M-HEMT at 94 GHz. Fig. 6(b) shows the variation of
waveguides. The probes were chosen and the waveguibe calculated minimum noise figurdl¥.,;,) and available
connections were optimized to reduce the losses and increassociated gain({,s;) versus the drain curreniNF,;, and
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Fig. 6. (a) Comparison between measured and calculated minimum nc
figure and available gain with a 80-source impedanceNE'so and Gav50)
as a function of ;¢ at 94 GHz. The device is a2 50 x 0.1um? LM-HEMT;
Vas = 0.8 V. (b) Calculated minimum noise figur&N§',,i,) and available
associated gain{,ss) as a function ofl 3, at 94 GHz. The device is a
50 x 0.1 um? LM-HEMT; Vs = 0.8 V.
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