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A Symmetrical Nonlinear HFET/MESFET Model
Suitable for Intermodulation Analysis of
Amplifiers and Resistive Mixers

Klas Yhland Student Member, IEERiklas Rorsman, Mikael Garcia, and Harald F. Merkdember, IEEE

Abstract—\We propose a new symmetrical heterojunction FET voltage {/s) along the lineVs = 0. This results in very good
(HFET)/MESFET model to predict intermodulation distortion in predictions of IM levels for moderafé,, amplitudes.
amplifiers and resistive mixers. The model is symmetric. That is, However, in [1]Z4 and its derivatives are modeled in only

drain and source of the intrinsic FET are interchangeable. This bi int. wh . d its derivati ith
reflects the characteristics of most microwave FET’s. The model ON€ P1as point, whereas in (2] and its derivatives with re-

has few fitting parameters and they are simple and straightfor- SPect to the gate-to-source voltage.) are modeled for con-
ward to extract. The model was installed into Hewlett-Packard’'s stantV;. The models in [3]—-[5] are limited to positivé,s since

harmonic-balance program microwave design system and verified they do not reflect the inherent symmetry of the intrinsic mi-

by measurements. The_verification _shows exce_lle_nt res_ults for an crowave FET, and [6] and [7] are restricted to moderate input
MESFET and an HFET in both amplifier and resistive mixer con- - .

figurations. amplitudes at the dre_unV(lS ~ 0). Consequently, none of the _
_ above models are suitable for modeling the FET in both ampli-
Index Terms—MESFET'S, MODFET's, modeling. fier and resistive mixer applications. Furthermore, no investiga-
tion has yet been conducted to determine which trajectory the

|. INTRODUCTION voltages in the FET will cover for high input amplitudes at the

. . . . drain in a resistive mixer.

NTE.RMODULATION. (IM). distortion " in _MICTOWaVE — tparefore, we propose an FET model [8] covering the region

recever front _ends IS ma|_nly generate,d n thelr’ mlxergf operation for the FET in both amplifier and resistive mixer
and amellflers. Since h_eterOjunctl_on FET's (HF_E_T §) an pplications at high input amplitudes. The model is based on
MESFET's are common in both mixers and amplifiers, NoNpe assumption that the intrinsic FET is symmetric with respect

linear modeling of these devices has become an important 'Sstléqnterchange of drain and source, reflecting the characteristics

An FET model capable of predicting IM distortion in bc’thof most microwave FET’s. The model has few fitting parame-

amplifiers a_nd reS|st|ve_m|xers would, _therefore, be attractlverers and the parameter extraction is simple and straightforward.
The nonlinear behavior of the FET is usually assumed to tﬁ"]e model is verified for an HFET (NEC NE32400) and an

|0C?/|I2Ed o Lts _mtt_rlns_lli:hgag aEd ca? b_et_de_scnbe(_jéby’ g?db MESFET (NEC NE76000) in both mixer and amplifier appli-
Q/V charac eristics. /V characteristic IS considered 10 b& ations with excellent results. Furthermore, we propose a new
the more nonlinear of these two characteristics. If the reacti

¥8ncept, i.e., load area, to determine the most important region

currents are low compared to the active ones, the reactive NANhich to model the EET when applying two signals at dif-
linear contributions can be neglected. This is done by keepifg. \+ tarminals

the fundamental frequencies below 10 GHz. In the following,
we will focus on the nonlineaf/V characteristic of the FET.

For FET's operated as amplifiers or gate mixers (where one 1. M ODELING APPROACH
or two signals are input at the gate) several models have been ) o )
proposed [1]-[5]. These models predict gain or conversion lossThe nonlinearZ /v characteristic of the HFET/MESFET is
(CL) and IM products very well for such applications. For FET'@Ssumed to be localized to the intrinsic device and is symbolized
operated as resistive mixers (where two signals are input at dii. the current generatdt in the equivalent circuit in Fig. 1.
ferent terminals of the FET), several models have also beWfe define the intrinsic device as the part of the FET where the
proposed [6], [7]. All these models fit the drain-to-source cufate and channel overlap.

rent (1) and its derivatives with respect to the drain-to-source AS mentioned earlier, we neglect the nonlinear behavior of the
FET's@/V characteristic. That i$za, Css, andCy, are kept
constant. This can be justified by the following. For the funda-
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Fig. 1. Equivalent circuit of an HFET or MESFET device.

be increased to at least 15 GHz for the capacitance nonlinearities
to affect the IM products measured in this paper. These results
agree well with assumptions and results in [2] and [9] where
similar devices are investigated.

The intrinsic part of the equivalent circuit in Fig. 1 is
valid under the following two conditions. First/,, and the
gate-to-drain voltagel{,q) should be kept between the break-
down voltage and the forward-current turn on voltadjg)(of
the gate-to-channel junction. Second, the dc power dissipation
should not cause any large temperature changes.

Although the intrinsic part of most microwave FET's is sym-
metric, the extrinsic part is not symmetric since most FET’s are
designed for common source operation. For this reason, the ca-
pacitance of the source pad is usually not modeled (it is shorted
to ground byL,). However, if L, is disconnected from ground,
as in a common drain or common gate configuration, it be-
comes important to model the source pad capacitance. A co
nient way to physically achieve a “common drain” FET without
having an equivalent circuit containing a source pad capacitance
is to operate the transistor in the reversed mode (i.e., invert the
dc-bias current through the channel and interchange the names
of the drain and the source connectors). Of course, reversing the
dc bias of the FET requires a symmetric intrinsic model.

A. Selecting Independent Voltages to Make Modeling Simple

Our aim is to predicty, for both positive and negativigy,.
Since the intrinsic FET is a symmetric device, it should be pos-
sible to select a set of independent voltages that reveal this sym-
metry.

Since the intrinsic FET has three terminals, gate, drain, and
source, it is possible to plat,, as a function of any two volt-
ages between these terminals. A common choiég.iand V..

Fig. 2 shows a contour plot dfy. versusV,, and V4. Obvi-

@._2. Contour plot of 4,
he voltages are intrinsic.

o

-2

Vgs V]

versusV,,, andVy, measured for the MESFET.

-2 ~1.5

Vgd [V]

-1

PUSWa this choice .Of a CO_Ord'nate SYSte.n_] does r.]Ot make ‘{SG;BT 3. Contour plot ofly4, versusV,y andV,, measured for the MESFET.
inherent symmetries (which makes it difficult to find a functiorthe voltages are intrinsic.

describingl/ys).

The symmetry of the intrinsic FET can be preserved by se-In Fig. 3, theV,q—V,, plane is roughly divided into four re-
lectingVeq andV, as independent variables (Fig. 3) since draigions: one region where the device is approximately linear, two

and source are inherently equivalent.
We, therefore, regardl;; as a function obq and V.

where the device is essentially saturated, and one pinchoff re-
gion. In the linear region notice thag, is almost proportional
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Fig. 4. FET operated as an amplifier.
-3
to V. In the saturated region with,, > 014 is mainly de- 3 2.5 -2 -1.5 -1 -0.5 0 0.5
pendent onV,, and in the saturated region withy, < 0.y, Vgd V]

is mainly dependent ol,q. Thel,. characteristic whewy, is

negative is not reflected in previous models designed for amgfig- 5. Contour plot of .. measured for the MESFET with the amplifier load

fer or gate mixer analyss [1]-{5]. B S A e i i A
In the following, we assume thdl is perfectly antisym- voltages are intrinsic.

metric about the diagondlyy = Vi i.e., Lus(Ves, Vaa) =

—145(Vga, Vgs). This assumption is based on the fact that mo Vs de =06

microwave FET'’s have a channel that is symmetric with respe

to interchange of drain and source.

RF Source and IF load
B. Load Line and Load Area LO Source | 509 !

In this section, we roughly estimate the most important regic
in the Vyq—V,s plane in which to model the FET when using il
in amplifiers resistive mixers, respectively. To keep the calcul
tions simple, this is done from measurkg. pc data imported
into a table driven dc simulator.

We define “load line” as the trajectory that the voltages in a..
amplifier will cover in theVy—V,, plane. Since it is most inter- Fig. 6. FET operated as a resistive mixer.
esting to view the load line versus intrinsic voltages and since
we wish to compute the load line from measured data, values . "
for R, and R, have to be assumed. For the MESFET, @.8 the need for a model covering both positive and negatiye

respectively, 4.8 are used. An FET operated as an amplifietP predict the performance of resistive mixers. If the RF ampli-
is shown in l,:ig 4.In Fig. 5, the corresponding load line and de isincreased further, the load area will enclose the load line.

operating point are marked in th&,—V,, plane. erefore, an FET model capable to predict the performance of

A similar approach can be used for the resistive FET mixét resistive FET mixer at. high RF amplitudes will also. be suit-
In this case, we have two input signals: LO and RF. Dual inp le fqr ampl|f|e'r analysis. However_, FET moqlels deS|gneq for
signals yield a load area rather than aload line. An FET operal%rap“f'er af‘a'-‘/s's are not necessarily usefu_l in the analysis of
as a resistive mixer is shown in Fig. 6. The RF source impedar{gé'snve mixers. Altering ihe source or load impedances on the

and IF load impedance are incorporated in the same resistor liier or mixer harmonlcs_ will change the shape of thg load
it is not necessary to separate them to determine the load ar g€ andload area. The qud Ilpe and I_oad area concepts will later
The load area is determined by setting the LO (RF) voltage § used as a simple verification of different models.
its extreme values and sweeping the RF (LO) voltage between
its extreme values. The asymmetry of the load area is due to
the mixer topology. In a mixer like the one in [10], the load As pointed out earlier/y, is antisymmetric with respect to
area will be symmetric. In Fig. 5, the load area boundary aigterchange ofi,q and V,,. Therefore, we choose to express
the dc-operating point are marked for the MESFET with powey, in terms ofV,q andV,,. Thes, model is defined by (1)—(5).
levels and bias voltage, as in Fig. 6. The model parameters aseb, c, d, g, and¢ as follows:
The load line in Fig. 5 shows that it is only necessary to model
the FET behavior foby, > 0 to predict amplifier performance. Iy, = ¢ - [fl(UgJ[l, Ug*;) fo(Ves — Vea)
This confirms earlier work done on FET models for amplifiers
or gate mixers [1]-[5]. On the other hand, the load area shows —f1(Ugs, Ugq) + fo(Va — Vgs)} (1)

T A R
i g %
o B
<

I1l. THE MODEL
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Fig. 7. Contour plot of., load line, and load area boundary for the MESFETFig. 8. Contour plot of ., load line, and load area boundary for the MESFET
predicted with the proposed model. The voltages are intrinsic. predicted with the Angelov model. The voltages are intrinsic.

where are the same as in Figs. 4 and 6. The predictions agree well with
measured data in Fig. 5.

e ) =[1+a-a]- [1 _ tanh (C—b-(y+c)):| ) Fig. 8 shows the prediction df,,, load line, and load area
with the Angelov model [4], [5]. The bias voltages and signal
levels are the same as in Figs. 4 and6. Apparently this model
does not predict,, correctly forVy, < 0. However, it models

f2(2) = 1 — tanh (e—d.z) . 3) Iy and its deriyf';ltives accurate_ly fof, > O It is, therefore,
useful for amplifier and gate—mixer analysis.

The contour plot of the Maas—Neilson model [3] is not shown
because of its similarity to Fig. 8. However, in this model, spe-
cial attention has been paid to fit the model to the measured
derivatives ofl4, with respect toVy, for a sweptV,. There-
fore, it predicts gain, CL, and IM products well for amplifiers

Ugfl cos ¢ sin ¢ Vid and gate mixers. The models [1], [2], [6], and [7] predigi
i ) : @) al trip in thé/,q—V,s plane. Therefore, it is meaningless
[Ug"J [ sin ¢ COS(f):| [VgJ along a strip gd—Ves P , g
to plot them in the entiré’,q—V,, plane.
Usa andlg define a coordinate system rotated by the argle

clockwise relative to th&,,—V,, coordinate system (5). In the IV. PARAMETER EXTRACTION
saturated region, whefé, > 0 (Vi < 0), ¢ models the shift A [ inear-Model Parameters

in pinchoff voltage withVq (V). In the saturated region at high
14, the parameters and¢ model the slight,q (V) effect on

Ids

and

The first part of (1) dominates fdry. > 0 and the second part
dominates foV,, < 0. UgJ[l andUg*; define a coordinate system
rotated by the anglé counterclockwise relative to thg, —V,.
coordinate system (4)

For the extraction of the linear parameters, we use a direct
extraction method [13]-[15]. In this paper, we neglect the non-
linear contribution from the intrinsic capacitances. Therefore,

Uy cos ¢ —sin ¢ Via we setCyq, Cgs, and Cys to small-signal values extracted at
[U} = [ } ’ [ng ®) an application-relevant bias point. Due to extraction difficul-
& ties, R; and R; were set to a low value. Tables | and Il present
The model is empirical, but it can be shown that the effect the extracted linear-model parameter values for the HFET and
on Iy4s(Vys > 0) is approximated by the Rohdin—Roblin modeMESFET.
[11] and the Angelov model [4]. WheW,s > 0, the transport
model (4 effect only,) is also similar to the models above.
As suggested in [12], we use an exponential argument for theThe model can be fit to data from either ac or dc measure-
hyperbolic tangent instead of a power series, as used in [4]. Thients. Fitting to ac measurements is generally better since it
reduces the number of fitting parameters. The model is desigradldws fitting to the derivatives of,s. Furthermore, ac mea-
to reproduce the first derivatives @f; correctly up to a few surements circumvent the problem with frequency dispersion
tenths of a volt below/;. caused by traps in the semiconductor material. We first describe

Fig. 7 shows the prediction dfy,, the load line, and load areaa model parameter-extraction procedure based on small-signal

with the full proposed model. The bias voltages and signal levels measurements.

sin ¢ cos ¢

B. Nonlinear-Model Parameters
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TABLE | TABLE I
EXTRINSIC LINEAR-MODEL EXTRACTED NONLINEAR-MODEL PARAMETERS EXTRACTED FOR THEHFET AND MESFET
FOR THEHFET AND MESFET
a b c d g )
ch de Lg Ld LS Rg Rg Rd Ri RJ [V»]'] [v—l] [V] [V_l] [A] [a]
[EFNfF][pH][[pH]|[pH]| [Q]] [Q]] [Q]] [Q]][L] HFET |-0.080| 3.3 |0.41| 10 [0.056 (2.4
HFET 56 |56 |60 |55144 (0.5(2.5/2.6/0.1]0.1 MESFET| 0.040| 1.9 |0.22 6 0.09211.9
MESFET| 65 {65 154 149 145 11.0/4.8(3.8]0.110.1
TABLE I IF0.5 GHz
INTRINSIC LINEAR-MODEL PARAMETERS EXTRACTED FOR THEHFET
AND MESFET
Vgs,dc
ng Cgs Cds
[fF] | [fF] | [fF]
HFET mixer 60 60 0
HFET amplifier 130 | 21 20
MESFET mixer 60 60 0
MESFET amplifier] 240 24 33
1.04.5GHz
=3,
We use the direct extraction method [13]-[15] to extract the K FE T/ - )
. . . . . - mger coupler
first derivatives ofl,s with respect td/y; and Vs, i.e., g,,, and DC-Block ger coup
gq (6), (7), from measured-parameters RF 5 GHz
G = dlas (6) Fig. 9. Layout of the mixer used for model verification.
(22 2
d‘/gs 4s=Constant
and MESFET
dlys 0
94= o (7)
ds Vis=Constant -10

1
58]
<

We make two sets of-parameter measurements where the dc
bias is limited toVy, > 0. The first set covers the saturated and
pinchoff regions wheré,, pc andS-parameters are measured
versus extrinsid’,, with the extrinsicVgq or Vi, as parameter.
The second set covers the linear and pinchoff regions where
14, pc andS-parameters are measured versus extrivigigvith
Vas = 0. We chooseV,;, = 0 because the load area of the
resistive mixer collapses to this line for low RF input levels.
From the first setg,, is extracted and, from the second sgt,
is extracted. The voltage drop ov& and R, is then subtracted
at each bias point giving the intrinsi¢q andVs, which are the RF input power [dBm]
actual control voltages of the model. The fitting of the model is
simple enough to be carried out manually. The following stef®. 10. Output levels at one, two, and three times the IF frequency versus RF
are iterated a few times. power for the MESFET mixefP,o = 4 dBm,V,, = —0.60 V.
» The parameters, b, ¢, g, and¢ are used to fit the mod-
eledg,, to theg,, extracted from the first set of measure- We make two sets af;, measurements, also, in this case, we
ments above. The parametaffects the pinchoff voltage, limit the dc bias toVy, > 0. The first set covers the saturated
whereasp accounts for the shift in pinchoff voltage withand pinchoff regions wherg,, is measured versus extringig,
Vga. The parameter and ¢ affect the maximumy,,, Wwith the extrinsicV,q or Vs as a parameter. The second set
whereas: accounts for the change of maximumy with  covers the linear and saturated region whigeis measured
Vega- versus extrinsid’ye with the extrinsicV,, as a parameter. The
» The parameted is now used to fit the modeleg); to the voltage drop oveR, andR, is then subtracted at each bias point
gq extracted from the second set of measurements abogé/ing the intrinsiclyq andV,. The following procedure is then
If only dc measurements are available, the following extractidi¢rated a few times.
method can be used. In this case, fitting to the derivativdgof * The parameters, b, ¢, g, and¢ are used to fit the model
is difficult since these would be computed by differentiating the  to the measured, from the first set above.
dc data, making them sensitive to measurement and roundoffe The parameters, d, andg are used to fit the model to the
errors. measuredy, from the second set above.
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Fig. 11. Output levels at one, two, and three times the IF frequency versus E@. 13. Output levels af,, f> — f1, and2 f> — f, versus input power for the

power for the MESFET mixet’z = —10 dBm, V,,, = —0.60 V. HFET amplifier.Vy,, = —0.60 VandVy, = 2 V.
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Fig. 12. Output levels at one, two, and three times the IF frequency verdeig. 14. Output levels af:, f= — f1, and2f; — f; versus gate-to-source
gate-to-source voltage for the MESFET mix&,c = 4 dBm, Py = —10  voltage for the HFET amplifiet?;,, = —21 dBm andVy, = 2 V.
dBm.

o ) For the amplifier, two-tone second- and third-order IM levels
Fitting the model to dc measurements will, however, result {jere measured and simulated.

less accurate predictions of the highest order IM products shown
in Section V.

Table Ill contains the parameter values for the HFET al
the MESFET extracted from small-signal ac measurements. Nol he mixer test setup consists of a resistive FET mixer re-

tuning of the parameters has been done to fit the simulations?lézed on a microstrip substrate (RT Duroid 5870). The mixer
the verifying measurements. was equipped with the MESFET and its layout is shown in

Fig. 9. The input-signal frequencies were 5 GH%£) and

4.5 GHz (fL.o) and the desired output-signal frequengy)

was 0.5 GHz. The mixer was not optimized to meet any specific
The model was implemented in Hewlett-Packard’s harmonidesign goals since its only purpose was to verify the nonlinear

balance program microwave design system (MDS) and verifiatbdel. The output levels gt ¢, 2 7, and3 f;» were measured

by IM measurements with the MESFET and HFET in one mixetersus RF powerKrr), versus LO power o), and versus

and one amplifier setup. Ves. Pro was kept below 8 dBm to kedfq and Vg, belowV;
Mixer single-tone IM levels were measured and simulatedf the MESFET.

Single-tone IM products are easier to measure than two-tonelhe mixer had optimum CL of 6.1 dB &{,, = —0.60 V dc

IM products since they only require two signal generators. Weth P, = 4 dBm. In Figs. 10-12, measured and simulated

believe they test the ability of the model to predict IM in mixersutput levels atfrr, 2fr7, and3f;r are plotted. The level at

just as well as more complicated two-tone IM measuremenjg; was measured with a power meter, while the levelsfat

r{_(\j‘ Mixer IM Measurements and Simulations

V. VERIFICATION
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[7]
Fig. 15. Output levels af;, fo — f1, and2f, — f, versus drain-to-source
voltage for the HFET amplifiet?;,, = —21 dBm andV,, = —0.60 V. (8]
[l

and3f;r were measured with a spectrum analyzer. The simu-
lated results are plotted with lines and the measured results are
plotted with error bars. We estimate the measurement error t[cl)O]
+0.5 dB for f;7 and +2 dB for the other signals.
B. Amplifier IM Measurements and Simulations [
The amplifier test setup consists of the HFET bonded t&50-
lines. For simplicity, no tuning of the amplifier was done. The
input frequencies of the amplifier were 2.500 GHz )(and
2.525 GHz (). Output levels af:, fo — f1, and2f, — f; were
measured versus input power (Fig. 13), vergugFig. 14), and
versusVy, (Fig. 15). The measurements were made with a sped14]
trum analyzer. The simulated results are plotted with lines and
the measured results are plotted with error bars. The measurgs;)
ment errors are estimated to be 0.8 dB foand +2 dB for the
other signals.

[12]

(23]

VI. CONCLUSION
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