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Abstract—A comprehensive large-sighal model of a GaAs 51d
MESFET is presented to account for charge conservation and =Id (1-exp(-ct Vth))
effects of dispersion and self-heating. An improved set of capac- —~ 1d(Vgt,Vds)
itance and charge equations, along with an enhanced Triquint
Own model (TOM)-like drain current model, is used for con-
sistent small- and large-signal simulations. Charge conservation
is satisfied by deriving the capacitance part of the model from
charge equations. Transconductance and output conductance
dispersion is modeled by combination of a feedback network

Ld Rd D

and a subcircuit, which describes the self-heating effect. An

improved description of the near-pinchoff characteristics, high- s._/{m_sz Vth
voltage breakdown, and gain compression at high-current region s

in the TOM is introduced. The new model accurately predicts -

the I-V, C'V, bias-dependentS-parameter, waveform, power, and Ith=Vds Id @ T Rth

linearity characteristics of the MESFET.

Fig. 1. Equivalent-circuit model of the MESFET to account for self-heating,
dispersion, and charge conservation. Gate current is not shown here.

aAs MESFET'’s exhibit complex nonlinear behavior

under large-signal operation and present numerovgrified by dc,S-parameter, power, waveform, and linearity
challenges for accurate device modelitgV curves of the measurements.
MESFET show strong dispersion effects causing a discrepancy
between the static and dynamic characteristics. A significant
difference exists between the dynamiieV characteristics ~ Triquints Own model (TOM) [7] was used as a basis
which fit transconductancé,,, and those which fit output for our drain current model. TOM is popular because it can
conductanceGg. In addition, charge conservation has t@ccurately fit the dc behavior of the MESFET. It predicts the
be satisfied for consistent extraction of large- and smaflegative output conductance at a high dissipated power region,
signal models [1], [2]. The charge expressiddgV), which which occurs due to self-heating. However, the negative output
adequately describe capacitance behavior as a function of gaductance is strictly a low-frequency phenomengn <
voltages(CV), are difficult to obtain. In particular, there is10 MHz) and may cause inaccuracies in high-frequency sim-
a crossover in measurmjg(l versusVy. characteristics with ulations. Similar to heterojunction bipolar transistors (HBT'’s)
varying V.. This crossover was previously overlooked [3]_[5][8], we modeled self-heating with a thermal circuit, which
except for the Chalmers model [6], in which the capacitand@corporates a normalized unit thermal resistafigg,) and a
curves are fitted with th€'V, but not theQV equations. normalized thermal capacitan¢€'y,), the product of which

In this paper, we introduce a model which accounts for the equal to the thermal time constant of the devicg (see

dispersion effects, including self-heating, and accurately fftsg. 1). This allows an accurate phenomenological description
the measured”V characteristics. It includes a low-pass subef self-heating without the knowledge of actual device thermal
thermal circuit to account for the effects of self-heating andrgsistance. The node voltagé of this circuit represents
feedback circuit to account for an increaséd, at high fre- the normalized rise in temperature, which at dc is equal to
quency. The model satisfies charge conservation and predtbg dissipated power in the device. The self-heating causes a
the C,a(Vas) crossover behavior. The modeling results werdecrease in drain current expressed as
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TABLE | The new equation is the same as that introduced in [11]
PARAMETERS OF TOM, INCLUDING DISPERSION
Parameter Description Unit Dispersive las =Ta+ ln{l - exp(—A ) Id)}/A (2)
3 Transconductange ANV No where 1, is expressed in (1) and
coefficient
L Thesloilsiage Y No Lio =B+ (Ves = Vio+7 - Vas)Q - tanh(cr - Vay)
Current saturation
o parameter w No SIGN(Vgs = Vio +7- Vas)  (3)
¥ Dp;?g;glt’élr unitless Yes yvhere o, 3, 7, apd Q are the model parameter§ specified
Self-heating in Table I. Equation (3) is the current in TOM with = 0
) feedback uw Yes and Vg > Vo — v - Vae. The current in (2) reduces tfy
coeficient when (A - I;0) > 1 and gradually approaches zero when
Q Power-law unitless No his all listic pinchoff
exponent Ves < Vio — v - Vis. This allows a more realistic pincho

behavior compared to most classic models.

Breakdown effects are important for power amplifiers, es-
low-pass nature of this thermal subcircuit results in decreasggekially under high-efficiency loading conditions, since the
current reduction with increased frequency. From (1), thestantaneous drain—gate-voltage swing can reach three times
reduction of!, is proportional to the dissipated powéy;,s that of the drain bias voltage. Two types of breakdowns exist
when Py is small, and approaches zero whéh;, is for MESFET's: pinched- and open-channel breakdowns. The
extremely large. The dc curves are, therefore, representgmen-channel breakdown is neglected in this paper since, in
as a combination of a TOM description with dc self-heatingiost power amplifiers, highy, swing occurs whef,, is near
parameter§ = 0 and a separate self-heating model. Witler below the pinchoff region. The pinched-channel breakdown
this approach(?y, in the saturation region is positive at highs described by a diode placed between drain and gate with
frequencies, as in reality, since the self-heating cannot folladvleakage currenf, and a largen factor, ranging from 50
a high-frequency excitation. The measured &F,, on the to 70, depending on the breakdown voltage. Finally, the gate
other hand, is reduced with increased dc power dissipatiffiward current is modeled in conventional way, as in the
due to increased temperature. Curtice model.

From our experimental results7,, calculated from the
S-parameter measurements is considerably higher than the 1. CAPACITANCE MODEL
TOM prediction. To address this discrepancy, we modeledConsistency of large- and small-signal models requires
the dispersion of44s with a high-pass feedback circuit fromcharge conservation condition to be satisfied. Therefore, a
drain to gate (see Fig. 1), similar to [9]. Unlike the sef®S small-signal capacitance modél'V') ought to be derived from
representation of dispersion (e.g., EEFET3 or TOM in LIBRAhe charge mode{QV). In general, there exist four partial
or [10]), this approach allows RF trajectories to reach thierivatives of the two charge termg,, and Q. with regard
pinchoff region without being restricted by the RF resistancta V. and V.4, respectively, [see Fig. 2(a)]. However, there
This results in better prediction of power-added efficiency. Thage only two capacitance elements present in the small-signal
effect of this dispersive feedback is translated to setting tlguivalent circuit, namely(y; and Cgq. These four charge
parametery in TOM to be frequency dependent. The produdlerivatives can be grouped as follows:
of er_ and Qrf, shown in Fig. 1, sets the time constant for Ca = NQgs + Qpa)/Via (4)

Gy dispersion. A small part of R/, is fed back to the Coo = Qe + Qua) 3V, (5)

gate of the MESFET via a voltage-controlled voltage source £ £ &d g8
(VCVS). The gate voltagd/ss, which appears acros§,., It can be shown that, for equivalence between the charge
is combined with this feedback voltage by means of anothand capacitance representations, an additional transcapacitance
VCVS. The drain current is dependent on the total voltéige term (C,, - V) must be added, as shown in Fig. 2(b). The
appearing across both VCVS. In this way, the feedback sigrsigrivation of equivalency between Fig. 2(a) and (b) is straight-
does not directly affect the charge terms. Table | summarizigsward by comparing th& -parameters of both circuits. For

the TOM parameters and specifies which model parametéte forward parameter computation, port 2 is a short, hence,
are dispersive in our new model. The TOM paramétdras 6Vea = 6V and one obtains

been replaced with the thermal parametgr and the thermal Y1y = jw(O(Qgs + Qga)/Ved + HQgs + Qga)/ Vs
subcircuit parameter;,,. The dispersivey in TOM is replaced

by the dc parametey, feedback parametéry,, and associated - Jw‘(Cgs +Cga) 6)
feedback circuit parameters;; and R,; of the new model. Yo1 = —jw(0Qga/ Vs + 0Qga/OVea)
Most modern power amplifiers for wireless communica- = —jw(Cga — Cpn)- (7)

tions are ope_rated under h|gh-|mp_eglance Ioadln_g COﬂdItIO'Qgr the reverse parameter computation, port 1 is a short, hence,
to achieve high power-added efficiency. In this case, 1= —6Vy. and§V.. = 0 and one obtains
= . s =

accurate modeling of the near-pinchoff region is crucial for * . .
power performance prediction. In our new model, an additional Yiz = —jwd(Qgs + Qga)/0Vea = —jwClia (8
parameter is introduced to fit the gradual pinchoff behavior. Yoo = jwi(Qgs + Qgd)/OVgd = jwCed. 9)
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TABLE 1l
OVERVIEW OF THE EQUATIONS USED IN THE MODELING
Characteristics Equations Remark
Drain-1V L,=I,+In{l +exp(-A, I)}/A, Tail near pinch-off
I,=1, -exp(-C, V) Self-heating effect
I,=B (Vy-V,+y V)2 tanh(o V) -SIGN(V,, - Expression(2),(1),
V,+ty -V (3) in the text
V=Vt Co Vif See figue 1

Igs=Igo(exp(Vgs/nkT)-1)
Igd=Igdo(exp(Vgd/nKT)-1)

Gate-1V
Breakdown 1,,= Ibo(exp(Vdg/ny)-1) High nb value
Gate-source charge Q= Vo Vi) + Cppy Vi expression (13)
through (16) in the
text
Gate-Drain charge 0=V Vi) + Gty Vi
SV,Vy) =C, - {V,+ C; - log(cosh(S, - W)/ S}
W=V,-n-V,V,-D, tanh(D, -V,
9Qed In this way, conventional small-signal circuits can still be used
G ‘ "OVed D to satisfy the consistency condition with a large-signal model
7 \H\ o if the two charge terms are appropriately chosen and the delay
Ves >| :I |_|| | Vs time 7 is adjusted. Fig. 2 shows the nonlinear capacitance
JQzd equivalent circuit consistent with the charge conservation
OVes condition. To account for the crossover @ (Ved, Vgs), @
OQgs 9Qss modification of the Vitesse capacitance model [12] is made by
oves & OVed introducing a cross-product terW.) - (Vza) as follows:
@ Qgs = f(Vgsa ng) + C(gso ' Vgs (13)
Caa =0QE+0ED Qga = f(Vgd, Vi) + Cgao - Vaa (14)
c JVed D
l where
LRSS
Vgs Vad Vds
© CmVgs f(Va; Vo) = Co - {Va + Oy - log(cosh(S, - W)/Sg}  (15)
T W=V,—n-V, -V, — D, -tanh(Dy - V},) (16)
® S Qs QQsed
Cas= QéQ‘f;:di) Cm= Oved JVes and Cys0, Cgao, Co, Cy, Sy, D, n, and Dy, are model param-

eters. All the model equations are summarized in Table IlI.
(b)

Fig. 2. (a) Capacitance equivalent circuit of the MESFET consistent with _
charge conservation, which consists of the charge elements. (b) An equivalent IV. PARAMETER-EXTRACTION PROCEDURE

of (a), which consists of capacitance elements. Model extraction was performed using Optotek’s LASIMO
software! which allows incorporation of user-defined equa-

The left equations in (6)—(9) are derived from Fig. 2(a), whilons for theCV' and GV dependencies, element value ex-

the right equations represent conversions from Figs. 2(a) trgction, and optimization for multiple bias conditions. Since

(b). Full equivalency between the two capacitance represeriiz¢ individual fitting target can include th@V" or I-V expres-

tions of the MESFET is achieved by defining a transcapadions, path independence is not required, and separate sets of

tanceC,,, as follows: equations forG,, andG,, can be independently defined.
The extraction procedure is as follows.
Cm = 9Qus/0Vga = 0/ OV (10) 1) Extract parasitic resistance and inductance element val-
This transcapacitance can be translated to a delay tirhg ues using the cold-FET model [13].
combining it with G,,, as follows: 2) Extract 11-element small-signal equivalent-circuit pa-

rameters at multiple biases from measufegarameters.
Grn = GrnO + jwcrn = GrnO eXP(—jWT) (11) p d

7= —Ch/Gmo- (12) 1LASIMO User's ManualOPTOTEK Ltd., Kanata, Ont., Canada K2K 2A9.
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Fig. 4. Measured (symbols) and modeled (lines) gate-drain capacitance of a Va0 LU
2-mm MESFET versu§/ys. Ve = 0.6,---, —1.8 V top down. y counter-clockwise
i Vi A . path
3) Extract nonlinear capacitance model parameters by fit- 0 ‘o:Vf f:,s‘“’ds Vds
ting Cys andCyq only. The transcapacitanc®,, or delay =P =1+ 1

time = are used for verification of charge conservation. _ . o _ .
4) Extract TOM parameters with = 0 and self-heating F96- _Jlustiation of clockuise and counterclockise integration paths in
parameters by fitting7qs and G,,,, where =T

Gm = exp(—Cy - Vin,) - 0las /OVigs (17) model has several parameters shared by Ithé and C'V
Gas = exp(—Cy - Viy,) - 014, /OVys. (18) characteristics. After optimization, the errors in fitting g’

Fig. 5. Modeled (lines) versus measured (symbols) delay time as a function

characteristics were 16.7%, 8.9%, 9.5%, and 5.8% for the
TOM parametery is optimized to yieldyrr, Which Statz, modified Statz, Vitesse, and the new model, respectively,

includes the contribution of RF feedback to fitting oindicating a better fitting for our new model. Figs. 3 and 4
Glas. Note that due to a large thermal time constant, thghow the fitting results fo€,s and Cyq as a function of¥ys
self-heating effect or thé’y,, which is equal to power with varying V,.. Clearly, the crossover i€,y behavior is
dissipation in measurement, is affected only by the bigsedicted well. Fig. 5 plots the modeled delay time (lines)

point, and results in the decrease of both measurbdsed on (10) and (12) with the measured (symbols). Note that

Gm and Gy, with increased power dissipation, bt the charge parameters are extracted by fitlhgandCya, but
always remains positive. not C,,,. Nevertheless, the delay timeagrees reasonably well

5) Fit the dc characteristics by keeping all parameteigith the measured data, as shown in the figure. This relative
unchanged and enabling onlyto vary. The difference consistency verifies the charge conservation as formulated by

between the newly obtainegd and~grr is the feedback (10) and (12).
parameterCh,. The I-V model was generated by fitting the RFV charac-

The model was developed for a standard @n7-gate Alpha teristics, which were obtained by integration of the measured
Industries’ MESFET. Approximately 400 dc aifdparameter Y-parameters at 1 GHz. It is assumed that integration is

measurements were taken at different biases, including ten digsjuency-independent. Integration Be[Y21] = G, and
points for cold-FET ¥y, = 0 V) extraction. The bias rangesRe[Y22] = Gy, for calculation of I; was performed via
included from—2 to 0.6 V forV,, and from 0 to 5 V forVy,. the clockwise and counterclockwise paths on fHig—Vj

The modeling results were compared for the Statz, modifipthne indicated in Fig. 6. The integration of drain current is

Statz, Vitesse, and our new model. In the modified Statz modebmposed of two parts: | and Il. The first part of integration

parameters in th€'V expressions can be tuned independenthgsults in a small contribution to the current, as specified in the
of those in thel-V expressions. On the contrary, the configure as/y, and the major contribution comes from the second

ventional Statz2”V model in conjunction with the TOM-V part of integration, represented by, where Gy, and G,,
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TABLE 11l
PARAMETERS OF THENEW MODEL AND THEIR EXTRACTED VALUES
Parameter Value Unit
- Drain current coefficients B 0.216 AV
< Vio -1.813 \Y%
= ¥ 0.450  unit-
less
Q 1.261 unit-
less
Cs 0.133 /w
Ty 0.100 us
Cﬂ, 0.049 unit-
Fig. 7. Comparison between modeled output RN characteristics of a less
2-mm MESFET obtained by fitting7,, (lines) and I-V characteristics Aa 85 VA
obtained by counterclockwise integration in thg,—V;s plane (symbols).
Vgs = 0.6,---,—1.8 V top down. Capacitance parameters Cop 1.58 pF
Sg 0.89 VA%
0.6 n -0.025 V-2
D, 0.42 \
z Di 0.63 \%
20.4 Cgso 0.71 pF
§ Cgdo 0.06 pF
3 Cr 096 V
£02 Vi 1.5 v
a
Extrinsic parasitic Ry 0.35 Q
0 parameters
0o 1 2 3 4 5 6 Ry 046  ©Q
Drain Voltage (V) R 1.75 Q
g .
Fig. 8. Comparison between modeled (lines) and measured (symbols) output Ls 7.7 pH
dc1-V characteristics of a 2-mm MESFEV,, = 0.6, -- -, —1.8 V top down. Lg 62.4 pH
Lo 546  pH
05
<04 : .
- Table Il summarizes the extracted model parameter values
g for the 2-mm MESFET.
O .2
£
©
a 01 V. MODEL VERIFICATION

T T as a4 os o The new model was implemented as a user-defined element
Gate-source Voltage (V) in LIBRA. Small- and large-signal characteristics of the 2-mm

Fig. 9. Comparison between the measured characteristics (points), and t{¥feSFET were simulated and measured in the(56ystem.

predicted by the new model (line) of the dc transfer characteristics of a 2-mfihe thermal time constant was set to 58, while the

MESFET atV,, = 2 V. The dotted line near pinchoff was the simulateddiS ersion time constant was set tpi(C — 107 E R, =

results with the TOM model. Sp : \f AN

10° Q) for continuous wave (CW) simulations. For compar-

lav the dominate role in the clockwi d terclock .ison, the TOMI-V model in conjunction with the State'V’
piay the dominate role in the clockwise and counterclockWisg, ye| \yas extracted and implemented in LIBRA.

paths, respectively. Therefore, the data obtained by counters

lockwise i ’ fitted b o ith oth Fig. 10 shows the comparison between the measured and
clockwise mteg_ratlon were fitte yop_tlmlzm@m with other simulatedSs;, Ss, and Ss; based on the large-signal model
parameters being relaxed, whereas in the case of clockw, &/ — 4V and V,, = —1.6 V. The modeled results

integration, Gias is optimized. The resulted counterclockwisgyith dispersive TOM model are also shown. The conventional
RF curves are found very close to the dc characteristics. The\ model does not take into account the difference between
clockwise RFI-V curves, as shown in Fig. 7, show positivge dc Gy and RFGy. and, hence, gives erroneous results,
slopes, indicating that the negative resistance in the highgkich significantly deviate from measurements. Therefore, a
current region is purely a low-frequency phenomenon. Fittingjit-in LIBRA dispersive TOM model was then used for
of the dc |-V characteristics was accomplished by setting comparison. The dispersive TOM model is generated by
Cp, = 0. The measured and modeled dc output characterist'fqﬁng the dcl-V's, RF G4 and theC'V’s and assuming that
are shown in Fig. 8. To minimize the overall fitting error of thejispersion parameteiy, = 10 MQ andCy, = 1 fF. Fig. 11
dc and two sets of RV characteristics, model parameterghows that for the new model, the modeled and measured
other thany and Cy, are adjusted. S-parameters are in good agreement for both the lower current
Fig. 9 shows that the new model accurately describes thias of V,s = 4 V and Vs = —1.6 V and higher current
near-pinchoff region of the measured transfer characteristisias of Vo = 4 V and V,; = 0.2 V. For the dispersive
at Voo = 2 V. The fitting is improved compared to theTOM model, much highetSs;| and |Sa2| > 1.0 for higher
conventional TOM description, which predicts abrupt pinchofturrent bias were obtained. This happened because in order
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Fig. 10. Measured (symbols) and modeled (linfsparameters of a 2-mm The arrows show the difference between measured characteristics and those
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(b)

. Fig. 13. Measured (symbols) and modeled (lines}{a) I, and (b) V.,
to fit the dc -V curves and RFRG,, at the lower current Idgwaveforms of a 2(r)r/1m ME)SFET ary. = é v, %{a’) :”_1,4(\/)‘ a'nd

region, this model always predicts higher output resistanée = 10 dBm.
over a wide bias range, and even negative resistance at high
current region, resulting it of either large magnitude or \yayeforms of the MESFET a¥,, = 4 V and Ve =
outside the Smith chart. —1.4 V and input drive level of 10 dBm. The waveforms
Fig. 12 shows the simulated power performance of thgere measured in the 50-system at 0.85 GHz by using a
device biased at,;, = —1.7 V and V45 = 3 V. It can mjcrowave-transition-analyzer-based system reported in [14].
be seen that the model predicts well the power gain, outputcan be seen that the model predicts clamping of both the
power, and power-added efficiency. The slight discrepangyain voltage and drain current waveforms by the pinchoff
between the measured and simulated results is attributed todhg linear regions of the outpl#V characteristics. The output
extrapolation error outside the region where fh@arameters waveforms, therefore, contain higher harmonics, whereas the
used for extraction were measured. The simulated results usimgut waveforms contain some degree of the second harmonic
the dispersive TOM model are also plotted in Fig. 12 fasnly. Waveform analysis serves as a direct verification of
comparison. It is seen that the TOM model predicts highdie model.
than measured gain, power output and power-added efficiencyMESFET intermodulation distortion was simulated under
Fig. 13(a) and (b) shows that a good agreement is obtainggb-tone excitation conditions dfys =5V and Vs = —1.4
between the measured and simulated voltage and currgnifones were separated by 10 kHz afidvas 0.85 GHz. For
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Fig. 14. Measured (symbols) and modeled (lines) single-tone paie), (
third intermodulation P3), and fifth intermodulation 5) of a 2-mm
MESFET versus input power per tones = 5 V, Vge = —1.4 V.

simplicity, 5042 matching was chosen on both input and ou
put. Fig. 14 shows that the simulated single-tone output pow
and the third- and fifth-order intermodulation products versi
input power per tone are in agreement with the measured d:

VI.
A new comprehensive and robust model

CONCLUSION
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