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A Novel FET Model Including an lllumination-
Intensity Parameter for Simulation of Optically
Controlled Millimeter-Wave Oscillators

Shigeo Kawasaki, Hidehisa Shiomi, and Kazuoki Matsugatani

Abstract—This paper demonstrates an illuminated FET model

including an illumination-intensity parameter for simulation of o

optical characteristics of microwave and millimeter wave inte-

grated circuits (MMIC's). Modeling for an illuminated GaAs __ N ouie ¥

MESFET and an InP high electron-mobility transistor (HEMT), e Bt =t -
and analysis and experimental results from optically controlled [ TESFssmmE . (S R
microwave and millimeter-wave hybrid integrated circuit (HIC) b ; : B 5

and MMIC oscillators are discussed. The proposed illuminated o ohannel oo S
FET model was able to explain the photoresponse of both the Fong implamed hp,,--” —{’, n+ implanied layer: - [

.................. akeoaiat ol ool

GaAs MESFET and the InP HEMT, and the photooperation of .
their circuits.
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I. INTRODUCTION

. i . Same Insilyied Gads subslmbs

ECENT developments in microwave and millimeter |
wave technologies and in optoelectronic technologies

. . . Fig. 1. MESFET structure.
have allowed multimedia network systems consisting of a

wireless communication system and an optical-fiber commu- source gate drain
nication system to be realized. In accordance with this fact, 0.5um

in microwave photonics, millimeter-wave signal distribution

through the optical fiber is of growing interest [1]. In this ""”0‘53Gi‘;;‘7“5 /
system, the millimeter-wave signal in the fiber can travel for i-In0.52A10.48As shottky
a long distance as if in free space, hence, the variety of -IN0.52A10.48As donor
the application possibility for the optical-fiber communication -In0.52A10.48As spacer
system increases [2]. In order to realize this system with In0.53Ga0.47As subchannel
multifunctions, small size, light weight, low cost, and high In0.80Ga0.20As channel
efficient conversion between light waves and millimeter waves

is desired [3]. Among various technologies, the monolithic -In0.52A10.48As buffer
microwave integrated circuit (MMIC) utilizing the light wave InP substrate

and the radio wave interaction (i.e., the photonic MMIC) is one

of the promising candidates to achieve these requirements [4}. 5 HEMT structure.
In the photonic MMIC, the characteristics change due

to interaction between the light-wave and the semicondugy, illuminated microwave transistors such as MESFET's,
tor device [3]. For instance, the MMIC oscillator, which ishigh electron-mobility transistors (HEMT’s), or heterojunction
directly illuminated by a continuous and/or pulsed opticajinolar transistors (HBT's) have been used as a low-cost
signal, can be controlled, injection locked, modulated, anghg simple photodetector [8]. This operation mainly results
converted when the radio waves are carried by the optiGadm the photovoltaic and photoconductive effects of these
signal through the optical fiber. In recent research work [&fansistors.
i ) i . When the photonic MMIC is designed in such a way as
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Fig. 3. Experimental setup for MESFET.
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In this paper, for the general nonlinear FET simulation, the
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device and design of an optically controlled oscillator using
the proposed illuminated FET model are described. Although
the photoresponse of the FET depends on the wavelength of
the illumination source, the proposed illuminated FET model
works well in both cases. Comparison of the experimental
data from the fabricated optically controlled hybrid microwave
integrated circuit (HMIC) and MMIC oscillators with the
calculated ones are also considered in this paper.

Il. DEVICE CHARACTERISTICS

In order to establish an accurate FET model including
optical parameters, a preliminary experiment of the dc charac-
teristic and theS-parameter measurement were carried out for
both FET’s. Structures of a self-aligned GaAs MESFET and
an InP HEMT are indicated in Figs. 1 and 2. The MESFET
used had a 0.1pm-long 100zm-wide gate and the HEMT
had a gate length of 0.om and a gatewidth of 52m.

Direct optical illumination was carried out from the top
of the FET. Throughout the aperture (between the metal
electrodes), an optical signal intruded into the FET. The
optical source for the MESFET was a semiconductor laser
(A = 820 nm, maximum output powet 20 mW) where its
output was guided to an illuminated point on the MESFET by
a multimode optical fiber with a spherical lens. A laser-spot
diameter was about 1@m. The experimental setup for the
MESFET is shown in Fig. 3. The other source for the HEMT
was a semiconductor laseh (= 635 nm, maximum output
power= 1 mW) and its output was focused on the HEMT by
the lens. The spot diameter in this case was about 8 mm.

The measured dc characteristics and the small-signal
S-parameters from both the MESFET and the HEMT are
indicated in Figs. 4 and 5, respectively. In both cases, the drain
current increased due to the illumination, and the apparent
difference resulting from illumination effect were observed in
the S-parameter measurement.

I1l. FET MODELING

illuminated MESFET model is extended to an InP HEMT Utilizing the measured data obtained above, establishment
with the illumination intensity parameter interacting with thef the illuminated FET model was carried out. For this pur-
FET model parameters. In addition, nonlinear analysis of tip@se, using a typical small-signal FET modgl;parameters
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were investigated within the analyzed region, as shown in
Fig. 6. From the measured data, the procesSquhrameters
for the analyzed region are indicated in Figs. 7 and 8 for t .
. . 7. Y- for MESFET.
MESFET and the HEMT, respectively. The equations of the’ parameter comparison for
Y -parameters for the analyzed region of the typical mod
indicated in Fig. 6 are
WQCQ Rin . C.
= jod s + Cag . () -
1+ (WO Rin)? dg on the real part ofys; in the MESFET and the real part

not illuminated
illuminated (laser)

ﬂodel and can be compared with the experimental data under
the “dark” condition only.
From these observations, significant differences can be seen

T T @l R . . |
12 = —jwClg ) of y2; and ya2 in the HEMT. By. talgng these facts into
I . s Rindm account, a_novel FET _equ|valenf[-0|r<_:wt model for both FET's
Yor = m - jw{m + Cdg} (3) was estabhshe.d, and is shown in Flg. 9.'The extrgctgd mod'el
gsmmn gshn parameters using the model shown in Fig. 9 are indicated in
1Yoy = 1 + jw(Cag + Cus). (4) Table Il. A photoresponse of the HEMT epilayer seems to be
Ras the same as the case of the MESFET, since the laser energy

The extracted model parameters shown in Fig. 6 are indicatedh 635 nm is almost absorbed in each epilayer. Since the
in Table I. In addition, in order to make clear comparisomP HEMT structure is not well known, a profile for the
between the experimental data and the theoretical curvband diagram and the electron carrier intensity is indicated
computed curves using the typical FET model (shown in Fig. 10. It seems that the photogenerated carriers can be
Fig. 6) formulated in (1)—(4) were also indicated in Figs. €reated in the depletion layer, the channel layer and the InAlAs
and 8. Please note that the model in Fig. 6 is the small-sighayer, which are indicated in Fig. 2 as well as in Fig. 10.
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TR _ 8 b:¢ TABLE I
g g o o COMPONENT PARAMETERS OF THE ILLUMINATED FET MODEL
MESFET under illumination of 20mW HEMT under illumination of ImW
—_ —~ — — Circuit Parameter | Extracted Value Circuit Parameter | Extracted Value
femn - & o
[aY] o N o
= z = Z gm 32.5ms gm 12.9 ms
] o 3 > )
] £ b © Rds 210Q Rds 1.7k Q
lia E E
Cgs 111 fF Ces 100 fF
- Cad 275 F Ced 8.69 fF
) S 35 9 Cds 105 {F Cds 524 fF
1 i 1 ] i 1 i i
P— o S T Rin 1.00Q Rin 4.46Q
requency [GHz] 50 v 0  Frequency [GHz] 50 S Rg 3.00Q Rg 1.00Q
Y21 small signal model Y22 Rd 6.37Q Rd 1.91Q
not itluminated
illuminated (laser) Rs 0.10Q Rs 0.10Q
' ' Ly 66.4 pH Lg 0.1t nH
Fig. 8. Y -parameter comparison for HEMT. Ld 3.55 pH Ld 0.05 nH
TABLE | Ls 1.00 fH Ls 0.10 nH
COMPONENT PARAMETERS OF THE TYPICAL FET MODEL Copt 15.3 pF Copt 1.00 fF
— — — Ropt 535Q Ropt IMQ
MESFET under dark condition HEMT under dark condition
: - S o 3.30 a 5.88
Circuit Paramneter Extracted Value Circuit Parameter | Extracted Value
— B 0.0288 B 0.0338
om 29.2 ms gm 10.5 ms 0111 0.0195
Rals 210 Q Rds 59k Q ¥ ' i .
Ces 103 1F Ces 042 F Aopt 0.00107 Aopt IE-5
Cgd 18.7 {F Cgd 9.01 {F Yopt 1 Copt 10
Cds 42.71F Cds 524 fF Vg -1.01 Voo -0.509
Rin 1.00 Q Rin 4.46 Q
Re 3.00 Q Rg 1.00 Q ) . .
Rd 637 O Rd 191 0 can generate photocarriers. In this paper, in order to observe
Rs 010 9 Rs 010 @ the photoresponse of the device using the small laser power
Le 66.4 pH Le 011 nH clearly, the wavelength of the laser diode was selected from the
Ld 155 pH Ld 0.05 nH relatively short wavelength region. In other words, the selected
= {00 T4 s 0.10 nH and photoresponsable epilayer should be grown in the device

for the sake of the special application such asinbfor the

From the comparison between the proposed model descrifigl§communication.

above and the device structure seen in Figs. 1 and 2, it shouldY USing the novel model, illumination intensity dependence
be noted that, from the illumination resistanBg,,, and the of each model parameter was appreciated by means of param-

ilumination capacitanc€’,,; in the MESFET model, the cur- eter extraction from measuregparameters and fron, to

rent flow occurs in the substrate region due to reduction of tfgs characteristic curves with and without illumination. For

barrier height by the internal photovoltaic effect, as introducd® Pasic small-signal model and the nonlinear elements in the

in [6]. In the case of the HEMT, though the thickness of th&10del, the Golio’s model [10] and the modified Statz model

absorbing layer was small, the same phenomenon seem were used._ Formulation for the nonlinear drain current

occur, since all layers can absorb the light energy with ttigr Poth FET's is

wavelength of 635 nm. I — B(Ves — Vr)Q(1 + AVy)
From the view point of application to the telecommu- ds = 1+ b6(Ves — Vi)

nication, careful attention should be paid for selection of d

the wavelength of the optical source, since the Waveleng%|

determines which layer with the specified energy band gap Topt = Aops X Pope(1 4+ AVas) tanh(oepe Vas)

tanh(ans) + Iopt (5)
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where( is constant due td,, dependence and,,,; and ot

where § and A are constant. Notation was basically in

are constants due to the illumination. The other coefficients arecordance with [11].P,,; in these equations denotes the

o= o
= 7‘/5
14+ oo £
— VY70
Vr =Vro — Vs
(Vro1 Popt + Vroz)
Vo =V, 6
T0 700 (VTOQPOPt) ( )
Ces0X Cs_op
ws = % X Ko x K1 X Cgao X Cgd_opt X K2
1 Ymew
Cgsl X Popt +Cg52
Cgs_opt =
Popt +Cg52
Cis0 X Cs_op
ed — % ><-[(0 XKQ + ngO X ng_opt ><-[(1
1 Ymew
ng_opt = ngl X Pol)t+1 (7)

where U is constant, and

Ko=2x |1+ Ve — Vr
2| (Vemr — Vr)? + (6)?
1 Vis — Vaa
Ki=-x |1+ & & ]
20 Ve —Ve)? +(1/2)?
KQIEX 1- ‘/gs_ &d
2 ] (Ves = Ve)? + (1/0)?
Vo =4 % Vi V- /i = Vi) 4+ 7]
Vo =4 Vi + Vi = (Vi = Ve 7]
1 T
Vaow =5 X Ve + Vo + Ve = Vi + 2] (®)

illumination-intensity parameter.

Since the output power of the laser diode of= 635 nm
with 1 mW was not sufficient for examination of the illumina-
tion intensity dependence, more output power from the laser
must be used for more accurate formulation for the future
experiment. Using these equations, the compuigdVys
curve andS-parameters were compared with the experimental
data, as shown in Figs. 11 and 12. Agreement between them
was found to be quite good.

Generally speaking, when the FET model has many ele-
ments in the equivalent circuit and many fitting parameters
in the characteristic equation, good convergence cannot be
obtained or it takes a very long time to extract the model
parameters for a wide band. Even if the parameter extraction
is achieved, it is hard to find out which value is reasonable
and desired since there are many minimum points within
the investigated range with respect to a function with many
variables.

The most important thing for the parameter extraction using
the simulator is how reliably initial values are given or how
close the given initial values are to the final value. In order
to obtain good convergence and the reliable parameters, the
parameter extraction should be divided into several consec-
utive steps. A basic idea for this method is that the model
should start from a simple one and be modified into a complex
one, and the characteristic equation must have less unknowns
and/or less fitting parameters and exchange them into the
equation with many unknowns. In this procedure, it should
be noted that the extracted values in the former step must be
utilized as the initial values to the next step.

The concrete steps for this procedure used in this paper are
described below.

1) The Y-parameters from the measured small-signal
S-parameters were compared with thé&parameters
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Fig.
characteristics of illuminated MESFET.

2)

3)

4)

with respect to the analyzed region in Fig. 6, and the
six FET model parameters such @5, Rin, etc., were
extracted (Initial-Value 1 in Table I).

From observation, the typical FET model was modified
for the frequency characteristics from the equivalent-
circuit model to meet with those from the measured
data in comparison with th¥-parameters, and then the
parameter extraction using values of Initial-Value 1 was
carried out again (the modified model/Initial-Value 2).
Utilizing the modified model and the Initial-Value 2 in-
dicated in 2), with ther-parameters from the measured
S-parameters of the illuminated FET, the desired model
to meet with the frequency characteristics from the mea-
sured data was obtained (the small-signal illuminated
FET).

Utilizing the modified model and Initial-Value 2 in-
dicated in 2) with the measured-V characteristics
of the FET without illumination, the fitting parameters
of a nonlinear equation foi,, such as the Curtice

5)

6)

7

characteristics of illuminated HEMT.

Cubic model and Statz model (used in this paper) were
extracted (Initial-Value 3).

In order to describe the-V' characteristics as accurately
as possible, the modified Statz model was applied as the
second nonlinear equation féy,. The fitting parameters

in this nonlinear equation were then extracted using
the measured-V characteristics of the FET without
illumination and Initial-Value 3 (Initial-Value 4).

Utilizing the modified Statz model and Initial-Value 4
indicated in 5), with the measurddV' characteristics of

the illuminated FET, the model parameters and the fitting
parameters of a nonlinear equation ffy, including

an illumination intensity parameter were extracted (the
nonlinearly, equation for the illuminated FET).

Making use of the small-signal illuminated FET and the
extracted parameters described in 3), the model param-
eters, and the nonlinedy, equation for the illuminated
FET and the fitting parameters described in 6), the model
parameters and the fitting parameters of the nonlinear
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capacitance such &s,; and Cy, were determined with
the measured-parameters with the various applied dc

model in Fig. 9/the extracted parameters in Table II).

The measured-parameters data used here were 400 poir
from 45 MHz to 50 GHz with the constant,, and V4, and
90 sets with differen¥,; and Vy,. Further, the measured date
of 231 points from the/-V characteristics were used as 2. [k
points from differentVy, with the constantVy, and 11 sets
with different V. Using the technique described above, th
good convergence and the reliable parameters can be relati
extracted.

(b)

IV. OPTICALLY CONTROLLED OSCILLATOR

. . . L . . Fig. 14. Structure of HEMT MMIC oscillator.
Once the FET model including the illumination-intensity 9

parameter is obtained, it can be applied to design the photonic
microwave integrated circuit (the photonic MIC). Therefore, . N . .
the proposed models were used in the simulator to design Aﬂ MT condltu_)n sh_own_m Fig. 14. In this case, using .the
analyze microwave and millimeter-wave optically controIIeBrOposed_ nonlinear illuminated FET model under the condition
oscillators. The optically controlled MESFET oscillator haéettled WithVys = 2.5V, Vs = 0V, and P, = 0 for both

a series feedback loop and was fabricated on an aIumHEr_MT_,S' the start-up frequency_ of 31.1 GHz was obtained.
substrate 4 = 10, thickness= 0.635 mm), while the HEMT This difference _between the design frequency by the measured
oscillator was made in MMIC fashion with a buffer amplifie/dat@ and the simulated one from the model may result from
on an InP semi-insulating semiconductor substrate using?® €or from the nonlinear device modeling at the higher

coplanar waveguide. frequency. _ _
In the case of the MESFET oscillator, the negative re- Based on the design concept above, an optically controlled

sistance was set with-50 Q at 10 GHz using small-signal microwave hybrid integrated circuit (HIC) oscillator with the
S-parameters. Configuration of this oscillator is shown if@AS MESFET was fabricated. The operation frequency of the
Fig. 13. In order to predict the steady-state oscillation fré&ptically controlled MESFET oscillator was 10.3 GHz with
quency, a large-signal simulation was carried out With =  Yas = 2.5V, Igs = 26 mA, andV,, = 0 V. The measured RF
2.5V andV,, = 0 V. The predicted frequency was 10.7 GHzOUtput was 5.50 dBm. In addition, a millimeter-wave MMIC
In the HEMT oscillator case, the operating frequency wascillator with an InP HEMT was also made. This HEMT
designed at 37.5 GHz with-40 Q by using the measured MMIC operated at 34.8 GHz witlys = 2.5V, Iqs = 20 mA
small-signal S-parameters. The configuration and a photdincluding the buffer amplifier), andfy; = 0V, and its output
graph of the HEMT MMIC are shown in Fig. 14. In orderPower was 3 dBm.
to obtain the high power, a buffer amplifier was added to The measured optical tuning ranges by the laser diode with
the output of the HEMT oscillator. Although a trial was835 nm and 1 mW were plotted in Fig. 15 in comparison
made to predict the steady-state operating frequency ushiih the electrical tuning ranges with respectifa with the
the harmonic-balance and the proposed FET model in thenstantVy, without illumination. Since the spot diameter
simulator under the structure condition described in Fig. 1@bout 8 mm) was relatively large, illumination covered the
the reasonable operating frequency was not obtained duemaole chip of the MMIC; hence, all HEMT’'s and other
a convergence problem of the simulation. This is becauskements were lighted. Therefore, the operation of the buffer
there are two nonlinear HEMT’s (the oscillator HEMT and thamplifier as well as a resistor may also be affected by the
buffer-amplifier HEMT) embedded in the MMIC to calculateillumination, and then, the operation frequency shift will occur
Instead, the start-up frequency was calculated under the tvad-the zero gate-bias voltage. From this consideration, it may
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36 TABLE Il
] ----e-- Not iluminated COMPARISON OF THE START-UP FREQUENCY
,_,35.83 —e— illuminated (laser BETWEEN THE MODEL AND THE MEASUREMENT
N 4 _
5 356 xg_f-os[if\? Gate start-up Frequency [GHz]
E =] 9= Voltage [VI[  Model | Measurement
5 35.4] Dark 0.00 33.06 33.10
Ehas -0.50 33.08 33.32
& Huminated 0.00 32.81 33.30
c 352 -0.50 32.93 33.12
S ]
S 354
g 1 and agreement between them looks good. From observation of
34.8- these data, it is believed that the proposed FET model with the
3456 illumination-intensity parameter is useful for the simulation of
05 04 03 -02 01 0 the photonic MMIC.

Control voltage [V] Thus far, only the simple illuminated FET model without
consideration of the area of illumination in the FET gate
periphery was discussed. In order to accurately simulate the
experimental illumination status for the measurement of the
2 FET, the hybrid model was investigated for the illuminated

Fig. 15. Optical tuning range of HEMT MMIC oscillator.

E FET, taking into account the illuminated area as a fraction of
T 6. Power _the tptal gate periphery. The hybrid modgl conmstgd of the
g, 8 illuminated model and the normal model with the ratio of the
& 10 illuminated area to the nonilluminated area.
S’ As expected, the values of the model parameter including
212 the illumination-intensity parameter approximately increased
§-14— according to the area ratio. Using this model, the FET charac-
&§-16- teristics were able to be explained with acceptable agreement
-18 with the experimental data. However, there is no way to
20 N — investigate such extreme phenomena inside the FET. Further,
0 005 01 015 02 the convergence for the operation frequency of the optically

OPTin [mW] controlled oscillator in both cases was not obtained under

Fig. 16. Computed output power of optically controlled MESFET oscillatotuse of the harmonic-balance analysis. This may result from
the fact that too many nonlinear parameters were involved

) _ _ _ . _ in the simulation and that the model parameters including

be possible that the maximum increasing optical tuning rangg, jjjymination-intensity parameter became too sensitive to
of about 300 MHz atl,, = —0.5 V is obtained in the case ¢onyerge for the oscillation frequency. It is one of future
where only the oscillator HEMT is illuminated. _ research items to find out how to obtain the operation fre-
The computed output power of the MESFET oscillatogency of the optically controlled oscillator taking account of

under illumination is shown in Fig. 16. From the observatioghe jjiymination area ratio using the harmonic balance in the
of the simulation results, it appeared that the oscillatiaf)y,lator.

frequency and the output power decreased as illumination in-

tensity increased. This effect resulted from the variation of the V. CONCLUSIONS
drain—source capacitance Ofis, Rop, andCop. Particularly, . . . . .
the variation orC,. resulted in the optical operating frequency NS Paper described modeling of an illuminated GaAs
shift of the oscillator under illumination. The variation B, MESFET and an InP HEMT. In addition, analysis and

and C,,; caused the decrease in gain of the FET; hence, @gperimental results of optically controlled microwave and
output power was decreased by the illumination. millimeter-wave HIC and MMIC oscillators were presented.

The investigation of the illumination effect on the HEMTFUrther simulation results and comparison with experimental

MMIC using the proposed FET model in the simulator wadata were reported for th_e optigally cont_rolle_d os_cillz_itor us_ing
attempted. However, since the convergence problem in novel FET model including an illumination-intensity
harmonic-balance simulation still occurred under the illumParameter. The illumination effect on the oscillators can
nation condition, it is not possible to compare the calculatdf described well in the harmonic-balance simulation with
frequencies using the proposed model with the experimen@Cd agreement. Therefore, the proposed FET model is very
data. Instead, in order to confirm validity of the illuminate@fective and useful for the design of a photonic MMIC
FET model, the simulated start-up frequencies using the illunfiPerated at a milimeter-wave frequency.

nated FET model and the measured small-sighpbrameters
of the HEMT were compared. Table Il shows the calculation
results for both the dark and illumination cases. In both casesThe authors thank the students of author Kawasaki's labora-
the tendency of increasing the operating frequency can be sdery, Tokai University, Kanagawa, Japan, for their assistance.
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