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Abstract:

As the operating frequency increases, electromagnetic

wave propagation effects on FET electrodes cannot be ignored.

In this paper, these effects are investigated by analyzing two

devices; the conventional MESFET and the INGFET, which is

properly designed to exploit the wave propagation effects. The

wave effects are analyzed using a CAD model which accounts

for the semiconductor characteristics and the nonstationary

electron dynamics, the electromagnetic characteristics and the

parasitic elements of the device. The importance of including

the wave propagation effects in the device analysis is strongly

manifested in the results. It is shown that the amplification

factor of the gainful mode of the INGFET is larger than that of

the MESFET for higher frequencies and wider devices. Also,

the INGFET exhibits higher gain when operated in the TWT

mode and when terminated with 50-Q loads as well.

1. Introduction:

In the mm-wave range, the IWT width becomes

comparable to the wavelength. Therefore, the transistor cannot

be treated as a point, or a lumped element any more [1]. The

high frequency aspects, including distributed effects,

propagation delays, electron transit-time, parasitic elements,

and discontinuity effects, become important and have to be

thoroughly investigated [1-3]. In addition, coupling the energy

from the device to the circuit, ( i.e. the matching problem),

becomes an involved issue, and approaching it using a simple

circuit concept that neglects the distributed effects of the

feeding and output lines can be a very limited approach. This

process is more complicated when the characteristic impedance

of some transmission-lines utilized becomes either undefined

or not uniquely defined, when not operated in a pure TEM

mode.

* Now with Intel Corporation.

In this paper the wave propagation effects on high

frequency transistors are assessed by comparing the

characteristics of two transistors; one of them is optimized to

exploit the wave propagation effects [1], and the other

structure is the conventional GaAs MESFET. The wave

propagation effects are incorporated in the analysis using a

complete CAD technique.

2. CAD Approach for Incorporating Wave

Propagation Effects:

The approach to study devices, mainly FETs, that

involves electromagnetic-wave propagation effects, including

distributed effects, must be based on both guidedwave theory

and semiconductor device theory. The method used in this

paper can be divided into three fundamental steps. Step 1; a

small-signal equivalent circuit model for the semiconductor

device is developed. This is done using a two dimensional

energy balance model that accounts for the nonstationary

effects. The transmission line model representing the

waveguiding structure around the semiconductor device is also

developed in the form of resistance-capacitance-inductance

model. This is a quasi-TEM model. Both the conductor

losses and the losses inside the semiconductor material are

included. Step 2; the two models are blended together to form

a system of linear equations, which is solved for the

propagation characteristics over this active transmission-line

[ 1,2,4]. Step 3; the excitation problem is solved by the

terminating the device with a set of load impedances, and

solving for the device gain and the appropriate signal

excitations. Every one of these steps involve many

intermediate steps. The intermediate steps are detailed in [1,5].
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3. The compared structures:

To properly assess the wave propagation effects on

the transistor performance, the above mentioned approach is

utlized to obtain and compare Characteristics of two FET

structures the Inverted gate Field Effect Transistor (INGFET)

and the conventional MESFET. The two structures have

similar semiconductor characteristics as shown in Fig. 1.

However, their electromagnetic characteristics are different.

The waveguiding structure of the INGFET is optimized to

allow phase velocity matching between the input wave ( i.e.,

the signal to be amplified) and the output wave ( i.e., the

amplified signal) [1]. This is achieved by having the gate on

the side of the ground plane and operating the device in a

common-gate configuration. The conventional MESFET is

not optimized for wave propagation effects, and thus may not

be suitable for high frequency operation.

The device parameters used in this comparative study

are shown in Table I and Fig. 1. The active parameters are

obtained from the semiconductor model and the passive

pammeters are obtained from the electromagnetic model. The

physical dimensions are selected to be the

same for the two devices. Differences in

the elecrnc parameters are attributed to the

differences between the structures

themselves.

4. Results and Discussions:

The propagation constants and

the characteristic impedances of the two

structures are calculated and shown in

Fig. 2. It is interesting to notice that

these results physically represent the

propagation characteristics on infinitely

long active transmission lines, which

have both active and passive coupling.

These results demonstrate that two

possible modes can exist on the transistor

electrodes; a lossy mode and a gainful

mode. These results are consistent with

those reported in [1]. From Fig. 2(a), it is

obvious that the gain factor ( ~G ) of the

INFET is considerably larger than that of

the conventional MESFET although they
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Fig. 1. (a) The conventional MESFET and (b) the lNGFET
(not to scale).
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Description

Channel resistance

DqJetion capacitance

Drain-gate bulk resiwnce

Source-gate bulk msisancc

Drain (output) resistance

Tmnsconciuctice

Inuinsic gale-dtin capacitance

Inminsic source-drain capzitance

Drain rc.siswxz

Gate resistance

Source resistance

Ga!c-drain capawmcc

Some-gate capacitance

Sourc-c-drain capacimncc

Dmin tiduc,ace

Sowm inducmn~

Gate inductanw

Drain-gate (mutual) indic.mc-e

MESFET

2.04

o.9X.lo-1~

0.938

0.938

120

0.14

0.33XI0-13

o.5xlo-’~

1.5

4.0

0.5

o,~zxlcrl~

0.042s.10-’2

o.052xlG-1~

O.82X1O-6

O.S2X1O-6

3.7X1O-6

1.046x10-9

~~G~T

2.04

0.8x10”’2

0.938

0.93s

150

0.3

O.33Z1O-’3

o.5xlo-~2

0.5

1.149

0.5

O.14X1O-12

O. I4X1O”12

(3.29X10.14

1.25x10-6

1.25x10-6

3.7XIO”6

1.869x10”9

Table I. The active and passive parameters nf Ihe two devices.

Units

Q-mm

%23

flnml

.t2Xlm3

f-imm

Mnm

F/mm

F/mm

Oknm

Ct/nlr

QhnIr

Fi’mm

F/l_

F/mm

Wmm

H/mm

H/m

HJm
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Fig. 2. (a) The amplitude factor of the two devices. (b) The dispersion characteristics of the INGFET. (c) The dispersion
characteristics of the MESFET. (d) The impedances of the different modes, (Rs.+j Xs) so~ce line impedance> (Rg+j Xg)

gate line impedance, and (Rd+j Xd) drain line impedance.

have the same semiconductor dimensions, for frequencies

above 2 GHz. The obvious reason is that the INGFET is

designed to exploit the wave propagation effects, while the

conventional MESFET is not. For frequency lower than 2

GHz, the conventional MESFET Produces higher gain factor.

This can be explained by noticing that below 2 GHz, the wave

propagation effects are negligible thus the optimization of the

INGFET produces an insignificant effect.

The wave propagation effect on the device operation

and gain is also investigated. Several cases are studied.

When the device is terminated by the characteristic impedance

of the gainful mode, the device operates in the pure traveling-

wave transistor mode. The gain characteristics from the two

devices when operated in this mode are shown in Fig. 3. The

INGFET produces higher gain than the MESFET for

frequencies above 4 GHz. For frequencies lower than 4 GHz,

the MESFET provides better performance for two reasons; 1)

it has a larger ctG, and 2) it is operated in the common-source

configuration versus the common-gate configuration suitable

for the INGFET. The gain characteristics when the two

devices are terminated in 50-Q loads are shown in Fig. 4. It is

shown that as the frequency increases, the gain of the

M13SFET decreases much faster than that of the INGFET. To

visurdize the wave propagation effects in wide transistors, two

cases for each transistor are shown in Fig. 5. This case is of a

special importance for power transistor operation. This figure

shows that the INGFET produces higher gain than the

conventional MESFET when devices are long or at higher

frequencies. It should be noted that the wave propagation

effects are more pronounced in the two cases.
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5. Conclusions:

Wave propagation effects on Field Effect Transistors

are analyzed using a CAD model that accounts for both the

semiconductor and the electromagnetic aspects of the device.

This technique is applied to two FET structures. The results

show that the device performance is considerably affected by

the wave effects. Significant improvement can be obtained

when the device structure is optimized to exploit the wave

effects and use it to enhance the transistor performance.
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Fig. 3. The gain for the traveling-wave tmnsistor mode.
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Fig.4. The gain when the devices are terminated

with 50–Q loads. (Device width = 1 mm).
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Fig. 5. Gain characteristics of the traveling-wave transistor mode
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