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Analytical Modeling and Design Criteria for
Traveling-Wave FET Amplifiers

Stefano D’Agostino, Guglielmo D’Inzeo, Member, IEEE, and Luca Tudini

Abstract—This paper describes the theoretical modeling and
design of a traveling-wave FET. The device shows the capabil-
ity of wide-bandwidth performance, high gain, and could be
useful in power applications. The proposed analytical model
considers the full modal effects of the three-coupled transmis-
sion lines and an accurate analysis of the FET model in the
traveling-wave amplifier. Starting from electrode dimensions
and active zone doping, such a model allows one to calculate
the scattering parameters. Thus, it is possible to analyze the
device as a six port network in a circuit analysis program.

I. INTRODUCTION

RAVELING-wave field-effect transistor (TWF) is a
solid state device designed to amplify signals over a
wide bandwidth [1]. TWF makes use of an exponentially
growing wave mode, which grows along the device length
(W) (Fig. 1), through a distributed interaction mechanism
based on the active characteristics of the transistor.
Mclver firstly suggested a microwave distributed am-
plifier using a unipolar device [2]. In such a case, a field-
effect transistor with insulated gate (MOSFET) is used as

an active component. It consists of three principal com-

ponents: input line, output line and a FET active structure
that couples both lines. The coupling between the lines is
analyzed considering only the active part. In the follow-
ing, to obtain a gain growing by increasing the device
length, some different solutions have been suggested [3],
[4]. In these studies, mutual inductance and capacitance
of the lines have not been included, and an assumption of
small losses has been made.

The first TWF fabrication was carried out by Holden
[5], who achieved a negative attenuation constant by add-
ing lumped capacitances between drain and source. These
capacitances have the same value of the FET junction ca-
pacitance and are periodically placed at such a distance
that they can be seen by the signal as a distributed overlay
capacitance. The amplifier is 3 mm long with a 1 um wide
gate. The analysis is developed according to transmission
line theory and the results prove the device’s reciprocal
behavior.

We have previously proved that it is impossible to ob-
tain modes with a negative attenuation constant (i.e., &)
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Fig, 1. Tridimensional global view of the TWF.

in a normal MESFET configuration, and it is necessary to
use a T-shape cross section of the gate [1]. '

Recently a new realization has been proposed by Sebati
et al. [6], the theoretical study has been developed using
the transmission line methodology. The suggested TWF
has a T-gate, to reduce resistive losses, and a Schottky
contact at the drain-side, that allows an increase of the
capacitance between drain and source to get amplifica-
tion. In a 1.2 mm long device a 5 4+ 2 dB gain was ob-
tained in the band between 1 and 5.7 GHz.

In this work we analyze the TWF behavior, showing
the possibility of growing waves propagation. The opti-
mization of the structure dimensions, such as the use of a
T-shape gate, allows amplification over a wide band-
width.

II. THEORETICAL ANALYSIS

Fig. 1 shows a schematic representation of the TWF.
The device has three coupled electrodes, placed on a thin
layer of gallium arsenide (GaAs) substrate. A semi-insu-
lating GaAs substrate supports the electrodes. Just as in a
common FET, the three electrodes are the source, the
gate, and the drain.

Owing to the complexity of this structure some authors
simplify the problem considering the coupling between
the lines only by means of a transconductance. However,
this approach doesn’t given good results [7].

In this work, the structure is analyzed considering the
electrodes as multicoupled microstrip transmission lines
(width W,,) and the equivalent circuit of the FET active
region as distributed along the device length (W). To use
the transmission line theory, it is necessary to find the
distributed equivalent circuit of the TWF. In the next
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paragraph capacitance and inductance matrices per unit
length of the lines are calculated. These matrices repre-
sent the mutual coupling between the lines, which is only
due to the presence of the three electrodes. Afterwards,
the contribution that the active part of the TWF gives to
the equivalent circuit is considered.

After obtaining all the quantities of the equivalent cir-
cuit (Fig. 2), we can calculate the impedance [Z] and the
admittance [Y] matrices per unit length, necessary to the
- transmission line analysis. Then we calculate the TWF
constants of propagation and scattering parameters, using
the procedure described in Appendix I.

By means of the distributed constant equivalent model
the TWF study gives results not different from the full-
wave analysis [8], [9]. The use of this approximate tech-
nique has the advantage of reducing calculation time by a
factor of more than 100.

A. Interelectrode Capacitance and Inductance Matrices

Calculation of the capacitances due to the electrodes is
very important for TWF design [1]. So, to calculate the
interelectrode capacitance matrix, it is necessary to use
an accurate method. Here the moment method [10], [11]
has been used, based on a polynomial expansion of the
Green’s functions calculated with or without the sub-
strate. Even though this method is cumbersome, it has
been proved to give results very close to the actual values
[12]. The values of the inductance in the circuit of Fig. 2
‘can be obtained by evaluating the capacitances without
the dielectric. In fact, using the hypothesis of quasi-TEM
mode propagation, the relation between the capacitance
matrix without the dielectric and the inductance matrix is

[Col™!
2
0

(L] =

where v, represents the velocity of light in vacuum. The |

inductance matrix [L] is also valid with the dielectric pres-
ent, because of gallium arsenide nonmagnetic behavior.

B. The MESFET Model

The study of TWF active zone is analogous to the com-
mon MESFET analysis. The differences regard transcon-
ductance determination and that the values of the param-
eters must be expressed for unit length. In comparison
with other studies, this one analyzes carefully the equiv-
alent circuit capacitance, considering the exact geometry
of the depletion region under the gate (Fig. 3) [13], [14].
Also capacitances due to the gate shape have been con-
sidered. For sake of brevity, only gate-source and gate-
drain capacitances formulas are shown for the saturation
zone of the FET characteristic. The gate-source (gate-
drain) capacitance is the rate of change of free charge on
the gate electrode, with respect to the source (drain) bias
when the drain (source) and the gate potentials are held
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Fig. 2. Equivalent distributed circuit of a TWF section. Z, Z,, and Z, are
the characteristic impedance of the lines. The inductances and the capaci-
tances with capital letters subscript represent the electromagnetic coupling

between the electrodes. All the elements represent quantities for unit length.
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Similar equations can be obtained for the non-satura-
tion zone. ’
The effect of the third dimension on the device behavior
must be analyzed, because the TWF is a few millimeters
long whereas common MESFET’s are some hundreds of
microns long. This fact causes a progressive phase delay
as the signal propagates along the gate electrode. Consid-
ering the TWF as a succession of many elementary par-
allel FETs, clearly this phase delay could produce a par-
tial phase cancellation of total current and, as a
consequence, a decrease of total transconductance. In-
cluding this physical phenomenon, the complete expres-

sion of transconductance for unit length is equal to
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To obtain amplification it is necessary to reduce gate
resistive losses; therefore we used for the gate at T-cross
section shape as a simple increase of the gate width (L)
produces a remarkable reduction of the transconductance
value [1]. Such a shape improves transconductance too:
the T-gate reduces the inner inductance of line, and, con-
sequently, the phase delay. Fig. 4 shows: the trancon-
ductance behavior versus frequency of a *‘normal’’ (i.e.,
parallelepiped) and of a T-gate TWF, calculated from (6).
Clearly the -T-gate keeps the transconductance value
higher with increasing the frequency.

Regarding other elements of the equivalent circuit, such
as the internal resistance and the characteristic impedance
of the lines, general expressions have been obtained to
describe actual device operation accurately. The three
electrodes are considered as three coupled microstrips in
the presence of a lower ground plane. In order to obtain
the drain and source electrode characteristics impedances
the following expressions have been used [7]:
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Fig. 4. Transconductance versus frequency of a ‘‘normal’’ (i.e., parallel-
epiped shape) and *‘T-gate’” TWF.

with
Ly = (1 + )) Vofrp,.

The real and imaginary parts of Z,, represent resistance
and inner inductance of the line respectively. The preced-
ing formulas include ‘‘skin effect,”” which reduces the
useful cross-section of the conductors when the frequency
increases.

Because of gate electrode’s position between the source
and the drain, its characteristics impedance can be cal-
culated as the parallel combination of two lines, each with
half the gate thickness. In this way one obtains

T T.h
zZ, = gacoth<gg> )

& 2wy, 2
with
L, = (1 + j) Vofru,,

W = max {W,, h}, h, = min {W,, h}.

In the T-gate impedance calculation the bar of the T is
considered as the strip width.

HOI. SiMuLaTION

Analyzing parasitic capacitances and the MESFET ac-
tive part, we have obtained general expressions, which
are not connected with the characteristics of a particular
FET and give, for the first time, an exact mathematical
model representing TWF electromagnetic behavior. From
this approach, we have developed a computer program,
which, starting from the physical dimensions of the elec-
trodes, the active zone doping, and bias, gives the TWF
propagation constants,

The structure supports three modes (three forward trav-
eling wave and three reverse) corresponding to three in-
dependent eigenvectors (each eigenvalue can be positive
or negative). While the first two modes are always lossy,
as in a conventional transmission line (i.e., the imaginary
part « of k;, is positive), by choosing appropriate physical
dimensions, the third mode can have a negative a over
some useful bandwidth (Fig. 5). In this way, the mode
can grow as the wave travels along the structure.

The analysis of several structures has allowed us to un-
derstand the critical physical parameter controlling the
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Fig. 5. Coefficient of the imaginary part of the propagation constant k;.
(—a) for two different device lengths.

amplification of the structure. First, the T-gate allows am-
plification by reducing resistive losses and keeping
transconductance value high. Fig. 6 shows —a« for both a
T-gate and a normal TWF. It is clear that it is very diffi-
cult to obtain amplification over a wide bandwidth if a
T-gate structure is not used [1].

Moreover, the device amplification increases. if an
asymmetrical shape of the electrodes is used. In particu-
lar, it is necessary to separate the drain from both the gate
and the source by 100 um. To prevent problems of DC
dissipation that this distance can cause, a self-aligned
configuration with high doped semiconductor on the gate
sides has been chosen for the MESFET (Fig. 3). This
configuration decreases resistive losses of semiconductor,
and it reduces the depletion region spreading in the gate-
- drain zone, reducing intrinsic capacitances too. A rather
high doping of active zone was chosen (N, = 3 - 107
atoms /m*). Although it reduces bandwidth by increasing
intrinsic capacitances, it produces a higher gain.

Since the results of the simulation program completely
depend on the dimensions and physical characteristics of

the TWF, it has been possible to optimize such variables. ‘

Table I shows the optimized dimensions needed for higher
gain over a wide bandwidth.

Fig. 7 shows the eigenvectors (i.e., V,, V; and V,) of
the growing mode for this structure. It is possible to ob-
serve that |V, is almost null; so, to excite this mode, the
TWF must be fed by a signal applied on an extremity of
gate electrode and carried out by the other one. The drain
can be grounded in both sides, whereas the source is ter-
minated in resistive loads (Fig. 8).

The simulation program also gives the scattering pa-
rameters of the TWF, analyzed as a six port structure.
The previous consideration about the low value of the
modulus of the drain eigenvector allows us (with some
calculations) to transform the 6 X 6 [S] matrix in a 4 X
4 matrix. In this way it’s possible to use a standard circuit
analysis program (Touchstone™) to evaluate the network
necessary to feed the device and match to the standard 50
Q lines.

Fig. 9 shows the global gain obtained with a 3 mm long
device, biased in the saturation region (Vps = 4 V, Vs
= 0 V). A flat gain of about 8 dB, better than those ob-
tained in previous works-[1], [5], [6], is predicted in the
range from 7.5 to 14.5 GHz.
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Fig. 6. Comparison of the imaginary part of the propagation constant ;.
(—a) between a “‘normal’’ (i.e., parallelepiped shape) and ‘‘T-gate” TWF.

TABLE 1
Source width w,) 2 pm
Width of gate T-bar W) 30 ym
Width of gate L) I pm
Drain width w,) 300 pm
Gate-source distance 10 pm
Gate-drain distance 100 um |
Conductor thickness ® I pm
Substrate thickness h) 30 um
Active zone thickness A) 0.2 pm
TWF length w) : 3 mm

Vg

Va

Fig. 7. Eigenvectors configuration of the growing mode for the structure
of Table 1.
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Fig. 9. Gain |8, | versus frequency of the TWF amplifier, obtained by
Touchstone™ analysis. ’

The model also explains the physical phenomenon nec-
essary to obtain amplification. The device can be consid-
ered as a succession of elementary FET’s, a transverse
conduction current flows in each elementary section and
depends on the local voltages of the electrodes (i.e., sum
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Fig. 11. Imaginary part of the propagation constant &, (— ) for the grow-
ing mode increasing the source-ground capacitance up to 10™° F/m.

of bias and traveling-wave voltage amplitudes). For this
reason, a power transfer from the biasing circuit to the
traveling wave can occur, if the electric field and variable
current are in opposite phase for each TWF section. In
this case, referring to Poynting’s theorem, the inner prod-
uct E - J is negative and the energy of the electromagnetic
wave increases. From these considerations the necessity
of optimizing the electrode geometry, to obtain the max-
imum power transfer from the bias circuit to the traveling
wave, is clearly observed. Looking at the eigenvectors
(Fig. 7) we can note that

VAR ARIIAP

taking into account this relation, an essential scheme can
be drawn to justify the previous statements (Fig. 10).

The electric field is directed from drain to source, and
the current flows from drain to source controlled by V,
and closes itself as a displacement current across the par-
asitic elements. The phase relation between this current
and the electric field between the source and the gate sat-
isfies the above-mentioned phase condition.

This mechanism explains the excellent theoretical be-
havior of the amplifier at high frequencies. As the dis-
placement current increases with the frequency the energy
exchange improves. This result justifies the addition of
some capacitance between drain and source to obtain am-
plification [5]. We have done some simulations with
changing source-ground capacitance (Fig. 11). Such tests
showed a considerable improve of the imaginary part of
the propagation constant (—«), when source-ground ca-
pacitance increases (compare Fig. 11 with Fig. 5).

Such phenomenon can be also explained by considering
that an increase of Cy, (Fig. 2) balances the high value of

the gate junction capacitance Cgy. So, it is possible to ob-
tain a matching of wave phase velocities on the two elec-
trodes. Such physical behavior can suggest a change in
the TWF configuration: an increase of Cy, by adding a
second Schottky contact for the source.

IV. CoNCLUSION

This work shows the possibility of obtaining growing
waves in a solid state planar structure and describes a the-
oretical model and a design method for a TWF. A new
amplifier, with a different physical shape, improves pre-
vious results [5], [6] and shows it is possible to obtain a
wide bandwidth distributed amplifier. Theoretical results
pointed out the necessity to use a T-gate structure. For
the drain electrode too, it is necessary to reduce resistive
losses by increasing electrode width. We can observe the
large distance between source and drain, necessary to ob-
tain such propagation conditions and to transfer the power
from dc bias circuit to traveling wave. Therefore, TWF
requires a very asymmetrical structure. Moreover, to im-
prove TWF performance, changes must be made in the
gate, by narrowing the gate width, and its Schottky con-
tact capacitance must also be reduced to increase band-
width.

To increase performance, further developments of TWF
physical configuration can be considered. Particularly, it
has been shown that the addition of a new Schottky con-
tact to the source side can yield increases in gain and
bandwidth.

NOMENCLATURE

A Active zone thickness.

Agq Depletion layer width under the gate
near the drain.

Ags Depletion layer width under the gate
near the source.

Cod Gate-drain capacitance.

Cys Gate-source capacitance.

E, ‘ Electric field inducing saturation in the
velocity of electronic drift.

gm(w) TWF transconductance.

o FET transconductance.

h Substrate thickness.

k;, = 8 — jo Constant of propagation of the i mode
.in the z direction.

L Width of the lower part of the T gate.

L, Width of the non-saturation region.

L, Width of the saturation region.

Np Doping density of the active zone under
the gate.

q ' Electronic charge.

t Conductor thickness.

vy Light velocity in vacuum.

Vig Voltage drop across gate non-saturation
zone.

Vi Built-in voltage.

Vs (Vas) Voltage drop between gate-source
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(drain-source) under the gate, inside
the semiconductor body.

distinct in the TWF. Starting from this observation and
using (A1) and (A2), it is possible to obtain the scattering

Vs (Vps) Voltage between gate-source (drain-  matrix. Equations (A1) and (A2) represent an easily solv-
source) contacts. able system of equations, by means of Laplace’s trans-
U, Electronic saturation drift velocity. form. After some calculations, one obtains the relation
V.(Vy) Source (drain) voltage. (matrix [T]) between the input (z = 0) currents and volt-
V, FET Threshold voltage. ages, and the output (z = W) ones [15]:
/4 Device length. ~
W, Lines’ width m = s, g, d. V(W) V(0)
) =m (A4)
Iw) 1(0)
[Q1(p)) cosh (piW) 2, [i(p)] [Z] sinh (p, W)
i=1 le(pl) i=1 le(pl)
ri={ . ) (AS)
5 [@(p)] [ Y] sinh (p; W) 2, [02(p,)) cosh (p, W)
i=1 P.R(p;) i=1 pR(p)
Z, Characteristic impedance of the TWF  with
lines. 3
o M'etal cgnductiv'ity.. Rp) =11 (p,+p)(pi — o)
€ Dielectric permittivity. n=1
T Switching time of the FET. "
[0:1(p)] = plIE] - [Z]1Y]
ApPENDIX [0:(p)I = piIE] — [Y]1Z]

Here a quasi-TEM wave propagation is analyzed, start-
ing from the analysis of the equivalent distributed circuits
(Fig. 2). Using the Kirchoff laws, the transmission line
equations are obtained in matrix form to take account of
the three coupled lines:

vV
A [Z11 (A1)
dz
aI
—-— =[Y]V (A2)
0z
with
Vs I
V={V,} I=11
Va 1y

The following specific solutions are chosen: V =
Voe 72+ where V is the eigenvector, V, its magni-
tude and k£, its complex eigenvalue (propagation constant
or wave vector). In this way from (A1) and (A2), we have

KI[E1V = —[Z][Y]V (A3)

where [E] is the unit matrix. The solution of the eigen-
value problem, expressed by (A3), allows the calculation
of the three propagation constants (i.e., k, i = 1, 2, 3) of
the three modes propagating in the TWF. The process of
analysis consists in getting admittance and impedance
matrices of the TWF structure, starting from the equiva-
lent distributed circuit and, then, in solving the eigen-
value problem. This study shows that all eigenvalues are

pi=jkiz i=1,2,3

where [Q; (P;)] and [Q,(P;)] are the adjoint of [Q,; (P;)]
and [Q,(P;)]. Knowing the matrix [7], it is possible to
obtain the TWF open-circuit impedance matrix {Z,.]. To
make calculations easier, matrix [T] can be partitioned as

[A] [B
7] = ( [ ]>'
[C] [D]

After some algebraic manipulation one obtains
—[C ~1 D —[C -1
<[][] ) [C] ‘1>.(A6)
- [B] = [4}1[C]7'[D] —[4]IC]

From (A6) we easily have the scattering matrix [S], be-
cause of

[Zoc] =

[S] = ([Zoc] - [7]]) ([Zoc] + [7’])_1 - (A7)

where the diagonal matrix [9] represents the impedance
matrix of TWF port lines.

By using the described procedure we can determine the
scattering matrix of TWF, considered as a six port struc-
ture. The TWF scattering matrix has the following sym-

metry:
S S
51 = <[ 1] [2]>
[S,1 [S,)

where matrices [§,] and [S,] have 3 X 3 dimensions and
matrix [S] has 6 X 6 dimensions. Such symmetry can be
easily explained by examining the TWF itself, because
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one obtains the same electromagnetic configuration by ex-
changing input and output lines.
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