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A Traveling-Wave High Electron Mobility Transistor

M. B. Anand, Prasanta K. Ghosh, Senior Member, IEEE, Philipp G. Kornreich, Member, IEEE, and D. J. Nicholson

Abstract— A traveling-wave high electron mobiligy transistor
(THEMT) is proposed. The proposed device is unique in that
it includes an integral distributed load resistor and that it uses
a high electron mobility transistor as the active device. A rig-
orous analysis of the device is carried out, using a small-signal
equivalent circuit model for an incremental secton of the device.
Losses and reflected waves are not neglected, as has been done
in other work. Treating the device as a 4-port network, closed-
form expressions for S-parameters are derived, we believe for
the first time. Theoretical calculations using equivalent circuit
parameter values of a HEMT reported in the literature, show
that the proposed device is capable of exponential increase in gain
with device width. Power gain of more than 10 dB at 50 GHz and
remarkably flat response in the frequency range 10 GHz to 100
GHz are shown to be achievable for a 1 mm wide device.

I. INTRODUCTION

HE CONCEPT of integral traveling wave structures is not

new. In these devices, a field effect transistor structure
is stretched out along its width to take advantage of the
increased signal transit time and thus obtain higher bandwidth
and gain. Mclver [1] proposed one such structure in which
the gain of the device increases exponentially with the device
width. Mclver’s simplified analysis was supplemented by W,
Jutzi [2], Kohn and Landauver [3], who showed that passive
reactance coupling between gate and drain lines provides for
automatic phase velocity synchronism in the gate and drain
lines, and thus exponential signal growth. Recently, several
authors have addressed this topic [4]-[6]. Podgorski and
Wei [4] proposed and analyzed two traveling-wave structures
using Schottky-barrier field-effect transistors, but their analysis
neglects coupling due to parasitics. Further, these structures are
difficult to fabricate since they require multi-level technology.
Ce-Jun Wei [5] and A. J. Holden et al. [6] have also considered
traveling-wave field-effect structures.

We propose a traveling wave high electron mobility tran-
sistor (THEMT). The proposed device is different from all
previous work in that it includes an integral distributed load
resistor which is useful in controlling device response and
it uses a high electron mobility transistor (HEMT) as the
active element. Ce-Jun Wei’s structure [5] is somewhat similar
but he uses an image gate with an adjustable bias instead.
We present a rigorous analysis of the proposed structure. A
transistor equivalent circuit model for an incremental section
of the device is used to derive solutions for the traveling

Manuscript received March 28, 1990; revised July 15, 1992,

M. B. Anand. P. K. Ghosh and P. G. Kornreich are with the Department
of Electrical and Computer Engineering. Syracuse University, Syracuse, NY
13244-1240.

D. J. Nicholson is with RADC/DCLW, Griffiss AFB. Rome, NY 13440.

IEEE Log Number 9206308.

waves in the structure. The transmission lines are treated as
lossy structures. Reflected waves are not neglected in contrast
to Ce-Jun Wei’s work and passive reactance coupling due to
parasitics is not neglected either, unlike Podgorski and Wei’s
work. In addition we derive, we believe for the first time,
a complete S-parameter formulation of the device in closed
form treating the device as a 4-port network. The S-parameter
expressions are used to show the frequency response of the
device and the variation of its gain with the device width.
Equivalent circuit parameter values of a HEMT reported in
the literature [7] are used in all these calculations. Fuither, we
show that the presence of exponentially growing waves in the
device is critically dependent on the equivalent circuit element
values by demonstrating a case where the device actually
produces an exponential attenuation instead of growth. In this
context, the importance of the integral load resistor as means of
“tuning” the device to produce the desired exponential growth,
of the gain is shown.

II. PROPOSED STRUCTURE

The structure of the proposed device is shown in Fig. 1. The
underlying transistor structure is the normal HEMT structure.
The transmission line structure that supports traveling waves is
fabricated on the top wide gap semiconductor layer as follows:
a wide metal strip ohmically connected to the channel through
a highly doped region forms the distributed source of the
device. This strip is grounded since the device is operated
in the common source configuration. Next to the source line
is a metal strip which forms a Schottky barrier contact to the
top wide gap semiconductor layer. This forms the distributed
gate of the device. The electronically completely depleted top
layer under the gate line forms the gate insulation. The next
metal line, also ohmically connected to the channel forms the
distributed drain of the device. The forth metal line, again
ohmically connected to the channel, is the supply line. It is
connected to a dc supply voltage and is an ac ground. The
integral load resistor with its parallel load capacitance is made
up of the portion of the channel between the supply and drain
line.

III. ANALYSIS

A. Dispersion Relation

The dispersion relation expresses the propagation constants
of the modes present in the device as a function of the
frequency. This expression is useful in deducing information
about the nature of the modes, as shown later in this section;
the signs of the real and imaginary parts of the propagation
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constants help in deducing whether a mode is forward or
reverse-traveling, growing or decaying.

The dimensions of the device in the y-z plane are much
smaller than a wavelength at the maximum operating fre-
quericy considered, 100 GHz. This allows us to model the
device by incremental lumped circuit parameters. The equiva-
lent circuit of an incremental section of the device is shown in
Fig. 2. This model, is due to [7] except for the load resistor G
and load capacitor C. Referring to Fig. 2, the loop equations
for loops 1 and 2 are, respectively:

Vo(w,z + Az) — Vo(w, 2)]/ Az

= —(Ry + jwLg)ly(w,z) Y]
Vilw,z + Az) — Vy(w, z)]/ Az
= —(Rq + jwLa)la(w, z). @

The nodal equations for nodes A and B in Fig. 2 are,
respectively:

Ug(w,z + Az) — Ij(w,z)]/ Az
= My (w) Vy(w,z + Az)

+ Mis(w) Vy(w, z + Ax) (3)
[lag{w,z + Az) — I4(w, 2)]/ Az
= le(w) Vg(w,w + Ad?)

+ M2 (w) Va(w,z + Ax) @

where M, ;(w) are complex non-standard admittance parame-
ters per nit width of the device and I;(w, ) and V;(w, z), are
phasor voltages and currents. The derivation of the M;;(w)
from a detailed loop and nodal analysis of the equivalent
circuit is given in the Appendix:

In the limit as Az goes to zero the differences in the above
equations become differentials and we obtain the Telegrapher’s
equations relating gate voltage and current with those of the
drain and through M parameters (Appendix). From those
we obtain the following coupled second order differential
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equations for the voltages on the gate and drain:

d*V,/dz® + Z4 M1V,

+ ZgMi3Vy=0 %)
d*Vy/da® + ZyMaiV,

+ ZyM22Vy = 0. (6)

Since a two-coupled transmission line system is being
considered, two modes of propagation, each with forward and
reverse traveling waves, must exist in this device. Thus, four
exponential terms must be present in both the solutions for
V, and V. Accordingly, we assume the following traveling-
wave solutions for the voltages in the above two simultaneous
differential equations:

V, = A€ 4+ Ape?”

+ Aze™ " 4 Ay " M
Vy = B1e"% 4 Boe™®
4 Bze™M% 4 Bye™ 2", ®)

An exactly similar procedure for the currents yi¢lds

Iy = CreM” 4 Cae™”
+ C3e™ "M% 4 Cye™ 72" )]
I; = D1e™M% + Dy

+ D3e "% 4 Dye™ "%, (10)

Where the 4's, B’s, C’s and D’s are constants which de-
pend on the boundary conditions, 1 and 7y, are the propagation
constants of the two modes mentioned above and the e¢7* and
e~ " terms indicate forward and reverse traveling waves. The
solutions for y; and 9 are obtained from the coupled wave
equations (5) and (6) as:

vi9 = {—(k11 + ka2)/2 % [(k11 + k20)?/*
— (k11 kag — kiakay )]Y/2}1/2 (1
where kll = Zngl, klg = Zngz, kgl = ZdM21 and

koo = ZgMss. The “1” and “2” subscripts of 8, 7 correspond
to the “+ ” in (11). ,
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Fig. 3. Real and imaginary parts of 1 as a functions of frequency. Values

of g¢,, are in S/mm.

Real and imaginary parts of «; as functions of frequency
are shown in Fig. 3; the equivalent circuit parameter values
used in these plots are taken from reference [7] except for
the following assumed values, G; = 0.01 S/mm and C; =
0.48467 pF/mm. These values are selected after several tests
to demonstrate possible different nature of the resulting waves.
The imaginary part is positive for all values of frequency and
gm; further, it is almost linear with frequency. This indicates
that the phase velocity of this mode is almost completely
independent of frequency. The real part is also positive for
the most values of g, but does however, become negative
for frequencies above 50 GHz and for g, = 0.75 S/mm. Our
results indicate the combination of positive real and imaginary
parts creates a decaying mode; whereas, the combination of
negative real part and positive imaginary results in part a
growing mode. Thus, for the set of equivalent circuit parameter
values used, ~; is a decaying mode for frequencies less than 50
GHz, for all values of g,,, considered, but turns into a growing
mode for frequencies above 50 GHz at g,,, = 0.75 S/mm. A
plot of the real and imaginary parts of v, (not shown) indicates
that this mode 1s a decaying one for all values of g,,, over the
whole range of frequencies considered.

B. S-Parameters

To derive the S-parameter expressions, we begin by embed-
ding the device in a transmission line structure, as shown in
Fig. 4. The S-parameters obtained would then be normalized to
the characteristic impedances of the feeder transmission lines
at the respective ports. For the sake of simplicity, we assume
the characteristic impedances of all four feeder transmission
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Fig. 4. Embedded structure used in S-parameter derivation.

lines to be equal to Zj; this assumption will, however, be
generalized later.

The number of unique, nonzero S-parameters and the form
of the S-matrix can be obtained by applying the following
arguments. Since ports 1 & 3 and 2 & 4 assumed to lie on
exactly the same sectional planes of the device, the coupling
between ports 1 & 3 and 2 & 4 must be equal to zero. This
means that S5 and Ssq1, 594 and Sy should all be equal to
zero. Further, the lateral symmetry of the device along its
width dictates that ports 1 and 2 be interchangeable; similarly
ports 3 and 4 are interchangeable. Using these arguments the
S-matrix of the proposed device can be deduced to be of the
form shown below in (12).

We first note that the sets of constants A;.B,,C, and
D, (i =1,2,3,4) in the (3) through (6) are not independent of
each other. In fact since the voltages and currents are coupled
by the circuit equations only one set of constants is needed to
completely define the other three. Using (1) and substituting
for V, and V; from the solutions (3) and (4). we obtain:

gu :;12 SO S14
0
S1=170" 5 Si S 12
Sza 0 S3y Sa3
By = —(7f + k1) A1 /K12 (13a)
By = — (73 + k11) Az [k12 (13b)
Bs = —(7f + k11)As/ ka2 (13¢)
By = —(v2 + k1) Ay k1. (13d)

Using the Telegrapher’s equation and substituting for Vs
and I, in it from solutions (3) and (5) respectively, we obtain
expressions for the C’s in terms of the A’s and substituting
for V; and 1; in Telegrapher’s equation from solutions (4) and
(6) respectively, we obtain D’s in terms of A’s.

Thus all constants can be defined in terms of the A’s.

The defining equation for the S-parameters is

(14)

Where [B] are the reflected “power” waves at all the ports
and [A] are the incident power waves. Since we have assumed
that the normalization impedances are the same at all ports,
the same S -matrix also relates incident and reflected voltage
waves. Now, the voltage on the feeder transmissions lines
of ports 1 and 3 can be expressed in terms of the boundary
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voltage and current, in this case the load voltage and current,
as follows [8]:

V= e'yac(% + IbZ(])/2 + e‘”’”(Vb - IbZ())/Z

where V;, and I, are the boundary voltage and current respec-
tively. “ v” in the above equation refers to the propagation
constant 1n the feeder transmission line and is not to be
confused with the propagation constants in the device itself.
Referring to Fig. 4, port 1 corresponds to the z = 0 end of
the gate line. Thus, putting = 0 in the solutions for V; and
I,, (3) and (5), we obtain:

(15)
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feeder transmission line is assumed to be zero in (19) and (20).
This is done to calculate the S-parameters of the device itself
i.e., to avoid including the phase difference introduced by the
transmission lines; it is however, a simple transformation of
the S-matrix to include finite-length transmission lines, once
the S-parameters of the device are calculated. For port 3, the
boundary voltage and current are,

Vay = By + By + B3 + B,
Iy = D1+ Do+ D3+ Dy

02y
(22)

Substituting (21) and (22) into (15) and using (2) and (3)

Vie = A1+ Ax + Az + Ay (16) we obtain:
Ly=Ci+Ca+Cs+Cy a7 Ve = a et mZa) (o + kY
=
In (15), we note that the e terms corresponds to a wave 2k12Za )
traveling in the negative z direction, and the e 7" term — A, (Za + 7v220)(7z + k11)
corresponds to a wave traveling in the positive = direction. 2k1224
Thus, the former constitutes the reflected wave and the latter _ 2 (Za — 11Z0)(¥3 + k11)
the incident wave at port 1. Substituting eqns. (16) and (17) 3 2k1274
into (15? and making use of the relatipns between the C’s and 4 (Za — 12Z0) (V2 + F11) )
A’s derived earlier, we can then write, for the reflected and - A4 We1oZq (23)
incident waves at port 1,
or
-_4 (Zg +11%)
-4 27, Vi =qA1 + 1Ay + sAz + tAs (24)
(Zg +1220)
A and,
AT,
PN i) Vit = s A1+ tAs + qAs + 1Ay (25)
+ - < - 7
22, The procedures are similar for ports 2 and 4; the only
(Zg — v22p) (18) difference is that, for these two ports, the ¢”* term corresponds
27, to the incident wave and the e™ 7 term corresponds to the
or, refected wave.
Vim =mAi; +ndz + 045 + pAs (19) [V~]=[X][4] (26)
and, V] =[¥][4] @7
V" = 0A; + pAs + mA;z +nAy (20) where [X] and [Y] are matrices of the constants, m,n, 0 etc.
+ and [A] is a vector of A;’s. From (26) and (27), we have,
where V; stands for the reflected voltage wave, V|~ stands
for the incident voltage wave. Note that the length of the V-] = [X][Y] VT (28)
S = [o(mr — ng)e 720 4 (sn — or)el™=1)% 4 n(og — ms) (302)
U U mmr — ng)e® 2w 4+ o(sn — or)eCe=1)w 1 plog — ms)
r(m? — 0%)e™* + g(op — mn)e™™ + s(on — mp)e~ 1Y )
Sy = ° (30b)
| m(mr — ng)eM+12)% 4+ o(sn — or)e(2=7)% + p(og — ms)
n(m? — 02)e™% + wlop — mn)e™™ + o(on — mp)e” "
514 = (3OC)
m(mr — ng)e+12)w 4 o(sn — or)e(2=")% 4 p(og — ms)
[ (g% — s2)e™¥ + g(st — rq)e™ ™ + s(sr — gt)e” M"Y )
S3p = (304d)
Lg(mr — nq)e(‘h‘i-‘m)w + s(sn — orr)e(‘/z Tlw 4 t(og — ms)
n(q® — s2)e™¥ 4 m(st — rq)e™™ + o(sr — qt)e™ MY
Sy = (30¢)
L g(mr — ng)e(M+72)w + g(sn — or)el2=7)W + {{og — ms)
[s(mr — ng)eOt )% 4 g(sn — or)e(2=7)% 4 r(og — ms)
S3z = (300
| g(mr — ng)etnt1w 4 g(sn — or)e(r2=712)w + t(og — ms)
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Fig. 5. A plot of |S11]? as a function of frequency. Values of gn, are in §
per mm and width w is 1 mm.

The S-matrix is therefore,
[8]=[X][y]™! (29)

After carrying out the algebra involved, we obtain the closed

form expressions for the S-parameters, shown in (30a)—(30f)"

at the bottom of the previous page where, “w ” is the width
of the device.

If the normalization impedances are desired to be unequal
at the different ports, the above S-matrix can be transformed
to account for that fact. Such transformation is described
elsewhere [9].

Figs. 5-8 show the variation of the different S-parameters
as a function of frequency and for different values of g,,.
For these plots the characteristic impedance of the feeder
transmission lines is assumed to be 50 ohms; further in order
to demonstrate the existence of growing waves in the device
the following equivalent circuit parameters were selected:

G4s =1 x 107*S/mm (the channel is assumed to be
in the pinched-off condition)

G1=1x1073S/mm and
C1 = 0.048467 pF /mm.

As shown in Fig. 5 the magnitude of Sy; fluctuates with
frequency, the variations becoming less with increasing g.,,.
We believe this behavior is due to “Fabry-Perot” resonances
caused by mismatches at the boundaries between the device
and the feeder transmission lines. Similar resonances are also
apparent in the behavior of the drain reflection coefficient Syy
(Fig. 8).

40|

20

Frequency in GHz
40 70

0.0

s, , 2 indB

-40L

Fig. 6. A plot of |S14|2 as a function of frequency. Values of g, are in
S/mm and width w is 1 mm.
3
a0l

a0l

Fig. 7. A plot of |S41]? as a function of frequency. Values of g, are in
S/mm and width w is 1 mm.

In general, the isolation between the gate and drain de-
creases with increasing frequency. This behavior is depicted in
Fig. 6. The behavior of the power gain of the device is shown
in Fig. 7. The desired flat frequency response of the gain is
seen to be present over the frequency range considered; the
gain does not fall off rapidly with increasing frequency and
the power gain of the device exceeds 10 dB over the whole
frequency range, 10 GHz to 100 GHz, for g,, = 0.5 S/mm.
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Fig. 8. A plot of [S44|? as a function of frequency. Values of g are in
S/mm and width w is 1 mm.

Fig. 9, showing the power gain as a function of the device
width, clearly illustrates the definite presence of a growing
mode in the device; |Sy4;|? increases exponentially with device
width, with the power gain exceeding 20 dB at 50 GHz for
w = 2 mm and g,, = 0.5 S/mm. A signal growth rate of more
than 10 dB/mm is indicated at 50 GHz for g,,, = 0.5/mm.
Further, the growth rate increases with increasing g,,.

IV. SUMMARY

We have proposed a traveling-wave high electron mobility
transistor. Such a device is expected to combine the inherently
higher gain of HEMT’s with traveling-wave action to provide
high gain, high bandwidth performance at millimeter wave
frequencies.

The proposed device is unique in that it includes an integral
distributed load resistor and load capacitor. A rigorous analysis
of the device has been carried out based on a transmission line
model. Dispersion relations have been derived for the modes
present in the device. It has been shown that the presence of a
growing mode in the device is dependent on the equivalent
circuit parameter values. In this context, usefulness of the
integral load resistor and load capacitor as relatively easily
controlled design parameters, prior to fabrication of the device,
has been demonstrated.

Closed form expressions have been derived for the S-
parameters of the device, we believe for the first time using
device parameters value from published literature.

For a device width of 1 mm and transconductance of 0.5
S/mm, the theoretical power gain has been shown to be in
excess of 10 dB for the whole range of frequencies from
10 GHz to 100 GHz. A remarkably flat theoretical frequency
response has also been demonstrated, with the gain varying by
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Fig. 10. Reduction of current source and parallel elements to voltage source
and a series element.

not more than 2 dB over the entire frequency range, from 10
GHz to 100 GHz. Thus, although more work needs to be done
in characterizing the device, in terms of noise performance
and stability, the proposed THEMT seems to be a promising
candidate for high gain amplification in the millimeter wave
frequency range.

APPENDIX

Derivation of Admittance Parameters M;;

Referring to Fig. 2, we notice that the combination of the
current SOUrce gy, and the components Cy; and G4, in parallel
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Fig. 11. Circuit used for deriving admittance parameters M, ;.

to it, can be reduced to a voltage source and a series element.
The reduction is shown in Fig. 10. Referring to Fig. 11, which
is just a part of the complete equivalent circuit, we can write
the following nodal equations:

[y(x + Az) — I (x)]/ Az

=NL/Ax—I/Ax (A1)
[Ii(x + Azx) — Ii(z)]/ Az

=—-hL/Azx —I3/Az
— (G1 + jwCVy(z + Ax) (A2)

The aim is to eliminate I; and Iy in the above equations,
in terms of V,(z + Ax) and Vy(z + Agz). Let us define:

Ig=05+1
Ip=L -1

(A3)
(Ad)
This, it is required to obtain I4 and Ip in terms of

Vo(z + Az) and Vyi(z + Az). Referring again to Fig. 11,
we can write the following loop equations:

Vo(x + Ax) =[1/jwCys + 1/G, + 1/G,]

- Iy/Az 4+ [1/G |13/ Az (A5)
Va(z + Az) =[1/Ga +1/Y + 1/G]

- I3i/Az+[1/Gp|1/ Az

+ [1/Gs = gm/jwCysYIa/ Az (A6)

0= [1/ijgd]I1/A:z;
+ [1/jwCys + 1/G,
+ gm/JwCys Yo/ Az — [1/Y I3/ AEAT)
Substituting the defining (A3) and (A4) into the above three
equations, we obtain:
Vol + Az) =[1/G:]la/Ax
+ [1/jwCys + 1/Gs + 1/G;]Ig/ Az
+ [1/jwCys + 1/G, )1 [ Az
Vile + Az) =[1/Gp + 1/Y + 1/G,|14/ Az

(A8)

+ [1/Gs — gm/[jwCyY)Ip/Ax

— [1/Y + gm/jwCysY 1/ Az
0=—[1/Y]I4/Ax

+ [1/ijg3 + g’m/jwogsy + 1/G¢]IB/A:E

- [1/jwCga + 1/jwClys

+ gm/iwCysY +1/G; +1/Y ]I/ Az (A10)

(A9)

Using (A10), I; can be eliminated from (A8) and (A9) to
obtain the following expressions:

VG(.’IT + A.’I}) :NlllA/AX

+ N12[B/AIE (A1D)
VD(SU + AIE) :NglfA/AX
+ No2lp/Ax (A12)

Inverting the above N-matrix, we can obtain expressions for
Ia/Az and Ig/Az in terms of V(2 + Az) and Vy(z + Az).
Substituting these results into (Al) and (A2) then, gives us
the required M -parameters.
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