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Traveling-Wave IMPATT Amplifiers
and Oscillators

RICHARD K. MAINS, MEMBER, IEEE, AND GEORGE I. HADDAD, FELLOW, IEEE

Abstract — Traveling-wave IMPATT oscillators and amplifiers are
analyzed using a large-signal transmission-line model. A specific case for a
GaAs structure at 33.7 GHz is examined in detail. General equations
relating to the design and expected power output from these devices are
also developed. It is concluded that more RF power can be generated by
traveling-wave structures than is obtainable from discrete IMPATT de-
vices.

I. INTRODUCTION

N 1968, MIDFORD and Bowers [1] presented experi-

mental results for an elongated Si IMPATT (L =4-10
mm) operated as a traveling-wave amplifier in the form of
a strip transmission line. An analysis of this type of
structure was provided by Hambleton and Robson [2] in
1973. In their analysis, Maxwell’s equations were solved in
conjunction with a simplified, uniform IMPATT device
model. Fig. 1 shows the geometry considered in the analy-
sis. Region 1 in this figure is the active device region and
region 2 is the substrate region. The results of this analysis
showed that this problem can be treated approximately as
an equivalent transmission-line problem, where the series
resistance R and series inductance L, are given by

b+a+d+3,

Rs=wy‘0 w

and

)

In the preceding equations, a is the thickness in the
x-direction of the p* layer in Fig. 1 and §,,, §;, and §, are
the skin depths in the metal contacts, the n™ layer, and the
p* layer, respectively, given by
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Fig. 1. Distributed IMPATT structure. Region 1 is the active device,
region 2 is the substrate, and the shaded areas are the metal contacts
(from Hambleton and Robson {2}).

where o, (2 'm™!) is the conductivity of the appropriate
region 1. ‘

The equivalent transmission line is loaded by a shunt
admittance Y, where )

Y, =w[Gp + jBp] (9—1/111)- (4)

In (4), Y,=Gp+ jB, (2 'm~?) is the IMPATT diode
admittance per unit area.

Analyses were carried out in [2], using these equations,
that showed, in particular, the effects of the thicknesses
and resistivities of the n* and p* regions in Fig. 1 on
expected device performance.

In 1978, Franz and Beyer [3] analyzed this structure by
solving Maxwell’s equations in conjunction with a distrib-
uted small-signal model for the IMPATT diode. Again, in
this and in their subsequent paper [4], they concluded that
the problem may be regarded, to a good approximation, as
that of an effective transmission line. Also, they indicated
[4] that an effective large-signal analysis might be carried
out by allowing the shunt admittance Y, to be a function
of the RF voltage along the transmission line, rather than
a constant. Their analysis was limited by the fact that they
assumed the substrate to be a perfect conductor, so that
the analysis does not contain the effects of substrate
thickness and resistivity included in Hambleton and
Robson’s earlier work [2].

In 1983, Bayraktaroglu and Shih [5] reported experimen-
tal results for distributed GaAs IMPATT oscillators. Out-
put powers obtained were 1.5 W at 22 GHz, 0.5 W at 50
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Fig. 2. Section of length L used to model the distributed IMPATT.

GHz, and approximately 7 mW at 89 GHz. Based on the
results of the present investigation, it is not believed that
the structure presented in [5] was optimum for traveling-
wave IMPATT operation, so that higher output powers are
expected in the future.

In 1985, Fukuoka and Itoh [6] carried out a field analy-
sis of traveling-wave IMPATT structures. A small-signal
IMPATT device model was used where diffusion was
neglected and drift at saturated velocities was assumed.
The effects of losses in the substrate and conductor regions
were included in their analysis.

A field analysis incorporating a more realistic device
model has not yet been carried out. In this paper, a more
elaborate device model is incorporated in a simplified,
TEM transmission-line formulation of the problem.

II. DESCRIPTION OF THE MODEL AND METHOD
OF ANALYSIS

The distributed IMPATT structure is divided into a
series of uniform sections of length L. L is made small
enough so that the RF voltage does not vary appreciably
within each section. In these calculations, L was chosen to
be about A /100, where A is the wavelength of the travel-
ing waves along the line. Fig. 2 shows the representation
used for each section. In this figure, R, and L, are
obtained from (1) and (2). Gp(v,) is the diode conductance
in (27!/m?) obtained from large-signal simulation results.
Gp depends on v,, the RF voltage magnitude at the center
of the section. Similarly, the diode susceptance B,(v,) =
wCp(v,) is characterized by the capacitance Cp(v,) in
F/m? also a function of v,. Therefore, w(Gp+ jwCp)
gives the diode conductance per unit length, since w is the
width of the structure (see Fig. 1). The ABCD parameters
for the section of Fig. 2 are

LZ
‘4=14—K(Rs+ijQ7;
L3
B=(R,+ joL)L+Y,(R,+ joL,)'~—
C=Y,L
D=4 (5)

where w is the angular frequency of the voltage and
current waves at any point along the line and Y, is given

by (4). It is assumed that Y, is constant within each section
since L is small. The distributed IMPATT device is
modeled as a cascade of sections of this type, where Y.
varies from section to section according to v,.

Although the ABCD parameters in (5) are functions of
the RF voltage, useful information is also obtained by
considering the uniform transmission-line case for con-
stant Y, (chosen, for example, at the RF voltage where
maximum diode efficiency is obtained). The characteristic
impedance and propagation factor for the uniform line are
given by

Z ( R, + joL,
0 W(GD+jBD)

1/2
) @) ®)

and
y=a+ B
= [(R, + joL,)(Gp + jBp)w]*(m™1).  (7)

In (7), a is the attenuation (or gain) factor and 8 =27/A
is the phase factor for the line. Since wL, and wB,, are
typically an order of magnitude larger then R, and wG

Im(y) =8=27/A=JwL Bw (m1). (8)

B, is approximately wC, which, for punched-through
devices, does not vary appreciably with ¥z Then (8) is a
good approximation for the large-signal case, where Vg
varies along the transmission line. In contrast, the gain
factor a varies significantly with device negative conduc-
tance G,

Equation (8) is used as follows. First, it is assumed that
the IMPATT diode has been characterized at the desired
frequency of operation so that B, and w are known. Then
(8) can be evaluated from the geometry of the structure
and the conductivities of the n™, p*, and metal layers. This
gives A, which must be known to determine the correct
length of an oscillator for operation at the desired
frequency.

Equation (6) may be used to estimate the maximum
obtainable power from a traveling-wave IMPATT struc-
ture, either for the oscillator or the amplifier case. If V.
denotes the (peak) value of Vg for which maximum
device efficiency is obtained and G,(V )+ jBp(Viax)
denotes the device shunt admittance per unit area at this
RF voltage, maximum power is obtained when the voltage
at the load is approximately ¥V, ,, and when the line is
terminated in its characteristic impedance so that no power
is reflected at the load. Therefore, the maximum obtain-
able RF power is

Vnzlax Re(ZO)
2 Re*(Zy)+Im*(Z,)

where Z, is evaluated using Gp(V,,,.), Bp(Vipae)-

Fig. 3 shows the configuration used for the large-signal
analysis. The ABCD network represents a cascade of all
the individual sections of the type shown in Fig. 2 along
the distributed structure. Power is extracted at the right-
hand side, in the terminating impedance Z,. For the

9)

(PRF)max =
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Fig. 3. Overall configuration for the distributed IMPATT amplifier
analysis. Box labeled ABCD is a cascade of subsections of the type
shown in Fig. 2. (For the oscillator case, v, = 0 and Z, is either an open
or a short circuit.)

oscillator case, v, =0 and Z, will nearly be either a short
or open circuit. For the amplifier case, v, # 0, Z, = 0, and
Z, = Z, so that maximum power is transferred to the load.
The first step is to read in Gp(Vyp) and Bp(Vge), the
diode large-signal admittance data. Then; an initial guess
Vi is made as to the RF voltage distribution along the
transmission line. With V{2 known in each section,
Yo(Vi2) is determined by interpolating in Vzp between
discrete values read in. Then the circuit of Fig. 3 can be
solved for the ABCD parameters and the RF voltage
variation along the line, yielding the next guess V. This
process is repeated until the values V§{) are very close to
the values V{ !V obtained for the previous iteration; at
this point, the solution is converged and various quantities
of interest, such as output power and overall efficiency, are
computed.

At each iteration for the amplifier case, |v,] is set so that
[Vrgl| at the load is equal to a specified maximum value
read in as input (Vgp) .- Therefore, the final solution will
have the RF voltage magnitude (Vgg) .. at the load. Z;
is set to the characteristic impedance of the transmission
line calculated using (Vrp)max- FOr the oscillator case,
(VRE) max 2t the load is also imposed; however, Z; is set to
the negative of the input impedance exhibited by the
ABCD network terminated in Z, (see Fig. 3). The imped-
ance required to obtain oscillation at the desired frequency
is

B+DZ,

Zp=———1>".
T a+cz,

(10)
Therefore, if Z, is an open circuit, the oscillator is
terminated in — D/C, whereas if Z, is a short, the
termination is — B/A. These are the two cases considered
here.

After a converged solution is obtained for either the
amplifier or oscillator case, the RF power delivered to the
load is calculated as

1 5 R,
(PRF)L=§|VT‘ R2T+X% (11)

where V. is the (phasor) RF voltage at Z,. = R, + jX, .
The overall efficiency is calculated as

i (PRF)L_(PRF)in
n P,

(12)
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Fig. 4. IMPATT doping profile used for the distributed IMPATT oscil-

lator simulations.

where P, is the dc power input to layers 1 and 2 and the
p* layer in Fig. 1, and (Pgg),, is the RF power input on
the left-hand side (zero for the oscillator when Z, =0 or
Z,= ).

For all the simulations carried out, it was assumed that
the shunt IMPATT device is biased with a constant dc
current density J;. A/cm? and that the device temperature
is constant. Since the RF voltage varies along the line, the
dc operating voltage must also vary under these condi-
tions. However, if the entire line is dc connected as indi-
cated in Fig. 1, the operating voltage is forced to be
constant, which would produce variations in Jy, and T
along the device length. For the punched-through device
considered, the operating voltage variation versus Vgp is
slight (24.43 V to 24.97 V) so that the constant current and
temperature approximation may not introduce appreciable
error. Also, the line could be dc isolated at regular inter-
vals to allow for operating voltage variation. This would,
however, introduce undesirable reflections of the traveling
waves.

III. REsuLTS

Fig. 4 shows the GaAs double-Read IMPATT doping
profile used for the shunt device, where the distance axis of
Fig. 4 is along the x-direction of Fig. 1. To characterize
this device, simulations at f =33.7 GHz, T=500°K, and
J,.=5.8 kA/cm? were carried out versus Vyy using the
energy-momentum transport model [7]. Table I presents
the calculated device admittance G, + jBj, and operating
voltage V. An optimum efficiency of 1= 25.46 percent
was obtained for the device at V=15 V. (Beyond 15 V,
the efficiency drops; however, it is difficult to obtain
solutions using the energy-momentum simulation in this
region. In all the traveling-wave simulations carried out
here, |Vzg|<15 V.) For a discrete device operating at
Ver =15 V, choosing a device area 4=6.77x107> cm?
results in a negative resistance of 1 & and a power output
of 2.44 W. The width of the distributed device, w in Fig. 1,
was chosen as w=vA4 =8.23x10"* cm. The choice of
width is arbitrary in this analysis, since transverse wave
modes are not considered. Output power obtained scales
linearly with w and impedance values are inversely propor-
tional to the w value used.
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TABLE1
LARGE-SIGNAL CHARACTERIZATION OF THE IMPATT DEVICE OF
F1G. 4 AT T = 500°K, J;. = 5.8 kA /cm?, AND f =33.7 GHz

ey p By Vop
W) (o~lem™2) (97 1lem™?) W)
I - 667.3 1.88kx103 24,07
8 - 538.0 2.003x103 2k.55
10 - 481.5 2.059x103 2L.90
12 - L20.0 2.097x103 24,97
12.5 - 399.3 2.112x10°% 2h.o7
13 - 385.2 2.122x103 2k, 96
1k - 3U47.6 2.146x10°3 24.83
15 - 320.7 2.153x10°3 24 .43

The width and resistivity of the n* layer in Fig. 1 may
be chosen as follows (the width of the p* layer is chosen to
be zero in these simulations). The uniform line approxima-
tion is used and Gp, B,, for a particular V3, are selected
from Table I. A particular resistivity for the n™ layer is
tried, which determines §; in (1). Then the thickness 4 is
varied and for each value of d, (7) is solved to determine «
and A =27/B. If « and B are of opposite sign, for this
choice of n* resistivity and thickness, the line exhibits a
gain per wavelength given by e ™, For some value of d,
e Y will be maximized. This value d,, is the optimum
n* layer thickness for that choice of n™ resistivity and
results in the most efficient traveling-wave structure. Ex-
amining e (*M for different resistivity values then de-
termines the overall most efficient structure.

In addition to the optimum d,,, for each n™ resistivity
and G, B, (i.e., Vi) combination, the range of 4 for
which the device will exhibit gain may be calculated from
the following considerations. To exhibit gain, « + jB of (7)
must lie in the second or fourth quadrants of the complex
plane. This condition is equivalent to y? being in the third
or fourth quadrants or

Im(y?) =w(wLGp+ R,By) <0. (13)

Equation (13), nonlinear in d, is solved for the range of 4
over which the inequality is satisfied. Table II presents
these results for two V. values and for substrate resistivi-
ties varying from 5%1073 to 5xX107% Q-m.

The highest gain/wavelength values are obtained for
high substrate resistivities, which is consistent with the
results presented in [2]. It may be objected that for the
p =5x10"3 case, the n™ concentration is actually below
the n concentration for the IMPATT doping profile so
that, for this case, the diode depletion-layer edge would
extend much farther on the n side than is indicated in Fig.
4. To realize this case, a thin higher-doped layer would
have to be inserted between the diode n-type drift region
and the higher resistivity substrate. This layer would define
the diode depletion-layer edge.
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TABLE II
OPTIMUM SUBSTRATE THICKNESS, RANGE OF SUBSTRATE
THICKNESS FOR WHICH GAIN 18 OBTAINED, WAVELENGTH AND
GAIN/WAVELENGTH FOR VARIOUS Viy, o, COMBINATIONS

RF los n+ dop’(: dL_dH A Z(e))
) f{e-m) (cm=3) {ym) (um) (cm) e

15 5x1073  3.12x10l3 21 1.04-91.1  5.53x1072 1.48
15 5x107™%  3.12x1016 10 1.05-28.4  T7.75x10-%  1.37
15 5x10%  3.12x1017 b 1.1-8.55 0.113 1.21
15 5x107%  3.12x1018 1.65 1.33-2.0 0.150 1.01
L 5x1076  3.12x1018 1.70  0.0-4.63 0.156 1.85
L sx10-%  3.12x1016 10 0.0-bk.9 8.17x1072  2.53

TABLE III
CHARACTERISTIC IMPEDANCE AND MAXIMUM OUTPUT POWER FOR
DIFFERENT COMBINATIONS OF Vg, pg, AND d

zr s 4 5 () o) max
). (e-m) (um) o (W)
15 5x107" 10 4.508-30. 4408 ok, 72
15 5x107 3 b 3.004-30. 3661 35.86
15 5x1076 2 2.448-30. 3644 Lk, 06
4 5x107% ) 4.43-30.8689 1.7k

Table III shows the characteristic impedance Z for the
uniform line case for different combinations of Vi, p,,
and d. Also shown are estimates of the maximum RF
power available from each structure according to (9)
((VRE) max = Vap in Table III). It is seen that the most
power is obtained for the smallest substrate resistivity.
However, several problems with this structure should be
brought out. From Table II, the case with p,=5x10"¢
 —m has the smallest gain/wavelength factor, which re-
sults in the smallest overall efficiency n for this structure;
therefore, it is most likely to suffer from overheating. Also,
this case has the smallest range of 4 over which gain is
expected; practically, this means that very tight tolerances
must be maintained in fabricating this structure, and any
deviations from the design calculations (for example, in
the device characterization G, and Bj) may easily result
in no gain at all. A further disadvantage of this structure is
that Re(Z,) is small so that it is more difficult to match at
the load. For these reasons, it is better to design the
structure for maximum efficiency (i.e., maximum e~(*))
rather than maximum power.

Fig. 5 shows the results obtained for RF power and
overall efficiency for the oscillator case versus length in
units of A. Both the Z, =0 and Z, = oo cases lie on these
curves. Curves 1, 2, and 3 correspond to the combinations
(p,=5%X10"* @—m, d=10 pm), (p,=5%X10"° @ —m,
d=4 pm), and (p,=5%10"° @ —m, d =2 pm), respec-
tively. As already estimated, the case with lowest substrate
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L, A
Fig. 5. Power output and efficiency versus oscillator length for both
shorted and open oscillators. Curves labeled 1 are for (p, =5x1074
Q~m, d=10 pm), curves 2 are for (p, = 35X10"% @—m, d=4 pm),
and curves 3 are for (p, =5X107% @ —m, d =2 pm).
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Fig. 6. Distribution of |V along the transmission line for the oscilla-
tor case with (a) Z, = 0 and (b) Z, = .

resistivity exhibits highest RF power but lowest efficiency,
while the high substrate resistivity case gives lower power
but highest overall efficiency. The RF power saturates at
approximately L = 3.5\ for the highest resistivity case and
approximately SA for the p,=5X10"° @ —m case (it
should be recalled that A is different for the three cases,
according to Table II). The reason for the power saturation
is explained in terms of the forward and reverse traveling
waves along the transmission line. Fig. 6 shows the ideal
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Fig. 7. |Vrgl versus normalized distance from the load for the open-cir-

cuited oscillator case for (1) L=2X /2, (2) L=(3\/2), and (3) L= 3A.

RF voltage distribution for the shorted and open oscillator
cases. These curves presuppose complete reflection at the
load, since otherwise the voltage nulls would not go exactly
to zero. In the actual oscillator, not all the power will be
reflected at the load and, in fact, as more power is ex-
tracted from the oscillator, the RF voltage waveforms will
less resemble those of Fig. 6.

Fig. 7 shows actual RF voltage distributions for the
p, =5%10"* Q —m, d =10 pm case for different values of
oscillator length. The oscillator is open circuited at the
normalized distance = L/L =1 and (Vg) ma =15 V at the
load (0) for each case. It is seen that as the oscillator
becomes longer, the waveforms more resemble those ex-
pected for the amplifier case. The terminating impedance
decreases as L increases and approaches the characteristic
impedance Z; so that not enough power is reflected to
produce the ideal waveforms of Fig. 6.

In Fig. 5, case 3 for p,=5X10"¢ @ —m is still not
saturated at L=6A. In fact, it was difficult to obtain
converged solutions for this case for larger L, reflecting the
instability already discussed in relation to Table II.

The terminating impedance for the cases shown in Fig. 5
is nearly real and is approximately given by

( VRF )fnax
2P,

112.5
- w. (14)

L

n

(This equation assumes that the imaginary part X, is
brought to zero by slight adjustment of the oscillator
length and/or operating frequency.) For example, the
most efficient oscillator structure in Fig. 5 requires a
terminating resistance R; =217 for L=\ /2 and R, =
4.55 Q for L =S5A.

Fig. 8 shows results for the amplifier case with p,=5X
10~ “Q —m and d =10 pm for different values of (Vgg) max
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Fig. 8. Gain and efficiency for the amplifier case versus overall length
for three different values of (V) max 4t the load. (p, =5%107% @ —m,
d =10 pm).
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Ideal RF voltage magnitude waveform for the shorted oscillator
case with location of inactive regions indicated.

Fig. 9.

at the load. For each case, the output power is constant
according to (11); for (Vpp)max =3 V., it is Prp=2.61 W;
for (Vre)max =10V, Prp=10.77 W; and for (Vzp) ma =15
V, Pry=24.72 W. It is seen that the power gain increases
with decreasing (Vgp)ma, this is because |G| is larger for
smaller (Vpg)m... However, more power is generated in
the line as (Vrp) may i0Creases so that maximum efficiency
occurs for the (Vpp)ma =15 V case. If L is increased
beyond 3\, G, continues to increase and 7 to decrease for
each case; however, it becomes increasingly difficult to
minimize reflections at the load so that the reflected power
is small relative to the input power.

It is possible to increase the efficiency of the traveling-
wave oscillator above the 11.2-percent value shown in Fig.
5. When referring to Fig. 6(a) for the shorted oscillator, it
is seen that near integral multiples of A /2, [Vzg| is small
and therefore little RF power is generated. However, dc
power is still dissipated near nA /2 points since the entire
structure is biased into reverse breakdown. By making the
semiconductor inactive in the vicinity of nA /2 points
(n\/2+ A /4 for the open oscillator), the device will not
break down in these regions so that P, will be reduced.
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RWO, x/2

Fig. 10. Power output and efficiency versus inactive region width RWO
for the oscillator case with p, = 5x107% @ —m, d =10 pm for different
oscillator lengths L.

Py at the load will also be reduced, but not by much
since little RF power is generated near RF voltage nulls.
Fig. 9 indicates how this may be done for the shorted
oscillator, where the cross-hatched areas are inactive. If the
shunt device capacitance is maintained about the same as
before in these regions, additional reflection of traveling
waves is minimized.

Fig. 10 shows the RF power and efficiency versus inac-
tive region length (RWO in units of A /2) for both shorted
and open oscillators of different lengths. It is seen that the
optimum inactive region length is 0.45A /2, which in-
creases the overall efficiency from 11.2 to 15 percent. It
would not make sense to apply this technique to oscillators
much longer than 5\ /4, since, according to Fig. 7, the RF
voltage minima are far from zero as L increases.

It might be expected that, for large RWO values, the
efficiency should approach that of the discrete device, in
this case 25.46 percent. However, the value for the discrete
device is obtained by assuming zero series parasitic resis-
tance between the device and load. For the traveling-wave
structure, the transmission-line sections connecting the ac-
tive regions exhibit a nonzero series resistance which
reduces the power delivered to the external load. Even for
the case where the n* layer thickness d is reduced to zero,
the metal exhibits a series resistance due to its finite
conductivity and skin depth. In fact, the case for d = 0 was
tried and it was found that the traveling-wave structure
was not capable of delivering any power to the load due to
the transmission-line series resistance and reduced series
inductance. This result could be predicted from the lower
limit on the substrate thickness d, given in Table II,

Another method of increasing the efficiency of the oscil-
lator was pointed out in [2]. Near voltage minima, the dc
power may also be reduced by decreasing the width of the
structure, w of Fig. 1.

IV. CONCLUSIONS

It has been shown that traveling-wave or distributed
IMPATT devices are capable of generating significant
amounts of RF power at reasonable terminating imped-
ances and with reasonable efficiencies. Significantly higher
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powers can be obtained from such structures as compared
to discrete devices. There is a tradeoff, however, between
power output and efficiency. The highest power outputs
are obtained at lower efficiencies and, therefore, thermal
limitations must be considered for these devices. Various
techniques may be used to increase the overall efficiency,
howsver, at the expense of power output.

Proper design of substrate width and resistivity is essen-
tial for traveling-wave devices. Formulas have been devel-
oped to determine the d_,, and p, combination to yield the
best efficiency for each IMPATT doping profile and desired
operating frequency.

According to the transmission-line model adopted here,
output power scales linearly with the device width (w in
Fig. 1). However, as w is increased, transverse modes will
become important and the equations used will no longer
be applicable. Determining the effects of finite w requires
an electromagnetic field analysis of the traveling-wave
structure.
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