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The experimental results given in [2] agree well with the
theoretical predictions since the conditions given above are
approximately satisfied for the experimental structure which
consists of identical relatively loosely coupled microstrip
lines. However, for the general case of three-line microstrip
structures the analytical results given in this paper can be
utilized to formulate design procedures for couplers and
other circuit elements.

ITI. CONCLUSIONS

Symmetrical three-line microstrip or other inhomogen-
eous structures may be studied in terms of the normal
uncoupled wave modes and six-port circuit parameters of
the system. The expressions for the propagation constants,
characteristic impedances, and six-port parameters have
been derived explicitly in terms of the distributed self- and

729

mutual- impedances and admittances per unit length of the
lines. For the case of coupled microstrip lines, the results
obtained should be useful in the study and design of couplers
and other circuit elements. The theory applies to any
symmetrical coupled three-line dispersive, lossy, passive, or
reciprocal-active system and may be used to study such
systems in terms of their equivalent self- and mutual-line
parameters.
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Intermodulation Distortion Analysis of
Reflection-Type IMPATT Amplifiers
Using Volterra Series
Representation

ALAUDDIN JAVED, BARRY A. SYRETT, MEMBER, IEEE, AND PAUL A. GOUD, SENIOR MEMBER, IEEE

Abstract—Intermodulation distortion generated in a stable
mpATT amplifier is analyzed using Volterra series representation. An
mpaTT amplifier model, which takes into account the interaction
between the nonlinearities of the diode and its embedding circuitry, is
described. The Volterra transfer functions are derived for this model.
Nonlinear terms up to and including the fifth order are considered.
Intermodulation distortion products are calculated for a low-level
input signal consisting of two tones. The results of this analysis are
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extrapolated into the direction of increasing output power in order to
obtain the third-order intercept point. Further, closed form expres-
sions for the third-order intermodulation IM ; and intercept point P;
are derived. The distortion of a specific 6-GHz IMPATT amplifier is
evaluated for illustrative purposes; the predicted distortion behavior
compares favorably with experimental results.

I. INTRODUCTION

ICROWAVE oscillators and amplifiers using IMPATT

diodes are being utilized in areas such as telecom-
munications [1]. In many such applications, the inter-
modulation noise arising from IMPATT diode nonlinearities
becomes an important consideration. This paper investi-
gates the nonlinear distortion produced in an IMPATT
amplifier, using Volterra series as an analysis tool. The
Volterra series expansion allows a detailed and accurate
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representation of device characteristics including memory
effects. This technique has the additional advantage that
closed form expressions of the third-order intermodulation
distortion can also be obtained. Moreover, this approach
can readily be extended to investigate the nonlinear behav-
ior of other types of amplifiers [2]. This technique has been
used by others for related studies of intermodulation distor-
tion in video transistor amplifiers and in semiconductor
diodes, for CATV applications [3]-[6].

In the present work, Volterra transfer functions are
derived for an IMPATT diode -amplifier model which takes
into account the interaction of nonlinearities of the diode
with the embedding circuitry. An appropriate expression
representing the diode conductance and capacitanceis used.
At power levels where the diode nonlinearities are small,
nonlinear terms up to and including the fifth order suffice
to accurately characterize the nonlinear behavior of IMPATT
amplifiers. The intermodulation distortion resulting from an
applied two-tone signal is considered here. Komizo et al.[7]
have described theoretical calculations of intermodulation
products for a two-tone input, under the more restrictive
assumptions that zero delay exists between a variation of the
input signal level and the resulting RF voltage amplitude
across the active device. The results obtained here at low
signal levels can be extrapolated to the high signal level
region, to obtain the intercept point P,, between the fun-
damental and the third-order intermodulation products.
For third-order nonlinearities, the intercept point P, pro-
vides a convenient measure of the intermodulation perfor-
mance of the device [8].

II. IMPATT AMPLIFIER MODEL

Let us consider a simplified equivalent circuit for a
circulator-coupled IMPATT amplifier, as shown in Fig. 1. It
consists of a circulator, an impedance transformer, lumped-
constant circuit elements, and an MPATT diode. Although
IMPATT amplifiers may be represented by more complex
equivalent circuits, the simplified form shown in Fig. 1 can
be used over a limited frequency range of specific interest [9].
An MPATT diode may be represented at a constant operating
current by a parallel combination of negative conductance
— G, and capacitance C, since the imaginary component of
the diode is capacitive at a normal frequency of operation.
These diode parameters are nonlinear functions of the
amplitude of the sinusoidal voltage V, across the diode
terminals and the frequency of this applied voltage. In
IMPATT amplifiers having much less than octave bandwidth,
as considered here, the variation of —G, and C; over the
amplifier passband is small and can be neglected. Further,
the effect of odd-order terms in the power series expansion of
—G,(V;) and Cy(V;) on the fundamental current response is
secondary to the effect of the even-order terms [8], [10].
Hence, over the amplifier passband, the nonlinear character-
istics of the IMPATT diode may be expressed by
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n=2
CV)=co+AVi+ ) b,Vi )

n=2
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Fig. 1. Equivalent circuit used for distortion analysis of a reflection-type

IMPATT amplifier.
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Fig. 2. Measured large-signal electronic admittance as a function of RF
voltage amplitude and frequency.

where —g, and ¢, are small-signal values of the diode
negative conductance and capacitance, respectively, under
the given operating conditions; y, 4, a,, and b, are constants.
In the region of MPATT amplifier operation considered here,
where ¥ is much smaller than the dc bias voltage, the terms
for n > 2,1in (1) and (2) may be neglected [9]. The constants y
and / may be evaluated from the experimentally measured
admittance plot of the particular mMPATT diode used. A
typical diode admittance plot with diode RF voltage and
frequency as parameters is shown in Fig. 2. The constants y
and A for this diode are evaluated at the center of the
frequency range to which the amplifier is tuned, and these
values are found to remain almost constant throughout the
limited frequency range of interest. The equivalent load
admittance Y; as seen from the diode terminals is

Y, =G, —j(l/oL, — oC,). (3)

The equivalent voltage and current components of the
incident and reflected waves are represented by V,,i,, V,,and
i,, where the subscripts i and r refer to incident and reflected
waves, respectively. A circulator is used so that the input and
output will appear at separate ports. The voltage across the
diode terminals V; and the net current i; into the diode and
parallel L,C, network are given by

Vi= W+, )

In the equivalent circuit of Fig. 1, i; and V, are governed by
the following nonlinear integro-differential equation
. av,
h=Cogy
Substituting (1) through (5) [after ignoring the higher order
terms n > 2 in (1) and (2)] into (6) and differentiating, we

id:ii——

t 1 d
4 f_oo L—lVddt—i-a—t(CjV:i) -G,V (6)
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obtain

av,

dzv,
26, = (co+ Cy + 34V =

dt?

dv,
+[GL— g, + Vi !

dv,\?
+ 64Y, (—d?") + L7V, (7
Equation (7) is a differential equation which specifies the
nonlinear system under consideration within the constraints
of our model.

II1. DERIVATION OF THE VOLTERRA
TRANSFER FUNCTIONS

A sufficient condition for the existence of Volterra series
for a nonlinear system is that the operation of the system be
restricted to a region of asymptotic stability [11]. This
includes the stable IMPATT amplifiers under discussion. Thus
it is assumed that the nonlinear system under consideration,
specified by (7), can be represented by a Volterra series. We
now proceed to calculate the Volterra transfer functions
from the known system equations. For this purpose, we
make use of the harmonic input method [12]. The harmonic
input method is useful in computing H ,(jw 1, j@,, ", jo,) for
the first few values of . This method relies on the fact thata
harmonic input must result in a harmonic output when a
nonlinear system can be represented by a Volterra series.
Thus when

Vi(t) = exp (jo,t) + exp (jost) + - + exp (joo,t) (8)
where w; = 2nf,, i= 1,2, -, n, and «; are incommensur-
able, H, is given by
H"(jCO1, jw2> Y an)

= {coefficient of the exp [j(wy + w, + -+ + )]t

term in the expansion of V,(t) in terms of V}}. (9)

Using (8) and (9) in (7), we obtain the first few Volterra
transfer functions for the MPATT amplifier model under
consideration

. J2m,Gy
H _ 10
1(jey) Lyt — (co + Cl)w% + jo, (G — g,) ( )
H,(jwy,jws) =0 (11)

3
2((01 + Wy + (U3)[j3')) - 3}.((,01 + [OF) -+ CO3)] 1;[1 Hl(jw,)
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+j6y[Z5 1 Hy(joy)

: {2’4H1(jwz)Hg(jw3,jw4,jw5)}

+ 2% Hl(jw1)H1(jw2)H3

: (jw3,jm4,jw5)(w3 + w4 + 5]

— 124[Z5 0, Hy(jooy)

* {Z4(03 + 04 + 05)H, (jor,)H3(jos,j04,j05)}

+ Ty 0, Hy(jor JH (jo2 )Hs(jos,jws.jos)]]
[(co + C @y + w3 + ©3 + 0, + ws)* — L1

—j(GL— ga)(@1 + 0y + 03 + w4 + w5)] 7 (14)

The even-order Volterra transfer functions are identically
zero because the odd voltage terms in (1) and (2) can be
neglected for narrow-band amplifier operation. In
amplifiers with less than octave bandwidth nonzero even-
order Volterra transfer functions would produce IM (inter-
modulation) distortion products which fall outside the
passband.

IV. COMPUTATION OF INTERMODULATION DISTORTION

For the measured equivalent circuit parameters and an
input signal of the form

Vi(t)=V cos oyt + V cos m,t

(15)
the inband intermodulation products at 2w, — w,,
2w, — 0y, 3w, — 20,3, 30, — 204, etc., can be found.

One type of third-order intermodulation IM; can be
defined as the ratio of the amplitude of the (2w, — w,)
distortion product to the fundamental signal amplitude, in
the output signal V,. For the Volterra model, where nonlin-
ear terms up to and including the fifth order are considered,
the expression for IMj; is

V2 ,

= 2010g g oS |3H (joo,, —jos,jo,)

+ SVZHS(ij’ —jwlajwlajwb _ja)Z)

M, (dB)

(16)

The last two terms in (16) represent the contribution from
the fifth-order nonlinearity. The constants associated with
the third- and fifth-order contribution in (16) are readily

+ BV2H (jwy,jwy, — jw,jws,—jos) |-

(12)

Hs(jija’z,jwa) = (

H y(joo1,j2,j3,j04) = 0 (13)
H s(jeoysje0s, w35 jasjers)
= [—6i[Z5 i H(joy)
- {ZiH (jo )H s (jos, josjws)}
+ Zyo Hy(jo, ) H, (jor2)H

© (jos,jwe.jos)ws + 0y + ws)]

Co + Cl)(a)l + (7)) + (D3)2 - Li—l —](a)1 + (023)) + (D3)(GL - g,,)

obtained by computing the steady-state response of the
third- and fifth-order terms at the frequency (2w, — ,) for
the input signal (15).

Similarly, one type of fifth-order intermodulation distor-
tion IM5 can be defined as the ratio of the amplitude of the
(3w, — 2w,) distortion product to the fundamental signal
amplitude in the output signal ¥,. Since terms of higher
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order than the fifth are not considered in the Volterra model,
the expression for IM; is
5 V4 |H5(jw1,jw1,jw1, _jw2> —](1)2) |

IM; (dB) = 20 log
(17)

For small distortion, an expression for IM 5 in terms of the
parameters of the IMPATT amplifier model can be derived. In
this case, the third-order term in the Volterra series is the
major contribution to IM ; and the H 5 term can be ignored.
If we assume that 1) 0, ~ w,, and 2) the carrier frequencies
are very close to the resonant frequency, i.e.,®, ~ @, ~ m,,
then

W) X Wy ™ Wy = [LI(CO + Cl)]‘lll- (18)

Substituting (10) and (12) into (16), ignoring the H term,
and using the values of w, and w, given by (18), we obtain

36[y* + (Awo)’]"2

IM, (dB)~ 20 lo Giv: (19
? ( ) s (GL - gn)s(GL + gn) t ( )
Using V = (2P;,/G,)""?, we get
IM, (dB) ~ 20 log{[y* + (e )?*]*/?
2
: Gils +372 (20)

(GL - gn)a(GL + gn)

where P,, is the input signal power per tone.

Furthermore, in a two-tone test, the results obtained at
low power levels can be extrapolated into the direction of
increasing output power in order to define the third-order
intercept point P; (dBm) between the third-order distortion
product and fundamental output power levels. For third-
order nonlinearities, P, is a convenient parameter for com-
paring the intermodulation performance of devices [8], [13].
From (10), (12), and (20), it can be shown that

G+ 9.)(GL — g,)
[»* + (Ao )’]"2GE

P, (dBm) = 10 log + 1143, (21)

V. COMPARISON OF COMPUTED DISTORTION
WITH EXPERIMENTAL RESULTS

In this section, we apply the theory developed in the
preceding sections to compute the intermodulation distor-

tion products and intercept point for an IMPATT amplifier

having the small-signal gain characteristics shown in Fig. 3.
The experimental IMPATT amplifier was tuned for 17.3-dB
gain at the center frequency 5.905 GHz, with a 3-dB
bandwidth of 64 MHz. The electronic admittance of the
experimental IMPATT diode has been measured as a function
of RF voltage amplitude and frequency; the measured
admittance is shown in Fig. 2. The small-signal parameters
— gy and c,, together with the nonlinearity constants y and A,
were obtained by curve fitting (1) and (2) to these experimen-
tal results. Then the passive circuit parameters G, L,, and
C, of the equivalent circuit of Fig. 1 were chosen so that the
amplifier model had approximately the same behavior over
its passband as the measured gain response (see Fig. 3). The
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Fig. 3. Comparison of measured IMPATT amplifier gain with the gain
predicted using the amplifier equivalent circuit (I,, = 25 mA).
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Fig. 4. Comparison of measured and predicted IM distortion for the
experimental IMPATT amplifier (I;, =25 mA) with a two-tone input
(f, = 59045 GHz, f, = 5.9055 GHz) at the center frequency.

values of the linear and nonlinear parameters of the model
for the experimental MPATT amplifier are listed in Table L

Fig. 4 displays the calculated values of third- and fifth-
order intermodulation distortion IM; and IMs for the
experimental IMPATT amplifier at the center frequency 5.905
GHz. The two-tone input consisted of equal-level signals at
5.9045 and 5.9055 GHz (1 MHz apart). It is seen that, in the
operating region resulting in small distortion considered
here, the contribution of the fifth- and higher degree terms to
IM,; is small. Moreover, we observe that the magnitude of
IMis 60 dB below IM ; at an input power level of — 40 dBm,
while at —20 dBm input IMj; is only 19 dB below IM,.

Intermodulation distortion was measured on a spectrum
analyzer using a microwave two-tone generator for the input
signal. This signal source employed the principle of a
frequency-locked loop to produce a very stable 1-MHz
frequency difference between two independent signal gener-
ators: 1) a klystron signal generator (HP 618C); 2) a
varactor-tuned Gunn-effect oscillator (Varian VSC 9019S4).
The 1-MHz reference signal was provided by a quartz
crystal oscillator (HP 105A). The measured IM distortion is
also plotted in Fig. 4. Measured third-order distortion IM 5
agrees with the predicted values within the expected mea-
surement error of 1 dB. The fifth-order distortion IM could
not be resolved on the spectrum analyzer at input power
levels below —20 dBm per tone.

Fig. 5 shows the behavior of IM; as a function of
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frequency in a 40-MHz frequency band around the amplifier
center frequency. At small signal levels, the IM distortion is
maximum at the center frequency, where the diode nonlin-
earities are coupled most strongly to the external passive
circuit. For input signal levels near —23 dBm per tone, the
amplifier gain begins to decrease, and the center frequency
shifts to a lower frequency, as shown in Fig. 3. The predicted
IM; also peaks at a lower frequency at this power level
because of the shift in center frequency. The measured
third-order distortion compares favorably with the
predicted distortion: the discrepancy was less than 4 dB
across the 40-MHz bandwidth.

The power in the fundamental component of the output
signal, and the distortion power in the output signal are
plotted as a function of input power in Fig. 6, for a two-tone
input at the center frequency. The measured results are in
good agreement with the predicted values. It cari be seen that
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TABLE 1
IMPATT-AMPLIFIER NONLINEAR
MODEL PARAMETERS

PARAMETER VALUE DIMENSION
9, ~1.027 mS
S 0.1643 oF
g 0.6430 pF
L 0.8998 nH
§ 1.351 ms
¥ 8.651 x 107 ms /v
A 6.288 x 107 pF/v?

at 0 dBm total output power, the total third-order distortion
is —35dBm, and the total fifth-order distortion is — 48 dBm.
The results at low power levels have been extrapolated into
the high power region, to obtain the third-order intercept P,
for the experimental IMPATT amplifier. The experimental P,
12 dBm, is in good agreement with the predicted value 11.5
dBm; P; = 11.3 dBm is calculated from (21) using the values
in Table I. To put this result into perspective,a P,;0f29 dBm
was reported recently for a highly linear, 11-GHz FET
amplifier operating at an output power level of 19.5 dBm

[13].
VI. CONCLUSION

This paper has presented a useful technique for analyzing
the intermodulation distortion produced in a stable IMPATT
amplifier. This technique allows the derivation of closed
form expressions for the third-order intermodulation IM 5,
and intercept point P, from experimentally measured single
tone parameters. The results obtained from this technique
compare favorably with experimental results.
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Effects of Depletion-Layer Modulation
on Spurious Oscillations 1n
IMPATT Diodes

D. TANG, MEMBER, IEEE, AND G. I. HADDAD, FELLOW, IEEE

Abstract—A theoretical analysis of the effects of depletion-layer
modulation on spurious oscillations in IMPATT diodes is given. The
relationship between the magnitude of the depletion-layer modula-
tion, circuit impedance and threshold for degenerate instabilities is
presented.

1. INTRODUCTION

MPATT diode microwave amplifiers and oscillators

frequently exhibit certain spurious “parametric oscilla-
tions” near or at the subharmonic of the signal frequency,
when the RF excitation exceeds a threshold level, which is
dependent upon the device and circuit and often occurs
below the power saturation point. Hines [1], Peterson [2],
and Schroeder [3] gave detailed analyses on these paramet-
ric effects for a Read-type diode. They analyzed the paramet-
ric instabilities based on the nonlinear relationship between
the avalanche current and the voltage across the avalanche
region. Parametric components (at frequencies other than
the pump frequency but whose sum is equal to the pump
frequency) may exist in these devices. These current com-

ponents flow through the drift region, experience a phase

change and induce a current in the external circuit. The
interaction between the current components and the circuit
may lead to sclf-sustaining voltages at these parametrically
related frequencies even without any external sources at
these frequencies. The expressions for determining the in-
stability threshold were given in [1, egs. (23) and (35)]. It
was emphasized there that circuit impedance may either
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suppress or enhance the occurrence of the instability. Based
on the work of Hines {1], Schroeder [3] derived the circuit
impedance conditions required for unconditional stable
operation and for avoiding parametric instabilities in the
MMPATT diode circuit.

Generally, the MPATT diode has a nonpunch-through
structure and its depletion-layer width is modulated con-
siderably by the RF voltage [4], [5]. The objective of the
present investigation is to examine the effect of the de-
pletion-layer-width modulation on the parametric instabil-
ities. The original analysis of [1] concerning the parametric
components in the avalanche region is retained [ 1, (1)-(16)].
The change of the phase relationship in the drift region is
examined including the nonlinear capacitance effect, and
due to the complexity of the mathematics some assumptions
are made. These assumptions and results are discussed as
they arise.

II. THEORETICAL ANALYSIS

A typical high-efficiency structure for an IMPATT diode is
selected for this analysis. It is of the low-high-medium
doping type. Fig. 1 shows the electric field profile of this
structure. The metallurgical junction is at x = 0. The diode
is divided conceptually into an avalanche region with fixed
width x, and a drift region with a time-varying width x,,
which is approximately proportional to the square root of
the terminal instantaneous voltage. The RF terminal voltage
consists of two parts. One is the large microwave periodic
excitation, called the pump signal, at frequency w ,, and the
other is a small applied signal at frequency w, which may or
may not be harmonically related to the pump frequency.
This small signal is applied as a perturbation and is assumed
to be sinusoidal. Because of the nonlinearity of the ava-
lanche process, multiple responses occur at various new
frequencies that are sums and differences of the various
harmonics of the frequencies applied. The main interest here



