IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-31, NO. 2, FEBRUARY 1983

Mr. Mooney is a member of Tau Beta Pi, Eta Kappa Nu, and Phi
Kappa Phi, and is presently pursuing the M.S. degree in electrical
engineering at the University of Southern California.

Franklin J. Bayuk (S’70-M’71) was born in Greenwood, WI on Feb. 21,
1945. He received the B.S. degree in electrical engineering technology
from the Milwaukee School of Engineering in 1971, and the M.S. degree
in electrical engineering from Loyola Marymount University in 1975.
Since 1972 he has beén a Member ‘of the Technical Staff at TRW
Electronics and Defense in Redondo Beach, CA. He is currently an

177

acting Section Head in the Millimeter-Wave
Technology Department and is a member of
the Senior Technical Staff. His previous assign-
ments included direct responsibility for work on
- millimeter-wave  solid-state power-combining
amplifiers, multipliers; upconverters, and down-
converters. In addition, he has had direct re-
sponsibility for company sponsored work on
millimeter-wave ‘waveguide components. This
work included design of multiple-section wave-
© guide bandpass filters, band- I'CJCCt filters, hlgh
pass fllters waveglide-to-coaxial transitions, and various other passive
structures in the 15 to 100 GHz frequency range. His present assignment
encompasses a wide range of activities from responsible design engineer-
ing to the sub-project management function in support of systems en-
gineering, In this role, he has accumulated experience with space qualifi-
cation of hardware and system considerations involved with integration
and testing of various subsystems. '

Synchronization Effects in a Submillimeter
Josephson Self-Oscillator
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Abstract —We present an experimental and theoretical study of injec-
tion-locking in an- oscillator in the presence of noise. The experiment is
performed with a Josephson point-contact self-oscillator heterodyne’ re-
ceiver irradiated by a very weak = 1-THz signal. A general calculation of
the oscillator response at low injection level is made based on the theoreti-
cal treatment of Stratonovitch. We show that the Josephson oscillator
described by the RSJ model obeys the general locking ‘equation in the
présence of noise. We assume a simple evolution law of the oscillator
spectrum as a function of detuning and calculate its response. The experi-
mental results are compared with computer calculations and the implica-
tions are discussed.

I. INTRODUCTION

E STUDY HERE the partial synchronization of an

oscillator in the presence of noise on a very weak
external signal. We want more precisely to determine its
spectrum as a function of the detuning relative to the
injection frequency. The method of analysis does not de-
pend on the type of oscillator. We present a theoretical and
éxperimental study of synchronization in the superconduct-
ing Josephson self-oscillator mixer which is a system where
noise effects are significant [1]. In this heterodyne mode of
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detection, a Josephson junction acts simultaneously as the
local oscillator-and as the nonlinear down-converter ele-
ment. Our experimental interest is in applications of the
device at submillimeter wavelengths with large frequency
ranges of operation as may be required in a frequency-agile
receiver. Therefore, the Josephson point-contact junction is
coupled to a wide-band structure. In ths situation, noise
plays a crucial role in the treatment of synchronization
effects.

Injection locking in a Josephson point contact coupled
to an X-band cavity.was studied by Stancampiano and
Shapiro [2] and Stancampiano [3]. In these experiments,
noise was not considered since the junction was coupled to
a high-Q resonator. The results could be interpreted on the
basis of Adler’s theory [4] of phase locked electronic oscil-
lators because of the close similarity between the synchro-
nization equations describing an electronic oscﬂlator and -
the cavity-coupled Josephson oscillator.

For the wide-band Josephson self-oscillator mixer that
we investigate here, Adler’s theory cannot be applied since
noise results il large natural oscillation linewidths [1]. We
start from the general theoretical treatment of Stratono-
vitch [5] of injection in electronic oscillators in the presence
of noise. This theory was used previously by Stephen [6]
who calculated the effect of noise on the rounding of
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microwave-induced steps in resonant Josephson tunnel
junctions. Here we determine the evolution of the funda-
mental component spectrum of the Josephson oscillator
under very weak injection locking (no visible induced step).

In Section II we derive the Langevin equation of the
phase in the Josephson oscillator relative to the small
injected signal. Under this condition, the phase is in accor-
dance with the general locking equation of an oscillator in
the presence of noise. This is true for any nonresonating
Josephson junction obeying the electrical RSJ model. The
locking equation has analytical solutions for the linéwidth
narrowing at zero detuning and the mean frequency dis-
placement at finite detuning. We deduce in Section III
from these expressions an approximate law of evolution of
the spectrum at finite detuning. Then we calculate with the
model the response of the oscillator-mixer at the 4.75-GHz
receiver IF frequency. Computer simulations are compared
in Section 1V to the experimental results with a Josephson
heterodyne oscillator mixer receiver [7] irradiated with
monochromatic 891-GHz laser radiation. The results allow
a discussion of the limitations inherent to the oscillator-
mixer mode of operation of a heterodyne self-oscillating
Josephson receiver. and we evaluate the dynamic range of
linear operation.

1. MOoDELING INJECTION LOCKING WITH NOISE IN
THE JOSEPHSON SELF-OSCILLATOR MIXER

A. The Basic Equations of the Josephson Device

A description of the device properties starts from the
resistively shunted junction model of a Josephson point-
contact junction with negligible capacitance (RSJ model)
which gives the two equations corresponding to the circuit
in Fig. 1

(1a)

I+ ie(t)-—ip(t)~—in(t)+if(t) =0

do(r)/dt=(2e/h)v(1) = w(r) (1b)
with
i,(t)=1sin¢(r) (1c)
where
I bias dc current,
i(t) =1I,(cosw,t+ ¢,)is the external monochromatic
current
i,(t) Josephson pair ac current of instantaneous angu-
lar frequency w(¢) and critical current /,
i,(z) dissipative normal current component
v(7) instantaneous voltage across the junction associ-
ated to the macroscopic quantum phase ¢(¢)
i;(#) fluctuation current defined by the autocorrela-

tion function for a white noise spectrum
(if(t)-if(t+'r)>=K8(T) (1d)

K noise intensity coefficient defining the physical
process in the junction.

The submillimeter frequencies ( ~ 900 GHz) which we
consider imply a junction dc bias smaller than the su-
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Fig. 1. RSJ model of the Josephson oscillator for the study of synchro-

nization effects in the presence of noise.

perconducting gap voltage, and we may assume a Joseph-
son current amplitude I, independent of the average volt-
age ¥, = (o(¢)).

A derivation of the Langevin equations associated with
(1a)-(1d) allows the determination of the phase fluctua-
tions across the junction. We proceed in two steps. We first
write these equations without applied signals. Their solu-
tion gives the phase diffusion coefficient and the linewidth
of the free Josephson oscillation. Next, we derive the new
Langevin equation for a weak external monochromatic
signal and obtain the equation of synchronization.

B. The Free Josephson Oscillator with Noise

We apply the method of slowly varying phases. The
expressions relative to the dc and slowly varying quantities
in (1la)-(1d) are

Ig— Ip[V(t)]_IN[V(t)]+if(t) =0
0(0) = (2e/ Ry, (1)

(22)
(2b)
where

) =Voto(s),  F=(¥@). (2¢)

6(¢) represents the fluctuations of the Josephson phase
associated with the noise voltage component v,(z). The
mean frequency w, of the Josephson oscillator is related to
the dc bias voltage ¥}, by the standard relation w, = (2¢/#)
V-
Since v,(1) < V;,, we expand L[V(¢)] and I,[V(¢)] at the
bias point in terms of v;(¢)

LV()]=L(V)+0,(2) /R, (V) (3a)
IN[V(t)]=IN(I/E))+Uf([)/RN(VZ)) (3b)

whf:re R, (V) and Ry (V;) are the corresponding dynamic
resistances.
Then the Langevin equation for the free Josephson oscil-
lation becomes
8(¢)—f(1)=0 (42)
with
f()=Rp(2e/h)i; (1), Ry'=R;'+ Ry (4b)
and

(@) fe+7)y=kd(r), k=R%Q2e/hY K. (4c)

The associated Fokker—Planck equation relative to the
probability distribution of the phase P(4,¢) is

IP(0,t) Kk 3°P(6,1) 5
o 2 g2 ()

Equation (5) describes a Brownian-type motion with a
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diffusion of the phase given by

(Lo(M-0O) = (8(r))=2D (D, =k/2).

(6)
The lineshape of the free Josephson oscillation is Lorentzian
with a width

dwy = (0(7)2>/fr =k.

C. The Synchronized Josephson Oscillator

(7

A small external signal of frequency w, induces a phase
modulation of the Josephson current (lc) which results
from the coupled equations (1a) and (1b). The full calcula-
tion of the mixing process requires numerical computer
calculation due to the current source modeling. In the
small signal approximation we may represent this mixing
process with its lowest order components of frequency
(we - (00).

Then if w, = w, and I, < I, (2a) relative to the dc and
low frequency current components may be written

L= LIV(O)] =1y [V(1)] =i, (1) +ir(r) =0 (8a)
where i,(¢) is the mixing current component given by

i,(1)=1I,(1,)sin(¢—¢,).
The phase difference

(8b)

0(t)=9—¢ (8¢)

is now the instantaneous phase of the oscillator relative to

the applied signal. The I,,(I,) dependence appears only in

numerical calculations (see Section IV). At submillimeter

wavelengths one has approximately ¥V, = R,/,, and the

amplitude of the mixing component may be approximated
with

Iy(Ve)=1.J,(Ve/V,) (8d)

where J,(x) is the Bessel function of the first kind of order

Proceeding as in Section II-B, the slowly varying voltage

v(2) = (h/2e)0(1) (9)
is now referred to the dc voltage V., = (h/2€)w,. Vi, is
the voltage at the first induced step which appears at larger
power in the I-V characteristic (full synchronization).
Then (8a)—(8d) become

AI—I,sin0(t)—(h/2e)0(z)/Rp+i(1)=0 (10a)
where
AL =TI =1, (V) + 1L, (V)] (10b)

The quantity Iy (Viep)+ 1,(Vyep) is the junction dc current
corresponding to the bias voltage V.., and R;'=(R, '+
Ry") is the total dynamic junction resistance measured at

Vo=V, Wwithout external signal. Finally, (10) may be
written

0(t)=A—Agsind(2)+ f(¢t) (11a)
with

A=(2e/h)RpAI=wy—w, (11b)

Ag=(2e/h)Rply. (11c)
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This is the Langevin equation for the phase of the Joseph-
son oscillation relative to the phase of the incoming signal
at w,. The formulation is similar to the synchronization
equation in the presence of noise for an electronic oscilla-
tor [8] or a phase locked loop [9]. In (11b), A represents the
frequency difference between the Josephson free oscillation
and the locking signal. It is proportional to the current A7
in the junction and can be measured on the /¥ character-
istic. Ag is defined as the synchronization frequency (in the
absence of noise) which depends directly on the injected
signal power. If I,,(V,) satisfies (8d), it may be easily
shown that provided V, <V,

, P
Ao=—2["e
$ 42 P,

where § = w, /w, is the locking signal frequency in units of
the Josephson characteristic frequency w, = (2e/A)R 1,
P,=V2/2R is the external power coupled in the junction,
and P,=(1/8) RyI? is the Josephson oscillator power.
The synchronization frequency A, was defined in this form
in the original paper by Adler [4] as well as in [2] and [3].

The resolution of (11) was studied by Stratonovitch {5]
using the associated Fokker—Planck equation of the phase
distribution function P(4, t)

9p(0,) 0
T T/

(11d)

[(A—Agsing)P(8,1)]+ g 5‘% [P(6,1)]. (12)

We have to calculate the spectrum of the synchronized
Josephson oscillator which may be obtained by Fourier
transform of the correlation function associated with the
Josephson oscillation in (1)

kp('r)=<ip(t)-ip(t+7)> (13)

where i,(t)=1.sin¢ with ¢=¢, +6(¢). This requires a
knowledge of P(#, t), which must be calculated by integra-
tion of (12) under nonstationary conditions.

III. CALCULATION OF THE SYNCHRONIZATION

EFFECTS

The effects of synchronization on the spectrum of the
Josephson oscillation in the presence of noise may be
qualitatively described as a shift of the mean frequency
relative to the unperturbed Josephson oscillation and an
associated modification of the lineshape. There is no gen-
eral rigorous solution of (12) available under nonstationary
conditions. We have thus evaluated the effects of synchro-
nization using specific solutions of (12) calculated by
Stratonovitch [5].

A. Frequency Shift of the Mean Josephson Oscillation

This shift is determined in [10] by solving (12) for the
stationary regime which yields

0y = (@) -0, = A2 (D] (14)

aD
where

D=2A/8w, Dg=2A4/80 (15)
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are parameters which measure the frequency shift and the
synchronization frequency in units of the free oscillation
linewidth dw,. 1,,( D) is the Bessel function of imaginary
argument and imaginary order. Equations (14)—(15) show
that the frequency shift decreases when the noise level
increases (8w, increases), or the applied signal level de-
creases (A decreases). The variation of # as a function of
the junction dc bias gives rise at higher power level to the
rounding of the first induced step in the -V characteristic.
It is this aspect of synchronization which has been treated
theoretically by Stephen [6] and verified experimentally by
Henkels and Webb [11].

B. Lineshape of the Josephson Oscillation

When there is no synchronization effect (Dg — 0), the
unperturbed Josephson oscillation lineshape is Lorentzian
{51, [12] with a width 8w,. If there is synchronization and
no detuning (A =0), the Josephson lineshape is still
Lorentzian. The linewidth is obtained as in Section II-B
from the diffusion coefficient of the relative phase 8(7). On
the other side, (12) can be integrated under nonstationary
conditions [4]. Then the width of the synchronized oscilla-
tion is given by

8‘*’5:<[0(7)_0(0)]2>/7=3"90/102(1)5) (16)
where I,(Dy) is the zeroth-order modified Bessel function.
If the level of the applied signal increases, V, and Ds
increase, wg decreases, and the system reaches total syn-
chronization. The dynamic resistance at the center of the
Josephson step decreases following a similar evolution [6].

An approximate value of P(6,¢) has also been calcu-
lated [4] for a finite detuning (A = 0), and a relatively large
applied signal compared to noise (§w, << A). However, a
solution has not yet been given if the signal at w, is weak
compared to noise (Ag < dw,), which is a situation typical
of a Josephson self-oscillator receiver. In order to describe
the evolution of the oscillation spectrum when detuning
varies from large values (no synchronization, D > 1) to
zero (D =0), we assume that the lineshape remains ap-
proximately Lorentzian and that the linewidth dw de-
creases linearly from 8wy (D >1) to 8wy (D=0) as a
function of the displacement parameter x = ({w) — w,)/A.
The evolution of dw with detuning A is given by

8w =08wy(1—x)+dwgx.

(17)

This implies limited Dy values ( < 3) so that the line is not
distorted too much by the synchronization effects. The
experimental results in Section IV will show that the ap-
proximation of (17) is reasonable.

A computer program determines the theoretical response
of the oscillator-mixer as a function of the detuning A, with
Dy as a parameter. It gives the power detected at the IF
amplifier within the receiver bandwith, which we compare
to our experimental results in the next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental study was performed at 891 GHz
(HCN laser) with a wide-band receiver designed for sub-
millimeter and far infrared waves. The experimental results
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were compared systematically to the computer calculations
performed with the modei of Sections II and IIIL.

A description of the properties and performances of the
receiver is given elsewhere [7]. We discuss briefly its char-
acteristics. The Josephson junction is a Nb-Nb point
contact operated at 42 K. It is shaped like a wide-band
conical antenna for the far infrared signal. The laser beam
is focused on the junction with an off-axis parabolic mirror
adjustable from outside the cyrostat. The absolute value of
the optical coupling coefficient of the mirror-conical an-
tenna system is measured and ranges between 1 and 10
percent depending on the experimental conditions. The
junction is in a coaxial matching structure for the inter-
mediate frequency signals.

The IF signal is coupled to a cooled FET amplifier
(w;; = 4.75 GHz, B = 0.5 GHz) through a cooled circulator
(4.2 K). The noise temperature of the IF chain is 20 K or
150 K, depending on the amplifier used. The junction is
isolated from the outside with a black polyethylene fiiter
(4.2 K) and passive filters (4.2 K) on the dc bias leads. The
whole structure is placed in an He exchange atmosphere at
4.2 K within a stainless steel shield. The experimental
apparatus has an overall stability allowing measurements
at periods of several hours.

The measurements which we perform to investigate syn-
chronization effects deal with the mixing signal at the IF
between the Josephson oscillation and the signal at o,
which is directly related to the component i,(¢) in (8b). In
Sections II and III we have seen that injection locking
manifests itself when the synchronization parameter Dg
becomes of the order of unity, that is dw, > 2A¢ from (15).
On the other side, these synchronization effects give visible
effects on the IF frequency conversion signal only if Ag >
w,¢, which means 6w, > 2w;; = 9.5 GHz

A typical experimental result obtained under such condi-
tions (8w, = 23 GHz) is represented in Fig. 2. It shows the
evolution of the IF detected signal as a function of the
junction current AJ (see (10b)) for different values of
the incoming FIR signal. The junction characteristics and
the main experimental parameters are given in Table 1. The
total FIR coupling (optical losses and impedance mis-
match) is here 2.10~ 2. Each curve of Fig. 2 corresponds to
a given input power expressed in decibels relative to its
maximum P, =120 uW. There is no visible induced step in
the I—V curve within the resolution limit (a few tenths of a
microampere) up to the maximum power. A characteristic
feature of these curves is a progressive splitting of the
detected signal. The depression between the two peaks and
their separation increases with applied power. This separa-
tion may reach significant values. e.g., larger than the
frequency difference between the two IF image frequencies
(9.5 GHz). This behavior is related to the partial synchro-
nization of the Josephson oscillation with the very weak
monochromatic FIR signal. Fig. 3 represents for the same
Jjunction parameters the evolution of the IF power calcu-
lated with the model using D as a parameter. Equation
(11b) gives the frequency detuning A as a function of the
current A7 (10b).

A comparison of the computer simulation of Fig. 3 with
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Fig. 2. (a) Intermediate frequency power Py as a function of junction
current A7 (defined in (10b)) for different values of the submillimeter
power at 891 GHz (wyp = 4.75 GHz, B = 500 MHz). The latter is given
in decibels relative to its maximum value P, =120 uW at the input of
the receiver. The junction parameters are given in Table I (b) Same as
Fig. 2(a) at higher applied power (IF gain reduced by four).

pif (Arb. units)

Fig. 3. Evolution of the IF power calculated with the model as a
function of the detuning A for different values of the synchronization
parameter Dg. Equation (11b) defines the relation between A and AL

the experimental results in Fig. 2 results in the following

observations:
a) The qualitative evolution of the IF detected signal is
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Fig. 4. Evolution of the parameters defining the shape of the IF signal
A p = f(R) (see insert and text). The full line is the variation calculated
from theory and the points correspond to the experiments reported in

Fig 2.

TABLEI

ExPERIMENTAL PARAMETERS CORRESPONDING TO FIGS. 2 AND 4

R
@)

I
<
(pa)

mC/ 2n

(GHiz)

du /2m

(GHz)

P
1in

(pw)

Total

F.I.R. couplaing

36

680

23

120

21072

similar in both figures with the appearance of two peaks
whose separation increases with applied power.

b) The shape of the curves may be characterized ap-
proximately by the functional dependence of the splitting
A p between the two peaks on the relative depth R of the
depression (power at peak /power at minimum where A =
0). We show in Fig. 4 the evolution of A, = f(R) deduced
from Fig. 2 (experiments) and Fig. 3 (computer simulation).
It must be emphasized that there is no fitting parameter in
the calculations leading to Fig. 4. The good agreement
between measurements and calculations in Fig. 4 indicates
that the model gives a proper account of the synchroni-
zation effects.

¢) The experimentally observed evolution of the IF sig-
nal level P;; with applied power is slower than predicted by
(11d) which is used to obtain experimental values for
Dg =2Ag /8w,. However, the orders of magnitude are well
verified mainly at low power level (Dg < 2). This indicates
that the power level effectively used in the analysis of the
locking phenomenon is not taken into account well enough
by (11d). The disagreement related to the calculated power
which fits the observed synchronizations effects may have
two possible explanations. 1) We have assumed an HF
junction impedance equal to the normal resistance R in the
calculation of the dependence of the power effectively
coupled with Dg. However, this is not absolutely true if the
Josephson frequency w, is near w, [13], [14]. 2) We do not
take into account the junction coupling with the IF circuit
in (10)-(11). The latter may be represented by an imped-
ance Z; in parallel with R, (40 §). Then the IF circuit
would be matched to 10 € in the 4.5-5-GHz band. Outside
this bandwidth and within the 0-10-GHz range, Z; is not
known, although its value may be situated in the 10-50-Q
scale. The net result of this impedance ought to be a
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Fig. 5. Intermediate frequency power P; as a function of junction

current AT (see Fig. 2) when the Josephson linewidth 8w is relatively
narrow ( = 3 GHz).

reduction of Rj, Ag (see (11c), Dg, and of the calculated
effects of synchronization.

We have discussed up to now situations where the
Josephson natural linewidth has the same order of magni-
tude as the IF (8w, =23 GHz, 2w, = 9.5 GHz) and where
synchronization gives rise to strong distortions of the ob-
served signals. We have also performed experiments with
junctions presenting much broader oscillation linewidths
(up to ~100 GHz). The general features are similar and a
depression appears in the junction response. However, the
assumptions underlying the calculations for the junctions
of narrower linewidth do not apply. Now, for synchroniza-
tion conditions defined by a given value of Dg, a detection
of the Josephson oscillation with large dw, requires a rather
large applied power at w,. As an example with Dg =3 and
dw, =100 GHz, (11d) gives P, /P, = 0.4, and calculations
using the results of Section II-C are no longer valid.

On the other hand, we have investigated the case of
relatively narrow Josephson linewidths (dw,=3 GHz,
8wy /wy=3.3 1073) and show the results in Fig. 5. The
general features here are very similar to those of standard
electronic oscillators. Here the two lines correspond to the
two image frequencies of the heterodyne detection, and
their separation is 9.5 GHz. Their linewidth is the Joseph-
son linewidth given by (7). Under these conditions, injec-
tion does not produce significant effects on the mixing
signal. The latter result is well confirmed by the calcula-
tions.

V. ConNcCLUSIONS

In conclusion, we have investigated a theoretical model
of injection locking of an oscillator in the presence of
noise. Our experimental study of the Josephson oscillation
shows that the model gives a fair quantitative account of
the effects of partial synchronization on a weak monochro-
matic signal. In particular, the evolution of the detected IF
signal which translates the modification of the Josephson
oscillation is described satisfactorily (Fig. 4). A practical
consequence of this modification is a reduction of the
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Fig. 6. Conditions of partial synchronization effects: relative frequency
displacement 1~ x = (wy —{w))/(wy — w,) as a function of the nor-
malized detuning D with Dg = 2A /8w, as a parameter.

10

dynamic. This effect is important when the free Josephson
linewidth 8w, > w;;. Then we find that the effect of satura-
tion begins if D¢ > 2. As an example, in the experimental
case corresponding to Table I and Fig. 2 (8w,=23 GHz
and w, = 4.75 GHz), the maximum signal power at 1 THz
before saturation is 2.5 1073P, = 1.6 10~'" W. On the other
hand, minimum detectable power in the system is 1.3-10~ 13
W when the IF chain with 150-K noise temperature is
used, and all sources of conversion loss are included. Then
the corresponding calculated dynamic range is =20 dBs
which compares well with the 17-dBs value measured in the
experiment.

The effects of synchronization in a Josephson self-oscil-
lator receiver can be decreased by reducing the natural
oscillation-linewidth with an adequate shuni. This can be
seen from the expression Dg =24 /8w, which shows that
for a fixed Dg, the synchronization frequency A decreases
with 8. Such a solution will be possible with the develop-
ment of Josephson tunnel microjunctions (edge junction)
that include a shunt tailored to affect only the low frequency
noise components.

Generally speaking, our approach may be used to de-
scribe the effects of partial synchronization in any type of
oscillator (i.e., electronic, laser), provided the diffusion
equation of the phase (e.g., (11a)) is derived and the
statistical properties of the noise sources (1d) are known.
Then a calculation of the system response as a function of
the normalized detuning D =2A /8w, requires only a
knowledge of the locking parameter Dg=2A/8w,. Our
experiments show that when the external signal is very
weak, the spectrum of the parily synchronized oscillator
can be completely defined by x = ((w) ~ w,)/A with A=
wy — @,. We have plotted in Fig. 6 the relative displace-
ment 1—x=(w; —(w))/(w,—w,) as a function of the
normalized detuning D. These curves enable us to predict
the conditions of partial synchronization.

As an example, a relative displacement 1— x =10 per-
cent is realized if D 2 2 Dg, i.e., A > 2 Ag. The conditions of
full synchronization can also be deduced from the curves.
An extension of the study to larger injected signals requires
a more accurate determination of the oscillator spectrum
which is a difficult problem yet to be solved.
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A High-Power W-Band (90-99 GHz
Solid-State Transmitter for High Duty
Cycles and Wide Bandwidth

GLENN R. THOREN, MEMBER, 1IEEE, AND MICHAEL J. VIROSTKO, MEMBER, IEEE

Abstract — A high average power W-band solid-state transmitter using a
2-diode and a 4-diode IMPATT power combiner has achieved over 1.89 W
and exceedingly versatile performance over a broad range of pulsewidths
and duty cycles with a.tunable bandwidth from 90 GHz to 99 GHz.
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1. INTRODUCTION

NEW GENERATION of millimeter-wave systems
will demand high-power solid-state W-band trans-
mitters [1]. Millimeter-wave tracking radars and active
seekers for precision guided munitions need small,
lightweight, reliable solid-state transmitters capable of op-
erating over a broad range of pulsewidths, duty cycles, and
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