1746

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 10, OCTOBER 1991

Phase-Locked Millimeter-Wave Two-Port
Second-Harmonic Gunn Oscillators
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and Max J. Lazarus, Senior Member, IEEE

Abstract —Two-port harmonic oscillators have been developed
which are suitable for VCO operation in frequency stabilized
systems. For wide-band tunable operation, an oscillator with a
varactor-tunable fundamental cavity located vertically above the
harmonic cavity has been constructed, and this oscillator has
been stabilized in a phase-locked loop. An alternative bias-tuned
in-line configuration is also reported which is on a single plane
so that an integrated monolithic version is conceivable.

I. INTRODUCTION

REVIOUS work [1]-[3] has drawn attention to the

convenience of using a two-port oscillator so that a
portion of the output power can be sampled for AFC or
phase locking, without the introduction of additional lossy
components. At millimeter-wave frequencies many oscil-
lators use the technique of harmonic extraction from
Gunn diodes [4]-[7). This is a cost-effective method of
operation which provides high spectral purity and high
stability against frequency pulling [6]. The latter advan-
tage can be very important for phase-lock loop control,
since it is essential to prevent the oscillator from being
pulled out of the locking range of the loop by adverse
loads. Harmonic mode oscillators achieve this stability
without the requirement of an isolator because the funda-
mental circuit is not significantly affected by the external
load presented to the harmonic output circuit. Further-
more, since the fundamental oscillations are now at much
lower frequencies, electronic tuning using varactors is
more cost effective and technically less difficult.

A feature of the present work is that the output sample
required for the control circuitry can be taken from the
plentiful fundamental power [3]. This maximizes the har-
monic power available to the load and reduces the order
of harmonic mixing required to generate the control IF.
The advantage of this arrangement can be illustrated with
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the mathematical modeling of the harmonic superhetero-
dyne mixer. For an idealized mixer diode, the conversion
conductance for nth-harmonic mixing is proportional to
the modified Bessel function I (eV;q/nkT) [8]. If the
fundamental frequency is used at, for example, 33.804
GHz with a 5.616 GHz local oscillator, this would result
in an IF of 108 MHz for n = 6. However the use of the
millimeter-wave harmonic at 67.608 GHz would require
n=12. It is a straightforward computational exercise to
show that the ratio of the conversion conductances,
I(x)/L,(x), will always be large and hence that stabi-
lization of a harmonic-mode oscillator using the funda-
mental frequency greatly reduces the demands on the
performance of the harmonic mixer.

Two oscillator designs are reported in this paper. The
first has a fundamental frequency cavity located above the
harmonic output cavity and the fundamental is coupled by
means of the Gunn device bias-line filter. The second
design is an in-line structure which uses a waveguide
taper as the filter element separating the fundamental
and harmonic frequency components. The latter design is
a translation of the first oscillator concept onto a single
plane, so that the prospect of an integratable version can
be readily envisaged.

II. VaARAacTOR-TUNED TWIN-CAVITY OSCILLATOR
A. The Oscillator Circuit

The first oscillator described is shown in Fig. 1 and
consists of a two-cavity structure with an output port from
each cavity. The lower port delivers the main output,
which is at the second harmonic frequency. The sub-
sidiary port is located above and orthogonal to the har-
monic cavity, and provides the reference output at the
fundamental frequency. The primary oscillation is pro-
vided by a Gunn device! and a cap resonator located in
the lower waveguide. The oscillation has a fundamental
frequency of ~ 35 GHz and produces a second-harmonic
output of ~ 70 GHz. The lower waveguide delivers the
harmonic frequency and this output power is optimized
by the use of an adjustable back-short. Maximum power is
achieved for a back-short position of approximately 3, /4
from the center of the cap (the cap diameter preventing

1Type DGB8556-89, Alpha Industries, Woburn, MA (package style
296).
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Fig. 1. Schematic diagram of the twin-cavity oscillator.

the use of the A, /4 position). The fundamental fre-
quency is below the cutoff frequency of this waveguide
and so it is confined, as in the conventional harmonic
oscillator. The upper tuning cavity is constructed from
larger waveguide which supports the propagation of the
fundamental frequency. This cavity is coupled to the
primary oscillation by a short coaxial filter which is formed
by the Gunn device bias line and its surrounding channel
{31, [9]. The cavity is tuned either mechanically, using a
tunable short circuit, or electrically with a varactor diode
arrangement. The fundamental frequency output of the
oscillator is sampled by the iris structure to the left of Fig.
1 and is restricted to a small fraction of the available
power. This output provides the monitor signal for the
stabilizing system. The use of the two-port oscillator con-
cept is demonstrated, successfully stabilizing the oscilla-
tion with a phase-locked loop arrangement. For alterna-
tive operation as a single-port oscillator, the probe can be
replaced by a short circuit so that the cavity is totally
enclosed.

B. The Coupling Filter

The fundamental-frequency cavity is coupled to the
diode resonator by means of a low-pass coaxial filter
followed by a second cap structure which forms a radial
line transformer to match the low-impedance coaxial line
to the high-impedance fundamental-frequency waveguide.
The bias-line filter is crucial to the operation of the
oscillator. The coupling of the fundamental power into
the tuning cavity must be maximized to obtain the best
tuning range, while the harmonic power should see a
reflecting short circuit in order to optimize the output
power at this frequency. It is to be expected that the
fundamental power in the harmonic waveguide will cou-
ple well to the coaxial line because this frequency is
beyond the cutoff frequency of the waveguide and will be
in a coaxial type mode around the cap assembly.

The filter structure is constructed from two thin disks
separated by a distance of Ag /4, where A is the wave-
length of the fundamental frequency. At this frequency,
the large susceptance produced by the first disk will be
tuned out by the transformed susceptance of the second
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Fig. 2. Calculated performance of the bias-line filter.

one, and so the structure will pass the fundamental with
low attenuation. However, at the harmonic frequency the
spacing is A /2 and so the susceptance of the first disk is
reinforced by that of the second, thus presenting a short
circuit. The detailed design of the filter was determined
by theoretical modeling. A computer program was devel-
oped which calculates its attenuation as a function of
frequency, once a few assumptions regarding the source
and load impedances have been made [10]. The assump-
tions are:

i) The cap at the top of the bias line matches the
characteristic impedance of the last section of the
coaxial filter to that of the upper waveguide.

ii) The source impedance of the filter is that of a
quasi-coaxial mode propagation produced around
the stem of the resonant cap located on top of the
Gunn device.

The program calculates the 4 matrix of each coaxial line
element and cascades them together with suitable discon-
tinuity capacitances [11] to determine the overall matrix
for the whole assembly. The attenuation characteristic is
then readily calculated from this overall matrix using the
expressions derived in [11]. The initial estimate of the
filter dimensions are then optimized until the desired
characteristic is obtained. The dimensions used, together
with the predicted attenuation characteristic, are given in
Fig. 2. The figure shows a dielectric spacer placed behind
the filter to position it correctly in the channel.

C. Varactor Tuning

The varactor is coupled to the upper cavity by means of
a third cap structure and an adjustable back-short. Fig. 3
shows measurements of the reflection coefficient pre-
sented by the varactor assembly. The measurements are
given relative to the reference plane located at the center
of the varactor package. The solid curve shows the
impedance as the back-short is varied. This rotates from a
short circuit (point 1), where the back-short is a half a
wavelength from the center of the varactor, to the point
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of maximum coupling (point 2, at 0.39 wavelengths), where
the susceptance of the varactor assembly is canceled by an
equal and opposite susceptance provided by a suitable
back-short offset. The dashed curve shows the effect of
changing the bias from the point of optimal coupling. The
oscillator tuning mechanism can be understood by realiz-
ing that the bias dependence of the reflection coefficient
phase modifies the effective length of the upper cavity
and hence its resonant frequency. The oscillation fre-
quency is pulled an amount dependent on the cavity
resonant frequency and on its coupling to the primary
resonator in the harmonic waveguide. For the maximum
tuning range, the variation in reflection coefficient angle
must be maximized; however the magnitude of the reflec-
tion coefficient is also important as this largely deter-
mines the loss in the cavity. Tuning range and loss are
observed to occur at the expense of each other and a
compromise is necessary. Measurements showed that a
varactor? with a zero bias capacitance, C 00 Of about 1 pF
gives a reasonable compromise between the minimum
magnitude of reflection coefficient and the change in
angle over the bias range. The varactor cap diameter is
required to be a significant fraction of a wavelength to
produce an effective radial transformer. Reliable trans-
former operation is obtained for a cap diameter greater
than 3 mm, and excellent results are obtained for a
diameter of 4 mm [10].

2Device type MA46570E, Microwave Associates, Dunstable, Beds.,
England.
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Fig. 5. Twin-cavity oscillator tuning performance (varactor B).

The varactor is located at a nominal half wavelength
from the low-impedance coupling post and cap assembly.
The exact position is not critical owing to the transformer
action of the caps. The coupling of the upper tuning
cavity to the main oscillator circuit is optimized by observ-
ing the magnitude of the shift in output frequency with
varactor back-short movement. The cavity is strongly cou-
pled when the effect on the frequency is large. Fine
adjustment of the optimum coupling point is achieved by
using the varactor as a detector diode and adjusting the
varactor back-short to a position where the rectified volt-
age is a maximum. The harmonic output power can be
increased at the expense of the tuning range by decou-
pling the varactor circuit slightly. The fraction of the
fundamental power which is released to form the second
output is controlled by the adjustable probe mismatch.

D. Oscillator Performance

An example of the oscillator performance is given in
Fig. 4. The oscillator achieves a tuning range of 1200
MHz with a power variation of 1.5 dB, for a zero tuning
bias frequency of 72 GHz and output power of 10 dBm.
The external Q factor (Qp) is measured by frequency
pulling and is seen to increase across the tuning range as
the loss in the varactor decreases. The varactor used to
obtain these results (varactor A) is specified to have a
capacitance of C;_,=0.81 pF for a —2 V bias and a
capacitance ratio C;_,/C;_ =3.1. Fig. 5 shows the
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Fig. 6. Heterodyne phase-locked loop stabilization system.

performance with a varactor of larger capacitance (varac-
tor B). Here C;,_,=1.96 pF and C, ,/C, ,,=6.1. A
smaller tuning range of 600 MHz is obtained with a
greatly reduced power variation. An important factor in
determining the effectiveness of the oscillator design is
the extent to which the tuning mechanism limits the
output power available from the device. The Gunn diodes
uscd in these experiments produced 15 mW at 70 GHz
when operated in a conventional harmonic oscillator
structure with no external tuning cavity. The results of
Figs. 4 and 5 show the oscillator design to be very eco-
nomical in the trade-off of output power for tuning range.

E. Phase-Locking the Oscillator

The oscillator is phase-locked using the system of Fig.
6. The figure shows the schematic of the heterodyne loop
used. Quadrature phase detectors allow lock to be de-
tected so that the acquisition oscillator can be turned off
once the system is locked. The loop filter is an opera-
tional amplifier integrator. This circuit has summing in-
puts so that the step input from the acquisition oscillator
Is integrated to form a ramp which sweeps the output
frequency until lock is achieved [2]. The frequency multi-
plication required for the harmonic mixer drive is pro-
vided by a X52 phase-locked multiplier. The natural
frequency, f,, of the loop is 130 kHz and is measured
using the technique of modulating the VCO [12].

The free running and phase-locked spectra are shown
in Fig. 7 (the photograph of the free running spectrum
being broadened by low frequency jitter.) The locked
oscillator phase noise spectrum in a 1 Hz bandwidth is
approximately determined from a spectrum analyzer dis-
play and is better than —65 dBc at 1 kHz offset and
=100 dBc at 130 kHz offset. The loop is observed to
remain locked for all load impedances by fitting a tunable
short circuit on the harmonic frequency output port and
tuning it over all phases. This feature is important if the
oscillator is to feed a nonideal load such as an antenna
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where the reflections from nearby objects can pull the
oscillator frequency. In order for the loop to remain
locked, the pulling range of the oscillator should be much
less than the range in which the loop can retune it. This
condition is easily satisficd by the high Q of the present
system. The total deviation of the unlocked fundamental
frequency for a short circuit harmonic load, tuned over all
phases, is ~ 20 MHz. The corresponding Q. factor for
the harmonic circuit measured at the loop operating point
was found to be approximately 3400.
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III. Bias-TuNED TAPERED WAVEGUIDE
OSCILLATOR

A. The Oscillator Circuit

The second oscillator presented is a translation into an
in-line geometry of the ideas discussed for the first struc-
ture. A high-pass filter can be constructed using tapered
waveguide which is chosen to be beyond cutoff for the
fundamental frequency. This structure can be designed to
transmit the harmonic in the TE,, mode while giving
nearly perfect reflection of the fundamental. The cutoff
acts as an almost ideal open circuit, since the waveguide
impedance has a pole at this frequency. The oscillator is
shown in Fig. 8. The fundamental resonant length be-
tween the Gunn device and taper reflection is tuned by
means of a micrometer-driven dielectric phase-shifter in-
sert which can be calibrated. The high-pass taper has a
cutoff frequency just below 50 GHz. In these experiments
the fundamental frequencies were in the range 35.5-36.1
GHz, giving a 71-72.2 GHz harmonic output). The low-
pass filter consists of a tunable cavity, formed by two
irises on either side of a metal tuning piston. It was found
that improved harmonic performance could be obtained
by means of a rexolite trimmer located between the iris
cavity and the Gunn diode. The theory for the resonance
between the taper and the Gunn diode, and its tuning
with the dielectric phase-shifter, is presented in the fol-
lowing subsections.

B. Resonant Lengths of Tapered Waveguides for Diode
Oscillators

In the conventional post-coupled diode oscillator, the
resonator is a length of straight waveguide terminated
with a back-short. The resonant length is usually ~ A, /2
or mA, /2, where m is an integer, since the diode usually
oscillates near a minimum impedance of the standing
wave. For the tapered waveguide replacing the back-short,
the cutoff point behaves like an open circuit and so the
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resonance will correspond to (m+1/2) times the half
wavelength, with the complication that A, /2 is now no
longer the constant of a straight waveguide. This type of
problem, i.e., of a wave in which the spatial phase factor
is not a constant (like B =2 /A) but is itself a function
of position, has been extensively studied in the analogous
case of quantum mechanics [13]. Fortunately, the com-
plexities of the additional differential equations arising
from the complete W.K.B. (Wentzel-Kramers—Brillouin)
analysis can be avoided for the following reasons. First,
the tapers used have only a gradual width variation, since
they are required to transmit the harmonic. Second, only
the maxima and minima which arise from superposition of
functions of the form e *//#4% are of interest, and for the
case of these representing incident and reflected waves in
a loss-free tapered guide, the amplitudes will be the same
at a given point. A convenient coordinate system for this
is' shown in Fig. 9. With the above considerations the
tapered waveguide field is assumed to be a small pertur-
bation on the functions for the straight guide. Thus the
TE,, fields have their time and z dependences as
¢J(@i % /Bd2) while the other familiar conditions assume the
usual form from Maxwell’s equations:

ad
E =0 E,=0 — =0,
ay
LomX
Eyotsm7 H o E,.

Variation of the height in the y direction affects only the
impedance. With the assumption of gradual variation of
taper width, the wave equation:
2 2 2
0°E, 3Ey=_1_aEy )
ax?  3z% % ar?

then yields the solutions of the form E, ae +jlBdz where

1,2
w2 w2
p= ¢t a?

and @ is a function of position, z. The quasi-infinite
impedance of the taper at cutoff is such that the current
and magnetic field are virtually zero while the voltage and

(2
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electric field are at a maximum given by the superposi-
tion: Ejigene T Erefiecica- Thus the electric field is of the
form

E = A(z)e/wt/6pdD 4 A(z)ej(wr—féBdZ)_ (3)

For the loss-free case, the amplitudes A(z) at a given
point z will be the same for the incident and reflected
waves, yielding the resultant standing wave:

4

For the oscillator diode to be at a minimum impedance at
position z in the standing wave pattern then

Eotef‘""cos(fzﬁdz).
0

1
szdz=(m+E)w, m=0,1,2,3,---. (5)
0

Referring to Fig. 10 for the geometry, it is seen that the
above integral covers the range from z =0 to the diode.
The phase shifter changes the electrical path length, thus
giving a phase shift component A¢. Together with the
nontapered portion of the guide, this gives the phase
contribution:

w? 7

A¢+(?-a—2 6)

w

1/2
) -D=A¢ +HD.

For the taper itself, a convenient change in the variable is

iz
z to a, where - (1/2)tan 6. Equation (5) can now be
a

rewritten as
z a, dz

[ Bdz = [ B—da|+HD+ Ad
0 a, da

1 a, 1
= (Etane_/;c Bda)+HD+ A¢=(m+z)7r. (7N

The solution of the integral requires substitution for 8
from (2) and then the substitution cos G = mc/aw, or
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a=(mwc/w) secG so that da=(wc/w) sec GtanGdG.
With the above changes of variables, (7) becomes

o G, 1
—tanf)f wtanzGdG+HD+A¢=(m+—)7r 8
2 G. 2

where
me me
G,, = arccos G, = arccos =0. (9
a,w a.w
Now since
G
[tan*GdG = tan G, - G, (10)
0

then (8) finally becomes
T 1
Etan@(tanGw —-G,)+HD+ A¢ —(m+ 5)7r=0 (11)

with

2 a

w

1/2
mc 0)2 7T2 /
G, = arccos — H-=

a,w

w

Equation (11) thus relates the resonant frequency, w /2,
of the taper section to the waveguide and taper dimen-
sions and the additional phase shift A¢. The solution
frequencies are given by the roots of this implicit tran-
scendental equation, which are calculated using a library
subroutine.’

C. Practical Implementation of the Tapered Waveguide
Oscillator

A compact phase shifting tuner in the form of the
dielectric rod allows the integer m of (11) to be kept
reasonably small. For these experiments, this assembly is
micrometer driven and is calibrated using a standing wave
indicator. For a diode operating in the fundamental band
from 35.5 to 36.1 GHz, the taper dimensions used are

D =241 mm
a,, =7.0mm
6 =1.516 rad.

These data are used in (11) to calculate the solution
frequencies of the taper resonance. A comparison be-
tween experiment and theory is shown in Fig. 11. The
results confirm that, for our practical convenient mode
number of m =8, the mode is sufficiently well separated
from the adjacent modes to preclude mode jumping. The
low-pass iris structure is a waveguide analogue of the
coaxial filter of the varactor-tuned oscillator. The re-
sponse for the overmoded harmonic is less predictable,
but the empirically tuned results are satisfactory. The iris
assembly is placed sufficiently far from the Gunn diode to
avoid heating effects and the position of the first iris
should not be at nA, /2, to prevent spurious resonance.

*Subroutine COSADF of the NAG FORTRAN library. Numerical
Algorithms Group Ltd, Mayfied House, 256 Banbury Road, Oxford,
0OX2 7DE, England.
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Fig. 12. Spectral performance of the tapered waveguide oscillator

(fundamental output).

The fundamental and harmonic power optima are ad-
justed with the dielectric trimmer or the metal piston in
the iris cavity. The oscillator delivers output powers up to
15 mW in the 71-72 GHz band with several tens of
milliwatts in the 35.5-36 GHz band. The spectrum ob-
taincd is shown in Fig. 12. No observable frcquency
pulling is detected on the introduction of a mismatch to
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the harmonic waveguide output. The clectronic tuning of
the taper oscillator will of course vary from diode to
diode, but it is generally at least 10 kHz per millivolt with
bias tuning, which is adequate for phase-locking. How-
ever, if varactor tuning is required, then a suitable ar-
rangement could be designed in a manner similar to the
tuning cavity of the first oscillator structure.

1V. CoNCLUSION

Elcctronically tunable two-port second-harmonic Gunn
oscillator structures have been developed. The oscillators
have output ports for both the fundamental and harmonic
frequencies and are suitable for cost-effective frequency
stabilization systems. The oscillator designs and perfor-
mance have been discussed and a demonstration of their
use in a heterodyne phase-locked loop control system has
been presented.

The techniques necessary for the realization of inte-
grated oscillator structures are now rcaching maturity
[14]-[18]. The second oscillator structure reported in this
work is directly transferrable to dielectric, metallized
dielectric, and metallized plastic injection molded wave-
guide media. The use of microstrip for dielectric res-
onator oscillators will require the design of suitable
microstrip filter structures in order to isolate the funda-
mental and harmonic frequency components.
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