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Fig. 9. Photograph of eight-pole filter.
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Experimental results for two six- and eight-pole S-band
elliptic function bandpass filters show good agreement with
theory. Although this type of filter may suffer from spurious
input-output coupling, it has been shown that careful design
can alleviate this problem.
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Components for Microwave Integrated Circuits
with Evanescent-Mode Resonators

KLAUS SCHUNEMANN, MEMBER, IEEE, REINHARD KNOCHEL, anxp GUNTHER BEGEMANN

Abstract—The electrical performance of active microwave com-
ponents for radio link systems, which have been realized utilizing
evanescent-mode resonators, is described. This waveguide-below-
cutoff technique is shown to be an alternative to the techniques
established before now.

1. INTRODUCTION

FEW YEARS AGO, Craven [1] presented a new type
of passive integrated circuitry utilizing evanescent-
mode resonators. In this technique, inductance is repre-
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sented by short sections of rectangular waveguide below
cutoff, capacitance by obstacles in the waveguide, such asa
capacitive screw or a thin sheet of dielectric. Thus resonators
of high unloaded Q-factor (called evanescent mode resona-
tors) can be formed which resemble a reentrant cavity (see,
e.g., [2]) in that the electric stored energy is confined to a
small volume of a gap region surrounded by a larger volume,
which contains the magnetic stored energy. In both cases
resonant conditions are established only after insertion of
a post. One can then regard the reentrant cavity as the
forerunner of the waveguide-below-cutoff technique.
While theory and realization of passive components in
waveguide-below-cutoff technique are in an advanced state
[2]-[10], only little work has been done concerning active
components [11]}-[15]. A varactor diode upconverter and
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Fig. 1. Prototype oscillator circuit. D-active device, 1-propagating

waveguide, 2-evanescent mode resonator.

several types of Gunn oscillators have been described, which
show no outstanding electrical performance. In particular,
the inherent advantages of the new technique for realizing
active components have not been utilized or at least
recognized. Hence, this work is devoted to demonstrating
the applicability and superiority of the waveguide-below-
cutoff technique for high-quality microwave systems such as
microwave radio links and satellite systems.

II. ProtOTYPE CIRCUIT

For application purposes, we have chosen radio link
system components utilizing both FM and phase-shift key-
ing (PSK). In order to achieve a high degree of standardiza-
tion, a prototype oscillator circuit has been developed which
can be used for local oscillators, injection locked amplifiers
for both FM and PSK signals, voltage controlled oscillators
for usein a phase-locked loop for amplification or frequency
stabilization, and cavity-stabilized oscillators. The circuit is
suitable for MPATT diodes and Gunn elements. The pro-
totype circuit can further be used as phase modulator with
pin or varactor diodes for performing PSK.

The circuit is sketched in Fig. 1. The resonant diode
mount is formed by the evanescent-mode waveguide 2, the
power is extracted through a propagating waveguide 1. Both
waveguides are coupled by a narrow slot in their common
wall. (In an integrated-circuit system the propagating wave-
guide 1 will be replaced by the component subsequent to the
oscillator, e.g., by a filter or by a circulator, which are
realized by evanescent mode resonators, too.) Resonance
conditions are established only after introduction of the
active device D, which stores predominantly electric energy,
and thereby establishes the necessary balance between
time-average amounts of electric and magnetic stored ener-
gies. The resonance structure is thus limited to the volume
immediately surrounding the active device. The screws can
fulfill either of two operations: They can tune the oscillation
frequency if they are located in the vicinity of the active
device; otherwise they form additional resonators as is
important, e.g., if one wants to increase the locking band-
width of an injection locked amplifier for FM signals by
reactance compensation. The load is matched via the dimen-
sions of the slot, which but weakly affects frequency.

II1. Basic FEATURES

The significant features of the technique are the following:
The individual elements of equivalent circuits approximate
lumped elements in a large frequency range. There is no
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periodic relationship between reactance and frequency asin
other distributed constant networks, for progressive waves
are not supported if the frequency does not exceed the cutoff
frequency of the host waveguide. In a frequency range where
it does, however, poles and zeros of network functions willin
general not be harmonic to the working frequency, and
hence will not degrade the electrical performance. Broad-
band performance should therefore be characteristic for
active components with evanescent mode resonators.

This important feature is a consequence of the lumped-
element character of networks. It shall now be stressed once
more, by regarding the problem of matching an impedance
(e.g., of asemiconductor diode) over a large frequency range.
If the transforming network is composed of lumped ele-
ments only, its bandwidth for a given mismatch is governed
by the well-known relation of Fano [16]. The bandwidth
around the working frequency degrades if lumped elements
are replaced by distributed ones. This is mainly due to
parasitic passbands, which are inherent in networks with
distributed elements. Another undesired feature is that these
passbands are harmonically related to the working fre-
quency. The situation is quite different for networks with
evanescent-mode resonators: As long as the frequency does
not exceed the cutoff value of the host waveguide, additional
passbands do not exist. At higher frequencies, parasitic
passbands are indeed possible; they do not fall, however, at
harmonics of the working frequency. Moreover, they are in
general not so strongly marked as in the case of distributed
constant networks. Hence, their contribution to Fano’s
mismatch integral is smaller, thus leading to a larger band-
width of the fundamental passband. With respect to band-
width, evanescent mode resonators yield medium
performance between the performance of lumped-element
and distributed-element networks.

Another advantage of the technique is that a given
equivalent circuit can easily be realized without introducing
undesirable parasitic elements as, e.g., in normal waveguide
technique. This is likewise due to the lumped character of
both the inductances and capacitances. Both elements con-
centrate their associated fields in a small and well-defined
volume. Moreover, as almost all types of discontinuities
inserted in a waveguide below cutoff behave like induc-
tances, their effect can easily be included in the resultant
inductance of the waveguide. Hence there are no problems
with parasitic elements of capacitive character. Thus a high
degree of predictability is achieved when special compo-
nents are realized.

Further advantages of the waveguide-below-cutoff
technique are a substantial reduction in size, weight, and
cost of both passive and active microwave components. The
technique does not, of course, compete with existing thin-
and thick-film techniques in this respect; it leads, however,
to superior electrical performance.

Concluding this chapter, the significant features of the
waveguide-below-cutoff technique shall be summarized:

1) lumped element character of networks;
2) broad-band performance;
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3) high degree of predictability;

4) lack of parasitic elements of capacitive character;

5) small circuit losses;

6) feasibility of integrating passive
components;

7) remarkably simple microwave networks;

8) substantial reduction in size, weight, and cost.

and active

IV. APPLICATIONS

In the following the potentials of the waveguide-below-
cutoff technique will be demonstrated by describing the
performance of active microwave components. The exper-
imental results presented below are average values, and
typical for the special devices; they could sometimes have
been surpassed considerably, if the circuit had been op-
timized for a single semiconductor element.

A. Injection-Locked Amplifier

Injection-locked solid-state oscillators can be used as
amplifiers for FM signals replacing TWT’s. System require-
ments then put severe restrictions on the amplitude and
phase responses, the group delay variation, AM to PM
conversion, and AM compression. Low FM distortion, i.c.,a
nearly linear relationship between phase ¢ and frequency
o at the amplifier output part, turns out to be the most
important design objective.

The characteristic features of injection-locked oscillators
are commonly illustrated in the admittance plane, showing
curves of the frequency-dependent admittance of the passive
circuitry (the load line), and of the RF-amplitude and
frequency-dependent admittance of the active device (the
device line). Stable oscillation is then represented by the
intersection of device and load line, as is well known. Any
injection signal can now be illustrated by an injection
admittance, whose phase versus frequency relationship ¢(w)
can be graphically constructed from the admittance locus
chart as shown by Kurokawa [17].

The inverse problem must be solved if an injection locked
amplifier is to be theoretically optimized. Starting from a
linear relationship between ¢ and w, the corresponding load
line must be found. In case of a van der Pol-type nonlinear-
ity it turns out to be circular, with equal frequency spacing
around the free-running oscillation point. The question of
how to realize this passive circuitry arises now. An
approach, which but insignificantly multiplies the number of
tuning elements, represents a double-tuned oscillator, which
consists, e.g,, of a series resonant circuit in parallel to a
parallel resonant circuit. The design parameters in this case
are the load conductance and the coupling coefficients and
Q-factors of the two circuits, which should be tuned to the
same natural frequency. A still closer approximation to the
ideal load line is obtained with a triple-tuned oscillator
consisting, e.g., of three parallel resonant circuits in series,
whose natural frequencies should all be different from one
another. This circuit is believed to yield the best compromise
between ideal behavior and need for circuit simplicity.

So far, only the shape of the load line has been fixed,
whereas the load conductance at the oscillation frequency of
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Fig. 2. Equivalent network of the prototype oscillator circuit.
Y, admittance of active device; G, load conductance; k turns ratio of
the coupling slot transformer; wg,w,,w,-resonant frequencies
(0, < wo < w, for a triple-tuned injection locked amplifier).

the free-running oscillator must still be determined. A
favorite choice is to establish the loading of the active device
in such a way that maximum output power is delivered only
in the state of injection locking at the free-running fre-
quency. Compared to the case that the load is adjusted to
maximize the output power of the free-running oscillator,
both an improved locking bandwidth and less power varia-
tion with frequency is observed. (Of course the load has to be
readjusted when the locking gain is changed.)

Following these theoretical guidelines, a triple-tuned
oscillator has been developed with evanescent-mode resona-
tors. It consists of the prototype oscillator circuit of Fig. 1.
The three resonant circuits are each realized by a tuning
screw (or the active device, respectively), and the surround-
ing sections of the waveguide below cutoff. The cutoff
frequency has been chosen as 3/2 times the operating
frequency; the waveguide height corresponds to that of the
diode package. An equivalent network of the oscillator
circuit is shown in Fig. 2. The vartous conductances of the
parallel resonant circuits account for the circuit losses.
The coupling of the circuits is adjusted by the distances
between the tuning screws and the active device; the reson-
ant frequencies are determined by the penetration depth of
the screws. Adjustment of the load is done by the dimensions
of the coupling slot.

Using a Gunn element, a relative locking bandwidth of 20
percent could be achieved at a gain of 10 dB with an output
power variation of less than +0.5 dB. In case of 20-dB gain,
the locking bandwidth exceeded 10 percent. A typical curve
is given in Fig. 3. Phase linearity and AM to PM conversion
were sufficient over a frequency range of 7 percent, i.e., group
delay variation was less than 1 ns, and AM to PM conver-
sion less than 4°/dB.

The locking bandwidth of an IMPATT diode oscillator was
smaller due to the higher Q-factor of the MPATT diode. At
20-dB gain, a 200-MHz locking bandwidth could be
measured in the 7-GHz band. The amplifier could be tuned
by one screw over a 10-percent frequency range with the
locking bandwidth not less than 120 MHz (see Fig. 4).

The performance of injection-locked amplifiers with
evanescent-mode resonators is largely affected by the har-
monic content of the output spectrum. The aforementioned
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Fig. 3. Output power P and phase ¢ of injection locked Gunn oscillator
versus frequency at 20-dB gain (maximum output power 22 dBm).
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Fig. 4. Output power P and phase ¢ of injection-locked IMPATT oscilla-
tor versus frequency at 20-dB gain (the various curves have been ob-
tained by tuning one screw).

results could only be achieved provided that harmonics in
the output spectrum had sufficiently been damped by apply-
ing harmonic absorbers to the ends of the evanescent-mode
waveguide. If the harmonic absorbers are omitted, ripples
will be found in the phase response of the injection locked
oscillator. Keeping in mind that the slope of the phase
response with frequency is a measure for the loaded Q-factor
of the circuit, one can state that these ripples indicate a
Q-factor degradation at some discrete frequencies. This
degradation is caused by reactive power stored at harmonics
of the oscillation frequency. The impedance locus seen from
the active device then shows small loops. Although stable
locking around such loops is possible provided that the
locking power is not too small, ripples in the phase response
and the involved variations in group delay limit the appli-
cability of the oscillator as an FM amplifier. Employing
harmonic absorbers is, however, a powerful means to over-
come these difficulties.

B. Voltage-Controlled Oscillator

A voltage-controlled oscillator (VCO) has been realized
with a Gunn element as active device. Locating the two
screws of the prototype circuit in the vicinity of the active
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Fig. 5. Output power P of mechanically tuned Gunn oscillator (maxi-
mum output power 22 dBm).
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Fig. 6. Output power P and frequency f of electronically tuned Gunn
oscillator versus varactor bias (maximum output power 21 dBm).

device yields an oscillator whose oscillation frequency can
be tuned by one screw over 18-percent bandwidth with the
output power being constant within +0.5 dB (see Fig. 5).
Over a relative frequency range of 15 percent the output
power ripple is even less than +0.25 dB.

Replacing one screw of the prototype circuit by a varactor
diode yielded a tuning range of 15 percent with an output
power ripple less than +0.5 dB. The power loss in the
varactor diode was 0.5 to 1 dB. Typical tuning curves are
given in Fig. 6. One problem occurs, however, in practice;
when tuning the oscillator mechanically or electronically,
instabilities are often observed over the tuning range which
lead to frequency jumps of several 10 MHz. This effect
heavily depends on the particular Gunn element used. It was
found to be related to the harmonic content of the oscillator
output spectrum. Because of the low Q-factor of the imbed-
ding, even small amplitudes of the harmonics cause a storage
of reactive power in the evanescent-mode waveguide. This
leads to small impedance loops which can be observed by
displaying the impedance locus seen from the active device.
These loops are due to a further lowering of the Q-factor,
which results in instabilities: Continuously tuning the VCO
around a loop is not possible, a discontinuous frequency
jump will occur instead. The problem has been solved by
applying harmonic absorbers to the ends of the evanescent-
mode waveguide. The performance of the VCO is then free
from mode jumping effects.

A mechanically and electronically tunable oscillator
showed the following characteristic features: The oscillation
frequency could be mechanically tuned over a relative
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Fig. 7. Oscillation frequency versus temperature of a Gunn oscillator
with varactor diode without (a) and with (b) a compensating dielectric.

bandwidth of 13 percent (output power constant within
+0.5 dB), and additionally by a varactor diode over 5
percent (additional power ripple less than +0.25 dB).
Inserting another varactor diode for FM purposes yielded
tuning ranges of 15 percent (mechanically), and of 5 percent
and 30 MHz, respectively, for the two varactor diodes. The
30-MHz tuning range allowed performing linear FM.

The temperature dependence of the oscillation frequency
is shown in Fig. 7. The frequency drift can effectively be
reduced by placing a small slice of dielectric with a negative
temperature coefficient of its dielectric constant in the gap
under the tuning screw. Thus a stabilization factor of 20
could be achieved.

C. Cavity-Stabilized Oscillator

Cavity stabilization is well known as an effective and
simple means for improving both short-term and long-term
frequency stability of solid-state oscillators. The compound
oscillator structure consists of three networks, which are
coupled together: the diode mounting structure or the
original osciilator, the high-Q resonator, and the coupling
network (transmission line with damping resistor). The
passive circuitry must carefully be designed in order to
prevent multiple-mode operation due to the interaction of
the several resonant structures. To this end an appreciable
amount of the generated power (typically 1-2 dB) must be
absorbed in the damping resistor. A further disadvantage is
that the oscillator can only be tuned over a narrow
frequency range by varying the natural frequency of the
cavity. This is due to the phase sensitivity with frequency of
the coupling line. Until now, single-mode operation of the
compound oscillator structure has been reported over a
relative frequency range of maximally 1 percent for stabili-
zation factors ranging between 10 and 100. To improve the
performance of the cavity-stabilized oscillator assembly the
governing design objective has to be the renunciation of
the coupling line. This has not yet been achieved for
oscillators in normal waveguide, coaxial, or MIC technol-
ogy, but it can indeed be achieved by utilizing waveguides
below cutoff.

Regarding our prototype circuit, the stabilizing cavity can
be mounted adjacent to the evanescent-mode waveguide. A
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Fig. 8. Reflection cavity stabilized Gunn oscillator. 1-TE,  ,-mode circu-
lar waveguide cavity; 2-evanescent mode resonator; 3,5-coupling
holes; 4-active device; 6-propagating waveguide.
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Fig. 9. Equivalent network of a cavity-stabilized oscillator. (a) With
evanescent-mode resonator. (b) In normal waveguide technique.
Y,-admittance of active device; G,-load conductance; L resultant
inductance of waveguide below cutoff; k, k,~turns ratio.

possible configuration of a reflection-cavity stabilized oscil-
lator is schematically sketched in Fig. 8. No further tuning
screw is needed in this case, so that the evanescent-mode
waveguide performs as a pure inductance as seen from the
active device. It can hence be represented in an equivalent
circuit (although somewhat idealized) as a transformer
which connects the load and the stabilizing cavity to the
active device (see Fig. 9(a)). The transformation ratios can
be separately adjusted for load and cavity by choosing the
dimensions of the coupling slots. The compound oscillator
structure is described by a simple parallel resonant circuit.
This holds in a frequency range of up to 10 percent, in which
single-mode operation can be obtained. In the case of
cavity-stabilized oscillators realized in conventional
techniques, the equivalent circuit contains 3 resonant cir-
cuits for the diode mounting structure, the high-Q resonator,
and the coupling line (see Fig. 9(b)). Single-mode operation
is thus restricted to a far narrower frequency range.

For the reflection cavity-stabilized oscillator of Fig. § the
power is extracted through a propagating waveguide. In a
modification of this circuit, the power can be extracted
through another port of the cavity. This leads then to a
transmission cavity-stabilized oscillator.

Using a circular TE,,;-mode waveguide cavity, a
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Fig. 10. Output power P and oscillation frequency f versus cavity
frequency of a reflection cavity-stabilized Gunn oscillator (maximum
output power 260 mW).

reflection-cavity-stabilized oscillator has been realized at
Ku-band (15 GHz). The loaded Q-factor of the oscillator
amounted to 4500 with a power loss in the cavity of less than
2 dB (unloaded Q-factor of the cavity being 20000 at 15
GHz). Over a tuning bandwidth of 700 MHz the output
power was constant within +0.5dB (see Fig. 10). The tuning
range is only limited by the mechanical tunability of the
cavity. An additional electronic tuning range of 10 MHz
could be achieved by hole-coupling another evanescent-
mode resonator with varactor diode to the high-Q cavity.
This tuning circuit absorbed 1 dB of power and simultan-
eously reduced the loaded Q-factor to 3700. The FM noise at
modulation frequencies exceeding 10 kHz was less than 0.1
Hz measured in a 100-Hz bandwidth. By mechanically
compensating for the frequency drift with temperature
change, a frequency stability of 1 x 107> could be achieved
from —20 to +50°C. To this end the high-Q cavity was
made from Invar, with its bottom from copper, and filled
with dry nitrogen.

D. Phase Modulator with Pin-Diode

Phase modulators with pin-diode are advantageous for
PSK in both radio-link systems and guided millimeter-wave
communication systems with high bit rate. A severe restric-
tion in the performance of these modulators is their narrow
bandwidth of typically 1 percent, which is defined with
respect to a tolerable deviation from the desired phase shift
(e.g, +4° in case of an 180° modulator) and to a tolerable
imbalance in the magnitudes of the reflection coefficients of
the two diode states (less than, e.g., 0.05).

A reflection-type phase modulator has been developed by
using the prototype circuit of Fig. 1 with a pin-diode as
nonlinear device D. The imbedding is capable of performing
a broad-band resonance transformation of the two pin-
diode impedance states in such a way, that reflection
coefficients of 180° phase difference and of equal magnitudes
are achieved. The modulator bandwidth amounted to 10
percent for an insertion loss of 0.5 dB and 1-ns switching
times at a midband frequency of 14.9 GHz. Phase-shift error
A¢ and imbalance AR of the reflection coefficients are
shown versus frequency in Fig,. 11.

From the foregoing results it can be stated that the
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Fig. 11. Phase shift error A¢ and imbalance AR of the reflection
coefficients of a phase modulator with pin-diode.

prototype circuit of Fig. 1 is well suited for performing a
broad-band matching of various semiconductor elements.
Gunn elements, IMPATT, varactor, and pin-diodes can be
successfully incorporated.

V. CONCLUSIONS

The significant features of the waveguide-below-cutoff
technique shall be summarized and compared to those of
conventional techniques. Its circuit elements show lumped
character. Hence broad-band performance is characteristic
of realized active components. The technique is in this
respect superior to coaxial, normal waveguide, and thin and
thick film techniques. As parasitic elements of only inductive
character are introduced in a realization (which can be
absorbed in the inductance of the waveguide below cutoff),
remarkably simple microwave networks can be established,
which are further characterized by a high degree of predic-
tability. This is an advantageous difference to normal wave-
guide techniques. Moreover, the waveguide-below-cutoff
technique is superior to coaxial or to normal waveguide
technique in the sense of cost, size, and weight of realized
components. It is hence believed to represent a remarkable
alternative to the techniques established till now. It should
be applicable up to frequencies in the lower millimeter-wave
region (30-40 GHz).
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Short-Circuit Tuning Method for Singly
Terminated Filters

MING HUI CHEN, MEMBER, IEEE

Abstract—This paper describes a filter tuning method based upon
the match of measured and computed input impedances for a
short-circuited filter. Two singly terminated filters, an 8-pole Cheby-
shev filter, and a 6-pole pseudoelliptic function filter tuned by using
this method have demonstrated excellent performance,

INTRODUCTION

INGLY terminated filters are the key elements in con-
Sstructing a contiguous band multiplexer [1]. Due to the
lack of a systematic tuning method for the singly terminated
filter, the contiguous band muitiplexer would be difficult to
construct and tune. This may be why the contiguous band
multiplexer is seldom used in a practical system.

The conventional filter tuning is based upon the return
loss characteristics of a filter. Minimum reflection in the
passband with correct center frequency and bandwidth is
usually the criterion for tuning doubly terminated filters.
Since the input port for a singly terminated filter is not
matched over the entire passband due to the existence of
passband reactance, the criterion of minimum reflection
cannot be used for filter tuning. A method based upon the
filter’s short-circuit impedance, which has been used for the
measurement of intercavity couplings [2], has been further
developed for tuning singly terminated filters. This paper
presents this filter tuning method, as well as the experimen-
tal results for two model filters tuned by using this method.
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NETWORK MODEL FOR THE FILTER

With the short-circuit filter tuning method, the tuning and
coupling screws are set one by one according to the match of
measured and computed input impedances for a short-
circuited filter. Therefore, the correct network representa-
tion for the filter is extremely important. Consider a
multiple-coupled cavity network [3], [4], whose currents and
voltages are related by an impedance matrix Z as follows:

" I
17 I
M=z |? (1)

with

7 1 4 2 (I{.Qi 2
=0, xBW " xBw g,

- tan (nigm), i=12
Ag

Zij=jMij5 i%j (3)
where @, is the unloaded cavity Q, BW is the fractional
bandwidth, and A and A, are the free space and guide
wavelengths, respectively.

When the cavity i is resonant, i, and g, are set
according to the midband frequency of the filter; when i is
not resonant, Ago; and A,; are set according to a detuned
frequency which may be measured in advance. The coupling
coefficients, M;;, the input resistance, R,, and the output
resistance, R,, define the network as shown in Fig. 1 with the
input at AA’ and output at BB'. A short-circuited filter is a
1-port network with a short circuit at BB’ and the input at




