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Slot-Fed Higher Order Mode Fabry—Perot Filters

James McCleary, Student Member, IEEE, Ming-yi Li, and Kai Chang, Fellow, IEEE

Abstract—Iow loss bandpass filters consisting of Fabry-—Perot
resonators excited by waveguide fed slots coupling to higher order
resonator modes are demonstrated. For close reflector spacings,
the waveguide couples efficiently through the slots to the TEMygo
and TEM; modes. The characteristics of both rectangular and
circular waveguide feeds with various slot lengths and widths
are presented. At X-band the filters have unloaded @ values
which range from 1000 to 7000 with insertion losses less than
1 dB. The filters which have the rectangular waveguide feeds are
mechanically tunable over a 20% bandwidth.

I. INTRODUCTION

HIS PAPER presents results on efficient coupling to the
higher order modes of a Fabry—Perot resonator through
slots fed by waveguide. The problem of coupling to a mode
of a Fabry—Perot resonator is essentially. that of coupling to
a propagating beam within the resonator. Most previous work
in this area has been in coupling to a fundamental Gaussian
beam. A good way to couple from waveguide to a Gaussian
beam is through a horn, the most efficient being a corrugated
horn [1]. Once launched from a horn, a Gaussian beam can
be coupled into a resonator through metal grids or dielectric
plates for such applications as diplexing and filtering [2]-[6].
A popular coupling method used in the characterization of
dielectrics is from waveguide through small holes [7], [8].
This method of coupling to a fundamental mode is not very
efficient, but the objective of this application is not to achieve
good coupling, but rather a high @ [9]. A single element in
general does not couple well to a Gaussian beam. Mink’s
analysis show that an array of elements is needed to efficiently
couple to a fundamental mode of a Fabry—Perot resonator [10].
The literature on the applications of Fabry—Perot resonators
to power combining and oscillator stabilization contains vari-
ous examples of fundamental-mode coupling methods. A few
include dielectric tapers, slots, patches, patch-illuminated slots,
circular-apertures, and waveguide apertures [11]-[16].
Kuraev et al., have conducted theoretical and experimental
analyses of coupling transitions consisting of tapered wave-
guide sections [17], [18]. Cam et. al., have applied the bound-
ary element method to solve for the current distribution on a
reflector of a resonator disturbed by a circular aperture [19].
In [20}, the authors reported a low-loss filter consisting
of a plano-concave resonator fed by rectangular waveguide
through slots. Low loss occurred by coupling to a fundamental
mode near the resonant frequency of the slots. In this paper,

Manuscript received August 18, 1992. This work was supported in part by
the Army Research Office and the Department of Defense through a National
Defense Science and Engineering Graduate Fellowship.

The authors are with the Department of Electrical Engineering, Texas A&M
University, College Station, Texas 77843-3128.

IEEE Log Number 9211928.

- d

slot
W w j
T 7

Fig. 1. Concave-concave resonator fed by waveguide through slots. Also
shown is the coordinate system. The reflectors have radii of curvature R,
have radii a, and are separated by an axial distance d.

we report improved filter performance by slot-coupling to
higher order modes in concave resonators. The results include
mechanically tunable X -band filters with insertion losses less
than 1 dB and unloaded ) values ranging from 1000 to
7000. Although our experiments were conducted at X -band,
the filters should have many applications at millimeter-wave
and submillimeter-wave frequencies where conventional filters
have higher losses and lower values of Q.

The rest of the paper is organized as follows. First is a brief
review of resonator mode theory. Then follows a description
of experimental setups and the results of experiments using
rectangular and circular waveguide feeds.

II. RESONATOR MODES

The experiments described in this paper deal with
Fabry—Perot resonators configured like the one shown in
Fig. 1. This resonator consists of two circular concave
reflectors separated by an axial distance d. The reflectors have
equal radii of curvature R. Power couples into and out of the
resonator through waveguide-fed slots at the center of each
reflector.

The resonant frequencies of the resonator in cylindrical
coordinates are given by the well known formula [21]

folg = EC(Z [(q +1)+ 71; (2p + 1+ 1) arccos(1 — d/R)] .
)

The plg are mode numbers. The resonant fields are ap-
proximately TEM, and the modes are denoted by TEM,,.
Fundamental modes have p = [ = 0 and have radially sym-
metric field distributions which are approximately Gaussian.
The quantity (¢ + 1) is the number of half-wavelengths of
the standing wave set up between the reflectors. The standing
wave is formed by the Gaussian beam which propagates back
and forth between the reflectors. Illustrated in Fig, 1 is the
beam radius w which is the contour where the amplitude of
the beam is 1/e of its value on the axis. At the center of the
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Fig. 2. Ideal transverse field distributions of the TEMggp {p = 0), TEM3qg

(p = 3), and TEM4qo (p = 4) modes.

resonator (2 = 0 in Fig. 1), the beam has a minimum radius
wq called the beam waist given by [21]

A

wi = 5 d(2R —d) . )

The beam radius at any other location in the resonator is
expressed in terms of the waist as [21]

Az \?
1 — . 3
+(mﬁ>} @
In particular, the beam incident on a reflector (at z = £d/2)
has radius w, given by

w?(2) = wg

. AR [d
T x V2R—-d’

w 4)

The mode numbers p and ! describe higher order modes
which have nulls along contours of constant » and ¢, respec-
tively. The higher order modes for which [ # 0 have a null
along the resonator axis (r = 0). Since the slots in Fig. 1 are
along the axis, coupling to these modes is weak [8].

The transverse fields of the modes for which [ = O but p # 0
have radially symmetric distributions given approximately
by the product of Gaussian and Laguerre functions. The
magnitudes of these distributions are given by [21]

u(r)z%exp(-—L—Z) L,,(z%)‘, )

where L, is a Laguerre polynomial. An expression for the
Laguerre polynomials is [22]

™. 6)

3 m p!
Lp() = mz—zo (=1) (p — m)!m!m!
Of particular interest in this paper are the TEM3zq and
TEM4os modes. Fig. 2 shows the transverse fields for these
modes as well as the fundamental mode (p = 0). They are
plotted as functions of the radial coordinate » normalized by
the beam radius w.
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Fig. 3. Dimensions and positions of the slots for (a) the rectangular wave-
guide feed and (b) the circular waveguide feed. The slots have width sw and
length sl.

III. MEASUREMENT SETUPS FOR SLOT-FED FILTERS

Measurements of the resonator included testing of both
rectangular and circular waveguide feeds at X -band frequen-
cies. Fig. 1 shows the general experimental setup for both
feeds. The rectangular waveguide feed is standard 0.9” X
0.4" (22.9 mm x 10.2 mm) X-band waveguide. For the mea-
surements with the circular waveguide feed, transitions from
rectangular to circular waveguide were used. The diameter of
the circular waveguide output of each transition is 27.79 mm.
The transition contains mode filters which allow single dom-
inant mode operation with good performance from 10.5 GHz
to 11.7 GHz. Each feed is mounted flush to a reflector. The
other end of each feed is connected by coax to an HP8510
network analyzer.

The reflectors are two aluminum discs which have 9”
(22.9 cm) diameters and 40" (101.6 cm) radii of curvature. A
plug of 3" (7.62 cm) diameter is removable from the center of
each reflector. The plugs allow different feed structures to be
tested without manufacturing entirely different reflectors. Cut
through the center of each plug is a waveguide aperture which
matches the dimensions of the waveguide feed. The reflectors
are mounted on an optical rail which allows measurement of
distance accurate to 0.1 mm.

Coupling from the waveguides to the resonator is through
slots cut in copper or brass foil. Fig. 3 shows the general
dimensions of the slots. The slots are sw wide and s/ long.
Their orientation is orthogonal to the direction of the dominant
mode electric field in each guide. Tape fixes the slots over the
waveguide apertures.

TRL calibrations were made to set the reference planes for
S-parameter measurements at the ends of the waveguide feeds.
This means that unloaded () measurements were not of the
resonator by itself, but of the resonator loaded by the slots.

IV. RECTANGULAR WAVEGUIDE SLOT-FED FILTERS

The measurements of rectangular waveguide slot-fed filters
include two slot sizes: 0.5 mm X 23 mm and 0.5 mm X
20 mm. The 23 mm long slot extends across the width of the
waveguide. Other slots with larger widths were also tested, but
only the 0.5 mm wide slots provided consistently good isola-
tion (> 20 dB) between adjacent modes across the 8—12 GHz
measurement band. We use isolation to refer loosely to the
difference between the strength of a peak of a resonance
and the floor between it and an adjacent resonance. For
example, consider Fig. 4 which shows an S,; measurement
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Fig. 4. S21 measurement of the rectangular waveguide slot-fed filter for a
reflector spacing d = 20.9 mm. The modes from left to right are the TEM;qg,
TEMyq5, TEM3g9, and TEMygp modes.

of the resonator with the 23 mm long slots for a reflector
spacing of d = 20.9 mm. The modes from left to right are the
TEM1g9, TEM2gg, TEM3gq, and TEMygg modes. The isolation
between the TEM3p9 and TEMygy modes is about 30 dB, but
the isolation between the TEMjg and TEM3gy modes is less
than 25 dB.

All the modes in Fig. 4, including the TEMgyy fundamental
not shown in the figure, exhibited some very low loss behavior
(< 1 dB) over the 8—12 GHz band. The TEM3qp and TEMyqq
modes, however, more consistently had low loss, and they
had better isolation from surrounding modes. The following
results are for these two modes. Note that these results are
only for the TEM3pp and TEM4g0 modes and not the TEM3q,
and TEM4o, modes in general. The diffraction losses of these
modes for ¢ > 0 were large.

Fig. 5 shows measured resonant frequencies as a function
of reflector separation for the TEM3pp and TEM4gp modes
with the 23 m long slots. The curves show the mechanical
tunability of the filters. The case for the 20 mm long slots
has a plot nearly identical to this one. For both cases, the
measured frequencies are consistently 2.5-3.5% greater than
the theoretical frequencies predicted by (1). One reason for this
difference could be strong coupling from the waveguides to
the resonator. Another possible explanation is the breakdown
of Gaussian beam theory for reflector separations less than
one wavelength.

Fig. 6 plots insertion loss against resonant frequency for
the four combinations of modes and slot lengths: p = 4, sl =
23 mm; p =4, sl = 20 mm; p = 3, sl = 23 mm; and p = 3,
sl = 20 mm. Note that each point in the graph represents
a different reflector separation, just as in Fig. 5. The TEMygo
mode has less than 1 dB loss above 10.2 GHz. The TEM3q
mode has less than 1 dB loss above 9 GHz except for a
band between 9.6 and 10.1 GHz. The filters are mechanically
tunable over a 20% bandwidth with less than 1 dB insertion
loss. From these measurements, the loss does not seem to
significantly depend on the slot length. The VSWR for these
measurements never exceeded 1.3. The insertion loss is then
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Fig. 5. Measured resonant frequencies versus reflector separation for the
rectangular waveguide feed with the 0.5 mm x 23 mm sots.
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Fig. 6. Insertion loss versus resonant frequency for the rectangular wave-

guide slot-fed filters.

due mostly to ohmic loses, diffraction, and radiation from the
slots which does not couple to the resonator mode.

Fig. 2 can provide a qualitative sense of how diffraction
loss affects the insertion loss of the filters. A point at r/w =
a/w, (where a is the reflector radius, and w, is the beam
radius at a reflector given by (4)) represents the incident
field at the edge of a reflector. Any field before this point
is contained within the resonator; any field above this point is
lost to diffraction. Table I shows four of these points which
correspond to measurements with the 23 mm long slots. In
each row of the table, the first column shows the mode of the
measurement (TEM4gg9 or TEM3q), and the second and third
columns contain a measured frequency-reflector separation
(f — d) data pair. The fourth column shows the reflector edge
point, a/w,, calculated from (4) using the measured f and
d. The fifth column shows the measured insertion loss. The
first and second rows of the table show the edge points for
the two modes at about 11.9 GHz. Both of the fields which
correspond to these points in Fig. 2 have almost converged to
zero before these points; the diffraction loss can be expected to
be small. The third and fourth rows are measurements of each
mode at larger reflector separations where the insertion loss
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TABLE I
REFLECTOR EDGE POINTS (a/w,) FOR THE RECTANGULAR WAVEGUIDE
SLoT-FED FILTERS (sl = 23 mm)

plg f (GHz) d (mm) afwr L (dB
400 11.8895 20.3 4.0 0.58
300 11.8845 18.5 4.1 043
400 10.1085 249 3.5 1.32
300 8.8025 26.4 32 1.22
300
plg, sl (mm)
250 400, 23
——=—= 400, 20
O 200 1 e 300’ 23
a ———— 300, 20
[m]
2 Ry
O 150 e .
%4 '/-"
100 e
-"’
R4
e
50 . . .
8 9 10 1 12

RESONANT FREQUENCY (GHz)

Fig. 7. @ versus resonant frequency for the rectangular waveguide slot-fed
filters.

exceeds 1 dB. At greater separation (corresponding to lower
frequencies) the insertion loss increases rapidly. The fields
which correspond to these points in Fig. 2 are just beginning
to extend beyond the edges of the reflectors.

This discussion of diffraction loss is very heuristic. The
actual fields in the filters are probably not exactly like the
ideal fields depicted in Fig. 2. The most that can be said is that
diffraction loss limits the tuning bandwidths of the filters. At
higher frequencies, the reflectors could easily be made larger in
terms of wavelength to improve the performance of the filters.

Fig. 7 shows the loaded Q(Q; = f,/Af3q) versus res-
onant frequency for the four mode and slot combinations.
Although Fig. 6 shows no significant dependence of loss on
slot length, Fig. 7 shows a definite dependence of @; on
slot length. The longer slot has a higher loaded @ (narrower
3 dB bandwidth) than the shorter slot for the same mode and
frequency. In addition, the TEMyo mode has a higher Q; than
the TEM309 mode for either slot or the measured frequencies.

The lower loaded @) of the modes for the 20 mm long slot
cases means that the isolation between the modes is less for
them also. The isolation between the TEMygg and the TEM3q
modes is always greater than 25 dB for the longer slot but
only greater than 20 dB for the shorter slot. Similarly, the
isolation between the TEM3¢ and the TEM3o9 modes is greater
than 20 dB for the longer slot (for the measured frequencies)
but less than 20 dB for the shorter slot for frequencies below
9.3 GHz.
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Fig. 8. )y versus resonant frequency for the rectangular waveguide slot-fed

resonators loaded by the slots.

Fig. 8 shows the unloaded () as a function of frequency for
the four cases. The unloaded () is given by [23]

Q
Qu= =157 )

where L is the insertion loss in dB. The relationships between
the cases are similar to those for ();; however, (), does not
show the fairly linear dependence on frequency that ); shows
in Fig. 7. (,, has a more erratic dependence due to the oscillat-
ing frequency response of the loss shown in Fig. 6. The
unloaded @) values of the TEM35p and TEMyg9 modes for the
20 mm long slot exceed 7000 above 11.5 GHz. Note that Q,,
is not for the resonator itself, but of the resonator loaded by
the slots.

V. CIRCULAR WAVEGUIDE SLOT-FED FILTERS

The rectangular to circular waveguide transitions limited the
circular waveguide slot-fed filter measurements from 10.5 to
11.7 GHz, a much narrower band compared to the rectangular
waveguide feed case. These measurements also used slots with
different widths, rather than lengths. Three slots were tested;
all had lengths of 20 mm and widths of 1,2, and 3 mm,
respectively.

As with the rectangular waveguide slot-fed filters, the
TEM3g and TEMyy; modes showed better performance in
terms of low loss than any other modes. S-parameter measure-
ments for the six combinations of mode and slot width were
made at increments of 100 MHz across the 10.5-11.7 GHz
band. As with the rectangular waveguide feed, the measured
frequencies were an average of about 3% higher than the
theoretical frequencies given by (1).

Figs. 9 and 10 show measurements of insertion loss as
functions of resonant frequency for the TEMyg and TEM;q
modes, respectively. Each graph contains measurements for
each of the three slot widths. From Fig. 9, the TEMygy modes
are mechanically tunable with less than 0.8 dB loss from 10..6
to 11.6 GHz. Fig. 11 superimposes the S3; measurements of
the TEMyg9 mode with the 1 mm wide slots for seven different
reflector spacings. Similarly, Fig. 10 shows that the loss for
the TEM3p mode is less than 1 dB except from about 11.1 to
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Fig. 10. Insertion loss versus resonant frequency for the circular waveguide
slot-fed filters for the TEM3g9 mode.

1.7

11.4 GHz. The shapes of the loss curves in Figs. 9 and 10 are
similar to the loss curves over the same frequencies in Fig. 6
for the rectangular waveguide case. Also as with the slot length
of the rectangular waveguide feed, no direct correlation can be
made about the effect of slot width on loss from the data in
these figures. One obvious difference between the two different
feeds, however, is that the insertion loss of the TEM3ypp mode
around 11.2 GHz for the filters with the circular waveguide
feed is greater than 1 dB but less than 1 dB for the filters with
the rectangular waveguide feed.

The statement that the TEMygo mode is tunable with low
loss from 10.6 to 11.6 GHz is not entirely true. From about
10.78 to 10.81 GHz, the modes distort, as shown in Fig. 12 for
the TEM3¢p mode with the 2 m wide slots. This phenomenon
occurred for both modes for all slot widths, but it did not
occur for the rectangular waveguide feeds. All measurements
in this section are missing a data point at 10.8 GHz due to
this distortion.

The loaded Q values of the circular waveguide slot-fed fil-
ters have a linear behavior similar to the rectangular waveguide
slot-fed filters. Table 1I shows (J; for the circular waveguide
case by listing the minimum @ at 10.6 GHz and the maximum
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Fig. 11. S2; measurements of the circular waveguide slot-fed filter for the

TEMygo mode with the I mm X 20 mm slots. The measurements are for
7 different reflector separations and are superimposed on each other.
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Fig. 12. S3; measurement of the circular waveguide slot-fed filter showing
distortion for the TEM3gp mode at 10.8 GHz. The measurement was taken
with the 2 m X 20 mm slots and d = 20.8 mm.

11.1

Q; at 11.6 GHz for each combination of mode and slot width.
The loaded @ decreases with increasing slot width, and for
a given slot size, the TEMygp mode has a higher (); than the
TEM3;qp at the same frequency. Both the 1 mm and 2 mm slots
for both modes have a higher @; than any of the measurements
over the same frequency range for the rectangular waveguide
case shown in Fig. 8. This means that the circular waveguide
slot-fed filters generally have better isolation between adjacent
modes than the rectangular waveguide ones. The isolation is
typically at least 30 dB for the TEMyy mode and at least
25 dB for the TEM3yp mode for all the slot widths. Figures 13
and 14 show the unloaded -factors for the resonator loaded
by the slots. The 1 mm wide slot cases for both modes
have higher @), values than the corresponding cases for the
rectangular waveguide shown in Fig. 8.

For both the circular and rectangular waveguide feeds,
the TEMyo and TEMjg, modes have less loss than the



1708

TABLE II
LOADED () VALUES FOR THE CIRCULAR WAVEGUIDE SLOT-FED FILTERS
plg = 400 plg = 300
l Qr Q1 1
sw (mm) (10.6 GHz)  (11.6 GHz) (10.6 GHz)  (11.6 GHz)
1 335 452 272 398
2 209 307 183 250
3 152 220 135 194
8
sw (mm)
7 .
—_— 1 plg = 400

UNLOADED Q/1000
]

2 T T T T T
10.5 10.7 10.9 11.1 11.3 11.5

RESONANT FREQUENCY (GHz)

@, versus resonant frequency for the circular waveguide slot-fed
resonators loaded by the slots for the TEM4gp mode.
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Fig. 13.
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Fig. 14. (@, versus resonant frequency for the circular waveguide slot-fed
resonators loaded by the slots for the TEMzgg mode.

fundamental TEMggy and TEMgy; modes. The reason for this
does not appear to be from diffraction losses because the fields
of the fundamental modes are more concentrated around the
resonator axis. The higher order resonator modes seem to
couple better to the waveguide modes. Fig. 2 shows that the
width of the main field distribution of the higher order modes is
narrower than the distribution of the fundamental mode. The
narrower lobe of a higher order mode may present a better
“match” to the waveguide fields than the broader distribution
of the fundamental.
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VI. CONCLUSIONS

We have demonstrated X -band Fabry—Perot filters which
use slots to efficiently couple dominant waveguide modes to
the TEMygo and TEMsgg of the resonators. Various slot sizes
can be used with both rectangular and circular waveguide feeds
to design filters that have unloaded @ values ranging from
1000 to 7000 and insertion losses less than 1 dB. Additional
analysis is required to predict the resonant frequencies of the
filters as the traditional analytical formula does not predict
them accurately enough.
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