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lengths. Its corresponding radiation pattern is shown in Fig. 2(d).
Increasing the antenna length to about 18 wavelengths did not
reveal any significant enhancement in antenna gain.

Based on the results of the experiments conducted at Ku
band, four different antenna structures were scaled and con-
structed at V band. In designing these V-band antennas, special
attention was given to the possible interface problem between
the dielectric insular waveguide and the antenna. The cross-
sectional dimension in the interface region was made to have a
transition as smooth as possible, such as to minimize any pos-
sible mismatch between the dielectric waveguide and the antenna.
The various configurations are shown in Fig. 3 together with
their pattern and gain measurements. The highest gain obtained
is 15.2 dB corresponding to the measured radiation pattern of
Fig. 3(b).

In general, the empirical results agree well with the design
formulas given by (1) and (2). It was found that for a given
relative dielectric constant, the optimum radiation character-
istics can be obtained if the cross-sectional dimension dp,, is
properly chosen. For HI-K707L material, a dimension of d,,/
4o ~ 0.2 was observed to provide the maximum gain. The gain
of a dielectric rod is initially increased by increasing the antenna
length. However, the relationship is not linear. For sufficiently
long length, a considerable increase in antenna length will not
result in a corresponding increase in the gain of* the antenna.
Instead, a slight decrease in antenna gain had been noticed after
about 14 wavelengths in some antenna configurations investi-
gated. The maximum gain realized was about 18 dB at Ku band
and 15.2 at V band.

IV. CONCLUDING REMARKS

The effort to design a millimeter-wave antenna suitable for
millimeter-wave integrated-circuit applications has been de-
scribed. The results of these measurements were evaluated.
The antenna of Fig. 3(b) was selected as the most suitable
configuration for this MILIC application. This antenna was
fabricated and integrated directly into the transmitter and the
receiver modules as, an easily replaceable component [9]. The
antenna is bonded to a T-shaped fixture which is fastened to
the main plate with two screws. The insular waveguide on the
antenna fixture and main plate are butted together to form a
continuous energy path. Since the dielectric antenna protrudes
out of the transmitter case, a protective polystyrene radome
has been provided in order to prevent breakage. The addition
of a single radome adds approximately 0.2-dB loss to the over-
all system. The receiver module [9] used the same dielectric
rod antenna. The receiver antenna is also replaceable in case
of damage and is protected by a polystyrene radome.

To provide a higher gain for MILIC technology, the con-
sideration of possible alternative techniques with regard to
millimeter-wave integrated-circuit applications and require-
ments is being considered. A detailed discussion on the em-
pirical results described previously and the limitations of the
existing concepts of utilizing a simple dielectric rod for MILIC
applications has been reported elsewhere [4].
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E-Type Modes in Cylindrical Dielectric Waveguides
with Periodic Boundary Perturbations

ERCAN TOPUZ, MEMBER, IEEE

Abstract—A. general method for the analysis of the effects of periodic
boundary perturbations on E-type modes of dielectric waveguides (DW’s)
is presented. The method is applied to hollow cylindrical dielectric
waveguide (HCDW), and numerical solutions for surface wave and
radiation mode intensities are given.

The effects of periodic boundary perturbations on E-type
modes of dielectric waveguides (DW’s) have not been investi-
gated. Existing asymptotic approximations [1]-[4] are only
valid in the optical region, where core-cladding refractive index
differences are orders of magnitude smaller than in the milli-
meter region. In the present short paper we extend the work of
Marcuse and Derosier [5], [6] for H-type modes of DW to
include E-type modes and, taking hollow cylindrical dielectric
waveguide (HCDW) as a specific example, give approximate
solutions of surface wave and radiation intensities.

HCDW is shown in Fig. 1 with sinusoidally perturbed boun-
daries. The modes of the unperturbed guide are well known [7].
E-type modes exist only in case of cylindrical symmetry, and

with H, = hy exp +jBz we have for surface wave modes
Jeo /T Crmly (L), r<a
Fym = { J080E/Qn[Cond 1( Q) + Dy Y1(Qr)], ay <r<a,
— joeo/T D amK (Lr), r>a,
and for radiation modes
Jooeo/Q AT Qyr), r<a
hy = Jege/Q, {A,11(Qor) + B Y (0,0}, a <r<a,

Jjooeo/ Q3 {437,(Q57) + B;Y,(Qyr)), r>a (2

where J; and Y; are Bessel functions, 7;, K; are modified Bessel
functions of the first and second kind and of the first order,
I" and Q are radial propagation constants given as

N e S SN py e
\/ko BZ Qz = \/3 o — ﬁz €)]

A,B,C,D, are integration constants, and exp (jw?) time depen-
dence is assumed. Normalizing these modes to carry the same
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Fig. 1. HCDW with sinusoidally perturbed boundaries.

power P, we obtain a complete set of normalized orthogonal
functions for circularly symmetric fields.

We will first assume a simple sinusoidal surface roughness on
the boundaries of HCDW defined with parameters shown in
Fig. 1. In this case the dielectric constant can be expressed as

8(r,2) = olerolr) + Ae(r,2)} @
where u(-) is the unit step function
go(r) = 1 + (6 — Dulr — ay) + (1 — gJu(r — ay) (5)
the dielectric constant of the unperturbed guide

Ae(r,z) = (e, — Du(r — r)) — u(r — ay)]

+ (1 = g)[u(r — ry) — u(r —ay)] (6)

ry =a; + Gsin 6z

r, = a, + Gsin 6z

M

and small amplitude perturbation is assumed, ie., G « a;,A.
With the aid of {4)~(7) the scalar wave equation for E-type
modes of the perturbed guide can be obtained as

1
V2H, — = Hy + @’uolero + Ae)eoHy,

= %@ = D56~ 1) — 50 = 1))
er

. I} aH¢ a

{sm Iyl# Ep + cos y Py (rH¢)} (8
where y = arctan (G@ cos 6z).

This equation will now be solved with the method of expansion
in normal modes. Since our analysis follows closely that of
Marcuse, only the end resuits will be given. We will enter (8)
with the expansion

N ®
H, = Z;. F(z)Hg, + f f(©,z)Hyq dQ 9
4]

where F,(z) and f(Q),z) are expansion coefficients of surface
wave and radiation modes, respectively, the first term on the
right-hand side covers the finite {7] discrete spectrum of surface
waves, and the second term covers the continuous spectrum
of the radiation modes. Using orthogonality and periodicity [5]
conditions, formal solutions for the expansion coefficients are
obtained in the form of integral equations which can be divided
into components associated with waves traveling in + and —z
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Fig. 2. The change of the relative power coupled to the second surface
wave mode versus relative perturbatlon length. G/a; = 1072, ¢ = 1.99.

directions, and can be evaluated numerically by successive
iterations once a suitable perturbation model is chosen. We will
assume that the perturbed guide is terminated in its character-
istic impedance on both sides, and that only the dominant surface
wave mode traveling in + z direction is incident to the perturba-
tion region. We further assume that the perturbation length !/
is such that

I>» Ao,A

AP, « P (10)

where 1, is the free-space wavelength, A is the perturbation
wavelength, and AP, is the total power coupled to radiation
modes. Under these assumptions, the first-order solution to an
expansion coefficient corresponding to mth surface wave mode
traveling in +z direction and satisfying resonance condition,
ie, fB; — Bn = 6 = 2z/A, becomes after it has traveled a
distance / in the HCDW

— a
Fm(l)+ = ————ﬂ 1 Gl ko 8,rh¢1h¢m ' + i _fi_.
2960 P &, 2 a drdr
* .o d a2
« (rhy1) g S1 — JBy — (rhy1 hgm) T, }
a dr : a
(11
where
2
8, = —2-— {1 tp arctan p — 1}
np D
41 + ,
T, = T” FGNTT 7 - E(NT + p)). (12)

p = GO, E(+) and F(-) are complete elliptic integrals of the first
and second kind. Due to the adopted normalization, the power
coupled to this mode will simply be P|F,(/)*|2. At a distance /,
where |F,(l))*|* = 1 total power exchange will take place. In
Fig. 2 normalized perturbation lengths for 100-percent power
coupling between first and second surface wave modes are given
for various values of a,/a;.
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Fig. 3.

Far-field radiation pattern of the HCDW. 0 dB = 5 10~3 [/a, W,

ayja; = 1.5, Gla; = 51073, p,1/c = 0.77, ¢, = 1.99.

The fractional power coupled to the radiation modes traveling
in the +z direction can be expressed as

A.P 1+ 2 CZ _
i = S22 — | — — 1} 1 1,(Ta)J,(Q,a
& { 25 (u,,lz ) { oTa) Ty (@ ar)
{
Q, J(Qa
+ = Li(Ta,) [10(91%) 15. L 1)]
r 141
+ 21805 g1y X2
r a;- C Qlaz
-2 D3 Ko(raz)Xz}
a; C1
12 —
+ {T1 {——2 Ii(Ta)J(Q,a,)
ko
D3 FQI FZ as D3
- Ky(Ta ) X+ —=22=2K/[Tay)X
2, C, o( a 1 ke a, C, 1l ay) X3
+ 8rI1(Fa1)J1(§1a1)
+52D0s Kl(l"az)Xz} } 13)
ay C1
where
A — B .
X, = 22 15(Q,a,) + =2 Yo(Quay)
Aq A4,
A - B -
X, = 2 75,Qia) + 2 Y,(Qyay)
Ay A4
3 N2 282
X, = 4n 7 12 G a 802 &r 1 C;_ﬂscl .
lo lo & I Ql A1
B=58,—-6 (14)

The powers coupled to waves propagating in the reverse direction
can simply be obtained from (11) and (13) by replacing g with
— B and modifying (12) and (14) correspondingly. At this point
it is convenient to introduce a real angle v, defined as ¥ =
arccos B/ko, which can be interpreted as the angle between the
guide axis and the direction of the maximum radiation of the
far field. An example of the numerically computed far-field
radiation pattern is given in Fig. 3. It must be noted that changing
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Fig. 4. The change of perturbation length for 100-percent power coupling
between the first and second surface wave modes of HCDW vp1fc = 0.79,
=199,A =193 cm, G = 1.65 10~ crnf—60G

¥ in Fig. 3 has to be understood as a corresponding change e1ther
in the geometry of the guide or in frequency so that
@=iicosw, —for()__gﬂ_n/z
A v, + forn/2 < ¥ < =m.

It is obvious that any circularly symmetric periodic disturbance
on the boundaries of the guide can be treated in the same manner
by simply applying (11) and (13) to each significant Fourier
component of the disturbing function. On the other hand, the
effects of periodic boundary perturbations on E-type modes of
the dielectric rod and of the dielectric slab waveguides can also
be obtained from the preceding analysis. The necessary modifi-
cation is straightforward. For the case of the dielectric rod it is
sufficient to replace (7) by

ry = ay
15)

and go to the limit a,/a, — oo as the phase velocity of the
incident mode (v,,) is kept constant at the value of interest, The
limit a,/a; — 1, v,; = constant will result in dielectric slab
waveguide perturbed on one or both sides depending on whether
(7) or (15) is chosen as the disturbing function. The numerical
results of such an analysis are presented in Fig. 4 together with
the change of the geometry. It is evident from Fig. 4 that in terms
of power lost to higher order modes, HCDW occupies a place
between the dielectric slab and dielectric rod waveguides, its
relative position depending on its geometry. Qur results compare
very well with the existing data [2] and suggest that E-type modes
of DW are slightly more lossy [6].

ry = a; + G sin 0z
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A Tunable Bandpass Ring Filter for Rectangular Dielectric
Waveguide Integrated Circuits

ALLAN R. KAURS, MEMBER, IEEE

Abstract—Dielectric waveguide structures have received remewed
interest in recent years for application at millimeter. wavelengths. A
number of passive and active microwave devices in the dielectric wave-
guide technologies have been recently developed. Thisshort paper describesa
method for providing continuous mechanical tuning of a resonant dielectric
ring filter for use with rectangular dielectric waveguide integrated cir-
cuits. Results obtained with an experimental device operatmg at X band
are also given.

I. INTRODUCTION

A bandpass filter can be constructed using a dielectric ring of
rectangular cross section that is proximity-coupled to two
dielectric image waveguides which form the input and output
lines of this four-port device. The ring is a multiple resonant
bandpass device which will provide a maximum transfer of
microwave energy from one line to the other at center frequencies
where the mean circumference of the ring is approximately nlg
(n = 1,2,3, - ). The basic analytical approach and some prac-
tical applications of these types of filters can be found in [1]-[4].

The resonant condition for the ring of nlg was stated to be
only approximate because the propagation characteristics of the
uncoupled portion of the loop are different, in general; from
that of the coupled sections. The propagation characteristics are
therefore a function of various physical parameters such as
overall dimensions and loading. The basic ring configuration
provides fixed-frequency responses with the center frequencies
primarily determined by the ring filter dimensions. Consequently,
a great deal of tolerance must be achieved in machining the rings
in order to obtain filters with the desired resonant frequencies.
This limitation led to the development of the tunable filter de-
scribed in this short paper. The tuning characteristic is achieved

by controlling or changing the effective guide wavelenth around

the ring.

It is known that the dispersion characteristics of insulated
image guide are a function of the thickness of the low-permittivity
dielectric layer used to suspend the high dielectric constant wave-
guide off the metal ground plane. Theoretical curves demonstrat-
ing this dependence for straight sections of insulated image guide
can be found in [4]. These curves demonstrate that there can be
significant variation in the guide dispersion characteristics as
the low-permittivity layer thickness approaches zero. It is this
dependence of guide wavelength on the thickness of the substrate
layer for a fixed waveguide structure that is proposed to be used
in tuning the ring filter.

II. AN ExpeRIMENTAL TUNABLE BANDPASS FILTER

An experimental tunable bandpass filter was constructed for
K-band operations. The tunable filter consists of a dielectric ring
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Fig. 1. A cross section of a tunable MILIC bandpass filter.

Fig. 2. A K-band tunable MILIC bandpass filter.

mounted in a bandpass configuration between two sections of
dielectric waveguide which form the input and output feed lines.
The ring structure rides on a piston which is spring-loaded and
mounted in the metal base plate. A tuning screw is mounted
above the ring, which is used to control the piston movement and,
in turn, the gap between the ring and baseplate. A cross-sectional
sketch of the device is shown in Fig. 1. The experimental device
utilizes a variable air gap (s, = 1.0) beneath the ring instead of a
dielectric material layer.

“Fig. 2 is ‘a photograph of the experimental K-band filter
mounted on a test plate. The dielectric ring can be seen in the
center of the test plate with the micrometer tunirig screw mounted

‘above. Three of the output ports of the device are fed into stan-

dard metal-waveguide-to-dielectric-image-guide launchers for the
connection of test equipment. The fourth port is terminated with
a ferrite load.

The material used for the dlelectrlc guides and ring structure
was Custom Materials High-K 707L with a dielectric constant of

=.9.8. This plastic material has a higher loss tangent than
alumina ceramic, but it is much easier to machine and work with
for laboratory prototypes.



