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Fig. 6 shows characteristic impedance versus the sep-
tum width a for three different dielectric materials. The
strip width W is fixed. It is clear that Z can be adjusted
over a wide range by varying a. This feature is quite
attractive in MIC application because in suspended line
the fabrication of low impedance lines is often difficult

[6].
IV. CONCLUSIONS

We presented a general method, based on spectral
domain approach, for multiconductor printed lines for
MIC. Numerical examples are given for the suspended
microstrip with grounded septums. This structure is con-
sidered useful for MIC application, because propagation
characteristics can be adjusted by septums which add one
more degree of freedom in the design.

The numerical method presented here is applicable to a
wide range of problems and has several advantageous
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features: 1) the method is numerically efficient, 2) no
convolution integrals are involved, and 3) the size of the
matrix is quite small.

REFERENCES

[1] T. Itoh and R. Mittra, “A technique for computing dispersion
characteristics of shielded microstrip lines,” IEEE Trans. Microwave
Theory Tech., vol. MTT-22, pp. 896-898, Oct. 1974.

[2] T. Itoh, “Analysis of microstrip resonators,” IEEE Microwave
Theory Tech., vol. MTT-22, pp. 946-952, Nov. 1974,

[3] H. E. Stinehelfer, Sr., “An accurate calculation of uniform micro-
strip transmission lines,” IEEE Trans. Microwave Theory Tech., vol.
MTT-16, pp. 439-444, July 1968.

[4] Y. L. Chow and I. N. El-Behery, “A dynamic spacial Green’s
function for microstrip lines,” in 1978 IEEE Int. Microwave Symp.
Digest, pp. 341-343 (Ottawa, Canada), June 27-29, 1978.

[5] M. Aikawa, “Microstrip line directional couplers with tight coupling
and high directivity,” Electronics and Communications in Japan, vol.
J60-B, no. 4, pp. 253-259, April, 1977.

[6] M. V. Schneider and W. W. Snell, Jr, “Harmonically pumped
stripline down-converter,” IEEE Trans. Microwave Theory Tech.,
vol. MTT-23, pp. 271-275, Mar. 1975.

Simulation Study of Electronically Scannable
Antennas and Tunable Filters Integrated
in a Quasi-Planar Dielectric Waveguide

TATSUO ITOH, SENIOR MEMBER, IEEE, AND ALBERT S. HEBERT, MEMBER, IEEE

Abstract—Preliminary studies on electronically scannable leaky-wave
antennas integrated in a dielectric waveguide are reported. Electronic scan
is simulated by a small mechanical motion from which the relation between
the scan angle and the necessary change in the dielectric constant can be
derived. The work is also applicable to electronically tunable bandstop
filters.

I. INTRODUCTION

HIS PAPER presents an economical method useful
as a preliminary study for the design of electronically
scannable antennas and tunable filters in dielectric
millimeter-wave integrated circuits. The results obtained
by the present study can be helpful in establishing the
requirement for the material in which the dielectric con-
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stant can be varied electronically. In addition, the method
itself can be used to adjust the beam direction or scan the
beam if speed is not of consideration.

A number of dielectric waveguides have been proposed
for developing new types of millimeter-wave integrated
circuits [1]-[3] which resemble optical integrated circuits.
Recently, grating structures created in the dielectric wave-
guides have been used as leaky-wave antennas and band-
stop filters [4]. The main-beam direction and the stopband
are determined from the electrical length of the unit cell
of gratings. In the leaky-wave antenna in [4], the beam
was steered by changing the operating frequency. How-
ever, in actual application, often one would like to keep
the frequency fixed and still need to steer the beam. Also,
in the filter in [4], the stopband cannot be altered once the
gratings are fabricated.

These problems may be overcome by incorporating an
electronic phase shifter in the structure, which changes the
electrical length for a fixed frequency. Recently, the use of
a p-i-n layer incorporated in a submillimeter-wave dielec-
tric waveguide was suggested as an electronic phase
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shifter [S]. It is important, however, to study how much
scan is obtainable for a given amount of change in the
dielectric constant. The purpose of this paper is to in-
vestigate the relation of the scan angle and the shift of the
stopband versus the change in the dielectric constant
provided by a phase shifter. To this end, we introduce a
mechanically tunable phase shifter in the leaky-wave an-
tenna and the filter. A small mechanical motion creates a
change 4in the effective dielectric constant of the wave-
guide thus simulating the electronic change of the dielec-
tric constant.

II. ANALYSIS

Although the method in this paper is applicable to other
types of dielectric waveguides, we selected an inverted-
strip (IS) dielectric waveguide which has a quasi-planar
structure, as shown in Fig. 1(a). In the cross section most
of the energy propagates in that portion of the ¢, layer
immediately above the ¢, strip. When a p-i-n layer is
created in the waveguide, as shown in Fig. 1(b), and the
applied bias voltage is varied, the dielectric constant in the
p-i-n portion changes. Hence the field distribution and the
propagation constant in the waveguide will change. This
situation is simulated by structures shown in Fig. 1(c) or
(d) in which an additional dielectric layer ¢, is moved up
and down. Hence the field distribution and the propaga-
tion constant B are functions of the gap spacing 8. The
dispersion characteristics of the composite structure are
obtainable by applying the effective dielectric constant
technique [3]. The effective dielectric constant approach is
the first step of the transverse resonance method [6] which
is an exact solution when carried out rigorously. We will
use the structure in Fig. 1(c) for analysis as it corresponds
to a more general case in which the p-i-n structure is wider
than W. The effective dielectric constant in Region I in
Fig. 1(c) is obtained by solving the eigenvalue equation
derived from the following assumed field distributions for
the E? modes which have principal field components of
E,H,E,and H,.

H(y)=¢{») (1)

¢1(y)=4,coshn,(y —h)+ B;sinhn(y—h),  0<y<h
¢2()’)=A2005ky(y —hy—hy)+ BZSinky(y —hy—hy),
h<y<h+h,

i=1,2-,5

d3(y)=Ascoshns(y —hy—h,— )

¢4(y)=A4cosk_y(y—h,—h2—6—t)
+ Bysink,(y —hy—h,— 8 1),
B+ hy+ 8 <y <h +hy+8+1
¢s(y)=exp[ —ns(y = —h,—8-1)],
Yy h+h+8+t (2)
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Fig. 1. Cross sections of dielectric waveguides. (a) Original structure.
(b) With a p-i-n structure. (c) Modified structure. (d) Modified struc-
ture.

where

ki +ni= ek — k2= eski +nd=egki — 7= esk3

In the present case e;=g;=1 (air). We now apply the
boundary condition that ¢,(y) and 1/¢9¢;/dy are con-
tinuous at each dielectric boundary and 9¢,/dy=0 at
y=0. Applying these conditions we can eliminate all the
A’s and B;’s and obtain an eigenvalue equation which is
to be solved for k,. The effective dielectric constant de-
fined by

_k
kg

is a function of frequency and a gap 8. Similarly we
obtain the effective dielectric constant ¢,; in Region II.
Having obtained &,(8) and ¢,,(8), we can compute the
propagation constant B(8) by first replacing Regions I
and II by hypothetical vertical slabs having dielectric
constants ¢,; and ¢,; and by solving the eigenvalue equa-
tion for such a hypothetical structure. This last process is
identical to the one reported in [3] and hence will not be
repeated here. Note that for a given frequency, 8 can be
adjusted by changing & as ¢, and e, can be altered by &.

The field in the dielectric waveguide with gratings can
be expressed in terms of infinitely many space harmonics.
The propagation constant of the mth space harmonic is

€)

E1=— &
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Fig. 2. Side view of the grating section for a mechanical scan antenna
and a tunable filter.

given by

2 .
ﬁm=ﬁo+$, m=0,%1,+2, - (4)
where f3, is closely related to the propagation constant of
the unperturbed waveguide B, and d is the grating period.
If the propagation constant of one of the space harmonics
is in the radiation region, viz.,

| B/ Kol <1 ()

the grating section supports a leaky wave, and B, and
hence 8, become complex. Their imaginary parts account
for the energy loss due to leakage (radiation) as the wave
propagates along the grating section. When the perturba-
tion due to each grating element is small, B, is almost real
and close to 8. That is,

, 2mm
Bo= Lo, —Jjey B =Bo,+ . —J%

Bo=B ay<By,.

(6)
™)

In such a situation, the direction of radiation is de-
termined by (see Fig. 2)

0m=sin—1[(ﬁo,+ 2—’;1’—’)/1«0}.

In most practice, m= —1 is chosen.

In the present waveguide structure, the grating can be
constructed by creating periodic rectangular grooves in
the dielectric strip (the region with the width w, height A,,
and dielectric constant ¢, in Fig. 1). These grooves modify
the propagation characteristic of the waveguide periodi-
cally, resulting in the grating mechanism. Notice that
from (7) and (8), 8,, is a function of the gap size § as 8 is
the function of 8. Hence, by changing 8, we can steer the
direction of radiation without changing the frequency.

Let us turn our attention to the filter. When the period
d is chosen such that

®)

Bd= )

the grating exhibits a stopband phenomenon at the
frequency satisfying (9). If, therefore, 8 is changed, the
frequency corresponding to the stopband changes. Thus
we can tune the center frequency of the bandstop filter by
changing §.

o
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Fig. 3. Normalized propagation constant versus frequency for a num-
ber of gap dimensions.
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Fig. 4. Effective dielectric constants versus the gap size.
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Fig. 3 shows dispersion characteristics of the structure
in Fig. 1(c) without any gratings. The results are plotted
for a number of gap size parameters 6. These curves are
used as the fundamental information for investigating
scanning properties of grating structures.

The design of the grating structures has been carried
out for 60-GHz operation, and, subsequently, all the di-
mensions have been scaled four times to permit experi-
ments at the 15-GHz range. This scaling is only for
convenience of measurement as we do not have any
high-frequency equipment. As the output frequency of our
Ku-band source was 15.25 GHz, we studied the variations
of ¢, and ¢,y versus the gap size from the information at
61 GHz in Fig. 3. The results are shown in Fig. 4 in which
all the dimensions including 8 are four times of those in
Fig. 3.

In Fig. 5, we plotted the main-beam direction versus the
gap 6 when the grating period of the antenna operated at
15.25 GHz was 10.16 mm. Agreement between computed
and measured data is seen to be excellent. The main-beam
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Fig. 5. Main-beam direction versus the gap size for a grating antenna.

direction was detected by a Ku-band open-ended wave-
guide at the distance about 1 m away from the center of
the grating antenna. The far-field (radiation) pattern was
also measured at 15.25 GHz and shown in Fig, 6 for §=0
and §=o0 cases. No radiation pattern was measured for
other values of § because it was difficult to maintain such
values of § during the pattern measurement. Also, only
the front portions of the patterns are shown. The direction
of the main beam is seen to be —8.5° (8.5° toward the
backfire direction from the broadside) for § =0 and —23°
for §=00. These angles as well as the amount of scan
from § =0 to 8 = 0o agree well with the theoretical predict-
ion in Fig. 5.

The levels of side lobes near the main beam are about
11-12 dB smaller than that of the main lobe in both the
§=0 and §=c0 cases. However, away from the main
beam, the antenna patterns deteriorate. This is caused
partly by the fact that the grating section is too short.
Therefore, a large amount of energy was left unradiated
after the last grating element, and such energy is radiated
from the end of the waveguide into the forward direction.
The structure now works as an unintentional endfire an-
tenna. The energy radiated by this mechanism is responsi-
ble for the large lobe at #=90° and neighboring side
lobes. This problem may be overcome if we extend the
length of the grating section. Then most of the energy will
be radiated from the grating section.

Another mechanism for deterioration is caused by the
reflection at the end of the structure and at the junction
between the dielectric waveguide and the open-ended
Ku-band guide which excites the antenna. The effect of
reflection is seen to be more pronounced in the 6 =0 case.
This is because the additional layer of thickness ¢ in-
creases the mismatch even further.

The grating period was chosen to be d=6.25 mm for
tunable filter applications. All other structural parameters
were kept identical to those for the antenna. Computed
center frequencies of the stopband were 13.55, 15.00, and
15.26 GHz for §=0, 2, and « (mm). Center frequencies
were measured at § =0 and oo, and the results were 13.79
and 15.75 GHz. These values are considered reasonable
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Fig. 6. Radiation patterns of the mechanically scannable antenna with
parameters identical to those in Fig. 5: (a) §=0 and (b) § = o0.

when computational and experimental errors are taken
into consideration.

We will now study the relation between the electronic
scan and its simulation by the mechanical motion pre-
sented above. One example will be described here. Con-
sider the structure in Fig. 1(a), but now &, is replaced with
an electronically variable dielectric constant ¢, while the
same periodic grooves will be maintained in the ¢, region
as in the case of Fig. 5. We will investigate how much
variation in ¢, is needed to obtain the same scan angle
obtained by changing 8 over some range in Fig. 5. To this
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Fig. 7. Relation between the mechanical and electronic scanning
schemes for the identical-beam direction.

end, B values are first computed for the fixed frequency of
15.25 GHz for different values of ¢,. The variation of the
main-beam direction can again be computed by (8). Com-
paring the results with Fig. 5, we can create a curve
relating & of the mechanical scan structure with ¢, of the
electronic scan, both of which give rise to identical angle
6,,. Fig. 7 shows the desired curve for given parameters.
Any point on the curve corresponds to a specific value of
8,,. Comparing Figs. 5 and 7, we see that to scan the beam
from —8° to —21.5°, § must be varied from 0 to oo if the
mechanical scheme (the lower inset in Fig. 7) is used or if
e, must change from 4.95 to 3.75 in the case of the
electronic scan (the upper inset in Fig, 7).
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IV. CONCLUSIONS

In this paper, we studied the basic characteristics of the
futuristic electronic scan of a leaky-wave antenna and the
tuning of a grating dielectric waveguide filter. The elec-
tronic change of dielectric constants has been simulated
by an infinitesimal up-and-down movement of an addi-
tional dielectric layer. It was found that a considerable
amount of scanning can be obtained from the setup. The
center frequency of the stopband of the grating filter was
found to be adjustable by mechanically varying the effec-
tive dielectric constants in the structure. Agreement be-
tween theoretical and experimental data has been reason-
able throughout this work. The relation between the
mechanical scan and an electronic scheme was also
studied.
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