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Fig. 6 The conductor strip inductance versus the strip width The inductance 1s
evaluated by truncating the series at 75.5 GHz through 300 GHz with respect to
the eigenvalues and holding n < 4 with respect to the spatial harmonics Ordinate:
inductance L, in nanohenries Abscissa: strip width w, in millimeters.

discussions given in [6] would apply to our problem, and that the
series converges for finite w and g. However, our study is incom-
plete at the time of this writing, and our approach here is to
calculate the values of the inductance at various values of the strip
width w, using different numbers of the eigenvalues while holding
n <4 as a test of convergence. A typical set of results are pre-
sented in Fig. 6, where all the relevant eigenvalues up to 75.5 GHz
through 300 GHz that were detected by a numerical method of
scanning on the computer were used. Since the numerical method
of scanning has the possibility of leaving out some eigenvalues
undetected, precaution is required to include most of the eigen-
values, particularly those of the lower order modes. This is done
by checking the number of the eigenvalues detected against that
estimated for the through region rectangular waveguide and also
by identifying the modes for some twenty lowest order modes.
Fig. 6 shows that truncation at about 300 GHz is acceptable for
w>1.00 mm. As the width decreases, an increasingly large
number of eigenvalues will be required for precision analysis.

CONCLUSIONS

A simplified model of the ridged-waveguide mounting structure
has been analyzed theoretically. The ribbon-and-pedestal of the
microwave diode was represented by an equivalent flat conductor
strip having an equivalent width, an infinitesimal thickness, and a
gap. The conductor strip was regarded as a small antenna and its
driving-point impedance was derived using the induced EMF
method. The dyadic Green’s function for the ridged waveguide
was also derived to facilitate the analysis. The results of the
analysis were represented by an equivalent circuit that involved
infinite array of transformers representing the couplings between
the spatial harmonic components of the current in the conductor
strip and the waveguide normal modes. The equivalent circuit was
reduced to a simple one convenient for use in practical designs
and analyses of microwave circuits involving the mount of this
type. Numerical results for a typical example were given to discuss
the validity of the theoretical results and also to demonstrate a
remarkably smooth behavior of the driving-point impedance of
the mount over a frequency range from 5.4 to 25.4 GHz

The neglect of the package ceramic ring and the lack of theo-
retical procedure of defining the equivalent width of the flat con-
ductor strip were major shortcomings of the analysis.
Experimental measurements were required to supplement these
aspects. A through discussion on the convergence properties of
the summation was also left for future study. However, the results
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presented in this short paper will be useful for designs and
analyses of various microwave components and circuits involving
small devices such as Gunn and IMPATT diodes as well as for
characterization of these devices over a wide range of frequencies.
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Application of Gratings in a Dielectric Waveguide
for Leaky-Wave Antennas and Band-Reject Filters

TATSUO ITOH, SENIOR MEMBER, IEEE

Abstract—Grating structures fabricated in inverted-strip dielec-
tric waveguides have been used for the first time as leaky-wave
antennas and band-reject filters. They are potentially useful for
millimeter-wave integrated circuits. Experimental results agree
reasonably well with theoretical predictions.

1. INTRODUCTION

Grating structures are commonly employed in optics as beam
couplers [1] and as frequency-sensitive reflectors for distributed-
feedback lasers [2]. However, such gratings have not yet been
widely used al millimeter wavelengths. Since dielectric waveguides
in millimeter-wave integrated circuits (MMIC) are low-frequency
replicas of optical waveguide, it is clear that many techniques
could be transferred from the optical to the millimeter-wave
domain.

This paper reports the first reduction to practice of a frequency-
scannable leaky-wave antenna and a band-reject filter made of
grating structures implemented in the inverted-strip (IS) dielectric
waveguide [3], [4] The antenna and filter are compatible with,
and naturally complement, the directional couplers, oscillators,
and phase shifters that have already been developed using dielec-
tric waveguide fabrication techniques [3]-[7]. Grating structures
can be easily and economically fabricated in the IS guide. The
performance of the antenna and the filter made of gratings can be
optimized in a relatively easy and flexible manner. Hence, the
development of these devices is likely to contribute to realization
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Fig 2. Side and top views of grating configuration in IS waveguide.

of high overall performance of millimeter-wave systems with
modest cost and effort.

The antenna reported here has a number of useful features.
First, since it is planar, it is easy to connect with an RF front end
in the form of a microwave integrated circuit or MMIC. Second, it
can be flush-mounted on the exterior surface of a large body, such
as an aircraft, thus eliminating the need for a radome. The
antenna can provide high gain, and its main beam is steerable in
almost any angular sector between endfire and backfire directions.
Also, the main beam can be shaped by controlling the grating
profile.

The band-reject filter is based on the stopband phenomenon
exhibited by a grating structure within its nonradiating region.
The return loss and bandwidth can be controlled by adjusting the
profile and length of the gratings.

The operating principle of, and some of the phenomena ex-
hibited by, a grating created on an open (surface) waveguide such
as the IS guide are fundamentally different from those associated
with the closed-metal waveguide. Hence, in Section 11, the analysis
and design of a grating on an IS waveguide are briefly explained.
In Section III, measured results using prototype antennas and
filters are presented and compared with numerical data. In Sec-
tion I'V, concluding remarks and some suggestions for future work
are given. It should be noted that the analysis and design features
reported in this paper are quite general and are applicable to
several dielectric waveguide structures in addition to the IS.

II. GRATING STRUCTURES IN IS WAVEGUIDE

The IS waveguide has a number of useful features. It has low
loss, has a ground plane for conveniently mounting solid-state
devices, and is easy to fabricate. Unlike many other dielectric
waveguides, the major portion of the energy launched into the IS
guide, shown in Fig. 1, travels in the planar guiding layer (¢,) and
is also transversely concentrated in the region immediately above
the dielectric strip (g, ). Many functional devices [4] can be created
by appropriate choice of the configurations of one or more dielec-
tric strips below the guiding layer, which remains intact.

Gratings can be created by periodically modulating the geomet-
rical or material nature of the dielectric strip and still leaving the
guiding layer intact. For instance, as shown in Fig. 2, grooves are
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Fig 3. Daspersion characteristics of a number of space harmonics when mode cou-
pling phenomena are neglected. ¢ =21 (Teflon), ¢, = 3.75 (Stycast Hik).
hy=h, =158 mm, w=4 mm

created periodically in the dielectric strip. This groove
configuration perturbs the transmission characteristics of the IS
guide periodically, thereby functioning as a grating.

Electromagnetic waves in a grating region can be represented in
terms of space harmonics whose phase constants are

2mn

Bm=ﬁ0+—d', m=0, 1, +2, - (1)

where d is the grating period, and f, is the phase constant of the
dominant (m = 0) space harmonic determined by the excitation of
the grating. If perturbation due to each unit cell of the grating is
small, B, is very close to the phase constant f, of the dominant
surface wave in the unperturbed IS guide, except in a coupling
region described later. In this discussion, the effect of higher order
surface-wave modes in the IS guide is not considered.

Fig. 3 shows k-B plots for the m = 0(B,), m = —1(f-,), and
m= —2(f-,) forward-traveling space harmonics, and the
m= ~1{—p_,) of the backward-traveling fundamental. The
curve for Bo is reproduced from the dispersion relation of
the dominant EY{ mode, f,,, of the IS guide obtained by using
the method reported earlier by Itoh [3]. Curves for higher space
harmonics are obtained by shifting f,. Mode coupling phe-
nomena associated with synchronous points such as 4, B, C,and D
are not shown. When the product of the wavenumber k and the
grating period d is chosen such that the phase constant of the pth
harmonic (say, p = — 1) satisfies

lﬁp/k| < 1’

the grating supports a leaky wave, and the energy traveling in the
grating leaks into free space along the direction 0, = sin™* (,/k)
measured from the broadside of the grating [8]. In Fig. 3, these
Bo(p = —1) lie on the curve from P to Q except near coupling
points such as B, where a mode coupling occurs between different
space harmonics. Since these points lie in the radiation region of
k- diagram, the mode coupling is different from that at 4, as
discussed in the latter part of this section [8]. These coupling
points in the radiation region will not be discussed here. However,
it is interesting to note that B corresponds to the broadside direc-
tion (9, =0). Coupling phenomena at the backfire and endfire
points (P and Q) will not be discussed in this paper, either.

We shall now study the power pattern of the radiation from a
finitely long grating consisting of N unit cells. If the perturbation
due to the unit cell is infinitesimal, and if the operating point is not
in one of the coupling regions, the grating structures can be
viewed as an N-clement linear array of spacing d, illuminated
uniformly with a linear phase taper corresponding to f,. Since the
energy loss at each unit cell is assumed small, the amplitude taper

k = free-space wavenumber ()
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is also small. If we ignore amplitude taper, the radiation pattern
can be expressed approximately as

, 1 |sin (N®/2)
SO =+ in (92)

where W = kd sin § — Bod.
Let us now turn our attention to the stopband phenomenon
around point A in Fig. 3. When d is chosen as

ﬁOd =T, ﬂO X ﬁsw (4)

the grating exhibits a stopband phenomenon. The energy incident
on the grating is reflected back at the frequency at which (4) is
satisfied.

This stopband results from the mode coupling between the
forward-traveling fundamental f, and the m = —1 harmonic of
the backward-traveling fundamental. The dispersion character-
istics in the vicinity of this stopband are now derived using an
equivalent-circuit representation.

Recognizing that each unit cell of the grating consists of
grooved and nongrooved sections, we represent the cell in terms
of two cascaded transmission lines of length a and d — g, respec-
tively. We assume that junction effects between these two sections
are negligible. Imposing a condition that the input and output of
each unit cell are identical except for the factor that accounts for
the complex phase delay, we obtain the following dispersion rela-
tion [9]:

2

(3)

cosh yd = cos B, a cos [B.(d ~ a)]
1 ﬁsw Bsw : %
+3 (E; + E) sin (Bywa)
 sin [Bou(d — a)] ()

where B, and B, are phase constant in the grooved and non-
grooved sections of IS guide.

In the stopband, y = a + jr, where « is real. The width of the
stopband can be computed from the frequencies at which the
magnitude of the right-hand side of (5) equals one. Note that §,,,
and B, in (5) are in turn related to the frequency via dispersion
relations of corresponding IS guide structures. The reflection
phenomenon due to stopband is frequency-sensitive; thus a grat-
ing can be used as a band-reject filter. The bandwidth and
reflectance depend on the grating profile, the length of the grating
region, etc.

II1I. RESULTS AND DISCUSSION

A leaky-wave IS guide antenna for 60 GHz was designed. After
the design was completed, all the dimensions were scaled by a
factor of four to permit experiments at 15 GHz. This scaling is for
demonstrating the operating principle with modest cost and time
for fabrication. A model antenna is pictured in Fig. 4. Since the
guiding layer (Stycast Hik; ¢, = 3.75) is nontransparent for light, a
disassembled view was taken. The smaller tip on one end of the
guiding layer is the transition region for launching, whereas the
larger tip on the other end is to avoid the reflection of energy left
unradiated at the grating,

Fig. 5 shows measured and computed (using (3)) radiation pat-
terns of the model antenna. At 15 GHz, the main beam is directed
—26° (26° toward the backward direction) from the broadside,
while at 17 GHz the main-beam direction is — 10° from the broad-
side. Measured and computed sidelobe levels are —10 dB and
— 13 dB, respectively, at the two frequencies.

Notice that (3) describes only the array pattern, whereas
measured patterns automatically include any directional scatter-
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Fig 4. Disassembled grating antenna.

«—FEED

5.0 dB/div

Fig. 5. Radiation patterns of grating antenna. d = 10.16 mm, a = 3.18 mm, b = 4.76
mm, h, = h, = 635 mm, ¢, = 2.1 {Teflon), &, = 3.75 (Stycast Hik), number of
grating elements is 17. (a) Measured at 15 GHz. (b) Computed at 15 GHz. (c)
Measured at 17 GHz (d) Computed at 17 GHz

ing characteristics of the unit cell. Since the measured pattern and
the computed array pattern agree well, scattering from each cell is
found to be not highly directive.

The largest discrepancy between the theoretical and experimen-
tal results occurs in the forward direction. The major reason is
that the model antenna is not long enough. Since the number of
grating elements is small, considerable electromagnetic energy is
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Fig. 6. Reflection property of a grating filter. The values of i, h,, ¢,, and ¢, are the
same as in Fig. 5. (a) Filter with d = 6.25 mm, a = 1.59 mm, b = 3.16 mm, number
of grating elements = 30. (b) No grating for reference purposes.

left unradiated beyond the last grating element. To avoid
reflection, the forward end of the antenna has a tapered section
that unintentionally works as a surface-wave antenna. Although
some absorbing materials were placed in front of the tapered
termination, not all the undesired radiation was suppressed. It
should be relatively straightforward to reduce the effect men-
tioned here by increasing the length of the antenna and creating
more grating cells. By doing this, almost all the energy will radiate
as a leaky wave, leaving a negligible amount at the end of the
antenna. At the same time, the radiation pattern will be improved
because of the increased number of grating elements.

Another source of discrepancy is the transition between the
rectangular metal waveguide and the IS guide. A certain amount
of radiation contributes the observed radiation-pattern
degradation.

By proper choice of d, the grating can be made to reflect in-
coming signals at frequencies at which (4) is satisfied. Such an
arrangement can be applied for realizing a band-reject filter. One
example is shown in Fig. 6.

Because the present configuration does not allow measurement
of transmission characteristics of the band-reject filter, its
reflection properties are measured instead. Fig. 6(a) shows the
reflection from a 30-element grating filter. The sharp dip around
15.55 GHz corresponds to the stop band. The cross-sectional
dimensions of the IS guide and the grating profile of the filter are
identical to those of the antenna, except that d is much smaller in
the filter case to satisfy (4).

Fig. 6(b) depicts the reflection from an IS waveguide with
dimensions identical to those for Fig. 6(a) but without any grat-
ing, and thus serves as a reference for Fig. 6(a). In these figures, the
magnitude of reflected signals is measured in the downward direc-
tion from the zero level indicated by white horizontal straight
sweeps. The bandwidth of the stopband as measured is about 500
MHz, with the center frequency of 15.55 GHz. The return loss of
the filter is about 4 dB. However, this value includes the radiation
loss at the transition between the IS guide and the open-ended
metal waveguide. In a round trip of the wave the radiation loss at
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the transition is estimated to be 2-3 dB. Hence, the true return
loss due to the grating is estimated to be 1-2 dB.

Stopband characteristics have been computed by using (5).
Dispersion characteristics so obtained are depicted in Fig. 7.
From the computed values of k,d and k,d, the width of the stop-
band was found to be 300 MHz. The center frequency was 15.25
GHz. The attenuation factor ad at the center frequency was 0.04,
which gives rise to the return loss of 0.46 dB for the grating under
consideration.

The difference between theoretically and experimentally deter-
mined center frequencies is well within the experimental accuracy.
The discrepancies between predicted and measured data for the
other two parameters are attributed partly to experiments (trans-
mission loss in the IS guide, fabrication irregularity of the grating,
etc.), and partly to the use of oversimplified theory described in
this paper.

IV. CONCLUSION

We have demonstrated for the first time that grating structures
can be used as antennas and filters for millimeter-wave integrated
circuits. Leaky-wave antennas of the type demonstrated can be
implemented in the dielectric milimeter IC and can be efficiently
coupled with a transmitter or a receiver front end. These antennas
are planar and frequency-scannable, and do not require a radome.

Grating type filters of the kind demonstrated are suitable for a
number of applications. For instance, by the use of their
frequency-sensitive reflection properties, two of the gratings
separated by an appropriate distance could be employed as a
resonator. Alternatively, two band-reject filters can be combined
with a 3-dB hybrid to produce a bandpass filter.

The experimental results agree reasonably well with theoretical
predictions. Therefore, it appears that accurate design procedures
can be developed without undue difficulty. '

We plan to repeat the present work at 60 and 95 GHz where the
components described here are more useful. Smaller wavelengths
work to our advantage. For instance, radiation of leaky-wave
antennas can be improved by making the electrical length larger
than the direct scaling of the present 15-GHz model, for the same
or even smaller physical size.
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Dispersion Characteristics for Arbitrarily
Configured Transmission Media

ACHINTYA K. GANGULY AND
BARRY E. SPIELMAN, MEMBER, IEEE

Abstract—A method for calculating the propagation character-
istics of electromagnetic waves along arbitrarily configurated trans-
mission media composed of conductors and/or inhomogeneous
dielectrics is presented. The method is based on the equivalence
principle. The dispersion characteristics of the fundamental as well as
higher order modes can be obtained by this method. To demonstrate
the validity of this method, results of the propagation constant of a
shielded microstrip line calculated by this method are compared with
other numerical results available in the literature. New results for the
dispersion characteristics of a channelized suspended microstrip are
presented.

1. INTRODUCTION

The success of microstrip in microwave integrated-circuit appli-
cations has caused considerable interest in the calculation of
dispersion characteristics of these lines. A number of different
techniques [1]-{4] have been employed to obtain dispersive effects
of open and shielded microstrip-like transmission lines with rec-
tangular cross sections. Since microstrip becomes lossy and
difficult to fabricate at higher microwave frequencies, attention
has focused on configuring new transmission media. In this short
paper we present a technique for calculating the dispersion char-
acteristics of electromagnetic wave propagation along guiding
structures consisting of a finite number of uniform dielectric re-
gions of arbitrary cross sections within a conducting enclosure.
Conducting strips may also be present at the interface between
two dielectric regions. It is assumed that the thickness of the
conductors is negligible.

In Section II the problem is formulated on the basis of the
equivalence principle. A set of linear integro-differential operator
equations for the equivalent current sources are obtained by
applying the appropriate boundary conditions at each interface.
In Section IIT the method for converting the operator equations
into a matrix formulation by the method of moments [6, pp. 9-11,
14, 15] is sketched. The numerical methods used to determine the
propagation characteristics and results for specific examples are
described in Section IV.
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Generic cross section of mixed conductors and dielectrics 1n conducting
enclosure

Fig 2 Conceptual treatment of currents and fields for the pth region .7, and 2 are
unit vectors along three orthogonal coordinates axes used 1n the text Z is normal
to the plane of the paper pointing up.

II. INTEGRO-DIFFERENTIAL EQUATIONS

Fig. 1 shows the generic cross section of the guiding structure
under consideration. N is the number of discrete, homogeneous,
isotropic, dielectric regions inside the conducting enclosure. The
heavy lines on the interface between two dielectric regions denote
conducting strips. The electric (E) and magnetic (H) fields in each
region will be obtained by applying the principle of equivalence
[5} In accordance with this principle, the dielectric medium of the
pth region (characterized by permittivity ¢,) is fictitiously ex-
tended to fill all space and combinations of electric (J?) and mag-
netic (MP) surface current sources are conceptually placed on
the boundary S, of the pth region. J? and M? are to be determined
in such a way that E and H are zero everywhere outside S, and are
identical to the fields E? and HP at each point in the interior of the
pth region for the original problem shown in Fig. 1. This
procedure is repeated for each of the regions inside the conducting
enclosure. The current sources for the various regions are not all
independent because of the boundary conditions to be satisfied at
all the interfaces. Fig. 2 symbolically shows the contour of the pth
region and the surface current distributions on it. M7 1s taken to
be zero on the conducting segments of the boundary. Also shown
in Fig. 2 is a left-handed coordinate system with unit vectors %,
n,, and z. 7, is tangential to the contour ¢, (counterclockwise), 71,
inward drawn normal to the region p, and z perpendicular to the
plane of Fig. 2. For two adjacent regions p and p’, we have
T,= —1%, and i, = —1, on the portion of boundary common to
both the contours ¢, and ¢, Z is the same for all regions. Since J?
and MP are surface currents, we have the relations

hy - MP =0
fy - J7 =0, (1)



