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Analysis and Design of an Inhomogeneous
Transformer with Hard Wall Waveguide Sections

Mete Ozkar, Student Member, IEEE,and Amir Mortazawi, Member, IEEE

Abstract—A new inhomogeneous waveguide transformer with
hard walls is presented. Mode matching technique along with an
optimization routine is used to design the transformer. The gen-
eralized scattering matrix (GSM) of the whole block is calculated
which can be used to predict the fields at the output given the inci-
dent excitations. An example of a three-section transformer, which
replaces a tapered hard horn, is shown. The transformer has better
performance in the bandwidth of interest compared to the tapered
hard horn having twice the length of the transformer. This type of
transformers could be useful for excitation of quasi-optical ampli-
fiers and reflector feeds.

Index Terms—Inhomogeneous transformers, overmoded waveg-
uides.

I. INTRODUCTION

WAVEGUIDES and horn antennas with hard walls are
known to support hybrid modes known as LSE and LSM

modes [1]. Due to the uniform field distribution across their
aperture, such hard horn antennas have high gain and find ap-
plications in cluster feeds and arrays [2]. Hard horn antennas
have also been previously employed for uniform excitation of
quasi-optical amplifier arrays [3], [4]. The uniform field distri-
bution at the hard horn aperture is achieved by dielectric loading
the walls of the regular horn antennas [4]. However, since the
flare angle for a horn antenna should be kept at less than 15
for a smooth transition, the antenna length is considerably long
compared to wavelength. In this paper, inhomogeneous hard
wall waveguide transformers are proposed which can be notably
shorter in length and can achieve a similar performance as the
tapered hard horns.

In inhomogeneous transformers, the ratios of internal wave-
lengths and characteristic impedances at different positions
along the direction of propagation may change with frequency.
Even though the lengths of such transformers are shorter than
the tapered transitions, they show similar behavior around the
design frequency. In this paper, for the first time, the application
of inhomogeneous transformers is extended to the design of
dielectric loaded multisection waveguide transformers.

Design equations for conventional waveguide transformers
based on quarter-wave transformer prototypes are given in [5]
and [6]. In [7], inhomogeneous, nonquarterwave rectangular
waveguide transformer designs through the use of computer
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Fig. 1. A transverse plane view of a dielectric-loaded waveguide.

optimization was achieved, but the frequency range was chosen
such that the higher order modes of the larger waveguide
would not be excited. Mode matching along with optimization
has been used to design double plane transformers for empty
waveguides in [8] and, unlike the previous designs, higher order
modes (which affect the resonator lengths and step dimensions)
are considered in the optimization process. In this paper,
the optimization is done for the overmoded dielectric-loaded
waveguide sections and the discontinuity is in both E and H
planes.

II. THEORY

In dielectric-loaded waveguides, TE and TM modes are cou-
pled together to form an orthogonal set of hybrid modes known
as LSM and LSE modes [9]. If the dielectric is on the E-planes of
the waveguide, TE to (LSE ) and TM to (LSM ) modes are
supported, where direction is as indicated in Fig. 1. It is pos-
sible to make use of this artificial hard surface at the sidewalls
to achieve a uniform field distribution at the transverse plane of
the waveguide. The approximate dielectric thickness necessary
to obtain a uniform distribution is determined by [1]

(1)

where
free space wavelength at the design frequency;

dielectric constant of the material;

thickness of the dielectric material as shown in Fig. 1.

The analysis of hard horns is based on mode-matching tech-
nique [1]. The tapered horn is approximated by a sequence of
double step junctions. Each junction can be represented by a
GSM. The GSM of the hard horn can then be obtained by cas-
cading these individual GSM’s. GSM of each junction described
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above can be found using the well-known mode matching tech-
nique.

In the mode matching technique, all modes are considered at
a double step plane discontinuity and the total field is obtained
as the sum of all the excited modes. The total power on each
side of the junction is matched and the GSM for each junction
is obtained. The details of mode matching applied to the specific
case of dielectric-loaded waveguides are described in [4]. The
same GSM approach was used for analyzing transformers with
different waveguide sections. Conventional transformer design
rules are not valid in this case, because of the double plane dis-
continuities, dielectric-loaded walls, and the existence of higher
order modes. Therefore, an optimization procedure had to be
integrated with the mode matching approach to obtain the final
design parameters. The approach used here is similar to the one
in [8]. An error function is formed for the optimization process
as follows:

(2)

where , , and are the waveguide width, the waveguide
height, and length of each section, respectively,is the start
frequency, and is the final frequency in the frequency region
of interest. is the transmission coefficient from the input
mode to the dominant output mode. The conversion between
the TE mode at the input and the LSEmode at the output
waveguide is maximized through this optimization whereas the
reflections seen at the input are minimized.

III. D ESIGN AND SIMULATIONS FOR A HARD

WALL TRANSFORMER AND VERIFICATION USING

COMMERCIAL FEM SOFTWARE

A three-section double plane transformer with dielectric
walls as shown in Fig. 2 was designed using the above opti-
mization method and was incorporated into the mode matching
algorithm. The waveguide dimensions are given in Table I,
where and are the widths and heights, andis the length
of each section. The input waveguide is a regular empty
waveguide whereas the output waveguide and the sections are
dielectric-loaded. Same dielectric material with was
used in both the horn and the transformer. The dielectric thick-
ness was chosen to achieve uniform field distribution around 15
GHz. After analyzing the tapered horn and the inhomogeneous
hard wall transformer using the mode-matching program, they
were also analyzed using a commercial three dimensional
(3-D) FEM simulator (HFSS). A good agreement between the
two techniques is obtained. The input reflection coefficient
for the dominant mode is compared with a tapered waveguide
transition of length 50 mm in Fig. 3. The reflections seen at the
input waveguide are reduced in the bandwidth of interest by
using the double plane (inhomogeneous) transformer. The total
length of the three-section transformer is 23.31 mm (about half
of the hard horn length).

Cutoff frequencies shown as vertical lines in Fig. 3 are cal-
culated from the characteristic equations that result from even-
and odd-mode analysis [9]. Even modes are the modes that have
even symmetry with respect to the-axis and odd modes are the

Fig. 2. A three-section double plane waveguide transformer. (a) 3-D view. (b)
Top cross section.

Fig. 3. Magnitude ofS of the TE mode (of the input waveguide) as a
function of frequency. Cutoff frequencies for different LSE modes at the output
waveguide and for TE at the input are shown in vertical lines.

TABLE I
THE DIMENSIONS OF THE WAVEGUIDE

TRANSFORMER INmm

Fig. 4. The field distribution across the aperture (almost exactly the same for
both the transformer and the horn aperture) at 15 GHz. Each shade of gray
represents a�1 dB power variation.

modes that have odd symmetry with respect to the-axis. It is
clear that the output waveguide is overmoded in the frequency
range of interest.
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Fig. 5. 3-D field plot at the aperture of the three-section waveguide transformer
at 15 GHz. 3-D field plot at the aperture of the horn at 15 GHz is the same as
above.

Fig. 6. Phase plot (a) at the aperture of the tapered horn at 15 GHz and (b) at
the aperture of the three-section waveguide transformer at 15 GHz.

Fig. 4 shows the predicted1-dB field distribution resulting
across the aperture of the output waveguides for both the smooth
transition and the three-section transformer cases.

Fig. 5 shows the 3-D field plot in magnitude at the aperture
of the output waveguide for the three-section design and for the
tapered design. Since both results were similar, only one figure
is shown. The performance of the three-section design is com-
parable to that of the tapered transition’s. Fig. 6 compares the

phase distribution of the field at the apertures of both designs.
Although it was not done here, the phase could also be included
as a parameter in the error function of the optimization.

IV. CONCLUSION

An inhomogeneous waveguide transformer with dielectric-
loaded waveguide sections was presented. The analysis and de-
sign procedure of such transformers was verified in the case of
the transition between an empty -band waveguide and a di-
electric loaded -band waveguide. It was found that the trans-
former had similar performance compared to that of a hard horn
in the bandwidth of interest. The simulation results agree well
with the results obtained from a commercial FEM software.
Some of the applications include high aperture efficiency re-
flector feeds and quasi-optical amplifier arrays feeds.
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