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ABSTRACT
Measurement and analysis of hard horn feeds for

excitation of quasi-optical amplifiers has been performed.
A computer program based on the mode matching technique
has been developed in order to determine the aperture field
distribution for pyramidal hard horns.  This program can be
used to optimize a hard horn's field distribution and
bandwidth.  Simulation and measurement results for a 31
GHz hard horn feed are presented.

INTRODUCTION
The power produced from millimeter-wave

solid-state devices drops drastically as their frequency of
operation increases.  Furthermore most system
applications require much more power than is available
or expected from a single solid-state device.  This
problem can be alleviated by combining the power
produced from many solid-state devices.  Conventional
power combining techniques are inefficient at
millimeter-wave frequencies, specifically when many
devices are power combined.  Spatial or quasi-optical
power combining has shown the potential to efficiently
power combine hundreds of solid-state devices and thus
provide a solution to the attainment of high power at
mm-wave frequencies.

The first type of quasi-optical amplifiers
reported were grid amplifiers [1, 2].  Subsequently,
amplifier arrays employing discrete printed antennas
were investigated [3-5].  In [6-7], two dimensional quasi-
optical amplifiers using a dielectric slab were discussed.

The excitation of spatial amplifier arrays is an
important issue.  For efficient power combining, incident
waves must be focused entirely on the surface of the
amplifier array.  Furthermore, in order to excite all the
devices across the surface of the spatial amplifier
uniformly, (assuming that all the devices have the same
periphery), the incident power distribution across the plane
of the amplifier array must be uniform.  In [5], reactive
field coupling from horn antennas was demonstrated as a
possible method of excitation of quasi-optical amplifiers.

Advances in the theory of hard electromagnetic surfaces
[8] have lead to the development of feeds with enhanced
aperture efficiency.  In [9], hard horn antennas were
employed to construct a closed system quasi-optical
amplifier at X-band.  These "hard horns" have near
uniform aperture field distributions, which allows for the
simultaneous saturation of active devices across the
spatial amplifier's surface.

The general concept for the excitation of,
millimeter-wave, quasi-optical amplifiers is shown in
Fig. 1.  The input signal is incident upon the front side of
the amplifier array via a hard horn antenna.  The hard horn
distributes the incident signal uniformly across the entire
array.  The amplified signal is then captured by the
collecting hard horn antenna or directly radiated into free
space [9].
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Fig.1 General concept of a closed system quasi-optical
amplifier.

A pyramidal hard horn feed is shown in Fig. 2. In
order to obtain a uniform aperture field distribution, two
dielectric slabs with thickness h and dielectric constant
εr  are placed on the E-walls of the horn. A uniform field

distribution can be achieved across more than 98% of the
horn aperture, if the thickness and the relative permitivity
of the dielectric slabs are chosen appropriately.  To
achieve an optimum design, simulations of the hard horn
with different dielectric constants and slab thicknesses are
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necessary. In the following section, the analysis of a hard
horn based on mode matching technique is described. Using
this analysis, a computer program was developed to obtain
the S-matrix of the horn and its aperture field distribution.
This program can be employed to design optimum hard
horn feeds.
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Fig. 2 A pyramidal hard horn feed

THEORY
In this analysis the horn was approximated with a

series of stair case, double plane step junctions, as shown
in Figure 3.  The generalized S-parameters  were initially
found for each step.  These were then combined to get the
S-matrix for the whole horn.
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Fig. 3 A double plane step junction of a dielectric loaded
rectangular waveguide.

The structure shown in Fig. 3 can support LSEx

and LSMx modes. The fields are derived from the x-
component of the magnetic and electric vector potentials Ax

and Fx [10].  For the double plane step junction (Fig 4),
they are given by Eqs. (1) and (2):

F F Fx xe xo= + (1)

A A Ax xe xo= + (2)

where:
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The subscript e stands for even modes . The odd modes
with subscript o have a similar formulation. The
superscript s=1 denotes the fields in the waveguide on the
left side of the junction whereas s=2 denotes the fields in
the waveguide on the right side of the junction . ZA and ZF

are the wave impedances for LSMx and LSEx modes,
respectively.

In the above formulation, it is assumed that at the
double plane discontinuity all modes are excited and that
there will be incident and reflected  waves for each mode.
Thus, the total field is the sum of all the excited modes.
TA(x,y) and TF(x,y) in the above equations are the mode
functions and are normalized such that the power carried
by each mode is proportional to the square amplitude of
that mode [11].

The mode matching technique at the junction
requires:

Et
(1) = Et

(2) (over area(1)) (5)
Ht

(1) = Ht
(2) (over area(2)) (6)

Et
(2) = 0 (over (area(2)- area(1)) ) (7)

where the subscript t denotes the total transverse field at
the junction.

After some manipulation, the above three
equation are used to get the following:
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where [I] is the identity matrix and
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where VAA and VFF are matrices with their elements
expressing the power coupling between the various modes.

The S-matrix of a double plane step junction
dielectric-loaded waveguide  is given by:

[S]=[B] -1 [A] (10)

This is repeated at each junction.  The total S-
matrix of the horn is obtained by combining the matrices of
all junctions following the method given in [11].

RESULTS
A Ka-band hard horn with dimensions

x ya a× = ×69 53 mm, h=1.98 mm, εr = 2 2.  and length

l=119mm, was analyzed at a frequency of 31 GHz. The
length of the horn was subdivided into 120 sections. The
output field distribution magnitude  and phase, are given in
Figures 4a and 5a respectively . This hard horn provides a
uniform field distribution within +/-1dB over more than
98% of the aperture with a maximum phase error of 80
degrees with respect to the aperture center. The phase error
can be corrected using a lens. Measurement of the aperture
field was performed with an automated near field
measurement system.  Custom software was used to take the
measurement and record the data. The experimental results
are shown in Figures 4b and 5b.  There is a general
agreement between the measured and theoretical results.
The differences are due to our near field measurement setup
and imperfections in the placement of the dielectric slabs.
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Fig.4(a)&(b): Simulated & measured  magnitude
distribution for the aperture field of a 31 GHz hard horn.
The bright shade represents +/-1dB power variation.

                              h                        xa                          h

(a)

                             h                        xa                            h

(b)
Fig.5(a)&(b): Simulated & measured  phase distribution
for the aperture field of a 31 GHz hard horn. Each shade
of gray  represents 10 degrees phase variation.

In order to study the array’s power compression
improvement using hard horns, a simple analysis for an
8 8× combining amplifier array was performed. The
amplifier array is assumed to be excited by a 64 way
power divider.  The coupling between the array elements
is neglected.  The power and phase distribution of the
divider is dictated by measured results obtained from a 30
GHz regular and hard horn. Figure 6 shows the results for
an ideal excitation (uniform amplitude and phase
distribution),  a regular horn, and the 30 GHz hard horn
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and lens configuration.  The results show that for this
particular example the output power improvement is better
than 4 dB ( at 1 dB compression). This compares closely
with our experimental data reported in [9].
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Fig. 6 Power compression curves for an 8x8 Amplifier
Array

CONCLUSION
In this paper, an analysis of hard horns for the

excitation of quasi-optical amplifiers was presented.  The
analysis is based on the mode matching technique and
results in a generalized S-matrix for the hard horn feed.
This was used to develop a computationally time efficient
program to help design hard horn feeds. The simulation
results for a 31 GHz hard horn  shows close agreement
with the measurement.
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