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Abstract

A millimeter—wave power splitter/combiner working
on the principles of holography is presented. A holo-
gram which stores the holographic image of a num-
ber of beams has the function of a power splitting
element. An input beam to this hologram causes
the recorded beams to be reconstructed, which is
none but a high—efficiency process of beam splitting.
A measured efficiency of 93%, high isolation, and a

relatively large bandwidth are demonstrated.

Introduction

DOUBTLESS power combining is of paramount im-
portance for low—power solid—state sources of millimeter
waves. The existing methods of power combining are
assigned to two categories: resonant and non-resonant
approaches [1]. In resonant methods, the sources co-
herently inject their energies into an eigenmode of a
shielded [2] or an open resonator [3]-[5] while non-
resonant methods are mainly based on spatial combin-
ing of the energy radiated by an array of mutually—
locked oscillators [6]-[8]. To avoid mode competition
in the former and grating lobes in the latter, the single
sources should be arranged within a spacing dictated by
the wavelength. At millimeter—wave frequencies, this
requires therefore a geometrically small inter—element
spacing, or rather circuit miniaturization. However, re-
garding the fact that the solid-state millimeter—wave
sources usually possess a low power efficiency, these
sources should be equipped with heat sinks which are as
large as several wavelengths and represent an obstacle
to circuit miniaturization.

To overcome these shortcomings and to allow suffi-
cient spacing between the output ( input ) ports, we
have recently introduced a novel approach to power
splitting ( combining ) by means of holography [9].
In this method, power splitting is performed by a
computer—generated hologram storing holographic im-
ages of a given number of electromagnetic beams. II-
lumination of this hologram with an appropriate in-
put beam reconstructs the stored images coherently. In
other words, the introduced holographic method offers
an elegant way for splitting a beam into a set of coherent
beams and vice versa. Furthermore, since the recorded
beams can arbitrarily be oriented in the hologram, the
spacing between them may be chosen large enough to
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Fig. 1: Simulated interference pattern of an input

beam with three output beams

avold the aforementioned problem of miniaturization.

Reporting on the implementation of a millimeter—
wave holographic power splitter/combiner is the aim of
this contribution, where we demonstrate a high beam
splitting efficiency along with other appreciable charac-
teristics like high isolation and bandwidth. Prior to a
discussion about the realized power splitter/combiner,
we concisely review the main aspects of holography and
holographic power splitting.

Holographic Beam Splitting

Generally speaking, a hologram modulates the am-
plitude and/or phase of an incident wavefront [10].
A phase hologram' can be imagined as a recording
medium with the capability to store the relative phase
between two interfering wavefronts. When illuminated
with one of these waves, the hologram restores the
phase, and consequently the wavefront, of the second
wave from the recorded phase difference. During this
process, some usually low—power diffracted waves of
higher order will also be generated.

According to this observation and for the purpose
of beam splitting, one may choose the input beam and
the beams to be produced as the interfering waves for

I'We do not consider amplitude or absorption holograms since
their inherent loss excludes them from being a candidate for a
power combining/splitting element.
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a hologram so that exposing the hologram to the input
beam produces the desired output beams. Aslong as the
input and output beams are known analytically or ex-
perimentally, their interference pattern can numerically
be simulated. For instance, Fig. 1 shows a simulated
interference pattern of an input beam with three Gaus-
sian output beams in the region labeled with recording
medium. In the terminology of Fourier optics, the sim-
ulated interference pattern can be related to an optical
transfer function for the recording medium or hologram.
Evidently, we are interested in transfer functions which
mainly modulate the phase distribution of the incident
wave. In this case, the hologram is realized with, for
example, a dielectric phase plate showing the required
phase characteristic, and is therefore called a computer—
generated phase hologram.

Not to mention that in the above computational pro-
cedure, the intensity of the input beam is assumed to be
equal to the sum of the intensities in the output beams
so that a high splitting efficiency will be maintained. In
addition, one should pay attention to keeping the power
level of the undesired diffracting orders as low as possi-
ble.

It is worth noting that in optics, a comparable holo-
graphic method has previously been proposed for mul-
tiple imaging [11]-[12] and beam addition [13]. The ba-
sic element in this method is an optical grating known
as Dammann grating which diffracts an incoming plane
wave, and produces a number of equi—power diffraction
orders, 1.e. discrete plane waves propagating in some de-
fined directions. Thus a Dammann grating is based on
Fraunhofer diffraction and works only in the far—field
However, due to the fact that the period of a
Dammann grating amounts to several wavelengths, at
typical millimeter—wave frequencies the far—field region
of this grating exceeds several meters, so the method
of references [11]-[13] is not practicable for millimeter
waves. As opposed to this, the method introduced here
is based on Fresnel diffraction and works in the near—

zone.

field zone.
The coming section deals with the implementation of
a prototype for holographic power splitting/combining.

Implementation

The introduced holographic approach has been imple-
mented at 24 GHz in parallel-plate waveguide technique
according to the arrangement of Fig. 2. It consists of A4)
a hologram, B) a horn array for collecting the output
beams, and C) a setup to generate a readout beam for
reconstructing the images recorded in the hologram.

A) Hologram

The heart of the configuration is a dielectric phase plate
working as a hologram. To generate identical equi-
distant output beams that can effectively be collected
by the horn array, the hologram should obviously store a
periodic repetition of the holographic image of a single
beam. Hence, the hologram is assumed to be a peri-
odic structure the period of which equals that of the
horn array. The phase characteristic of the hologram
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Fig. 2: A holographic power splitter

1s obtained from the properties of both the input beam
and the beams to be coupled to the output horn array.
Knowing the needed phase characteristic for the holo-
gram, we design the shape of a dielectric periodic struc-
ture in an iterative trial-and—error procedure to meet
the required characteristic. During this procedure, the
periodic structure is modelled by a transmission—line
network proposed in [14], which facilitates the design
process considerably.

B) Horn Array

The output horn array is composed of a number of H-
plane sectoral horns. To investigate the field received
by the array, it is considered as a conducting periodic
structure. The field inside each horn i1s expanded in
terms of the Hankel functions of the first and second
kind. This expansion is matched, on the one hand, to
the spatial harmonics in the aperture of the array, and
on the other hand, to the eigenmodes of the feeding
waveguide. Including the edge conditions completes the
description of the horn array.

By using the above approach, a hologram storing the
image of a horn array has been designed. The setup of
Fig. 3 has been used to characterize the combination
of the hologram and the horn array with the scattering
parameters. The reflection, |S11], and mutual coupling,
|S21], measured with a HP 8510C network analyzer, are
seen in Fig. 4 and b, respectively. The results not only
verify our computation ( dot—dash curves ) but also in-
dicate a return loss of better than 15 dB and an iso-
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Fig. 3: Setup to measure the scattering parameters
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Fig. 4: Measured ‘-’ and computed ‘—-’ reflection

lation of higher than 25 dB over a bandwidth of more
than 15%. The slight deviation of the measured val-
ues from the simulated ones is probably caused by the
ohmic losses on the walls of the horn antennas.

Mutual Coupling in dB
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Fig. 5: Measured ‘-’ and computed ‘—-’ mutual coupling

C) Readout Beam

To generate a beam for reading the stored images in
the hologram, the setup of Fig. 2 involves a feed horn,
an off—set reflector, and an aperture stop. The off—set
reflector having a diameter of 48X, is illuminated by
the feed horn and provides a nearly Gaussian beam as
shown in Fig. 6. This figure illustrates the measured
field intensity along line A of Fig. 2 in the absence of
other components of the setup. The field intensity eval-
uated by using the moment method is also shown in the
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Fig. 6: Nearly Gaussian beam reflected from the

reflector (measured ‘—’, computed ‘—-’)
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Fig. 7: Equalized beam by the aperture stop (mea-

El

sured ‘—’, computed ‘—-’)

same figure. For an equi—power reconstruction of the
recorded images, the hologram should be excited with
a uniform ( flat-top ) beam. In Fig. 2, the 18y-wide
aperture stop passes a portion of the Gaussian beam,
and flattens the field profile. The normalized field in-
tensity measured across line B ( Fig. 2 ) as well as
the moment—method simulation of the stop are seen in
Fig. 7. It should be noted that the applied procedure
of beam equalizing is not an efficient one and shows an
efficiency of only 70%?. For a more efficient beam equal-
ization, one can use lens—like refractive components [15],
improve the feed system of the reflector, or modify the
shape of the reflector [16].

Fig. 8 depicts the measured field intensity across
line C of Fig. 2. It can clearly be seen that the holo-
gram has reconstructed the three recorded beams. The
theoretical field distribution shown in Fig. 8 has been
computed with the help of the method developed in [14].
Note the excellent agreement between the measured and
computed values. See Fig. 9 for the simulated electric
field distribution in response to a Gaussian input beam.
Three reconstructed beams and some higher diffraction
orders are readily recognized in this figure.

The transmission characteristic between the feed
horn and each output horn has been measured using a
HP 8510C network analyzer. The result seen in Fig. 10
shows an overall transmission of —8 £+ 0.5 dB for all
outputs. Owing to the limited efficiency of the beam—
equalizing stop and regarding the ohmic losses in the
parallel-plate waveguide, the measured power of the
beam incident on the hologram is about 50% of the total
input power, so an overall transmission of —8 + 0.5 dB
indicates that 93% of the power incident on the holo-
gram has been received by the output horns. In the case
that the hologram is absent, the power received by the

array diminishes to only 25%.
The ripples observed in the frequency response are

2The efficiency is defined as the ratio of the power leaving
the stop to the power incident on it. Since both incident and
transmitted beam are paraxial, the efficiency n has been estimated

by

J1Ey(B)Pde

nR T

J1Ey(A) e’

where |E,(A)| and |E,(B)| are the measured amplitudes of the
field along lines A and B of Fig. 2, respectively.
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Fig. 8: Reconstruction of the stored beams (mea-
sured ‘—’, computed ‘—-’)
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Fig. 9: Electric field distribution (H: Hologram,
S: Stop, and A,B,C: Output beams)

caused by multiple reflections between the reflector and
the aperture stop, and will vanish by replacing the stop
with a matched refractive beam equalizer. With the
stop, the isolation between the output ports is better
than 17 dB over the frequency band shown in Fig. 10.
It should be added that, in this prototype, the spacing
between the output ports is larger than 6y, and can be
made even higher, which demonstrates the scalability of
this method up to very high frequencies.
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Fig. 10: Overall transmission factor for each output

Conclusions

A holographic power splitter/combiner has been pre-
sented. It is capable of becoming a favorite candidate
for millimeter—-wave applications because of its high ef-
ficiency, broadband character, high isolation, and flexi-
bility in the orientation and the number of outputs.
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