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1.0 SUMMARY

This document is a final technical report describing the work completed under the Short-
Term Research Initiative (STIR) contract (DAAG55-98-1-0440) awarded to Texas
Christian University (TCU) by the U.S. Army Research Office on 20 July 1998. The
work was carried out in collaboration with Professor Michael Steer’s research group at
the North Carolina State University (NCSU). The objective of this effort was to
investigate the feasibility of quasi-optical power combiners based on the Talbot effect.
At TCU, planar waveguide structures were designed in the X-band (8-12.4 GHz).
Waveguide structures were constructed in Rexolite 1422 and characterized at NCSU.
Although the optimum designs were not fabricated due to waveguide material limitations
the electromagnetic field data indicated the structure and high degree of symmetry
associated with multimode interference phenomena. This favorable result is key to the
demonstration of a quasi-optical power combiner based on the Talbot effect.
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As aresult of the research conducted during this project, the following manuscript is in
preparation for journal submission: T.J. Tayag, M. B. Steer, J. Davis, A. Yakovlev, and
J. F. Harvey, “Quasi-optical power combining based on the Talbot effect in planar optical
waveguides,” in preparation.



2.0 INTRODUCTION

2.1 BACKGROUND

Millimeter wave circuits operating at power levels in the 50-to-100 W range are desirable
for applications in radar and electronic warfare; whereas, circuits operating at power
levels in the 15-to-20 W range are useful for omni-directional communication links.
Quasi-optical techniques provide a means of combining power from numerous solid-state
millimeter wave sources. Conventional techniques use three-dimensional free space for
power combining. A disadvantage of this technique is the heat dissipation of the active
elements, which are suspended in the three-dimensional volume.

Recently, two-dimensional planar architectures for millimeter wave power combining
have been investigated (Hwang et al., 1996, Alexanian and York, 1997 and Perkons and
Ioth, 1997). The two-dimensional waveguide geometry is well suited to MMIC
technology. Heat sinking is naturally achieved since the active devices are located on the
bottom of the structure and are in thermal contact with the ground plane. Additionally,
planar power combining architectures are more amenable to photolithographic fabrication

processes, less sensitive to device instabilities, smaller, lighter weight, and more rugged
(Harvey et al., 1996).

Current approaches to power combining in the two-dimensional geometry involve using
waveguide lenses and polarizers. These elements and scattering within the waveguide
contribute about 6 to 8 dB of additional loss (Hwang et al., 1996 and Harvey et al., 1996).
Removal of these elements within the waveguide structure will not only improve device
throughput, but also simplify device design and fabrication. The effort undertaken in this
project was based on an imaging technique in waveguide structures, which does not
require lenses. In this project, we investigated the feasibility of applying the Talbot effect
to produce lensless waveguide power combiners. The Talbot effect (also known as self-
imaging or multimode interference) is an imaging technique based on the lateral
periodicity of the object (Talbot, 1836).

2.2 PROJECT OBJECTIVES

The overall objective of this project is to reduce the throughput loss in quasi-optical
power combiners by obviating the need for waveguide lensing elements. The approach
undertaken in this project was to apply the lensless imaging properties of the Talbot
effect, which have been used extensively in the infrared region of the electromagnetic
spectrum.

Under the guidance of Dr. James Harvey (ARO Representative), the specific tasks as
outlined in the project proposal (ARO Proposal Number 39063-EL-II) were modified.

The tasks agreed upon at the start of the project bifurcated into two approaches and were
as follows:




Planar Waveguide Approach

e Task I: Design Waveguide Structures (TCU)

o Task 2: Construct and Characterize Planar Waveguide (NCSU)
Three-Dimensional Waveguide Approach

e Task 3: Design Waveguide Structures (NCSU)

e Task 4: Fabricate Hollow Cavity Waveguide (TCU)

e Task 5: Characterize Three-Dimensional Waveguide (NCSU)

A major change in the direction of the originally proposed research was to experimentally
demonstrate a passive power splitting structure as opposed to simulating a power
combining structure. This more ambitious schedule required closer collaboration with
NCSU than originally proposed. Therefore, the principle investigator made 4 separate
trips to NCSU during the summer of 1998.



3.0 QUASI-OPTICAL DEVICE SIMULATION
3.1 PLANAR WAVEGUIDE STRUCTURES

The operation of the Talbot effect waveguide splitter is described as follows: A single
mode input rib excites the numerous lateral modes supported by a wide laterally-confined
Multimode Interference (MMI) waveguide region. The lateral modes travel with
different phase velocities and therefore become dephased. Self-images of the input are
formed when the superposition of the modes in the image plane matches the original
modal distribution at the input plane. This condition occurs at observation distances
where the accumulated phase differences among the excited modes are integral multiples
of 2r. This allows the excited modes to constructively interfere and reproduce the input
modal distribution. Talbot effect splitters and combiners are based on the property that
multiple self-images are formed at certain observation planes that are located between the
single self-image planes.

The PI and his collaborators have developed a model of the Talbot effect in planar optical
waveguides. This model is based on modal decomposition, propagation, and
reconstruction of the electromagnetic field (Mackie et al., 1995). By assuming
separability of the field dependencies along the three directions, and then finding the
exact wavefunctions of the MMI region, they are able to model the evolution of the
electric field as it propagates through device. This modeling capability was used to
design and simulate planar waveguide structures operating at X-band frequencies.

The geometry of a 1x4 waveguide power splitter is depicted in Figure 3.1. The
waveguide supports a single transverse mode in the transverse (i.e., y-axis) direction. In
the passive splitter configuration, a single input waveguide feeds a laterally wider
multimode interference (MMI) region. At the output of the MMI region are 4 output
waveguides. The dielectric material of the waveguide is a microwave plastic with
tradename Rexolite 1422. This material has a dielectric constant of 2.53 through 500
GHz. Throughout the simulations, we assume that the dielectric waveguide core is
surrounded by a metal cavity.

Figure 3.1 Structure of X y
the planar waveguide.
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Figure 3.2 Field distribution within the MMI region. Frequency: 10 GHz;
polarization: TE; MMI index: 1.5906; MMI width: 10 cm;
number of modes: 10; input Gaussian waist: 0.8 cm.
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Figure 3.3 ‘Field distribution within the MMI region. Frequency: 10 GHz;
polarization: TE; MMI index: 1.5906; MMI width: 18 cm;
number of modes: 19; input Gaussian waist: 0.8 cm.




In the first set of designs, a 1x4 passive splitter was simulated. The width and length
dimensions of the MMI region are variable parameters. Note that the width of the MMI
region is critical since it determines the number of lateral modes supported by the
waveguide. An increased number of lateral modes means more exact self-image
formation of the input field distribution. The trade-off is that the MMI length varies
quadratically with the width, so large mode volumes incur long device structures.

Figure 3.2 indicates the effect of an insufficient number modes supported in the MMI
region. Increasing the width of the MMI region to 18 cm almost doubles the number of
lateral modes in the MMI region from 10 to 19, Figure 3.3 shows a 1x4 splitter at 10

GHz. The electric field profile (linear scale) is plotted in Figure 3.4 for the 1x4 splitter of
Figure 3.3.

Figure 3.4 Electric field

profile at a distance z = 39.48
cm inside the MMI region for
the 1x4 splitter of Figure 3.3.
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A power combiner is formed by propagating the fields in the —z-direction of Figure 3.1.
Note that specific phase relationships must be satisfied among the 4 inputs for a single
self-image to form at the output of the waveguide. The electric field distribution of a 4x1

combiner is shown in Figure 3.5. The field profile of the output self-image is shown in
Figure 3.6.

Greatly improved self-image formation can be achieved by increasing the number of
modes supported by the MMI region. A 1x8 Talbot effect splitter was designed for
operation at 8 GHz. The MMI width was increased to 40 cm so that 33 lateral modes
were supported. Note that the 1x8 self-image plane was increased to about 82 cm. The
field distribution and field profile of the 8 outputs are shown in Figures 3.7 and 3.8.

The project was limited in the geometry of structures, which could be constructed at

NCSU. The planar waveguide structure, which was constructed at NCSU had the
characteristics listed in Table 3.1.
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Figure 3.5 Field distribution within the MMI region for a 4x1 combiner.
Frequency: 10 GHz; polarization: TE; MMI index: 1.5906;

MMI width: 18 cm; number of modes: 19; input Gaussian waist: 0.8 cm.
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Figure 3.6 Electric field profile at z = 39 cm for a 4x1 combiner.
Frequency: 10 GHz; polarization: TE; MMI index: 1.5906;

MMI width: 18 cm; number of modes: 19; input Gaussian waist: 0.8 cm.
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Input Waveguide:
e transverse height (cm) 1.27
e lateral width (cm) 1.50
e waveguide core index 1.59
MMI Region:
e transverse height (cm) 1.27
e lateral width (cm) 27.94
¢ longitudinal length (cm) 22.00
e waveguide core index 1.59

Table 3.1 Specifications of the waveguide structure constructed at NCSU.

At an operational frequency of 8.23 GHz, the MMI region supported 24 modes. The field
distribution for the structure described in Table 3.1 is displayed in Figure 3.9 for an MMI
length of 28 cm. The field profile at z = 24.37 cm is shown in Figure 3.10. The
experimental results for this structure are presented in Section 4.0.

3.2 THREE-DIMENSIONAL WAVEGUIDE STRUCTURES

The Talbot effect can be extended to the formation of a two-dimensional array of self-
images. In this case, three-dimensional waveguide structures are needed. The objective
was to produce a 3x3 spot array at the output of a hollow cavity multimode waveguide
operating at 33 GHz. To maintain compatibility with existing research programs, it was
decided that that multimode waveguide dimensions will be fixed at 4.2 x 4.2 cm?.

Electromagnetic field propagation software developed at NCSU was used in the design of
the three dimensional waveguide structures. Unfortunately, poor one-to-one self-imaging
resulted. We believe that the imaging quality was degraded due to the limited number of

modes supported in the 4.2 x 4.2 cm” waveguide.

A simple experiment illustrates the effect. At 33 GHz, a single mode is supported in the
0.5 x 0.5 cm?® hollow cavity input waveguide. At the interface between the input
waveguide and the 4.2 x 4.2 cm? multimode waveguide, the electric field is decomposed
into those modes supported by the MMI region. If a sufficient number of modes is
supported by the MMI region, faithful representation of the input field distribution is
achieved.

Figure 3.11 is a mesh plot of the electric field distribution at an incremental distance of
10 pm from the input/multimode waveguide interface. The ripple pattern indicates the
interaction between the input field and MMI region sidewalls. If an insufficient number
of modes are available to reconstruct the object, a degraded image will be formed at the
self-image plane.
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Figure 3.7 Field distribution within the MMI region for a 1x8 splitter.
Frequency: 8 GHz; polarization: TE; MMI index: 1.5906;
MMI width: 40 cm; number of modes: 33; input Gaussian waist: 1.18 cm.
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Figure 3.8 Electric field profile at z = 78.7 cm for a 1x8 splitter.
Frequency: 8 GHz; polarization: TE; MMI index: 1.5906;
MMI width: 40 cm; number of modes: 33; input Gaussian waist: 1.18 cm.
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Figure 3.9 Field distribution within the MMI region for the experimental structure.
Frequency: 8.23 GHz; polarization: TE; MMI index: 1.59; MMI width: 27.94 cm;
number of modes: 24; input Gaussian waist: 0.44 cm.
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Figure 3.10 Electric field profile at z = 24.37 ¢cm for the experimental structure.
Frequency: 8.23 GHz; polarization: TE; MMI index: 1.5906;
MMI width: 27.94 cm; number of modes: 24; input Gaussian waist: 0.44 cm.
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Figure 3.11 Electric field distribution of the three-dimensional waveguide

structure at a distance of 10 pm beyond the input/multimode waveguide interface.
Input waveguide: 0.5 x 0.5 cm?;, MMI region: 4.2 x 4.2 cm?.

The waveguide structure for two-dimensional array formation was to be fabricated in a
hollow cavity waveguide made of brass. The machining of the structure was to be
performed at TCU on computer-numerically-controlled (CNC) machining tools. The
Appendix contains the computer-aided design (CAD) drawings for this structure.




4.0 EXPERIMENTAL DEVICE CHARACTERIZATION

The waveguide structure detailed in Table 3.1 was constructed and characterized at
NCSU. The dielectric core material was Rexolite 1422. To reduce loss, the dielectric of
both the input waveguide and the MMI region were wrapped with aluminum foil. The
MMl region was center-fed as shown in Figure 4.1. A 5-cm-long tapered waveguide was
used at the output of the MMI region to reduce reflection and to outcouple the energy. A
1-cm-long monopole antenna was scanned across the lateral width of the output taper.
The probe was positioned about 1.5 cm from the MMI region/taper interface and sample
points were taken every 5 mm along the lateral direction. The signal was detected with a
Hewlett-Packard 8510 Vector Network Analyzer and data was collected at the following
frequencies: 7.53 GHz, 7.58 GHz, 7.59 GHz, 8.23 GHz, and 8.27 GHz.

y
X\l_‘
Z
output
taper

Figure 4.1 Structure of the planar

MMI
waveguide constructed at NCSU.
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Figure 4.2 (a) Electric field profile of the experimental structure at 7.534266 GHz.



Figure 4.2 (b) Electric field
profile of the experimental
structure at 7.581019 GHz.

Figure 4.2 (¢) Electric field
profile of the experimental
structure at 7.590609 GHz.

Figure 4.2 (d) Electric field
profile of the experimental
structure at 8.230769 GHz.

Figure 4.2 (¢) Electric field
profile of the experimental
structure at 8.27033 GHz.
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5.0 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The simulation and experimental data collected during the course of this STIR program
indicates that the Talbot effect is a viable technology for quasi-optical power splitting and
combining. Talbot image formation in planar waveguides is based on the phenomenon of
multimode interference. Each experimental data set in Section 4.0 depicts the high
degree of symmetry characteristic of multimode interference in planar waveguides. In
addition, the distinct pair of nodes predicted in the waveguide model shown in Figures
3.9 and 3.10 (repeated below) were apparent in the experimental data shown in Figure
4.2 (d) (repeated below).

Lateral Distance (cm)
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Figures 4.2 (d) and 3.10 Experimental data and theoretical model of the waveguide structure
constructed at NCSU. Frequency: 8.230769 GHz; polarization: TE; MMI index: 1.59;
input Gaussian width: 0.44 cm; MMI lateral width: 27.94 cm; MMI length: 24.37 cm;
number of lateral modes: 24.

Preliminary investigations were conducted on the generation of two-dimensional array
splitter/combiners via the Talbot effect. This study indicated that the dimensions of the
multimode waveguide must be carefully considered. A trade-off exists between the
fidelity of self-image formation (i.e., number of modes supported in the MMI region) and
waveguide size (i.e., the MMI length increases quadratically with MMI width).

The application of the Talbot effect to quasi-optics is a highly promising and largely
untapped field of research. The use of Talbot imaging in a waveguide would obviate the




need for lensing elements within the cavity. Thereby decreasing the throughput losses.
The following are recommendations for further study in this area:

a.

b.

Demonstration of the 1x8 power splitter designed in Figures 3.7 and 3.8. A critical
issue is the throughput loss.

Demonstration of a Talbot effect waveguide power combiner. An initial investigation
was performed at the onset of this project and the simulation results are summarized
in Figures 3.3 - 3.6. A critical issue is the tolerance on phase control of the inputs.
Integration of waveguide amplifiers with the Talbot effect power combiners. An
optimum design would include geometries of the source, amplifier, and waveguide.
A critical issue is the variation in phase delay through each of the solid state
amplifiers.

Demonstration of the two-dimensional power splitting and combining based on the
Talbot effect.
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