IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 12, NO. 1, JANUARY 2002 9

Spatial Power Splitting and Combining Based
on the Talbot Effect

Tristan J. TayagMember, IEEEMichael B. SteerFellow, IEEE James F. Harvey5enior Member, IEEE
Alexander B. YakovleyMember, IEEEand Jarvis Davis

Abstract—The Talbot effect, a multimode interference phe-
nomenon, is investigated as a technique for combining power from
solid-state devices in order to generate higher levels of microwave
and millimeter-wave power in a process referred to as quasioptical
or spatial power combining. We explore the feasibility of using the
Talbot effect to implement a 1 x 8 power splitter and an 8 x 1
power combiner at 94 GHz. We report the first demonstration of
the multimode interface phenomenon in a planar waveguide at 8
GHz.
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Index Terms—Coupled mode analysis, interference, MMIC Splitter Stages Shifters ~ Combiner
power amplifiers, multimode waveguides, power combiners,
power dividers. Fig. 1. Architecture for a two-dimensional spatial power combining amplifier.

demonstrate for the first time the multimode interference (MMI)
phenomenon at microwave frequencies.

UASI-OPTICAL or spatial power combining systems
Q generate higher levels microwave and millimeter-wave [I. THE TALBOT EFFECT IN QUASI-OPTICAL

power by summing the outputs from an array of SLAB WAVEGUIDES
solid-s_tate deyices into a single propaggting mode. This is 3CThe system concept for a quasioptical power amplifier is
complished with lower losses and potentially reduced matchlgg

L . . LT own in Fig. 1. The Talbot effect provides an efficient means
sensitivity than achievable with transmission lined based cony splitting an input field distribution intaV equal intensity

bining [1]. Recent developments in spatial power Combinin&tputs. Each output can then be amplified using solid-state

systems merge solid-state amplifiers with power Sp“ttirﬁ/aveguide amplifiers. Given the appropriate phase shifts
3 .

and combining i_n planar dielectric slab waveguides_ [.2]’ [ ong each of th&/ channels, the Talbot effect can again be
Wavegwde Iens_mg elements perform the power splitting arﬁg;d to image the amplified fields into a single propagating
combining functions. However, these elements introduce up

6 dB of the total insertion loss, which reduces the efficiency

f th ve structure. A iol lution to this problem 4 When applied to planar guided-wave structures, Talbot self-
orthe passive structure. A possible sofution to this proble i‘%]aging is conveniently described as a multimode interference

. INTRODUCTION

based on the Talbot effect [4]. The Talbot effect has been us Enomenon. Consider thex1 8 splitter shown on the left in

_exteqswely n .0'83 to 1.5@m mtegrated_o_phcs as a I_ensles ig. 1. An input rectangular waveguide, which supports a single
imaging technique for efficient power splitting, combining, anq,E mode, center-feeds a wider rectangular waveguide, which

routing [5]{7]. upports multiple lateral TE modes (but only a single transverse

In this letter, we investigate the application of the Talbot eﬁmde) Atz = 0, the single input mode is decomposed into
fect to planar waveguide structures for low loss power splittir}ﬂ o lateral mod,es supported in the MMI region. Since each

and combining in the microwave regime. We have designed & the lateral modes propagates through the MMI region with

§|mulate(3 alxs pq(\;ver Sp“ttfr an?ga:ng pwver comblne: E%different phase velocity, a phase difference among the modes
N a quartz waveguide operating & Z. Ve expenmentagy umulates. At the plane along thexis where the accumu-

lated phase differences reach an integer multipfzrofinimage
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where themth mode is described by a field excitation coeffi-
cient, ¢,,, its field distribution profile#,,(v), and its propaga-
tion constant3,,,. These lateral modes form an orthogonal basis __
set such that the relative contributions to each guided mode froi
an input field distribution can be evaluated using an overlap in
tegral between the input field profile and each mode.

Under the paraxial approximation, the propagation constantas
of the modes confined in the MMI region can be written as [7]

(m + 1)27T)\0
O =2 kon — ——— 2 |
£ on 2 (2 4
wherek is the wavenumber in free-spaceg,is the wavelength :
in free-spacey is the effective refractive index of the transverse
waveguide mode, and’ is the lateral width of the MMI region. Fig. 2. Top view simulation of the electric field distribution of ad8 power
By defining L. as the beat length of the two lowest order modesplitter.

4695 mm -

T AnW?
L. = o 3
Bo — P 3o 3
the field profile at fixed positions within the MMI region can be 15 om
written as [5] T\
N-1
M 1 )
v <y 3L7TN> =G > Wy —ug, 0)exp(jy)  (4)
q=0 1.27 cm
whereM and N are integers without a common divisor afid 5* 22 cm f=51cm -l

is a complex normalization constant. The form of (4) illustrate _ . .

. . . . ig. 3. Experimental setup used to demonstrate the multimode interference
Talbot s_elf-lmag_lng_. At a fixed distance = 3J;W(M/N), the  phenomenon at 8.231 GHz.
output field profile is a sum ofV-equal amplitude images of

the input field distribution. The intege¥/ represents imaging 4; an MM region length of 46.95 mm. This simulation result

periodicity along the: propagation axis. _compares favorably with the analytically obtained MMI length
If the input to al x IV splitter center-feeds the MMI region, ot 46 93 mm as predicted by (5). Less than 0.32 dB of power
only the even symmetric modes will be excited. Under this coyyn ¢ nonuniformity among the 8 outputs is predicted. The 3
dition, a compact x N splitter can be realized with an MMI 4 handwidth is limited by the wavelength dependence of the
length of Talbot effect and is 4.6% for our splitter.
1 3L, To achieve a compact & 1 power combiner using Talbot
2= <T) (5) self-imaging, the same MMI dimensions as for thex18
splitter can be used. However, the relative phases among
Note thatM = 1 in this case and symmetric interference rethe 8 inputs must be tuned tqn/2), (—3x/4), (-7 /4), 0,

duces the MMI length by a factor of four. 0, (—n/4), (—3n/4), (w/2)}. This input phase require-
ment insures that the MMI modes constructively interfere
IIl. SIMULATION OF QUASI-OPTICAL POWER SPLITTERS to efficiently couple into the single output waveguide. MPA
AND COMBINERS simulation predicts that the output power distribution contains

We designed and simulated quasioptical power splitters af entered main lobe with a 3 dB width of 0.53 mm. The peak

combiners for operation at 94 GHz. The rectangular Waveguid% elobe is-36.28 dB below the main lobe.

used in this design are metal-clad and quartz-filled. Quartz is a
positive uniaxial crystal and at 94 GHz it has an extraordinary
index of refractionn, = 2.1366 and an ordinary index of re- To demonstrate the phenomenon of multimode interference
fractionn, = 2.0801. The optic axis of the quartz dielectric isin a quasioptical waveguide, the structure depicted in Fig. 3 was
oriented parallel to the-axis so that the TE polarized mode inconstructed and characterized at 8.231 GHz. The dielectric core
the waveguide can be described-hy material is a microwave plastic with the tradename Rexdlite

In the power splitter, a square cross section waveguide with22. It has a dielectric constant of 2.53 through 500 GHz. To
inner dimensions 1.15 mnx 1.15 mm center-feeds a widerreduce loss, the dielectric of both the input waveguide and the
MMI region with inner dimensions 1.15 mm 24 mm. The MMI region were wrapped with aluminum foil.
MMI region’s rectangular waveguide supports a single trans-The MMI region was center-fed and a 5-cm-long tapered
verse mode and 31 lateral modes. As shown in Fig. 2, a mo#alveguide was used at the output of the MMI region to reduce
propagation analysis (MPA) [7] of the lateral MMI modes infeflection and to outcouple the energy. A 1-cm-long monopole
dicates that eight self-images of the input field profile occuantenna was scanned at 5 mm intervals across the lateral width

IV. EXPERIMENTAL RESULTS
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Fig. 4. Top view simulation of the electric field distribution in the Rexdlite
waveguide at 8.231 GHz.
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Fig. 5. Experimental and simulated data of the electric field profile at
24.96 cm. The refractive index used for Rexofftevas 1.61.

Fig. 5. The slight discrepancy in the position of the nulls is not
adequately accounted by variations in MMI width and dielectric
constant and is currently under investigation.

V. CONCLUSION

The Talbot effect was investigated for quasioptical power
splitting and combining. Talbot image formation in planar
waveguides is based on the phenomenon of multimode inter-
ference. For the first time, we have demonstrated multimode
interference in a rectangular waveguide operating at microwave
frequencies. The use of Talbot imaging in a waveguide would
obviate the need for lensing elements within the waveguide
cavity—thereby decreasing the throughput losses. We have
presented the design of axl 8 power splitter and an & 1
power combiner for operation at 94 GHz. In summary, the
Talbot effect is a viable technology for quasioptical splitters
and combiners in over-moded guided wave structures.
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