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Leaky Wave Radiation from a Periodically
Photoexcited Semiconductor Slab Waveguide

A. Alphones, Member, IEEE, and M. Tsutsumi

Abstract—This paper presents investigations on leaky wave
antenna that are modeled by periodical illumination of light on
a grounded semiconductor slab waveguide using an asymptotic
method of singular perturbation procedure based on multiple
scales. Analytical results clearly show that the periodical illu-
mination strongly affects the radiation characteristics such as
efficiency and the radiation angle. The dominant effects are stud-
ied quantitatively and are outlined in the performance diagrams
as a function of optically induced plasma density and the grating
period. Initial experimental results at Q band using silicon slab
guide under an array of 820-nm LED CW excitation are also
reported and are in relatively good agreement with the theory.

I. INTRODUCTION

ANY EXCITING developments have been seen in the
last decade in the application of optical technology to
microwave/millimeter wave devices, circuits, and systems [1].
The optical generation and detection of ultra-short electrical
pulses with frequency extending from dc to THz has stimulated
a large number of applications in microwave measurement
techniques [2]. At the same time, a large amount of effort has
been devoted to the optical control of semiconductor devices,
both at microwave and millimeter bands [3], [4]. Here, a
periodically excited semiconductor waveguide is considered.
A dielectric waveguide with a periodic surface corruga-
tion/permittivity modulation has been shown to hold substan-
tial promise as a leaky wave antenna for millimeter wave
applications. Extensive studies have been made on corrugated
and index modulated periodic transmission line structures and
are reported in the literature [5], [6]. The grating structures
used are permanent and normally noncontrollable configura-
tions. However, if the dielectric is of a semiconductor material
it is possible to create the grating configuration by means of
periodic optical illumination. This correspondingly causes a
periodic distribution of photoinduced charge carriers inside the
semiconductor material, resulting in a nonpermanent grating
configuration. This novelty has been reported in a periodically
plasma-induced semiconductor waveguide [7] and also in [8],
where a fiber-optically controlled distributed Bragg reflection
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Fig. 1. Permittivity-modulated silicon guide.

filter on silicon coplanar wavegunide has been investigated. In
this paper, a leaky wave antenna that is implemented by peri-
odical illumination of light on a grounded semiconductor slab
guide has been studied experimentally using an asymptotic
method of singular perturbation procedure based on multiple
scales.

II. FORMULATION OF THE PROBLEM

Fig. 1 shows the theoretical model of the waveguide inves-
tigated in this study. It is a semiconductor slab waveguide
backed by a conducting ground plane. When the guide is
illuminated periodically with optical radiation of photon en-
ergy greater than the bandgap energy of the semiconductor,
electron-hole plasma is created. The presence of these free
carriers results in the modification of the conductive as well
as the dielectric properties of the semiconductor material given
by Drude-Lorentz theory. The theory predicts that the plasma
effects on the dielectric constant will be pronounced at lower
frequencies (below optical frequencies). This occurs becausé
at frequencies above the free carrier collision frequency, which
characterizes carrier relaxation in the material, the functional
dependence of the real and imaginary parts of the dielectric
constant are related to the inverse second and third powers of
the frequency, respectively [3]
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where ¢, is the dielectric constant of the host lattice, including
the contribution of bound charges. ~y; is the collision frequency
and is related to relaxation time of the carrier 7; by v; = 1/7;,
w is the signal frequency, and wy; is the plasma frequency
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given by

3 n,e?

ol i=e b 2)
€om,
here n. is the electron concentration in the conduction band,
np is the hole concentration in the valence band, m] is the
effective mass of electron/hole, e is the electronic charge,
and ¢q is the free space permittivity. Typical values used for
silicon [3] are ¢, = 11.8, m} = 0.259myp, m; = 0.38m,.
Yo = 4.52 x 1012 /sec., and 7, = 7.71 x 10'? /sec.

The transverse magnetic mode is considered here with
nonvanishing field components H,, E., and E. having no
variation in the y-direction. By Fourier expansion, a periodi-
cally modulated permittivity profile can be expressed as

€(2) = €qu[l + émicos (Kz + 67)

+6%n9cos 2Kz +02) 4+ -] (3)

where ¢, is the average permittivity, 7; is the amplitude of
the fundamental harmonic, § is the smallness parameter, and
K is the grating vector related to the grating period A by
(K = 2n/A). When the plasma density N, is modulated
periodically by illumination of light, (3) can be rearranged as

Aepr + jAepz

€s

e(z) =€ |1 -6 cos(Kz+61)+---| @

m

and the optically induced modulation index 7; is deduced,
which is complex in nature.

The magnetic field I, satisfying the differential equation
from Maxwell’s equations is given by

8?H, 0°H,
Ox? 922
+ 6%n2 cos (2K 2 + 0,)H.
dm K sin (Kz + 01) + §22n. K sin (2K z + 65)
1+ dmpcos (Kz+61) + 62nacos (2K z + )

0H,
o= = (.
0z )

The perturbation is carried up to 62 by introducing space scales
in the z-direction as zy = z, zg = 6%z with 9/9z; = 0 and
the expansion of [, is given by

H(x, z) = Hyo(z, 29, 22) + 0H 1 (x, 29, 22)

+(52Hy2(.1', AR 2’2).

+ w?po€o€an[l + 8m1 cos (Kz + 61)

(6)

Substituting (6) into (5). the differential equations for each
order are obtained

9?2 ?
0(8°): <a£,, 92 +w uoeoeav>Hyo =0 (7)

0(6%): <

a 2 +w MOEOEafL)Hyl
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(8)
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For each order ¢", the fields H, and E, are continuous
at z = d. Hence the boundary conditions for each order are
given by

L Hyop =0 atz =0
0(6%): { Hyor = Hyoe atz =d (10)
%Hyof = GQU%HL,QC atz =d
2. .=0 atz =0
a7 tylf
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A. Zeroth-Order Problem

This corresponds to an unperturbed uniform slab waveguide
89 problem and the zero-order solutions are sought from (7)
and are expressed as

HyOc = Ngag(ZQ)e—Ofcz(ﬂc—d)efjﬁzzo d<z< oo (13)

cos (k,x) T

HyOf = Ngag(ZQ) (]C d)

0O<z<d (l4)

where

c = VP2 — w?ugeg and by, = y/w?uococan — 32

which satisfy

EqvQe, = k, tan (k,d). (15)

The zero-order field is a slow wave of varying amplitude
ag(z2) and the normalization constant N, is chosen by consid-
ering the power carrier by the guided wave in the z — direction
as |ag|?* over a unit width in the y-direction

N o dweg€an ik’ 12
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B. First-Order Problem

The harmonic variation of the permittivity couples the
zeroth-order mode with higher-order Floquet modes, and in
the first-order problem many propagating modes must be taken
into account, but choosing n = 1 the solutions 'sought from
(8) are

Hy. = N»,-ejgl [azeﬂk—lc(ﬂc—d) + ble—jk--lc(w“d)]e~j(ﬂz—K)zo

+F1Ce_a1c(-E_d)e_j(ﬂz'l'K)ZO (17
Haoe|F cos (k_152) sin (k_15z)
VT Y cos (koqpd) | Y sin (k_ypd)
m —2,
* 2eKp, — k7)Y oot HED)
cos (kiz) 01| g—1(8:~ K)o
cos (k,d) Ngage!™ e
cos (k1sx) sin (k1 f)
+ 15 T 1f = 7 n
cos (l»lfd) sin (k]fd)
™ 2,
+ S2KB, 1 K7 Kz)(w Hocotaw + K f3,)
cos (ki) —361 | (Bt K)o
cos (k;d) 9%9¢ ¢ (18)

where

k_ic = V/wlpgeo — (B — K)?

Al = \/(/Bi + K)? — w?pgeo

kflf = \/WZ,U'OGUCM) - (/Bz - K)2

kis = vw?poeoean — (Bi + K)2.

The first-order solutions contain (8, — K') and (3; + K) terms,
which are the wavenumbers in the z-direction. In the presence
of a periodic perturbation, at least one of the scattered Floquet
modes must be a fast wave to obtain leaky wave phenomena.
This can be accomplished by choosing K such that only
(8; — K) lies in the fast wave region 0 < (8; — K) < w\/ey
and all other Floquet modes as slow waves.

The normalization factor N, is evaluated by considering the -

power flow in the —z and +z directions as incident |a;|? and
radiated |b;|? powers, respectively
9y M2
N, = [ o ] : (19)
k—lc

The application of boundary conditions of (11) at z = 0 yields

G_1y=G15y=0 (20)
and at x = d, F_15 and Fs are also obtained. Elimination of
these amplitude constants lead to a canonical equation relating
incident a,, guided a4, and radiated b; waves

bi = Crgay + Crra, 21
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where C., is the coupling coefficient and C,.,. is the reflection
coefficient, expressed as

Ng"?l

_ A i -1
C”'Q - 2Nr(2K/Bz - K'Q) [k—lf tan (A'_lfd) Jeavk“lc)]
. {wguoéoéav []{31 tan (k‘@d) - k_lf tan (k_lfd)]
— Kk tan (k,d) (K — £,) — Bik_1 5 tan (k_y1d]} (22)
and

_k_lf tan (k‘_lfd) + Je€avk—1c
k'_lf tan (k'_lfd) — jem,k_lc'

c,, = (23)

C. Second-Order Problem

The treatment of second-order analysis is necessary for the
determination of the guided-mode amplitude and the phase
change of the periodic structure. The inhomogeneous second-
order problem has a solution if a certain solvability condition
is satisfied. The solvability condition is the amplitude transport
equation governing the nature of interactions between the zero,
first, and second-order fields. The solution for the second-order
field is sought in the form

Hypp = ®p(z)e % 24)

Hyse = &, (x)e 7P, (25)

Substituting these equations into (9) and solving the differ-
ential equations for ®;(x) and ®.(x), the solutions obtained
are

— _ac1(m_d) _ ‘7_ﬁ7_mN % —ag, (z—d) 26
& () = Ase - gdzze (26)
and
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" cos (k_17d)  (K?+2Kp3,) cos (kisd)
Nyagn (B} — k}) zsin (k)
2k,(48% — K?) cos (k,d) }
(K — B;)m cos (k_1fx)
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Application of the boundary conditions of (12) at x = 0 yields

C; = 0 and at x = d, followed by the elimination of the
arbitrary constants, leads to a solvability condition given by
da ’
d—zZ = Cygaq + Cyra, (28)
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where
C. = kgeavactkflcnlN'r
T B,D(2KB, — K2)N,

. [k_lf tan (kﬁlfd) - jeavk*lc]_l
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and
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43, D
where (see (31) and (32), shown at the bottom of the page) and
o dtan (k,d)

2172 2 272
/‘fi(KZ——‘W?)[kQK — (B + k)7

Py =

Ly B2—k2  (dhk;+ tan (kid)
YR AR heao(K? - 457)
(B2 + kD) — K] (33)
and
D = cqu(k} + 02) + doci(€l 00, + k7). (34

Equations (21) and (28) constitute a pair of canonical
equations relating guided wave, an incident wave, and a
radiated wave. Cy, is called the extinction coefficient and its
real part gives the leakage coefficient Cy,.. The imaginary
part of the extinction coefficient Cyy, determines the exact
radiation angle for optimum radiation efficiency.

In a leaky wave antenna problem, the incident wave a, is not
considered, since it is based on the scattering of guided waves
into a radiated wave due to the presence of a nonuniformity
along the waveguide and hence (21) reduces to

b, = Crqay. (35)

In a finite length L of the permittivity modulated structure,
the radiation efficiency ()q is defined as the ratio of the total
power radiated from the modulated region to the guided wave
power incident at zp = 0 and is expressed by

L P

b,12dz
Q=2 ey e (36)

|a9|22:0

and the radiation angle is given by
k1
6, =tan~! [——} 37)
(ﬂz - K + Oggl)
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Fig. 2. Daspersion diagram of grounded silicon gwude.

III. NUMERICAL RESULTS

Fig. 2 shows a dispersion diagram of the fundamental TM
mode supported by the unperturbed silicon waveguide without
periodic light illumination. It is assumed that the relative
permittivity of the silicon is 11.8 and the thickness of the
guide is 400 m. The phase constant of the fundamental space
harmonic when the periodic permittivity modulation applied
is assumed to be same as the unperturbed phase constant. In
Fig. 2, the regions where the guided waves are purely bounded
and where waves become leaky are shown by long dashed lines
for the period of 5 mm. At the frequency operating outside the
triangle OPQ, leaky wave phenomena occur.

The real and imaginary parts of extinction coefficient C,
and C,g4, are numerically evaluated as a function of fre-
quency for the plasma density of N, = 10%0/m3, ie., m
is approximately 10%, are shown in Fig. 3. Next, for a fixed
frequency of 46 GHz, the radiation efficiency and the angle of
radiation are estimated as a function of plasma density and are
shown in Fig. 4. As the plasma density increases, the radiation
efficiency also increases and at the plasma density of 102° /m3,
25% radiation efficiency is obtained. However, even if the
modulation index cotresponding to the above plasma density
is around 10%, the radiation angle does not vary much with the
plasma density. Fig. 5 shows the radiation efficiency and the
angle of radiation as a frequency dependence for the plasma

p | Cavaalk2yy + 57 — KBi) — koyytan (k-15d)(k? — B.(K — 5i))
T (k_1ptan (k_1pd) — jequk_1c) (K2 — 2K f3,)2 '
foei(k2yy + 07 — KB,) = jk-1c(k = B,(K = )] 31)
o [tk + 82 + K — by tan (hyyd) (2 + Bu(K + )
2= (klf tan (klfd) - €avalc)(K2 + 2Kﬂz)2
Aaa(kiy + 02+ KB;) — e[k + B.(K - )]} (32)
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density of 10%0/m3. It is clear from this figure that the beam
can be steered by the operating frequency and the scanning
range is found to be —48-12° at Q band (33-50 GHz). By
changing the modulation period the frequency radiating toward
broadside (¢ = 0) and endfire (# = 10°) are calculated and
plotted in Fig. 6. It is found that by changing the periodicity
of illumination pattern the radiation angle could be varied. In
other words, it is equivalent to a change of radiation frequency
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Fig. 6. Radiation angle and radiation efficiency as a function of grating
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estimated as a function of the modulation period and are
shown in Fig. 7. This shows that the radiation angle can be
controlled optically with high efficiency if the periodicity of
optical illumination is changed. The radiation pattern has been
numerically estimated from

for a fixed radiation angle at 10°. Also at a frequency of 46 gin N¥
GHz and for the plasma density of 102°/m3, the radiation R(6) = = 2\1, (38)
angle and the radiation efficiency have been numerically _ sin =
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Fig. 8. Theoretically predicted radiation pattern for three different plasma
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where

¥ = koA sinf — ,BlA (39)
where NNV is the number of periodic cells. A is the grating
period, and @ is the angle of radiation from broadside. Fig. 8
depicts the effect of plasma density on radiation pattern shown
for three plasma densities. As the plasma density is increased,
the radiated power becomes significant, and for the plasma
density of 102°/m?® the relative radiated power at 46 GHz is
—5 dB with the first side lobe level of 20 dB down. These
numerical estimations show that the periodic illumination of

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 9, SEPTEMBER 1995

receiving horn

D
P

P
g7

P
£
2

Optical
illumination
from an array of -

Q band waveguide
LEDs

fiber bundle

Fig. 9. Schematic diagram of the test section to observe leaky wave radi-
ation.

semiconductor guide exhibit interesting performance of leaky
wave antenna.

IV. EXPERIMENTAL OBSERVATIONS

To investigate the optical control experimentally, measure-
ments have been carried out at Q band. High resistivity
silicon slab having a resistivity of 5000 Q.cm is used in
this experiment. Slab width is 10 mm and 400 pm thick.
To enhance the launching efficiency, the silicon guide has
a tapered transition at the input end that is placed into the
open end of the rectangular waveguide covered with horn.
The far end of the antenna is also tapered and covered with
an absorber material for reduction of unwanted reflections.
The schematic diagram of the test section is shown in Fig. 9.
In the ground plane, small holes are made to place the fiber
underneath the slab. In the transverse direction of the ground
plane, four equidistant holes of diameter 1.1 mm are made.
Twenty such arrays are made with a period of 5 mm in
the longitudinal direction. Since these holes are arranged in
a periodic manner, the periodic illumination pattern can be
achieved by means of the fiber bundle array distribution, which
creates a periodically index modulated structure as given by
(3). In each hole three equally sized fibers of diameter 0.5
mm are positioned and as a whole 240 fibers are used to
illuminate from the underside of the slab guide. A circular
array of 5 LED’s operating at a wavelength of 820 nm are used
to illumminate the structure. To detect the leaky wave signal, a
standard horn. is fixed far from the center of the slab, which
is rotatable 90° toward the backfire and endfire directions
from the broadside. With this arrangement the radiation pattern
with illumination have been measured and are compared
with the theoretically estimated pattern. The experimentally
observed pattern closely agrees with theoretical predictions.
The asymmetric characteristic of the experimentally observed
pattern might be due to the periodic holes made on the
ground plane. It is found that the induced plasma by optical
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illumination might be on the order of 10'?/m3. Using high-
power LED’s, the performance of radiation efficiency can be
further improved. In this arrangement, to have the flexibility
of changing the periodicity, continuous array of LED’s and
driving the LED’s with appropriate period, a variable grating
period can be achieved.

V. CONCLUSION

_The leaky wave characteristics on a grounded silicon slab
with periodical illumination are analyzed rigorously by a
singular perturbation method based on multiple scales. The
radiation characteristics such as leakage coefficient and the
radiation pattern are numerically estimated. Also, the exper-
iment has been carried out at Q band using a periodic fiber
bundle array illuminated by an array of LED’s. It is found that
the periodic holes in the ground plane used for the fiber array
positioning dominate the loss of signal. Using appropriate low
loss fibers and by employing better illumination arrangements,
the effectiveness of controlling the leaky wave radiation can
be successfully improved. : ‘
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