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Toward a Simulation of an Optically Controlled
Microwave Microstrip Line at 10 GHz

Jean-Daniel Arnould, Anne Vilcot, and Gérard Meunier

Abstract—This paper deals with a microwave microstrip line
that is terminated by a laser illumination, which alters the behavior
of this microwave device. The first result is the numerical simula-
tion of the microstrip line ended by a photoinduced load with the
finite element method (FEM) and with hexahedral edge elements.
The main difficulties of this kind of simulation remains in the fact
that we deal with an open structure and that the photoinduced load
is complex and inhomogeneous.

Index Terms—Anisotropic and inhomogeneous complex
medium, finite element method, optical control, photoinduced
load.

I. INTRODUCTION

RECENTLY, there has been an increasing interest in appli-
cations of lightwave technology for control, generation,

and measurement of microwaves [1]. Stripline configurations
are especially important for the integration of electro-optic and
microwave components [2]–[4]. This technique offers attractive
advantages such as high isolation between the controlling op-
tical beam and the controlled microwave signal, fast response,
and high-power handling capability.

The optically controlled microwave device is made of high-
resistivity silicon ( , cm). We illuminate
the end of the microstrip line with a laser diode whose maximum
power is about 100 mW and whose wavelength is 850 nm. We
observe the variation of the reflection rate or the transmis-
sion rate at high frequencies according to the intensity of
the laser.

There are two ways to make numerical simulations of this
structure; the first one is to simulate the illumination with an
inhomogeneous zone under the microstrip line, and the second
one is to program the diffusion equations in the semiconductor.
The purpose of this paper is then to describe how to simulate
with the FEM this kind of structure with the first method after
a brief explanation of the experimentation and of the physical
phenomenon.

II. OPTICALLY CONTROLLED MICROSTRIPLINE

For the experiment, we use a microstrip line with a stub on
silicon substrate whose geometrical characteristics are shown
in Fig. 1. We apply an optical signal at the end of the stub. We
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Fig. 1. Physical characteristics of the microstrip line 50
.

Fig. 2. Transmission ratejS j of the microstrip line.

study the effect of the optical power on the transmission rate
between 500 MHz and 10 GHz, as shown in Fig. 2, where

.
We can say that the stub is like a resonant line terminated by

a load whose complex impedance varies with the optical power;
the silicon conductivity is locally modified by the laser beam
[5]. When the laser illuminates the silicon at the end of the line,
the light is absorbed, and electron–hole pairs are generated. On
the influence of the electric field and because of the concentra-
tion gradient, the carriers move into the silicon. This diffusion
can be lateral as well as vertical, but in the depth of the silicon,
the process of recombination proceeds.
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682 IEEE TRANSACTIONS ON MAGNETICS, VOL. 38, NO. 2, MARCH 2002

III. EXPLANATION OF THE PHYSICAL PHENOMENON

This section consists of a brief explanation of the physical
phenomenon and a presentation of the interaction between mi-
crowave and optical signals.

Three basic equations govern the semiconductor device, the
Poisson’s equation (1), the transport equations (2), and the con-
duction and diffusion current equations (3).

In our case, the Poisson equation can be expressed by

(1)

where is the electric field, is the per-
mittivity of the plasma, and and are
the excess density of carriers.

The transport equations can be expressed by

(2)

where design the density of carriers (respectively, elec-
trons or holes), is the current density of carriers, is the
generation rate of carriers, andis the recombination rate of
carriers.

Finally, the sum of the conduction current and the diffu-
sion current equations is for each carrier :

(3)

where is the diffusion constant of carriers, andis the mo-
bility of carriers.

When a semiconductor is submitted at a high frequency wave,
we cannot neglect the drift current density com-
pared with the conduction current density

and the diffusion current density . The total
current density proportional to is then

and with the plasma theory [2], we have

(4)

where is the initial permittivity, is the mean time
between two collisions, is the plasma frequency, andis the
microwave frequency.

We have to make some assumptions to solve those com-
plex equations because we have three unknown vectors
( , , ) and two un-
known scalars ( , ).

A. Assumptions

The problem consists of calculating the photo-induced load
placed at the end of the transmission line through the relative
plasma permittivity , which is a function of the carrier con-
centrations. We assume that the carriers are photogenerated in
pairs and that the ambipolar diffusion model (which is equiv-
alent to the electric neutrality) and the Shockley–Read–Hall

TABLE I
INITIAL VALUES

statistic are checked [6]. We can solve with (2) and (3) the am-
bipolar diffusion equation in the way:

(5)

with

and

where is the penetration depth, is the generation rate at the
surface, and is the lifetime.

Neglecting the term in and under constant illumination, we
can resolve this equation in steady state as

(6)

where , , and are constants to be determined by the
boundary conditions (surface recombination speed [7]), and

is the ambipolar diffusion length.

B. Parameters Used in the Simulation

Because of the uncertainty on the value of certain parameters,
we set them to their usual values and we observe the effect of
their modification of the other parameters. We can show the
initial values of the parameters on Table I.

We can distinguish two zones in the semiconductor.
At the surface of the semiconductor, we have the strong in-

jection mode ( ).
Then, , , and

.
In the depth of the semiconductor near the ground plane, we

have the low injection mode ( ), and the conductive
current is due to electron move (which is the lower carrier).

Then, , , and .
We study the strong injection mode. The termis dominant

in (6) for m :

(7)

where 10 cm is the carrier concentration at
the surface of the semiconductor (depending on
mW cm and nm) [6].

Equation (4) can be simplified in the way of the electric po-
larization and for GHz:

(8)
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Fig. 3. Concentration cross section of the excess carrier.

For a mean time , we can evaluate the ambipolar
diffusion length m. We can see, with these param-
eters, the resulting cross section of excess carrier on Fig. 3.

IV. NUMERICAL SIMULATION

We begin the simulation of this structure with a microstrip
line without illumination. The physical dimensions are the same
as shown in Fig. 1. For this, we use the FEM with hexahe-
dral edge elements and electric walls far enough from the mi-
crostrip in order not to disturb the electromagnetic field. The
weak problem can be written with the classic electric formula-
tion [8] as

Find curl

curl
(9)

where is a test function, is the electric field, is the
wave number, is the electric current density source,

is the relative plasma permittivity given by (8), and
.

The edge elements are well suitable to simulate high-fre-
quency problems because the continuity of the electric field
between the dielectrics is intrinsic, and the parasite modes of
higher order are eliminated [8]. First-order complete hexahe-
dral elements are used to conform to the global geometry of the
simulated structure.

In three dimensions, we must consider the radius position
of carriers

(10)

where is given by (7), m, which is the radius
of the spot laser at the surface of the silicon.

Fig. 4. Electric field propagation at the planey = 200 �m.

The electric current density source is calculated in two
dimensions to impose the correct mode in the structure with the
classic formulation [9].

To calculate the S parameter, which is the ratio between
the reflected or the transmitted power, we have two different
methods,when the access are matched.

The difficulty is to separate the incident wave from the re-
flected wave or the transmitted wave since we obtain the sum of
them.

The first solution is to use the method of the perfectly matched
layer (PML), which can be considered to be a matched load
[10]. In this way, there is no reflected wave. Equation (11) shows
that the PML is like a special material with complex anisotropic
permittivity and permeability .

(11)

where is an arbitrary complex constant that
fixes the strength of the attenuation in the PML mediumcom-
pared with the medium , which is here either air or silicon
[11].

We can notice that PML has been used at the end of the stub
to simulate a infinite line; the wave is absorbed at the end of the
structure with a matched load, as shown in Fig. 4.

Two PML areas are necessary: the first one to attenuate the
wave propagation at the end of the air area and the second one
to attenuate the wave propagation in the silicon area.

The second method uses a linear combination of elementary
solutions from (9). This method requires a number of resolutions
equal with the number of accesses [12].

V. NUMERICAL RESULTS

Without illumination at the end of the stub, the value of the
silicon relative permittivity is simple and homogeneous in three
dimensions: according to (8).
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Fig. 5. Reflection phaseS of the microstrip line with the stub.

Fig. 6. Physical parameters with illumination.

To test the validity of the formulation (9), we begin to simu-
late the microstrip line with the stub, as shown in Fig. 5 without
illumination.

First-order complete hexahedral elements are used to con-
form to the global geometry of the simulated structure.

We have checked that electric walls used to limit the domain
of simulation according to mm, mm, and
mm have no influence on the calculation of the electromagnetic
field near the microstrip line.

After 15 GHz, the meshing of the open structure could not be
fine enough and explains the difference between our simulation
and theory.

To test if the developed tool is able to take the photocon-
ductivity losses into consideration, we simulate at 10 GHz an

open microstrip line terminated with an inhomogeneous com-
plex medium given by (10), as shown in Fig. 6.

Without illumination, the reflection rate is dB, and
with an illumination corresponding to the parameters given by
(8) and by (10), the reflection rate is dB, which is a
good value according to the experiment.

VI. CONCLUSION

We have presented in this paper the complex open problem of
the simulation of a microwave microstrip line that is enlightened
with a laser beam. The tools are developed to simulate the open
structure at high frequencies (about 10 GHz) with electric and
magnetic walls and inhomogeneous complex load. The simula-
tions with hexahedral edge elements are encouraging, with the
microstrip line and the PML. We have to do many more simu-
lations with different frequencies and optical power to compare
with measurements that will refine the model of the complex
photoinduced load.

REFERENCES

[1] V. A. Manasson, L. S. Sadovnik, and V. A. Yepishin, “An optically
controlled mmw beam-steering antenna based on a novel architecture,”
IEEE Trans. Microwave Theory Tech., vol. 45, pp. 1497–1500, Aug.
1997.

[2] C. H. Lee, P. S. Mak, and A. P. Defonzo, “Optical control of mil-
limeter-wave propagation in dielectric waveguides,”IEEE J. Quantum
Electron., vol. QE-16, pp. 277–288, Mar. 1980.

[3] H. Shimasaki and M. Tsutsumi, “Reflection characteristics of optically-
controlled microwave through an open-ended microstrip line,”IEICE
Trans. Electron., vol. E76-C, no. 2, pp. 301–304, Feb. 1993.

[4] M. Serres, I. Huynen, and A. Vander Vorst, “Wide-band modeling of
photoinduced carriers at the end of an open-ended microstrip line,”IEEE
J. Select. Topics Quantum Electron., vol. 4, pp. 948–952, Nov./Dec.
1998.

[5] B. Boyer, J. Haidar, A. Vilcot, and M. Bouthinon, “Tunable microwave
load based on biased photoinduced plasma in silicon,”IEEE Trans. Mi-
crowave Theory Tech., vol. 45, pp. 1362–1367, Aug. 1997.

[6] S. S. Li, Semiconductor Physical Electronics. New York: Plenum,
1993.

[7] M. Shur, Physics of Semiconductor Devices. Englewood Cliffs, NJ:
Prentice-Hall, 1990.

[8] N. J. L. Yao Bi, “Méthode des éléments finis mixtes et conditions ab-
sorbantes pour la modélisation des phénomènes électromagnétiques hy-
perfréquences,” Ph.D. dissertation, Ecole Centrale Lyon, Lyon, France,
1995.

[9] M. Aubourg, “Méthode des éléments finis appliquée à des problèmes de
propagation d’ondes électromagnétiques guidées,” Ph.D. dissertation,
Univ. Limoges, Limoges, France, July 1985.

[10] J. P. Berenger, “A perfectly matched layer for the absorption of electro-
magnetic waves,”J. Comput. Phys., pp. 185–200, 1994.

[11] A. Mitchell, J. T. Aberle, D. M. Kokotoff, and M. W. Austin, “An
anisotropic pml for use with biaxial media,”IEEE Trans. Microwave
Theory Tech., vol. 47, pp. 374–377, Mar. 1999.

[12] E. Marouby, “Analyse d’élements de connectique microondes par
la méthode des éléments finis,” Ph.D. dissertation, Univ. Limoges,
Limoges, France, Apr. 1990.


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


