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On the Improvement of the Performance of the
Optically Controlled Microwave Switch

D. A. M. Khalil and A. M. E. Safwat,Student Member, IEEE

Abstract—In this paper, a new design for the gap used as
an optically controlled microwave switch is proposed. This new
design is based on the use of a rib structure in the gap region. The
proposed structure is studied using the finite-difference method
(FDM). Obtained results show that for small gaplengths, the
structure figure of merit, defined as the product of the ON/OFF
ratio and the bandwidth, can be improved by about 38 dB�GHz.

Index Terms—Gap, optically controlled, rib structure.

I. INTRODUCTION

A N OPTICALLY excited gap in a semiconductor mi-
crostrip transmission line, as shown in Fig. 1, has wide-

spread use in high-speed photoconductive detectors [1]–[3]
and optically controlled microwave devices [4]. The perfor-
mance of this switch depends on its geometrical structure as
well as substrate parameters [5]. This switch was first proposed
by Auston in 1975 [6]. The switching action is produced by
the incident optical beam. In the ON state, light of suitable
wavelength is incident in the gap and the power is transmitted
to the load through the created photoresistor. In the OFF state,
the high-resistivity substrate reflect all the input signal, and
the output port is isolated. The ratio between the transmitted
power in both states is usually termed as ON/OFF ratio. To
increase this value, we have to increase the value of the created
photoconductance. This can be done by either increasing the
incident optical power, which is not recommended, or reducing
the dimensions of the gap, which in turn will reduce the
operating bandwidth.

In this paper, the proposed new geometry for the gap enables
an increase in the region of the interaction between the electric
field and the created electron–hole pairs (EHP’s), and thus,
increases the value of the created photoconductance. As shown
in Fig. 1, the region of the interaction between the electric field
and the created EHP’s is below the surface of the substrate in
the gap, although a high electric field exists in the superstrate
(air) over the gap. Thus, if we try to generate the EHP’s not
only below the air-substrate interface but also between or even
above the gap, we may increase the created photoconductance.
Fig. 2 shows the proposed geometry of the illuminated gap
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Fig. 1. Microwave switch—the optical beam controls the propagation of the
microwave signal from the source to the load.

Fig. 2. Proposed structure to improve the performance of the optically
controlled microwave switch.

where it is filled by the semiconductor substrate. As will be
seen later, this rib configuration does not significantly perturb
the capacitance of the gap since the rib thickness is usually
much smaller than the substrate height.

In this paper, we will restrict ourselves to gaps with di-
mensions that are much smaller than the substrate height and
the transmission-line width, since these gaps had shown good
performances as optically controlled microwave switches [7],
[8]. The analysis of the proposed structure is performed using
the finite-difference method (FDM) and the optimization is
based on a defined figure of merit for the switch.

II. BASIC THEORY

The lumped-element equivalent circuit of the illuminated
gap is given in [5]. If we assume that: 1) gaplength is less than

such that the gap can simply be represented in the dark
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Fig. 3. The equivalent circuit of the illuminated gap after simplification.

state by a series capacitance [9]; 2) resistivity of the substrate
in the dark state is very high; and 3) generated EHP’s have no
effect on the real part of the permittivity, then it has no effect
on the capacitance. The same value of capacitance calculated
in the dark state can be used to calculate in the ON state.
The simplified equivalent circuit for the illuminated gap is as
shown in Fig. 3, where the photoconductance is assumed to
be zero when the light is off. Knowing the capacitance and the
photoconductance for each gaplength, can be calculated
using the following expression:

(1)

at dark is calculated using the same above expression but
with . Thus, we can calculate the ON/OFF ratio given
by (ON) (OFF) in decibels.

To evaluate the performance of this switch, it is required to
determine the value of and . This needs to calculate
the electric-field distribution and the carrier-concentration dis-
tribution in the gap. The field distribution is obtained using
the FDM algorithm described in the following section.

III. T HE FD ALGORITHM

The FDM is now a well-known technique for the analysis of
electrostatic problems. It has been applied to a wide range of
two-dimensional (2-D) and three-dimensional (3-D) structures
[10], [11].

Since we assume that the gaplength is much smaller than the
stripwidth , a 2-D mesh might be sufficient to determine
the equivalent circuit of the gap. However, as the gaplength
varies from 5 to 50 m, we have chosen to use a nonuniform
mesh as shown in Fig. 4. In this figure, the central point at

is in the middle of the gap and the separation
between the cells follows the rule of an arithmetic series.

To determine the electrostatic potential at every point in the
mesh, we solve the Laplace-type equation

(2)

following the same procedure in [11] and using the boundary
conditions given below.

1) In the substrate, far from the gap , we have a
magnetic wall.

2) In the superstrate, the value of the potential at any point
of the outer boundary in the superstrate is found by using
the so-called asymptotic boundary conditions (ABC’s)

Fig. 4. Illustration of the numerical implementation of the FD solution.

Fig. 5. The numerical results obtained compared to the moment method [13],
the 3-D spectral-domain method [9], and measured values [13].

described in [12]. For geometries which mostly conform
to rectangular boundaries, the absorbing operator,
when expressed in Cartesian coordinates, takes the form
given in [11].

3) The two electrodes on the surface have fixed potential
difference of 1 V. The value of the voltage at the bottom
is determined from the boundary condition of the electric
field, which has only a normal component to the surface.

The capability of the algorithm to evaluate the capacitance
of the gap in the microstrip transmission line is tested by
considering a gap with the following dimensions m,

m, and relative dielectric constant . The
mesh size is 300 200 points. The capacitance is calculated
using

(3)

where is the total charge stored on the conductor enclosed
by the surface placed at the plane, as shown in Fig. 4.
Fig. 5 shows the numerical results obtained compared to the
moment method [13], the 3-D spectral-domain method [9], and
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measured values [13]. From these results, we can see that there
is good agreement between the numerical results obtained and
the asymptotic of the moment method and the measured data
for small gaplengths ( and ). The error
at m is about 10% from the measured data. This
error increases to a factor of 2 at m. For a large
gap, a 3-D mesh is required as in [10]. This is expected since
in 2-D analysis, we do not take into consideration either the
distribution of the current on the strips or the fringing effect.

IV. NUMERICAL RESULTS

To study the performance of the optically controlled mi-
crowave switch, we need to calculate its equivalent circuit.
Equation (3) is used to determine the value of the capacitance
while the photoconductance is obtained using

(4)

where the conductivity resulting from the incident
light is given in [14]. Using the following parameters:

m, m, , spot diameter m,
incident optical power mW, m /V s,

m /V s, absorption coefficient m ,
incident wavelength m. These values correspond
to a transmission line with characteristic impedance equal
to 50 on a silicon substrate. After the determination of
the capacitance and the conductance for each gaplength, we
calculate using (1) in the ON and OFF states and then the
ON/OFF ratio. Fig. 6 shows the variation of the capacitance
with the rib thickness for different gaplengths. As predicted,
the value of the capacitance slightly increases due to the small
value of the rib thickness with regard to the substrate height.
Fig. 7 shows the variation of the created photoconductance
with the rib thickness. The relation obtained has a bell shape.
This could be explained by the interaction between the electric
field and the created EHP’s. If the EHP’s are in the region
of a strong electric field, the photoconductance has a greater
value, otherwise they are in the region of a weak electric field
and the value of the created photoconductance is small. In
Fig. 7, we can also see that the rib thickness required for
maximum photoconductance is not the same for all gaplengths.
This is because with a gap in a microstrip transmission line,
the electric field has a maximum value near the gap surface
[15] which reduces as we penetrate into the semiconductor.
The rate of its decrease is higher for small gaplength and, as
a consequence, the rib thickness required to get a maximum
photoconductance increases as the gaplength increases.

The ON/OFF ratio is calculated for different gaplengths and
rib thickness. A sample of these results is shown in Fig. 8. We
can see that as we increase the rib thickness, the ON/OFF ratio
first increases until it reaches a maximum value at a certain
rib thickness and then it decreases. This is because the created
EHP’s go to the region of weak electric field. At the extreme,
the electric field is zero and the created photoconductance
has no effect on the performance of the optically controlled
microwave switch. On the other hand, the bandwidth has
not been reduced because the variation of the capacitance is

Fig. 6. The variation of the capacitance with the rib thickness for different
gaplengths.

Fig. 7. The variation of the created photoconductance with the rib thickness
for different gaplengths.

Fig. 8. The ON/OFF ratio for gaplength= 10:9 �m and different rib
thickness.

negligible, as shown in Fig. 6. As predicted, the rib thickness
required to get a maximum ON/OFF ratio increases as the
gaplength increases.

To determine the optimum rib thickness for each gaplength,
we define the figure of merit of the structure as follows:

Figure of merit Gain operating Bandwidth (5)

where the operating bandwidth is the frequency at which the
ON/OFF ratio equals dB. This figure of merit normalized
with regard to the case of no rib is plotted in Fig. 9 as a
function of the rib thickness where the gaplength is used as a
parameter. For small gaplengths, the ON/OFF ratio is initially
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Fig. 9. The normalized figure of merit as a function of the rib thickness for
different gaplengths.

Fig. 10. The optimum rib thickness for each gaplength.

high and the presence of the rib increases this ratio but with
a small value. If we increase the gaplength, the ON/OFF ratio
is initially small and in the presence of the rib it tends to
increase. An increase in the figure of merit by about 37 dB
GHz is obtained at m while only 5–8 dB GHz is
obtained at m. From Fig. 9, we can approximately
determine the optimum rib thickness for each gaplength. This
is shown in Fig. 10. This relation tends to be linear, i.e., the
rib thickness increases as the gaplength increases. This can
be explained by the relation between the electric field and
the gaplength. As the gaplength increases, the electric field is
reduced and broadened in the direction normal to the gap. This
makes the optimum rib thickness required increase such that
the region of the interaction between the electric field and the
created EHP’s increases. The effect of varying the absorption
coefficient is also studied. The optimum rib thickness is found
to be nearly independent on, i.e., the factor that prevails in
determining the optimum rib thickness is the distribution of
the electric field.

V. CONCLUSION

In this paper, we have studied the optically controlled mi-
crowave switch. This study is based on a simplified equivalent
circuit for the gap in the dark and illuminated states. The
elements of the gap equivalent circuit have been calculated us-
ing the FDM with nonuniform mesh and absorbing-boundary
conditions. To enhance the performance of the switch, a rib

structure is proposed for the gap connecting the two microstrip
lines. The performance analysis of such a rib-structured switch
shows that an optimum rib thickness exists. This optimum
rib thickness is linearly proportional to the gaplength. At this
thickness, the switch figure of merit (defined as the product
of the ON/OFF ratio and the bandwidth) is maximum. An
increase in the figure of merit in the order of 40 dBGHz
at small gaplengths or 5–8 dBGHz at large gaplengths
have been predicted. Such optimization is of great interest
as it enables the reduction of the optical power required for
switching, which is one of the major factors limiting the use
of such devices today.
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