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Optically Pumped Frequency Reconfigurable
Antenna Design

Y. Tawk, Alex R. Albrecht, S. Hemmady, Gunny Balakrishnan, and Christos G. Christodoulou

Abstract—This letter presents a novel frequency reconfigurable
antenna design using photoconductive silicon elements as optical
switches. By illuminating these silicon elements with light of
suitable wavelength, their physical properties can be altered from
that of a semiconductor to almost metal-like, which in turn alters
the radiation properties of the antenna structure. Our work builds
on similar work conducted in the past, but goes further by demon-
strating a new geometry for coupling the light energy onto the
silicon switches, thereby facilitating conformal integration of such
reconfigurable antennas into next-generation wireless devices. In
this letter, we first present a theoretical model characterizing the
behavior of silicon substrate under light illumination. We then
present experimental results on a stripline circuit employing a
single silicon switch under light illumination and compare the
theoretical model to experimental measurements. Finally, a novel
frequency reconfigurable antenna design utilizing our new cou-
pling geometry is designed, and its experimentally measured RF
performance is compared to numerical simulations.

Index Terms—Frequency reconfigurable antennas, optical
switching, silicon processing.

I. INTRODUCTION

T HE design of reconfigurable antennas has received a lot of
attention in recent years. With the increasing need for an-

tenna bandwidth, a considerable amount of effort is given to the
development of multiband antennas. Reconfigurable multiband
antennas are attractive for many applications where it is desir-
able to have a single antenna that occupies the same real estate,
but can dynamically alter its transmit and/or receive character-
istics to serve multiple frequency bands. The challenge lies in
the methodology adopted to connect the radiating elements to-
gether such that the resulting structure will yield the desired RF
response over the frequency bands of interest [1].

The most common methodology adopted for reconfigurable
antenna design is the inclusion of some form of switching
circuitry. In the past, switches have been implemented using
RF-MEMS [2], p-i-n diodes [3], or lumped elements [4]. Mi-
croelectromechanical systems (MEMS) switches possess good
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RF characteristics and can be used for low- and high-frequency
applications [2]. A p-i-n diode is a versatile device and can
be biased to behave like an open circuit, a short circuit, or
exhibit any desired reflection coefficient in between [5]. De-
spite all their advantages, the use of these switching elements
requires the design of an appropriate biasing network for the
activation/deactivation of the switch, which can affect the
antenna performance and add further complexity to the antenna
structure.

In this work, photoconductive switches are used because of
their superior performance as compared to MEMS, p-i-n diodes,
and lumped elements. The photoconductive approach does not
require the use of bias lines, which typically lie in the plane of
the antenna and can interfere with the electromagnetic perfor-
mance of the antenna. Also, photoconductive switches exhibit
extremely fast switching speeds on the order of nanoseconds.

Some research has been done on the design of optically
reconfigurable antennas. In [6], the authors used an n-type
silicon switch doped with phosphorus to increase its conduc-
tivity. The authors implemented the photoconductive switch
on a printed dipole antenna in order to create reconfigurability
in terms of the operating frequency and radiation pattern by
effectively changing the dipole arm length. In [7], planar
arrays of electrically small metallic patches are connected by
switches. Field-effect transistor-based electronic switches are
used with optical control. The drawback in this design is that
the energy lost in the switches reduces the radiating efficiency
of the antenna to a point where it might prove unbeneficial for
some applications. The authors of [8] introduced the concept
of a photoconducting layer, behind which is placed a pixilated
light source. They concluded that the realization of a meta-
morphic antenna using a low-cost photoconductive layer under
realistic levels of illumination is extremely difficult to achieve.
In [9], photoconductive switches have been used to model a
fragmented bowtie antenna. The illumination of a small section
of a variable conducting material using a LED was discussed
in [10]. An optically controlled frequency reconfigurable mi-
crostrip antenna was implemented in [11]. The authors used
the idea of shortening the slot inside the antenna patch in order
to make the antenna change its electrical length. This has the
effect of producing a different resonant frequency.

In this letter, a different design of an optically controlled fre-
quency reconfigurable antenna is presented. Here, the photocon-
ductive switches are activated by laser light (of suitable wave-
length) that is coupled through an optical fiber and extends from
the ground plane to just underneath the photoconducting ele-
ment placed on the radiating face of the antenna structure. Such
a construction allows for easy integration of such antenna de-
signs into conformal packaging for wireless devices. Our letter
is organized in the following manner. In Section II, we present
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TABLE I
MOBILITY PARAMETERS FOR SILICON

TABLE II
RELATION BETWEEN POWER LEVELS AND CARRIER CONCENTRATION

a theoretical model for the change in the electromagnetic prop-
erties of silicon material as a function of the incident laser light
power. Section III then discusses an experiment used to validate
this theoretical model. Having validated the theoretical model,
in Section IV, we then show an example of a dual-band fre-
quency reconfigurable antenna using photoconductive silicon
switches. Section V concludes the letter with a discussion on
the applicability of this work and possible future trends.

II. MODELING THE RF PROPERTIES OF THE SILICON UNDER

LIGHT ILLUMINATION

Under illumination by light of suitable wavelength, the mo-
bility of charge in a semiconducting material decreases, but its
density increases. This increase in the charge carrier density
results in a general increase in the conductivity of a semicon-
ducting material [12]. In general, the dependence of the mo-
bility of electrons and holes in silicon can be described by the
following equation [13]:

(1)

where is the electrons or holes mobility (cm V s), and ,
, (cm ), and are the fitted coefficients given in

Table I.
The first step is to derive the total carrier concentration that

is a function of the incident laser power level. The silicon piece
under investigation in this work is a doped n-type material with
an initial concentration of cm and has the dimension
of 1 1 mm and a thickness of 0.28 mm. The results for the
charge carrier concentration as a function of incident power
level are summarized in Table II.

The change in the dielectric constant of the silicon piece due
to the increase in the total carrier concentration is given by [14]

(2)

Fig. 1. Change in the silicon conductivity.

Fig. 2. The transmission line structure to test the theoretical model in Section II.

TABLE III
PHYSICAL PROPERTIES OF SILICON AT 12 GHZ

where:

is the electrons or holes concentration (cm );

is the electron charge ( C);

is the charge effective mass (kg);

is the operating frequency (Hz);

is the collision time ( s);

is the dielectric constant of the silicon ( ).

From (2), the physical properties such as the conductivity ( ),
the loss tangent ( ), and the dielectric constant ( ) of the
silicon under different power levels can be derived [12]. This
is summarized in Table III. It can be seen that as the carrier
concentration increases, the conductivity of the silicon also in-
creases, and its dielectric constant decreases. However, the sil-
icon becomes lossier due to the increase in its dielectric loss
tangent. The trend of variation of the silicon RF+DC conduc-
tivity is shown in Fig. 1.

III. OPTICALLY SWITCHED TRANSMISSION LINE

In Section II, we described a model for n-type silicon under
different illumination. To test this model, we designed a trans-
mission line shown in Fig. 2. A silicon switch is placed in the
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Fig. 3. The fabricated prototype.

Fig. 4. The backside view of the fabricated prototype.

Fig. 5. (a) The simulated and (b) the measured return loss.

middle of the structure. The chosen substrate is Rogers Duroid
with a dielectric constant of 2.2 and a height of 1.6 mm.

The stripline structures on either side of the silicon switch
are identical. The sections labeled (a) in Fig. 2 have a char-
acteristic impedance of 50 . The silicon switch used has a
width of 1 mm. Assuming the silicon switch was a perfect metal,
the 1-mm width would correspond to an impedance of 118 .
Therefore, the transmission line [parts (c)] has an impedance
of 118 . A quarter-wavelength transformer [parts (b)] is used
to match the two transmission lines sections [parts (a) and (c)].
It has a length of 6.5 mm, which translates to a resonant fre-
quency of 8.4 GHz. The fabricated prototype is shown in Fig. 3.
The light (from an 808-nm laser diode) is delivered to the sil-
icon switch via an optical fiber cable. It is placed underneath the
substrate and held via a plastic fixture as shown in Fig. 4.

The return loss for this transmission line structure for dif-
ferent power levels shows that the silicon acts as a switch. As
the power level increases, the conductivity of the silicon piece
increases, thereby reducing the reflection loss. At 212 mW, a
minimal reflection is observed. The simulated and the measured
transmission line return loss is shown in Fig. 5. By comparing
both plots, one can notice that a good agreement is found be-
tween both data. In such structure, it is instructive to also look
at the transmission between ports 1 and 2. The measured trans-
mission is shown in Fig. 6. As expected, the higher the power
level, the more RF signal is being delivered to the load. In this
experiment, we assume that the losses in the fiber are negligible
and that all the laser energy is coupled to the silicon switch. This

Fig. 6. The measured transmission between port 1 and port 2.

Fig. 7. (a) The antenna dimensions. (b) The antenna top layer. (c) The antenna
bottom part.

experiment enables us to conclude that the silicon piece can act
as a RF switch and can be used in the design of reconfigurable
antennas.

IV. FREQUENCY RECONFIGURABLE ANTENNA DESIGN

Following the experiment in Section II, an optically reconfig-
urable antenna was designed and tested using the same silicon
switch. The antenna structure consists of an outer circular
annular ring (Region 1) and an inner circular patch (Region 2).
Both structures are separated via a 1-mm gap and connected
together via two silicon pieces that act as the RF switches.
The dimensions of the different parts of the antenna structure
are shown in Fig. 7(a). The top view of the fabricated antenna
topology is shown in Fig. 7(b). The bottom view of the antenna
structure is shown in Fig. 7(c). The chosen substrate is Rogers
Duroid with a dielectric constant of 2.2 and a height of 1.6 mm.
The light (from an 808-nm laser diode) is delivered to the
silicon switch via an optical fiber cable. It is placed underneath
the substrate and held via a plastic fixture. To couple light into
the silicon switch, two holes of radius 1 mm each are drilled
into the substrate, as shown in Fig. 7(c). We again make the
same assumption that the losses in the fiber are negligible and
that all the laser energy is coupled to the silicon switch.

When the two silicon switches are not illuminated by a laser
light (OFF state), only the circular ring (Region 1) is fed. This
results in an antenna resonance between 18 and 19 GHz. Upon
activation of the silicon switches, a new resonance begins to
appear at 12 GHz. This is due to the mutual coupling between
regions 1 and 2. Since the combined regions now represent
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Fig. 8. (a) The simulated and (b) the measured return loss.

Fig. 9. The computed radiation pattern at 18.4 GHz (solid line) and 12.2 GHz
(dotted line) in the �� plane for the antenna structure in Fig. 7.

an antenna with larger metallized surface area, the resonant
frequency shifts lower. The simulated and the measured an-
tenna return losses for the different power levels are shown
in Fig. 8(a) and (b). As the pumped power increases, the RF
conductivity of the silicon switch increases, thereby reducing
the impedance mismatch between regions 1 and 2, and sub-
sequently yields deeper resonances. By comparing both plots,
one can observe a good qualitative agreement between the
simulated and the measured data in terms of the frequency
dependence of the observed resonances.

The simulated antenna radiation patterns at
( plane) when both switches are OFF ( GHz, solid
line) and when both switches are ON ( GHz, dotted
line) for a 212-mW incident laser power are shown in Fig. 9.
For both cases, the antenna preserves its omnidirectional prop-
erty. The boresight directivity gain of the antenna was then
determined using the reflection measurement technique in [15].
By placing a ground plane of dimensions 25 25 cm 10 cm
in front of the antenna, a VSWR value of 1.149 at 18.3 GHz
was obtained in the case where both switches were OFF, and

at 11.8 GHz with both switches ON. This
translates to a measured boresight gain of 10.26 (10.87 dB
simulated) and 5.42 dB (5.75 dB simulated). The increase in
the material losses introduced by the silicon switches for in-
creasing pumped laser power levels results in reduced radiation

efficiency of the antenna structure and correspondingly reduces
the boresight gain values.

V. CONCLUSION

This letter presents a new reconfigurable antenna design
based on optical switching. The electromagnetic behavior
of the silicon switch under illumination by light of suitable
wavelength was modeled, and a switched transmission line
was investigated. Next, a dual-band antenna was designed
and tested. In this letter, the choice of the frequency range for
the antenna is arbitrary and serves to only validate the proof
of concept for our approach. The physical geometry for the
coupling of light energy onto the silicon switch adopted here
allows for such antenna designs to be easily integrated into
compact packages that can be included in next-generation
wireless devices. Furthermore, our antenna designs can be
easily tweaked to include frequency bands corresponding to
established wireless standards such as GSM, CDMA, WiMAX,
etc. For future work, one can explore methods to decrease the
required pumped laser power by decreasing the dimension of
the silicon switches and/or investigating other materials with
faster switching speeds.
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