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Abstract—In this paper, we present the analysis of an opti-
cally illuminated directional coupler using a quasi-static tech-
nique. Closed-form expressions of the matching conditions in
both the dark and illuminated states are developed. The re-
sults obtained by our analytical model are in good agreement
with the experimental results as well as those obtained by the
monolithic microwave integrated-circuit analysis and design sim-
ulator (MMICAD). A discussion of the effects of the parameter
variations are also included.

Index Terms—Directional coupler, optically illuminated, sliding
tuner.

I. INTRODUCTION

T HE FIELD of optically controlled microwave devices
has shown a remarkable progress in the last decade

[1]–[3]. We have recently proposed the use of the illuminated
directional coupler as a variable-tuned matched load [4]. In this
application, the basic idea is based on the use of ports 2 and 3
as open- or short-circuit stubs which are connected nearly in
parallel. The optical spot creates a variable resistance between
the coupled microstrip lines. The value of this resistance
is controlled by the optical intensity while its location is
controlled by the position of the optical spot. Thus, by moving
the optical spot, we effectively control the lengths of the
equivalent stubs connected in parallel with the load. Thus,
we have an effective sliding spot tuner that can be used to
achieve matching at the required frequency, as will be shown.

In this paper, we present the analysis of this optically
controlled structure using the transmission matrices based on
the quasi-static technique. Closed-form expressions for the
matching conditions in both the dark and illuminated states
are developed. The results obtained by the developed model
are in good agreement with those obtained by the experimental
results, as well as the monolithic microwave integrated-circuit
analysis and design simulator (MMICAD).

II. THEORY

When light is incident on the gap between the two coupled
lines shown in Fig. 1, a surface resistanceis created. As
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Fig. 1. The structure proposed for the optically controlled matched load,
two coupled lines of widthwand separations, connected to four transmission
lines of width w.

a result, it becomes more convenient to consider the two
coupled lines as if they are divided into three sections. These
three, along with the four transmission lines, form the seven
sections of the overall structure shown in Fig. 2. Thus, each
section can be represented by its own transmission matrix.
Sections II and IV are simple coupled microstrip lines of
lengths and , respectively. Section 3 corresponds to
the resistor created by incident light while the other four
sections are simply four transmission lines with characteristic
impedance . For the coupled microstrip line of length, the

matrix elements are given in [5], [6]. Using the symmetry
of the matrix and interchanging the variables such that the
input voltages and currents can be written as a function of
the output voltages and currents, an equivalent transmission
matrix similar to the matrix of the two-port network
can be derived. Knowing the transmission matrix for each
section [7], the two-port equivalent of Sections II–IV, VI,
and VII can now be obtained after replacing ports 2 and
3 by their equivalent impedances and , respectively,
and thus the transmission matrix for the whole system can
be obtained. Knowing the matrix of the system,
the -parameters can be calculated in both the dark and
illuminated states [7]. Further approximation can be used to
get closed-form expressions for the matching conditions of
the structure in both states. This is discussed in the following
sections.
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Fig. 2. The equivalent seven sections for the structure shown in Fig. 1.

A. Dark State

To get a closed-form expression for the matching conditions
of the structure in the dark state, we put , neglect the
dispersion effect, and assume that the even- and odd-mode
propagation constants of the microstrip coupled lines are equal,
then we calculate the matrix of the coupled lines
connected to the two stubs. The minimum in occurs when
the input impedance equals . Assuming that the output port
is terminated by , and after a straightforward mathematical
analysis, it can be easily demonstrated that the minimum in

(matching condition) can be achieved only if ,
i.e., the two stubs have the same lengthand

(1)

where and are the characteristic impedances of the even
and odd modes, respectively. To get the three roots of (1), the
coupled lines should be designed such that

and

or

and (2)

Substituting with mm, m, m,
m, mm, and mm, in the

empirical formula given in [7], [8], we get: ,
, , , ,

and where and are the even- and odd-
mode effective permittivity for the coupled line. Using (1),
a minimum in is obtained at frequency GHz
corresponding to . The two other minima are obtained

Fig. 3. S11 andS12 obtained by the model compared with those obtained
by the MMICAD simulator. The losses are neglected.

at the frequencies 5.1 and 7.1 GHz, respectively. The exact
is then calculated, taking dispersion into consideration

and neglecting both conductor and dielectric loss. The results
are compared to those obtained by the MMICAD simulator, as
shown in Fig. 3. We can see that the same qualitative behavior
is obtained and that the developed approximate technique can
be used to predict the structure performance. In the same time,
there is a little deviation in the propagation constant between
the two results (model, MMICAD). This is due to the fact that
the empirical equation for the dispersion effect considered in
MMICAD is not well defined in the literature. Fig. 4 shows
the input impedance of the coupled lines as a function of
frequency. It is clear that has three points where its value
equals 50 . These points correspond to the minima in .
It is important to note here that between 3.8 and 8.2 GHz,
i.e., between its two maxima value, the input impedance is
nearly equal to 50 . By inserting a resistor between the
coupled lines, one can adjust the input impedance such that the
reflection is eliminated in this range of frequencies. This will
be shown in the illuminated state. It should also be noted that
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Fig. 4. The frequency response of the coupled lines impedance with a load
equals 50
.

Fig. 5. S11 under illumination by a spot of intensity corresponding to a
resistanceR and positionl, (1) l = 4:2 mm, R = 62 
. (2) l = 4:7 mm,
R = 785 
. (3) l = 0:1 mm, R = 700 
. (4) l = 0:1 mm, R = 874 
.

when substituting by the conventional operating conditions
of the backward directional coupler, i.e., , (1)
will have imaginary roots. This can not be accepted since it
is previously assumed that has only positive values. This
shows that the conventional design of the backward directional
coupler can not be used to achieve the required matching
conditions.

B. Illuminated State

Fig. 5 shows the calculated of the structure, when
light is on for different powers and positions of the optical
spot. From these results, we see that of the structure
under illumination has a very strong frequency dependence.
At a certain frequency, the reflection from the illuminated
directional coupler is minimized to less than50 dB in a
notch behavior. Fig. 5 also shows the possibility of tuning
the structure by simply changing the optical spot intensity and
position as previously shown in [4].

(a)

(b)

Fig. 6. (a) The minimum value forS11 which can be achieved compared
with those obtained by the MMICAD simulator. (b) The values of the resistor
and their position required to achieve this minimum compared to those
obtained by the MMICAD simulator.

To determine the tuning range in which a minimum for
can be obtained at a certain frequency, we fix the frequency
and vary the value of the resistor and its position between
the coupled lines until the minimum is obtained. Fig. 6(a)
shows the minimum value for while Fig. 6(b) shows the
values of the resistor and their position required to get this
minimum. Fig. 6(a) and (b) should be read simultaneously,
i.e., for a certain frequency. Fig. 6(a) shows the lowest value
for that can be achieved while Fig. 6(b) shows the
value of the resistor and the position required to achieve this
minimum. These results are also compared to those obtained
by the MMICAD simulator with good agreement observed.
The little difference may be due to: 1) dispersion evaluation
as previously discussed, where the dispersion calculation is
not well defined in the MMICAD simulator and 2) in the
simulator we model the photoresistance as a thin-film resistor
of dimensions 50 m 50 m, while in this model we use a
simple resistor with the equivalent value. As we have done
in the dark state, simple design equations can be developed
in the illuminated state. Assuming that the even and odd
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propagation constants are equal and neglecting dispersion, the
matching condition is given by the two following coupled
equations:

(3a)

(3b)

where is the total electrical length of the coupled lines and
is the electrical length calculated from the beginning of the

coupled line to the position of the created photoconductance.
Solving these two equations, we can determine the value of
the created photoconductance and its position required for

Fig. 7. Measured and calculatedS parameters of the proposed struc-
ture without illumination. The metal strip on the surface is the aluminum
� = 2:75 � 10�8 
m and silicon substrate of resistivity= 1 
m
corresponding to tangent loss� frequency (GHz)= 1:5.

matching at port 1. However, before solving them, we may
observe that (3b) is a second-order equation with two roots.
This explains the two minima which appear in for the
same value of and in Fig. 5.

We have also studied the effect of varying the load at port
2. For different values of this load, matching at the required
frequency could be achieved when the proper values ofand

(optical power) are chosen. Between 1 and 10 GHz, and due
to the fixed length of the coupled lines, tuning can be obtained
in separate ranges of frequencies. As the load approaches 50

, these ranges merge together. Also, to obtain a minimum in
, the value of the resistor is relatively small (less than 20

) which means a high-incident optical power. However, as
the electron–hole pair concentration increases, the lifetime is
reduced and the value of the created resistor tends to saturate.
Thus, it might be quite difficult to obtain all the values of
the resistor as in the simulation, and we can predict that the
practical tuning range is smaller than the simulated one.

III. COMPARISON WITH EXPERIMENTAL

RESULTS AND DISCUSSION

In this section, we compare the results of our model to those
experimentally obtained and previously published in [4]. The
experimental setup is described in details in [4], [9].

Since we are considering silicon substrates, the effect of
the losses should also be taken into account. The expressions
for the conductor and dielectric losses for single- and double-
microstrip transmission lines are given in [7].

For semiconductor loss evaluation, the silicon substrate is
represented by its tangent loss given by , where and
are the real and the imaginary parts of the permittivity. They
are calculated using the plasma-oscillation frequency described
in [10], which gives [4]

freq. (GHz) (4)
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Fig. 8. The4S-parameters of the illuminated directional coupler experi-
mentally at l = 3:5 mm, P = 420 mW, theoretically atl = 3:9 mm,
R = 111
.

where the variation in the real part of the relative permittivity
is found to be negligible. The conductor losses are expressed
by the resistivity of the aluminum strip on the surface which
is taken equal to 2.75 10 m.

A. Dark State

Fig. 7 shows the measured and calculated-parameters of
the structure in the dark state. is approximately

11 dB at 1-GHz frequency. The two minima observed in the
dark-state performance are well explained by the matching
conditions obtained in (1). A good agreement is also observed
between the exact solution and the practical measurements.
The difference between experiment and theory may be due
to: 1) the inaccuracy in the calculation of the substrate losses
where the last are functions of the depth—i.e., the resistivity
on the surface differs from that in the bulk of the substrate,
as cm is measured on the surface and not in bulk,
a certain error in the losses predictions may take place and 2)

(a)

(b)

Fig. 9. (a) The minimum value forS11 which can be achieved. (b) The
values of the resistor and its position required to achieve this minimum.
Theoretical results are calculated for tangent loss� frequency (GHz)= 1:5,
and metal strip on the surface is Al of thickness 0.4�m.

the effect of losses on the characteristic impedance—for small
losses, the characteristic impedance can be calculated using
the expressions given in [7], [8]. In our case, we have used
the same expressions for high dielectric losses.

B. Illuminated State

Fig. 8 shows the experimental and theoretical-parameters
of the device under illumination when matching is achieved
at frequency equals 4.5 GHz. As we can see, exhibits a
strong frequency dependent behavior while is found to be
nearly constant. In the model, the illumination does not affect

, i.e., the power is absorbed by the created photoresistor,
experimentally the illumination results in a reduction of
by about 4 dB at all frequencies.

Fig. 9 shows a comparison between the theoretical results
and those obtained experimentally [4]. While an experimental
tuning range from 3.0 to 6.7 GHz has been obtained, the
theoretical one extents from 3.4 to 7.7 GHz. Fig. 9(b) shows
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TABLE I
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS UNDER DIFFERENT OPERATING CONDITIONS

the approximate values for the spot position and the incident
power (the created photoresistor). From this figure, we can see
that the relation between the lengthindicating the position of
the spot and the frequency is inversely proportional, i.e., for
low matching frequency, the spot should be placed near to the
end of the coupled lines and vice versa.

A summary of the theoretical results compared to those
practically obtained is shown in Table I. Port 1 is the input
port, where port 2 and the two stubs have different conditions
as stated in the table. The behavior mentioned is that of.
As we can see, this table shows good agreement between the
theoretical and experimental results.

IV. CONCLUSION

In this paper, we have presented the analysis of an optically
controlled directional coupler that can be used as reflection
filter. The suggested operating point for the design of this
directional coupler is different from the normal backward
directional coupler. When such a coupler is used in the dark
state it enables three points of matching to be obtained,
depending on the coupler and stub lengths. When the coupler is
illuminated, its reflection coefficient shows a notch behavior
with a value down to 50 dB at a specific frequency. This
frequency can be controlled by varying both the incident
power and the position of the incident spot. A wide tuning
range has been predicted by this technique. The theoretical
results are compared to numerical results obtained by the
MMICAD simulator and good agreement is obtained. Closed-
form approximate expressions for the matching conditions in
both the dark and illuminated states are also developed. The
comparison with exact solutions shows reasonable qualitative
agreement.

Comparison between the theoretical predictions and the
experimental results shows that a good qualitative agreement

is obtained for the structure with different operating condition.
Quantitatively, a small deviation in the values of the matching
frequencies is observed. This might be an inaccuracy in the de-
termination of the substrate dispersion. The transition between
the flange-mount jack receptacle connector and the microstrip
transmission line also affects the experimental results at high
frequency. However, in the band, the developed model
and the approximate design equations can be used to give
quite reasonable results.
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