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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 Optical beam
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 T
ratio and the bandwidth, can be improved by about 38 dBx GHz.

Source
Index Terms—Gap, optically controlled, rib structure.
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Fig. 1. Microwave switch—the optical beam controls the propagation of the
N OPTICALLY excited gap in a semiconductor mi-microwave signal from the source to the load.
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 perforg
mance of this switch depends on its geometrical structure fas
well as substrate parameters [5]. This switch was first propoged Silicon substrate h
by Auston in 1975 [6]. The switching action is produced b
the incident optical beam. In the ON state, light of suitabl
wavelength is incident in the gap and the power is transmitt
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. o
increase this value, we have to increase the value of the cre — -
photoconductance. This can be done by either increasing — I _ v
incident optical power, which is not recommended, or reducing
the dimensions of the gap, which in turn will reduce th
operating bandwidth.
In this paper, the proposed new geometry for the gap enabféss 2.  Proposed structure to improve the performance of the optically
an increase in the region of the interaction between the elecfffgtrolled microwave switch.
field and the created electron—hole pairs (EHP’s), and thus,
increases the value of the created photoconductance. As shaviagre it is filled by the semiconductor substrate. As will be
in Fig. 1, the region of the interaction between the electric fieRgen later, this rib configuration does not significantly perturb
and the created EHP’s is below the surface of the substratdhg capacitance of the gap since the rib thickness is usually
the gap, although a high electric field exists in the superstrfdich smaller than the substrate height.
(air) over the gap. Thus, if we try to generate the EHP’s not In this paper, we will restrict ourselves to gaps with di-
only below the air-substrate interface but also between or evégnsions that are much smaller than the substrate height and
above the gap, we may increase the created photoconductaft® transmission-line width, since these gaps had shown good

Fig. 2 shows the proposed geometry of the illuminated g@¢rformances as optically controlled microwave switches [7],
[8]. The analysis of the proposed structure is performed using
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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 substra%{e
in the dark state is very high; and 3) generated EHP’s have nd
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 calculdie in the ON state.
The simplified equivalent circuit for the illuminated gap is as
shown in Fig. 3, where the photoconductance is assumed to X, ‘ i
be zero when the light is off. Knowing the capacitance and ﬂI"lleg 4. lllustration of the numerical implementation of the FD solution.
photoconductance for each gaplength; can be calculated
using the following expression:

2Z0Gpp + j2ZowC12 %

Sy = : - 1
2L 1+ 2ZOC:ph + j2ZOWC12 ( ) 60

>

So1 at dark is calculated using the same above expression but
with Gy, = 0. Thus, we can calculate the ON/OFF ratio given™ |
by So1 (ON) - S5 (OFF) in decibels. 0
To evaluate the performance of this switch, it is required to
determine the value of’;, and G7,;,. This needs to calculate |

the electric-field distribution and the carrier-concentration dis- ! 2 3 4 6
tribution in the gap. The field distribution is obtained using gaplength (1E-4 m)
the FDM algorithm described in the following section. FFbM-ZD 4 measured , measurcd g MS3D 5 Moment M. ]

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

The FDM is now a well-known technique for the analysis of

electrostatic problems. It has been applied to a wide range of  gescribed in [12]. For geometries which mostly conform
two-dimensional (2-D) and three-dimensional (3-D) structures 4 rectangular boundaries, the absorbing operdtor

[10], [11]. _ when expressed in Cartesian coordinates, takes the form
Since we assume that the gaplength is much smaller thanthe  given in [11].

stripwidth (w/10), a 2-D mesh might be sufficient to determine 3y The two electrodes on the surface have fixed potential
the equivalent circuit of the gap. However, as the gaplength ~ gifference of 1 V. The value of the voltage at the bottom
varies from 5 to 5q:m, we have chosen to use a nonuniform  ig getermined from the boundary condition of the electric
mesh as shown in Fig. 4. In this figure, the central point at field, which has only a normal component to the surface.

t()x?[’ o) 'Str']n the" mf'dltljle oft:]he gla P ?nd the_tl;s ep?_ratiqth The capability of the algorithm to evaluate the capacitance
etween the cells Tollows tne rule ot an anthmetc senes. ¢ .. gap in the microstrip transmission line is tested by

To determine the electrostatic potentia_l at every point in ﬂ?:%nsidering a gap with the following dimensioms= 508 zm,
mesh, we solve the Laplace-type equation h = 508 um, and relative dielectric constant 8.875. The
V- (eVV)=0 (2) mesh size is 306 200 points. The capacitance is calculated
usin
following the same procedure in [11] and using the boundary J
conditions given below. C= Quot _ "¢ Jser(@,y)VV -nds 3)
1) In the substrate, far from the ggp0hi), we have a Vaia Vaia
magnetic wall. where(}. is the total charge stored on the conductor enclosed
2) In the superstrate, the value of the potential at any poioy the surface placed at the plage, as shown in Fig. 4.
of the outer boundary in the superstrate is found by usigg. 5 shows the numerical results obtained compared to the
the so-called asymptotic boundary conditions (ABC’snoment 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 gaplengthsi{, < h/10 and L, < w/10). The error 80; -
at L, = 50 pm is about 10% from the measured data. Thisgg % ]
error increases to a factor of 2 4t = 400 ym. For a large — -

gap, a 3-D mesh is required as in [10]. This is expected sinc8% == ey
in 2-D analysis, we do not take into consideration either theyq
distribution of the current on the strips or the fringing effect. .

IV. NUMERICAL RESULTS rib thickness (Hm)

To study the performance of the optically controlled mi- Gaplength: «-5.8um %258 um =47 pm
crowave SWlt_Ch, we need to ?alcmate its equivalent C”_’CUﬁig. 6. The variation of the capacitance with the rib thickness for different
Equation (3) is used to determine the value of the capacitargeglengths.
while the photoconductance is obtained using

3, (S
Lw —Jsolz,y)VV -nds O )

Vaix Vair

Gph = (4) 0.08

0.05

where the conductivitys(z,y) resulting from the incident 0.04
light is given in [14]. Using the following parameters: =  ¢.03
410 pm, A = 500 pm, g, = 11.8, spot diameter= 410 pm,
incident optical power= 300 mW, p, = 0.0135 m?/V-s,
pp = 0.045 m?/V-s, absorption coefficienty = 107 m™!,
incident wavelengthh = 0.4 pm. These values correspond ©
to a transmission line with characteristic impedance equal rib thickness (jm)
to 50  on a silicon substrate. After the determination of
the capacitance and the conductance for each gaplength, we
calculateS»; using (1) in the ON and OFF states and then ﬂfég 7 The variation of the created photoconductance with the rib thickness
. ; - . or different gaplengths.

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 photoconductan@@
with the rib thickness. The relation obtained has a bell shapes
This could be explained by the interaction between the electri
field and the created EHP's. If the EHP’s are in the region
of a strong electric field, the photoconductance has a greatér
value, otherwise they are in the region of a weak electric field,

0.02
0.01

Gaplength: --5.8 um  ~+10.9 pm -«25.8 pm =47 pm

ON/OFF (dB)

and the value of the created photoconductance is small. In? 3 5 7 9
Fig. 7, we can also see that the rib thickness required for GHz
maximum photoconductance is not the same for all gaplengthsRib thickness: —0.3 pm ---1.1 pm ---5.8 pm

This is becagse with a gap_ln a microstrip transmission |II’1I§| . 8. The ON/OFF ratio for gaplengthk= 10.9 pm and different rib
the electric field has a maximum value near the gap surfaggness.
[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 maximﬂﬁgli_gible’ as shown in.Fig. 6. As predictgd, Fhe rib thickness
photoconductance increases as the gaplength increases. required to get a maximum ON/OFF ratio increases as the

The ON/OFF ratio is calculated for different gaplengths arPlength increases. o
rib thickness. A sample of these results is shown in Fig. 8. we 1° determine the optimum rib thickness for each gaplength,
can see that as we increase the rib thickness, the ON/OFF r¥{fo define the figure of merit of the structure as follows:
first increases until it reaches a maximum value at a certain Figure of merit= Gainx operating Bandwidth  (5)
rib thickness and then it decreases. This is because the created
EHP’s go to the region of weak electric field. At the extremayhere the operating bandwidth is the frequency at which the
the electric field is zero and the created photoconductan©®l/OFF ratio equals- 5 dB. This figure of merit normalized
has no effect on the performance of the optically controlledith regard to the case of no rib is plotted in Fig. 9 as a
microwave switch. On the other hand, the bandwidth h&snction of the rib thickness where the gaplength is used as a
not been reduced because the variation of the capacitancedsameter. For small gaplengths, the ON/OFF ratio is initially
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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 dBHz

at small gaplengths or 5-8 dEHz 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
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Fig. 9. The normalized figure of merit as a function of the rib thickness for
different gaplengths.
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Fig. 10. The optimum rib thickness for each gaplength.

(7]

high and the presence of the rib increases this ratio but witfg
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 9]
increase. An increase in the figure of merit by about 37+xdB
GHz is obtained at., = 17.6 pm while only 5-8 dB« GHz is 10}
obtained atL, = 60 pm. 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., t
rib thickness increases as the gaplength increases. This
be explained by the relation between the electric field and
the gaplength. As the gaplength increases, the electric fieIdHiEJ
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 t
created EHP’s increases. The effect of varying the absorption
coefficient is also studied. The optimum rib thickness is found
to be nearly independent an i.e., the factor that prevails in
determining the optimum rib thickness is the distribution of
the electric field. (5]

V. CONCLUSION

In this paper, we have studied the optically controlled mi-
crowave switch. This study is based on a simplified equivaleat
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

12t}

of such devices today.
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