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A 13road-Band Optoelectronic Microwave Switch

ELMER H. HARA, MEMBER IEEE, AND R. IAN MACDONALD

Afmrzet-A broad-band optoelectronic switeb baaed on an avafanche

photodiode is deaeribed. The microwave signaf k suppfkd to the switch as

intensity modnfation on an optied carrier wave. Switcbfng fs achieved by
reverse biiing the APD for the on-state and forward biasing for the

off-state. Isofation of better than SOdB is reported over a sfgmd frequency

range of 10 MI% to 1 GHs. fn the same swit@ isolation greater than 60
dBfsohserved upto3G%. Ati-on time of400mwm*wd

without Specbd tedlniquea for dkbarghg tbe jlmetior% the turn-off time is
much shorter.

I. INTRODUCTION

o

~ICAL techniques have been used recently to con-

trol microwave signals in a number of ways. One

example is a variable-frequency GaAs FET oscillator con-

trolled by means of optical radiation incident on the

device [1]. The capacitance of the GaAs FET is influenced

by the incident optical power, allowing optical control of

the oscillation frequency. A second example is a switch

that is operated by optical control of the RF impedance of

a diode placed in the microwave signal path [2]. These

configurations use an optical signal to control an electrical

signal. In contrast, optoelectronic switches have been pro-

posed using photodiodes as the switching elements [3].

These are controlled electrically while an optical signal is

used to convey the information to be switched. A sche-

matic circuit diagram of such a switch is shown in Fig. 1.

The signal is supplied to the switch as an intensity mod-

ulation on an optical carrier. To place the switch in the

on-state, a reverse bias is applied to the photodiode. The

optical input is then detected and an electrical output

signal is obtained across the load resistor RL. To place the

switch in the off-state, the photodiode is forward biased.

The photodiode then acts as a low impedance element
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Fig. 1. Optoelectronic switch. When reverse biasedj the photodiode
detects the RF modulation on the opticaf input signal and produces an
RF output across the load resistor R. When forward biased, the
sensitivity of the photodiode drops and at the same time the photodi-
ode acts as a low impedance bypass around the load resistor. Conse-
quently much reduced RF output is obtained. Bias control ean be
achieved with a simple solid-state circuit.

across the load resistor, so that very little of the photogen-

erated signal current can be extracted from the photodi-

ode into the external circuit. A reduced level of signal

therefore is observed at the output. The quantum

efficiency of the photodiode can be reduced by forward

bias and this process may also contribute to the isolation

of the switch in the off-state.

Bias supply isolation inductances are not required with

the optoelectronic switch because the signal is introduced

optically. Impedance matching between the optoelectronic

switch and external circuitry is accomplished readily for

the on-state by choosing a suitable value for the load

resistor RL. Impedance matching in the off-state is unimp-

ortant because reflections of the optical signal are not

influenced by the electrical matching conditions. Thus, in

comparison to RF p-i-n diode switches, optoelectronic

switches can be used in simpler circuit configurations.

An optoelectronic switch can have a higher isolation

factor than a comparable microwave diode switch because

of the reduction in the quantum efficiency that can occur
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Fig. 2. Optoelectronic switch circuit model. The network formed by
RA, R~, and C represents the internaf impedance of the photodiode
according to the bias conditions that are employed.

under forward biasing, which contributes to the isolation

in addition to the decrease of the device impedance. For

frequencies up to 245 MHz, an isolation of 80 dB has

been reported for a p-i-n photodiode switch [4]. If an

avalanche photodiode (APD) is used in place of the p-i-n

photodiode, a third switching mechanism is provided

through the loss of the avalanche multiplication process

when the APD is forward biased. This mechanism pro-

vides additional isolation equal to the square of the

avalanche charge multiplication factor. Further, the APD

can be expected to perform well at frequencies above 1

GHz because of its small junction capacitance. In the

following sections, we first present a simple circuit model

of an APD optoelectronic switch and then report an

experimental evaluation of such a device.

II. CIRCUIT MODEL

An avalanche photodiode can be modelled as a current

source that is proportional to the input optical signal

power PO, shunted by an RC network [5]. Fig. 2 shows

such a model. The network formed by RA, RB, ~d C

establishes the internal impedance ZD of the photodiode

according to the bias conditions that are employed. The

signal observed by an external instrument with an input

impedance Zi that is connected across a load impedance

Z~ used in conjunction with the photodiode can be com-

puted from this model. The voltage VO that appears across

the load is given by the expression

Vo(hv/e)qGPoZD (1)
where

h Planck’s constant,

v the optical frequency,

e the electronic charge,

q the quantum efficiency,

G APD gain factor.

The electrical signal power p. delivered to the external

instrument in response to the input optical signal is then

found to be

ZLV. 2 Zi
Pe =

z.+ z. IZ,+Z=12
(2)

where Z, is the source impedance formed by the parallel

combination of Z~ and ZL.

The isolation 1 of the optoelectronic switch is defined to

be the ratio of the delivered electrical power when the

diode is reverse biased to that when it is forward biased.

i 7 125V

&-
XZO MICkO<OPE
OBJECTIVE LENS

Fig. 3. Experime@af arrangement. A cormnerciaf bias network was
used to bias the laser diode. The output of the laser was focused onto
the APD by two microscope objective lenses.

The following expression for I is thus obtained [5]:

~,_ & 2G2 \z~~12”lzi+z~F[2,-
[1 lzDFpIzi+ z~R12“

(3)
~F

In (3), the subscripts R and F distinguish quantities ap-

propriate to reverse and forward bias conditions, respec-

tively.

Both the cument multiplication factor of the APD and

the ratio of its reverse and forward quantum efficiencies

can play a significant role. It has been shown that for a

commercial APD (TIXL-55) under practical operational

conditions, the contributions to isolation resulting from

quantum efficiency reduction, gain elimination and im-

pedance reduction with the change from reverse to for-

ward bias conditions are approximately 35, 25, and 20 dB,

respectively [5].

The performance of an APD optoelectronic switch was

determined experimentally in order to obtain a measure of

the practical limits of currently available devices for

switching high frequency signals. The following sections

describe the experimental arrangement and results.

III. EXPERINfENTAL ARRANGI?MENT

Fig. 3 shows a block diagram of the experimental

arrangement. A single mode laser diode (HLP 2600U) was

biased at 26 mA with a bias network (HP1 1590A) which

also coupled the output of a signal generator to the laser.

The RF modulation power was set at 40 mW for each

measurement frequency. The output of the laser was

attenuated as necessary by a neutral density filter and

focussed by means of microscope objectives onto the

APD (TIXL-55) optoelectronic switch. The reverse bias

for the on-state was approximately 125 V, yielding a

photocurrent gain factor of approximately 5. A forward

current of 3 mA was used to establish the off-state. The

RF output level of the APD was measured with a

spectrum analyzer (HP8555A, 8552B, 141T) to obtain the

on-state and off-state output signal levels. For frequencies

above 2 GHz, a broad-band amplifier with approximately
20-dB gain was used to raise the RF signal in the off-state

above the spectrum analyzer noise level.

In order to minimize RF leakage, the connections to the

laser diode and APD were accomplished by soldering

semirigid coaxial cables directly to the devices. Since the
laser diode had a low-frequency resistance of approxi-
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Fig. 4. Output power levels. The on-state and off-state RF power levels
at the output of the APD (TDCL-55) optoelectronic switch are shown
for frequencies above 1 GHz. The off-state level up to 2 GHz (fifled
circles) is that produced by the spectrum analyzer itaeff. Above 2 GHz
(open circles), an amplifier was used to raise the signaf input to the
spectrum analyzer to a convenient level. The experimental parameters
are listed below:
incident optical wavelength= 820 run
incident optical power = 130 pw
reverse bias voltage = 125 V
forward bias current =3 mA
modulation factor <0.5 at 1 GHz

<0.2 at 2 GHz.

mately 30 $2, no series matching resistor was used. We

were able to modulate the laser at frequencies above 6

GHz using this apparatus. This high-frequency modula-

tion capability was confirmed with an OPFET detector [6]

which provided an output level of approximately – 80

dBmW at 6 GHz. Measurements of the isolation of the

APD optoelectronic switch were taken at frequencies up

to 4 GHz. Direct RF leakage into the switch circuitry

interfered with the measurement of the switch isolation

factor at higher frequencies. The following section de-

scribes the measurement results obtained by the experi-

mental arrangement discussed above.

IV. EXPERIMENTAL RESULTS

Fig. 4 shows the on-state and off-state RF power levels

at the output of the APD optoelectronic switch. No post-

detection amplifier was used for frequencies up to 2 GHz.

The data points for this case are indicated by dots. It was

determined that the off-state level shown in Fig. 4 for

frequencies up to 2 GHz was the spectrum analyzer noise

level by blocking the optical input to the APD and noting

that the off-state level did not change. The data points for
frequencies above 2 GHz are indicated by circles. These

results were reduced to levels corresponding to that at the

output of the APD by subtracting the gain of the ampli-

fier. Since the off-state level for frequencies above 2 GHz

did not change when the optical input to the APD was

blocked, and since the postdetection amplifier raised the

FREQUENCY ( MHz)

Fig. 5. Output power levels. The on-state and off-state RF power levels
at the output of the APD (TIXL-55) optoelectric switch are shown.
The expe&nental parameters are shown ‘below
incident optical wavelength= 890 nm
incident optical power =41 #lw
modulation factor =0.51
reverse bias voltage = 154 v
forward bias current =2.6 mA.
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Fig. 6. Isolation. More than 60 dB of isolation is maintained up to and
beyond 3 GHz, At least 50 dB of isolation is obtained for most of the
frequency range shown.

off-state signal above the noise level of the spectrum

analyzer, we may conclude that Fig. 5 shows RF leakage

around the switch. It does not represent detection of the

optical signal by the photodiode. In particular, strong RF

leakage appears for frequencies above 3.9 GHz, preclud-

ing measurements at higher frequency.

The ratio between in the on-state and off-state levels

expresses the isolation of the APD optoelectronic switch.

Fig. 6 shows the isolation corresponding to the data

shown in Fig. 4. We see that more than 60 dB of isolation

is provided from 1 GHz to above 3 GHz and more than

50 dB of isolation is obtained up to 3.8 GHz. The small

discontinuity in isolation at 2 GHz results from the inser-

tion of the broad-band amplifier for frequencies above 2

GHz. The measured isolation is function of the on-state

level which decreases with frequency as shown in Fig. 4.

This decrease most likely arises from the diminishing

response of the laser diode at high modulation frequen-

cies.
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For completeness, an experimental result obtained from

an earlier experiment at frequencies below 1.3 GHz [7] is

shown in Fig. 5, A network analyzer was used to record

this result. The same APD (TIXL-55) was operated at a

higher reverse bias voltage (156 V), where the gain factor

is approximately 20 according to manufacturer’s specifica-

tions. The isolation is therefore higher than in the previous

case. In consequence of the higher gain, the frequency

response observed above 1 GHz for the on-state condition

rolls off. The figure shows that more than 80 dB of

isolation is maintained over the frequency range from

approximately 10 MHz to 1 GHz. The apparent increase

in leakage in the off-state above 1 GHz was produced by

direct RF crosstalk caused by the experimental arrange-

ment, which allowed some RF signal at these frequencies

to leak around the APD optoelectronic switch.

It is apparent from the experimental results that the

APD optoelectronic switch can provide more than 60 dB

isolation over a broad frequency range from approxi-

mately 10 MHz to 3 GHz and that more than 50-dB

isolation up to approximately 4 GHz can be obtained.

The significance of the experimental results and some

possible applications of such a switch are discussed in the

following section.

V. DISCUSSION

The upper frequency of operation of the APD optoe-

lectronic switch at present appears to be limited pri-

marily by the capability of laser diode light sources to

respond to high frequency modulation. The frequency

response of the switch can also be limited by the inherent

capacitance of the APD, which is approximately 1 pF, but

a comparatively flat response up to 3 GHz would be

expected with our experimental configuration,

The practical high-frequency limit for direct modula-

tion of injection laser diodes appears to be about 5 GHz

according to small signal theory [8]. Judging from our

present results, useful operation for switching frequencies

up to at least 4 GHz is possible. By minimizing the laser

diode package inductance operation up to the predicted 5

GHz should be achievable. However, the level of nonlin-

ear distortion products appears to increase with modula-

tion depth as well as frequency [8] and further work is

required to determine the limits of practicality.

The most attractive application of the APD opto-elec-

tronic switch is in the construction of a broad-band

crosspoint switching matrix [7]. Since the output from a

single laser diode can be optically divided and distributed

to each of an array of crosspoints consisting of APD

opto-electric switches, RF crosstalk is eliminated among

the distribution lines as well as between the distribution

665

lines and output lines. Use of optical means to distribute

the signal also provides the option to isolate the output

lines spatially and thereby reduce RF crosstalk between

them. Signal reflections into the power dividing network

are independent of the states of the switches, in contrast

to the situation with microwave power dividing networks

and switches. Since switch isolations of 60 dB up to 3

GHz have been demonstrated, such matrices may be

useful in many applications.

The APD optoelectronic switch operates over a broad

bandwidth extending from below 10 MHz to above 3

GHz. Broad-band analog signals as well as high bit-rate

digital signals can therefore be switched. Future applica-

tion to broad-band communication networks and satel-

lites can be readily envisaged. At present, optoelectronic

switches are suited for circuit switching where switching

speed is not a critical factor. The turn-on and turn-off

times of the switch are determined by the discharge of the

junction capacitance through the load resistance. Since

the capacitance of the junction in forward bias is higher

than in reverse bias, the turn-on time is the longest. We

have measured a turn-on time of approximately 400 ns for

the basic switch circuit under the experimental conditions

for Fig. 4. The turn-on time can be reduced by employing

additional components in the elementary circuit, for ex-

ample by placing a switching device across the load resis-

tor. Switching times comparable to RF p-i-n diodes may

be possible and therefore such applications as time divi-

sion multiple access (TDMA) communication satellite

switching may arise in the future.
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