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Photonics-Based Microwave Switching Using
Optical Single Sideband Wavelength Conversion
in a Semiconductor Optical Amplifier

Dan Zhu, Member, IEEE, Zhengwu Wei, Huan Wu, and Shilong Pan, Senior Member, IEEE

Abstract— Photonics-based microwave switching using optical
single sideband (OSSB) wavelength conversion in a semicon-
ductor optical amplifier (SOA) is proposed and demonstrated.
By using the joint four-wave mixing and self-phase modulation
effects in the SOA, the scheme can simultaneously realize the
OSSB signal generation and photonic microwave switching,
which can minimize the switching crosstalk, since the OSSB sig-
nal occupies the least optical bandwidth. This method is also sim-
ple as only a single SOA is required. Photonic switching of a 200-
Mb/s 16-QAM signal centered at 20 GHz is performed. The signal
after switching is an OSSB signal, which has a 22.65- or 17.85-dB
sideband suppression ratio for switching based on wavelength
down- or up-conversion, respectively. An investigation with the
switched signals to combat the dispersion-induced power fading
effect for radio over fiber application is also taken. Performance
dependence of the optical pump and probe powers, the optical
probe-pump power ratio, the modulation depth of the probe
signal, and the SOA bias current are also investigated and
analyzed.

Index  Terms—Microwave  photonics, optical
sideband (OSSB), photonic microwave switching,
over fiber (RoF), semiconductor optical amplifier (SOA).
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I. INTRODUCTION

ADIO over fiber (RoF) has been considered a promising

way for broadband wireless communication, antenna
remoting, and radar applications [1]-[4]. To realize system
reconfiguration, function switching, or signal routing of RoF
systems, RF switching is always required [1]-[6]. As com-
pared with pure electronic switching technologies, the lim-
itations with electromagnetic isolation, working bandwidth,
and switching speed can be broken through by photonic
microwave switching due to the photonic technologies’ advan-
tages. Previously, optical RF switching was realized using
the semiconductor optical amplifiers (SOAs), because the
ON- and OFF-states of the SOAs can be achieved by simply
controlling their bias currents [1], [7], [8]. A very high
switching speed can be achieved due to the nanosecond-level
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Fig. 1. Photonic microwave switching for RoF systems based on wavelength

conversion. WC: wavelength converter. SMF: single-mode fiber. WDM:
wavelength division demultiplexer.

rise or fall time supported by the SOAs. In addition, an SOA
itself can provide optical gain and is capable to be integrated
with other optical components. However, a switching matrix
consisting of a large number of SOAs is always needed, so the
system is complicated and costly.

Wavelength conversion via nonlinear effects in the SOAs
can also be used to realize photonic microwave switching,
such as cross-phase modulation (XPM) effect, cross-gain
modulation (XGM) effect, or four-wave mixing (FWM)
effect [9]-[11]. Fig. 1 shows the typical scheme of an N x N
photonic microwave switch based on wavelength conversion.
Different wavelength channels correspond to different out-
put ports. To avoid crosstalk between these outputs, which
would be a serious problem in analog systems, every sig-
nal after wavelength conversion should be restricted in one
wavelength channel. However, the conventional microwave
modulated optical signal after wavelength conversion [9]-[11]
is a double-sideband (DSB) modulated signal, i.e., both the
upper and lower sides of the optical carrier are modulated
with the same RF signal, which occupies a wide optical band-
width, making the sidebands easily leaking to the neighboring
outputs. To minimize the possibility of leakage, in this paper,
we will propose to generate optical single sideband (OSSB)
modulated signal within the wavelength converter. Apart
from the least optical bandwidth, OSSB modulation can also
overcome the dispersion-induced RF power fading problem,
especially for long-distance RoF applications [12].

In general, OSSB modulation can be achieved by using
optical filters to remove the unwanted optical sidebands
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of a DSB-modulated signal [13], optical injection locking
of laser diodes [14], using stimulated Brillouin scattering
effect [15], or by incorporating a dual-drive Mach—Zehnder
modulator (MZM) together with a 90° or 120° electrical
hybrid [12], [16], [17]. The nonlinear effects in the SOAs
can also be used to implement OSSB [18]-[21]. In [18],
self-phase modulation (SPM) in an SOA, which introduces
a m/2-phase difference to the phase and amplitude terms of
a DSB modulated optical signal, is employed to realize the
OSSB modulation. The sideband suppression ratio (SSR) can
be further improved by using the polarization dependence
of the SPM and self-gain modulation effects [19]. However,
the polarization-dependent operation would make the system
sensible to environmental variation. Quasi-OSSB modulation
can also be realized based on the coherent population oscilla-
tion effects in a nonlinear SOA [20], but the SSR is usually
small. In [21], an SOA-based OSSB modulation is realized by
using the XPM and FWM effects. However, both the probe
and pump lights should be modulated, and the modulated
probe and pump signals’ phase difference must be adjusted
precisely. In addition, for the previously reported schemes,
the photonic microwave switching and the OSSB modulation
are usually achieved by using two different schemes, which
makes the system bulky and complicated. Thus, realizing the
two functions simultaneously in the same scheme is highly
desirable to make the system simple and suitable for RoF
applications.

Recently, we have proposed a novel approach to implement
the photonic microwave switching using OSSB wavelength
conversion in an SOA [22]. The photonic microwave switching
and OSSB modulation are simultaneously realized in a single
scheme. Due to the use of FWM effect, the switching system
also has the special feature of being transparent with modula-
tion format and data rate for a large wavelength working range.
This feature is very important, since the RoF applications
are usually required to handle large-bandwidth analog signals.
However, it is insufficient to understand the approach, since
only some preliminary experimental results are reported.

In this paper, a comprehensive theoretical and experimen-
tal investigation is performed on the photonic microwave
switching based on OSSB wavelength conversion. Section II
introduces the principle of the proposed photonics-based
microwave switching using OSSB wavelength conversion in
an SOA. In Section III-A, photonic microwave switching
of a 200-Mb/s 16-QAM signal centered at 20 GHz is per-
formed experimentally, and a simultaneous OSSB modulation
of the switched signal with 22.65- and 17.85-dB SSR is
realized for wavelength down- and up-conversion, respec-
tively. An investigation of the transmission performance of
the OSSB switched signals in an optical link is also taken in
Section III-A. Section III-B investigates the influence of the
key parameters of pump and probe powers, the modulation
depth of the probe signal and the SOA bias current. Section IV
gives the conclusion.

II. PRINCIPLE

The simplified configuration of the proposed photonic
microwave switching (i.e., 1 x N scheme) is shown in Fig. 2.

WDM PD1

-0 s

| Domain 1

m PDm
SMF

Domain m

Fig. 2. (a) Configuration and (b) experimental setup of the proposed
OSSB wavelength conversion-based photonic microwave switch. PC: polar-
ization controller. ATT: attenuator. MZM: Mach—Zehnder modulator. SMF:
single-mode fiber. OC: optical coupler. SOA: semiconductor optical amplifier.
WDM: wavelength division demultiplexer. PD: photodetector.

An RF signal of €, is modulated on a lightwave with a
frequency of wprope at an MZM to generate a DSB-modulated
probe signal. A continuous wave pump of wpump is then
coupled with the probe signal and injected into an SOA.
The injected optical power is controlled by a tunable optical
attenuator. The SOA used in the scheme is assumed to be
polarization-independent, so the FWM’s polarization depen-
dence is not considered [23]. The FWM effect in the SOA
generates two new components at wes = 2a)pump — @probe
and wjdle = 2Wprobe — Wpump, Tespectively [24]. By using an
optical filter, the signal at w5 can be selected. Denoting the
optical field of the optical pump and probe signal as Epymp and
Eprobe, respectively, the signal generated at acs can be written
as [8], [25]

1 1—ia 1 1—ip 1

Es=——|77FT—"7" —+—7— —

211 —iwgr, I 1 —iwgr, I
XIEpumPIZE;robe (1)

where o is the SOA’s linewidth enhancement factor,
W4 = Wpump — Wprobe 18 the frequency detuning, 7, and 7. are
the relaxation time constants for nonlinear gain and carrier
density modulation, [, and I; are the saturation powers for
nonlinear gain and carrier density modulation, and S denotes
the real and imaginary parts ratio of the gain nonlinearity
induced refractive index change. As can be seen, the gener-
ation of FWM signal consists of the contribution from the
nonlinear gain and the carrier density modulation, and the
signal at wcs is the replica of the optical probe with a
conjugated phase.

Meanwhile, the optical probe experiences the SPM effect
in the SOA, introducing a phase difference of ¢ between the
frequency component in the amplitude (~sin(€2,¢)) and that
in the phase (~sin (Q,,7 + ¢)) [18], [19]. Taking into account
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the SPM effect in the SOA, (1) can be rewritten as
1 l1—ia 1 1—ip 1 2
Ees = —— S —E
e 2 [1 el A - 1,,} | Epumpl
-Eo [1 n %sin(ﬂmt)]

X exp {—i[a)cst 4 ? §in(Qt + ¢>)]} )

where Ey is the amplitude of the carrier, m is the RF modu-
lation index, and ¢ denotes the chirp parameter of the SPM.
According to [18], ¢ is close enough to z/2 at high frequency,
so an OSSB modulation at the optical carrier of ws is realized.
In this way, the RF signal is transferred from the optical
carrier of wprope t0 s by using the nonlinear effects of the
SPM and FWM, and an OSSB modulation is simultaneously
realized. By carefully selecting wprobe OF Wpump, Wes can fall in
the wavelength span of one channel of a wavelength division
demultiplexer (WDM), so the RF signal carried by the OSSB
signal with the optical carrier frequency of wcs is directed to
a targeted path.

The proposed scheme could have a wide wavelength
range, since the FWM effect is nearly free of phase mis-
matching problem [24], [26]. The wavelength range of the
FWM-based wavelength conversion can be further increased
if an SOA with longer active region is applied. For example,
an SOA with 1.5-mm-long active region enabled wavelength
down-conversion within a 30-nm range and up-conversion
with a 15-nm range [27]. In addition, from (2), the SSR of
the switched OSSB signal is determined by ¢. When ¢ is
exactly 7/2, a switched OSSB signal with one sideband com-
pletely suppressed will be achieved, and when ¢ is deviated
from z/2, the SSR will be decreased. According to [19], ¢ is
given by

¢ = — arctan(Qy, - Tefr)

3)

where 7. is the SOA’s effective carrier recovery time. For a
certain value of teff, ¢ is close enough to #/2 if Q, is
sufficiently large, and the larger Q,, is, the larger the SSR
will be. Therefore, the proposed scheme can allow a large RF
bandwidth especially in the high-frequency regime.

III. EXPERIMENTAL RESULTS AND ANALYSES

An experiment is performed with the setup shown
in Fig. 2. A tunable laser source with four channels
(Agilent N7714A) is used to provide the probe and the pump
lightwaves, and the wavelength stability is 2.5 pm. The MZM
(Fujitsu FTM7938EZ-A) has a 40-GHz working bandwidth
and a 2.1-V half-wave voltage. The bandwidth and respon-
sivity of the PD (u?r, XPDV21xxR) is 50 GHz and 0.65 A/W,
respectively. The SOA (Kamelian SOA-NLLI1-C-FA) has a
25-ps gain recovery time and a 1-dB polarization dependence.
A PC is inserted before the SOA to adjust the polariza-
tion state. A vector signal generator (Agilent E8267D) is
used to generate the RF signals. An eight-channel standard
WDM with 200-GHz channel spacing is introduced to select
the switched signal. The optical spectra are observed with
an optical spectrum analyzer (Yokogawa AQ 6370C) with
a 0.02-nm resolution, and a signal analyzer (Agilent N9030A)
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Fig. 3. Measured 1551.71-nm probe signal carrying an RF signal with a

frequency of (a) 5, (b) 10, and (c) 20 GHz after the SOA when the pump is
disconnected.

is used to measure the electrical signal before and after
switching. In addition, the transmission performance of the
switched OSSB signal is evaluated with a vector network
analyzer (Agilent N5230A).

A. OSSB Wavelength-Based Photonic Microwave Switching

The OSSB wavelength conversion-based photonic
microwave switching is verified. The wavelengths of
the probe and the pump are fixed at 1551.71 and 1550.14 nm,
respectively. When the optical carrier wavelength after
conversion (@cs) is shorter than that before conversion (@probe ),
a wavelength down-conversion is performed. A 200-Mb/s
16-QAM signal with a power of 6 dBm is modulated on
the probe lightwave. The power of the optical probe injected
into the SOA is 2.41 dBm, and that of the optical pump is
2.52 dBm. Thus, the optical probe-pump ratio is calculated
to be —0.11 dB. The SOA is biased at 185 mA.

First, OSSB generation based on the SPM effect in the SOA
is investigated by only injecting the probe signal into the SOA
and disconnecting the pump signal. In order to investigate
the relationship between the SSR and the modulating RF fre-
quency, RF signals with the frequencies of 5, 10, and 20 GHz
are used. The measured optical spectra of the output signals are
shown in Fig. 3. As can be seen, the OSSB signals are realized.
The SSR, defined as the two first-order sidebands’ power ratio,
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Fig. 4. Measured optical spectrum of the output signal with both the probe
and pump signals injecting into the SOA.
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Fig. 5. Measured optical spectrum of the switched signal with the optical

carrier wavelength of 1548.553 nm. Inset: measured constellation diagram
of the switched signal with a —2-dBm received optical power injected into
the PD.

is 16.26, 21.47, and 25 dB, respectively, which increases with
the increasing of the modulated RF frequency. This phenom-
enon agrees well with the relationship between ¢ and Q,
indicated in (3), showing that the phase and amplitude terms
of the frequency component have a phase difference with the
value of nearly z/2, which is indeed introduced by the SPM
effect in the SOA [18], [19].

Then, with both the probe and pump signals being injected
into the SOA, the joint FWM and SPM effects in the
SOA will enable simultaneous wavelength conversion and
OSSB generation. Fig. 4 shows the optical spectrum of the
SOA’s output when a 200-Mb/s 16-QAM signal centered
at 20 GHz is modulated on the probe lightwave. As expected,
the information carried by the probe is successfully copied
to 1548.553 nm, and the wavelength-converted signal is an
OSSB signal. If a WDM is followed, the information will be
switched to the channel that covers 1548.553 nm. By adjusting
the pump or probe wavelengths, different wavelength carrying
the RF signal can be obtained, which will be directed to differ-
ent channels by the WDM. Photonic microwave switching is
thus implemented. The signal at the pump wavelength is also
modulated, which is resulted by the XGM effect in the SOA.

Via the WDM, the switched signal with the carrier wave-
length of 1548.33 nm will be selected and the other signals will
be rejected. In this way, the overlapping of the idler signals
to the wanted wavelength-converted signals will be avoided.
Fig. 5 shows the switched signal with the optical carrier
wavelength of 1548.33 nm. Accompanied with the wavelength
conversion, OSSB modulation is implemented. The SSR is
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Fig. 6. Measured EVM values versus the optical power received by the PD
without and with photonic microwave switching based on wavelength down-
conversion.
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Fig. 7. Measured transmission responses over a 9-km optical link

with and without the photonic microwave switching based on wavelength
down-conversion.

22.65 dB, ~3 dB smaller than the case with only the probe
signal being injected into the SOA. It is because the pump
signal’s presence changes the carrier density in the SOA,
leading to a different ¢ in (2). With —2 dBm received
optical power injected into the PD, a 3.019% error vector
magnitude (EVM) value is achieved with the switched signal.
Fig. 5 (inset) shows the constellation diagram, confirming the
good quality of the switched signal.

Fig. 6 shows the EVM values versus the optical power
received by the PD without and with the proposed switching,
where the condition without switching gives the back-to-back
curve. By applying the 5.6% EVM threshold [28], the power
penalty, which is the received optical power’s increasing to get
the same EVM value, is only 1.81 dB. The main contribution
of the power penalty is the modulation format difference
before and after switching. Assuming the same modulation
index, in order to get the same RF power achieving the same
signal-to-noise ratio (SNR), more optical power is needed
for the OSSB modulation format compared with the DSB
modulation format.

The transmission performance of the OSSB switched signals
in an optical link is investigated. The transmission responses
over a 9-km single mode fiber (SMF) optical link with and
without the photonic microwave switching based on wave-
length down-conversion are shown in Fig. 7. Since the signal
without the proposed switching has a DSB modulation format,
it will undergo serious dispersion-induced RF power fading,
especially at the points of 20.48 and 35.26 GHz. On the
other hand, the transmission response of the optical link
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Fig. 9. Measured optical spectrum of the switched signal with the carrier

wavelength of 1554.91 nm for photonic microwave switching based on
wavelength up-conversion. Inset: measured constellation diagram with the
optical power received by the PD being —2 dBm.

with the proposed photonic microwave switching is relatively
flat. For the frequencies higher than 35 GHz, the frequency
response with the photonic microwave switching is going
down, limited mainly by the SOA’s carrier recovery time.

The photonic microwave switching based on OSSB wave-
length up-conversion, by which the switched optical carrier’s
wavelength (ws) is longer than the probe signal’s wave-
length (wprobe), is also implemented. The probe and pump
signals’ wavelengths are set to be 1551.71 and 1553.31 nm,
respectively. The optical power of the probe and the pump
are 2.41 and 0.52 dBm, respectively, so the probe-pump power
ratio is 1.89 dB.

Fig. 8 shows the optical spectrum at the SOA’s out-
put for photonic microwave switching based on wave-
length up-conversion. The signal is copied to the wavelength
of 1554.91 nm successfully, and the switched signal is an
OSSB-modulated signal. Fig. 9 shows the switched signal’s
optical spectrum in detail. The SSR is 17.85 dB. The constel-
lation diagram is also shown when the optical power received
by the PD is —2 dBm, giving an EVM value of 3.805%.

Fig. 10 shows the EVM values versus the optical power
received by the PD for the conditions with and with-
out the photonic microwave switching based on wavelength
up-conversion, respectively. The photonic microwave switch-
ing introduces a 1.39-dB power penalty if the EVM threshold
of 5.6% is applied. This power penalty is smaller than that
based on wavelength down-conversion. However, the EVM
degradation at high input optical power regime is relatively
large, as compared with Fig. 7. The transmission performance

249
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Fig. 10. Measured EVM values versus the optical power received by the
PD without and with the photonic microwave switching based on wavelength
up-conversion.
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Fig. 11. Measured transmission responses over a 9-km optical link with

and without the photonic microwave switching based on wavelength up-
conversion.

of the OSSB switched signal in the 9-km SMF link is shown
in Fig. 11. By introducing the OSSB switching, the chromatic
dispersion-induced RF power fading effect is effectively sup-
pressed. By comparing Figs. 7 and 11, the frequency response
in the wavelength up-conversion case is generally smaller
than that of the wavelength down-conversion case, because
the conversion efficiency based on FWM effect in SOA for
wavelength down-conversion is larger than that for wavelength
up-conversion [23], [24], [27].

B. Investigation of the Key Parameters Influences

The performance of the photonic microwave switching
can be evaluated by the SSR and the EVM of the OSSB
switched signal. Based on (2), the SSR value is affected by the
modulation depth of the optical probe signal, the optical pump
and probe power injected into the SOA, and the SOA’s overall
saturation level (partly related to the SOA’s bias current).
In order to optimize the system performance, the influences of
the system’s key parameters, i.e., the optical probe and pump
power, the optical probe-to-pump power ratio, modulation
depth and the bias current of the SOA, are investigated.

Fig. 12(a) shows the SSR versus the total injected optical
power. The wavelengths of the probe and the pump are fixed
at 1551.71 and 1550.14 nm, respectively, and the optical
probe-pump power ratio is fixed at 0 dB. The RF signal’s
power is set to be 6 dBm. The SOA is biased with a current
of 185 mA. As can be seen, with the total input optical power
increased from around —3 dBm, the SSR value increases.
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When the total injected power is tuned to be 5.46 dBm,
the SSR reaches its maximal value of 22.65 dB. Then, the SSR
value decreases with the increasing of the total injected optical
power. Fig. 12(b) shows the EVM value versus the total
injected optical power when a 200-Mb/s 16-QAM RF signal
centered at 20 GHz is modulated. With the total injected
optical power of 5.46 dBm, the minimal EVM of 3.019% is
observed. An optimum value of the injected optical power
exists, and low optical SNR causes the results left from the
optimum point, while the SOA’s deep gain saturation causes
the results right from the optimum point.

Fixing the total input optical power at 5.46 dBm, the influ-
ence of the optical probe-pump power ratio on the perfor-
mance of photonic microwave switching can be investigated.
As shown in Fig. 13, there also exists an optimal optical probe-
pump power ratio (about —0.11 dB) for both the SSR and
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Fig. 14. (a) Measured SSR and (b) measured EVM of the switched signal

at 1548.33 nm versus the 20-GHz RF signal’s power.

the EVM performance of the switched signal. We ascribe this
to FWM efficiency’s dependence on the optical probe-pump
power ratio in the SOA [24], [29]. From (2), the generation of
signals at new wavelengths is contributed jointly by both the
amplitudes of the optical probe and pump signals injected into
the SOA. Thus, an optimum pump power exists for a probe
power value when the total input optical power is fixed, which
means that an optimum optical probe-pump power ratio exists.

Fig. 14 shows the impact of the modulated RF signal’s
power on the SSR and EVM of the switched signal. The SOA
is biased at 185 mA. The power of the 1551.71-nm probe
signal is 2.41 dBm, and that of the 1550.14-nm pump signal
is 2.52 dBm. Fig. 14(a) shows the SSR of the switched signal
versus the modulated 20-GHz RF signal’s power. As can be
seen, there exists an optimal RF power (i.e., 6 dBm) with
which the SSR has the largest value of 22.65 dB. Fig. 14(b)
shows the EVM of the switched signal versus the modulated
RF signal’s power. With the optimal RF power of 6 dBm,
the EVM reaches its smallest value of 3.019%. When the
RF power is lower than 6 dBm, the EVM value decreases with
the RF power’s increasing, because the modulation depth as
well as the SNR is increased. When the RF power is higher
than the optimal value, the increasing of the RF power leads
to the increasing of the EVM value, which is due to the
modulation nonlinearity of the MZM.

The influence of the SOA’s bias current is also investigated.
The results are shown in Fig. 15. Being modulated by a
20-GHz 6-dBm RF signal, the 1551.71-nm 2.41-dBm probe
signal is combined with the 1550.14-nm 2.52-dBm pump
signal and then injected into the SOA. As shown in Fig. 15(a),
the optimal SOA bias current to achieve the best SSR perfor-
mance is 185 mA. In addition, the best EVM of 3.019% is also
achieved when the bias current of the SOA is 185 mA. This is
because many of the parameters in (2), in general, depend on
the overall saturation level of the SOA [24]. An optimum bias
current of the SOA exists to achieve a proper overall saturation
level and make the performance optimum.
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Fig. 15. (a) Measured SSR and (b) measured EVM values of the switched
signal at 1548.33 nm versus the SOA bias currents.

The set of the optimized key parameters for the wave-
length up-conversion condition can also be investigated in
the same way. The relationship between the parameters and
the system performance are the same for the case of wave-
length down-conversion. When the wavelength of the probe
signal is set to be 1551.71 nm, and the pump signal is
fixed at 1553.31 nm, and the optimized optical power of the
probe and the pump are 2.41 and 0.52 dBm, respectively.
The optimized total input optical power is 2.93 dBm, and the
optimized probe-pump power ratio is 1.89 dB. The SOA bias
current is 185 mA. With these optimized parameter values,
the SSR performance of the system is 17.85 dB, and the EVM
value is 3.805% when the optical power injected into the PD
is —2 dBm. It can be seen that the optimized parameters for
the two cases have different values. This is mainly due to the
difference of the conversion efficiency based on FWM effect
in SOA between wavelength down- and up-conversion.

IV. CONCLUSION

A novel photonic microwave switching was proposed
and investigated based on OSSB wavelength conversion in
an SOA. The fast response of the SPM and FWM in the
SOA guarantees fast switching speed, and the FWM makes
the photonic microwave switch transparent for modulation
format and data rate over a wide wavelength range. In addi-
tion, OSSB modulation occupies the least optical bandwidth,
which minimizes the crosstalk of the system and overcomes
the dispersion-induced RF power fading in long-distance
ROF systems. The proposed scheme could have a wide wave-
length range, and allow a large RF bandwidth especially in
the high-frequency regime. A 200-Mb/s 16-QAM centered
at 20 GHz is experimentally switched to a targeted path,
and an OSSB modulation with an SSR of 22.65 or 17.85 dB
is generated for the photonic microwave switching based on
wavelength down- or up-conversion, respectively. The scheme
is simple, since only a single SOA is used, which can find
application in the future microwave photonic systems.
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