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The photonic microwave switching performances based on the cross gain modulation (XGM) effect in a
semiconductor optical amplifier (SOA) are experimentally investigated. The influences of the key para-
meters of the system, such as the optical power of the pump and probe signals, the SOA bias current and
the modulation depth are experimentally studied and analyzed to optimize the system performance.
Important performances of the linearity, the dynamic range and the polarization sensitivity of the
photonic microwave switching system are analyzed and discussed. The channel uniformities are also
investigated according to the requirements of the photonic microwave switching applications.
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1. Introduction

Radio frequency (RF) switches are used extensively in micro-
wave systems to realize signal routing, function switching or sys-
tem reconfiguration [1–5]. Conventionally, the RF switches are
realized in the electrical domain, which always have limited
bandwidth, slow switching speed and poor isolation. Thanks to the
advantages of the photonic technologies in terms of wide band-
width, flat response and immunity to electromagnetic inter-
ference, switching of RF signals in the optical domain can possibly
overcome the electronic limitations. Especially, the integrated
microwave devices are very promising for the switching applica-
tion because of their potential to reduce mass and size [6–8]. Al-
though many different types of photonic switches were developed
for digital optical communications in the past two decades [9–12],
most of them cannot be directly used for the switching of RF
signals because the photonic microwave switching has different
system indicators, such as switching efficiency, noise level, line-
arity and dynamic range [1–4]. In addition, channel uniformity of
the photonic microwave switches is of critical importance for ar-
rayed or parallel RF systems.

Previously, several techniques have been proposed and de-
monstrated to achieve the photonic microwave switching. One
widely-adopted scheme is the photonic switch matrix [1,13–15]. A
micro-electro-mechanical system (MEMS) based photonic crossbar
switch is used in [1] to realize the dynamically changing of the
functions of radar, communication, and electronic warfare.
ptics Communications (201
Linearity and dynamic range can be guaranteed to direct the RF
signals to the transmit array antenna quadrants corresponding to
different functions. However, the switching time of the MEMS-
based switch is limited. A time-domain switched radio-over-fiber
(RoF) network is realized by using a semiconductor optical am-
plifier (SOA) based switching matrix, which achieves the on- and
off- states via simply control of the bias currents of the SOAs
[14,15]. Only very small additional penalty is introduced by the
switches. But a huge number of SOAs must be applied for a
switching matrix, making the system complicated, costly and
power consuming.

Photonic switching of RF signals can also be accomplished
based on the nonlinear effects such as cross-gain modulation
(XGM), cross-phase modulation (XPM) and four-wave mixing
(FWM) in SOAs [16–21]. Among them, the switching based on
FWM effect has the feature of modulation-format and bit-rate
transparency, and the switching speed is fast. However, the
switching efficiency decreases fast with the increasing of the wa-
velength spacing of the pump and probe. The photonic switching
based on XPM effect in SOA has an improved extinction ratio, but
the system is complex since an interferometric structure must be
applied [20]. The XGM effect has shown to be useful for photonic
microwave switching to have relatively high switching efficiency
and compact structure [22]. But the channel uniformity, which is
very important for array system applications, has not been com-
prehensively investigated. Therefore, it is necessary to investigate
the performance especially the channel uniformity of the photonic
microwave switches, as the results would be an important gui-
dance for the application of this kind of switches in practical
system.
5), http://dx.doi.org/10.1016/j.optcom.2015.08.006i
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In this paper, the performance, especially the channel uni-
formity, of the photonic microwave switching based on the XGM
effect in a SOA is experimentally investigated. Parameters such as
the optical powers of the pump and probe signals, the bias current
of the SOA and the modulation depth of the pump signal are ad-
justed to optimize the system performance. Polarization sensitiv-
ity, linearity and dynamic range of the XGM-based photonic mi-
crowave switch are experimentally analyzed and discussed. The
channel uniformity of the photonic switching of RF signals for both
up- and down- converted signals are also investigated.
1 2 3 4 5 6
3.0
3.3
3.6
3.9
4.2
4.5

EV
M

(%
)

Optical power of pump signal (dBm)

Optical power of probe signal (dBm)

Pprobe=1 dBm
Pprobe =2 dBm

b

Fig. 2. (a) EVM versus probe power for different pump powers and (b) EVM versus
pump power for different probe powers.
2. Experimental setup

The schematic diagram of the photonic switching of RF signals
based on the XGM effect in a SOA is shown in Fig. 1. A lightwave
with a frequency of ωpump from the pump laser diode (LD) is
modulated by an RF data at a Mach-Zehnder modulator (MZM).
The modulated pump signal is then coupled with a continuous-
wave probe light with a frequency of ωprobe and injected into a
nonlinear SOA through an optical isolator. In the SOA, XGM is
utilized to realize the wavelength conversion, i.e. the RF data in the
pump signal is copied to the probe. By adjusting the wavelength of
the probe to be in consistence with one channel of an optical
wavelength division multiplexer (WDM), the RF signal brought by
the optical carrier at ωprobe can be directed to a desired path.
Photonic switching of RF signals is thus realized.

The major parameters of the devices used in the experiment
are as follows. The pump and the probe are generated by Agilent
N7714A tunable laser source with a wavelength stability of 2.5 pm;
the MZM (Fujitsu FTM7938EZ-A) has a bandwidth of 40 GHz and a
half-wave voltage of 2.1 V; the SOA (Kamelian SOA-NLL1-C-FA) has
a gain recovery time of 25 ps and a polarization dependent gain of
less than 1 dB; the PD has a bandwidth of 50 GHz and a re-
sponsivity of 0.65 A/W. The RF signal is generated by a vector
signal generator (Agilent E8267D). The switched signal is mea-
sured and analyzed by a signal analyzer (Agilent N9030A), and the
optical spectrum is monitored by an optical spectrum analyzer
(OSA) (Yokogawa AQ6370C) with a resolution of 0.02 nm.
3. Experiment results and discussion

In the first step, the influences of the key parameters of the
proposed photonic microwave switching system are investigated
in order to optimize the system performance. The wavelengths of
the pump signal and the probe signal are set to be 1555 nm and
1547.79 nm, respectively. A 50-Mbaud 16-QAM RF signal centered
at 19 GHz with a power of 6 dBm is modulated on the pump light.
Fig. 2 shows the effect of the probe and pump powers on the error
vector magnitude (EVM) performance when the SOA bias current
Fig. 1. Experimental setup of photonic switching of RF signals based on XGM in a
SOA. LD: laser diode; PC: polarization controller; MZM: Mach-Zehnder modulator;
OC: optical coupler; SOA: semiconductor optical amplifier; DWDM: dense wave-
length division multiplexing; and PD: photodetector.
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is fixed at 240 mA. The EVM values versus the probe power are
shown in Fig. 2(a), for pump powers of 4, 5, and 6 dBm, respec-
tively. As can be seen, for each pump power, there exists an op-
timum probe power with which the EVM has the smallest value. If
the probe power is lower than the optimum power, the smaller
the probe power is, the worse the EVM will be, since the optical
signal-to-noise ratio is reduced with the decreased probe power.
When the probe power is higher than the optimum power, the
increasing probe power leads to a decreasing EVM value. We at-
tribute this phenomenon to the gain saturation in the SOA which
degrades again the optical signal-to-noise ratio. In order to obtain
the optimum combination of the pump power and the probe
power, EVM values versus the pump powers are also measured
when the probe powers is fixed at 1 and 2 dBm, respectively, as
shown in Fig. 2(b). The best EVM values are achieved when the
pump powers are 5 dBm (for the probe power of 1 dBm) and
6 dBm (for the probe power of 2 dBm), respectively.

Fig. 3 shows the EVMs versus the received optical power at
different bias currents of the SOA. The pump and probe powers are
fixed at 6 and 2 dBm, or 5 and 1 dBm, respectively. The back-to-
back EVM curves without the photonic microwave switching are
also measured. As can be seen, for each SOA bias current, the
power penalty, defined as the increase in the received optical
power to maintain the same EVM value (5.6% for the 16-QAM
signal used here [23]) due to the optical switching, in the condi-
tion of 5-dBm pump power and 1-dBm probe power is generally
lower than that in the condition of 6-dBm pump power and 2-dBm
probe power. The smallest power penalty performance is achieved
when the SOA bias current is 240 mA in both conditions, i.e.
3.91 dB for the 5-dBm pump power and 1-dBm probe power case,
and 4.86 dB for the 6-dBm pump power and 2-dBm probe power
case. To explain why the best SOA bias current is 240 mA, the
amplified spontaneous emission (ASE) spectra of the SOA at dif-
ferent bias currents are measured, with the results shown in Fig. 4.
As can be seen, the lowest ASE noise level is achieved when the
bias current is 240 mA, which agrees well with the measured re-
sults in [14]. Based on the experimental observation, we can see
that the best performance of the XGM-based photonic microwave
switch can be achieved when the SOA bias current is 240 mA, the
pump power is 5 dBm and the probe power is 1 dBm. Fig. 5 shows
5), http://dx.doi.org/10.1016/j.optcom.2015.08.006i
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Fig. 3. EVM versus the received optical power for 50-Mbaud 16-QAM 19-GHz RF
signal without and with switching in the conditions of (a) 1555-nm 6-dBm pump
signal and 1547.79-nm 2-dBm probe signal and (b) 1555-nm 5-dBm pump signal
and 1547.79-nm 1-dBm probe signal.
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Fig. 4. The amplified spontaneous emission (ASE) spectra for SOA bias currents of
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Fig. 5. (a) The constellation diagram and (b) electrical spectrum of the switched RF
signal under the optimized settings.

Fig.6. The 19-GHz RF output power versus the RF input power at different SOA bias
currents with 5-dBm 1555-nm pump signal and 1547.79-nm 1-dBm probe signal.
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the constellation diagram and electrical spectrum of the switched
signal with an EVM of 3% under these optimized settings, showing
a good performance after switching.

The polarization sensitivity of the photonic microwave
switching scheme is also investigated. With the EVM of the RF
signal evaluated by 500 symbols being 3.6%, by tuning PC1 in the
pump branch to adjust the polarization state of the pump signal,
the variation of the EVM is within 0.7%, while the RF output power
variation is less than 1 dB. By changing the polarization state of the
probe light through adjusting PC2, the variation of the EVM is
within 0.3%, and the variation of the RF output power is less than
0.6 dB. The experimental results show that the photonic RF
Please cite this article as: D. Zhu, et al., Optics Communications (201
switching scheme based on the XGM in a SOA is almost polar-
ization insensitive.

Linearity is another important parameter of the photonic RF
switching. With 1555-nm 5-dBm pump signal and 1547.79-nm
1-dBm probe signal, Fig. 6 shows the 19-GHz single-tone RF output
power versus the RF input power when the SOA bias current is
fixed at 120, 180, 240 or 300 mA. We can see that with 240-mA
bias current, the RF output power is the highest at the same RF
input power, i.e. the switching efficiency is the highest. The linear
working range of the RF input power is about 19 dB, from �6 dBm
to about 13 dBm, for the 19-GHz RF signal. The upper bound is
restricted mainly by the sinusoidal transfer function of the MZM,
while the lower bound is existed because of the relatively large
noise introduced by the SOA. Fixing the SOA bias current at
240 mA, we also measured the EVM performance as a function of
the input RF power when the 19-GHz signal is used to carry a 50-
Mbaud 16-QAM signal, with the results shown in Fig. 7. Applying
the EVM threshold of 5.6% for 16-QAM signal, the dynamic range
of the RF input power is about 17.09 dB.

Two-tone measurements are used to further analyze the line-
arity of the photonic microwave switching. Two 19-GHz sine
waves separated by 10 MHz with 6-dBm power are generated by
Agilent 8267D and injected into the photonic microwave switch.
The output tones at the two frequencies as well as the in-band
third-order intermodulation (IMD3) tones are measured over a
range of input powers to obtain the spurious-free dynamic range
(SFDR). The SFDR performances without and with optical micro-
wave switching at different SOA bias currents are shown in Fig. 8.
The noise floor without the optical microwave switching is mea-
sured to be �161.83 dBm, while the values with the optical mi-
crowave switching are �164.05, �163.19, �157.42, and
�158.92 dBm for the SOA bias currents of 120, 180, 240, 300 mA,
respectively. Without the optical microwave switching, the SFDR is
96.43 dB Hz2/3. At the SOA bias currents of 120, 180, 240 and
300 mA, the SFDRs after optical microwave switching change to be
86.85, 88.19, 86.32 and 87.82 dB Hz2/3, respectively. We can see
that the lowest penalty of SFDR is about 8.24 dB when the bias
currents are 180 mA. For the condition with 240-mA SOA bias
current, the switching penalty of SFDR is 10.11 dB.

An important feature for the photonic RF switching is the
uniform channel-performances for both up- and down-converted
signals in the wavelength domain. Fig. 9(a), (b) and (c) show the RF
output power, the EVM performance and the SFDR of the photonic
microwave switching versus the wavelength of the probe signal
for both up- and down-conversion with 240-mA SOA bias current,
respectively. The SFDR values are all measured considering the
measured noise floor of �157.42 dBm for the 240-mA SOA bias
current condition. A 50-Mbaud 16-QAM RF signal centered at
19 GHz with a power of 6 dBm is modulated on the 5-dBm optical
pump signals. The wavelength of the pump signal is set to be
1555 nm for the down-conversion measurement and 1545 nm for
5), http://dx.doi.org/10.1016/j.optcom.2015.08.006i
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Fig. 8. The linearity performance of spurious-free dynamic range (SFDR) (a) with
no optical microwave switching; with optical microwave switching with 5-dBm
1555-nm pump signal and 1547.79-nm 1-dBm probe signal at SOA bias currents of
(b) 120 mA (c) 180 mA (d) 240 mA and (e) 300 mA.

1548 1549 1550 1551 1552 1553 1554
-60
-55
-50
-45
-40
-35

R
F 

O
ut

pu
t P

ow
er

 (d
B

m
)

Wavelength (nm)

 Down Conversion
 Up Conversion

1548 1549 1550 1551 1552 1553 1554
0
1
2
3
4
5

E
V

M
 (%

)

Wavelength (nm)

 Down Conversion
 Up Conversion

1548 1549 1550 1551 1552 1553 1554
50
60
70
80
90

100

S
FD

R
 (d

B
 H

z
3/

2
)

Wavelength (nm)

  Down Conversion
  Up Conversion

a

b

c

Fig. 9. (a) RF output power, (b) EVM and (c) the SFDR values of the photonic mi-
crowave switching versus the wavelength of the probe signal with 240-mA SOA
bias current, 5-dBm pump signal of 1555 nm for down-conversion and 1545 nm for
up-conversion.

D. Zhu et al. / Optics Communications ∎ (∎∎∎∎) ∎∎∎–∎∎∎4
the up-conversion measurement, respectively. The channel dif-
ference of the RF output power is about 2.04 dB for down-con-
version and 1.47 dB for up-conversion. The variation of the EVM
value among different channels is 0.286% and 0.177% for down-
conversion and up-conversion, respectively. The SFDR difference is
about 5.28 dB for up-conversion and 2.44 dB for down-conversion.
Thus it can be seen that the RF output power (representing the
switching efficiency), the EVM performance, and the SFDR of the
photonic microwave switching scheme show good uniformity for
both up- and down-conversion.

In addition, the high switching speed is also an important
feature for the practical applications. For the proposed photonic
microwave switching based on XGM effect, the switching time is
mainly limited by the carrier recovery time of the SOA, which is
about several hundred picoseconds [22]. Thus the switching time
is also in the order of hundred picoseconds. With this fast
Please cite this article as: D. Zhu, et al., Optics Communications (201
switching feature, the XGM-based SOA can be used in applications
where GHz switching speed is required. In addition, several
methods have been proposed to speed up the carrier recovery to
further increase the switching speed, e.g. the use of a holding
beam [24].
4. Conclusions

Photonic microwave switching is one of key technologies to
realize signal routing, function switching or system reconfigura-
tion in microwave system. We have experimentally investigated
the performance of the photonic microwave switching based on
the XGM effect in a SOA. For a single channel switching, the in-
fluences of the optical power of the pump and probe signals, the
5), http://dx.doi.org/10.1016/j.optcom.2015.08.006i
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SOA bias current and the modulation depth on the EVM penalty
are analyzed and discussed. Optimum probe power, pump power,
SOA bias current and modulation depth are obtained. The linearly
working range of the RF input power is about 17.09 dB. The SFDR
performance is analyzed for single-channel switching. An opti-
mum linearity penalty of about 8.24 dB is observed. The polar-
ization-insensitivity due to the low polarization dependence of the
SOA is also confirmed. Channel uniformities which are important
for the photonic microwave switching applications are also in-
vestigated. The switching efficiency and the EVM performances
have good uniformities for both up- and down- switched signals.
Good channel uniformity can also be found for the SFDR perfor-
mance of the photonic microwave switching. The channel uni-
formity opens the possibility of using photonic microwave
switching to realize the function switching and system re-
configurability in arrayed systems.
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