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Abstract: A widely tunable single-passband microwave photonic filter (MPF) based on a
distributed-feedback semiconductor optical amplifier (DFB-SOA) is proposed and expe-
rimentally demonstrated in this paper. The fundamental principle is to recover the sup-
pressed optical carrier from a passband optical filter by the wavelength-selective
amplification via a DFB-SOA. A microwave signal is then generated by beating the recov-
ered optical carrier with the phase-modulated lower sideband, and thus, an MPF is
achieved with the shape of the passband optical filter that is mapped from the optical
domain to the electrical domain. By tuning the central wavelength of the passband optical
filter, a single-passband MPF with a frequency tuning range from 5 to 35 GHz is obtained.
The 3-dB bandwidth and the out-of-band suppression ratio are measured to be 4 GHz
and 20 dB, respectively. In addition, the tunability of the MPF that is dependent on the
driven current of the DFB-SOA is also experimentally investigated.

Index Terms: Radio frequency photonics, laser amplifiers, frequency filtering.

1. Introduction
Microwave photonic filters (MPFs) have attracted considerable interest over the past few years
thanks to the advantageous features such as large frequency coverage, flexible tunability, light
weight, and immunity to electromagnetic interference [1]–[5]. Therefore, for many applications in
wireless communication, modern radar, and electronic warfare systems, MPFs are highly desired
for processing broadband and high-frequency microwave signals and are comparable to conven-
tional electrical filters [6]. Typical techniques for realizing MPFs are based on optical delay line
structures [7]–[9]. However, due to the nature of the discrete time signal processing, multiple har-
monic passbands are achieved with poor tunability. In the past years, the realization of a single
passband MPF with wideband tunability is of great interest for its important use in microwave sig-
nal processing application. Many approaches have been reported to achieve a single passband
MPF by using a broad optical source combing with a spectrum slicer such as a Mach–Zehnder
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interferometer (MZI) or a Waveshaper [10]–[12]. However, the MZI without well-designed pack-
aging is sensitive to the ambient changes and the Waveshaper is costly and bulky. A single
bandpass MPF can also be realized based on phase modulation to intensity modulation (PM–IM)
conversion, using a Fabry–Pérot laser diode [13], a ring resonator [14], [15], fiber Bragg gratings
(FBGs) [16]–[19], or stimulated Brillouin scattering (SBS) in a nonlinear fiber [20]–[23]. By filtering
or amplifying one of the modulated sidebands, the phase modulated signals can be transferred
to the intensity modulated signals and thus the shape of the optical filter or amplifier can be
mapped to the amplitude response of the MPF. In [17], a tunable single passband MPF using a
phase-shifted FBG was obtained. However, the frequency tuning range is restricted by the band-
width of the phase-shifted FBG. Furthermore, since this scheme must filter the remaining side-
band while keeping a strong optical carrier and, thus, results in a challenge of freedom in
passband shape design, tuning range, and device complexity. To overcome the limitation, a tun-
able single passband MPF based on Brillouin-assisted optical carrier recovery in a high nonlinear
fiber was proposed [22]. The central frequency of the MPF can be tuned over a wide range from
9.5 to 32.5 GHz by simply adjusting the wavelength of the optical carrier. However, due to the
use of the frequency shifter for the optical carrier recovering based on SBS amplification, the sys-
tem is costly and complex.

In this paper, we propose a novel approach to implementing a widely tunable single passband
MPF based on a distributed-feedback semiconductor optical amplifier (DFB-SOA). A DFB-SOA
is related to a DFB laser biased below lasing threshold that combines the functions of optical
spectrum selectivity and optical power amplification [24]. The proposed MPF is realized by map-
ping the shape of a tunable optical passband filter from the optical domain to the electrical do-
main. When the phase modulated signal is sent into the optical filter, the lower sideband will
pass through it while the optical carrier and the upper sideband are significantly suppressed. Af-
ter that, the optical carrier is then recovered owe to the wavelength-selective amplification of the
DFB-SOA. Through PM–IM conversion, a microwave signal is generated at the photodetector.
The proposed MPF is theoretically analyzed and experimentally demonstrated. By tuning the
central wavelength of the tunable optical passband filter, a frequency tuning range from 5 to
35 GHz is achieved. The 3-dB bandwidth and the out-of-band suppression ratio are 4 GHz and
20 dB, respectively. Additionally, the tunability of the MPF dependent on the driven current of
the DFB-SOA is also experimentally investigated. It worth noting that the 3-dB bandwidth can
be largely reduced by using an optical filter with narrow bandwidth, such as a �-phase-shifted
FBG or a high-Q micro-ring resonator. Furthermore, our proposed MPF also shows a potential
application as an optical vector network analyzer (OVNA).

2. Principle
The key device of our proposed MPF is DFB-SOA. The schematic diagram of the DFB-SOA is
shown in Fig. 1. As can be seen, two concatenated identical uniform fiber Bragg gratings
(FBGs) with a central �-phase-shift between them are built outside the active layer of the
DFB-SOA. Both the front and rear facets of the phase-shifted DFB-SOA are coated with anti-
reflection (AR) films and thus the input optical signal can pass through the device. An external
current is injected into the phase-shifted DFB-SOA to adjust the gain of the active layer.

Fig. 1. Schematic diagram of the DFB-SOA.
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According to the coupled-mode equations and transfer-matrix method, the gain spectrum of the
DFB-SOA can be obtained as [25]

Gð!Þ ¼ 1

j k2

�2
sinh2ð�lÞ � j coshð�lÞ � j �� sinhð�lÞ

h i2� � (1)

where j ¼ ffiffiffiffiffiffiffi�1
p

, and ! represents the optical angular frequency. k is the coupling coefficient, l is
the length of the FBG, and � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � �2

p
. � denotes the complex detuning, which is defined by
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!

c
� �

�
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2
�� j
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2
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where neff is the effective mode refractive index, c is the velocity of light in vacuum, � is the grat-
ing period, and � is linewidth enhancement factor of active layer. g ¼ �aN0ðI=I0 � 1Þ is the power
gain coefficient in unsaturated condition. � is the confinement factor, a is the differential gain, N0

is the carrier density at transmission, I0 is the current required to reach transparency, and �int is
the internal loss coefficient. Therefore, it can be seen from (1) and (2) that the gain spectrum of
the DFB-SOA is dependent on the injected current. By simply controlling the injected current, the
resonant wavelength can be shifted and power gain can be changed.

The schematic diagram of the proposed tunable single passband MPF is shown in Fig. 2, con-
sisting of a tunable laser source (TLS), a phase modulator (PM), a tunable optical filter (TOF), a
DFB-SOA and a photodetector (PD). In the proposed MPF, a continuous wave (CW) lightwave
from the TLS is sent to the PM to be phase modulated by a microwave signal. The phase modu-
lated signal is then directed to the TOF which has a bandpass response with a central fre-
quency deviated from the optical carrier. Within the TOF, the lower sideband which is located in
the passband passes while the optical carrier and the upper sideband which are located in the
stopband are deeply suppressed. The optical carrier-suppressed single-sideband signal is then
launched into the DFB-SOA. When the suppressed optical carrier falls in the range of the gain
spectrum of the DFB-SOA, it will be recovered as the result of the wavelength-selective ampli-
fication of the DFB-SOA. Through PM–IM conversion, a microwave signal will be generated at
the PD by beating the recovered optical carrier and the lower sideband. In our scheme, the
magnitude of the generated microwave signal varies with the magnitude of the lower sideband
corresponding to the transmission response of the TOF, and thus the MPF can be achieved
with the shape of the passband of the TOF which is mapped from the optical domain to the elec-
trical domain. The central frequency of our proposed MPF is dependent on the frequency

Fig. 2. Schematic diagram of the proposed MPF based on a DFB-SOA.
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spacing between the optical carrier and the central wavelength of the TOF. By changing the
central wavelength of the TOF or adjusting the optical carrier and the gain spectrum of the DFB-
SOA simultaneously, the central frequency of the single passband of the MPF could be tuned.
The bandwidth of the MPF is determined by that of the TOF.

Mathematically, the optical field at the PM under small-signal modulation is described as [26]

EPMðtÞ ¼ Aexp j!c t þ j�cosð!etÞ½ �
� AJ0ð�Þexpðj!c tÞ þ AJ1ð�Þexp jð!c t þ !etÞ½ � þ AJ�1ð�Þexp jð!c t � !etÞ½ � (3)

where A is the amplitude of the optical carrier from the TLS. !c and !e denote the angular fre-
quency of the optical carrier and the microwave signal, respectively. Jnð�Þ is the nth order of the
first kind Bessel functions and � is the phase modulation index of the PM.

By applying the Fourier transform to (3), the output optical signal from phase modulator in fre-
quency domain can be written as

EPMð!Þ ¼ 2�AJ0ð�Þ�ð!� !cÞ þ 2�AJ1ð�Þ� !� ð!c þ !eÞ½ � þ 2�AJ�1ð�Þ� !� ð!c � !eÞ½ �: (4)

Assuming the magnitude response of the TOF is Hð!Þ, which is centered at !c � !e with a
single-passband shape, the optical carrier-suppressed single-sideband signal output from the
TOF can be expressed as

ETOFð!Þ ¼ 2�AJ0ð�ÞHð!cÞ�ð!� !cÞ þ 2�AJ�1ð�ÞHð!c � !eÞ� !� ð!c � !eÞ½ �: (5)

The optical carrier-suppressed single-sideband signal is then launched into the DFB-SOA.
When the residual optical carrier is located in the range of the gain spectrum, it will be amplified
by the DFB-SOA. The optical carrier recovered signal output from the DFB-SOA can be ex-
pressed as

EDFBð!Þ ¼ 2�AJ0ð�ÞGð!cÞHð!cÞ�ð!� !cÞ þ 2�AJ�1ð�ÞHð!c � !eÞ� !� ð!c � !eÞ½ �: (6)

When Gð!cÞHð!cÞ > 1, the suppressed optical carrier could be effectively recovered by the
DFB-SOA. After square-law detection in the PD, the output microwave photocurrent for !e com-
ponent can be obtained as

ið!eÞ ¼ C � Hð!c � !eÞ (7)

where C ¼ 4�2A2J0ð�ÞJ�1ð�ÞGð!cÞHð!cÞ is a constant since it is the product of the magnitude
response of the optical filter and the DFB-SOA at the fixed frequency. The gain coefficient G
could be increased by tuning the injected current of the DFB-SOA. It can be clearly seen from
(7) that the phase modulated optical signal is converted to a microwave signal through PM–IM
conversion and thus the shape of the passband of the TOF is mapped from optical domain to
electrical domain. The central frequency of the proposed MPF is dependent on the frequency
space between the optical carrier and the central wavelength of the TOF. The tunable frequency
coverage is limited by the bandwidth of the PM and the PD.

3. Experiment
The experimental setup for measuring the transmission response of the proposed tunable single
passband MPF is shown in Fig. 3. The lasing threshold of the DFB-SOA is measured to be
23.1 mA. The gain spectrum of the DFB-SOA with an injection current of 23 mA is shown in
Fig. 4. It can be seen that the gain peak is located at 1546.39 nm. A CW lightwave from a TLS
(Agilent 8164B) with optical power of 14 dBm is sent to a PM via a polarization controller (PC).
The central wavelength of the lightwave is tuned to match the gain peak of the DFB-SOA. The
polarization state of the lightwave is adjusted by the PC to minimize the polarization-dependent
loss. The PM with a bandwidth of 40 GHz and a half-wave voltage of 6 V is driven by a sinusoidal
microwave signal from a vector network analyzer (VNA Agilent 8722ET) with a fixed power of
�5 dBm. At the output of the PM, the phase modulated signal is launched into a TOF (Yenista
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XTA-50) with a 3-dB bandwidth of 32 pm (i.e., 4 GHz) via an erbium-doped optical fiber amplifier
(EDFA). The EDFA amplifies the phase modulated signal to 22 dBm to compensate the inser-
tion loss of the TOF. The central wavelength of the TOF is firstly set to be 1546.25 nm. When
the microwave frequency output from the VNA is equal to the frequency spacing between the
optical carrier and the central wavelength of the TOF (i.e., 17.5 GHz), the lower sideband will
pass directly while the optical carrier and the upper sideband will be significant suppressed.
Fig. 5(a) shows the output optical spectrum from the TOF when a CW electrical signal with fixed
frequency of 17.5 GHz is applied to the PM. It can be obviously seen that the lower sideband re-
main unchanged while the optical carrier is deeply suppressed more than 50 dB. The filtered op-
tical signal is then directed to the DFB-SOA for wavelength-selective amplification. The insertion
loss of the DFB-SOA is about 10 dB. The output optical spectrum from the DFB-SOA is shown

Fig. 4. Measured gain spectrum of the DFB-SOA with driven current of 23 mA.

Fig. 3. Experiment setup for measuring the transmission response of the proposed MPF.

Fig. 5. Measured optical spectrum of the optical signal. (a) Before and after the TOF. (b) With and
without the wavelength-selective amplification of the DFB-SOA.
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in Fig. 5(b), corresponding to the case that the DFB-SOA is on (green) and off (blue). It can be
clearly observed that the suppressed optical carrier is effectively recovered about 22 dB. The
output optical signal from the DFB-SOA is then injected to a PD with a bandwidth of 40 GHz.
Through PM–IM conversion, a microwave signal at the output of the PD is generated, and it is
then sent back to the VNA for frequency response measurement.

Fig. 6(a) shows the measured magnitude response of the proposed MPF by sweeping the fre-
quency of the modulation signal from 50 MHz to 40 GHz. The central frequency of the passband
is 17.5 GHz, which shows a good agreement with the frequency spacing between the optical car-
rier and the central wavelength of the TOF. Moreover, the 3-dB bandwidth of the passband of the
MPF is equal to the one of the TOF indicates that the shape of the TOF is directly mapped from
the optical domain to the electrical domain. Additionally, the out-of-band suppression ratio of the
MPF is measured to be around 20 dB, which is high enough in most applications. It is worth not-
ing that the ripples in the passband may be resulted from the phase fluctuation induced by the
spontaneous emission of the DFB-SOA. The out-of-band suppression is mainly determined by
the amplification characteristics of the DFB-SOA. The tunability of the central frequency of the
MPF is achieved by tuning the central wavelength of the TOF. As can be seen from Fig. 6(b),
the tunable center frequency of the passband covers a range from 5 to 35 GHz. It is noted
that the tunable frequency coverage here is greatly limited by the bandwidth of the PM and
the PD. Thus, the tunable frequency coverage can be further extended by employing a PM and a
PD with a wider bandwidth. The total insertion loss of the MPF is about 45 dB. The large insertion
loss is mainly caused by the large loss of the TOF and the low optical-electrical conversion effi-
ciency of the PD. By using a high-power handing PD, the insertion loss can be greatly reduced.
Besides, the 3-dB bandwidth of the passband is largely dependent on the one of the TOF. If a
narrow bandpass optical filter such as a �-phase-shifted FBG or a high-Q micro-ring resonator is
employed, the bandwidth of the passband of our proposed MPF could be as narrow as hundreds
of MHz. Considering the wavelength shift under optical injection of the DFB-SOA [27], the central
wavelength of the TLS should be tuned correspondingly to match the gain peak to make the gain
maximum. Furthermore, the proposed tunable single passband MPF can also be regarded as a
high-resolution OVNA [28], [29], which offers major advantage of characterizing the transmission
response of the optical component with bandpass response.

As far as is known, the gain spectrum of the DFB-SOA will shift when the driven current is
changed [30]. Therefore, the tunability of our proposed single passband MPF can also be
achieved by tuning the driven current and adjusting the central wavelength of the optical carrier
to match the gain peak simultaneously. In order to verify the idea, another experiment based on
the same configuration is carried out and investigated. Fig. 7(a) shows the measured gain spec-
trum of the DFB-SOA biased at different current. It can be observed that, when the driven cur-
rent is closer to the lasing threshold of the DFB-SOA, the peak gain becomes larger and the
passband becomes narrower. Besides, as can be seen, the gain peak shifts from 1546.49 to
1546.39 nm corresponding to the driven current tuned from 20 to 23 mA. The gain peak shifts
toward the shorter wavelength side with the increasing driven current due to the refractive index
change in active region from carrier injection. The corresponding magnitude response of the

Fig. 6. Measured magnitude response of the MPF (a) with the central frequency of 17.5 GHz and
(b) with frequency tuning range from 5 to 35 GHz.
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proposed MPF is shown in Fig. 7(b). As can be seen, a single passband with a tunable range
from 17.5 to 30 GHz is obtained. The central frequency of the passband is determined by the
frequency space between the gain peak and the central wavelength of the TOF which is fixed to
be 1546.25 nm. In addition, the out-of-band suppression ratio of the MPF is deteriorated with
the decrease of the driven current of the DFB-SOA. This is resulted from the reduced magnitude
of the optical carrier due to the decrease of the gain peak. If a SOA is employed before the PD
to adjust the power of the optical signal, the out-of-band suppression ratio of the MPF under dif-
ferent driven current could be consistent. Furthermore, if the EDFA and the TOF used in our ex-
periment are replaced by SOA and waveguide filter respectively, our proposed system can be
implemented on a single chip using InP/InGaAsP platform [31], [32]. Therefore, our proposed
tunable single passband MPF may provide a simple and effective solution for microwave filter-
ing applications.

4. Conclusion
We have proposed a novel approach to implementing a widely tunable single passband MPF
based on a DFB-SOA in this paper. The proposed MPF is realized by utilizing the wavelength-
selective amplification of the DFB-SOA and mapping the passband of a TOF from the optical
domain to the electrical domain. The TOF is used to pass the lower sideband of the phase mod-
ulated signal and suppress the optical carrier. The suppressed optical carrier is then effectively
recovered by the DFB-SOA and beats with the lower sideband to generate a microwave signal.
Through PM–IM conversion, a single passband MPF is obtained with the shape of the TOF.
The bandwidth, tunability, insertion loss, and out-of-band suppression ratio of the proposed MPF
were investigated in the experiment. By tuning the central wavelength of the TOF, a single pass-
band MPF with frequency tuning range from 5 to 35 GHz was achieved. The 3-dB bandwidth and
the out-of-band suppression ratio were measured to be 4 GHz and 20 dB, respectively. The tun-
able frequency coverage can be further extended by increasing the bandwidth of the PM and the
PD. Furthermore, the 3-dB bandwidth can be largely reduced by using an optical passband filter
with narrow bandwidth. In addition, the tunability of the MPF dependent on the driven current of
the DFB-SOA was also experimentally demonstrated. By tuning the driven current of the DFB-
SOA and adjusting the central wavelength of the optical carrier simultaneously, a frequency tun-
ing range from 17.5 to 30 GHz was obtained. Finally, our proposed MPF also shows the potential
for integration, which may provide a simple and effective solution for microwave filtering
applications.
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