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Arbitrary-shaped Brillouin microwave photonic
filter by manipulating a directly modulated pump
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We present a cost-effective gigahertz-wide arbitrary-shaped
microwave photonic filter based on stimulated Brillouin
scattering in fiber using a directly modulated laser (DML).
After analyzing the relationship between the spectral power
density and the modulation current of the DML, we man-
age to precisely adjust the optical spectrum of the DML,
thereby controlling the Brillouin filter response arbitrarily
for the first time, to the best of our knowledge. The filter
performance is evaluated by amplifying a 500 Mb/s non-
return-to-zero on-off keying signal using a 1 GHz rectan-
gular filter. The comparison between the proposed DML
approach and the previous approach adopting a complex
IQ modulator shows similar filter flexibility, shape fidelity,
and noise performance, proving that the DML-based Brillouin
filter technique is a cost-effective and valid solution for micro-
wave photonic applications.  © 2017 Optical Society of America

OCIS codes: (060.5625) Radio frequency photonics; (290.5900)
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As a core microwave photonic component, the microwave pho-
tonic filter (MPF) has attracted consistent interest due to its
prominent superiority in tunability and reconfigurability [1,2].
The realization of the MPF can be roughly categorized into two
main approaches: one type is delayed-tap-based finite impulse
response filter in time domain [3]; the other one is based
on optical filtering techniques to filter the optical signal modu-
lated by the radio-frequency signal in the frequency domain
[4]. For both approaches, the research trend is always to
increase the flexibility while decreasing the cost.

Stimulated Brillouin scattering (SBS) is used for realizing
MPFs, thanks to its high selective amplification or absorption
[5-9]. The filter bandwidth can be broadened equivalently by
using either a multi-tone pump with a spacing less than the
natural Brillouin linewidth or a fast-frequency swept pump.
Previously, we have realized an arbitrary-shaped software-defined
MPF with ~15-MHz configurable resolution based on the SBS
effect in fiber, and we compared it with different techniques
in terms of filter control precision, frequency tuning range, and
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filter selectivity [9]. An accurate Brillouin pump spectral con-
trol scheme has been demonstrated utilizing single sideband
modulation to map the designed electrical spectrum onto the
optical domain. However, this approach required an IQ modu-
lator (IQM) with accurate bias control and a 90 deg hybrid
coupler. In addition, a digital-to-analog converter (DAC) with
a high sampling rate was necessary, which further increased the
cost. A directly modulated laser (DML) is a component widely
used in cost-sensitive scenarios. By adjusting the modulation
current, the optical spectrum of the DML can be controlled to
some extent [10,11]. However, the precise control of the DML
spectrum can be very difficult.

In this Letter, we present the capability of precisely and arbi-
trarily controlling the shape of MPFs by using a low-cost DML.
The designed modulation current is generated by a DAC with
only 1 GS/s sampling rate and is adjusted accurately with an
effective feedback algorithm. Rectangular MPFs with band-
widths from 500 MHz to 2 GHz are realized. MPFs with
arbitrary shapes such as truncated Gaussian, super Gaussian,
triangular, and their inverse shapes are also obtained. The filter
performance of the proposed DML approach and the previous
IQM approach has been evaluated by amplifying a 500 Mb/s
non-return-to-zero on—off keying (NRZ-OOK) signal. The
DML-based approach proves to have similar filter flexibility,
shape fidelity, and noise performance, but with far lower com-
plexity, which is preferable in cost-sensitive scenarios.

It is well-known that the current modulation of a DML not
only results in an intensity modulation (IM), but also gives rise
to a modulation of carrier density which, in turn, changes the
frequency of the output light [12]. Different from the external
modulation, the DML enables a considerable spectrum broad-
ening by using an electrical signal with large amplitude instead
of a large bandwidth, which reduces the requirement of the
signal generation. By using a broadened DML as a Brillouin
pump, the effective Brillouin gain spectrum can be expressed as
the convolution of the natural Brillouin gain with a broadened
DML spectrum [13]:

Gp(f) = expllgp(f) * Sp(f + Qp/2m)|Leg}, (1)

where Gg(f) is the gain of the signal, L g is the effective fiber
length, g5(f) is the natural Brillouin gain, and S,,(f + Q/27)
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is the power spectrum of the pump source. Note that the Brillouin
gain has a downward shift of Q. If the pump bandwidth is much
larger than the natural linewidth of the Brillouin gain, the gain of
the signal in the unit of decibels can be approximated by [10]

log[Gp(f)] « Sp(f + Qp/27). 2

We then use a simplified estimation to deduct the relation-
ship between the filter shape and the modulation current of the
DML. Under a slowly varying small signal condition, IM and
frequency modulation (FM) transfer functions can be consid-
ered. We can use a constant C; (mW/mA) to describe the
relationship between the output power variation and the
modulation current. At relatively low modulation frequency
(<1 GHz), we can use a constant C'y (MHz/mA) to describe
the linear relationship between the frequency chirp and the
modulation current where adiabatic chirp is dominant and
the transient chirp can be neglected [14]. The constant C ; here
can be seen as spectrum broadening efficiency. It implies that a
specific modulation current corresponds to a unique output
frequency, and the optical power spectral density of the
DML accords with the temporal distribution of the modulation
current value. After discretization, it is obvious that the optical
power at a specific frequency is proportional to the time dura-
tion for which the current stays at the corresponding value

Sp(f) < Ae(Iy). (3)
Combining Eqgs. (2) and (3), we finally get
log[Gp(f)] & At(If10,/20); (4)

which indicates that the Brillouin gain at a specific frequency in
the unit of decibels has a linear relationship with the time
duration of the current waveform at the corresponding value.
This deduction is the foundation of the filter shape design and
control. For simplicity, this estimation does not take into
account the thermal effect.

The filter control mechanism is composed of two parts: the
pre-design of the current waveform and accurate feedback ad-
justment. We first use Eq. (4) to design the waveform accord-
ing to the targeted filter shape. As sketched in Fig. 1, a linear
ramp is needed for a rectangular filter and a parabolic ramp for
a triangular filter. Here we use a non-periodic ramp to make
the laser spectrum continuous, thus avoiding unwanted peaks
within the Brillouin gain. The average duration of the ramps
is set to 10 ns so that only the adiabatic chirp is dominant.
Meanwhile, 10 ns is far smaller than the signal transmission
time through the fiber (~60 ps for a 12.5 km fiber), making
the swept pump equivalent to a broadband pump.
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Fig. 1. Sketch of generating a triangular filter by adjusting the
modulation current of a DML as a Brillouin pump.
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Due to the unconsidered IM modulation and weakly non-
linear FM modulation induced by the thermal chirp [15], the
designed waveform usually leads to an MPF with a non-ideal
shape. Thus, we propose a feedback algorithm for a more ac-
curate adjustment of the filter shape. We first measure the filter
shape by using an electrical vector network analyzer (EVNA).
Then we calculate the new time duration Az, for each
frequency component of the filter based on the relationship
between the Brillouin gain and the previous time duration
At, of the corresponding current /;:

Guf)=6:0)),
Gu(f?) ’

where Gj; and G 7 are the measured and targeted gain at fre-
quency [, and F, is an empirical factor for controlling the con-
vergence speed. After merely 3—7 iterations (related to the shape
precision) of the feedback adjustment, the pump waveform for
the targeted shape can be obtained and this optimal waveform
can be stored for future use with no need for further feedback.
It should be noted that the amplitude of the modulation
current defines the bandwidth of the MPF, which can be
reconfigured. The central frequency of the proposed MPF can
be easily changed by changing the wavelength of the DML
through the bias current or temperature. Thus, the proposed
MPF provides flexibility on the bandwidth, central frequency
and, most importantly, the filter shape at the same time.

We simulate this process with configurations mentioned
above. In the simulation, we set C; to 0.24 mW/mA and C
to 250 MHz/mA according to the specific laser we use. Figure 2
shows the designed waveforms and the corresponding rectan-
gular and triangular filter shapes before and after feedback
adjustment. The rectangular and triangular filters obviously
have better shape fidelity after the accurate feedback adjust-
ment. We also compare our simplified model with the model
using full coupled rate equations which describe the relation-
ship of the carrier density, the photon density, and the optical
phase [12,16]. The two models result in similar filter shapes,
validating our linear approximation under slowly varying small
signal modulation. Meanwhile, the simplified model is also
time efficient compared with the rate equation model where the
time-consuming integration is needed for obtaining accurate
numerical solutions.

Then we conduct the experiment adopting a DML-based
pump and compare the shape fidelity and performance with
the IQM approach. The experimental setup is shown in Fig. 3.
In the DML pump branch, a DML is driven by a well-designed
current waveform generated with a 1 GS/s DAC. After being
boosted by an erbium-doped fiber amplifier, the modulated
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Fig. 2. Simulation results of the designed waveforms and the cor-
responding filter shapes for (a) rectangular and (b) triangular cases
before and after feedback adjustment.
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Fig. 3. Experimental setup for generating and evaluating the
arbitrary-shaped filters with both DML and IQM approaches.

light is sent into a 12.5 km single-mode fiber (SMF) acting as
the Brillouin pump. A polarization controller is used to main-
tain the SBS gain at the maximum value. As long as the pump
and the probe signal are both single-polarized, this simple con-
trol can ensure the constant and stable gain. An alternative sol-
ution is to use a depolarized pump to make the SBS gain
polarization insensitive [8]. In the probe branch, a swept signal
covering the whole SBS gain region is generated by an EVNA.
It modulates the continuous-wave light in a Mach—Zechnder
modulator to generate the probe signal. After suppression of
the high-frequency sideband by a narrow optical bandstop fil-
ter, the probe light propagates through the fiber and is ampli-
fied when it sweeps within the SBS gain region, as shown in the
inset. Then the probe signal is detected by a photodiode (PD)
and is sent to the EVNA, where the amplitude and phase re-
sponse are measured. The SBS gain spectra are obtained by
comparing the results when the SBS pump is on and off.
First, we demonstrate rectangular filters with tunable band-
widths using the DML approach. The filter bandwidth is easily
reconfigured from 500 MHz to 2 GHz by changing the DAC
output voltage from ~0.1 to ~0.4 V which can be easily
reached for most of the DACs. The bandwidth broadening
efficiency here is ~5 GHz/V. The pump power is set to 18.0,
20.2, and 23.0 dBm for 500 MHz and 1 and 2 GHz filters,
respectively. As shown in Fig. 4, all the amplitude responses
of the filters have steep edges and flat passbands. The filter
selectivity demonstrated here is ~25 dB, but it can be further
increased to more than 50 dB when multi-stage amplification is
adopted [8]. The passband ripple is controlled within 1.5 dB,
leading to smooth phase responses. The original filter shape
without feedback adjustment is also given in the inset, showing
the validity of the feedback algorithm. Although the sampling
rate of the DAC is set to merely 1 GS/s, the filter bandwidth
reaches 2 GHz and can be further extended by increasing the
amplitude of the modulation current and the pump power,
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Fig. 4. (a) Amplitude and (b) phase response of rectangular MPFs
using the DML approach with different bandwidths. The inset in
(b) shows the 1 GHz DML-based filter without feedback adjustment.

which is limited theoretically by the Brillouin frequency shift
of ~11 GHz in fiber.

The filter shape can be defined precisely, manifesting the
advantage of the proposed approach. By using well-designed
current waveforms and applying the feedback adjustment
according to the targeted filter shape, the final MPF shapes
are obtained with high fidelity, as shown in Fig. 5, including
truncated Gaussian, super-Gaussian, triangular, and their in-
verse shapes with a 1 GHz bandwidth. The corresponding
phase responses are dependent on the specific filter amplitude
responses. The modulation current for each filter shape is dem-
onstrated in the insets. The adjustment of the feedback process
is elaborate and inconspicuous which, in turn, proves its high
accuracy. The arbitrary-shaped filter can be used for high-
resolution electrical or optical signal processing such as reshap-
ing the pulse [9]. It should be noted that the control precision
of the filter shape is also related to the stability of the DML
laser. The DML should be locked to the signal laser by opto-
electronic feedback or other methods if high shape fidelity is
required [17].

We then compare the rectangular filter generated by the
DML approach with the IQM approach. The IQM pump
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Fig. 5. (a), (b) Amplitude and (c), (d) phase response of arbitrary-
shaped MPFs using a DML with a pre-designed waveform and feed-
back adjustment. The insets are the corresponding current waveforms.
T, truncated; Gaus., Gaussian; S, super; Triang., triangular; I, inverse.
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setup is shown in Fig. 3. A 10 GS/s DAC with a high-gain
electrical amplifier is used to generate the multi-tone electrical
waveform. The high sampling rate ensures precise filter shape
control resulting in better performance. After being split into
two branches with a 90 deg difference in an electrical hybrid,
the waveform modulates the light of an external cavity laser
in the IQM. An accurate bias control system is required to main-
tain the IQM at the state of carrier suppressed single sideband
modulation. It is evident that the IQM approach with all the
peripheral components is more complex and expensive than
the DML approach with cost-efficient control circuits and a
low sampling rate DAC. The filter shape comparison is shown
in Fig. 6. The DML approach results in a similar passband ripple
and slightly less steep edges which leads to smaller phase variation
at two filter edges. For most applications, this minor shape deg-
radation is acceptable; in addition, the DML method greatly
simplifies the setups.

We further compare the performance of the filters in am-
plifying NRZ-OOK signals. The experimental setup has been
shown in Fig. 3 adopting a pulse pattern generator and a bit
error rate (BER) tester in place of the EVNA. The rectangular
filters are generated using both DML and IQM methods with a
25 dB gain and 1 GHz bandwidth, which have been shown in
Fig. 6. The bit rate of the signal is set to 500 Mb/s so that the
main lobe of the signal covers the whole Brillouin gain region
of 1 GHz. The signal power injected into the SMF is set to
-20 dBm when evaluating the filter performance and is
increased to -10 dBm, ensuring enough received power at
the PD when measuring the original case without filter. The
relationship between the BER and the received power of the
PD is shown in Fig. 7. At a BER close to 107, the presence
of rectangular filters does not induce obvious penalty. With the
increase of the received power, the penalty increases from
~1.5 dB at a BER of 10" to ~5 dB at a BER of 10~ due to
the spontaneous Brillouin emission [18]. However, if taking
into account the 25 dB gain that the filter induces, the power
budget is even increased by at least ~20 dB at a BER of 107°.
The eye diagrams also indicate that the performance difference
between these two approaches is indistinctive. Thus, the DML
approach with merely 1 GS/s DAC has almost the same per-
formance as the IQM approach adopting 10 GS/s DAC.

In summary, we have presented a cost-effective gigahertz-
wide arbitrary-shaped MPF solution. Instead of using a com-
plicated IQM setup and high sampling rate DAC, we use
merely a DML and a 1 GS/s DAC, but achieve similar perfor-
mance. With a well-designed current waveform and accurate
feedback adjustment, the filter shape has been arbitrarily
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Fig. 6. (a) Amplitude and (b) phase response comparison of the
rectangular filters between the DML and IQM approaches.
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Fig. 7. BER of 500 Mb/s NRZ-OOK signals with and without
the MPF.

controlled with high shape fidelity. The comparison between
the proposed DML approach and the previous IQM method
shows that the two solutions result in similar filter shapes
and indistinctive noise performance. The DML approach
has a much simpler structure and lower requirements for the
DAC while still keeping flexibility in the filter bandwidth, filter
center frequency, and most of all the arbitrary configured shape,
which is more suitable for cost-sensitive microwave photonic
or optical applications. It paves the road to realizing compact
MPFs and integrated instruments. Meanwhile, the proposed
spectrum tailoring technique can also be used for other scenar-
ios where high-precision DML output is desirable.

Funding. National Natural Science Foundation of China
(NSEC) (61575122).
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