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Implementation of microwave signal processing in the
optical domain has been a topic of interest in the past
2 decades due to the advantageous features provided by
photonics such as low loss, light weight, broad bandwidth,
large tunability, and insensitivity to electromagnetic
interference[1].
Many photonic signal processor filter structures have

been reported[2–9]. Microwave photonic notch filters with
negative coefficients are of interest due to their ability
of filtering out the DC component. Several negative-
coefficient microwave photonic notch filter structures
have been proposed[6–9]. However, they either suffer from
a low signal-to-noise ratio (SNR) caused by the high signal
spontaneous beat noise generated by the semiconductor
optical amplifier used in the setup[6], require a complex
structure[7], have the bias drift problem due to the use
of an intensity modulator[8], or have the difficulty to realize
the tuning operation[9]. In this Letter, we propose a new
continuously tunable microwave photonic notch filter that
has the ability to generate a negative-coefficient frequency
response.
The structure of the novel microwave photonic notch fil-

ter is shown in Fig. 1. A linearly polarized light from a
laser source is launched to a polarizationmodulator (PolM)
with an angle of �45° to one principal axis Ex of
the PolM. The PolM is driven by an input RF signal
and is operated as an electrically variable wave plate. It
can change the polarization state of a linearly polarized la-
ser light to either anorthogonal linear polarization state, an
elliptical, or circular polarization state[9]. The polarization-
modulated optical signal at the output of the PolM
passes through a polarization beam interferometer (PBI),
formed by a polarization beam splitter (PBS) and a
polarization beam combiner (PBC) connected in series
via polarization maintaining fibers. It should be noted that
both thePBS and thePBCare oriented at an angle of 45° to
the Ex axis of the PolM. The polarization-modulated

optical signal is split and combined in the PBI orthogo-
nally, and hence there is no coherent interference and no
phase-induced intensity noise generation. The output
optical signals after the PBI are detected by a photodetec-
tor. It should be noted that there is a fiber length difference
ΔL between the upper and lower paths of the PBI. This
introduces different RF phases to the polarization-
modulated optical signals, and since the PolM supports
phase modulation on both transverse electric (TE) and
transverse magnetic (TM) modes with an opposite modu-
lation index[10], a negative-coefficient notch filter response
can be generated after photodetection.

We assume the continuous-wave light into the PolM
is aligned at an angle of 45° to the Ex-axis of the PolM.
The electric field at the output of the PolM can be
expressed as[10]

EðtÞ ¼
�
ExðtÞ
EyðtÞ

�
∝

���
2

p

2

�
exp jðω0t þ β sin ωRFtÞ
exp jðω0t − β sin ωRFtÞ

�
; (1)

where ExðtÞ and EyðtÞ are the electric fields of the Ex- and
Ey-axis of the PolM, respectively; ω0 is the angular fre-
quency of the optical carrier; ωRF is the input RF signal
angular frequency; β ¼ πVRF∕V π is the phase modulation
index of the PolM; VRF is the input RF voltage to the
PolM; V π is the PolM switching voltage. The PBS splits
the polarization-modulated optical signal into two paths
orthogonally. Since the PBS is oriented at an angle of 45°

Fig. 1. Topology of the novel microwave photonic notch filter.
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to the Ex-axis of the PolM, the electric fields after the PBS
can be expressed as

�
EupðtÞ
EdownðtÞ

�
∝
1
2

�
ExðtÞ þ EyðtÞ
−ExðtÞ þ EyðtÞ

�
; (2)

where EupðtÞ and EdownðtÞ are the electric fields in the
upper and lower arms of the PBS, respectively. A time de-
lay τ is introduced due to the fiber length difference ΔL
when the two optical signals with orthogonal polarization
state combine at the PBC. Since the two delayed optical
signals have an orthogonal polarization state, they com-
bine incoherently at the PBC. Hence the output optical
power into the photodetector can be written as

Pout ∝ jEupðtÞj2 þ jEdownðt − τÞj2: (3)

Under the condition of small-signal modulation, the
transfer function of the notch filter can be obtained from
Eq. (3) and is given by

HðωRFÞ ∝ 1− cos ϕ; (4)

where ϕ ¼ ωRFnΔL∕c is the RF phase difference intro-
duced by the fiber length difference ΔL, n is the fiber re-
fractive index, and c is the speed of light. The free spectral
range (FSR) of the notch filter is inversely proportional to
the length difference ΔL. Since ΔL can be controlled and
can be made very small, the filter has the ability to realize
a tuning operation and to achieve a large FSR frequency
response. Note that the fiber length difference ΔL between
the two paths in the PBI can be tuned while maintaining
the light polarization state and without altering the struc-
ture. This can be done by inserting a differential group
delay module[11] in the lower path of the PBI. A differential
group delay module is commercially available. It does not
change the light polarization state, and has over 90 ps
tuning range with 1.36 ps resolution. Continuous notch
frequency tuning can be realized by inserting a polariza-
tion-maintaining optical variable delay line (VDL), which
is also commercially available, in the lower path of the
PBI. It has 600 ps tuning range and 0.33 ps tuning reso-
lution. Using either a differential group delay module or a
polarization maintaining optical VDL to tune the filter
notch frequency is flexible and enables a stable perfor-
mance to be obtained.
The simulated frequency responses of the notch filter

are shown in Fig. 2 for ΔL ¼ 2.86, 2, and 1.54 cm, which
correspond to a filter FSR of 7, 10, and 13 GHz,
respectively.
It can be seen from Fig. 2 that the frequency response is

a two-tap negative tap notch filter response. The PolM-
and PBI-based microwave photonic notch filter has the
advantage of no bias voltage required for the PolM.
The orthogonal polarization delayed optical signals arriv-
ing at the photodetector do not interfere with each other
so there is no phase noise problem[12]. Hence, the system
has a high SNR performance. A narrow linewidth laser

can be used as the optical source to generate a stable
response insensitive to changes in environmental condi-
tion. In other words, the filter has no coherent interference
problem. The PolM is operated based on the electro-optic
effect and electro-optic modulators with a very wide band-
width up to 100 GHz have been demonstrated[13]. Hence
the notch filter can be operated at very high frequencies
well into the millimeter wave frequency range.

An experiment was set up based on Fig. 1 to verify the
principle of the PolM- and PBI-based microwave photonic
notch filter. A DFB laser, which had a linewidth of less
than 1 MHz, was used as the optical source. A polarization
controller (PC) was used after the DFB laser to adjust the
polarization state of the continuous-wave light to have an
angle of �45° to one principal axis Ex of the PolM. A PBS
and a PBC, which were oriented at an angle of 45° to the
Ex-axis of the PolM, were used to form the PBI. A VDL
with single-mode fiber pigtails was inserted in the lower
path of the PBI. This altered the polarization state of
the optical signal and introduced an extra insertion loss
in the lower path of the PBI. Therefore, a PC was used in
the lower path to align the light polarization state to
maximize the efficiency of the PBC. Another PC was
placed in the upper path, which was used to control the
efficiency of the PBC in the upper path and was func-
tioned as a variable attenuator to match the amplitudes
of the two delayed optical signals traveled in the upper
and lower path of the PBI. It should be noted that the
PCs inside the PBI can be avoided by using a polarization-
maintaining VDL and a polarization-maintaining attenu-
ator. After the PBI, the two delayed optical signals were
detected by a 50 GHz bandwidth photodetector, con-
nected to a 26.5 GHz bandwidth network analyzer to dis-
play the frequency response.

The VDL was set to have a fiber length difference ΔL of
2.63 cm, corresponding to a filter FSR of 7.6 GHz. To dem-
onstrate the continuously tunable notch filtering opera-
tion, the VDL was adjusted so that ΔL was 3.52, 4.41,
and 8.57 cm, which changed the notch frequency to
5.69, 4.54, and 2.33 GHz, respectively, as shown in Fig. 3.
The simulated notch filter responses obtained using
Eq. (4) together with the ΔL used in the work are also
shown in Fig. 3 for comparison. Excellent agreement

Fig. 2. Normalized frequency response of the PolM- and PBI-
based microwave photonic notch filter for different values of ΔL.
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between the measured and simulated notch filter re-
sponses can be seen. Figure 3 shows the notches have
≥40 dB depth while tuning the notch frequency. The filter
response was stable, even though the laser linewidth was
significantly smaller than the filter FSR, which demon-
strated that the filter is free of coherent interference
limitations.
The SNR of the notch filter was measured by applying

an RF signal at the notch filter passband frequency with
an input RF power of 5 dBm to the PolM and an optical
power into the photodetector of 0 dBm. An SNR of
118.6 dB/Hz was measured on a spectrum analyzer at
the photodetector output. For comparison, a fiber-optic
link comprising a laser, an intensity modulator, and a
photodetector was set up. The link operating condition,
including the RF signal power applied to the modulator
and the optical power into the photodetector, was the
same as that of the notch filter. An SNR of 119.8 dB/Hz
was obtained, which was close to the PolM- and PBI-
based notch filter SNR. The high SNR demonstrated that
there was no phase-induced intensity noise presented in
the filter.
The stability of the PolM- and PBI-based notch filter

was investigated experimentally. This was done by meas-
uring the filter frequency response every 15 min for 5 h.
The experimental results are shown in Fig. 4. It can be
seen from Fig. 4 that the notch filter frequency response
is stable for a long period of time. The notch depth was
more than 35 dB throughout the measurement period.
The notch filter passband amplitude had less than 1 dB
variation.
In conclusion, a new single-wavelength, coherence-free

microwave photonic notch filter with negative coefficients
is presented. It has the ability to generate a large FSR

frequency response, and to operate at high frequencies
with wide tunability. The concept is based on a PolM
and a PBI with a fiber length difference between the two
arms of the PBI. Experimental results demonstrate a
negative-coefficient notch filter with a robust frequency
response, a large and continuous notch frequency tuning
range, and deep notches of ≥40 dB.
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Fig. 3. Simulated (dots) and measured (solid) PolM- and PBI-
based microwave photonic notch filter responses for different ΔL
values.

Fig. 4. Frequency responses of the PolM- and PBI-based micro-
wave photonic notch filter measured every 15 min for 5 h.
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