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Passband-Switchable and Frequency-Tunable
Dual-Passband Microwave Photonic Filter

Zhejing Jiao

Abstract—A passband-switchable and frequency-tunable dual
passband microwave photonic filter (MPF) implemented using a
broadband optical source (BOS) in a delay-line configuration is
proposed and experimentally demonstrated. In the proposed MPF,
the BOS is sliced by a Mach-Zehnder interferometer (MZI), in
which a phase modulator (PM) is incorporated in the upper arm.
The phase-modulated light signal combined with an unmodulated
light at the output of the MZI is sent through a dispersive delay
line and detected at a photodetector (PD). The entire operation is
equivalent to a microwave bandpass filter with its central frequency
determined by the time delay difference between the two arms of
the MZI. To implement a dual passband MPF, a second lower arm
with a different arm length corresponding to a different time delay
is added. The independent switchability of the passband is realized
by controlling the polarization state of the light wave in each of
the lower arms to be parallel or orthogonal with that of the upper
arm. The independent frequency tunability is achieved by tuning
the time delay of each of the lower arms. The proposed MPF is
experimentally evaluated. A dual-passband MPF with independent
passband switchability and independent frequency tunability is
demonstrated. The results show that each of the two passbands can
be switched on and off with an extinction ratio of about 20 dB. The
passband frequency can also be continuously tuned with a tunable
range from 1 to 18 GHz.

Index Terms—Delay line, dual passband microwave photonic
filter, frequency tunability, microwave photonics, passband
switchability.

I. INTRODUCTION

ICROWAVE photonic filters (MPFs) have been exten-
M sively studied in the past few years [1], [2]. Generally,
an MPF can be implemented in the incoherent regime using
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a delay-line configuration or in the coherent regime using an
optical filter. In the incoherent regime, an MPF usually has a
periodic RF spectral response with the period equal to the free
spectral range (FSR) [3]-[5]. To avoid having a periodic spectral
response, one may use a broadband optical source (BOS) that
is spectrally shaped by a Mach-Zehnder interferometer (MZI)
having a sinusoidal spectral response [6], [7]. On the other hand,
a single passband MPF can be implemented in the coherent
regime, in which the single passband is obtained by translating
the spectral response of an optical filter to the microwave do-
main via phase modulation and phase modulation to intensity
modulation (PM-IM) conversion. The optical filter can be a
phase-shifted fiber Bragg grating (PS-FBG) [8], a micro-ring
resonator (MRR) [9], a micro-disk resonator (MDR) [10], or an
optical filter based on stimulated Brillouin scattering (SBS) [11].

To implement an MPF with dual passbands in a delay line
configuration, two MZIs [12] or an MZI combined with a piece
of high birefringence fiber [13] is required. By using multiple
MZIs or birefringence fibers, an MPF with multiple passbands
canberealized [14],[15]. A dual or multi passband MPF can also
be implemented in the coherent regime by using two or multiple
optical filters [16]-[18]. For a multi-passband MPF, it is also
desired that the passbands can be switchable. For example, in
satellite communications systems we may need to enable two
passbands or only one passband depending on the application
scenario. Although a passband-switchable dual-passband MPF
was reported [19], the central frequency of the second passband
is always twice the frequency of the first passband, and the
passbands cannot be independently switched, which strongly
limits the practical applications. The same limitations exist in
passband-switchable multi-passband MPFs [14], [15], [20].

In this paper, we propose and experimentally demonstrate
for the first time a passband-switchable and frequency-tunable
dual-passband MPF with independent frequency switchability
and independent frequency tunability using a BOS in a delay
line configuration. The spectrum of the BOS is shaped by an
MZI with a sinusoidal spectral response. A phase modulator
(PM) is incorporated in the upper arm of the MZI to gen-
erate a phase-modulated optical signal. The phase-modulated
optical signal combined with an unmodulated light wave from
the lower arm at the output of the MZI is then sent through
a length of dispersive fiber and detected at a photodetector
(PD). The entire operation is equivalent to a single passband
MPF with its passband frequency determined by the time delay
difference between the two arms of the MZI. By incorporating
a second lower arm with a different arm length to the MZI,
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Fig. 1. The schematic of the proposed independent passband-switchable and
independent frequency-tunable dual passband MPE. BOS: broadband optical
source; WS: waveshaper; Pol: polarizer; OC: optical coupler; PC: polarization
controller; PM: phase modulator; VDL: variable optical delay line; Att: attenu-
ator; DCF: dispersion compensation fiber; EDFA: erbium doped fiber amplifier;
PD: photodetector; VNA: vector network analyzer.

a dual passband MPF is realized. The independent passband
switchability is achieved by controlling the polarization states
of the light waves from the upper and the lower arms to make
them parallel (corresponding to a passband that is switched on)
and orthogonal (corresponding to a passband that is switched
off), and the independent frequency tunability of a passband is
achieved by tuning the time delay difference between the upper
and lower arms. An experiment is performed. The results show
that each passband can be independently switched on and off
with an extinction ratio of about 20 dB. The central frequency
of a passband can also be continuously tuned with a wide tunable
range from 1 to 18 GHz.

II. PRINCIPLE

The schematic of the proposed passband-switchable and
frequency-tunable dual passband MPF is shown in Fig. 1. An
erbium-doped fiber amplifier (EDFA) is used as a BOS. The light
wave from the BOS is filtered and flattened by a waveshaper
and then linearly polarized by a polarizer, and split into three
light waves through two 50:50 optical couplers (OC1 and OC2),
with the light wave in the upper arm modulated at a PM, and
light waves in the lower arms delayed by two VDLs (VDLI1
and VDL?2), combined at two other 50:50 OCs (OC3 and OC4),
and sent through a dispersion compensating fiber (DCF) and a
second EDFA (EDFA2) to a PD. In each arm, a polarization
controller (PC) is employed to control the polarization direction
of the light wave to make the light wave in the lower arms to be
aligned with or orthogonal to that of the upper arm, to achieve
independent bandpass switchability. A tunable attenuator (ATT)
is used in the upper arm to control the optical power. The
frequency response of the MPF is measured by a vector network
analyzer (VNA).

Assume the optical field at the input of PC1 is E/(t), a phase-
modulated signal is generated at the PM which is given by

e1 (t) = ELE (t) dm /1) (1)

where €] is the polarization direction of the light wave at the
input of the PM controlled by PC1, m,, is the phase modula-
tion index and f(¢) is the modulation signal, given by f(t) =
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Vi cos(§2t), where V;,, is the amplitude and €2 is the angular
frequency of the modulation signal.

The optical fields at the lower two arms after passing through
the VDLs (VDL1 and VDL2) can be expressed as

€9 (t) = €2E (t) €jwt1

€3 (t) = €3E (t) ej“tz

2.1)
2.2)

where €5 and €3 are, respectively, the polarization directions of
the light waves at the output of VDL1 and VDL2, which can
be controlled by PC2 and PC3, ¢; and tqare the time delays
introduced by VDL1 and VDL2, respectively, and w is the
angular frequency of the optical carrier.

The electrical fields at the outputs of the three arms combine
at OC4, where the combined light wave experiences frequency-
dependent time delay Tat the DCF. The time delay 7 is given
by 7 =79 + LB2(w — wp),where 7 is the time delay at the
reference frequency wp, L is the length of the DCF, and [
is the group velocity dispersion parameter at wg. After passing
through the DCF and amplified by EDFA2, the optical signals
are converted to electrical signals at the PD. The generated
photocurrent at the output of the PD consists of two currents,
given by

ipp (Q) = i12 () + 413 () (3)

where i12(£2) and i13(f2) are the currents due to the beating
between the sidebands and the carrier from arm 1 and arm 2,
and from arm 1 and arm 3, respectively, which are given by

i12 (2) = &1

L

2
R X PASEJ1 (mpV) sinc [(tl — BQLQ) Aw]
—R x PagpJi (m,V)sinc [(t1 + f2LQ) Aw]
“)

X

QL

i13 () = ées
R X PasgJi (m,V)sinc [(t2 — B2LSY) Aw]
—R X PaspJi (mpV)sinc [(t2 + B2 L) Aw]

®)

where R is the responsivity of the PD, Pagp = 2E3Aw is the
optical power of the light wave from the BOS, J; (-) denotes the
1-st order Bessel function of the first kind, and Aw is the optical
bandwidth of the BOS after the waveshaper.

Note that beating between the carrier from a lower arm and
the sidebands from the upper arm results in baseband response
in the RF spectrum, which is eliminated due to phase modulation
in our experiment. In addition, the beating between the carriers
from the lower two arms contributes to a DC in the RF spectrum,
which is eliminated due to phase modulation and is ignored
in (3).

Considering that the modulation signal applied to the PM is
f(t) = Vi, cos(§2t), the transfer function of the MPF is given
by [21]

(6)
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As can be seen the frequency response is determined by the
two currents in (4) and (5). In (4), there is a Sinc function in its
expression, thus the MPF has a passband at a central frequency of

_
BaL

which is caused by the beating between the sidebands from arm
1 and the carrier from arm 2. Similarly, the beating between the
sidebands from arm 1 and the carrier from arm 3 results in a
second passband at a central frequency of

_ b2
BoL

Thus, the MPF has two passbands. The central frequencies of
the two passbands are proportional to the time delays of the
lower two arms. By controlling the time delays through tuning
VDL1 and VDL2, the frequencies of the two passbands can be
independently tuned.

In addition to the independent frequency tunability, the MPF
can be independently switched. The independent switchability
of the passband is realized by controlling the polarization state
of the light wave in each of the two lower arms to be parallel
or orthogonal to that of the upper arm. The products between
two vectors, €1¢5 and €1€e3 in (4) and (5) represent the beating
strengths between the two signals from the upper arm and one of
the two lower arms, which are determined by their polarization
directions and can be controlled by the three PCs. A maximum
beating strength is obtained if the signals from the arms are
with the same polarization directions and no beating signal is
obtained if they are orthogonally polarized. Mathematically, the
products of two vectors can be written as

W )

Qs ®)

©.1D
9.2)

5152 = COS 01
5153 = COS 92

where 67 is the polarization angle difference between the two
signals from arm 1 and arm 2 and 6, is the polarization angle
difference between the two signals from arm 1 and arm 3. When
PC1 in arm 1 is tuned to make the polarization direction of the
light in that arm be parallel to the principal axis of the PM, the
value of cos #; can be changed by tuning PC2 in arm 2 between 1
and 0, corresponding to a maximum and zero beating signal. The
corresponding passband of the MPF is then switched between
the ON and OFF states, as illustrated in Fig. 2. By tuning PC3
in arm 3 the same way, the 2™ passband of the MPF can be
switched between the ON and OFF states.

As can be seen, the tunability and switchability of the two
passbands of the MPF can be realized by tuning the VDLs and
the PCs in the three arms.

Note that an incoherent BOS is used in the MPF. For an MPF
with a delay-line configuration, to avoid optical interference, the
light source must be incoherent [1, 2]. Note also that the light
waves in the three arms need to be linearly polarized, and the
polarization direction of the light wave in the upper arm should
be parallel or orthogonal to that of the light wave in one of the
lower arm, to maximize or minimize the beating, leading to the
passband ON/OFF switchability.
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Fig.2. Illustration of the optical and RF spectra for parallel (up) and orthogonal
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Fig. 3. The spectrum of the light from the BOS (blue) and the spectrum after
spectral shaping by the waveshaper (red).

III. EXPERIMENTAL RESULTS AND ANALYSIS

An experiment based on the configuration in Fig. 1 is per-
formed. The spectrum of the BOS, which is generated by an
EDFA (EDFA1), is shown in Fig. 3 as blue line. The spectrum
is then shaped by the waveshaper (Finisar 4000S). The shaped
spectrum has a flat response, shown in Fig. 3 as red line, which
has a spectrum width of about 5.7 nm centered at 1531.73 nm.
The PM (Thorlabs) has a bandwidth of 40 GHz and PC1 is
placed before the PM to minimize the polarization dependent
loss. PC2 and PC3 are used to tune the polarization directions
of the light waves in arm 2 and arm 3. Due to only one VDL
is available at the time of experiment, a single VDL (General
Photonics) is employed which is incorporated in arm 3 (VDL2).
VDL2 has a tuning range from 0 to 600 ps, corresponding to
a length change of 18 cm in vacuum. The DCF has a total
dispersion of —1020 ps/nm with a fiber length of 6.25 km
(BoL = 12.67 x 10722 ps?). The PD (New Focus) used in the
experiment has a bandwidth of 20 GHz.

The experiment is performed in three steps. In step A, the
independent switchability of the two passbands at fixed centre
frequencies is demonstrated. In step B, both passbands are
switched on and the centre frequency of one passband is tuned to
demonstrate the independent frequency tunability. In step C, the
passbands are switched between ON and OFF and the central
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Fig.4. The switchability of the two passbands at f; and f2. (a) Both passbands
are switched on. (b) The Ist passband at f; is switched on and the 2nd passband
at fo is switched off. (c) The 1st passband at f; is switched off and the 2nd
passband at fo is switched on. (d) Both passbands are switched off.

frequency of one passband is tuned to demonstrate both the
independent passband switchability and independent frequency
tunability.

A. Passband Switchability

To demonstrate the independent passband switchability, the
lengths of arm 2 and arm 3 are fixed and PC2 and PC3 are tuned.
The length difference between arm 1 and arm 2 is fixed at about
6 mm, corresponding to a passband (we call it the first passband)
frequency of the MPF at 3.7 GHz, which is calculated based on

o tl - ﬂALl « L
- 27Tﬂ2L o 2me ﬁgL

where nis the refractive index of the fiber at 1530 nm which
is 1.47 in the calculation; A Lqis the length difference between
arm 1 and arm 2 which is fixed at 6 mm, and c is the speed of
light in vacuum.

Inarm 3, the length of the VDL2 is set to 10.8 cm, correspond-
ing to a central frequency of the passband (we call it the second
passband) at fo = 6 GHz. PC1 in arm 1 is tuned to minimize
the polarization dependent loss. Then, PC2 in arm 2 is tuned
to control the beating strength between the signals from arm
1 and arm 2 to switch the passband at f; to be ON or OFF.
PC3 in arm 3 is used to switch the passband at f; to be ON
or OFF. The two passbands can be switched independently by
tuning the two PCs. Fig. 4 shows the four different states of
the two passbands. In Fig. 4(a), both passbands are switched
on. The 3-dB bandwidths of the passbands are about 169.6 and
174.6 MHz. The bandwidth can be smaller by using a BOS with
wider bandwidth. The extinction ratio between the ON/OFF and
OFF/ON states of the two passbands in Fig. 4(b) and (c) are about
20 dB. The extinction ratio of the passband is strongly related
to the beating strength between the signals from arm 1 and the
lower two arms, which is determined by their polarization angle
differences. In our experiment, the length of each arm is about
34 m due to fiber pigtails and single-mode fibers employed to
match the length difference among the three arms. It is hard

fi (10)
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Fig. 5. The tuning of the central frequency of the second passband when the
length of arm 3 is tuned via tuning VDL2.

to strictly keep the polarization in these single-mode fibers,
which decreases the contrast ratios. The extinction ratio can be
improved if the polarization directions of the light waves in the
arms can be kept strictly parallel or orthogonal.

In Fig. 4(d), the two passbands are both switched off, which
can be done either by tuning PC1 to make the incident light wave
to have a polarization direction orthogonal to the principal axis
of the PM, to have a highest polarization-dependent loss, or by
tuning PC2 and PC3 to minimize the beating strength. We may
notice that in addition to the two off passbands at f; and f, two
low peaks at around 1.1 and 9.3 GHz are observed, as shown in
Fig. 4(d), which are caused due to the weak TE mode supported
by PM. Ideally, the PM will only support the TM mode and fully
suppress the TE mode.

B. Frequency Tunability

The independent frequency tunability of the MPF is also
experimentally studied. By tuning the two VDLs in the lower
arms, the central frequency of the two passbands can be in-
dependently tuned. In this step, the three PCs are adjusted to
have the maximum beating strength. The length of arm 2 is
fixed to make the central frequency of the first passband fixed
at 3.7 GHz. Then, we tune the length of arm 3 via tuning VDL2
from 9.8 to 10.8 cm, corresponding to a central frequency change
of the second passband from 1 to 6 GHz. Then the length of
VDL2 is tuned from 10.8 to 13.6 cm with a tuning step of
0.46 cm, corresponding to a change in the central frequency
of the passband from 6 to 18 GHz with a frequency interval
of 2 GHz. The passband frequency is linearly increased with
the increase of the length of VDL2, as shown in Fig. 5. The
spectra of the MPF when the central frequency of the second
passband is tuned are shown in Fig. 6. To avoid the overlap of
the two passbands, the second passbands between 1 and 6 GHz
are not plotted in Fig. 6. It is seen that the second passband can be
continuously tuned from 1 to 18 GHz. During the tuning, the first
passband is fixed at 3.7 GHz without being affected, confirming
the independent tunability. The 3-dB bandwidth of the second
passband when tuned is slightly increased with the increase of
its central frequency due to the dispersion of the DCF [22]. The
magnitude of the passband is decreased about 12 dB from 6 to
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Fig. 6. Both passbands are switched on. The first passband is fixed at 3.7 GHz
while the second passband is tuned from 1 to 18 GHz by tuning VDL2.
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Fig. 7. The first passband is ON with its central frequency fixed at 3.7 GHz,
and the second passband is OFF, and tuned from 1 to 18 GHz by tuning VDL2.

18 GHz. This is mainly caused by the nonflat spectral responses
of the PD and the two electrical amplifiers (EAs) before the PD.

Note that in the experiment, the frequency tunability of the
first passband is not performed due to the lack of a second VDL.
In fact, the frequency tunability of the first passband is the same
as that of the second passband and can be realized if a second
VDL is available and incorporated in arm 2.

C. Switchability and Tunability

Then, the passbands are switched on and off and the central
frequency of one passband is tuned to demonstrate both the
independent passband switchability and independent frequency
tunability.

Firstly, the first passband at 3.7 GHz is switched on and fixed,
and the second passband is switched off by tuning PC3. The
length of VDL2 in arm 3 is tuned from 9.8 to 13.6 cm by
again a tuning step of 0.46 cm. The results are shown in Fig. 7.
The magnitude of the second passband is highly suppressed,
which are from —29.71 dB at 6 GHz to —42.18 dB at 18
GHz while the magnitude of the passband at 3.7 GHz is kept
unchanged. The extinction ratio is maintained more than 20
dB during tuning. We should emphasize that during the tuning
the central frequency of the first passband is always kept at 3.7
GHz, further demonstrating the independent switchability and
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Fig. 8.  The first passband is OFF with its central frequency fixed at 3.7 GHz
and the second passband is ON and tuned from 1 to 18 GHz by tuning VDL2.

tunability. Then, the first passband at 3.7 GHz is switched off by
tuning PC2 and the second passband is switched on by tuning
PC3. Again, VDL2 is tuned from 9.8 to 13.6 cm. The results are
shown in Fig. 8. The central frequency of the second passband
is tuned from 1 to 18 GHz while the first passband at 3.7 GHz
is kept off, indicating again the independent switchability and
tunability.

IV. DISCUSSION AND CONCLUSION

The key novelty of the approach is the ability of the MPF
to perform independent passband switching and independent
frequency tuning, which are two important features for appli-
cations, such as in satellite communications and radar systems
where one or two passbands need to be enabled or disabled.

In the demonstration, the MPF was implemented with two
passbands. To implement an MPF with more than two passbands,
more lower arms need to be included. Again, a PC is needed
in each of the lower arms to control the polarization direction
of the light wave in the arm to achieve independent passband
switchability and a VDL is needed to tuned the time delay to
perform independent frequency tunability.

In summary, a passband switchable and frequency tunable
dual-passband MPF was proposed and experimentally demon-
strated. The key contribution of the work is that independent
passband switchability and independent frequency tunability of
an MPF was demonstrated for the first time. The switchability
of passband was realized by controlling the polarization state
of the light wave in each of the lower arms to be parallel or
orthogonal to that of the upper arm. The independent frequency
tunability was achieved by tuning the time delay of each of the
lower arms. The proposed MPF was experimentally evaluated.
A dual-passband MPF with independent passband switchability
and independent frequency tunability was demonstrated. The
results show that each of the two passbands could be switched
on and off independently with an extinction ratio of about
20 dB. The passband frequency could also be independently
and continuously tuned with a tunable range from 1 to 18 GHz.
The MPF demonstrated has two passbands, but it is scalable
to have multiple passbands, which can find applications where
switchable multiple passband microwave filters are required.
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