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PHOTONICS BASED TUNABLE MULTIBAND MICROWAVE FILTER

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, co-pending U.S. provisional
application entitled “PHOTONICS BASED TUNABLE MULTIBAND MICROWAVE FILTER”
having serial no. 62/132,101, filed March 12, 2015, which is hereby incorporated by

reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under agreement CNS
1217435 and 1342177 awarded by the National Science Foundation. The Government has

certain rights in the invention.

BACKGROUND
[0003] A Radio frequency (RF) bandpass filter is a component that to select signals with
the desired frequency and block the unwanted or interfering frequency bands, which is
widely used in various applications including radar systems, wireless communications and
satellite communications. RF bandpass filters with multiple passbands and flexible
configuration capability are desirable for the multiplexing of multiband signals that are

commonly found in multiband wireless communication systems.

SUMMARY
[0004] Embodiments of the present disclosure are related to radio frequency (RF)
filtering.
[0005] In one embodiment, among others, a radio frequency (RF) filter comprises a Lyot
filter comprising a tunable birefringence loop comprising a circulator and a polarization

controller (PC) and a phase modulator (PM) configured to generate a modulated tap signal
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by modulating the optical comb by a RF input signal. The Lyot filter can be configured to
generate an optical comb based at least in part upon a received optical signal and a
polarization rotation angle of the polarization controller. In another embodiment, a method
comprises generating an optical comb based at least in part upon a received optical signal
and a polarization rotation angle of a polarization controller and generating a modulated tap
signal by modulating the optical comb by a RF input signal. In one or more aspects of these
embodiments, the tunable birefringence loop can comprise a length of polarization
maintaining fiber (PMF), the PC is coupled to a distal end of the PMF via the circulator. The
PC can be configured to adjust the polarization rotation angle in a range from 0° to 90°. The
received optical signal can be provided to a proximal end of the PMF via a loop coupling
circulator of the Lyot filter. The received optical signal can be received by the loop coupling
circulator through a first polarizer of the Lyot filter.

[0006] In one or more aspects of these embodiments, the optical comb can be provided
to the PM through a second polarizer of the Lyot filter. The optical comb provided to the PM
can be amplified. The Lyot filter can comprise a second tunable birefringence loop
comprising a second circulator and a second PC. The second tunable birefringence loop
can be coupled in series by a second loop coupling circulator. The second tunable
birefringence loop can comprise a second PMF, the second PC coupled to a distal end of
the second PMF via the second circulator. An output from the tunable birefringence loop
can be provided to a proximal end of the second PMF via the second loop coupling
circulator. The output from the tunable birefringence loop can be provided to the proximal
end of the second PMF via a third PC. The received optical signal can be received by the
loop coupling circulator through a first polarizer of the Lyot filter. The optical comb can be
provided to the PM through a second polarizer after the second loop coupling circulator.

[0007] In one or more aspects of these embodiments, the RF filter can comprise a
photo-detector (PD) configured to generate a RF output signal based upon the modulated
tap signal. The RF output signal can comprise six passbands or more. The RF output

signal can comprise ten passbands or more. Passbands of the RF output signal can
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comprise an even 3-dB bandwidth of 200 MHz and greater than 30 dB sidelobe suppression.
The REF filter can comprise a piece of dispersion compensating fiber (DCF) between the PM
and the PD to provide a linear delay for wavelengths of the modulated tap signal. The
received optical signal can comprise a broadband optical signal filtered by a Gaussian
optical filter. The Gaussian optical filter can apodize amplitudes of the modulated tap signal.
[0008] Other systems, methods, features, and advantages of the present disclosure will
be or become apparent to one with skill in the art upon examination of the following drawings
and detailed description. It is intended that all such additional systems, methods, features,
and advantages be included within this description, be within the scope of the present
disclosure, and be protected by the accompanying claims. In addition, all optional and
preferred features and modifications of the described embodiments are usable in all aspects
of the disclosure taught herein. Furthermore, the individual features of the dependent
claims, as well as all optional and preferred features and modifications of the described

embodiments are combinable and interchangeable with one another.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Many aspects of the present disclosure can be better understood with reference
to the following drawings. The components in the drawings are not necessarily to scale,
emphasis instead being placed upon clearly illustrating the principles of the present
disclosure. Moreover, in the drawings, like reference numerals designate corresponding
parts throughout the several views.

[0010] FIG. 1is a schematic diagram of an example of a frequency band selectable
microwave photonic (MWP) multiband bandpass filter (or MWP multiband filter) in
accordance with various embodiments of the present disclosure.

[0011] FIG. 2 is a graphical representation illustrating an example of a circulator-
polarization controller (circulator-PC) based loop in the Lyot filter of the MWP multiband filter

of FIG. 1 in accordance with various embodiments of the present disclosure.
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[0012] FIGS. 3A-3D and 4A-4D show examples of optical comb spectra and passband
frequency response, respectively, of the MWP multiband filter of FIG. 1 in accordance with
various embodiments of the present disclosure.

[0013] FIG. 5is a schematic diagram of an example of another frequency band
selectable microwave photonic (MWP) multiband bandpass filter (or MWP multiband filter) in
accordance with various embodiments of the present disclosure.

[0014] FIG. 6is a table illustrating an example of the twelve passbands of the MWP
multiband filter of FIG. 5 in accordance with various embodiments of the present disclosure.
[0015] FIG. 7 illustrates frequency spectra of the twelve single passband outputs from
the MWP multiband filter of FIG. 5 in accordance with various embodiments of the present

disclosure.

[0016] FIGS. 8A-8D illustrate examples of frequency spectra of the MWP multiband
filter of FIG. 5 operating in various multi-passband states in accordance with various

embodiments of the present disclosure.

DETAILED DESCRIPTION

[0017] Disclosed herein are various examples related to radio frequency (RF) filtering.
Reference will now be made in detail to the description of the embodiments as illustrated in
the drawings, wherein like reference numbers indicate like parts throughout the several
views.

[0018] Implementing a RF bandpass filter with multiple passbands is difficult to achieve
using conventional RF electronics techniques because of the lack of tunability in RF
electronics, and it is difficult to simultaneously satisfy all the design parameters for all
passbands. An example of a RF bandpass filter with six passbands is demonstrated based
on the use of several cascaded resonators, which is inflexible and has a limited number of
passbands. Microwave photonic (MWP) RF filtering has received increasing attention in
recent years owing to the significant improvements over conventional RF filtering, such as

low-loss, wide bandwidth, flexibility, tunability, and reconfigurability. Different approaches for
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MWP bandpass filters include multi-tap delay line schemes and optical frequency comb
schemes. However, most existing approaches either lack the ability to support multiband
operation, or the resultant passbands are periodic over a very wide frequency range, limiting
its ability to isolate unwanted frequencies. To achieve multiple passbands in a MWP filter,
the optical frequency comb can either include multiple free spectral ranges (FSR)
simultaneously or can be sampled spectrally. However, multiband bandpass filtering can
still be very challenging to achieve because of the scalability, uniformity, and selectivity of
the schemes. Previous attempts achieved a MWP multiband bandpass filter that consisted
of three passbands with non-uniform bandwidths based on the use of three pieces of
birefringence fibers in a loop mirror filter configuration, while another MWP multiband
bandpass filter with suppression ratio of 10 dB is achieved with wavelength sampling.

[0019] In afirst embodiment, a frequency band selectable MWP multiband bandpass
filter (or MWP multiband filter) based on the use of a one-stage Lyot filter (also called Lyot
loop filter) is disclosed and experimentally demonstrated. The Lyot filter can be used to slice
the broadband optical source and generate an optical comb with four different spectral
characteristics, which is selectable by adjusting the polarization state within the Lyot filter.
Correspondingly, a selectable MWP bandpass filter with four operating states, e.g. single-
bandpass filtering with two different selectable frequencies, multi-bandpass filtering, and an
all-block RF filtering, can be achieved with just one single piece of polarization maintaining
fiber (PMF). The MWP filter has sharp filter profile and high bandpass selectivity of about 46
dB (or better) sidelobe suppression.

[0020] Referring to FIG. 1, shown is an example of an experimental setup of a
frequency band selectable MWP multiband bandpass filter 100. Light from a broadband
source (BBS) 103 can be reshaped by a Gaussian profile optical filter 106 and then
spectrally sliced by a Lyot filter 109 through a circulator (C1) 112, which may be referred to
as a loop or stage coupling circulator. The generated optical comb works as a mullti-
wavelength source 115 that is modulated by a RF input signal 118 through a phase

modulator (PM) 121. The Gaussian optical filter 106 can be used to apodize the amplitude



WO 2016/145347 PCT/US2016/022074

of the multi-wavelength source 115 such that a single bandpass frequency response with
good sidelobe suppression in RF domain can be obtained. A piece of dispersion
compensating fiber (DCF) 124 can be used to provide a linear time delay for the different
wavelengths (filter taps), and the modulated signal can then be fed into a photo-detector
(PD) 127 where it is converted back to a RF output signal 130. In some embodiments, the
DCF 124 can be replaced by another device (e.g., a linearly chirped fiber Bragg grating
(FBG)) that can provide the linear time delay. In the example of FIG. 1, a network analyzer
(NA) 133 is used to provide the RF input signal 118 for measuring frequency response of the
system.

[0021] The Lyot filter 109 illustrated in FIG. 1 is a modified version of a standard Lyot
filter that allows the light to propagate through the polarization maintaining fiber (PMF) 136
twice bi-directionally through the circulators C1 112 and C2 145. A first polarizer (P1) 139 is
aligned with a second polarizer (P2) 142. A phase difference of A¢ = 2nBL/A can be
obtained between the fast and slow axis when the light passes through the PMF at 45° with
respect to the axis, where B and L are the birefringence and length of the PMF 136,
respectively, and A is the wavelength of the light. By allowing the light to propagate twice bi-
directionally in the PMF 136 through the circulator (C2) 145 and adjusting the polarization
controller (PC) 148 to rotate the light to a different polarization angle of 0°, 45° or 90°, an
accumulated phase difference of 2A¢@, A¢ and O can be obtained, corresponding to a piece
of PMF 136 with an equivalent length (L.) of 2L, L and 0, respectively. As a result, a comb
filter with selectable comb spacing can be achieved. By adjusting the polarization stage
inside the Lyot filter 109, the MWP multiband bandpass filter 100 can work in either all-block,
single-passband, or multi-passband states.

[0022] An example of the operating principle of the bidirectional Lyot filter is illustrated
in FIG. 2. As shown, light propagates through the PMF 136 twice bi-directionally through a
circulator-PC based loop. A phase difference of A¢p = 2rnBL/A is obtained between the fast

and slow axis when the light passes through the PMF 136 at 45° with respect to the fast
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axis, where B and L are the birefringence and length of the PMF 136 and A is the
wavelength of the light. By allowing the light to propagate twice in the PMF 136 bi-
directionally and adjusting the PC 148 inside the loop to let the light have a different
polarization rotation angle (A8) of 0°, 45° or 90° at the circulator-PC based loop, a total
phase difference (3Ag) of 2A¢, Ap and 0 can be obtained at the output, respectively. With
different polarization rotation angles (A8), each stage works as one piece of PMF 136 with
an adjustable equivalent length (L,) of 2L, L and 0, correspondingly. As a result, a comb
filter with adjustable comb spacings can be achieved with its transmission function described
by:

TA) = %[1 — cos(z‘,(p(/l))] . &)

Comb spacing (Aw, in angular frequency) of the Lyot filter 109 (FIG. 1) can be determined by

the equivalent length of PMF 136, as given by:

Aw = 2nC (2)

BLe '

where C is the speed of light.

[0023] Comb spacing of the Lyot filter 109 determines the carrier wavelength for each
of the taps in the MWP multiband filter 100, which in turn determines the frequency of the
passband. Apodizing the tap amplitude with a Gaussian optical filter 106 (FIG. 1) results in a
bandpass response in the RF domain with good sidelobe suppression. Passband frequency

(Qg) of the MWP multiband filter 100 is governed by:

_2m Bl
o~ p2lpAw N B2LpC’

Q

(3)

where B, and L, are the group velocity dispersion and length of the DCF, respectively. Both
B, and L, were kept constant in the experimental testing. That is to say, the passband
frequency (€,) is mainly governed by the optical comb spacing, which is tunable by adjusting
the PC 148 in the Lyot filter 109. When the DCF has negligible dispersion slope, the 3-dB
bandwidth of the passbands can be determined by:

V8in2

0348 = 57—

(4)
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where dw is the overall bandwidth of the Gaussian optical comb. As shown, the bandwidth
of the MWP multiband filter 100 (6Qs4g) is inversely proportional to the bandwidth of the
optical comb, which is adjustable to meet the needs of different applications.

[0024] The Lyot filter 109 can be tuned to have multiple comb spacings simultaneously
by setting it to be a higher order filter, just like its loop mirror filter counterpart. For the Lyot
filter 109, when the polarization rotation angle at the circular-PC based loop is set to a value
between 0° and 45°, two optical combs with different comb spacings can be observed. This
situation can be regarded as two optical combs with different spacing appearing at the same
time, which makes it possible to generate a MWP multiband bandpass filter 100 with two (or
more) passbands. With different comb spacing combinations, a MWP multiband filter 100
with selectable frequency bands can be achieved.

[0025] For example, when the PC 148 was adjusted to set the polarization rotation
angle to a value between 0° and 45°, two optical combs with different comb spacings and
amplitude interleaving were observed. As discussed, the angular frequency spacing of the
MWP multiband filter 100 can be determined by the equivalent length (L,) of the PMF 136,
and can be described by Aw = 2nC/BL,. The passband frequency (Q,) of the MWP
multiband filter 100 is governed by Q, = 2rn/8,LpAw, where 8, and L;, are the group velocity
dispersion and length of the DCF 124 (respectively), which are fixed in the experimental
testing. Thus, the passband is mainly governed by the optical comb spacing, which is
tunable by adjusting the PC 148 in the Lyot filter 109. With different comb spacing
combinations, a frequency band selectable MWP multiband bandpass filter 100 can be
achieved.

[0026] FIGS. 3A-3D and 4A-4D show examples of measured experimental results using
the MWP multiband filter 100. A 30-nm wide Gaussian optical comb with four different comb
spacing combinations was observed for 0 nm, 0.66 nm, 0.33 nm, and interleaved 0.66 &
0.33 nm, corresponding to a PMF 136 with an equivalent length (L,) of 0 m, 12 m, 24 m, and

cascaded 12 & 24 m, respectively. FIG. 3A shows the measured optical comb spectra of the
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MWP filter 100 with zero (or null) spacing, FIG. 3B shows the measured optical comb
spectra with a 0.66 nm spacing, FIG. 3C shows the measured optical comb spectra with a
0.33 nm spacing, and FIG. 3D shows the measured optical comb spectra with an interleaved
0.33 and 0.66 nm spacing. The extinction ratios of the comb are over 20 dB for all four
combinations. The corresponding passband frequency response of the MWP multiband
filter 100 generated from each optical comb is shown in FIGS. 4A-4D, respectively. In FIG.
4A, no passband was observed with the MWP multiband filter 100 working in the “all-block”
state. While in FIGS. 4B and 4C, the MWP multiband filter 100 is operating in a “single-
passband” state with only one passband at 4.8 GHz or 9.6 GHz being observed,
respectively. By properly adjusting the PC 148 to have two different comb spacing at the
same time, two clean passbands were observed with the MWP multiband filter 100 working
in a “multi-passband” state, as shown in FIG. 4D. The four different working states of the
MWP multiband filter 100 are switchable by adjusting PC 148 to different polarization
rotation angles. All the passbands show a sharp filter profile and consistent performance,
with sidelobe suppression of 46 dB and 3-dB bandwidth of 200 MHz.

[0027] In a second embodiment, a frequency band selectable MWP multiband
bandpass filter (or MWP multiband filter) based on the use of a two-stage Lyot filter is
disclosed and experimentally demonstrated. The two-stage Lyot filter can be used to
spectrally slice a broadband source, and an optical comb with twelve tunable comb spacing
can be generated using just two pieces of polarization maintaining fiber (PMF). One or more
comb spacing can be selected at the same time. Correspondingly, a selectable MWP
multiband bandpass filter with three operating states, e.g. a single-passband state, a multi-
passband state, and an all-block state can be achieved. In the single-passband state, the
MWP filter has only one passband and can be tuned to 12 different frequencies. While in
the multi-passband state, up to 12 passbands within the frequency band of interest can be
observed at the same time. Both the passband numbers and frequencies can be flexibly
tuned by adjusting the polarization state in the two-stage Lyot filter. Sidelobe suppression of

the passbands in the single-passband state can be up to 40 dB, and all the passbands show
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greater than 30 dB sidelobe suppression in the multi-passband state. All the passbands
have uniform and clean filter profiles as well as a similar passband bandwidth of 200 MHz.
Testing demonstrated a MWP multiband bandpass filter with this selectable multiband
capability.

[0028] Referring to FIG. 5, shown is an example of an experimental setup of another
frequency band selectable MWP multiband bandpass filter 500. A broadband amplified
spontaneous emission source was used as the broadband light source (BBS) 103 during
testing and reshaped by an optical filter 106 with Gaussian profile. The reshaped broadband
source (BBS) 103 is launched into a two-stage Lyot filter 509 for spectrally slicing via
polarizer (P1) 139. Polarizer (P2) 142 is aligned with P1 139 like the one-stage Lyot filter
109 of FIG. 1. At the output of P2 142, an optical comb source is generated which works as
a multi-wavelength optical carrier 115 for electrical-to-optical conversion, which is modulated
by the RF input signal 118 through a phase modulator (PM) 121. Each comb line is a single
tap for the MWP multiband filter 500, while the Gaussian optical filter 106 is used to apodize
the amplitude of the taps such that the sidelobes can be further suppressed and resulting in
clean bandpass profile with high sidelobe suppression. The modulated signal is then
launched into a piece of dispersion compensating fiber (DCF) 124, which provides linear
time delay for each filter taps. That is to say, each of the taps can be weighted by the
Gaussian filter 106 and delayed by the DCF 124. The signal is then fed into a photo-
detector (PD) 127 and converted back to a RF output signal 130. In the experimental tests,
a 300 kHz-10 GHz sweeping signal from a network analyzer (NA) 133 was used as the RF
input signal 118 for measuring the frequency response of the MWP multiband bandpass
filter 500.

[0029] The two-stage Lyot filter 509 used in the example of FIG. 5 is a modified version
of a standard Lyot filter. Each stage includes a piece of polarization maintaining fiber (PMF)
536, polarization controllers (PC) 548 and 551, and two optical circulators 512 and 545. The
first stage of the Lyot filter 509 includes a fixed polarization shift (45°) and PC 548a as in the

one-stage Lyot filter 109 of FIG. 1, while the second stage includes adjustable PC 548b and

10
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PC 551. With the one-stage Lyot filter 109 of FIG. 1, an optical comb with two selectable
spacing was obtained. With a second stage added into the Lyot filter 509, up to 12
selectable spacing can be achieved, corresponding to a MWP multiband filter 500 with 12
different possible passbands. The table of FIG. 6 shows the 12 combinations of the two-
stage Lyot filter 500, as well as the calculated relationship between the equivalent length
(L.) of the PMF 536 and the passband frequency (£,) of the MWP multiband filter 500. The
physical lengths of the PMFs 536a and 536b in the first and second stages of the Lyot filter
509 are Ly =2 m and L, = 10 m, respectively. In the experimental tests, both L; and L, are
set such that all the 12 equivalent lengths (L,) were different and the resultant passbands
were evenly distributed within the frequency range of interest.

[0030] As discussed with respect to FIGS. 3A-3D and 4A-4D, the performance of the
MWP multiband bandpass filter 100 with a one-stage Lyot filter 109 as shown in FIG. 1 was
tested. The spectrally sliced Gaussian broadband optical source with different comb
spacings is shown in FIGS. 3A-3D, measured by an optical spectrum analyzer with a
resolution of 0.8 pm. A piece of 12-m PMF 136 with birefringence of 6.6x10* was used in
the one-stage Lyot filter 109. With the proper polarization settings, 30-nm wide Gaussian
optical combs with four different comb spacing combinations were observed for 0, 0.66 nm,
0.33 nm and interleaved 0.66 & 0.33 nm, corresponding to a PMF 136 equivalent length (L,)
of 0, 12 m, 24 m, and cascaded 12 & 24 m, respectively. The extinction ratios of the comb
are over 20 dB for all the combinations. RF spectra of the resultant MWP multiband filter
100 generated from each optical comb are shown in FIGS. 4A-4D, measured by a RF
network analyzer 133 with an intermediate frequency bandwidth of 5 kHz. In FIG. 4A, no
passband was observed with the filter working in the “all-block” state. While in FIG. 4B and
4C, the MWP multiband filter 100 was in the “single-passband” state that only included one
passband at either 4.8 GHz or 9.6 GHz, respectively. By properly adjusting the PC 148 in
the circulator-PC loop to achieve two different comb spacing at the same time, two clean
passbands were observed in the RF spectrum with the MWP multiband filter 100 in “muilti-

passband” state, as shown in FIG. 4D. The four different configurations of the MWP

11
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multiband filter 100 are switchable by adjusting the PC 148 to different polarization rotation
angles. The 30-nm wide Gaussian profile optical comb can provide enough tap numbers for
the MWP multiband filter 100, resulting in better sidelobe suppression and clean filter profile.
All the passbands showed consistent performance, with sidelobe suppression of 46 dB and
3-dB bandwidth of 200 MHz.

[0031] With the two-stage Lyot filter 509 of FIG. 5, twelve different bandpass
frequencies can be obtained from the MWP multiband bandpass filter 500. Two pieces of
PMF 536a and 536b with lengths of L; = 2 m and L, = 10 m, respectively, were used. The
lengths of the PMFs 536 were chosen to make the equivalent length (L,) to have the same
length difference between adjacent combinations, which resulted in an even frequency
distribution of all the possible passbands, as shown in table of FIG. 6. First, the MWP
multiband filter 500 was set to operate in the single-passband state where only one
passband appears at one time. FIG. 7 shows the measured RF frequency spectra of all the
12 different single passband outputs from the MWP multiband filter 500 obtained from 12
different measurements. The single passband of the MWP multiband filter 500 was tuned to
12 different positions through polarization adjustment in the two-stage Lyot filter 509. The
12 passbands were evenly distributed from 0 to 10 GHz with the same frequency spacing of
0.8 GHz, and the experimental results agree well with the calculation values in the table of
FIG. 6. The MWP multiband bandpass filter 500 had a 3-dB bandwidth of 200 MHz and
sidelobe suppression of up to 40 dB. Note that the sidelobe suppression of the first
passband at 0.8 GHz was about 30 dB, which may be attributed to the comb spacing being
relatively large in that situation such that there is not enough comb lines (taps) in the MWP
multiband filter 500 which results in a lower sidelobe suppression.

[0032] Referring to FIGS. 8A-8D, shown are examples of frequency spectra of the MWP
multiband bandpass filter 500 working in the multi-passband state. By setting the two-stage
Lyot filter 509 to have different comb spacing combinations, multiband filtering with various
combinations of passband frequencies and number of frequency bands can be achieved. In

FIG. 8A, four passbands at 2.4 GHz, 4.8 GHz, 7.2 GHz and 9.6 GHz were obtained

12



WO 2016/145347 PCT/US2016/022074

simultaneously from the MWP multiband filter 500. While in FIGS. 8B and 8C, five and six
adjacent passbands from 6.4 - 9.6 GHz and 1.6 - 5.6 GHz were obtained, respectively. All
the 12 passbands calculated in the table of FIG. 6 were observed at the same time in FIG.
8D, with the same frequency spacing of 0.8 GHz. Sidelobe suppression was over 30 dB for
all the passbands except the first passband at 0.8 GHz, as previously discussed. When
compared with conventional RF filters, the MWP multiband bandpass filter 500 exhibited
uniform passband response, flexible configuration capability and a larger number of
passbands.

[0033] In summary, embodiments of frequency band selectable MWP multiband
bandpass filter have been experimentally demonstrated. Sidelobe suppression of all the
passbands can be up to 46 dB with 3-dB bandwidth of 200 MHz in the one-stage Lyot filter
configuration. By simply adjusting the polarization stage(s) inside the one-stage Lyot filter
109 or the two-stage Lyot filter 509, the MWP multiband bandpass filter 100 or 500 can work
in either all-block, single-passband, or multi-passband states. With the two-stage Lyot filter
509, up to 12 different passbands that evenly distributed from 0 to 10 GHz can be achieved
with selectable single-passband or multi-passband combinations. Both the number and
position of the passbands are selectable by polarization adjustment in the Lyot filter 509.
Sidelobe suppression of all the passbands can be over 30 dB and each passband can have
a 3-dB bandwidth of 200 MHz, providing good filter selectivity. The design of the MWP
multiband filter 500 significantly increased the number of passbands that can be achieved
with a MWP filter as well as providing improved operational flexibility. The MWP multiband
bandpass filter 500 can achieve six, ten or more tunable passbands at the same time, which
can be extremely useful for multiband signals multiplexing applications.

[0034] It should be emphasized that the above-described embodiments of the present
disclosure are merely possible examples of implementations set forth for a clear
understanding of the principles of the disclosure. Many variations and modifications may be

made to the above-described embodiment(s) without departing substantially from the spirit
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and principles of the disclosure. All such modifications and variations are intended to be
included herein within the scope of this disclosure and protected by the following claims.
[0035] It should be noted that ratios, concentrations, amounts, and other numerical data
may be expressed herein in a range format. Itis to be understood that such a range format
is used for convenience and brevity, and thus, should be interpreted in a flexible manner to
include not only the numerical values explicitly recited as the limits of the range, but also to
include all the individual numerical values or sub-ranges encompassed within that range as
if each numerical value and sub-range is explicitly recited. To illustrate, a concentration
range of “about 0.1% to about 5%” should be interpreted to include not only the explicitly
recited concentration of about 0.1 wt% to about 5 wit%, but also include individual
concentrations (e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%,
3.3%, and 4.4%) within the indicated range. The term “about” can include traditional
rounding according to significant figures of numerical values. In addition, the phrase “about

(AL

‘X’ to ‘y” includes “about X’ to about ‘y”.
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CLAIMS

Therefore, at least the following is claimed:

1.

A radio frequency (RF) filter, comprising:

a Lyot filter comprising a tunable birefringence loop comprising a circulator
and a polarization controller (PC), the Lyot filter configured to generate an optical
comb based at least in part upon a received optical signal and a polarization rotation
angle of the polarization controller; and

a phase modulator (PM) configured to generate a modulated tap signal by

modulating the optical comb by a RF input signal.

The RF filter of claim 1, wherein the tunable birefringence loop comprises a length of
polarization maintaining fiber (PMF), the PC is coupled to a distal end of the PMF via

the circulator.

The REF filter of any of claims 1 or 2, wherein the PC is configured to adjust the

polarization rotation angle in a range from 0° to 90°.

The RF filter of any of claims 1-3, wherein the received optical signal is provided to a

proximal end of the PMF via a loop coupling circulator of the Lyot filter.

The RF filter of claim 4, wherein the received optical signal is received by the loop

coupling circulator through a first polarizer of the Lyot filter.

The RF filter of any of claims 1-5, wherein the optical comb is provided to the PM

through a second polarizer of the Lyot filter.

The RF filter of claim 6, wherein the optical comb provided to the PM is amplified.

15



10.

11.

12.

13.

14.

15.

WO 2016/145347 PCT/US2016/022074

The RF filter of any of claims 1-7, wherein the Lyot filter comprises a second tunable
birefringence loop comprising a second circulator and a second PC, the second

tunable birefringence loop coupled in series by a second loop coupling circulator.

The RF filter of claim 8, wherein the second tunable birefringence loop comprises a
second PMF, the second PC coupled to a distal end of the second PMF via the

second circulator.

The RF filter of any of claims 8 or 9, wherein an output from the tunable birefringence

loop is provided to a proximal end of the second PMF via the second loop coupling

circulator.

The RF filter of any of claims 8-10, wherein the output from the tunable birefringence

loop is provided to the proximal end of the second PMF via a third PC.

The RF filter of any of claims 8-11, wherein the received optical signal is received by

the loop coupling circulator through a first polarizer of the Lyot filter.

The RF filter of claim 12, wherein the optical comb is provided to the PM through a

second polarizer after the second loop coupling circulator.

The RF filter of any of claims 8-13, comprising a photo-detector (PD) configured to

generate a RF output signal based upon the modulated tap signal.

The RF filter of claim 14, wherein the RF output signal comprises six passbands or

more.

16
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16. The RF filter of any of claims 14 or 15, wherein the RF output signal comprises ten

passbands or more.

17. The RF filter of any of claims 14-16, wherein passbands of the RF output signal
comprise an even 3-dB bandwidth of 200 MHz and greater than 30 dB sidelobe

suppression.

18. The RF filter of any of claims 14-17, comprising a piece of dispersion compensating

fiber (DCF) between the PM and the PD to provide a linear delay for wavelengths of

the modulated tap signal.

19. The RF filter of any of claims 1-18, wherein the received optical signal comprises a

broadband optical signal filtered by a Gaussian optical filter.

20. The REF filter of claim 19, wherein the Gaussian optical filter apodizes amplitudes of

the modulated tap signal.

17
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