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Abstract: Nowadays, broadband and multi-channel radio frequency (RF) processing has been widely
used in communication, radar, countermeasure, and other applications. At present, multiple-input
and multiple-output (MIMO)-oriented microwave photonic signal processing technology is relatively
scarce, so this paper proposes an RF frequency selective switch (FSS) based on multiple phase
modulation to intensity modulation (PMIM) conversions. PMIM conversion has been used in
narrowband microwave photonic filtering in the past. We extend it to a wideband and arbitrarily
reconfigurable RF spectrum processing unit through an optical frequency comb and periodic optical
filter. Although we use the incoherent combination of a multi-wavelength light source, we can
obtain any frequency response including rectangles only by using all positive tap coefficients. Using
an optical wavelength selective switch (WSS), we obtain RF FSS, and the spectral resolution of
RF FSS is much better than that of optical WSS, which is improved by more than two orders of
magnitude. The above principles, including single-channel reconfigurable filtering and multi-channel
RF FSS, are verified by experiments. Our technology provides a stable solution for future RF MIMO
signal processing.

Keywords: frequency selective switch; phase modulation to intensity modulation; optical frequency
comb; wavelength selective switch

1. Introduction

At present and in the near future, radio frequency (RF) resources are being fully
developed. In radar, communication, electronic countermeasures and many other applica-
tions, the RF signal has occupied or will occupy the bandwidth above several GHz [1,2].
Simultaneously, the phenomenon of a multi-channel is increasingly being presented in
various applications. The frequency and channel have become important features of signals.
Frequency- or channel-related processing is often one of the most important functions
of RF signal processing. In this case, RF signal processing is to be the broadband and
multichannel, which poses a great challenge to traditional electronic or digital technology.
For example, traditional microwave and RF technology often has its limited functions
(such as simple filtering), poor tunable or reconfigurable capability, and there are large
electromagnetic compatibility (EMC) problems. Digital technology, when the bandwidth is
very large, will face the problems of requiring deep storage space, large computing delay,
and large volume, weight, and power consumption.

Microwave photonics technology provides a feasible method for large-bandwidth
frequency or channel-related signal processing [3,4]. Due to the high carrier frequency
of light, it can carry a large bandwidth of the RF signal. At the same time, with the
development of optical fiber communication technology, more and more optical devices
and optoelectronic devices can directly face signals with bandwidth above tens of GHz. In
many microwave photonic devices and systems, the microwave photonic filter is a very
important frequency or channel-dependent signal processor. The finite impulse response
(FIR) structure is a typical scheme to obtain a microwave photonic filter [5,6]. Here, the
signal is divided into many taps, and then these taps experience different delays, weights,
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and are finally superimposed to obtain the output. By adjusting the amplitude and phase
of the tap, a reconfigurable microwave photonic filter can be obtained. In order to avoid the
instability caused by superposition, the FIR filter usually adopts incoherent combination, so
it is difficult to realize a complex tap. Photonic field programmable gate array (FPGA) is a
new method which can be used to realize a full-function reconfigurable microwave photonic
filter [7–14]. The tap phase control is obtained by coherently detecting the optical phase
shift. However, we believe that the existing coherent or incoherent combining schemes face
several problems. Firstly, the optical FPGA needs coherent synthesis, and the fluctuation of
the external environment will cause obvious interference to the synthesis, so the filter needs
very precise control. Secondly, according to the theory of FIR structure, the resolution of a
signal processor or filter is inversely proportional to the longest time interval among many
taps, that is to say, the maximum delay difference required for a processing resolution of
1 GHz is about 1 ns. This delay corresponds to a waveguide with a length of 10 centimeters.
A waveguide of this length will face large loss or optical phase jitters, but this resolution is
too wide for RF communications. If one wants to achieve a resolution below 100 MHz, the
corresponding optical waveguide length must also be increased 10 times. Finally, the future
microwave photonic filter must have the ability of multiple-input and multiple-output
(MIMO) processing, that is, it must be able to process multiple radio frequency signals in
parallel at the same time. At present, many related demonstrations are aimed at single
inputs and outputs, especially various incoherent structures.

In this paper, we propose a multi-channel reconfigurable microwave photonic pro-
cesser based on incoherent synthesis. Although we use incoherent synthesis, it is different
from the traditional FIR structure. In our scheme, each tap corresponds to a narrow-band
channel, which is realized by phase modulation to intensity modulation (PMIM) conver-
sion [15]. Multiple PMIM conversions can then form multiple channels [16]. Specifically,
multiple PMIM conversions are realized by an optical frequency comb with a large fre-
quency interval, as well as a single-notch optical filter. The notch optical filter is an optical
ring resonator, and its free spectral range (FSR) is slightly different from the comb spacing
of optical frequency comb. Through experiments, we show that although the optical ring
resonator is usually considered as a narrow-band signal processor, it can process large-
bandwidth RF signals by using its multiple resonant peaks at the same time. According to
the Vernier effect, the signal bandwidth is far greater than the resonant peak bandwidth.
Combined with a commercial optical wavelength selective switch (WSS), we then realize
a RF frequency selective switch (FSS). We experimentally implement an arbitrary recon-
figurable microwave photonic spectrum processing in a single-output channel of the FSS.
When multiple output ports of the FSS are used at the same time, we can arbitrarily map
one or more specific frequency channels to these ports, so that the FSS is realized. Without
large dispersion and associated delay, which are common in traditional incoherent schemes,
we achieved 50 MHz spectral resolution in our experiments. By increasing the number of
comb teeth, the instantaneous bandwidth can reach tens of GHz.

2. Materials and Methods

Our frequency selective switch scheme is derived from the phase modulation to
intensity modulation conversion based on a single pair of notch optical filters and a
continuous wave (CW) light source [15]. When a single-frequency lightwave is phase-
modulated by the RF signal, a positive and negative first-order sideband will be generated.
This pair of optical sidebands has the same power value, but their phase is opposite to the
original optical carrier. When the modulated light is opto-electrically converted, the pair
of recovered RF signals also has the same power value and opposite phase, so they will
cancel each other out and the photodetector will output an RF signal with zero power. If an
optical filter is introduced after the phase modulator, the amplitude or phase balance of
the positive and negative first-order sidebands will be destroyed, resulting in the change
of the RF amplitude behind the photodetector. When the optical filter is a notch type, this
imbalance will only appear at a narrow band optical frequency, so after the photodetector,
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a narrow band RF filter will be obtained. The PMIM conversion has many advantages. On
the one hand, it can give full play to the wide range tunability of the light source, which
can make the microwave photonic filter have a large tuning range. On the other hand,
because the current optical resonator can achieve a high quality factor and high frequency
selectivity, the bandwidth of the microwave photonic filter can be less than 100 MHz, which
can match the channel bandwidth of current RF communication. Compared with the FIR
structure, the resulting RF spectrum processor has smaller volume and loss, and also has
incoherent stability. Many interesting applications have been implemented based on this
principle [17], such as the Fourier domain mode-locked optoelectronic oscillator [18].

However, only one narrowband microwave spectrum filtering process can be obtained
by a single PMIM conversion. On this basis, we extend the number of spectral channels by
an optical frequency comb, so as to achieve greater bandwidth and channel reconfigurability.
The principle is shown in Figure 1. An optical frequency comb has many comb teeth, all of
which have different but strictly equidistant carrier frequencies. When the optical comb is
modulated by a phase modulator, the RF signal is carried around each comb tooth. Then,
the modulated optical frequency comb passes through a single periodic notch filter. The
filter can be a single ring resonator, Fabry Perot resonator, and so on, which takes advantage
of the natural periodicity of these optical devices. In this way, each pair of comb tooth
and notch frequency response constitutes a PMIM conversion, and a band-pass filter can
be formed in the RF spectrum. In order to achieve broadband RF spectrum coverage, we
make the comb spacing of the optical frequency comb slightly different from the FSR of
the periodic notch filter. Typically, it can be set like this: such a difference is approximately
equal to the bandwidth of a single notch frequency response. Obviously, if the number
of frequency tooth and notch pairs is N, the bandwidth of the RF processor will be N∆,
where ∆ = |SOFC − FSRnotch|. Here we assume SOFC is the comb spacing, and FSRnotch is
the FSR of the periodic notch filter. Assuming that the difference between the optical carrier
frequency and the central frequency of the notch frequency response is fc at the center
tooth–notch pair, then fc is also the central frequency of the RF spectrum processor. Note
that fc must be larger than half of the total bandwidth, which means Nmax = 2 fc/∆. In
other words, although we can increase the processing bandwidth by increasing the number
of comb–notch pairs, there is an upper limit on the number.
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Figure 1. The proposed RF FSS schematic diagram based on multiple PMIM conversions. The RF
signal containing multiple channels are modulated on the optical frequency comb and acted on by
the periodic notch filter. Because the comb spacing of the optical frequency comb is slightly different
from the FSR of the periodic notch filter, the RF components of different frequency will be suppressed
in different optical channels. After the optical WSS, different optical channels will be merged, and
under the PMIM conversion, different RF channels will also appear in the designed port.

In the above design, we have mapped each frequency channel in the RF spectrum with
the corresponding comb tooth of the optical frequency comb, one by one. In this way, when
we control the power of each optical frequency tooth, we can then control the fading of
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corresponding RF channel. When we control the direction of each optical frequency tooth,
we can then control the direction of corresponding RF channel, with the same principle. In
order to achieve this goal, we input the light passing through the periodic notch filter into
an optical WSS. Optical WSS is a multi-channel optical module with high reconfigurability.
At present, the spectral resolution of commercial optical WSS can reach about 10 GHz, and
with this resolution as the granularity, the power control and direction control of the optical
spectral channel can be realized. For example, in a single output channel, arbitrary optical
spectral control with a resolution of 10 GHz can be realized; In the application of multiple
output channels, any optical channel can be output at given port or ports. However, due
to the limited dispersion of optical elements, the resolution of optical WSS is difficult to
further improve. That is, if it is directly used in RF FSS, the channel granularity can be as
large as 10 GHz, so it cannot be directly applied to scenarios such as RF communication.
However, in our design, since the RF channel is mapped to an optical channel, we can use
the optical WSS with large spectral granularity to achieve high resolution processing of
the RF spectrum. Obviously, according to Figure 1, the resolution is ∆. According to the
level of existing optical components, the proposed RF FSS can be realized with a resolution
better than 100 MHz.

From optical WSS to RF FSS, we achieved resolution improvement of more than
two orders of magnitude. The improvement comes from the Vernier caliper amplification
effect between the optical frequency comb and the periodic notch filter. Considerable effort
has been directed to the optical switch technologies in recent years [19–21]. An lnGaAs/lnP
waveguide four-port switch by using free-carrier plasma-dispersion is demonstrated, where
the switching speed may be greatly improved [19]. MEMS’ inherent advantages such as
small size and scalability have also been adopted into an optical switch [20]. Recently, an
interferometric switching cell with a bandwidth larger than 150 nm was experimentally
demonstrated [21]. In our proposal, the optical wavelength selective switch (WSS) is
used to change the output ports of different spectral components, where the switching
speed of our system totally depends on WSS. Higher switching speed is also demanded
in future MIMO processing. Each channel will occupy 50 GHz on optical domain, while
the operation bandwidth of WSS can reach ~100 nm. From this perspective, the scalability
of our system is hardly limited by WSS. In order to improve the resolution, the Vernier
effect needs two periodic processes, namely, an optical frequency comb and periodic notch
filter, which have strict periodicity. At present, there are many methods to generate optical
frequency combs, such as time lens, Kerr frequency combs, and frequency combs based
on ring modulators [22–27]. The frequency response of the periodic notch filter can be
realized by an optical resonator, including a ring resonator and Fabry Perot cavity. When
the intracavity dispersion of these resonators is very small, their FSR is almost exactly the
same in a certain optical bandwidth. We have noticed that a similar resolution enhancement
phenomenon has been reported in previous literature, such as the so-called bandwidth
scaling method [28,29]. However, in the previous scheme, all of the RF channels were
coherently synthesized in the optical domain. In other words, the phase of the local
oscillation optical frequency comb will affect the phase of RF channels after synthesis;
this will lead to the instability of the phase of the output signal, and even lead to the
random change of the phase among the channels after combining, resulting in the failure
of RF combining. In our scheme, although the operation of the optical sideband is also
involved in each optical channel, it is an incoherent synthesis. This is because in PMIM
conversion, the RF signal is transmitted through the disappearance of the optical sideband;
the regenerated RF signal is obtained by beating the optical carrier and the sideband that
has not disappeared. Both the carrier and the sideband are reflected (in the case of a Fabry
Perot cavity) or transmitted (in the case of a ring resonator) by the notch filter and pass
through the same optical path from beginning to end. This is fundamentally different from
the scheme in the literature [28], where the regeneration of RF signal is obtained through
the transmission of an optical sideband. This will make our scheme maintain excellent
phase stability and phase consistency in the process of reconfigurable filtering and FSS.
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Another problem that needs to be noted is that other beat frequencies can also be generated
in the optical carrier or sideband between different optical channels. However, when the
interval between optical frequency combs is wide enough, the beat frequency between
these channels will be beyond the signal bandwidth and can be ignored.

It can be seen that the proposed scheme and the conventional incoherent synthetic
FIR filter both use multi-wavelength light source or optical frequency comb, but their
principles are very different. In a FIR filter, each wavelength corresponds to a tap in the
time domain, and the desired frequency response is obtained by weighted interference
between taps with different delays. The relationship between tap weight and spectrum
response is Fourier transform, so if we want to update the target frequency response, we
need to update the weights of all taps. Moreover, the Fourier transform relationship puts
forward special requirements for tap weights. For example, the spectral response close to
a rectangle requires some taps to have a π phase, which is also the difficulty of various
incoherent synthetic FIR filters. In order to achieve a negative tap, the device has to be
much more complex [30–32]. In our scheme, each wavelength directly corresponds to a
channel in the broadband RF spectrum, that is to say, the amplitude of each channel can
be directly realized by controlling the corresponding optical tooth power of the channel.
In practice, it can be obtained by operating the insertion loss of the optical WSS at the
optical frequency. This makes it easier to update the target frequency response, and can
achieve a higher update rate and more accurate target frequency response. Moreover,
because the channel frequency response and tap weight are of one-to-one correspondence,
the frequency response can be directly changed by controlling the power of the optical
frequency comb. Therefore, any amplitude frequency characteristics such as rectangle and
serration can be realized without any complex taps, as long as the target resolution is above
the bandwidth of a single notch filter.

We demonstrate the principle of broadband RF FSS and obtain the frequency selective
switching with 50 MHz resolution and five channels at most. The experimental setup
is shown in Figure 2. The frequency comb spacing is about 50 GHz, and the number of
comb teeth is 21. After the Erbium-doped fiber amplifier (EDFA), the optical power is
increased to about 20 dBm. The RF signal is loaded on each comb tooth of the optical
frequency comb through a phase modulator. The half-wave voltage of the modulator is
about 4.5 V at 10 GHz, and the optical insertion loss is about 4 dB. Then, the generated
multiple optically carried RF signals enter an optical ring resonator and are output from
its throughput terminal. The loss of the periodic notch filter is about 6 dB, the bandwidth
of 3 dB is about 50 MHz, and the FSR is about 50.05 GHz. The ring resonator employed
in this system is a commercial product provided by Micro-Optics. The optical signal then
enters an optical WSS and outputs from its various ports. A total of five output ports are
used. The resolution of the optical WSS is 12.5 GHz and the insertion loss is about 5 dB.
The optical WSS employed in our system is a commercial product (Finisar, 10WSAA20FLI),
which is used to control the amplitude of each channel. Finally, the optical power entering
the photodetector is about 5 dBm, and the RF output is obtained. In order to test the RF FSS,
we use a vector network analyzer (VNA) to output a single-frequency sinusoidal wave,
receive and analyze the corresponding output of the RF FSS, and obtain the frequency
response of each channel of the RF FSS by scanning the frequency of the output tone.

In the experiment, the comb spacing of the optical frequency comb is about 50 MHz
larger than the FSR of the ring resonator, and the optical frequency of the comb at the
center of the spectrum is about 10 GHz lower than the corresponding notch filter center
frequency. The optical frequency comb is generated by cascaded modulators, which con-
sists of two phase modulators and one intensity modulator. Finally, 21 comb lines are
generated in our setup with flatness better than 3 dB. Moreover, the WSS is used to further
flatten the comb lines. In this way, we can obtain a programmable microwave photonic
frequency response with 50 MHz resolution in the RF frequency range from 9.5 GHz to
10.5 GHz. According to the principle, the bandwidth of the programmable frequency
response demonstrated by us is only limited by the number of comb teeth of the optical
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frequency comb; At present, the number of comb teeth of an advanced optical frequency
comb can be more than 100.
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Figure 2. The experimental setup. Optical frequency comb boosted by EDFA is phase-modulated
and then notch-filtered by a ring resonator. After optical WSS, each optical branch is recovered to a
RF signal. The RF channels are separated by multiple PMIM conversions, while they are directed
according to the optical WSS.

3. Results
3.1. The Full-Pass RF Frequency Response

First, we only observe one of the optical WSS output, and control the optical frequency
response of optical WSS in this channel programmatically, and obtain a single-channel
programmable microwave photon filter. As an example, we set the optical WSS “all on”
in this channel, that is, to control the optical WSS so that all comb teeth of the optical
frequency comb enter the output through this optical channel. Then we obtain a full-pass
RF frequency response from 9.5 to 10.5 GHz. As shown in Figure 3a, the experiment
generates a flat top, near rectangular RF amplitude frequency response. Note that the
rectangular amplitude frequency characteristics can be obtained by setting all tap weights
of 1, rather than traditional FIR filters, where the weights need to be set to sinc shapes with
different heights and positive and negative distributions.
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3.3. Flexible RF Channel Control Capability of the RF FSS 

Figure 3. (a) The frequency response when all of the comb teeth are on, which shows an all-pass
response from 9.5 GHz to 10.5 GHz. (b) The response when only one comb tooth is on, which shows
a narrow 50 MHz bandpass filter.

When the optical WSS is set so that only the central tooth of the optical frequency comb
is output through this channel, we can obtain a filter response with a bandwidth of about
50 MHz, as shown in Figure 3b. This is the same as the conventional PMIM conversion
filter, because we only use one of many PMIM conversions. An interesting phenomenon
is that in traditional FIR filters, all taps must be ON to obtain the narrowest frequency
response; To obtain the widest frequency response, only one tap needs to be turned on.
This is the opposite of our scheme.
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3.2. The Complex Channel Selection Function

When we turn on more than one of the 21 taps randomly, the RF frequency response
of channels corresponding to the above distribution can be observed at the output. As
shown in Figure 4a, from low frequency to high frequency, the 1st, 2nd, 4th, 5th, 6th,
9th, 11th, 12th, 13th, 16th, and the 18th channels can be output at this port, while other
channels are suppressed. Note that the channel spacing is 50 MHz. Because the switches
of optical channels correspond to RF channel switches one by one, the complex channel
selection function can be realized easily in our scheme and high resolution can be realized.
This is more advantageous than the traditional FIR filter. With the help of the excellent
performance of optical WSS, we can also perform more precise operations on the amplitude
frequency characteristics of each RF channel instead of simply selecting on and off. There
are 21 individual channels with a frequency interval of 50 MHz from 9.5 GHz to 10.5 GHz.
The amplitude response of these channels is set to linear increase with a discrete step of
0.6 dB. Figure 4b shows the amplitude frequency response (expressed in dB) from 9.5 to
10.5 GHz, which follows the RF frequency approximately linearly. Moreover, the amplitude
difference of 21 individual channels is also mapped to the final output. The realization
of the frequency response only needs to set the transmission rate of each channel in the
optical WSS accordingly. Note that although the RF channel interval is 50 GHz, we require
far less resolution than 50 MHz for optical devices.
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3.3. Flexible RF Channel Control Capability of the RF FSS

Next, through the joint control of multiple ports of optical WSS, we can realize the RF
FSS function. The following three examples show the flexible RF channel control capability
of our proposed RF FSS. In the first example, as shown in Figure 5a, we set the first 10 comb
teeth of the optical frequency comb to output through port 1 of the optical WSS, and their
residual lights are all output from port 2. In our scheme, according to the principle, the
output path of the RF channel completely depends on the corresponding optical channel
path, so we can observe the flat frequency response in the range of 9.5 GHz~10 GHz at
port 1, while we can observe the output of the RF signal in the range of 10 GHz~10.5 GHz at
port 2. In the second RF FSS example, we use five channels of the optical WSS, each of which
outputs four adjacent teeth of the optical frequency comb in turn. Correspondingly, in the RF
domain, we obtain a 1 to 5 frequency division multiplexer, which divides 9.5 GHz–10.5 GHz
evenly into five channels, each channel has a bandwidth of 0.2 GHz, and outputs from
five ports of the optical WSS. We can see, from Figure 5b, that the five output frequency
responses obtained from the experiment have a good consistency. In the third example,
we use two ports of optical WSS to divide the 1 GHz RF bandwidth into 10 channels with
0.1 GHz granularity. All odd channels are output from port 1 of optical WSS, while all even
channels are output from port 2 of optical WSS. In this way, we only need to control the
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direction of the optical frequency comb, and we can obtain an RF interleaver, as shown
in Figure 5c.
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In the aspect of experimental implementation, our scheme has many advantages over
the existing techniques. For example, the phase modulator is easy to use and does not
need complex bias point control, so the setup is more stable. Because the through end
of ring resonator filter is used instead of the drop end, the optical insertion loss is small.
In the experiment, we also find that the frequency response of RF filter is poor in the
out-of- band suppression. This is because the notch optical filter uses a single resonant
cavity device, so its frequency response is only a Lorentz type with a poor rectangular
coefficient. This has been discussed in many existing reports, and therefore there are
some solutions [33,34]. We think that the more promising scheme is to make full use
of the advantages of photonic integration and use multiple resonators to combine and
approximate a notch frequency response with a better rectangular coefficient [35]. As long
as the combined optical resonators have the same FSR, the combined frequency response
can also appear periodically in the optical spectrum, which can be used in our multiple
PMIM conversions.

4. Discussion

In summary, we proposed a technical approach to realize a RF frequency selective
switch with broadband and a high-frequency spectral resolution. In our scheme, multiple
phase modulation to intensity modulation conversions was incoherently combined together
in the optical frequency domain, and stable reconfigurable RF spectrum processing units
were then obtained by simply adjusting each tooth power of the optical frequency comb. In
the experiment, we used an optical frequency comb containing 21 teeth and a single optical
ring resonator to realize the reconfigurable filtering and frequency selective switching of
RF spectrum in 9.5–10.5 GHz, with a resolution of 50 MHz. Our technical advantage is that
the low-resolution optical WSS can be mapped to a high-resolution RF FSS through the
amplification effect of the Vernier effect. Further, if a second optical WSS is used to connect
its synthetic end with our setup, a MIMO RF processor can be obtained.
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