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Programmable Single-Bandpass Photonic RF Filter
Based on Kerr Comb from a Microring

Xiaoxiao Xue, Yi Xuan, Hyoung-Jun Kim, Jian Wang, Daniel E. Leaird, Minghao Qi, and Andrew M. Weiner

Abstract—Microresonators with a high Kerr nonlinearity show
great potential to generate optical frequency combs with ultra-
broad spectra, high repetition rate, and high coherence between
comb lines. The compact size and possibility of chip-level integra-
tion make the Kerr combs attractive for many applications, espe-
cially including photonic radiofrequency (RF) filters. In this paper
we report the first demonstration of a programmable photonic RF
filter based on the Kerr comb from a silicon nitride microring. A
novel scheme enabled by the large frequency spacing of the Kerr
comb is introduced in order to suppress unwanted RF passbands
including the image and periodic passbands. As a result, a single
passband is achieved. To the best of our knowledge, this is the first
demonstration of a single-bandpass photonic RF filter employing
a discrete-wavelength comb source.

Index Terms—Kerr effect, microwave filters, microwave photon-
ics, optical frequency combs, optical resonators.

I. INTRODUCTION

PHOTONIC radiofrequency (RF) filter is a system which
A utilizes photonic devices to process electrical RF sig-
nals [1]-[3]. The principles are generally classified into two cat-
egories: one using optical filters to filter the RF sidebands [4]-[6]
and the other based on photonic delay lines [1]-[3], [7]-[11].
In comparison, the optical filter approach has a simpler struc-
ture, but the delay line approach is more flexible and thus more
common. In the delay line scheme, the RF modulated optical
signal is duplicated to many copies (multiple taps) which are
time delayed, weight tailored, summed together, and at the end
detected by a photodetector to generate the RF output. The low
loss and large bandwidth of photonic delay lines is attractive
for processing of high-frequency microwave and millimeter-
wave signals. Besides, the high flexibility of optical processing
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gives photonic RF filters several advantages over their electronic
counterparts, such as potential for programmable filter shapes,
fast tunability, and compatibility with fiber remoting. There are
several methods to implement photonic delay lines in photonic
RF filters. One of the most promising ways is to use a mul-
tiwavelength optical source and dispersion [7]-[11]. In such a
scheme, each wavelength is one tap. The tap weights can be
easily controlled by manipulating the frequency spacing, phase
and power of the wavelengths, making it possible to implement
highly programmable photonic RF filters.

The performance of photonic RF filters strongly depends on
the number of wavelengths. Larger wavelength number usu-
ally means the capability of achieving larger quality factor and
larger time-bandwidth product. However, the need for large-
wavelength-number optical sources, which might be multiple
laser diodes [7], mode-locked lasers [8], or electro-optically
generated combs [9], makes the system bulky and of high-cost.
Recently, optical frequency comb generation based on the Kerr
effect in nonlinear microresonators has shown great potential
to reduce the complexity due to compact size and possibility
of chip-level integration [12]-[22]. A number of experiments
demonstrating generation of frequency combs with desirable
qualities, including low noise, high coherence between comb
lines, large spectral range, and high repetition rate have been re-
ported [16]-[22]. Many areas will potentially benefit from this
novel compact comb generation scheme, especially including
photonic RF filtering.

In this paper, we present a detailed investigation of the first
demonstration of a programmable photonic RF filter based on
an optical Kerr comb from a silicon nitride (SiN) microring
resonator [23]. Besides the promising potential for implement-
ing a compact optical frequency comb generator, the ability to
realize the Kerr combs with large frequency spacing may also
improve the filter performance, as will be demonstrated here.
A larger Nyquist zone can be achieved thanks to the increased
line spacing of the Kerr combs (hundreds of GHz) compared
to those of traditional mode-locked lasers and optoelectronic
combs (tens of GHz). Because of the large spectral range (tens
to hundreds of nm) of the Kerr combs, a shorter dispersive ele-
ment is enough to provide the required time aperture. Thus the
RF filter latency is reduced. Furthermore, the increased comb
line spacing makes it possible to combine optical filtering and
RF filtering to suppress unwanted RF passbands. Unwanted
RF passbands including image passbands and periodic pass-
bands are well-known drawbacks of photonic RF filters based
on discrete multiwavelength optical source [24]. In this paper,
we propose a novel structure which can suppress all unwanted
passbands and implement a widely tunable and programmable
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Kerr comb generation

Pulse shaper1

Fig. 1.
RF filter. FPC: fiber polarization controller; EDFA: Erbium-doped fiber ampli-
fier; p ring: SiN microring; MZM: Mach—Zehnder modulator; TDL: tunable
delay line; SMF: single-mode fiber; PD: photodetector; VNA: vector network
analyzer.

Experimental setup of broadband Kerr comb generation and photonic

single passband. To the best of our knowledge, it is the first
demonstration of a programmable single-bandpass photonic RF
filter utilizing a discrete multiwavelength comb source.

The rest of this paper is organized as follows. Section II shows
the experimental setup of the Kerr comb based photonic RF
filter. Section III shows broadband Kerr comb generation from
a SiN microring. The principle of achieving single passband and
the RF filter performance are presented in Section I'V. Section V
is the conclusion.

II. SETUP OF THE PHOTONIC RF FILTER

The experimental setup is shown in Fig. 1. A continuous-wave
(c.w.) tunable laser (Agilent 81680A) was used as the pump
source for Kerr comb generation. The c.w. light was amplified
by a high-power Erbium-doped fiber amplifier and launched into
a SiN microring. A polarization controller was used to align the
input polarization with the mode which has lower insertion loss
and higher quality factor. The Kerr comb generated from the
microring was tailored by pulse shaper 1 and launched into the
photonic RF filter section. The comb source was split into two
branches. One branch was modulated by the RF input signal
through a Mach-Zehnder modulator (MZM) and then tailored
by pulse shaper 2. The other branch was passed without change
except for a small tunable delay, which provides one option for
tuning the photonic RF filter passband. The optical signals from
the two branches were combined together and went through a
1.8-km single-mode fiber (SMF) which served as a dispersive
element. After SMF, a photodetector was used to regenerate the
RF output signal. A RF vector network analyzer was used to
measure the filter frequency-domain transfer function.

Different from our previous structure of programmable
complex-tap photonic RF filter [25], pulse shaper 2 here was
moved from the delay branch to the modulation branch. In our
previous structure, the tap weights were programmed by con-
trolling the amplitude and phase of the optical carriers. In the
novel structure proposed here, a similar function can be per-
formed by controlling the amplitude and phase of the modulation

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 20, OCTOBER 15, 2014

-4

-6

-8

[

1548.36 1548.37

-10 1 N 1 N N 1 N 1

1546 1548 1550 1552
Wavelength (nm)

Normalized transmission (dB)

1554

Fig. 2. Transmission of the SiN microring.

sidebands. More importantly, now by programming pulse shaper
2, we can in addition selectively choose and suppress the fre-
quency components of sidebands to suppress unwanted RF pass-
bands. More details will be explained in Section IV.

It is worth noting that the function of pulse shaper 1 is just
shaping the Kerr comb spectrum to a more flat shape, so that the
tap coefficients can be more easily controlled by pulse shaper 2.
In principle, pulse shaper 1 is not needed as long as the extinction
ratio of pulse shaper 2 is large enough. In our experiments,
the commercial product for pulse shaper2 (Finisar WaveShaper
1000S) has an attenuation control range of 0-35 dB. When the
pixels are set to the ‘Block’ state, the maximum extinction ratio
is about 50 dB [26]. For the Kerr comb generated from the
microring sample, the power difference between the strongest
and the weakest lines in the spectral range concerned (C band)
is 28 dB. The tap coefficients are product of the corresponding
comb line fields in two arms. Pulse shaper 2 only affects one
arm. Without pulse shaper 1, a maximum attenuation of 56 dB
is needed by pulse shaper 2 to provide 28 dB attenuation of
tap amplitude and make the tap coefficients uniform, which is
beyond the extinction ratio limit. Pulse shaper 1 was thus used
to flatten the comb spectrum before the comb was launched into
the photonic RF filter section.

III. BROADBAND KERR COMB GENERATION

The pump light was coupled into and out of the SiN microring
chip through U-grooves and lensed fibers. The radius of the
microring is 100 pgm. The waveguide width is 2 pym and the
height is 550 nm. The transmission is shown in Fig. 2. There are
two mode families. The one with higher quality factor was used
for comb generation. The free spectral range (FSR) of this mode
is 1.85 nm at around 1550 nm. The zoomed-in transmission of
the resonance which the pump light was injected into is shown
in the inset of Fig. 2. The loaded quality factor is 7 x 10° and
the extinction ratio is 4.7 dB.

The insertion loss of the microring chip is about 4 dB. When
the pump power was 1.43 W and the wavelength was 1549.3 nm,
a broadband comb was generated. Fig. 3 shows the comb spec-
trum measured by sending ~0.5% of the total power to an optical
spectrum analyzer (OSA). It spreads for ~250 nm above the sen-
sitivity of OSA. The line spacing is equal to the 1.85-nm FSR.
The power of the pump wavelength is 7 dB higher than those of
the £1st comb lines directly adjacent to the pump wavelength.
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Fig. 4. Intensity noise of all the comb lines.

There are ~45 lines within 30-dB range relative to the +1st
comb lines. The intensity noise of all the comb lines is shown in
Fig. 4. Also shown are the intensity noise of only the pump light
and the background noise of the electrical spectrum analyzer.
The optical power before photodetector was kept the same for
all measurements. The comb shows a very low intensity noise
which usually corresponds to high coherence between the comb
lines [21], [22].

Twenty-one comb lines in the C band were selected by pulse
shaper 1 (the number of comb lines we could select is limited by
the spectral range of pulse shaper 1 which is C band), and shaped
to be a Hamming window which is a well-known apodization
function for suppressing the sidelobes of RF transfer function.
The shaped comb spectrum after pulse shaper 1 is shown in
Fig. 5. The normalized power of each comb line is given by

pn = 0.54 — 0.46 X cos [27 (n + 0.5)/N] (1)

where N = 21 the number of comb lines and n =0,1,...,
N — 1 the comb index. To better probe the coherence of the
comb lines, the phases were compensated line by line to generate
a bandwidth-limited pulse after the pulse shaper 1 [16]. The
measured autocorrelation after phase compensation is shown in
Fig. 6. Also shown is the calculated ideal plot assuming a stable
phase relationship with perfect phase compensation. Excellent
agreement is obtained which implies high coherence between
the comb lines.

Spectum of the Kerr comb generated from the microring. (Measured by sending ~0.5% of the total power to an OSA. The resolution is 0.1 nm.)
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Fig. 6. Autocorrelation of the shaped comb after line-by-line phase compen-

sation by pulse shaper 1.

It is worth noting that although the low noise property is
essential, a fixed phase relationship between the comb lines
which corresponds to a very high coherence is not necessary
for the photonic RF filter we demonstrated here because the
optical signals from different taps are detected incoherently.
However, in the case of simultaneous frequency conversion and
filtering [27], frequency components from different comb lines
beat at the photodetector to generate frequency-converted RF
signals. High coherence between comb lines is then essential to
maintain a low-noise RF output.
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Fig. 7. Baseband RF transfer function.

IV. RF TRANSFER FUNCTIONS

A. Baseband Response

First, to calibrate the setup, the RF baseband response was
measured. In this measurement, the delay branch was blocked;
pulse shaper 2 was programmed to the all-pass state; and the
MZM was biased at the quadrature linear point. In this case, the
system performs as an all-positive-tap filter, and the RF transfer
function shows a baseband response which is low pass in low-
frequency region and periodic in high-frequency regions. The
dispersion of the SMF is around 30.0 ps/nm giving rise to a tap
delay of 55.6 ps. The FSR of RF transfer function is 18 GHz,
which is the inverse of the tap delay. The comb spectrum after
pulse shaper 1 is as shown in Fig. 5. The theoretical RF transfer
function is the Fourier transform of the Hamming window. The
measured result is shown in Fig. 7. The measurement agrees
with the calculation very well in the baseband. But the high-
frequency passband centered at 18 GHz is severely broadened
in comparison to the ideal case. This phenomenon is known
to be attributed to the third-order dispersion (TOD) [28]-[30].
Nonzero TOD introduces a nonuniform time delay between taps,
corresponding to a second-order phase in the tap weights [30].
The theoretical result taking into account the TOD of SMF
(which corresponds to a dispersion slope of 0.083 ps/nm?/km
around 1550 nm) is also shown in Fig. 7, and it agrees with the
measurement quite well over the full frequency range. For the
programmable complex-tap structure as shown in Fig. 1, it has
been demonstrated that the TOD induced distortion can be com-
pensated by programming the pulse shaper 2 [30]. More results
of TOD compensation are shown in the following subsection.

The measured stopband attenuation is slightly lower than the
theoretical value. This is due to the amplitude shaping error of
pulse shaper 1. In our experiments, a strategy of feedback and
iteration was used to adjust pulse shaper 1. The power deviation
of each comb line from the ideal Hamming window is less than
+0.5 dB.

B. Single-Bandpass RF Filter

When the delay branch is connected and the MZM is bi-
ased at the minimum-transmission point, the system performs
as a complex-tap RF filter which can be programmed by set-
ting pulse shaper 2. The modulation format is double-sideband
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image passband. (b) Optical-domain transfer function of pulse shaper 2. Only
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suppressed optical carrier and the optical sidebands corresponding to the RF
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suppressed-carrier (DSB-SC) modulation. In the easiest way,
pulse shaper 2 identically controls the upper and lower side-
bands to program the tap weights by programming the amplitude
and phase in the region around each comb line. The function
of this configuration is exactly identical to that of our previous
structure for which pulse shaper 2 is placed in the delay branch
to control the carriers [25] (supposing the modulation format is
also DSB-SC in [25]). The RF transfer function is written as [24]

N-1
H(wgp) o e (#20he /24700) 3 puayedn A veens =)
n=0
N-1
4ol (V2why [247w0) 3 puaye it dnae aens )
n=0

(@)

where 1y is the dispersion; 7 time delay between the two
branches; wy center frequency of comb lines; p,, power of comb
lines after pulse shaper 1; a,, and ¢,, the electric field transmis-
sion amplitude and phase of pulse shaper 2 for each tap weight;
Aw the comb line spacing. The two terms in (2) mean two filters
with periodic bandpass responses in frequency as illustrated in
Fig. 8(a). The FSR of the RF filter response is given by

FSR = 1/(Awy). 3)

In practical applications, generally only one filter passband is
required which we may call the wanted filter, then the other one
is an image filter we do not want. The center frequencies of the
wanted filter passband and the unwanted image filter passband
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are shifted symmetrically to higher and lower frequencies with
respect to integer FSRs by the amount

Af =1/(2ms). 4)

The coexistence of two filters is due to the DSB-SC mod-
ulation format employed here. The wanted passband and the
unwanted image passband derive from the upper and the lower
sidebands respectively. One method of retaining only one filter
is to use single-sideband suppressed-carrier (SSB-SC) modula-
tion [9], [25]. A MZM with a more complicated dual parallel
structure (DPMZM) is needed. Since there are multiple biases
and RF ports, the drift problem is more severe compared to a
simple single-electrode MZM. Moreover, the carrier and side-
band suppression ratio achieved by a DPMZM is generally not
ideal, so a periodic optical filter is needed after the modulator
to further improve the suppression ratio.

Here, we demonstrate a novel scheme to eliminate the image
filter without the need of SSB-SC modulation. An important
change of the system shown in Fig. 1 compared to the previ-
ous one [25] is that pulse shaper 2 is moved from the delay
branch to the modulation branch after the MZM. By program-
ming pulse shaper 2, we can selectively choose and suppress
the frequency components in upper and lower sidebands to sup-
press unwanted passbands. It is easy to understand this method
as achieving SSB-SC modulation by using the amplitude fil-
tering function of pulse shaper 2. We then get the intuitive
conclusion that it cannot work when the wanted and unwanted
passbands are too close to each other relative to the spectral
resolution of pulse shaper 2. The optical spectrum after pulse
shaper 2 is indeed quite similar to that of SSB-SC modulation
when the two passbands are far away from each other. However,
as can be explained in Fig. 8(b), the intrinsic principle of the
novel method is to combine optical domain and RF domain fil-
tering functions rather than to implement SSB-SC modulation.
In Fig. 8, we suppose the passband from the upper sideband is
the one wanted, and the passband from the lower sideband is
the image one. Around each comb line frequency, pulse shaper
2 is programmed to be a bandpass filter centered at the optical
carrier frequency plus the RF center frequency given by (4). The
full-range transmission of pulse shaper 2 is a periodic filter with
periodicity equal to the comb spacing. For simplicity, only the
region near one comb line is shown in Fig. 8(b). The optical fil-
ter bandwidth is larger than the RF filter bandwidth, but smaller
than the RF FSR. The sideband components within the optical
passband contribute to the wanted RF passband, so the wanted
RF passband in the electrical domain is unaffected. However,
the sideband components contributing to the image passband
are outside the optical filter passband and thus effectively sup-
pressed. One interesting fact is that no matter how close the
wanted passband and the unwanted image passband are in the
electrical domain, the corresponding sideband components are
always separated by one RF FSR in the optical domain. So as
long as the bandwidth of the optical filter is much smaller than
one RF FSR, the image passband can be effectively suppressed.
Another important advantage of this method is that the peri-
odic passbands can also be suppressed simultaneously, making
it possible to achieve a real single-bandpass filter.
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Fig. 10. Measured RF transfer functions in one example of how to achieve
a single passband. Dash blue: the unwanted passbands are not suppressed and
the distortion not compensated; dash—dot green: the unwanted passbands are
suppressed, but the distortion is not compensated; solid red: the unwanted
passbands are suppressed and the distortion is compensated.

It is worth noting that the authors of [31] also proposed a
complex-tap photonic RF filter employing a pulse shaper to
process optical sidebands. But the RF transfer function demon-
strated in [31] is not single-bandpass; and the method of imple-
menting complex taps is only proposed for the RF frequencies
higher than the resolution of the pulse shaper so that the two
optical sidebands and the carrier can be effectively separated
by programming the pulse shaper. In comparison, the single-
bandpass photonic RF filter we proposed here can work from
nearly DC up to almost the whole Nyquist zone. The unique
advantage results from the combination of the pulse shaper with
the interferometric structure.

In experiments, to prove our idea clearly, the tap delay spac-
ing (thus the length of the SMF) was chosen to give an RF FSR
of 18 GHz. The spectral resolution of pulse shaper 2 is 10 GHz.
Fig. 9 shows the normalized transmission of pulse shaper 2
when it is programmed to a periodic narrow optical filter with
a full-width-at-half-maximum (FWHM) of 10 GHz. All side-
band components which are >18 GHz away from the center can
be suppressed by more than 45 dB. Fig. 10 shows the mea-
sured RF transfer functions in one example of how to achieve
a single-bandpass filter. In this measurement, no additional
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induced RF distortion was compensated in experiments. The calculated results are obtained by considering the comb power ripple of +1dBand assuming pulse
shaper 2 is programmed to suppress the image passbands but not the periodic passbands.

tap weights were applied by pulse shaper 2, so the ideal the-
oretical RF transfer function is the Fourier transform of the
incoming comb shape which is a Hamming window. A linear
phase (corresponding to a time delay) was applied to the side-
bands by programming pulse shaper 2 to tune the RF passband
center [32]. The wanted passband is at about 12.5 GHz, and
the image passband at 5.5 GHz. When pulse shaper 2 was pro-
grammed to a periodic 10-GHz-wide filter centered at 12.5 GHz
higher than the frequency of each comb line, the image passband
was eliminated.

It can also be observed in Fig. 10 that the RF passbands are
seriously distorted and broadened compared to the theoretical
Fourier transform of the Hamming window. This is partially
due to the TOD of SMF as mentioned previously. Other causes
include the intrinsic dispersion of pulse shaper 2 and the nonuni-
formity in pixel-to-frequency mapping. These factors induce a
phase chirp in the tap weights. Fortunately, by taking advantage
of the high programmability of the setup, the distortion can be
easily compensated by applying an opposite second-order phase
to the tap weights through pulse shaper 2 [30]. The RF transfer
function after compensating the distortion is shown in Fig. 10.

C. Tunability and Programmability

By changing the time delay between the two branches, the RF
passband center can be tuned over a wide range. Experimentally,
it is done by programming pulse shaper 2 to change the linear
phase slope of the tap weights. Fig. 11 shows the measured
single-bandpass RF transfer functions when the RF center was

tuned to 2.5 GHz, 7.5 GHz, 12.5 GHz, and 17.5 GHz. The
position of the periodic optical filter on pulse shaper 2 which
has a setting resolution of 1 GHz [26] was tuned in each case
to match the periodic upper sidebands. Fig. 11 also shows the
calculated results obtained by assuming the unwanted passbands
are not suppressed. The measured and calculated results agree
well with each other in the wanted bandpass regions, and all the
unwanted passbands are effectively suppressed in the measured
results. The FWHM of the retained passband is 1.1 GHz, and
the stopband attenuation is ~25 dB. The stopband attenuation
gets worse compared to that of the baseband response shown
in Fig. 7. It is mainly due to the tap weight error induced by
the attenuation error of pulse shaper 2. The tap weight error
corresponds to an equivalent comb power ripple of £1 dB. The
theoretical results shown in Fig. 11 are calculated by taking
into account this ripple. The tap weight error can be reduced by
improving the attenuation accuracy of pulse shaper 2 and using
an iterative strategy to program pulse shaper 2.

One interesting case is how a single passband can be achieved
when the RF center frequency is very low so that not all the lower
sideband components can be effectively suppressed by pulse
shaper 2. In this situation, the optical spectrum after pulse shaper
2 is far from SSB-SC modulation. Actually, it can be understood
by noting the fact that the lower sideband components which
are not suppressed optically fall in the stopband of the RF image
filter; thus suppression in the electrical domain comes into effect
here.

By setting pulse shaper 2, the RF transfer function can be
arbitrarily programmed. Fig. 12 shows one example of a flat-top
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filter. The tap weights are

sin [37 (n + 1 — ng)/no]
3m(n+1—mng)/no

Cn = DPn * @)
where p, is given by (1), np =11, and n =0,1,..., N — 1.
The FWHM of the RF passband is about 4.3 GHz.

One advantage of electro-optical combs for RF filtering ap-
plications is that the timing and repetition rate of the combs
can be rapidly controlled to achieve flexible reconfiguration of
the RF transfer function, e.g., ultrafast RF passband tuning [9].
One interesting question is whether Kerr combs can be made to
such capabilities. Few works in this direction have been done
for Kerr combs at this stage. Potential methods that may con-
tribute include external seeding [33], [34] and microresonator
tuning [35]. These topics are worthy of future investigation.

D. Nyquist Zone and Filter Latency

For comb-based photonic RF filters, the RF frequency range
is limited by half of the comb spacing to avoid sideband mix-
ing from adjacent comb lines. This frequency limit is called
a Nyquist zone [32]. The comb spacing of conventional comb
sources, such as mode-locked lasers and optoelectronic combs
[36], is tens of GHz. So the Nyquist zone is typically limited to
a few GHz or at most 10-20 GHz. In comparison, the spacing
of the Kerr comb employed here is 231.3 GHz; the correspond-
ing Nyquist zone is as large as 115.6 GHz. The large Nyquist
zone is another advantage of Kerr combs for the RF filtering
applications.

The RF filter latency demonstrated in this paper is about 9 ps
which is due to the latency of the 1.8-km SMEF. If we replace
the SMF with a dispersion-compensating fiber, which can be
significantly shorter for the same dispersion magnitude, the la-
tency can be reduced to ~1 us. This would be much smaller
than those of the filters demonstrated by using optoelectronic
comb sources [9], [25], [32]. This is because of the larger spec-
tral range of the Kerr comb which covers the whole C band.
The RF bandwidth is proportional to the inverse of the time
aperture, which in turn is the dispersion multiplied by the comb
spectral range. For a given RF bandwidth, the required disper-
sion is reduced if the comb spectral range is increased. Thus
the length of the dispersion element is reduced, giving rise to
reduced filter latency. Microresonators have been demonstrated
to be able to generate ultra-wide Kerr combs which spread for
tens to hundreds of nm. It is very promising to achieve very low
filter latency (<1 pus) by using Kerr combs.

It should be pointed out that the filter latency arises from the
use of fiber which generally needs a long length to provide the
required dispersion amount. If other compact dispersive devices
are used, such as chirped fiber Bragg gratings (CFBGs), the
filter latency could be further significantly reduced. Kerr combs
are not distinguished from electro-optical combs in filter latency
for CFBG-based systems, because the grating length does not
change significantly with the dispersion as it does for dispersive
fibers. However, one issue with CFBGs is the group delay ripple
caused by the internal interference effects and system errors in
the grating writing process [37], especially when the reflection
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bandwidth and the dispersion are large. The group delay rip-
ple could be a limitation to achieve a very high RF stopband
attenuation which is very sensitive to tap delay ripple.

V. CONCLUSION

There has been a continuous effort towards chip-level integra-
tion of microwave photonic devices and subsystems. Integrated
comb generation and shaping is a key technique to implement
a compact programmable photonic RF filter and signal proces-
sor. For this first demonstration, we used a variety of discrete
components and equipment to obtain suitable comb generation
from the microring chip. As a result the size and complexity of
the overall system remain high in the current experiment. How-
ever, if it becomes possible in the future to integrate or package
the pump laser, the microring, and possibly a pulse shaper, the
complexity and footprint would be greatly reduced. In addition,
novel signal processing schemes are made possible because of
the large line spacing feature available from Kerr combs. For
conventional mode-locked lasers or optoelectronic combs, the
line spacing is typically 10-20 GHz. In this case, the resolution
of state-of-the-art commercial pulse shapers (~10 GHz) is not
enough to selectively suppress unwanted RF passbands.

Besides the RF transfer function, RF gain, noise figure, and
spurious-free dynamic range are also important metrics for eval-
uating the performances of a photonic RF filter. Another paper
submitted to this special issue, based on an electro-optic fre-
quency comb source, focuses on optimizing RF gain and noise
figure in a comb-based RF photonic filter [38]. In the current
demonstration, we did not concentrate on such performance
metrics. The photonic RF filter demonstrated in the current pa-
per has a high RF transmission loss due to low optical power,
attributable to a large extent due to the high attenuation neces-
sary in pulse shaper 1 to realize a Kerr comb with smooth shape.
To improve the RF gain and reduce the noise figure, an impor-
tant challenge is generation of Kerr combs with smooth comb
spectra and high energy conversion efficiencies. Another pos-
sibility would be to try to generate the required comb spectral
shape (e.g., a Gaussian shape) directly from the microring, as has
been done in the case of electro-optically generated combs [39].
Then no further spectral shaping (thus no corresponding loss) is
needed to achieve high RF stopband attenuation.
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