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Abstract—We demonstrate a low-loss, ultrawideband (UWB),
programmable radio frequency photonic phase filter utilizing a
broadband optical frequency comb, interferometric pulse shaping
configuration, and a balanced photodetector for spread spectrum
pulse compression. We present UWB linear frequency-chirped
pulse compression with bandwidths exceeding 7 GHz. The filter
insertion loss for these experiments can be as low as 0.5 dB. In
addition, the bandwidth and chirp rate of the phase filter are
programmable. To further illustrate the programmability of the
proposed filter, we report pulse compression experiments for
UWB Costas sequences with bandwidth over 6 GHz. Finally, we
perform a spread-spectrum jamming-resistant pulse compres-
sion experiment with the chirp filter, where a processing gain of
17.3 dB, proportional to the time-bandwidth product of the

filter, enables the recovery of a transmitted UWB signal in the
presence of jamming.

Index Terms—Chirp filter, finite impulse response filters, jam-
ming, microwave photonics, optical frequency combs, optical pro-
cessing, phase filter, programmable filters, pulse compression.

I. INTRODUCTION

S PREAD spectrum radio-frequency (RF) pulse compres-
sion has been used in many applications, specifically

sensing, ranging, communications, and imaging [1]–[3]. In
these settings, achieving a high resolution is of great importance
for precise measurement and range accuracy. In conventional
ranging, short pulse widths, or equivalently large RF band-
widths, are desirable features for applications requiring high
resolution. However, in these schemes, it is difficult to increase
average transmitted power due to the consequent high peak
power of the short pulses in peak power-limited RF transmit-
ters, and as a result the ranging distance is limited [1]–[3]. Pulse
compression solutions, on the other hand, not only allow the
system designer to maintain high resolution, but also overcome
the hurdle of peak power-limited transmitters and significantly
extend the wireless operating distance.
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In electronics, spread spectrum signal correlation—required
at a receiver for pulse compression applications—can be
performed by digital and analog methods. Digital signal pro-
cessors can process arbitrary waveforms with a high degree
of flexibility. The bandwidth of these processors depends on
the sampling rate of analog-to-digital converters. Recently,
analog-to-digital converters with several GHz bandwidths are
commercially available and enable wideband digital signal
processing [4], [5]. However, as the bandwidth increases, the
effective number of bits decreases and a relatively long pro-
cessing time is incurred in large time-bandwidth product (TBP)
scenarios [5], [6]. Thus, digital signal processors are hard to
apply for real-time ultrawideband (UWB) applications.
Unlike the digital methods, analog receiver technology can

enable real-time UWB signal processing. For spread spec-
trum signal correlation there are two main analog methods:
stretch processing and matched filtering. Stretch processing is
applicable to the case of chirped waveforms. In this method
the received waveform is mixed with a reference waveform,
which is a replica of the transmitted waveform and which can
be generated using tunable voltage-controlled oscillators [3],
[7]. For a linear frequency chirp signal, the mixer output is a
narrowband signal whose frequency depends on the relative
time delay of the received and transmitted waveforms. Hence,
stretch processing of wideband waveforms can be implemented
using mostly narrowband components. Due to this advantage,
stretch processors have been widely used in many wideband
applications. However, this technique generally causes a
signal-to-noise ratio (SNR) loss that depends on the time delay
[7]. As a result, stretch processors cannot be utilized in long
range applications such as radar search function. Matched
filtering is another analog technique that utilizes a pulse com-
pression filter matched to a specific transmitted waveform, and
is proven to have maximal SNR performance. This process
results in the concentration of received signal power into a
short pulse. In other words, the peak SNR is enhanced by
the pulse compression gain (also known as processing gain),
whereas noise and other unmatched signals are passed through
without enhancement. This feature is the key characteristic of
the matched filter or pulse compression filter that allows its
high resistance to jamming and interference [1]–[3].
Surface acoustic wave (SAW) filters have been widely used

as chirped pulse compression filters [8]–[13]. The center fre-
quency and RF bandwidth of SAW filters are typically below
2 GHz, although several works have reported narrowband filter
response with constant group delay in the frequency range of
up to 10 GHz [3], [8], [9]. However, in high frequency and
wideband settings, SAW filters have two main limitations: lack
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of programmability and high insertion loss. Since the perfor-
mance of SAW devices depends on prefabricated physical struc-
tures, programmable/tunable SAW filter technology is still very
immature [10]. Furthermore, as the RF center frequency is in-
creased, the requirement of thinner electrodes to avoid large dis-
tortion effects from reflections increases the device parasitic re-
sistive loss [11]. Also, the process of broadening the RF band-
width (e.g. resistive matching) contributes directly to an in-
crease in the insertion loss [11]. For example, in [12] the inser-
tion loss for a SAW pulse compression filter with an RF band-
width of 1 GHz at 3.63 GHz center frequency is 23 dB. In
addition, as reported in [13], the insertion loss of SAW pulse
compression filters is increased by 20–30 dB when the RF frac-
tional bandwidth is increased from 25% to 50% at a center fre-
quency of 5 GHz. Due to these performance limitations, it is
very unattractive to employ SAW pulse compression filters in
UWB settings.
Photonics-based schemes for spread spectrum pulse com-

pression can provide wider RF bandwidths and thus achieve
higher resolution along with versatile programmability. During
the last several years, many different RF photonic schemes have
been presented to implement UWB pulse compression filters
[14]–[19]. For example, schemes using a continuous-wave laser
utilize a hyperfine resolution pulse shaper [14] and fiber Bragg
grating [15], respectively, to process an RF-modulated optical
signal for pulse compression. The programmable scheme using
the optical pulse shaper had an RF bandwidth of 15.5 GHz [14].
However, the time-aperture of the scheme ( 0.8 ns) was short,
which was limited by the resolution of the shaper. By incorpo-
rating incoherent optical noise sources, schemes such as [16],
[17] can provide larger time apertures, up to 15 ns with 5 GHz
RF bandwidth at a center frequency of 32.5 GHz [17]. How-
ever, due to the poor noise performance of these methods, pulse
compression was not successfully demonstrated. A noteworthy
example of RF photonic pulse compression filtering is [18],
where time-spectrum convolution enabled the use of multiple
optical carriers in pulse compression of chirped microwave
pulses with 3 GHz RF bandwidth and 3.8 ns time aperture in
the presence of additive white noise. Further improvements of
RF photonic schemes using multiple optical carriers show the
potential for RF phase filtering via tapped delay line implemen-
tations based on a finite impulse response approach [19]–[24].
Among these schemes, those utilizing optical frequency comb
sources provide simple scalability of the number of filter taps
[19], [22]–[24]. In this area, recently our group demonstrated an
optical frequency comb-based scheme with 160 comb lines,
successfully demonstrating pulse compression over larger time
apertures (up to 16 ns) and an RF bandwidth of 2.1 GHz [19].
Although these photonics-based schemes provide large RF

bandwidths and programmability, they all lack from the point of
view of high insertion loss due to losses of the passive optical
components and the conversion efficiencies of optoelectronic
devices such as modulators and photodetectors. In several pre-
vious works [22], [25]–[27], the RF performance of photonics-
based schemes for amplitude filters has been investigated, and
improvements have been reported. However, to our knowledge
optimization of RF photonic phase filters for a low RF loss has
not been considered.

Fig. 1. Configuration of the RF photonic phase filter. (MZM: Mach-Zehnder
modulator, PBC: polarization beam combiner, EDFA:erbium-doped fiber am-
plifier, PBS: polarization beam splitter, BPD: balanced photodetector).

Fig. 2. Photograph of the RF photonic phase filter setup. (DCF: dispersion
compensating fiber; HNLF: highly nonlinear fiber).

In this paper, a low-loss, ultra-broadband, and programmable
RF photonic phase filter is demonstrated for pulse compres-
sion. In Section II, we describe our RF photonic phase filter
and discuss the scaling of the output peak SNR enhancement.
In Section III, we present the experiment and our results in de-
tail. By increasing the output photocurrent and using an asym-
metric input split ratio and balanced photodetection [22], the
insertion loss of the filter is improved to only 0.5 dB after
accounting for the internal matching resistor loss of the pho-
todetector. We utilize this filter to demonstrate compression of
linearly chirped waveforms with RF bandwidths up to 7.1 GHz
and of binary phase-coded spread-spectrum signals. To further
illustrate the generality of our programmable RF photonic phase
filter, we successfully demonstrate pulse compression of a UWB
Costas frequency-hopped spread spectrum signal with a 6 GHz
RF bandwidth. Exploiting the low-loss and high processing gain
capabilities of our setup, we demonstrate SNR enhancement by
compressing a UWB chirp signal in the presence of jamming.
Finally, we conclude in Section IV.

II. RF PHOTONIC PHASE FILTER
Due to the fact that RF photonic phase filters using op-

tical frequency combs are based on a finite impulse response
approach, one can easily achieve features like versatile pro-
grammability and filter tunability. To have a high degree of
programmability, a large number of filter taps is desirable.
Comb-based schemes are advantageous since one can scale
the number of filter taps. The schematic configuration and a
photograph of the full RF photonic phase filter are shown in
Figs. 1 and 2, respectively. The optical frequency comb is
directed to an optical interferometer. One arm is sent to an
erbium-doped fiber amplifier (EDFA) through a pulse shaper;
while the other passes through a Mach-Zehnder modulator
(MZM) biased at the minimum transmission point, in which
optical carriers and optical noise are considerably reduced by
the extinction ratio of the MZM [22], [28]. The outputs of
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the EDFA and MZM are connected to a polarization beam
combiner. The polarization-multiplexed signals are directed to
a polarization beam splitter through a dispersive element. The
use of a single dispersive fiber with polarization multiplexing
allows us to match the two complementary signal paths for
balanced detection [22]. The two outputs of the polarization
beam splitter are then connected to the balanced photodetector
(BPD).
Compared to our previous RF pulse compression experiment,

that used a broadband Gaussian-shaped comb with a repetition
rate of 10 GHz and an optical bandwidth of 12.8 nm [19], the
current work makes several advances. First, the comb source
has a larger comb spacing, wider comb bandwidth, and flat-
topped shape. The larger comb spacing enables us to increase
the filter bandwidth because the Nyquist zone (i.e., half of the
comb spacing) is increased [23]. Also, the filter time aperture
of comb-based schemes is given by the product of the comb's
optical bandwidth and the dispersion. A flat-topped comb shape
results in a larger time aperture than a Gaussian comb shape for
the same number of comb lines and dispersion [17]. As a result,
the TBP, the product of the filter's 3-dB RF bandwidth and time
aperture, is greatly increased. Since the processing gain in pulse
compression filters is limited by the TBP, the large filter TBP is
desirable.
Second, we investigate—and substantially improve—the in-

sertion loss of our RF photonic phase filter. Our achieved in-
sertion loss is much lower than those of other photonic-based
schemes as well as electronic SAW filters. To a large extent, the
design of our phase filter follows the approach we introduced
previously to improve the RF performance of a comb-based RF
photonic amplitude filter [22]. By adopting an interferometer
with asymmetric input split ratio, we optimize the path loss ratio
related to the power difference between the optical carrier and
sideband [22]. As a result the RF gain (i.e., the inverse of the RF
loss) is maximized for a fixed photocurrent. Unlike the ampli-
tude filter, however, the RF photonic phase filter places a pro-
grammable pulse shaper within one of the interferometer arms,
so that not only the amplitude but also the phase of the mixing
signals obtained at the output of the interferometer may be con-
trolled.
Finally, to suppress the intensity noise originating from the

optical amplification of the comb source needed to compensate
the loss of the pulse shaper and other components and achieve
high photocurrent, we also adopt two noise suppression tech-
niques utilized in our previous work [22]: double-sideband
modulation with suppressed carrier (DSB-SC) and balanced
photodetection. The DSB-SC modulation corresponds to bi-
asing the MZM at the minimum transmission point. As a result
the MZM suppresses both the optical carriers and the intensity
noise in the lower interferometer arm. Then the remaining
common-mode intensity noise coming from the upper arm is
substantially reduced by balanced detection. Balanced detec-
tion also has the advantage of increasing the RF gain by 6 dB
[22]. These noise suppression techniques enable to produce
compressed pulses with a high SNR, whereas previous photonic
filtering schemes using incoherent optical sources suffer from
high filter output noise [16], [17].

The quadratic phase related to the chromatic dispersion in the
dispersive element can be expressed by [29]

(1)

where is the coefficient for the second-order phase and is
the angular frequency of the optical carrier. The transfer func-
tion of the RF photonic phase filter is expressed by [19]

(2)

where is the RF amplitude of the nth tap, pro-
duced by beating the nth optical carrier (electric field amplitude

) and nth optical sideband (electric field amplitude ).
is the comb spacing (i.e., optical pulse repetition rate);

is the angular RF frequency; is the delay difference between
the two interferometer arms; and the represent the phases
applied to nth optical comb line with the pulse shaper. Equation
(2) indicates that our scheme is a finite impulse response filter
[23]. The first phase term of (2) indicates linear group delay, in-
troduced by the fiber dispersion, where is the dif-
ferential tap delay. In the absence of additional phase variation

, the summation results in bandpass RF filter response, with
the passband frequencies shifted according to the delay differ-
ence [22]. In our DSB-SC modulation scheme, the different
sidebands correspond to opposite signs of delay, pointed out by
the in (2). Hence there are two filter passband terms within
one filter free spectral range [22]. Here we focus
on one of the passbands for pulse compression within a single
Nyquist zone.
In our current configuration, the amplitude of the nth optical

carrier can be controlled by applying optical frequency depen-
dent attenuation in the programmable pulse shaper. For band-
pass filtering this provides the ability to programmably apodize
the tap profile in order to vary the passband shape [23], [30].
In some applications amplitude windowing is also desired for
pulse compression filters. For example, the Hamming window
results in low time sidelobes and thus can mitigate intersymbol
interference and false alarms in communication and ranging
[3]. In our previous work on comb-based phase filtering [19],
we chose a Gaussian windowing of the tap amplitudes, which
yields a Gaussian passband shape for a linear chirp. In the cur-
rent paper, the optical carrier power is controlled in the pulse
shaper to provide a flat tap amplitude profile, which increases
filter TBP.
Pulse compression action depends on the ability to control

the phases of the taps. These may be programed by applying the
desired optical phases in the pulse shaper; interference be-
tween carriers from the upper branch of the interferometer
and sidebands from the lower branch of the interferometer
transfers the optical phases into the electrical domain. For ex-
ample, a quadratic RF phase response (or linear chirp delay re-
sponse) can be achieved by applying a quadratic spectral phase
function to the optical carriers [19]. Based on fre-
quency-to-time mapping [23], [31], the spectral phase function
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sampled by the comb of optical carriers is mapped into the tem-
poral phase of the RF filter impulse response. Thus, after ad-
equate dispersion, the temporal RF phase can be ex-
pressed as

(3)

where is the angular RF frequency at the center
of the filter passband. Hence, the filter chirp rate is

(4)

In other words, the quadratic temporal RF phase response,
achieved by the pulse shaping and frequency-to-time mapping,
results in a frequency chirp (units GHz/ns or equivalent) that is
linearly proportional to the parameter and inversely propor-
tional to the square of the tap delay . Note that (4) corrects
a factor of two error in the expression in our group's previous
publication [19]. An important point is that the filter chirp rate
can be tuned by the parameter, which is related to the optical
quadratic spectral phase programed by the pulse shaper. The
programmable RF phase response of our scheme allows us to
utilize it in matched filter settings, such as pulse compression.
Assuming that the filter is programed to match the input RF
signal and the noise generated inside the filter is negligible at
the filter output, its performance can be quantified based on the
output peak SNR to the input average SNR ratio as follows [32]

(5)

where is the ratio of the output peak signal power
to the output average noise power and is the ratio of
the input average signal power to the input average noise power.
From (5), one can see that increasing the maximum achievable
TBP of the filter allows higher output peak SNR to the input av-
erage SNR ratios. In our scheme the TBP depends on the number
of optical comb lines [19].
Based on [33], in pulse compression, when the filter is per-

fectly matched to the input signal, the output peak signal power
can be determined using the following equation:

(6)

where , , and are the input signal peak
power, output compressed peak power, and the filter RF gain,
respectively. The RF gain is equal to the inverse of the nom-
inal RF loss of the filter. This nominal RF loss can be
decomposed into , where is the
expansion loss and is the component loss or filter insertion
loss [33], [34]. The expansion loss arises because manipulating
the tap phases (the 's) broadens the filter bandwidth while
preserving the energy under the filter response. As a result, we
have

(7)

Equation (7) clearly shows the importance of low component in-
sertion loss in pulse compression filters. As mentioned in the in-
troduction, high insertion loss is a great disadvantage for SAW-

Fig. 3. Schematic diagram of the broadband and flat-topped comb source. (PM:
phase modulator, IM: intensity modulator, EDFA: erbium-doped fiber amplifier,
HNLF: highly nonlinear fiber, OSA: optical spectrum analyzer).

based pulse compression filters at high frequencies and wide
bandwidths. The SAW-based pulse compression filter reported
in [12] (1 GHz bandwidth at 3.6 GHz center frequency) had
a 23 dB filter insertion loss, with reference to (7). In addition,
the filter insertion loss would be significantly increased with
the further increase of RF bandwidth [9]. However, as will be
discussed in later sections, in our scheme, by incorporating op-
tical amplifiers, asymmetric input split ratio of the interferom-
eter, and balanced detection, we effectively bring the RF com-
ponent insertion loss down to nearly 0 dB, while increasing
the RF bandwidth to 7 GHz. Furthermore, our photonic ap-
proach should be able to maintain similar performance even
when scaled up to substantially higher RF frequencies and wider
RF bandwidths.

III. EXPERIMENT AND RESULTS

A. Broadband and Flat-Topped Comb Source
To achieve higher filter TBP values, a broadband and

flat-topped optical comb source is required. Fig. 3 shows a
schematic diagram of the generation setup for this source.
In order to have a wider comb bandwidth, self-phase modu-
lation-based spectral broadening in a highly nonlinear fiber
(HNLF) is utilized [35]–[38]. In addition to the spectral broad-
ening, a flat-topped comb shape can be achieved using seed
pulses with appropriately shaped temporal profiles [36], [37].
Here, as the seed source, an electro-optic frequency comb
source is used, having advantages such as tunable GHz repeti-
tion rate and good flatness [39], [40]. Due to these advantages,
a spectrally broadened electro-optic frequency comb provides
more flexibility for implementing the phase filters than a
mode-locked laser [38]. In the electro-optic comb genera-
tion subsystem, a continuous-wave laser is connected to four
cascaded electro-optic modulators including three phase mod-
ulators and one intensity modulator, where a single-frequency
electrical RF signal generated by the RF synthesizer drives the
four modulators [40]. In this experiment, the frequency of the
electrical RF signal is set to 18 GHz, which directly determines
the comb repetition rate. The seed comb is then directed to a
programmable pulse shaper (Finisar WaveShaper 1000S), set
to yield a parabolic pulse spectrum. We choose the parabolic
pulse as the seed pulse shape to the HNLF, which results in
a flat-topped shape after spectral broadening in the HNLF.
In addition, it does not cause wave-breaking in the spectral
broadening process and thus results in a very fast roll-off in the
generated optical spectrum [37], [38]. The resultant pulse is am-
plified by the EDFA and directed to 150 meters of HNLF with
dispersion of 1.88 ps/nm/km, nonlinear coefficient of 10
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Fig. 4. Measured spectrum of the broadband flat-topped optical frequency
comb .

, and fiber attenuation of 0.22 dB/km. Fig. 4 shows the
optical spectrum of our broadened comb at the HNLF output.
The broadened comb has 23 nm optical bandwidth within a
3.6 dB power variation, containing 161 comb lines.

B. Linear Chirp Filter

In this section, linear chirp filters with different chirp rates
are demonstrated to compress chirped RF pulses. In the pro-
grammable optical pulse shaper, located in the upper interfer-
ometer arm, 161 comb lines are appropriately shaped while the
other comb lines are suppressed. In order to produce a constant
RF beat power for all comb lines, the optical carrier powers are
adjusted in the pulse shaper via amplitude shaping. We utilize
a split ratio of 10:90 at the input to the interferometer (90% of
the power directed to the MZM). The MZM in the lower in-
terferometer arm has a half-wave voltage of 3 V at 1 GHz and
an extinction ratio of 20 dB. As a dispersive element we use
a spool of dispersion compensating fiber (DCF) with a disper-
sion of 400 ps/nm. The total output photocurrent is 17 mA.
The maximum time aperture of the chirp filter is 9.1 ns, and
the filter FSR is 17.5 GHz because the differential delay be-
tween filter taps is 57 ps. Also, the maximum RF bandwidth
is 9 GHz, set by the width of the Nyquist zone which is equal to
half of the 18 GHz optical comb spacing.
Fig. 5 shows the measured filter frequency responses of am-

plitude and group delay for various chirp rates, observed using
a 0–20-GHz vector network analyzer. Due to the inevitable
higher order dispersion in the DCF, dominated by cubic spec-
tral phase, the filter phase response is slightly quadratic even
when no phase is programed onto the pulse shaper. This initial
RF quadratic phase is compensated by applying a calibration
quadratic phase in the pulse shaper. Then, the
group delay becomes constant and the filter passband of the
amplitude filter is a Sinc shape because of the flat amplitude
coefficient. According to Fig. 5(a), the RF gain at the filter
center frequency of 4.5 GHz is approximately 0.8 dB, with
100 MHz 3-dB RF bandwidth.
Then, we further increase the parameter from 0.0008 to

0.0067 to tune the chirp rates. It is observed from Fig. 5 that
as is increased, the filter bandwidth increases while the RF
gain comes down. This is a manifestation of the expansion loss
mentioned earlier. The filter 3-dB bandwidths and average RF
losses with parameters of 0.0008, 0.0031, and 0.0067 are 2.63,

Fig. 5. Filter frequency responses for tuning of filter bandwidths and chirp
rates. Amplitude responses with the parameters of (a) 0.0033 and 0.0008,
(c) 0.0031, and (e) 0.0067; Group delay responses with the parameters of
(b) 0.0008, (d) 0.0031, and (f) 0.0067; Colored solid and black dashed lines are
measured and simulated data, respectively.

4.7, and 7.1 GHz, and 14.7, 16.8, and 19.2 dB, respectively.
The chirp rates with the parameters of 0.0008, 0.0031, and
0.0067 are 0.410, 0.614, and 0.935 GHz/ns, respectively. Since
an equivalent value of 0.0033 is required to counteract the
third-order dispersion in the DCF, after subtracting this number
from the experimental values, the measured filter frequency
responses agree with simulation results based on (2), shown as
black dashed lines in Fig. 5. In addition, our chirp rates match
what is derived in (4). The amplitude and group delay ripples ob-
served in the amplitude and group delay responses of Fig. 5 are
less than 4 dB and 0.5 ns, respectively. The ripples originate
from the sudden discontinuities at the edges of the tap profile.
The ripples can be reduced by applying tapered windowing or
increasing the filter TBP (i.e., the number of comb lines) [41],
[42].
Note that all measured RF powers are reduced by a factor of

4 due to the internal resistive matching circuitry of the BPD.
However, the BPD output without the matching interface can
be directly connected to another component. In this case, the
BPD acts as a current source due to very large impedance origi-
nating from its depletion region's reactive capacitive [43]. Thus,
some applications have used photodetectors without matching
interfaces to retrieve the original generated power, although it
causes slight power fluctuations and bandwidth restriction. In
conventional analog-optic links, it is common to consider the in-
trinsic RF gain without the matching interface [43], [44]. Thus,
the numbers shown in this paper for RF power used for evalua-
tion of the RF gain and insertion loss refer to the values before
this internal matching resistor. In other words, to account for
the internal matching resistor, 6 dB is added to the power values
measured at the BPD output.
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Fig. 6. Measured filter frequency response for pulse compression of binary
phase-coded down-chirps.

Fig. 7. Pulse comrpession of binary phase-coded down-chirps. (a) Measured
input waveform and (b) measured output waveform with the sequence [1 1 1 1].
(c) Measured color-coded input waveform and (d) measured output waveform
with the sequence [1 1 1 1].

C. Pulse Compression With Binary Phase Coding

Pulse compression can be combined with binary or
higher-level phase coding to achieve various covert wire-
less communication schemes as well as high delay/Doppler
resolution radar [1]–[3], [45]. Here we demonstrate pulse
compression for a sequence of linear down-chirp pulses with
data encoded onto successive down-chirp pulses via binary
phase-shift keying (BPSK). The electrical input is generated
by an electrical RF arbitrary waveform generator (Tektronix
AWG7000C) programed to give down-chirp pulses with
0.725 GHz/ns chirp rate within a frequency range from 3 to
8 GHz. This corresponds to individual chirp waveforms with
6.9-ns time aperture and a TBP value of 34.5. The chirp wave-
forms repeat with 6.9 ns period, which is then BPSK modulated
at 145 Mb/s. The chirp filter with a parameter of 0.0038 is
programed to have the opposite chirp rate of the down-chirp
input pulses. Fig. 6 shows measured frequency response of
the up-chirp filter. Fig. 7(a) and (c) show the measured input
waveforms with BPSK sequences of [1 1 1 1] and [1 1 1
1], respectively, both having an average power of 2.3 dBm.

Fig. 7(c) and (d) are color-coded based on the pulse polarity.

Fig. 8. Comparison of the measured output pulse and the autocorrelation of the
measured input pulse.

As shown in Fig. 7(b) and (d), the measured peak voltages
of the compressed pulses are approximately 100 mV. After
accounting for the internal matching resistor loss of 6 dB, the
component loss ( 0.3 dB) is negligible because of the improved
RF gain of the filter, resulting in a peak SNR of approximately
25 dB after pulse compression. As shown in Fig. 8, the mea-
sured output pulse shape agrees with its ideal form, which is the
autocorrelation of the (measured) input pulse. This verifies that
high fidelity pulse compression is achieved. These results indi-
cate that the filter response is quite well matched to the input
pulse waveform.

D. Frequency-Hopped Costas Sequence
Another very interesting set of waveforms with applications

in synchronization and radar engineering are frequency-hopped
spread-spectrum sequences. Among the various types of fre-
quency-hopped sequences, Costas sequences are proven to
have optimal compression characteristics, both in frequency
(equivalent to Doppler resolution) and time (equivalent to
range resolution) [2], [3]. To further illustrate the potential
of our programmable RF photonic phase filter, we carry out
experiments to compress a length-7 UWB Costas sequence
with a fundamental frequency step of 0.86 GHz, centered at
a 5 GHz carrier. The utilized Costas sequence harmonic or-
dering for the input signal to our phase filter in this experiment
is . Fig. 9(a) depicts the generated
waveform using our electronic RF arbitrary waveform gener-
ator, having 6 GHz bandwidth and 8.2 ns time aperture.
To further illustrate the frequency transitions, the normalized
spectrogram of the pulse in Fig. 9(a) is calculated offline with
a 0.7 ns Gaussian gate function and plotted in Fig. 9(b). For
clarity, the corresponding instantaneous frequency harmonic of
each section is also labeled on this plot.
To successfully compress the input pulse, the RF photonic

phase filter must have a group delay response that is inversely
matched to the response of the input pulse, i.e., the group delay
values must follow the sequence .
Fig. 10(a) and (b) shows the measured amplitude and group
delay responses of the programed Costas filter, respectively.
From the comparison of Figs. 9(b) and 10(b), one can observe
that the filter RF delay sequence is indeed inversely matched
to that of the input Costas signal, as anticipated. In other
words, the earlier the frequency component is received, the
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Fig. 9. Pulse compression with Costas sequence. (a)Waveform and (b) normal-
ized spectrogram of the measured input pulse; (c) Waveform and (d) normalized
spectrogram of the measured output pulse. In (c), the dashed line is autocorre-
lation of the measured input pulse.

Fig. 10. Measured filter frequency responses for pulse compression with
Costas sequence. (a) Amplitude response and (b) group delay response.

larger its group delay should be. As shown in Fig. 9(b), the
filter receives frequency component earliest and frequency
component latest. Therefore, the pulse compression filter
imparts the largest group delay to the frequency component at

and the shortest group delay to . Fig. 9(c) shows the result
of pulse compression overlaid with the autocorrelation of the
input signal shown in Fig. 9(a). The normalized spectrogram
of the measured pulse in Fig. 9(c) is calculated offline with
a 0.3 ns Gaussian gate function and plotted in Fig. 9(d). As
shown in Fig. 9(c), the compressed pulse is mostly matched to
the autocorrelation. Although we have successfully achieved
pulse compression, time sidelobes that are noticeably larger
than those of the ideal compressed pulse are present. This is
due to slight mismatch between the filter response and the
input RF pulse, which is noticeable as slight group delay ripple
in Fig. 10(b). The measured peak voltage is 71 mV which
gives a combined filter insertion loss and mismatch loss (due
to nonideal compression) of approximately 3 dB, again after
accounting for the internal matching resistor loss of 6 dB. As
shown in Fig. 9(d), the spectrogram after passing through the

Fig. 11. Setup for the jamming-resistant pulse compression experiment. (Tx:
transmitter; Rx: receiver; RF-AWG: RF-arbitrary waveform generator; EA:
electrical amplifier; LPF: low-pass-filter).

Fig. 12. Photograph of the jamming-resistant experimental setup.

RF photonic phase filter is nearly vertical, corresponding to a
compressed pulse localized to a very short temporal duration
( 150 ps).

E. Jamming-Resistant Pulse Compression

Jamming or interference is one of the important issues in
modern radars and wireless communications [1], [2]. Pulse
compression has resistance to jamming and interference be-
cause of the pulse compression or processing gain. In this
section, we present pulse compression results on our RF pho-
tonic phase filter to show its jamming-resistant capabilities.
The schematic setup and actual photograph for the jamming-re-
sistant experiment are shown in Figs. 11 and 12, respectively.
At the transmitter site, an electronic RF arbitrary waveform
generator is used to transmit a linear down-chirp pulse as
well as the UWB jamming noise. These signals are amplified
and radiated by broadband antennas via an air channel to the
receiver. At the receiver site, the detected down-chirp pulses,
mixed with jamming noise, are amplified and directed to the
phase filter with the parameter of 0.0067. Fig. 13(a) and
(b) show the waveform and normalized spectrogram (with a
0.7-ns Gaussian gate function) of the down-chirp pulse at the
chirp filter input, when jamming noise is not present. As shown
in Figs. 13(b) and 5(f), the down-chirp pulse and the phase filter
have chirp rates of 0.935 GHz/ns over a 3-dB RF bandwidth
of 7.1 GHz, respectively, thus a TBP of 54. Furthermore, the
average power within the time aperture of the down-chirp pulse
is 6.96 dBm . The jamming
noise has a flat spectrum with a 3-dB cutoff frequency of
8 GHz. The average power of the noise is 6.72 dBm. At the
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Fig. 13. (a) Waveform and (b) normalized spectrogram of the measured down-
chirp pulse when jamming noise is not present.

Fig. 14. Measured waveforms at (a) input and (b) output of the phase filter
when jamming noise is present.

filter output, a low-pass-filter having a cut-off frequency of
12 GHz is used to suppress the comb beat note at 18 GHz.
Fig. 14(a) and (b) shows the measured input and output wave-

forms of the chirp filter, respectively, when jamming noise is
turned on. At the input of the filter, as shown in Fig. 14(a), the
down-chirp signal is not recognized at all among the high power
jamming noise, making the input average SNR 0.24 dB. At
the output, a compressed pulse with a peak voltage of 68 mV is
clearly distinguishable from the noise floor. This leads to a peak
power of 10.34 dBm, which is 6 dB lower than what is an-
ticipated from (7), with filter insertion loss 0.38 dB. As men-
tioned before, this 6-dB difference is due to the fact that in our
experiments, we did not compensate for the internal matching
resistor loss of the BPD, as it would attenuate noise and signal
in the same way hence not affecting the SNR.
From (5), an output peak SNR to the input average SNR ratio

advantage of 108 would lead to the output peak SNR
to be approximately 20.3 dB. In our experiments we measure
an output peak SNR of 19.7 dB, which is very close to the ideal
value. The slight discrepancy is caused by some excess noise
introduced in the RF photonic phase filtering stage.
The TBP that can be handled in our scheme is proportional

to the number of comb lines. In our current experiments using a
comb with 3.6 dB optical bandwidth of 23 nm (161 comb lines),
the TBP is 54. Recently, an ultra-broadband comb generation
scheme was reported to yield a 10 GHz flat-topped comb with
1500 comb lines within 120 nm after spectral broadening [46].
By using such scheme to increase our number of comb lines,
it should be possible to scale our RF photonic phase filtering
approach for compression of UWB signals with TBPs in the
range of several hundreds.

IV. CONCLUSION

We have demonstrated a low-loss, ultrawideband, and pro-
grammable RF photonic phase filter for pulse compression. It
utilizes a broadband optical frequency comb, interferometric
pulse shaping configuration, and balanced photodetection.
Through experimental demonstrations, we show an UWB filter
bandwidth of 7 GHz, well beyond what can be achieved in
electronic SAW filters. The filter bandwidth can be extended
using higher comb repetition rates. In addition, the insertion
loss of our apparatus ( 0.5 dB) is much lower than that of SAW
filters ( 23 dB) and other photonics-based schemes. We also
have demonstrated high programmability with chirp rate tuning
and Costas frequency-hopped sequence. Furthermore, we have
demonstrated jamming-resistance with the UWB chirp filter.
Although high power UWB jamming noise is transmitted to
disturb the down-chirp signal, the compressed pulse is clearly
recognized after pulse compression. Our data suggest that our
scheme should be useful for many high resolution real-time RF
pulse compression applications.
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