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Abstract—We demonstrate compression of ultrawideband
(UWB) microwave arbitrary waveforms via phase-only matched
filtering implemented in a programmable hyperfine resolution
optical pulse shaper. We synthesize spread-time UWB electrical
waveforms and utilize programmable microwave photonic phase
filters to impose the opposite of a waveform’s spectral phase on
its spectrum. This enables us to compress an UWB microwave
waveform to its corresponding bandwidth-limited pulse duration
via phase filtering. As an example, we present compression of a
linear frequency-modulated electrical waveform with �� GHz
frequency content with almost 200% fractional bandwidth with
��� ps temporal window to a 40-ps duration pulse with more

than 14-dB gain in peak power. Our technique is programmable
and we believe it is applicable to a wide range of arbitrary spectral
phase modulated UWB radio frequency (RF) waveforms.

Index Terms—Matched filters, microwave photonics, phase
filters, pulse compression, optical pulse shaping, ultrawideband
(UWB) systems.

I. INTRODUCTION

T HE FIELD of microwave photonics where optical tech-
niques are utilized to enhance radio frequency (RF) sys-

tems performance has been developed significantly in the past
few decades [1]–[13]. This covers a wide range of techniques:
microwave photonic delay lines [1], [2], microwave photonic
filters [3]–[8], and microwave photonic waveform generators
[9]–[13], etc. The use of optical pulse shaping techniques fol-
lowed by optical-to-electrical (O/E) conversion for the genera-
tion of arbitrary RF electrical waveforms with bandwidths ex-
ceeding the few GHz values available via commercial electronic
arbitrary waveform technology has been recently demonstrated
[9]–[11]. Although a lot of effort has been devoted to the gen-
eration of microwave waveforms via photonic techniques, still
practical techniques for processing and detection of ultrawide-
band (UWB) electrical signals for applications in communica-
tion systems are lacking.
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One technique which is often utilized in communication
systems to detect a specified signal pattern is the matched filter,
which is often implemented via correlation. This technique is
commonly used in direct sequence spread spectrum system
receivers. In this technique, a received signal is multiplied with
a proper despreading signal and integrated over time, and data
is extracted from the resultant output signal [14], [15]. How-
ever, this technique requires synchronization of the reference
despreading signal with the received signal and suffers from
timing jitter [16], [17]. Another paper from our group, also
submitted to this Special Issue, demonstrates matched filtering
via correlation with a synchronized despreading waveform over
UWB bandwidth [18].

Matched filter-based detection techniques can also be imple-
mented using a time-invariant filter such that its time domain
impulse response is a time-reversed version of the specified
signal pattern. This operates similar to matched filters based on
correlation; however, it has an advantage that it is real-time and
does not require generation and synchronization of a specified
despreading signal at the receiver, which significantly reduces
complexity [14]. In microwave filter design area, the design of
microwave arbitrary phase filters is untouched particularly for
UWB applications; hence matched filters are generally imple-
mented based on correlation instead of time-invariant filters. In
principle, the time-invariant filter implementation of a matched
filter for a waveform with uniform spectrum operates as a wave-
form compressor by compensation of the spectral phase. This
concept of a matched filter acting as a pulse compressor has been
extensively used in radar [19]. Although a matched filter also
improves the signal-to-noise-ratio (SNR) for signals in additive
Gaussian noise, here we only concentrate on the waveform
compression aspect of a matched filter. In this paper, we use the
terms matched filter and waveform compressor interchangeably.

A similar concept to the matched filter is utilized in spec-
trally encoded communication systems. The concept of spec-
tral coding has been proposed both in an optical communication
system in [20] and for a wireless communication system [21].
In this technique, a message signal is multiplied by a spreading
code in the frequency domain, as opposed to conventional di-
rect sequence code division multiple access systems in which
the encoding is in the time domain. As a result, the signal will
be spread in time. At the receiver, the received signal spectrum
is multiplied by the conjugate of the spreading signal spectrum.
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Fig. 1. Microwave photonic arbitrary waveform generator.

Hence this technique requires Fourier transform of signals since
multiplication takes place in the frequency domain [21], [22]. In
optical communication systems, spectral coding has been real-
ized through Fourier transform pulse shaping [20], [23]. How-
ever in wireless communication systems, Fourier transform of
signals is performed by an established implementation that cor-
responds to the multiplication and convolution of the desired
signal by linear frequency-modulated waveforms using surface
acoustic wave (SAW) devices [21]. Due to difficulties and chal-
lenges in fabricating SAW correlators, they have been demon-
strated only for center frequencies up to 3.63 GHz with 1.1
GHz bandwidth (only 30% fractional bandwidth) with inser-
tion loss of 23 dB even after accounting for the pulse com-
pression gain [24]. This frequency bandwidth is well below the
UWB frequency band (3.1–10.6 GHz) allocated by the Federal
Communications Commission [25] and bandwidths accessible
via RF photonic waveform generation techniques with almost
200% fractional bandwidth [9]–[11]. On the other hand, UWB
receivers based on a digital signal processing scheme are lim-
ited by analog-to-digital converters’ speed and dynamic range
[16], [26]. State-of-the-art in implementing an electronic UWB
receiver is also limited to bandwidths much less than the UWB
frequency band [27]. Hence, photonic processing of microwave
waveforms is an interesting candidate for processing UWB elec-
trical signals in wireless systems [6].

In photonic processing of microwave signals, the RF wave-
form is generally modulated on an optical carrier and the optical
signal is processed in the optical domain and then converted
back into the RF domain through O/E conversion [3]. In the
conventional technique, a photonic signal processing device is
implemented through multitap optical delay lines. This scheme
enables to design discrete-time microwave photonic filters with
a finite impulse response that have been demonstrated as ampli-
tude filters [4], [5]. However, little consideration has been given
to spectral phase filters with an exception of true-time delay
lines which correspond to a controllable linear spectral phase
for beam forming in phased-array antennas [2].

Recently, programmable photonic microwave filters with ar-
bitrary UWB phase/amplitude response were implemented via
hyperfine resolution optical pulse shaping in a work by Xiao et
al. [7], [8]. This unveils a new approach for detection of spread-
time electrical waveforms, in general, and spectrally encoded
electrical waveforms, in particular, in UWB wireless commu-

nication systems via matched filtering. Here we present, for
the first time to the best of our knowledge, the application of
this novel technique to realize programmable pulse compression
of UWB RF electrical waveforms with almost 200% fractional
bandwidth through time-invariant matched filtering.

This paper is organized as follows. In Section II, we will dis-
cuss our experimental setup and the basics of microwave ar-
bitrary waveform generation via optical pulse shaping and mi-
crowave photonic filtering based on hyperfine resolution optical
pulse shaping, which form waveform generator and compressor
subsystems in our technique respectively. A theoretical anal-
ysis is discussed in Section III. Experimental and numerical re-
sults on matched filtering will be presented in Section IV, and
in Section V, we will conclude.

II. EXPERIMENTAL SETUP

Our experimental setup consists of two separate subsystems:
a microwave photonic filter which is programmed to function as
a matched filter and a microwave photonic arbitrary waveform
generator which is used to test the matched filter operation. In
the following, we first discuss the waveform generator and then
the microwave photonic programmable filter.

A. Microwave Photonic Arbitrary Waveform Generator

A schematic of our microwave arbitrary waveform generator
based on the method of [11] is shown in Fig. 1. In the arbitrary
waveform generator, we utilize a technique for synthesis of ar-
bitrary microwave waveforms based on ultrafast optical arbi-
trary waveform technology [9], [10]. As shown in Fig. 1, this
apparatus consists of a mode-locked fs fiber laser, a Fourier
transform optical pulse shaper [23], an optical frequency-to-
time converter, an erbium-doped fiber amplifier (EDFA), an O/E
converter, and an RF amplifier. A detailed description of this ap-
paratus is given in [10] and [11].

Ultrashort optical pulses from the mode-locked laser (
fs, 50 MHz repetition rate) are spectrally filtered in the reflec-
tive-geometry Fourier transform optical pulse shaper which en-
ables to impose a user-defined optical filter function onto the
power spectrum of the optical pulses. The output pulses are dis-
persed in 1.6 km of single-mode optical fiber which uniquely
maps optical frequency to time and results in a temporal inten-
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Fig. 2. Microwave photonic programmable matched filter.

sity profile which is a scaled version of the filter function applied
in the optical pulse shaper.

The output tailored optical intensity waveforms are converted
to electrical signals via O/E conversion in a photodiode with an
electrical 3-dB bandwidth of GHz. The RF electrical output
of the photodiode is amplified with a broadband microwave am-
plifier (0.1–18 GHz, dB gain) to be applied to an optical
intensity modulator in the next stage. Currently we can achieve
0.7 V peak-to-peak electrical waveforms.

The time aperture of the generated waveforms is determined
by the optical bandwidth and the length of the fiber stretcher
[10]. In our setup the length of the fiber stretcher has been
chosen 1.6 km in order to obtain waveforms with about 750 ps
temporal window which is the time aperture of the microwave
photonic filter setup.

B. Microwave Photonic Programmable Matched Filter

A schematic of a microwave photonic programmable
waveform compressor/matched filter is shown in Fig. 2. Our
microwave photonic programmable matched filter is based on
programmable microwave photonic filters demonstrated in [7],
[8]. This technique uses optical frequency domain filtering with
O/E conversion, rather than the traditional tapped delay line
approach. The frequency domain optical filtering is based on
Fourier transform pulse shaping [23], which has been extended
to hyperfine ( MHz) spectral resolution [8] through the
use of a virtually imaged phased array (VIPA) as a spectral
disperser [28]. In this technique, the phase/amplitude filter
imposed onto the optical spectrum is directly mapped onto a
microwave phase/amplitude filter at the output. As a result,
a user-defined frequency domain microwave phase/amplitude
filter is implemented photonically that provides programmable
and essentially arbitrary phase/amplitude filter response over
RF band from dc to 20 GHz with MHz spectral resolution
[7], [8].

The minimum spectral resolution of a pulse shaper deter-
mines the maximum temporal window of a waveform, which
can be manipulated, where their relation is given by the time-
bandwidth product [23]. A spectral resolution of MHz
corresponds to a temporal window of about 730 ps. In order to
match the generated microwave waveforms’ temporal aperture
to the microwave photonic filter spectral resolution, we have ad-
justed the temporal window of waveforms generated in the mi-
crowave photonic arbitrary waveform generator to about 750 ps.

In this setup, a tunable laser with linewidth below 0.1 pm cen-
tered at 1550.17 nm is input to a Mach-Zehnder (MZ) intensity
modulator with an electrical 3-dB bandwidth of 30 GHz and a
minimum transmission voltage of V, which is driven
with a microwave arbitrary waveform generated via the mi-
crowave photonic arbitrary waveform generator explained for-
merly. Proper operation of our waveform compressor requires
that the optical carrier linewidth and frequency drift should be
much less than the minimum spectral resolution of the optical
pulse shaper, which is satisfied by our continuous wavelength
(CW) laser with 0.1 pm (12.5 MHz) linewidth. In our exper-
iment, the MZ modulator (MZM) is biased very close to its
minimum transmission. As a result, the output optical intensity
is negligible when the electrical input is zero, and for positive
values of ac voltage input the optical carrier electric field is mod-
ulated with electrical waveform so that the RF waveform maps
directly to the envelope of the optical carrier electric field [29].
Modulating the optical carrier with a UWB RF electrical wave-
form in the MZM transfers the RF signal into the optical domain
as a double-sideband modulation about the optical carrier. The
resulting double-sideband modulated signal is applied to an op-
tical pulse shaper. In our experiment, we allow both sidebands
to pass through the optical pulse shaper, as opposed to [8] where
one sideband is suppressed.

Fig. 3 illustrates a hyperfine resolution optical pulse shaper
configuration. As in Fourier transform pulse shaping [23], dif-
ferent optical frequency components contained within the input
signal are first separated spatially using an optical spectral dis-
perser and a lens, and then a spatial light modulator (SLM) ma-
nipulates the phase/amplitude of the different frequency compo-
nents in parallel. By using a polarizer at the pulse shaper input,
simultaneous and independent amplitude and phase filtering of
individual optical frequency components are enabled [7], [8],
[23]. A detailed description of such hyperfine resolution pulse
shapers used for programmable microwave photonic filtering is
given in [7] and [8].

The output of the hyperfine optical pulse shaper is applied
to an EDFA. After amplification in an EDFA, the optical signal
passes through a 3-nm optical filter to reduce its amplified spon-
taneous emission. Then the spectrally-filtered optical signal is
converted to a baseband electrical signal via a photodiode with
an electrical 3-dB bandwidth of GHz. The resultant mi-
crowave signal is measured by a fast sampling scope.

The Fourier transform pulse shaper acts as a bandpass filter
on the modulated optical signal. By programming the SLM,

Authorized licensed use limited to: Purdue University. Downloaded on October 6, 2009 at 13:49 from IEEE Xplore.  Restrictions apply. 



2358 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 15, AUGUST 1, 2008

Fig. 3. Hyperfine resolution optical pulse shaper: virtually imaged phased array
(VIPA); spatial light modulator (SLM).

a filter with an arbitrary spectral phase/amplitude can be syn-
thesized and imposed on the optical signal. For practical sig-
nals which are real, one sideband is a complex-conjugate of
the other; thus in our apparatus, an optical filter is implemented
with complex-conjugate symmetry about the optical carrier fre-
quency. In order to program the microwave photonic filter as a
matched filter, we first extract the spectrum of the output uncom-
pressed electrical waveform when the pulse shaper is quiescent,
i.e., no spectral phase is added, by taking Fourier transform of
the measured output waveform. By imposing the conjugate of
the output uncompressed waveform’s spectrum, which reduces
to only spectral phase for uniform broadband RF signals, on
its corresponding optical signal spectrum the envelope of the
optical carrier electric field is compressed to its transform-lim-
ited duration via matched filtering that results in corresponding
output compressed transform-limited duration electrical pulse
through O/E conversion.

III. THEORETICAL DISCUSSION

For a signal s(t), a filter which is matched to s(t) has an im-
pulse response, in general, given by where
k and are arbitrary constants. It can be shown that the SNR
of a received signal plus additive white Gaussian noise can be
maximized by the operation of a linear filter which is matched
to the signal s(t) on a received signal. More detail on the theory
of matched filters is given in [14] and [15].

A matched filter may be designed in frequency domain
instead of time domain as a spectral filter where its frequency
response relates to its impulse response through Fourier trans-
form. Without loss of generality, we investigate waveforms
which almost uniformly cover the UWB bandwidth and be-
yond. Since a signal with almost uniform spectrum content
corresponds to a matched filter with almost uniform spectral
amplitude, we can approximate its matched filter as a spectral
phase-only filter. Therefore, the resulting matched filter has a
spectral phase which is the opposite of a specified signal spec-
tral phase as . This results in compression of
spectral phase-modulated input signals to the bandwidth limit.
This pulse compression aspect of matched filters is the focus of
our investigation.

In general a matched filter is usually designed to operate as
a baseband filter. However, the possibility of implementing a
matched filter in the optical domain via microwave photonic
filters enables us to achieve a broadband matched filter. Fig. 4
shows a simplified block diagram of a microwave photonic

Fig. 4. Simplified microwave photonic phase-only matched filter block dia-
gram.

matched filter where the distortion due to the MZM, the fre-
quency response roll-off of the modulator, the photodiode (PD)
and the pulse shaper, and the nonlinearity of the EDFA, which
is a slow saturable optical amplifier, are neglected. The MZM
output light electric field e as a function of the driving voltage
V is given by where is the input
light electric field, is the half-wave voltage, and is a static
phase shift [29]. Assuming small signal operation such that the
MZM is biased about and for simplicity through
first-order approximation we have
where is a small signal input voltage. An input
electrical voltage signal with a one-sided bandwidth of B
is applied with an appropriate bias voltage to the MZM.
Modulating the electric field of an optical carrier results in an
optical electric field which is input to an optical pulse
shaper as

(1)

where is the linear term of the modulation co-
efficient determined by the slope of a tangent to the modulator
transmission curve at the operating point, is the input op-
tical carrier electric field amplitude, and is the optical car-
rier angular frequency. The resulting passband optical signal
passes through an optical filter that when the pulse shaper is pro-
grammed with the conjugate of the electrical waveform spectral
phase, its frequency response is

(2)

where L accounts for the optical pulse shaper spectral loss,
which in general, is a function of angular frequency and in
our pulse shaper it rolls off dB over a 20–GHz bandwidth.
However, we approximate it as a constant. Further details on
microwave photonic filter spectral response is given in [8]. In
(2), the first and second terms in brackets represent the matched
filter in positive and negative frequencies respectively; however,
in Fig. 4, we only show the frequency response for positive
frequencies. We can find the output optical electric field after
passing through the matched filter through Fourier transform as

(3)

and when there is no spectral phase is added, the output electric
field spectrum after passing through the pulse shaper is simply

.
A photodiode maps its input optical intensity to an electrical

signal and it operates as a square-law detector where its output
electrical voltage signal is proportional to the square of its input
optical electric field where is the (O/E)
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conversion coefficient. Thus from (3) we find the photodiode
output compressed electrical signal when the matched filter is
applied as:

(4)

The output uncompressed electrical signal, when the pulse
shaper adds no spectral phase, becomes:

(5)

Here we give two definitions to compare the output uncom-
pressed and compressed voltage waveforms in order to eval-
uate a waveform compressor performance. We define a gain
parameter as the ratio of the compressed pulse peak voltage,
minus its dc level, to the uncompressed waveform peak voltage,
minus its dc level, all measured after the photodiode, as

, where subscripts “c” and “u” denote
“compressed” and “uncompressed” respectively. can be ex-
pressed in decibels (dB) as . Since a photo-
diode maps optical intensity to an electrical signal, the resulting
voltage signal is required to be a positive-definite quantity and
has a non-zero dc level. The subtraction of the dc voltage is
relevant since a dc voltage carries no information and may be
easily blocked by a dc blocker. We also define a compression
factor as the ratio of the uncompressed voltage waveform tem-
poral window to the compressed voltage pulse full width at
half maximum (FWHM) duration , all measured after sub-
traction of their dc levels, as . Note that the pulse
FWHM duration is most meaningful for a waveform with no dc
level, and it gives a measure of frequency bandwidth for signals
with no dc level. Therefore the temporal pulse width has been
measured after subtraction of the dc level, which has informa-
tion about frequency content of the pulse.

Following we briefly provide a simple analysis which de-
scribes the relation between a gain parameter, a compression
factor, and a bandwidth to characterize the performance of a
waveform compressor. We consider an electrical voltage signal

with a spectrum uniformly equal to from -B to B in
the baseband and zero elsewhere. The electrical signal spectral
phase is assumed arbitrary, however we are interested in a spec-
tral phase which spreads the signal quite uniformly over its
time aperture . By appropriately designing this spread-time
waveform, the energy of the waveform may be evenly spread
over its time window. However an arbitrary electrical waveform
generated via the microwave photonic waveform generator is a
definite-positive voltage signal, since the photodiode has a def-
inite positive output voltage. Hence, we assume the signal
takes definite positive values over its temporal window and zero
elsewhere. As a result the uncompressed electrical signal
contains a positive dc voltage over its time aperture which is

(6)

We also assume that the signal has a constant ac energy
equal to U where we can show through Parseval’s equation that

.

From foregoing assumptions we approximate

(7)

Equation (7) is an approximation which roughly holds over
the time aperture of the signal from to . By sub-
stituting (7) in (4) we find an expression for the output com-
pressed electrical voltage

(8)

Then we find the compressed pulse peak voltage as

(9)

From (8), the dc level of the output compressed pulse voltage
over its temporal window can be approximated. It can be shown
that the dc level of the sinc function over the time aperture
can be neglected compared to when the time-bandwidth
product TB is large. Then

(10)

The term can be made negligible by biasing the
modulator close to its minimum transmission. For an input elec-
trical waveform that spreads extensively enough over time the
resulting output uncompressed signal dc voltage over its time
window will be much smaller than the output compressed wave-
form peak voltage, in other words

. Thus, we can show through (8) that the compressed pulse
FWHM duration is approximately given by .
Defining the maximum peak voltage of as , we write
the output uncompressed waveform peak voltage from (5) as

(11)

Finally, by substituting in the gain parameter expression, we
will obtain

(12)

In order to achieve further intuition in (12), we provide an ap-
proximate analytical solution for a simple case. We assume
as a linear frequency-modulated signal, which is long enough to
span many frequency-modulation oscillations, as

(13)
If the signal time-bandwidth product is much larger than 1, or

in other words there are many oscillations in the signal temporal
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window then by approximating the dc level and the ac energy
of the signal, and the associated integrals, we can show

(14)

This expression shows that the theoretical gain parameter for
a linear chirp signal is decreasing by increasing and
it takes its maximum value for . For ,
which corresponds to a bias point at the minimum transmission
of the modulator we define the maximum gain parameter

(15)

By substituting for , we finally obtain

(16)

Equations (15) and (16) show that for large values of com-
pression factor, i.e., an input chirp waveform has a large time-
bandwidth product, the maximum gain parameter becomes ap-
proximately proportional to compression factor with a factor of
0.176. This expression gives us a rough estimate of an achiev-
able gain parameter versus compression factor. The foregoing
analyses can also be performed through Fourier series instead
of Fourier transform, which again results in (14) for a periodic
waveform with temporal window set equal to the repetition
period.

IV. EXPERIMENTAL AND NUMERICAL RESULTS

To test our scheme, we have synthesized linear frequency-
modulated (chirp) and 15-bits pseudorandom sequence elec-
trical waveforms via the microwave photonic arbitrary wave-
form generator and used these as inputs to the microwave pho-
tonic filter. Due to the roll-off in the frequency responses of the
MZM, the pulse shaper, and the photodiode, the output wave-
form that is obtained from the microwave photonic filter when
the pulse shaper is quiescent is not exactly the same as the input
waveform to the microwave photonic filter; in fact, the features
with higher frequency content are more attenuated. In order to
overcome this distortion, we preequalize input waveforms to the
microwave photonic filter to obtain a desired waveform at the
output when the pulse shaper is quiescent. As an example, for
a chirp input waveform, the faster oscillations undergo higher
attenuation due to frequency roll-off of the MZM, the pulse
shaper, and the photodiode; hence, at the input we synthesize
the faster oscillations with larger amplitude in order to achieve a
chirp waveform with uniform amplitude at the output. This pree-
qualization does not change the basics of our matched filtering
technique and can be eliminated in the future by using compo-
nents with a uniform frequency response over the desired band-
width. Hence, we evaluate the performance of our matched filter
based on the uncompressed and compressed electrical voltage
waveform measured at the output of the microwave photonic
filter. First, the uncompressed output waveform that is obtained
from the microwave photonic filter when the pulse shaper is qui-
escent is measured using a fast (50 GHz) sampling scope. Then

Fig. 5. (a) Experimentally synthesized input linear chirp electrical waveform
with � �� GHz frequency content centered at � ��� GHz. (b) Experimental
output linear chirp electrical waveform when the pulse shaper is quiescent. (c)
Experimental output compressed electrical waveform after the matched filter is
applied. (d) Calculated ideal photonically matched filtered electrical waveform.
(e) Calculated spectral phases of the waveforms in (b) and (c) are shown in
squares and bold circles respectively. (f) Calculated spectral amplitudes of the
waveforms in (b) and (c) are shown in squares and bold circles, respectively.

the spectral phase of the output RF baseband waveform is ex-
tracted through fast Fourier transform (FFT). By programming
the pulse shaper to apply the opposite spectral phase function,
the output electrical waveform is compressed to a short band-
width-limited electrical pulse.
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Fig. 5 shows matched filtering for a UWB RF electrical chirp
waveform. This waveform is designed with a spectrum centered
at GHz, an ps temporal window, and the fastest os-
cillation cycle corresponding to GHz. Fig. 5(a) shows the
preequalized UWB RF chirp waveform synthesized via the mi-
crowave photonic waveform generator which is applied to the
microwave photonic filter. Fig. 5(b) shows the microwave pho-
tonic filter output electrical waveform when the pulse shaper is
quiescent. As a result of the preequalization, the amplitude of
the chirp waveform in Fig. 5(b) is more uniform in time than
the input chirp waveform in Fig. 5(a), and the individual oscil-
lations have become sharper due to the squaring operation in
(11). The spectral phase and amplitude of the chirp waveform
are calculated through FFT and shown by squares in Fig. 5(e)
and (f) respectively. The large quadratic spectral phase is consis-
tent with the linearly chirp waveform design. Fig. 5(c) shows the
compressed electrical waveform at the output after the conjugate
spectral phase, i.e., the matched filter, is applied through the mi-
crowave photonic filter. The spectral phase and amplitude of the
compressed waveform are shown by bold circles in Fig. 5(e) and
(f), which show that the spectral phase is compensated with an
error less than 0.2 rad from dc to 15 GHz. A 14.21–dB gain
parameter has been achieved, and the output electrical voltage
pulse FWHM duration is 40 ps which corresponds to a compres-
sion factor of 18.3. A calculation of the electrical waveform of
Fig. 5(b) processed through an ideal conjugate spectral phase
optical filter which is numerically performed through FFT in
MATLAB is shown in Fig. 5(d). For the ideally matched filtered
waveform, a 15.11–dB gain parameter and a 38–ps FWHM elec-
trical voltage pulse duration, which corresponds to a compres-
sion factor of 19.3, are expected. In each trace the dashed line
shows the dc level of the photodiode output voltage waveform
averaged over its 733 ps temporal window from 148 to 880 ps.
The excellent agreement between experiment and simulation
suggests that the uncompressed RF waveform spectral phase
is being corrected with a high degree of precision. The slight
difference between the uncompressed and compressed spectral
amplitudes is expected since the phase programming in SLM in-
troduces some loss which is due to the abrupt phase change be-
tween adjacent SLM pixels. To compare the experimental gain
with our theoretical analysis we may calculate the gain param-
eter from (16) which predicts a gain parameter of
dB from the experimental compression factor. We may also cal-
culate the maximum theoretical gain parameter through (15) for
which we find a gain parameter of dB for the
nominal time-bandwidth product. This is in agreement with ex-
periment in which the modulator may not be biased exactly at
its minimum transmission.

We have also performed matched filtering for UWB RF elec-
trical chirp waveforms similar to Fig. 5 for different frequency
bandwidths. Fig. 6 shows the summary of results. The gain pa-
rameters versus frequency bandwidth are plotted for linear fre-
quency-modulated electrical waveforms with fastest oscillation
cycles correspond to frequencies of about 7.5, 10, 12.5, and
15 GHz where the temporal aperture is fixed to ps. The
circles illustrate the achieved gain parameter through experi-
ment. The squares show the gain parameter after processing the
electrical chirp waveforms through an ideal optical phase-only

Fig. 6. Gain parameter versus frequency bandwidth for UWB RF chirp elec-
trical waveforms. The circles show the experimental gain parameter versus the
frequency corresponding to the chirp fastest oscillation cycle. The squares show
the calculated gain parameter after processing waveforms through an ideal pho-
tonically matched filter. The dashed line shows the maximum theoretical gain
parameter given by (15).

matched filter in simulation. The dashed line shows the max-
imum theoretical gain parameter when the bias voltage
equals to which is given by (15). The difference between
an ideal matched filter gain parameter and a theoretical gain pa-
rameter predicted by (15) comes from the simplifying assump-
tions and approximations that have been made in our derivation.
Hence Fig. 6 illustrates the behavior of a matched filter perfor-
mance which is in excellent agreement with our experimental
and numerical results.

As another example, Fig. 7 shows matched filtering for a
15-chip pseudorandom code (001001101011110) UWB RF
electrical waveform at a chip rate corresponding to Gb/s
with ps temporal window. Fig. 7(a) shows the preequal-
ized UWB RF 15-bit pseudorandom waveform synthesized via
the microwave photonic waveform generator. Fig. 7(b) shows
the microwave photonic filter output electrical waveform when
the pulse shaper adds no spectral phase. The spectral phase
and amplitude of the pseudorandom waveform are calculated
by Fourier transform of the data in Fig. 7(b) and are shown
by squares in Fig. 7(e) and (f), respectively. Fig. 7(c) shows
the compressed electrical waveform at the photodiode output
after the conjugate spectral phase is applied. The spectral
amplitude and phase of the compressed waveform are shown
by bold circles in Fig. 7(e) and (f), respectively, which show
that the spectral phase is compensated with an error less than
0.2 rad from dc to 15.5 GHz. A 14.07–dB gain parameter has
been achieved, and the output electrical voltage pulse FWHM
duration is 50 ps which corresponds to a compression factor of
16. A calculation of the electrical waveform of Fig. 7(b) pro-
cessed through an ideal conjugate spectral phase optical filter
is shown in Fig. 7(d). For the ideally matched filtered electrical
waveform, a 14.85–dB gain parameter and a 46–ps FWHM
pulse duration, which corresponds to a compression factor of
17.4, are expected. Here also the excellent agreement between
experiment and simulation suggests that the uncompressed RF
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Fig. 7. (a) Experimentally synthesized input 15-chip pseudorandom electrical
waveform. (b) Experimental output 15-chip pseudorandom electrical waveform
when the pulse shaper is quiescent. (c) Experimental output compressed elec-
trical waveform after the matched filter is applied. (d) Calculated ideal photoni-
cally matched filtered electrical waveform. (e) Calculated spectral phases of the
waveforms in (b) and (c) are shown in squares and bold circles, respectively.
(f) Calculated spectral amplitudes of the waveforms in (b) and (c) are shown in
squares and bold circles, respectively.

electrical waveform is matched filtered with a high degree of
precision.

The matched filtering technique can be applied to compress
and asynchronously detect spread-time waveforms which are ar-
bitrarily spectral encoded. This includes a wide range of wave-
forms; however, waveforms such that their spectrum almost uni-
formly covers a baseband spectrum, e.g., a linear frequency-
modulated waveform, have been our focus here. This group of
waveforms carries the maximum energy for a given bandwidth
and maximum allowed power spectrum level that enables their
power spectrum to be buried in a background noise. This prop-
erty makes them good candidates for UWB applications, mul-
tiple access systems, and low probability of intercept systems
in secure communication. This group may be categorized as
spectral phase-only encoded waveforms. It can be shown that
the maximum gain parameter and the maximum compression
factor can be achieved by matched filtering these waveforms for
a given bandwidth and a temporal window.

Currently, our microwave photonic filter has an RF transmis-
sion coefficient, from the MZM input electrical voltage to the
photodiode output electrical voltage, of about dB. Taking
into account the compression gain of the waveforms reported
above, this figure would become as high as dB. This already
surpasses the overall RF gain (including compression gain) of

dB for the 1.1–GHz bandwidth SAW filter reported in [24].
The RF gain in our system can be enhanced by using a higher
power CW laser source, a MZM with lower insertion loss and
with lower (commercially available down to 1 V), and a pho-
todiode with higher responsivity and power handling capability.
On the other hand, the hyperfine resolution pulse shaper has an
insertion loss of dB which theoretically may be reduced
down to dB that will further improve the transmission co-
efficient [30]. The nonlinearity due to the MZ intensity modu-
lator can be mitigated by direct modulation of distributed feed-
back laser (DFB), which has a more linear transfer characteristic
compared to LiNbO MZM [31].

V. CONCLUSION

We experimentally demonstrate compression of UWB RF
spread-time arbitrary electrical waveforms via programmable
microwave photonic phase filters implemented in an optical
pulse shaper. This opens a new approach to compress and
asynchronously detect RF electrical waveforms in UWB com-
munication systems via matched filtering. This enables to
asynchronously detect UWB spread-time electrical waveforms,
to recover a synchronizing signal, and to compensate a channel
response due to antenna dispersion at a receiver front. This tech-
nique is also a possible solution for multicode UWB system
using chirp waveforms [32], UWB high resolution ranging
system [33], and UWB radar with millimeter resolution [34].
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