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Abstract—In this study, we present compression of ultra-wide-
band RF waveforms via photonic synthesis of phase pre-compen-
sated waveforms. By exciting a dispersive wireless link (employing
Archimedean spiral antennas) with variable-bandwidth excitation
waveforms, we first demonstrate that such links exhibit a disper-
sion-limited output pulse duration. Subsequently, we utilize the RF
spectral phase extracted from the impulse response of the link to
create signals designed to negate the nonuniform phase response
of the spiral antennas utilized in the link. Such waveforms remove
the dispersion limitation and enable bandwidth-limited operation.
We achieve compression to within a factor of two of the bandwidth
limit for signals with bandwidths of 1–10 GHz at a center frequency
of 6 GHz. To our knowledge, this represents the first demon-
stration of dispersion pre-compensation for signals with fractional
bandwidths exceeding 100%. Our technique is reprogrammable
and may be extended to larger bandwidths and higher operational
frequencies, making it an enabler for future radar and communi-
cation systems.

Index Terms—Broadband antennas, matched filtering, mi-
crowave photonics, time-domain techniques, ultra-wideband
(UWB).

I. INTRODUCTION

WITH THE resurgent interest in ultra-wideband (UWB)
signals and waveforms for applications ranging from im-

pulse radio [1] to ground-penetrating radar [2] and future appli-
cations such as cognitive radio [3] and radar [4], methods to
synthesize and manipulate large fractional-bandwidth signals is
of increasing importance. In UWB applications such as those
mentioned above, signal duration (bandwidth) is of prime im-
portance for maintaining high data rates for communications
applications or high spatial resolution in radar applications. For
future cognitive applications that dynamically allocate the avail-
able RF spectrum to achieve optimum data rates and resolution,
the ability to reprogrammatically optimize the transmitted sig-
nals will be key in maintaining system performance.

Signal degradation occurs in wideband systems for many
reasons; here, we focus on signal dispersion arising from the
nonuniform RF spectral phase response of elements of the
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transmitter and/or receiver. In particular, for large fractional
bandwidth signals, the antennas utilized on both ends of a wire-
less link may contribute very large dispersion to the signal of
interest. While virtually nondispersive antennas do exist, such
as the planar bowtie [5] or the ridged horn [6], [7], we focus here
on the class of frequency-independent antennas, which includes
the Archimedean spiral [8] and log-periodic antennas. From
a bandwidth perspective, these represent appealing options
for UWB systems. This class of antennas, however, is known
to impart a strong frequency-dependent delay to wideband
signals [6], [9] and provide excellent examples of the effects
of (and need to compensate for) dispersion in UWB links. In
systems that digitally sample the received analog waveforms,
this dispersion may be compensated via digital post processing;
as systems move to higher center frequencies; however, the lack
of high-fidelity high-bandwidth analog-to-digital converters
will limit the efficacy of such post-processing techniques. Dis-
persive delay lines (such as surface acoustic wave devices [10])
may also be used to compress the analog signal upon reception;
however, as the bandwidth of interest increases, so does the
physical size and the RF loss of such devices. Given the interest
in broadband impulsive radiation for a variety of commercial
and military applications and the limitations of electronic pulse
compression schemes, antennas for UWB applications must
be chosen quite carefully and new techniques to compensate
dispersion for broadband electromagnetic signals are required.

Our experiment and analysis ties the dispersive behavior of
RF antennas to concepts well known in the ultrafast photonics
community by illustrating the variation in received pulsewidth
as a function of excitation bandwidth. Our experiments show
that the received waveforms (pulses) in a dispersive antenna
link exhibit a dispersion-limited output duration; i.e., for an
optimum bandwidth, dispersion and bandwidth-limitations bal-
ance to yield a minimum output pulsewidth. For either larger or
smaller signal bandwidths, the output duration increases due to
dispersion or bandwidth limitations, respectively. We also show
the root-mean-square (rms) chirp is a useful metric for charac-
terizing the dispersion of a wireless link relative to the band-
width-limited operational regime.

We additionally demonstrate pre-compensation of the
nonuniform phase response (dispersion) of a pair of
Archimedean spiral antennas in a wireless link as an efficient
method of pulse compression for UWB impulsive waveforms.
Our technique utilizes a photonics-based electromagnetic pulse
shaper [11], [12] to synthesize waveforms that exhibit the
opposite RF spectral phase to that imparted by the antennas
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in our link; after radiation from and reception with dispersive
antennas, the received waveforms are then compressed. As
compared to the first demonstration of this technique [7],
which emphasized the matched-filter solution to a minimally
dispersive wireless link employing ridged-horn antennas, in
this study, we utilize strongly dispersive antennas and focus
on waveform design in the frequency domain. The technique
presented in this study emphasizes the phase response of the
antennas, while de-emphasizing the magnitude of the frequency
response—essentially phase-only matched filtering [13], [14];
thus the class of waveforms utilized here represent a significant
extension beyond the matched filter solution presented in [7].
Here, we demonstrate compression of waveforms ranging from

1- to 10-GHz bandwidth at a center frequency of 6 GHz
(well outside the capabilities of current commercial arbitrary
waveform generators) to within less than a factor of two of
the bandwidth limit through simple reprogramming of our
electromagnetic pulse shaper.

This paper is organized as follows. In Section II, we present
our experimental apparatus and relate the frequency-depen-
dent delay imparted by an antenna to a wideband signal to
the measured impulse response of the link. In Section II, we
also detail dispersion compensation via pre-compensation
of the nonuniform RF spectral phase of our antennas and
define several metrics useful in characterizing the fidelity of
the compressed signals. We present simple proof-of-concept
experiments illustrating the potential impact of our technique
for radar and high-data-rate communications in Section III. In
Section IV, we summarize our results.

II. EXPERIMENT

A. Experimental Apparatus and Electromagnetic
Pulse Shaping

Our experimental apparatus is shown in Fig. 1. Here, we
address the basic functionality of our photonics-based elec-
tromagnetic pulse shaper as it relates to synthesis of arbitrary
excitation waveforms for our antenna measurements. For a
more detailed discussion, please consult [11] and [12]. A
schematic of our electromagnetic pulse shaper is shown in
Fig. 1 (comprising the elements within the dashed line). Short
optical pulses 100 fs from a mode-locked laser source are
spectrally filtered in a Fourier transform optical pulse shaper
[15]. This pulse shaper allows the user to reprogrammably
impress an arbitrary optical filter function onto the complex
amplitude spectrum of the input short pulse. Subsequently,
these filtered pulses are dispersed in a length of single-mode
optical fiber (length km and dispersion parameter

ps/nm/km). The chromatic dispersion of the op-
tical fiber uniquely maps optical frequency to time; thus, the
temporal optical intensity after the fiber stretcher is a scaled
version of the power spectrum of the spectrally filtered optical
pulse. The photodiode (Discovery Semiconductor DSC 30S)
functions as an optical-to-electrical converter, which yields
electrical voltage waveforms whose shape is determined by
the driving optical intensity waveforms. This functionality
enables the user to directly specify the output electrical wave-
form by applying a scaled version of the desired waveform

Fig. 1. Experimental setup for the pulse compression experiments. Short
(�100 fs) optical pulses from a mode-locked erbium fiber laser are converted
to arbitrary electromagnetic waveforms (�3-ns duration and up to �11-GHz
instantaneous bandwidth) in a photonics-based arbitrary electromagnetic
pulse shaper. These shaped pulses are then transmitted across a wireless link
consisting of a pair of broadband antennas. The received signals are amplified
with a low-noise amplifier and measured with a 50-GHz sampling oscilloscope.

as the optical filter function in the optical pulse shaper. For
the current configuration of our electromagnetic pulse shaper,
waveforms of approximately 3-ns duration and 11-GHz
instantaneous bandwidth are readily achieved. This electro-
magnetic pulse-shaping technique provides unprecedented
waveform agility and enables a variety of excitation waveforms
for our pulse compression experiments—these waveforms
range from broadband sinusoids (constant frequency, as well
as frequency stepped) [11] to highly structured UWB impulses
[12]. We note that our technique allows direct specification of
the output electrical waveform; others have demonstrated a
similar technique [16], which iteratively solves for sinusoidal
and frequency-modulated waveforms. The output waveforms
from the electromagnetic pulse shaper excite a broadband an-
tenna (primarily, an Archimedean spiral antenna [8] (NURAD
96C4100, 1–18 GHz) in this study); a second spiral antenna,
positioned 1–2 m away, functions as a receiver. The output
of the receiving antenna is amplified with a low-noise amplifier
and measured with a 50-GHz sampling oscilloscope.

B. Antenna Link Impulse Response and
Frequency-Dependent Delay

Here, we first characterize the dispersion of our wireless link.
There are a variety of measurements that may be used to charac-
terize the dispersive properties of a particular system including
the familiar impulse response or direct measurements of the fre-
quency-dependent delay [17], [18]. While much insight into the
dispersion of broadband antennas may be gained from the latter
technique, for the purposes of this study, the impulse response
(or the complex frequency response computed from the time-do-
main data) provides the necessary insight and information. To
obtain the impulse response of our link, we excite the trans-
mitting antenna with a 20-ps impulse generated by driving
the photodiode in our pulse shaper with a pulse directly from
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the source laser. The driving impulse (inset) and measured im-
pulse response are shown in Fig. 2(a). As free-space propagation
(diffraction) acts only as a spectral amplitude filter [19] (due to
the finite size of the receiving antenna), the pair of spiral an-
tennas clearly impart a strong frequency-dependent delay [9] to
the impulsive excitation waveform. Here, the measured impulse
response shows a strong down chirp and its duration of 8 ns is
approximately 400 that of the driving impulse. For this study,
a frequency-domain image of the impulse response yields more
insight into how the dispersion of the antenna link affects broad-
band signals. To that end, we calculate the frequency response
of our link via fast-Fourier transform of the time-domain im-
pulse response; the resulting frequency response is shown in
Fig. 2(b). Here, the solid black curve shows the spectral ampli-
tude response of the link (power spectral density of the impulse
response). More importantly, the solid gray curve illustrates the
frequency-dependent delay of the link. This quantity is re-
lated to the RF spectral phase through the relation

(1)

assuming a phasor time dependence. Over the range
of 2–12 GHz, the frequency-dependent delay is seen to vary
by ns, as one would expect from the mea-
sured time-domain impulse response. Here, the pronounced
down-chirp is also readily apparent for frequencies below

6 GHz showing significant delays 1 ns , as compared to
the higher frequencies. The dashed curve is a numerical fit to
the experimentally measured frequency-dependent delay for
our link based on a model for the delay of a single antenna and
the measured geometry of our antennas [spiral feedpoint radius

, spiral growth rate , and the current velocity along the
spiral ]. For completeness, the frequency-dependent delay
for one Archimedean spiral antenna [9], [18] is given by

(2)

We find from twice the delay given in (2) (since our link con-
sists of two spiral antennas) fit parameters of m,

m/rad, and cm/ns yield excellent agreement
with the experimental data and agree quite well with the mea-
sured dimensions of m and m/rad. The
link impulse response provides us with the RF spectral phase
(dispersion) contributed by our antennas; as this phase is a vari-
able that may be controlled in our electromagnetic pulse shaper,
we are thus able to pre-compensate a given excitation waveform
to mitigate the effects of dispersion.

C. UWB Pulse Compression Through Phase
Pre-Compensation

The emphasis of this study is to demonstrate dispersion com-
pensation (or, compression of the received pulse) in a wireless
link. To illustrate this concept, we excite our wireless link with
a series of variable-bandwidth (duration) Gaussian pulses at a
fixed center frequency of GHz; mathematically, the

Fig. 2. (a) Impulse response of the link comprising two Archimedean spiral an-
tennas. The �20-ps driving impulse is shown in the inset. Clearly, the driving
impulse is dispersed upon radiation/reception; the output duration is �8 ns.
(b) Frequency response of the Archimedean link calculated from the fast-Fourier
transform of the time-domain impulse response (Fig. 1). The solid black curves
shows the spectral amplitude response (power spectral density) and the solid
gray curve shows the frequency-dependent delay � (!) calculated from the RF
spectral phase via (1). The dashed curve is the calculated frequency-dependent
delay of the Archimedean link based on the geometry of the spiral antennas
[see (2)]. (a) Excitation impulse (inset) and impulse response of the wireless
link. (b) Frequency response of the wireless link.

complex spectral amplitude of these pulses is of the form

(3)

The time-domain waveform amplitude , determined via in-
verse fast-Fourier transform of the frequency domain data, is
then used to program our electromagnetic pulse shaper. To illus-
trate the effects of dispersion and compression, we then compute
the duration of the received waveform as a function of the band-
width (duration) of the excitation pulse. Before presenting our
experimental results, we must define the duration of our wave-
forms. There are a variety of definitions one may use for the du-
ration of a waveform. For dispersive systems (more generally,
those exhibiting significant waveform distortions of any type),
the rms duration is especially insightful because it gives a sense
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of energy concentration in the waveform [20], [21] and is inde-
pendent of the particular pulse shape. This quantity is defined as

(4)

where is the center-of-mass of the waveform given by

(5)

The full-width rms pulsewidth is then

(6)

First, we illustrate the effects of link dispersion on im-
pulsive excitation waveforms (i.e., those which exhibit a
uniform spectral phase). Several example excitation wave-
forms are shown in Fig. 3(a). These waveforms, centered
at a frequency of 6 GHz, exhibit decreasing rms durations
(increasing bandwidths) ranging from ns (in
(3), GHz) for the top waveform to

ps GHz for the bottom waveform.
The peak amplitude of these excitation waveforms is typically
on the order of 120 mV. Fig. 3(b) shows the received wave-
forms corresponding to the excitation waveforms of Fig. 3(a).
Upon reception, it is clear that the received pulsewidth increases
with the bandwidth of the excitation pulse. For narrowband
excitation (top waveform in Fig. 3(a), GHz), there is
little dispersion; in this case, the output pulsewidth is found to
be approximately ns—very nearly the same dura-
tion as the excitation pulse. This may be understood from the
frequency-dependent delay shown in Fig. 2(b) (gray curve). The
spectrum of the narrowband pulse spans a small portion of the
delay curve (centered at 6 GHz) where there is very little vari-
ation in frequency-dependent delay (or RF spectral phase). As
the excitation waveform bandwidth increases to GHz
[bottom trace in Fig. 3(a)], the received pulsewidth is seen to
increase dramatically—the measured received pulse duration
is ns, or roughly 27 the duration of the excitation
waveform ps . Again, from the measured fre-
quency-dependent delay, this is expected as the pulse spectrum
spans a large portion of the delay curve. In particular, there is
significant low-frequency content where the delay variation is
quite pronounced. From the measured received waveforms, it is
interesting to note the minimum in the received pulsewidth oc-
curring for an excitation duration (bandwidth) of approximately

ps GHz . Intuitively this minimum
makes sense in a dispersive system—for very short-duration
(very broad bandwidth) excitation pulses, the output pulsewidth
is dominated by the variation of frequency-dependent delay
of the system across the pulse bandwidth [see the gray curve
in Fig. 2(b)]. In the opposite extreme of long-duration excita-
tion pulses (narrow bandwidth), there is very little variation
in the frequency-dependent delay across the pulse spectrum;
the received pulse duration is, therefore, bandwidth limited
and tracks the duration of the input pulse. Between these two

Fig. 3. (a) Gaussian excitation waveforms at a center frequency of f = 6GHz
with (full-width 1=e) bandwidths ranging from �f = 1 GHz (top) to
�f = 10GHz (bottom). (b) Received waveforms for the excitation waveforms
in (a). For narrowband excitation pulses, the received pulsewidth is essentially
the same as that of the excitation waveform. As the excitation waveform band-
width increases, dispersion-induced pulse broadening dominates the output
pulsewidth. The minimum received pulsewidth (� � 0:5 ns) occurs for the
second waveform (�f � 3:7 GHz). (a) Excitation waveforms. (b) Received
waveforms.

extremes, pulse broadening due to dispersion and bandwidth
limitations balance to yield a minimum in received pulsewidth.

To dispersion-compensate our excitation waveforms, we uti-
lize the RF spectral phase extracted from the Fourier transform
of the measured impulse response. To accomplish this, we de-
fine the excitation waveform in the frequency domain as before;
however, we now apply the opposite spectral phase to that of the
impulse response. In this case, (3) becomes

(7)

where is the RF spectral phase extracted from the impulse
response. For such pre-compensated excitation waveforms, the
applied RF spectral phase cancels that imparted by the antennas
in our link leading to compression of the received wave-
forms. Fig. 4(a) shows several examples of pre-compensated
waveforms synthesized in our electromagnetic pulse shaper.
These waveforms correspond to the impulsive excitation wave-
forms shown in Fig. 3(a) after phase pre-compensation (note
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Fig. 4. (a) Phase pre-compensated excitation waveforms [complex amplitude
spectra given by (7)] generated by using the measured RF spectral phase ex-
tracted from the impulse response. (b) Received waveforms illustrating phase
compensating the input results in compression at the receiver. The center fre-
quency and bandwidth for these waveforms are the same as in Fig. 3. Note, in
contrast to the case of impulsive excitation, the received pulsewidth monotoni-
cally decreases with increasing excitation bandwidth. (a) Excitation waveforms.
(b) Received waveforms.

the strong up-chirp in these waveforms as compared to the
down-chirp exhibited in the impulse response). Again, the peak
amplitudes of these excitation waveforms in on the order of
120 mV. The measured received waveforms for the case of
phase pre-compensated excitation are shown in Fig. 4(b). Here,
in contrast to the case of impulsive excitation, the duration of
the received waveforms is seen to monotonically decrease with
decreasing excitation waveform duration (increasing excitation
bandwidth). To compare the cases of impulsive and pre-com-
pensated excitation, we again look at the two extremes in
excitation waveform duration (bandwidth). For long-duration
excitation (narrowband) [top trace of Figs. 3(a) and 4(a)], the
received pulse duration is equivalent— ns [see
Figs. 3(b) and 4(b)]. For short-duration excitation waveforms,
however, the duration of the received pulse for the case of
pre-compensated excitation [bottom trace in Fig. 4(b)] is
measured to be approximately ps—roughly an
order-of-magnitude (12 ) shorter than for the case of impul-
sive excitation (bottom trace in Fig. 3(b), ns).

Fig. 5. RMS output pulse duration versus the bandwidth-limited rms input
pulse duration [calculated from the data of Figs. 3 and 4 using (4) and (6)].
Here, the squares show the output pulse duration for impulsive excitation; the
circles illustrate the output pulse duration for phase pre-compensated excitation.
The dashed line is the theoretical output pulsewidth for a nondispersive, but
bandwidth-limited antenna link (i.e., only the amplitude response of Fig. 2(b)
matters). The dashed-dotted curve represents an infinite-bandwidth nondisper-
sive link, and the solid curve represents the output pulsewidth assuming perfect
phase pre-compensation and includes the finite time aperture of the pulse shaper.
Over the range of input pulse durations, our pulse compression technique yields
output pulse durations within a factor of two from the bandwidth-limited dura-
tion. For input pulse durations below�210 ps, the clamping of the output pulse
duration to � � 240 ps results from the finite time aperture of the electro-
magnetic pulse shaper.

To illustrate the differences between impulsive and pre-com-
pensated excitation, we calculate the rms duration of the re-
ceived waveform (for both excitation cases) and plot the results
as a function of the bandwidth-limited excitation duration [the
duration of the impulsive excitation waveforms of Fig. 3(a)].
This comparison is given in Fig. 5. Here, the squares show the
measured rms duration of the received signals for the case of
impulsive excitation and the circles the received signal dura-
tion for phase pre-compensated excitation. As illustrated by the
time-domain data of Fig. 3(b), for the case of impulsive excita-
tion, the received waveform duration is seen to be well beyond
the bandwidth limit (shown by the unity-slope dashed-dotted
line) for input pulse durations below ps. There
is a minimum in the received waveform duration of

ns for an input pulse duration of ps; the output
pulse duration then tracks that of the input pulse. Conversely,
the output waveform duration for the case of phase pre-compen-
sated excitation monotonically decreases with decreasing exci-
tation waveform duration, reaching a minimum received wave-
form duration of ps for an input pulse duration of

ps; after this point, the output pulse duration is
clamped to the value of ps.

To explain this result, it is useful to analyze two effects, which
are: 1) the frequency response of the antenna link assuming no
antenna-induced dispersion (i.e., only the magnitude of the fre-
quency response of the antennas and frequency filtering due to
diffraction are considered) and 2) the finite time aperture of our
electromagnetic pulse shaper [12]. To illustrate the effect of the
link frequency response (1), we (via simulation) propagate the
measured impulsive excitation waveforms of Fig. 3(a) through a
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nondispersive link. We accomplish this by multiplying the com-
plex amplitude spectra of the impulsive excitation waveforms
[see Fig. 3(a)] by the magnitude of the measured link frequency
response [solid black curve in Fig. 2(b)]. Subsequently, we in-
verse fast Fourier transform the frequency-domain data and cal-
culate the rms duration of the resulting time-domain waveforms
(not shown); the results of this calculation are shown via the
dashed line in Fig. 5 (most clearly in the inset). As one would ex-
pect for broadband commercial antennas (1–18) and a relatively
short 1–2 m link, the frequency response of the link has a
small (though nonnegligible) effect on the received pulsewidth.
For input pulse durations in the range of 100–200 ps, the rms
deviation from the bandwidth-limited input pulse duration is

33 ps (27%). The finite time aperture of the electromagnetic
pulse shaper (2) is found to have a stronger effect on the re-
ceived waveform duration. As described in [12], the 3-ns time
aperture of the electromagnetic pulse shaper acts as a filter for
chirped waveforms. That is, for a given bandwidth and chirp-
rate, frequencies that occur outside of this 3-ns time aperture are
filtered from the waveform. To simulate this effect, we disperse
the measured impulsive excitation waveforms [see Fig. 3(a)]
by multiplying their complex amplitude spectra by a complex
phase exponential corresponding to the opposite of the mea-
sured spectral phase of the impulse response (phase pre-com-
pensation). We then perform an inverse fast-Fourier transform to
obtain the dispersed time-domain waveform. The time aperture
of the pulse shaper is simulated by multiplying the dispersed
waveform by a 3-ns rectangular window. This truncated wave-
form is then propagated through the link (numerically) via con-
volution with the antenna link impulse response (which includes
the frequency response of the spiral antennas). We then calcu-
late the rms duration of the received waveform—the result of
this simulation is shown by the solid curve in Fig. 5. As is evi-
dent, the simulated data match our experiments quite well, il-
lustrating that the finite time aperture of our electromagnetic
pulse shaper is responsible for the clamped output pulsewidth.
To remove this effect, the time aperture of the pulse shaper may
be increased—for a fixed RF bandwidth—either by utilizing
a larger bandwidth optical source and/or a longer dispersive
stretcher, while maintaining the temporal resolution of the appa-
ratus. It is interesting to note that the rms deviation in received
pulsewidth from the bandwidth-limited duration (assuming that
the frequency response of the link is the only cause for pulse
broadening) for the case of phase pre-compensated excitation
is approximately ps for input pulsewidths above

ps—this yields an error bound of approximately % error
for our pulse compression technique.

D. Pulse Compression Metrics

In addition to the received signal duration, there are several
other metrics that dramatically illustrate pulse compression. For
example, a quantity related to the waveform duration (yet dis-
tinct in terms of the information it provides) is the rms chirp
[20], defined as

(8)

Fig. 6. RMS chirp [see (8)] of the received waveforms as compared to the finite-
bandwidth nondispersive link (dashed curve in Fig. 5). Here, the squares show
the case of impulsive excitation and the circles represent phase pre-compensated
excitation. Here, we demonstrate the ability to decrease the rms chirp by over an
order of magnitude (� 17�) for waveforms with up to 10-GHz instantaneous
bandwidth.

Here, is the bandwidth-limited rms signal duration (which
accounts for the magnitude of the antennas’ frequency response
and assumes a uniform RF spectral phase). The utility of the rms
chirp is that it provides a measure of the overall deviation from
uniform spectral phase regardless of the form of spectral phase
variation. At the same time, the rms chirp also represents the
deviation of a waveform’s duration from the bandwidth-limited
duration; with respect to pulse compression, the received wave-
form rms chirp is essentially the quality factor of the pulse com-
pressor. In Fig. 6, we present the rms chirp of the received wave-
forms for the case of impulsive (squares) and phase pre-com-
pensated excitation (circles). As illustrated by the received pulse
durations (Fig. 5), impulsive excitation leads to received pulses
that are well beyond bandwidth-limited duration—the rms chirp
is found to vary from for short-duration excitation
waveforms to near for very long excitation pulses.
On the other hand, the received waveforms for the case of phase
pre-compensated excitation show rms chirp values in the range

over the entire range of excitation durations
(bandwidths). This shows the efficacy of our technique—de-
spite the saturation in output pulsewidth, we are able to obtain
received pulse durations less than a factor of two from the band-
width limit.

Appealing to concepts familiar to the antenna/radar commu-
nity, there are several metrics defined relative to the normalized
received power [7] in our experiments. The normalized received
power is defined as the ratio of the received power to the peak
power of the excitation waveform

(9)

For a system that employs a peak power-limited excitation
source, the normalized received power will be greater for a dis-
persed excitation waveform that is compressed at the receiver
than for an impulsive excitation waveform. This concept is the
primary motivating factor behind chirped-pulse radar [22]—the
peak-power limitations (compression) of amplifiers in the radar
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Fig. 7. Normalized received power [log-scale of (9)] for a 10-GHz bandwidth
waveform for the cases of impulsive excitation (black curve) and phase pre-com-
pensated (gray curve and inset) excitation. The compressed waveform (gray
curve) shows an increase of �13.6 dB in peak normalized power and a signifi-
cant decrease in secondary oscillations, as compared to the dispersed waveform
(black curve). Along with a decrease in duration, both effects signify energy
concentration and compression of the received waveform.

transmitter motivate the use of chirped waveforms to increase
the energy available to illuminate the radar target. In our study,
our electromagnetic pulse shaper is limited to peak voltage
amplitudes on the order of 120 mV (peak instantaneous
power 290 W). Additionally, our experiments utilize highly
dispersive antennas. Thus, the peak normalized received power
under impulsive excitation is expected to be significantly less
than that for the case of phase pre-compensated excitation. To
illustrate this, we compare the log-scale normalized received
power of a 10-GHz bandwidth waveform for impulsive
excitation (black curve) and phase pre-compensated excitation
(gray curve and inset) in Fig. 7. The corresponding impulsive
and pre-compensated excitation waveforms are shown by the
bottom traces in Figs. 3(a) and 4(a), respectively. In Fig. 7,
the normalized received power for impulsive excitation (black
curve) dramatically illustrates the dispersion induced by our
spiral antennas—there are measurable oscillations spanning a
duration of approximately 6 ns. The peak normalized power
(log scale) for this waveform is dB; the peak
instantaneous power in the received waveform is thus roughly
two orders of magnitude lower than the peak power of the
excitation waveform. In contrast, with phase pre-compensated
excitation, the normalized received power (gray curve) is
clearly compressed. The peak normalized power in this case is

dB—an increase of 13.6 dB 20 as com-
pared to the case of impulsive excitation. Note that the increase
in peak normalized power agrees extremely well with other
metrics of compression such as the decrease in rms chirp and
rms pulse duration. The rms chirp for the received waveforms
of Fig. 7 is seen to decrease by 16.22 12.3 dB from ap-
proximately for the case of impulsive excitation
to in the case of pre-compensated excitation. Sim-
ilarly, the rms duration is seen to decrease from ns
for the case of impulsive excitation to ps for phase
pre-compensated excitation—a decrease of 12 11 dB .

Fig. 8. Experimental setup for the radar and high pulse-rate experiments. The
transmitting antenna is now a wideband planar bowtie utilized to decrease the
overall dispersion of the antenna link.

Another insightful metric of compression contained in the
normalized received power is the amplitude of any secondary
oscillations relative to that of the peak oscillation. This metric
is the peak-to-sidelobe ratio (well known in both the signal pro-
cessing [23] and antenna [24] communities) and is defined as

(10)

where is the normalized power of the th secondary
oscillation and is the peak normalized received power.
With impulsive excitation, the received waveform (black
curve) in Fig. 7 exhibits 29 oscillations in the rms duration
of 2.8 ns 1.4 ns . Of these oscillations, all are within

dB of the peak normalized power, illustrating
again that the energy of this waveform is heavily dispersed.
Conversely, with pre-compensated excitation, the received
waveform (gray curve) shows only two oscillations within
the duration of ps. In this study, we emphasize
compensation of the dispersion induced by our antennas. To
that end, the phase pre-compensation demonstrated here only
addresses the additional RF spectral phase contribution from
the antennas. This is in contrast to previous work [7] where
we address the matched-filter response of a dispersive antenna
link by additionally shaping the RF power spectrum to approx-
imate the requisite inverse filtering operation. Here, the phase
pre-compensated excitation waveforms maintain an overall ab-
solute phase of ; therefore, the received waveforms exhibit
the time-domain derivative expected from free-space propaga-
tion and we measure a null in the normalized power at time

(in contrast to [7] where there the matched-filter response
leads to a peak at in the received waveform). Note that
the phase pre-compensated response is highly symmetric—the
normalized power of the central two oscillations are 8.2 and

8.5 dB, respectively (a peak-to-sidelobe ratio of dB
for the right-most oscillation at ps).

III. IMPACT OF PULSE COMPRESSION ON UWB APPLICATIONS

We now present several intriguing examples of how our
technique could positively impact applications employing
UWB impulsive waveforms. These waveforms are expected
to be of particular importance for future applications such
as cognitive radio and radar [3], [4], which will adaptively
utilize the available bandwidth (not necessarily limited to the
current 3.1–10.6-GHz UWB band); this will require the ability
to transmit variable-bandwidth waveforms with minimum
distortion. As one would expect, the dispersive behavior of
broadband antennas could significantly degrade the resolution
in impulse radar systems such as ground-penetrating radar.
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Fig. 9. Transmitted and received waveforms in the radar experiment. Note that the reflector positioned �24 cm behind the transmitting antenna will produce
a reflection occurring �1.6 ns after the line-of-sight signal in the received waveform. (a) �10-GHz bandwidth impulsive excitation signal. (b) Received signal
exhibiting no clear evidence of the secondary pulse (radar return). (c) Phase pre-compensated excitation waveform. (d) Received waveform clearly showing the
secondary pulse from the reflector.

Fig. 10. �10-GHz pulses with a repetition rate of �1 ns. (a) Impulsive excitation waveforms. (b) Received waveform for impulsive excitation illustrating that
antenna dispersion causes the response from each excitation pulse to overlap at the receiver. (c) Phase pre-compensated excitation pulses. (d) Received waveform
illustrating that phase pre-compensation leads to compression at the receiver. Two pulses may be clearly resolved in the received waveform (�0.5 ns).

Antenna dispersion could also significantly impact the attain-
able data rates in UWB impulse radio schemes [1] by blurring
individual multipath events into a single (longer duration)
impulse. To illustrate these concepts, we perform simple radar
and high-rate impulse transmission experiments utilizing our
electromagnetic pulse shaper and pulse compression technique.
We note that conventional UWB (3.1–10.6 GHz) systems may
be implemented with virtually nondispersive antennas, such as
the wideband planar bowtie [5], though such antennas exhibit
reduced efficiency as compared to frequency-independent
antennas such as the Archimedean spiral antenna. In addition,
future applications such as cognitive radio will require band-
widths in excess of 100 : 1 to achieve the required waveform
fidelity. To achieve the requisite bandwidth coverage by uti-
lizing multiple nondispersive antennas becomes increasingly
impractical as the bandwidth increases (from the sheer number
of antennas required). Therefore, dispersion compensation
schemes for ultrabroadband waveforms will be a critical en-
abler for these systems.

The apparatus for these experiments is shown in Fig. 8. Here,
we employ a home-built broadband planar bowtie antenna [5] as
the transmitting antenna (the bowtie is, essentially, a planar bi-
conical antenna, which is known to exhibit minimal dispersion
[6]). An Archimedean spiral antenna functions as a receiver; the

output of this antenna is amplified with a low-noise amplifier
and measured with a 50-GHz sampling oscilloscope. Note that
the use of the bowtie as the transmitting antenna reduces the
overall dispersion of the link by a factor of two [18]. This al-
lows use to fully compress the received pulse without suffering
the bandwidth-filtering effects of the finite time-aperture of our
electromagnetic pulse shaper (see Fig. 5 and the associated dis-
cussion).

To emulate a radar target or a multipath event, a reflector is
positioned a distance of approximately 24 cm behind the trans-
mitting antenna. Given the planar bowtie exhibits equal forward
and backward radiation (it is not a cavity-backed antenna de-
signed to show no backward radiation), the reflector will re-
sult in a second pulse (representing a multipath event or radar
return) that arrives at the receiving antenna 1.6 ns after the
line-of-sight signal. To illustrate the deleterious effect of an-
tenna dispersion, we first excite the transmitting antenna with
the ps ( 10-GHz bandwidth) impulse shown in
Fig. 9(a) [also shown as the bottom trace in Fig. 3(a)]. In the
received waveform shown in Fig. 9(b), the line-of-sight signal
and secondary pulse (radar return) overlap at the receive an-
tenna due to the dispersion of the Archimedean spiral func-
tioning as the receiver; thus, the reflected pulse is not resolved in
time. The spatial resolution of this system is, therefore, poorer
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than 24 cm when impulsive excitation waveforms are used at
the transmitter. This would be unacceptable, for example, in
short-range through wall imaging (radar) systems designed to
detect individuals or objects in relatively close proximity to one
another. When the excitation waveform is pre-compensated for
the dispersion of the receiving antenna, as shown in Fig. 9(c),
however, the secondary pulse is clearly visible in the received
waveform, as illustrated in Fig. 9(d). In this case, the spatial
resolution of the system has been decreased to less than 24 cm,
as evidenced by the “dead space” of approximately 1 ns be-
tween the line-of-sight and reflected pulses; this would suggest
the system resolution is now approximately cm.

The effect of antenna dispersion on high-rate impulsive com-
munication systems is predicted to be much the same. Pulses
that occur with a pulse period less than the dispersed pulsewidth
of a single pulse are expected to be unresolvable at the receiver.
To illustrate this, we remove the reflector from the experimental
setup of Fig. 8 and excite the transmitting antenna with a pair
of ps ( 10-GHz bandwidth) impulses separated by

1 ns, as shown in Fig. 10(a). As one would expect from the
response of a single Archimedean spiral, each received pulse is
dispersed to a duration of 1.5 ns. This makes it impossible to
clearly distinguish individual pulses in the received waveform
shown in Fig. 10(b). When each pulse in the input waveform is
phase pre-compensated, as illustrated in Fig. 10(c) (the pulses
are now up chirped and overlap at the transmitter), individual
pulses are clearly resolved in the received waveform shown in
Fig. 10(d). This illustrates that phase pre-compensation of the
transmitted waveforms could enable very high-rate 1 GHz
pulse sequences to be used in impulse radio schemes employing
broadband frequency-independent antennas.

IV. SUMMARY

In this paper, we have demonstrated photonics-based signal
generation as a technique to compensate the phase distortions
imparted by broadband frequency-independent antennas. Our
technique enables compression of large fractional-bandwidth
signals (1–10 GHz at 6 GHz) to within a factor of two of the
bandwidth limit. This illustrates that dispersion pre-compen-
sation via waveform design provides an excellent alternative
to electronic post-processing for systems where a technology
(such as photonics) for generating and processing the necessary
large fractional-bandwidth waveforms is utilized. As system
center frequencies and bandwidths increase further, we believe
this technique has the potential to become a key enabler for
existing and future systems including cognitive radio and radar.
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