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Abstract—We demonstrate the ability to tailor the power spec-
trum of ultra-wideband (UWB) RF waveforms via a photonics-
based electromagnetic pulse shaper. We describe and experimen-
tally demonstrate a waveform design methodology that allows us to
achieve desirable power spectrum properties, such as broad band-
width and minimal spectral ripple. As one example, we generate a
115% fractional-bandwidth impulsive waveform which spans the
3–10-GHz band, with ripple below 1.5 dB over a 5-GHz band.
Furthermore, by treating the RF spectral phase as a design param-
eter, we demonstrate how to achieve increased power spectral den-
sity. We illustrate the spectral design capabilities of our technique
by presenting a variety of tailored UWB waveforms (including im-
pulses, chirped signals, and arbitrary waveforms) with bandwidths
that range from 4 to 8 GHz.

Index Terms—RF photonics, spectral engineering, ultra-wide-
band (UWB) signal generation.

I. INTRODUCTION

WITH THE 2002 decision by the Federal Communica-
tions Commission to allow unlicensed operation of ultra-

wideband (UWB) devices in the 3.1–10.6-GHz frequency band,
there has been significant interest in utilizing UWB signals for
various wireless applications. For example, time-hopping im-
pulse radio [1] and hybrid spread-time/time-hopping schemes
[2] have been proposed for multiple-access wireless commu-
nication systems. In these systems, as with examples of UWB
ground-penetrating radar [3], the signals frequently employed
(or proposed) are monocycle waveforms. While these wave-
forms may be quite short in duration (and, hence, quite broad-
band) and easily implemented electronically [4], little attention
has been paid to the spectral content of these waveforms relative
to the FCC-specified spectral emissions limits [5] for UWB sys-
tems. While monocycle waveforms may certainly be designed to
have spectral content in the above frequency band, their spectral
shape may only be moderately controlled via electronic tech-
niques, that is, the spectral shape is predetermined once the
center frequency is chosen. Others have acknowledged it is de-
sirable to tailor the power spectral density (PSD) of UWB sig-
nals [2]; however, there have been no hardware techniques pro-
posed to accomplish this task.
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Here, we demonstrate the ability of a photonics-based elec-
tromagnetic pulse-shaping technique [6] to tailor the PSD of
UWB waveforms. This technique allows definition and con-
trol of the RF spectral amplitude, as well as the spectral phase,
of UWB signals with frequency content that spans the range
of 3–10 GHz. Here, we address the constraints inherent in
this photonic technique and how these constraints may be ex-
ploited to achieve signals that exhibit extremely flat RF power
spectra aimed at efficient use of the FCC-allocated UWB fre-
quency band. This study represents the first UWB signal gen-
eration technique (either electronic or photonic) to address and
demonstrate efficient use of the above frequency band.

Our paper is organized in the following manner. In Section II,
we review the relevant parameters of our electromagnetic pulse
shaper and introduce the constraints imposed on the electrical
waveforms synthesized via our technique. Section III explains
our frequency-domain waveform design methodology and pro-
vides the first rigorous discussion of how the waveform con-
straints inherent in our technique affect the output electrical
waveforms. In addition, this section presents several examples
of our technique as applied to broadband impulsive waveforms.
In Section IV, we demonstrate the capability of our apparatus
to control the RF spectral phase of UWB signals and demon-
strate that chirped waveforms may be used in our system to
increase waveform energy and the RF power spectral density.
Additionally, this section provides the first theoretical analysis
of the chirped waveforms that may be synthesized in our appa-
ratus subject to a limited waveform time aperture and provides
a prediction of the expected energy increase obtained by using
chirped waveforms. Finally, in Section V, we conclude.

II. ELECTROMAGNETIC PULSE SHAPING BASED ON

FEMTOSECOND OPTICAL PULSE-SHAPING TECHNOLOGY

In this study, we synthesize arbitrary UWB time-domain RF
waveforms that exhibit user-defined RF spectral content (e.g.,
shape, bandwidth, and center frequency) in the 3.1–10.6-GHz
frequency band while minimizing frequency content outside of
this range to address the FCC-specified spectral emission limits
on UWB systems. To achieve these waveforms, we utilize a pho-
tonics-based electromagnetic pulse shaper [6] that allows direct
specification of arbitrary time-domain RF waveforms with fre-
quency content in the above band. Here, we address how the
above functionality may be achieved via our photonics-based
approach and the relevant operational concerns that must be ad-
dressed to do so.

Our apparatus is discussed in detail in [6]; here, we address
the basic system functionality in relation to the RF spectral con-
trol that may be achieved in the output electrical waveforms. Our
apparatus (as well as those demonstrated by others [7]) is shown
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Fig. 1. Schematic representation of our time-domain electromagnetic pulse shaper. Short optical pulses from a mode-locked fiber laser are converted to tailored
optical intensity waveforms with a Fourier transform optical pulse shaper followed by dispersive stretching in a 5.5-km length of single-mode optical fiber. These
intensity waveforms (�3-ns duration,�45-ps temporal resolution) then drive a photodiode which enables synthesis of ultrabroadband user-defined RF waveforms.

schematically in Fig. 1. Short optical pulses ( 100 fs) from
a mode-locked laser source are spectrally filtered in a Fourier
transform optical pulse shaper [8]. This pulse shaper allows
the user to impress an arbitrary optical filter function onto the
complex amplitude spectrum of the input short pulse. Subse-
quently, 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 optical fiber
uniquely maps optical frequency to time; thus, the temporal op-
tical intensity after the fiber stretcher is a scaled version of the
power spectrum of the spectrally filtered optical pulse. The pho-
todiode functions as an optical-to-electrical converter that 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 waveform by
applying a scaled version of the desired waveform as the optical
filter function in the optical pulse shaper.

In our apparatus, the time aperture (duration) of the output
waveform is determined by the available optical bandwidth in
concert with the frequency-to-time (F/T) constant of the fiber
stretcher (the product of the length and dispersion parameter

). The finest temporal feature in the output waveform is de-
termined by the spectral resolution of the optical pulse shaper
and the F/T conversion constant of the fiber stretcher. In our
apparatus’ current configuration, the waveform time aperture is
approximately 3 ns, and the finest temporal feature is 45 ps;
the latter yields an RF bandwidth of 11 GHz. We note that these
parameters may be configured by the user by adjusting the re-
lation of the optical bandwidth and total dispersion of the fiber
stretcher.

We note that other techniques for generation of arbitrary
pulsed electrical waveforms have also been demonstrated [9],
[10]. In these techniques, individual frequency components
of an optical frequency comb (synthesized via nonlinear in-
teractions in optical fiber in [9], derived from a mode-locked
semiconductor laser in [10], or derived from a mode-locked
fiber laser in [11]) are modulated in amplitude and/or phase.
When these modulated frequency components are recombined
and converted to an electrical waveform via a photodiode, the
result is a periodic train of pulsed signals with a repetition rate
determined by the element spacing in the optical frequency
comb; the shape of an individual pulse is determined by the
inverse Fourier transform of the frequency-domain modulation
envelope sampled by the optical frequency comb. Essentially,
the Fourier series of the desired pulsed waveform is synthesized.
Without emphasizing the practical or complexity differences
between these techniques and ours, the primary difference in
functionality is the electrical frequency content that may be

achieved in the output waveform. In contrast with our tech-
nique, in which the frequency content of the output electrical
waveform is determined by the interplay of optical bandwidth,
the F/T constant of the fiber stretcher and the resolution of the
optical pulse shaper, in Fourier synthesis techniques, it is the
granularity of the optical filter used to access individual optical
comb elements that fundamentally determines the achievable
electrical frequency content. In the Fourier synthesis systems
of [9] and [10], the filter granularity is on the order of tens
of gigahertz (waveform durations of 50–100 ps), making
these techniques well suited to electrical waveforms centered
in the millimeter range. However, our interest lies in UWB
signals with frequency content below 11 GHz, which is to
fine to resolve with the optical filters used in [9] and [10]. Our
technique, however, is easily applied to synthesis of arbitrary
waveforms in the RF and microwave frequency bands.

This technique of mapping tailored time-domain optical
intensity waveforms to RF voltage waveforms offers unprece-
dented waveform agility. To fully utilize the flexibility provided
by this technique, it is important to understand the constraints
of the system and how to control the conditions these con-
straints impose on the output electrical waveforms (in the time
and frequency domains). There are three major constraints
on the waveforms achievable from this technique. The output
electrical waveforms are: 1) positive definite as determined by
the mapping of optical intensity to voltage; 2) of finite-duration
as determined by the available optical bandwidth; and 3) peak
voltage-limited as determined by the available optical energy
and photodiode responsivity. In Section III, we detail how our
waveform design process accommodates these constraints and
how they may be utilized to tailor the spectral content of our
waveforms.

III. FREQUENCY-DOMAIN WAVEFORM DESIGN METHODOLOGY

FOR FINITE-DURATION UWB SIGNALS

In contrast with previous work where we directly specify arbi-
trary broadband time-domain waveforms in our system (such as
the sinusoids and monocycle waveforms presented in [6]), here
we are interested in waveforms that exhibit particular spectral
characteristics. To that end, instead of directly specifying a par-
ticular time-domain waveform, we begin by numerically speci-
fying (e.g., in MATLAB) our target complex RF spectrum in both
amplitude and phase (limitations on the phase variation will be
discussed in a later section). In terms of angular frequency, our
target RF spectrum is expressed as

(1)
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We are interested in manipulating the spectral content of our
waveforms in the 3.1–10.6-GHz frequency band; as this band
is offset from dc, the resulting RF waveforms will be oscilla-
tory in nature. As stated in the first constraint above, the map-
ping of optical intensity to voltage time requires that our output
voltage waveforms be positive-definite. To achieve oscillatory
waveforms with apparent negative voltage values, a minimal dc
component is added to our waveforms. Our target RF spec-
trum including this dc component is given by

(2)

To obtain the basic time-domain waveform that will yield the
desired spectrum, we perform an inverse fast Fourier transform
(IFFT) of the frequency-domain data. The resulting time-do-
main signal is given by

(3)

where denotes an inverse Fourier transform. At this point,
the 3-ns time aperture (the second constraint above) of our
electromagnetic pulse shaper must be addressed. This time aper-
ture constraint is included by multiplying the dc offset wave-
form by a rectangular window equal to the time aper-
ture of our apparatus (here, ns). This is equivalent to
modeling the optical power spectrum in our apparatus as per-
fectly flat over the available optical bandwidth. Looking slightly
ahead, one could envision a more general implementation of this
constraint where the fixed rectangular time aperture is multi-
plied by a user-defined windowing function . In this case,
the general time-domain RF voltage waveform obtained from
our apparatus is given by

(4)

and the RF power spectrum is

(5)

where denotes convolution. The finite time aperture and choice
of window function contribute to the structure of the RF spectra
of our waveforms in two ways. First, the baseband term in (5)
shows that the window function itself contributes spectral con-
tent beyond that of the target RF spectrum (this effect
will dominate at low frequencies due to the width of the main
lobe in the spectrum of ). Second, the spectral structure
of the window function will contribute to amplitude fluctuations
(ripple) across the RF spectrum. In the signal processing com-
munity, these two effects are analogous to the window band-
width and spectral leakage, respectively, in spectral analysis ap-
plications involving windowed Fourier transforms [12].

To illustrate these effects, we first analyze the two basic
windows utilized in our system. Fig. 2(a) illustrates the voltage
waveform obtained when our apparatus is programmed to
produce a 3-ns rectangular waveform (by programming the

Fig. 2. Two window functions utilized in our apparatus. (a) Approximately
2.9-ns rectangular window which corresponds to the shape of the optical power
spectrum utilized in our apparatus. (b) �960-ps FWHM Gaussian window de-
signed to reduce the steep rising/falling edges in the rectangular window in (a).

optical filter in Fig. 1 to unity transmission for all wavelengths).
This voltage waveform corresponds to the shape of the optical
power spectrum from our optical pulse shaper (with no addi-
tional apodization); the dashed curve shows the ideal 3-ns
rectangular time aperture. Here, the steep rising and falling
edges are of the most interest as these will contribute most
heavily to structure in the RF power spectrum. Though there
is definite structure to this waveform, i.e., the amplitude is not
constant over the window duration, it is basically rectangular
for our purposes. Though not performed here, the nonunifor-
mity of this window may be addressed through equalization
of the optical power spectrum in our system. In Fig. 2(b), a
Gaussian window designed to reduce the steep rising/falling
edges of the window in Fig. 2(a) is shown. Here, the dashed
line is a numerical fit to the experimental data which yields a

960-ps full-width-at-half-maximum (FWHM) duration for
the window.

The normalized RF power spectra corresponding to the wave-
forms of Fig. 2 are shown in Fig. 3. Here, as one would ex-
pect, the RF spectrum corresponding to the rectangular window
of Fig. 2(a) [see Fig. 3(a)] shows significant spectral structure
(sidelobes) arising from the steep rising/falling edges of the
waveform. The location of the sidelobes agrees well with that
predicted for a perfectly rectangular window of approximately
2.9 ns duration. After the first sidelobe (occurring at roughly
500 MHz with an amplitude of approximately 13 dB relative
to the main lobe), the sidelobes decay more rapidly than ex-
pected for a rectangular window; this is due to the fact that the
actual window is smoother than the perfect rectangular window.
Even so, the sidelobes decay rather slowly, reaching a level of

30 dB at a frequency of 1.65 GHz and a level of 40 dB at
approximately 4.67 GHz.

For the Gaussian window of Fig. 2(b), one would expect the
main lobe of the RF spectrum to be appreciably wider than that
of the rectangular window due to the decreased window duration
in the time-domain. Also, the RF power spectrum is expected to
show significantly less sidelobe structure as the abrupt rising/
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Fig. 3. Normalized RF power spectra corresponding to the window functions
shown in Fig. 2. (a) Power spectrum for the rectangular window function of
Fig. 2(a); the dashed line shows the calculated power spectrum for a �2.9-ns
duration rectangular window. Here, the measured power spectrum shows the
significant sidelobe structure predicted for a rectangular window. The sidelobe
levels for the rectangular window fall below�30 dB of the main lobe at approx-
imately 1.65 GHz and decrease to �40 dB at �4.67 GHz. (b) Power spectrum
for the Gaussian window of Fig. 2(b) (dashed line corresponds to the power
spectrum of a perfect Gaussian window of the same�960 ps FWHM duration).
The sidelobe levels of the Gaussian window decay much more rapidly than those
for the rectangular window, reaching a level of�40 dB below the main lobe by
�3.57 GHz.

falling edges evident in Fig. 2(a) have been almost entirely sup-
pressed in Fig. 2(b) (ideally, only the main lobe should exist as a
Gaussian in the time-domain transforms to a Gaussian in the fre-
quency domain). The measured RF spectrum for the Gaussian
window, shown in Fig. 3(b), clearly shows both of these effects.
The main lobe in the measured RF power spectrum reaches
a level of 30 dB at a frequency of 1.03 GHz; this value
agrees well with that predicted for a perfect Gaussian window
of comparable duration [dashed curve, power spectrum of the
Gaussian fit in Fig. 2(b)]. The sidelobes for this window decay
far more rapidly than those for the rectangular window—the
sidelobes fall below 40 dB at a frequency of 3.57 GHz and
remain below this level. The deviation of the measured power
spectrum from the ideal Gaussian shape shown by the dashed
curve in Fig. 3(b) is due to the fact that the steep rising/falling
edges of the underlying rectangular time-domain window [see
Fig. 2(a)] have been mostly, though not entirely, suppressed [see
Fig. 2(b)].

The important point here is that not only does the window
contribute a low-frequency structure that is confined near dc (the
main and first few sidelobes for the rectangular window and the
main lobe for the Gaussian window) as shown here, but also that
the sidelobe levels away from dc overlap with the desired target
RF spectrum; this leads to spectral broadening (leakage) arising
from the convolution in (5). As a note, our
system employs a 50-MHz laser source; the broadband RF spec-
tral envelopes of our waveforms are, therefore, superposed with
a 50-MHz frequency comb in the RF spectral measurements.
For clarity, this effect has been removed in subsequent spectral
measurements by plotting only the frequency bin maxima. In

Fig. 4. Broadband �228-ps RF impulse designed to have an extremely flat
RF spectrum exhibiting a 4-GHz bandwidth at a center frequency of 5 GHz
(�80.4% BW). (a) Impulse synthesized with the rectangular window. (b) Im-
pulse after apodization with the Gaussian window of Fig. 2(b). The RF spectrum
for the waveform in (a) will show significant spectral broadening and distortion
as compared to that of (b) due to the steep rising/falling edges of the rectangular
window (see Fig. 5).

addition, all spectra presented here were acquired with a reso-
lution bandwidth of 100 KHz. Since the width of an individual
comb element is significantly less than this bandwidth, the mea-
sured PSD essentially corresponds to the energy of an individual
comb element. As a result, our power spectra are displayed in
units of dBm instead of dBm/Hz.

A. Impulsive UWB Waveforms and the Frequency-Domain
Effects of Time-Domain Apodization

To illustrate how the choice of time-domain apodization
window affects spectral broadening, we analyze the effects of
the two windows above on a broadband impulse. The desired
waveform is an impulse tailored to have a super-Gaussian spec-
tral shape with a 4-GHz bandwidth (full width at power
level) at a center frequency of approximately 5 GHz. This
target spectrum is designed to exhibit a fractional bandwidth
( dB full-width/center frequency) of approxi-
mately 80.4%. A super-Gaussian spectral shape was chosen
to achieve an extremely flat RF power spectrum subject to
the 3-ns time aperture of our apparatus. The target spectrum
for this waveform—which corresponds to (1) in our design
method—is given by (frequency is expressed in gigahertz)

(6)

Fig. 4(a) illustrates the impulse achieved from our appa-
ratus with no additional time-domain apodization (rectangular
window) and Fig. 4(b) shows this impulse after apodization with
the Gaussian window of Fig. 2(b). The ideal impulse (without
the dc pedestal) has a calculated rms full-width duration of

216 ps—the value of 228 ps shown in Fig. 4(b) was obtained
by filtering the fast Fourier transform (FFT) of the time-domain
data to remove the dc pedestal. Fig. 5 compares the measured
RF power spectra (normalized to the power spectral density at
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Fig. 5. Measured RF power spectra (normalized) for the impulses in Fig. 4 il-
lustrating the effect of the window function on the RF power spectrum. (a) Power
spectrum for the impulse synthesized with a rectangular window and the target
RF spectrum (dashed line). Significant spectral broadening and distortion is ob-
served due to the sidelobe structure of the rectangular window. (b) Power spec-
trum for the Gaussian-apodized impulse and the predicted power spectrum re-
sulting from the convolution of the target spectrum with that of the Gaussian
fit in Fig. 2(b) (dashed line). Apodization of the time-domain impulse signifi-
cantly decreases spectral broadening and distortion. Over the range of 3.5–6.5
GHz, the spectral amplitude fluctuations have been reduced by�4.7 dB as com-
pared with the spectrum in (a).

5 GHz of 57 dBm) for these waveforms. In Fig. 5(a), the
power spectrum of the nonapodized impulse is highly structured
due to the approximately rectangular temporal window. The
desired target spectrum described previously falls in the range
of 3–7 GHz, where there is clearly a less structured portion
of the spectrum; for illustration, the calculated target spectrum
is shown by the dashed line. From dc to approximately 1 GHz,
the baseband structure of the rectangular window dominates as
evidenced by the 13-dB relation between the main lobe and
first sidelobe occurring at roughly 500 MHz. In the frequency
range from 1 to 3 GHz, spectral broadening due to the sidelobe
structure of the window leads to significant spectral content
with power levels either equal to (or only modestly below) that
in the 3–7-GHz range. Moreover, within the bandwidth of the
target spectrum, the spectral amplitude varies over 3.35 dB
in the range of 3.5–6.5 GHz—which is a significant departure
from the target RF spectrum. After a sharp decrease of roughly
10 dB near 7 GHz, the PSD gradually decays, falling below

20 dB of the 5-GHz power level at approximately 12.5 GHz.
The power spectrum for the Gaussian-apodized impulse

[see Fig. 5(b)] shows marked improvement with regard to
both spectral broadening and spectral flatness. Again, below
approximately 1 GHz, the spectral structure is dominated
by the baseband spectral structure of the Gaussian apodiza-
tion window. The spectral broadening in the range from

1–2.2 GHz is again due to the sidelobe structure of the
apodization window; however, given that this sidelobe structure
decays far more rapidly than the rectangular window does [see
Fig. 2], this additional spectral content is, at its highest level,
roughly 12 dB below ( 1.4 GHz) the power level of the target
spectrum and is suppressed to a level of 20 dB at 2.2 GHz.
In the region of the target spectrum, the measured power

spectral density is extremely flat—in the range of 3.5–6.5 GHz,
the spectral amplitude variations have been reduced to ap-
proximately 1 dB—which is a reduction of 4.7 dB in total
amplitude fluctuation compared with the spectrum for the
nonapodized impulse. The measured spectrum, though slightly
broader than the target spectrum [dashed line in Fig. 5(a)]
shows excellent agreement with the power spectrum predicted
using the ideal time-domain impulse (IFFT of the target spec-
trum) and the fit to the Gaussian window shown in Fig. 2(b),
shown here by the dashed line. Here, the measured spectrum
has a 10-dB width of 4.3 GHz, which yields a fractional
bandwidth %BW 86% (only 7% larger than the %BW of
the target spectrum). The measured spectrum rolls off smoothly
to 8 GHz, and, above this frequency, undesirable spectral
content remains below 20 dB of the target spectral amplitude
and is largely suppressed below 30 dB of this power level.
Here, we utilize a simple time-domain apodization window
to suppress unwanted frequency content in our waveforms.
Alternatively, more complex apodization windows could be
designed by utilizing iterative optimization techniques—such
as those employed in the design of optical fiber Bragg grating
filters [13]—to further suppress frequency content outside of
the desired target spectrum.

By utilizing proper apodization in the time domain, we are
able to synthesize extremely broadband signals that exhibit ex-
cellent spectral amplitude uniformity. An intriguing example of
this capability is the broadband impulse shown in Fig. 5(a). This
impulse is designed to exhibit a super-Gaussian spectral enve-
lope which spans the entire 3.1–10.6-GHz frequency band. In
the time domain, the measured impulse shows an rms duration
of 183 ps. The measured RF power spectrum (Fig. 5(b), nor-
malized to the 62-dBm PSD at 6.7 GHz) shows a 10-dB
bandwidth of 7.7 GHz at a center frequency of approximately
6.7 GHz, which yields a %BW of 115%. Over the central fre-
quency band of 4–9 GHz, spectral amplitude fluctuations are
limited to approximately 1.4 dB.

Our goal in these experiments was to synthesize RF wave-
forms that achieve a high degree of spectral flatness. To that
end, our examples emphasize a super-Gaussian shape for our
target spectra. This technique may be applied to other spectral
shapes as well. As another example, the time-domain waveform
shown in Fig. 7(a) is tailored to have a 4-GHz bandwidth target
spectrum centered at 8 GHz that has a steep increase ( 9 dB)
in PSD. As with the impulse examples above, the time-domain
waveform to achieve this spectrum does not have a closed-form
expression; the appropriate optical filter function must be cal-
culated from the target frequency-domain data. The measured
power spectrum shown in Fig. 7(b) exhibits a 7.6-dB increase
over an approximately 540-MHz frequency range near 8 GHz
and shows good agreement with the target spectrum.

IV. ACHIEVING INCREASED RF ENERGY AND PSD BY

UTILIZING CHIRPED WAVEFORMS

Given the operation of our system, i.e., mapping of the optical
intensity to a time-domain electrical waveform, and assuming
that the system is set for a fixed time aperture, the quantity that
fundamentally determines the attainable RF energy and PSD in
the output electrical waveform is the per-pulse energy from the
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optical source. To see this, again consider the voltage waveform
shown in Fig. 2(a). As described previously, this waveform re-
sults when the optical filter function in our apparatus is set to
unity amplitude transmission for all wavelengths; this wave-
form then shows the shape of the optical power spectrum in our
system. More importantly, this waveform represents the peak
voltage that may be achieved at any instant in the 2.9-ns time
aperture of our apparatus. Thus, for a particular target RF power
spectrum, the time-domain electrical signal that most efficiently
utilizes the available optical energy will result in the largest RF
PSD and waveform energy. Here, we show that the RF PSD and
waveform energy may be increased on the order of 8 dB—for a
given RF spectral shape and fixed input optical energy—by uti-
lizing smoothly chirped waveforms instead of UWB impulses.
This concept is similar to the use of chirped waveforms to avoid
peak power limitations in optical or microwave amplifiers (e.g.,
optical chirped pulse amplification [14] or chirp radar applica-
tions [15]). For systems where the RF spectral content is of more
importance than a minimal temporal duration, this provides a
simple technique for increasing the RF energy without adding
additional electronic amplification.

To achieve linearly chirped waveforms in our system, we may
directly specify a chirped sinusoid in the time domain and apply
this waveform as the optical filter function in our apparatus
[16]. An alternative method is to define a target RF spectrum
as described above and to specify the RF spectral phase to be a
quadratic function of frequency. In (1) then, the phase function
becomes

(7)

The appropriate optical filter function to achieve the chirped
waveform is then determined as previously described—by sam-
pling the IFFT of the practical RF amplitude spectrum [see (4)].
To achieve appreciable pulse broadening and the concomitant
increase in waveform energy in our system for a waveform with
bandwidth , the chirp rate must satisfy the condition
[15], [17], [18]

(8)

Practically, this condition means that two frequencies apart
may be resolved in the time-domain waveform (i.e., that it is
fairly heavily chirped). There is also an upper bound on the chirp
rate that may be achieved which is dictated by the time aperture

of our apparatus. To see this, consider the frequency-depen-
dent delay that arises from the spectral phase variation 1

(9)

For a signal with bandwidth , if the chirp rate is chosen
such that the delay spread across the signal bandwidth is greater
than the time aperture , frequencies falling out-
side the time aperture are filtered from the waveform. The

1This assumes exp(j!t) time dependence.

Fig. 6. Ultrabroadband�183 ps impulse designed to exhibit an extremely flat
super-Gaussian power spectrum which spans the frequency band of�3–10 GHz
(115 % BW). (a) Measured time-domain waveform. (b) Measured RF power
spectrum (normalized) and that predicted using the ideal Gaussian window and
target RF impulse (dashed line).

time aperture, therefore, fundamentally sets the maximum fre-
quency-dependent delay that may be achieved without reducing
the bandwidth of the desired waveform. For a linearly chirped
signal with bandwidth , the maximum chirp rate that may be
utilized without adverse effects on the signal bandwidth is then
found by solving (9) for the chirp rate and evaluating the re-
sult for a maximum delay spread equal to the time aperture
and signal bandwidth of . The resulting expression is

(10)

Subject to the moderate chirp constraint in (8) and the time
aperture limitation expressed in (10), the chirp rate may
be chosen as desired. Though we focus on linearly chirped
waveforms here (quadratic spectral phase variations), nonlinear
chirps are accessible in our apparatus as well—subject to the
limitations on the frequency-dependent delay set by the system
time aperture.

To illustrate the increases in energy and PSD that may be
achieved using chirped waveforms, we focus on the broad-
band super-Gaussian spectra associated with the impulses in
Figs. 4 and 6. To observe the effect of linearly chirping these
waveforms, we again define our target RF spectra to exhibit the
same spectral magnitude and apply a quadratic spectral phase
of the form of (7), setting , with defined in
(10) as

(11)

where corresponds to the center frequency. In addition, we
utilize the rectangular time-domain window for our chirped
waveforms; though this window will introduce spectral am-
plitude fluctuations (spectral broadening as discussed in
Section III-A), apodization in the time domain decreases the
system time aperture and reduces the maximum chirp rate given
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Fig. 7. RF waveform tailored to exhibit an RF power spectrum centered at
8 GHz that exhibits a sharp increase in PSD. (a) Measured time-domain voltage
waveform. (b) Measured power spectrum showing a�7.6-dB increase in power
spectral density at 8 GHz.

in (10). Therefore, in this technique, the benefits of increased
waveform energy and PSD are achieved at the expense of PSD
uniformity. The amplitude variations across the rectangular
window (optical power spectrum) [see Fig. 2(a)] will introduce
additional spectral distortions on chirped waveforms given
the time-dependent frequency variation of these waveforms
(whereas this effect is quite small for impulses that utilize only
a fraction of the window)—these distortions may be removed
through equalization of the optical power spectrum, although
this is not performed in the current study.

When a quadratic spectral phase variation
ns rad is applied to the 4 GHz band-

width super-Gaussian spectrum corresponding to the impulse
in Fig. 4(b), the chirped waveform of Fig. 8(a) results. Here,
the chirped waveform is clearly broader ps and
spends a longer time near the peak voltage level of 80 mV
than the impulses of Fig. 4.

In Fig. 8(b), the bold curve shows the measured power spec-
trum of the chirped waveform in Fig. 8(a); the spectrum has
been normalized to the PSD of the impulse Fig. 5(b) at 5 GHz
( 57 dBm). Clearly, the PSD of the chirped waveform has
been increased relative to that of the impulse (shown here by
the light curve). Assuming that the chirp-rate is chosen such
that no spectral narrowing occurs, the bandwidth of these two
waveforms remains the same. Therefore, the energy increase
achieved by utilizing a linearly chirped waveform is linearly
proportional to the waveform duration. Additionally, any peak
voltage variations between the waveforms will contribute
quadratically to the waveform energy. Therefore, as a predictor
of the increase in energy (in decibels) for the chirped waveform,
we use the following relation:

(12)

where , , , and are the full-width rms durations and
peak voltages amplitudes of the oscillatory portions of the

Fig. 8. Given the peak-voltage limitation of our apparatus, the use of chirped
waveforms provides a simple way to increase the waveform energy and RF
PSD. (a) Chirped time-domain waveform resulting from the target spectrum
corresponding to the impulse of Fig. 4(a) with a quadratic RF spectral phase.
(b) Measured power spectrum (bold curve) for the waveform in (a). For com-
parison, the spectrum for the apodized impulse of Fig. 4(b) is shown by the light
curve. Here, the chirped waveform exhibits an average increase in PSD of ap-
proximately 6.2 dB over the 3–7-GHz frequency range. Note that the spectra
here have been normalized to the PSD of the apodized impulse [see Fig. 4(b)]
at 5 GHz of � �57 dBm.

chirped and impulsive waveforms, respectively. Based on this
relation, the predicted energy increase for the chirped waveform
in Fig. 8(a) ( ps, mV) relative to that of the
impulse in Fig. 4(b) ( ps, mV) is approx-
imately 6.4 dB. This value agrees quite well with the 6.3-dB
increase in waveform energy (calculated by integrating the
magnitude squared of the FFT of the time-domain data over the
3–7-GHz frequency band). If we make the (idealized) assump-
tion that this energy is distributed uniformly over the signal
bandwidth, the increase in signal energy also corresponds to the
increase in the PSD for the chirped waveform. The measured
average increase in PSD of 6.2 dB over the 3–7-GHz band
again agrees quite well with the measured increase in energy,
as well as that predicted from (12). As described earlier, the
use of a (nonuniform) rectangular window will decrease the
uniformity of the PSD for the chirped waveform. Here, the
measured PSD variation is approximately 3.1 dB over the
3.5–6.5-GHz range.

As another example, when we apply a quadratic spectral
phase ns rad to the target spectrum corre-
sponding to the impulse of Fig. 6(a) the up-chirped waveform
of Fig. 9(a) results. The measured power spectrum for this wave-
form is shown by the bold curve in Fig. 9(b) (normalized to the
PSD of the impulse in Fig. 6—shown by the light curve—at
a frequency of 6.7 GHz). Here, the rms time duration of the
waveform has increased to approximately ps and
the peak oscillatory voltage value is mV. The pre-
dicted energy increase [see (12)] over the impulse of Fig. 6(a)
( ps and mV) is dB. The
measured energy increase over the 3–11-GHz band is approxi-
mately 7.7 dB, which agrees well with the predicted value. The

1.3-dB discrepancy between the predicted and actual energy
increase is attributed to spectral broadening and distortion due
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Fig. 9. (a) Linearly chirped time-domain waveform achieved by applying a
quadratic spectral phase to the target spectrum of the impulse shown in Fig. 6(a).
(b) Measured power spectrum for the chirped waveform (bold) and that of the
impulse in Fig. 6(a) (light) normalized to the PSD of the impulse at 6.7 GHz.
Here, the chirped waveform exhibits an average increase of approximately 8 dB
over the 3–11-GHz frequency range.

to the rectangular waveform window—(12) does not account
for this effect. The average PSD increase across the 3–11-GHz
band is 8 dB, which again agrees well with the measured
energy increase. Over the range of 4–9 GHz, the spectral
amplitude variation is approximately 2.8 dB.

As these examples illustrate, control of the RF spectral phase
in addition to the spectral amplitude enables broadband time-do-
main waveforms to be tailored to maximize the RF energy and
PSD. Here, we have demonstrated that our apparatus enables
energy increases on the order of 8 dB for waveforms that ex-
hibit up to 115% fractional bandwidths. Larger energy increases
could be achieved by increasing the time–bandwidth product of
our apparatus by lengthening the time aperture —this would
enable larger chirp rates to be utilized for a fixed RF bandwidth.
For a fixed bandwidth of 11 GHz, a factor-of-two increase in
time aperture is a reasonable estimate for our current apparatus.

V. CONCLUSION

We have demonstrated the capability of our photonics-based
electromagnetic pulse shaper to tailor the power spectral density
of UWB RF signals. We demonstrate that proper time-domain
apodization enables us to control out-of-band frequency con-
tent and to achieve extremely flat PSDs for signals exhibiting
up to 115% fractional bandwidth. In addition, we demonstrate
that the use of chirped waveforms allows us to circumvent the
peak voltage limitation of our apparatus to achieve increased
waveform energy and PSD. We expect that our technique could
prove quite useful as a signal conditioning element or signal pro-
totyping apparatus for a variety of UWB systems.

ACKNOWLEDGMENT

This work was performed at Purdue University, West
Lafayette, IN.

REFERENCES

[1] M. Z. Win and R. A. Scholtz, “Ultra-wide bandwidth time-hopping
spread-spectrum impulse radio for wireless multiple-access communi-
cations,” IEEE Trans. Commun., vol. 48, no. 4, pp. 679–691, Apr. 2000.

[2] M. Farhang and J. A. Salehi, “Spread-time/time-hopping uwb cdma
communication,” in Proc. IEEE Int. Symp. Commun. Inf. Technol.
(ISCIT 2004), Oct. 2004, pp. 1047–1050.

[3] J. S. Lee, C. Nguyen, and T. Scullion, “A novel, compact, low-cost, im-
pulse ground-penetrating radar for nondestructive evaluation of pave-
ments,” IEEE Trans. Instrum. Meas., vol. 53, no. 6, pp. 1502–1509,
Dec. 2004.

[4] J. Han and C. Nguyen, “Ultra-wideband electronically tunable pulse
generators,” IEEE Microw. Wireless Compon. Lett., vol. 14, no. 3, pp.
112–114, Mar. 2004.

[5] First Report and Order eT Docket 98-153 (Revision of Part 15 of the
Commission’s Rules Regarding Ultra-Wideband Transmission Sys-
tems), Fed. Commun. Commission, adopted Feb. 14, 2002, released
Apr. 22, 2002.

[6] I. S. Lin, J. D. McKinney, and A. M. Weiner, “Photonic synthesis of
broadband microwave arbitrary waveforms applicable to ultra-wide-
band communication,” IEEE Microw. Wireless Compon. Lett., vol. 15,
no. 4, pp. 226–228, Apr. 2005.

[7] J. Chou, Y. Han, and B. Jalali, “Adaptive RF-photonic arbitrary
waveform generator,” IEEE Photon. Technol. Lett., vol. 15, no. 4, pp.
581–583, Apr. 2003.

[8] A. M. Weiner, “Femtosecond pulse shaping using spatial light modu-
lators,” Rev. Sci. Instrum., vol. 71, no. 5, pp. 1929–1960, May 2000.

[9] S. Osawa, N. Wada, K. Kitayama, and W. Chujo, “Arbitrarily-shaped
optical pulse train synthesis using weight/phase-programmable
32-tapped delay line waveguide filter,” Electron. Lett., vol. 37, pp.
1356–1357, 2001.

[10] T. Yilmaz, C. M. DePriest, T. Turpin, J. H. Abeles, and P. J. Delfyett,
“Toward a photonic arbitrary waveform generator using a modelocked
external cavity semiconductor laser,” IEEE Photon. Technol. Lett., vol.
14, no. 11, pp. 1608–1610, Nov. 2002.

[11] Z. Jiang, D. E. Leaird, and A. M. Weiner, “Line-byline pulse shaping
control for optical arbitrary waveform generation,” Opt. Express, vol.
13, pp. 10431–10439, 2005.

[12] F. J. Harris, “On the use of windows for harmonic analysis with the
discrete fourier transform,” Proc. IEEE, vol. 66, no. 1, pp. 51–83, Jan.
1978.

[13] G. Tremblayand, J.-N. Gillet, Y. Sheng, M. Bernier, and G. Paul-Hus,
“Optimizing fiber bragg gratings using a genetic algorithm with fabri-
cation-constraint encoding,” J. Lightwave Technol., vol. 23, no. 12, pp.
4382–4386, Dec. 2005.

[14] P. Maine, D. Strickland, P. Bado, M. Pessot, and G. Mourou, “Gener-
ation of ultrahigh peak power pulses by chirped pulse amplification,”
IEEE J. Quantum Electron., vol. 24, no. 2, pp. 398–403, Feb. 1988.

[15] J. R. Klauder, A. C. Price, S. Darlington, and W. J. Albersheim, “The
theory and design of chirp radars,” Bell Syst. Tech. J., vol. 39, no. 4, pp.
745–808, Jul. 1960.

[16] J. D. McKinney, I. S. Lin, and A. M. Weiner, “Tailoring of the power
spectral density of ultrawideband RF and microwave signals,” in Proc.
IEEE/LEOS Summer Topical Meetings, San Diego, CA, Jul. 25–27,
2005.

[17] A. Papoulis, “Pulse compression, fiber communications, and diffrac-
tion: a unified approach,” J. Opt. Soc. Amer. A, vol. 11, no. 1, pp. 3–13,
Jan. 1994.

[18] F. G. Sun, Z. Jiang, and X.-C. Zhang, “Analysis of terahertz pulse mea-
surement with a chirped probe beam,” Appl. Phys. Lett., vol. 73, no. 16,
pp. 2233–2235, Oct. 1998.

Jason D. McKinncy (M’03) received the Ph.D. de-
gree in electrical engineering from Purdue Univer-
sity, West Lafayette, IN, in 2003.

From July 2001 to May 2003, he was a Graduate
Assistance in Areas of National Need (GAANN)
Fellow; as such, he was active in both teaching and
research at Purdue. His doctoral work included the
first demonstration of ultrafast optical pulse-shaping
techniques for synthesis of arbitrarily shaped mil-
limeter waveforms exhibiting arbitrary phase and
frequency modulation at center frequencies up to 50

GHz. After completing his doctoral work, he was a Visiting Assistant Professor
(2003–2005) and a Research Scientist (2005–2006) with the School of Elec-
trical and Computer Engineering, Purdue University. He is currently a Research



MCKINNEY et al.: SHAPING THE POWER SPECTRUM OF UWB RF SIGNALS 4255

Scientist with SFA Inc., U.S. Naval Research Laboratory, Washington, DC. His
research interests include low-noise, high-power analog optical links, ultrafast
optical pulse processing, and applications of photonics in ultrabroadband
microwave systems. He has published over nine journal papers, one book
chapter, and. authored or coauthored over 22 conference papers.

Dr. McKinney is a member of the Optical Soceity Society America. He was
the recipient of a variety of awards for his research, most notably, the Chorafas
Prize for Doctoral Research in 2003 (awarded to one Purdue doctoral student
per year) and as a finalist for the Optical Society of America/New Focus Student
Award (2002). He was also the recipient of numerous awards in recognition
of his teaching and is an Associate Fellow of the Purdue University Teaching
Academy.

Ingrid S. Lin (S’02) received the B.S. degree (with
highest honors) in communication engineering from
National Chiao-Tung University, Hsinchu, Taiwan,
R.O.C., in 2002, and is currently working toward the
Ph.D. degree at Purdue University, West Lafayette,
IN.

She received a Graduate Fellowship (supported by
General Electric) from Purdue University, where she
is currently a Research Assistant with the School of
Electrical and Computer Engineering. Her current re-
search interest is in ultrafast optics focusing on op-

tical pulse shaping, arbitrary waveform generation, and RF photonics with appli-
cations in Ultra-wide bandwidth communication. She has authored one journal
paper and has authored or coauthored five conference papers.

Ms. Lin is a member of the IEEE Lasers and Electro-Optics Society. She
was listed in the National Science Foundation Graduate Fellowship Honorable
Mentions in 2003. She was also a recipient of the Graduate Assistance in Areas
of National Need (GAANN) Fellowship (2003–2006).

Andrew M. Weiner (F’95) received the Sc.D. degree
in electrical engineering from the Massachusetts In-
stitute of Technology (MIT), Cambridge, in 1984.

From 1979 through 1984, he was a Fannie and
John Hertz Foundation Graduate Fellow with MIT.
Upon graduation, he joined Bellcore, first as a
Member of Technical Staff and later as a Manager of
Ultrafast Optics and Optical Signal Processing Re-
search. He joined Purdue University, West Lafayette,
IN, in 1992 and is currently the Scifres Distinguished
Professor of Electrical and Computer Engineering.

From 1997 to 2003, he served as the Electrical and Computer Engineering
Director of Graduate Admissions. His research focuses on ultrafast optical
signal processing and high-speed optical communications. He is especially well
known for pioneering the field of femtosecond pulse shaping, which enables
the generation of nearly arbitrary ultrafast optical waveforms according to user
specification. He has authored five book chapters and over 160 journal papers
and coedited one book. He has authored or coauthored over 300 conference
papers, including approximately 80 conference invited talks, and has presented
over 70 additional invited seminars at university, industry, and government
organizations. He holds eight U.S. patents.

Prof. Weiner is a Fellow of the Optical Society of America. He was the re-
cipient of numerous awards for his research, including the Hertz Foundation
Doctoral Thesis Prize (1984), the Adolph Lomb Medal of the Optical Society
of America (1990), awarded for pioneering contributions to the field of optics
made before the age of thirty, the Curtis McGraw Research Award of the Amer-
ican Society of Engineering Education (1997), the International Commission
on Optics Prize (1997), the IEEE LEOS William Streifer Scientific Achieve-
ment Award (1999), the Alexander von Humboldt Foundation Research Award
for Senior U.S. Scientists (2000), and the inaugural Research Excellence Award
from the Schools of Engineering at Purdue (2003).


