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We employed photonic radio frequency (RF) arbitrarywaveform generation to demonstrate space–time compression
of ultrabroadband wireless signals through highly scattering multipath channels. To the best of our knowledge, this
is the first experimental report that explores an RF-photonic transmitter to both characterize channel dispersions in
real wireless environments and generate predistorted waveforms to achieve focusing through the multipath chan-
nels. Our experiments span a three octave frequency range of 2–18 GHz, nearly an order of magnitude beyond the
∼2 GHz instantaneous bandwidth reported in previous spatiotemporal focusing experiments relying on electronic
waveform generators. © 2013 Optical Society of America
OCIS codes: (290.4210) Multiple scattering; (060.5625) Radio frequency photonics; (320.5540) Pulse shaping.
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Ultrabroadband radio frequency (RF) technology offers
several unique advantages over conventional narrow-
band systems in applications such as radar and wireless
communications [1]. Key limitations of these systems,
however, are the generation and distribution of ultra-
broadband waveforms due to the restricted bandwidth
available from current electronic equipment and high
propagation loss of RF cables. To overcome these limi-
tations, there have been substantial efforts in recent
years to merge optical and wireless systems, a technol-
ogy known as radio-over-fiber [2]. Optical systems can be
extremely broadband and support remote applications
by taking advantages of low loss broad bandwidth optical
fibers. However, although previous works on radio-over-
fiber focus on generation and fiber distribution [2,3], they
do not address multipath distortion, which is a dominat-
ing effect in most real environments [1]. Multipath is a
propagation phenomenon in which transmitted signals
reach the receiver via different paths and interactions
(e.g., reflection, diffraction, scattering) [4].
As a result, the received response consists of different

components that have certain delays and attenuations, as
shown in Fig. 1. These multipath components depend on
spatial location and vary significantly over distances on
the scale of the RF wavelength. Unless compensated,
multipath distortion can severally limit system perfor-
mance, e.g., data rate in wireless communication channels
or range resolution in radar. As shown in Fig. 1, with
knowledge of the channel response, we can design trans-
mit signals to focus the received RF response in time and
space through multipath channels. Temporal focusing
means that the transmitted energy adds up coherently
at the target receiver, leading to a single short peak with
low sidelobes. This peaking translates into a significant
signal-to-noise ratio advantage that can be used to dra-
matically reduce the interference in a high-speed wireless
communication system [5]. Spatial focusing means that
the spatial profile of the received response decays rapidly
away from the target receiver. This leads to low probabil-
ities of intercept and reduced interference in multiuser
systems. It is worth noting that both multipath distortion

of ultrabroadband RF signals in strongly scattering propa-
gation channels and its compensation via shaping of the
transmit signal have close analogies [6] in recent experi-
ments with optical waves involving strongly scattering
optical media [7–9].

We have recently reported temporal focusing through
multipath RF channels in experiments based on a state-of-
the-art electronic arbitrary waveform generator (AWG)
with a −6 dB bandwidth of ∼9.6 GHz [10–12]. Spatial
focusing was not considered. Spatial–temporal focusing
has been reported by other groups using electronic wave-
form generators over a maximum of ∼2 GHz instantane-
ous bandwidth [13]. In the current work, we employ a
photonic approach to generate the required ultrabroad-
band signals over a bandwidth increased to 18 GHz and
achieve simultaneous spatial and temporal compression.
To the best of our knowledge, this is the first experiment
to explore an RF-photonic transmitter both for multipath
dispersion characterization and waveform generation to
achieve focusing in real wireless channels.

Fig. 1. Two receiver antennas are located a few wavelengths
apart. Due to strong multipath scattering, the received RF signal
comprises multiple components with delays and attenuations
specific to the receiver location. For a fixed transmit antenna
(Tx), the impulse responses for different receivers are nearly
uncorrelated. With knowledge of the channel impulse re-
sponses, Tx may transmit a waveform matched to the Tx–Rx1
multipath channel that results in significant peaking at the tar-
get receiver (Rx1). The waveform received by Rx2 remains
noise-like.
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Figure 2 shows our experimental scheme. An erbium-
doped fiber ring mode-locked laser with a repetition rate
of ∼50 MHz and a wavelength range of ∼1520–1610 nm
was used as a source. A high extinction ratio lithium
niobate intensity modulator was used to gate the mode-
locked laser, thereby decreasing the pulse repetition rate
from ∼50 MHz to ∼5 MHz. This yielded a 200 ns pulse
separation in order to exceed the maximum delay spread
of the multipath channel. After amplification by an
erbium-doped fiber amplifier (EDFA), the laser pulses
were shaped by a commercial pulse shaper (Finisar
1000s) with a spectral resolution of ∼0.08 nm and an
operating wavelength range of 1527.4–1567.4 nm. The
output waveform propagates through ∼3.37 km of
dispersion compensating fiber with a total dispersion
of ∼ − 404 ps∕nm. This amount of dispersion was se-
lected such that the finest spectral feature placed onto
the spectrum was stretched to ∼32 ps; equivalent to the
RF bandwidth of 18 GHz after detection by a high-speed
photodiode with an RF bandwidth of ∼50 GHz. The gen-
erated RF waveform had a peak amplitude of ∼0.3 v,
which was amplified by an electrical amplifier with 10 dB
power gain and a bandwidth of 18 GHz at the Tx. A pair of
horn antennas with bandwidths of 18 GHz (Rx1–Rx2)
received signals transmitted by a biconical Tx in a
non-line-of-sight environment (there is a cement wall
in the direct path, as pictured in Fig. 1) with a propaga-
tion distance of ∼10 m. Receive antennas were separated
from each other by 50 cm. The received signals were
amplified by a low noise amplifier (LNA) with 31 dB
power gain and a 20 GHz bandwidth. A real-time oscillo-
scope with bandwidth of 20 GHz and maximum sampling
rate of 50 GS∕s and an RF spectrum analyzer with a
bandwidth of 60 GHz were used to measure the RF wave-
forms in time and frequency.
In our experimental setup, the optical fiber not only

distributes the ultrabroadband waveforms, but it also pro-
vides the frequency-to-time mapping (FTM) phenomenon
which has received substantial attention in microwave
photonic arbitrary waveform generation research [14–16].
In this technique, the desired RFwaveform is programmed
onto the optical power spectrum using a pulse shaping
element. When the shaped spectrum propagates through
a dispersive element (e.g., single mode fiber), different
wavelengths travel at different speeds [17]. For sufficiently
large chromatic dispersion, we get an approximately lin-
ear frequency dependent time delay that maps the power
spectrum to the temporal intensity profile, the so called
FTM phenomenon. However, to generate arbitrary wave-
forms with high fidelity (low distortion), this method is
critically constrained by the far-field condition [18–20]. As
shown in [20], if one adheres to the far-field condition, the
achievable time bandwidth product (TBWP) decreases
as the inverse of the RF bandwidth; for bandwidths be-
yond those already available with electronic AWGs, the

available TBWP becomes disappointingly small. Although
FTM has been used to compensate the frequency depen-
dent delay of closely spaced directional antennas [21,22],
its TBWP is insufficient for experiments involving multi-
path channels that spread the received response by two
to three orders of magnitude compared to the fundamen-
tal system time resolution. In [20], we detail how to over-
come the far-field limit by programming a waveform onto
the pulse shaper, which is predistorted in amplitude and
phase. We provide an example in which we generate an
ultrabroadband RF chirp signal over the frequency range
of nearly baseband up to 41 GHz and derive limitations of
the introduced technique. This approach, which we term
near-field frequency-to-time mapping (NF-FTM), has been
employed here for the first time to synthesize waveforms
that meet the requirements for multipath compensation
with a bandwidth of 18 GHz. Here, the maximum fre-
quency of 18 GHz was limited by the antenna’s bandwidth
rather than by the photonic AWG.

The first step in any radio system design is to measure
the impulse response of the wireless channel. Here, we
used a technique known as spread spectrum channel
sounding in which the channel is excited with broadband
waveforms [10]. These signals have a low peak-to-
average ratio and higher levels of total transmitted power
compared to ultrashort pulses, which results in higher
dynamic range [10]. We programmed our photonic AWG
based on the NF-FTM method [20] to synthesize an up-
chirp signal with time aperture of ∼16.2 ns and frequency
range of∼DC − 18 GHz. First, we performed a calibration
measurement in which the sounding chirp waveform was
recorded without wireless transmission (xTrans�t�) (the
photodiode output was directly connected to the oscillo-
scope), Fig. 3(a). The amplitude roll-off (loss of contrast)
in the high-frequency modulations of the generated chirp
signal arises because the desired spectral modulation
is approaching the pulse shaper spectral resolution. As
explained in [17], the effect of pulse shaper resolution
can be modeled by convolving with a Gaussian signal
in the frequency domain, which introduces attenuation
for spectral modulation that is too rapid.

The RF spectrum of this waveform extended smoothly
out to ∼18 GHz with less than 7 dB roll-off with respect
to the 2 GHz frequency components, Fig. 3(b). Here, the
dramatically increased time aperture available by cir-
cumventing the far-field condition through NF-FTM was
necessary to provide an increased transmit energy with-
out sacrificing bandwidth. As also shown in [20], if one
uses conventional FTM in the regime, violation of the
far-field condition leads to serious distortion of the gen-
erated waveform [Fig. 3(c)], and certain groups of
frequencies are strongly attenuated [Fig. 3(d)].

After the calibration measurement, this waveform
propagates through the wireless channel and the received
response is recorded on the receiver side (yRec�t�). To

Fig. 2. Experimental setup. PC, polarization controller; IM, intensity modulator; EDFA, erbium-doped fiber amplifier; PD, photo-
detector; AMP, electrical amplifier; Tx, transmit antenna; Rx, receive antenna; LNA, low noise amplifier.
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extract impulse responses accounting for the effects of
both the antennas and the propagation channel (hSys�t�),
deconvolution was applied between the transmitted and
received waveforms in the frequency domain:

HSys�ω� �
YRec�ω�
XTrans�ω�

; (1)

where HSys�ω�, YRec�ω�, and XTrans�ω� are Fourier
transforms of hSys�t�, YRec�t�, and xTrans�t�. In general, this
equation is extremely sensitive to the presence of noise,
and the transmitted signals, XTrans, shouldmaintain a good
signal-to-noise ratio over the desired spectral range. In our
experiments, the transmitted signal had good frequency
content up to 18 GHz, the maximum frequency considered
[see Figs. 3(a) and 3(b)], and we did not encounter any
instability problem in our computation. By implementing
deconvolution in Eq. (1), modulations of the transmitted
power spectrum due to system imperfections (e.g., the
roll-off at high-frequency components) were taken out,
which enhanced the estimation of the system impulse re-
sponse. The accuracy of this method is studied in [10],
which demonstrated that independent measurements (us-
ing different sounding waveforms) produced nearly iden-
tical results with correlation coefficients of more than 99%.
Figures 4(a) and 4(b) show the measured impulse re-

sponses based on the spread spectrum channel sounding
technique. In the small subfigures, we zoom in on the
dashed rectangles to show more details. Both responses
exhibited strong multipath dispersion up to ∼30 ns, more
than 1000 times larger than the ∼20 ps fundamental
time resolution corresponding to the 2–18 GHz frequency
range. Due to the strong multipath scattering, the re-
sponses were nearly uncorrelated, although the delay
spreads were similar [5]. The RF power spectra of these
responses are shown in Figs. 4(c) and 4(d). Transmitted
signals reached the receivers via different paths and
interfered in the frequency domain to yield frequency

selective spectra with spectral phase evenly distributed
between 0 and 2π. Both spectra roll-off significantly with
increasing frequency because of the frequency depen-
dent propagation loss. The signals must pass through a
cement wall to reach the Rx antennas, which increases
the high-frequency attenuation of the received response.
It is worth noting that this spectral characteristic of multi-
path dispersion is quite different for antenna dispersion
in which the frequency dependent delay produces solely
a smooth spectral phase variation [21,22].

With knowledge of the channel responses, we can em-
ploy phase (pre) compensation (PC) to achieve time and
space compression at the target Rx. In this approach,
we extracted the frequency dependent phase of the im-
pulse response and designed the excitation signals to
have the opposite spectral phase. The PC transmitted
signal in the frequency domain (XPC�ω�) can be calcu-
lated as:

XPC�ω� � exp�−j arg�HSys�ω���; (2)

where arg�HSys�ω�� is the spectral phase of the measured
system impulse response and the character j is the imagi-
nary unit. The received signal from PC excitation
(YPC�ω�) can be expressed mathematically in the fre-
quency domain as [5,12]:

YPC�ω� � Hsys�ω�XPC�ω� � jHsys�ω�j: (3)

Equation (3) indicates that PC cancels the spectral phase
distortion of the system response, which results in a
compression at the target receiver. Note that PC has been
widely used for compensation of dispersion in ultrafast
optics and lightwave systems. However, research on
compensation of multipath distortion in broadband RF
propagation has generally employed an alternate ap-
proach, namely time reversal (TR) prefiltering [23,24].
The TR approach was considered originally in the acous-
tic domain [25], and it has also been considered in optics
[26]. In [12], we compared the performance of PC and
TR pre-equalizers for ultrawideband indoor RF propaga-
tion. Our experimental and theoretical results indicate

Fig. 3. Photonically generated RF waveform over frequencies
from baseband to ∼18 GHz with a time aperture of ∼16.2 ns. (a)
and (b) The sounding waveform generated via the NF-FTM
technique. The chirp signal obtained provides an RF spectrum
that extends smoothly out to ∼18 GHz. (c) and (d) When the
conventional FTM technique was employed, the synthesized
waveform was badly distorted and certain frequencies were
strongly attenuated.

Fig. 4. (a) and (b) Impulse responses of Tx–Rx1 and Tx–Rx2
channels. In the small subfigures, we zoom in on the dotted
rectangles to show more details. (c) and (d) Corresponding
power spectra of the Tx–Rx1 and Tx–Rx2 links.

4948 OPTICS LETTERS / Vol. 38, No. 23 / December 1, 2013



that PC outperforms TR by providing substantial advan-
tages in peak-to-average power ratio (PAPR) enhance-
ment and delay spread reduction.
Returning to our experiment, we used NF-FTM to syn-

thesize a transmit waveform, equal to the inverse Fourier
transform of XPC�ω� in Eq. (2), over an ∼16.2 ns time
aperture, which covers the major components of the mul-
tipath delay spread. When the waveform is precompen-
sated for the channel response seen by the first receiver
(Tx–Rx1), a clear peaking results at the target receiver
[Fig. 5(a)]. The full width at half-maximum (FWHM) of
the received signal was less than 70 ps. We also
characterized the compression achieved via PC by calcu-
lating the PAPR and root mean square (RMS) delay
spread [11] over a 10 ns time window. For the PC pre-
compensated waveform [Fig. 5(a)], the PAPR value
was increased by ∼4 dB and the RMS delay spread
was shortened by ∼3 dB compared to the uncompressed
impulse response [Fig. 4(a)]. This shows the considerable
temporal focusing achieved via PC. The interesting point
is that although the precompensated waveform is trans-
mitted omni-directionally, Rx2, which is located a few
wavelengths away from the intended receiver (Rx1), ob-
tains a noise-like waveform, Fig. 5(b). This demonstrates
the spatial focusing capability of PC. In a similar way,
when the Tx was driven with a waveform selected to
achieve peaking at Rx2 [Fig. 5(d)], the signal received
by Rx1 remained noise-like [Fig. 5(c)]. Here, the PAPR
value increased by ∼6 dB and the RMS delay spread
was shortened by ∼3 dB for the PC precompensated
waveform [Fig. 5(d)] compared to the uncompressed im-
pulse response [Fig. 4(b)]. This selective peaking in a spe-
cific transmit–receive antenna link can potentially be
exploited for covert wireless data transmission [13,24].
In summary, we have demonstrated spatiotemporal

compression of ultrabroadband signals through highly
scattering multipath channels over the frequency range
of 2–18 GHz using photonic RF arbitrary waveform
generation. We showed that photonics can go beyond

waveform distribution to aid in both the measurement
and the compensation of important distortions in indoor
wireless channels. These results, which encompass a
bandwidth well beyond the analogous experiments
performed solely with electronic test equipment, offer
prospects for advances in low probability-of-intercept
high-speed wireless communications.
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