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Abstract: Phase compensation (PC) prefiltering is experimentally investigated for multipath channels over the frequency band
spanning 2–12 GHz, a topic which to the best of the authors knowledge has not been studied in the literature on ultra-
wideband (UWB) communications. The authors emphasis is to assess the capabilities of PC compared to time reversal (TR)
prefilters over indoor UWB channels regarding multipath suppression, channel hardening, noise sensitivity and high-speed
data transmission. Experiments were carried out for PC and TR prefilters in both line-of-sight (LOS) and non-LOS (NLOS)
environments. The multipath compression effectiveness is characterised by computing the root-mean-square delay spread and
peak-to-average power ratio for actual measured channels and for the IEEE 802.15.4(a) UWB model. The authors study
suggests PC outperforms TR considerably in mitigating the multipath channel dispersion. Bit-error-rate (BER) curves have
been simulated for data rates in the range of 125–4000 Mbps based on the measured channel responses. The BER simulations
suggest that while the TR performance is prohibitively saturated by its residual intersymbol interference for data rates of
500 Mbps and above (especially in NLOS), PC can be used for high-speed data transmissions as fast as 2 Gbps in both LOS
and NLOS environments.
1 Introduction

Ultra-wideband (UWB) provides several unique advantages
like large channel capacity and strong anti-jamming ability
for wireless systems [1, 2]. Although UWB has enormous
potential for future communication applications, there are a
number of challenges, which still are the main topics of
current research. In UWB systems, to capture the received
energy which is dispersed over a large number of multipath
components (MPCs), complex receiver systems (i.e. rake
receivers [3, 4]) are necessary. These complex receivers are
particularly essential for high data rate communications
where intersymbol interference (ISI) degrades the system
performance and increases channel bit-error-rates (BERs). A
simple transmission scheme called time reversal (TR) can
be used [5–7] to reduce receiver’s complexity and suppress
ISI to some extent. In TR the system impulse response (IR)
(which includes IR of the channel, antennas etc.) is flipped
in time and used as a pre-matched-filter on the transmitter
(Tx) side. TR performance has been studied by several
authors for UWB communications [8–16], in most cases
with the TR simulated on the basis of measured IRs [8–10]
or IEEE UWB channel models [12, 13]. In [8], Monsef
et al. used TR simulations, based on the IRs measured
using a vector network analyser over 600 MHz–6 GHz, to
show that although TR has good performance in highly
reverberant media, it does not show the same effectiveness
in realistic indoor environments. Naqvi et al. [14]
performed experiments in which they measured BER of TR
communications systems for different data rates in the range
of 15.6 Mbps–1 Gbps. They carried out experiments both in
indoor and in reverberating chamber environments over the
frequency range of 0.7–2.7 GHz. They showed BER is
dominated by the ISI effects for data rates above 125 Mbps.
Simulations have also been used to investigate different
schemes that could provide better performance compared to
a simple TR system (especially at high data rate) [9, 10, 12,
13]. For instance, in [9, 15], TR is used with the
multiple-input–single-output (MISO) structure to obtain a
better temporal compression. Oestges et al. [10] compared
TR performance with that of a minimum mean-squared
error (MMSE) prefilter and showed the channel ISI can be
suppressed much more strongly by the MMSE prefilter. As
they emphasised, the main drawback of MMSE is high
implementation complexity which becomes difficult when
the number of channel taps increases.
Recently, we utilised a state-of-the-art arbitrary waveform

generator to experimentally apply TR over the full
frequency range of 2–12 GHz for both biconical omni- and
spiral directional antennas [16]. Over this ultra wide
frequency range, the temporal resolution of the system,
which is inversely proportional to the bandwidth, is
extraordinary fine. This provides the capability to resolve
most of the MPCs incident at the receiver in a multipath
environment which can significantly affect the performance
of TR. Based on our measurements, although TR is a
powerful technique for compensation of phase distortions
associated with broadband frequency-independent antennas,
it shows only modest performance in compressing time
spread associated with multipath delay.
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In the current work, we introduce the phase compensation

(PC) prefilter as a solution to suppress ISI in UWB systems
and investigate its performance experimentally over the
frequency band spanning 2–12 GHz. To the best of our
knowledge, this topic has not been reported in the previous
literature on UWB communications. PC pre- and post-filters
have been extensively used in optical communications and
ultrafast optics, for example, [17, 18]. PC has also been
previously used [19] to compensate distortion because of
spectral phase variations of broadband
frequency-independent antennas (e.g. Archimedean spirals)
in a situation essentially free of multipath. In the ideal
infinite bandwidth case, this is known as All-Pass filtering
[20]. For PC the frequency dependent phase of the system
response is extracted, and the excitation signals are
designed to have the opposite spectral phase. In this way,
PC can be seen as an equal gain transmission (EGT) [21]
which is implemented in the frequency domain. In equal
gain transmitters, which are commonly used in multiple
antenna systems, transmitted signals from different antennas
are passed through appropriate phase filters to arrive
coherently at the receiver. Here, in PC, the spectral phase of
the transmit signal cancels the spectral phase distortion of the
system response, resulting in a compressed waveform at
the receiver.
A special emphasis of our paper is to compare the

capabilities of PC and TR prefilters over indoor UWB
channels in different regards including multipath
suppression, channel hardening, noise sensitivity and impact
on high-speed data transmission. We report experiments in
which we apply TR and PC prefilters to different measured
channel realisations in line-of-sight (LOS) and non-LOS
(NLOS) environments. We then calculate temporal
compression and peak-to-average power ratio (PAPR) gains
of these prefilters and investigate their sensitivity to the
noisy channel estimation. To generalise the result beyond
our own indoor environment and characterise channel
hardening performances, we present simulations based on
1500 channels using IEEE 802.15.4a model. Our studies
show that PC has superior performance in compressing
UWB multipath dispersions. This point is theoretically
proved, independent of any particular channel realisations,
in terms of the PAPR gain. In another route to evaluate data
transmission performances, BERs are simulated, based on
our measured indoor IRs, for received signal-to-noise ratio
(SNR) values in the range of −5 to 30 dB. Although TR
systems show significant ISI for data rates of 500 Mbps and
above (especially in NLOS), PC yields remarkably
improved BER which can be used for high-speed
transmission of data as fast as 2 Gbps. In general, PC offers
potential as a lower complexity (low computation cost
because of the efficient fast Fourier transform (FFT)
algorithm) alternative for similar prefilters (i.e. optimal
MMSE) which have better BER performance compared to
TR [22, 23].
The remainder of this paper is organised as follows. In

Section 2, we formulate phase-compensation and TR
techniques and explore their similarities and differences.
We also introduce the parameters we will use to
characterise delay spread and temporal compression of PC
and TR experiments. Section 3 provides details of the
measurement setup, environment layout and research
methodology. Examples of the PC and TR measurements,
in LOS and NLOS environments, and their performance
evaluations based on experimental results and the IEEE
802.15.4(a) (the most comprehensive model for UWB
1288
& The Institution of Engineering and Technology 2013
channels) are reported in Section 4. Finally, in Section 5,
we conclude.

2 Time reversal and PC techniques

2.1 Principles of TR and PC

In an ideal case, the received response from TR can be
modelled as the autocorrelation of the system IR, which is a
symmetric waveform. The waveform transmitted under TR
(XTR( f )) and the resulting received response (YTR( f )) in the
frequency domain can be mathematically expressed as

XTR(f ) = H∗
Sys(f ) (1)

YTR(f ) = HSys(f )XTR(f ) = HSys(f )
∣∣∣ ∣∣∣2 (2)

where HSys is the frequency response of the channel, antennas
and amplifiers over the measurement bandwidth (up to 12
GHz). Equation (2) shows that in the frequency domain, TR
can be seen as a pre-matched-filter, which optimises power
allocation over different frequencies in order to maximise
the received peak power for a fixed transmitted power.
Although TR maximises the power in the central peak, it
shows a poor performance in temporal sidelobe suppression
[24] which becomes important in high-speed UWB
communication regime. Particularly, TR has two principal
effects on the frequency domain representation of the
received signal (2): (i) compensating the spectral phase
distortion; and (ii) squaring the spectral magnitude. The first
effect results in concentration of power at the centre of the
received response and reduces the root mean square (RMS)
delay spread of the channel. The second effect shapes the
power spectrum, increasing roll-off in the spectrum (e.g. at
high frequencies) and accentuating sharp spectral variations
(peaks, fades etc.). Both aspects of the second spectral
shaping effect correspond to the aggravation of the overall
system amplitude distortion and result in time broadening.
Based on whether the PC effect or the spectral shaping
effect is stronger, the RMS delay spread of the channel can
be either increased or decreased by the TR technique [16].
In UWB channels, because of channel multipath effects,

transmitted signals reach the Rx via different paths and
attenuations. The result of such random delays and the very
large bandwidth is significant frequency selectivity with
many sharp fades [25]. In addition, over the UWB range,
the frequency dependence of the path loss is significant
[26], and channel responses degrade at high-frequency
(especially in NLOS scenarios and over long propagation
distances). As a result, TR does not show an effective
performance in suppression of multipath dispersion, and the
received responses from TR have large sidelobes in addition
to the main central peak. These sidelobes introduce
prohibitively large ISI in high-speed communication
channels. Moreover, frequency responses of TR prefilters
roll-off at higher frequencies, which results in a poor
spectral efficiency [14]. In an effort to achieve a better
performance, Naqvi et al. [14] introduced a modified TR
scheme in which the total UWB bandwidth was divided
into N sub-bands. They used ten different passband filters,
and normalised the power of each band by using equal
power controls. Although they achieved a slightly better
BER in their modified TR system, this technique cannot
flatten sharp fades of the frequency response and, from a
practical point of view, adds complexity.
IET Commun., 2013, Vol. 7, Iss. 12, pp. 1287–1295
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In PC prefilters the channel is excited with the opposite

spectral phase of the measured IR to compensate delay
distortions of the system. The waveform transmitted under
PC (XPC( f )) and the resulting received response (YPC( f ))
can be mathematically expressed in the frequency domain as

XPC(f ) = exp −j arg HSys(f )
( )( )

(3)

YPC(f ) = HSys(f )XPC(f ) = HSys(f )
∣∣∣ ∣∣∣ (4)

where arg(hSys) is the spectral phase of the measured IR of the
system. Equation (3) shows the power spectral density of the
PC prefilter does not depend on the channel transfer function.
Equation (4) indicates PC compensates the spectral phase of
the system transfer function, and YPC is equal to the
magnitude of the HSys. Compared to the TR received
response (2), PC does not square the spectral magnitude of
the channel response (amplitude distortion aggravation), and
as a result, intuitively a better temporal sidelobe
suppression performance (e.g. temporal PAPR) should be
achieved by PC technique. From a theoretical viewpoint,
we show in the appendix that the PAPR value for PC
always exceeds that for TR (equality only happens when we
have a phase-only channel for which PC and TR become
formally identical). The PAPR is commonly used as a
physical performance indicator in wireless communication
systems with pre–post equalisers.
From one point of view, TR and PC can be seen as

counterparts to the maximum ratio transmission/combining
and EGT/combining techniques [21, 27] which are well
known in MISO systems and frequency domain equalisers.
From another point of view, PC can be considered as an
equaliser that is an intermediate choice between TR and
zero forcing (ZF) [22, 25]. In particular, in the frequency
domain the received response with PC is the geometric
mean of the received responses with TR and ZF,
respectively. ZF prefilters, in an ideal case, have a
frequency response equal to the inverse of the system
transfer function, and are designed to completely
compensate channel distortions (zero ISI). In ZF prefilters
channel inversion consumes a huge amount of power when
the system transfer function exhibits deep fades (when
channel transmission is poor). This drawback makes the ZF
prefilter costly for a realistic communication system where
transmitters are usually limited by some power constraints
[25]. In many respects (e.g. maximum received peak power,
ISI elimination capability, peak-to-sidelobe ratio), the
performance of PC is intermediate between TR and ZF.
Although PC does not perfectly eliminate ISI, we
experimentally show it can combat the UWB multipath
channel dispersions more efficiently compared to TR.
Although other prefilters with improved ISI suppression
performance compared to TR have been proposed, PC has
the potential advantage of lower implementation
complexity. The computation cost of this prefilter is low
because of the efficient FFT algorithm (with complexity o
(NlogN ) where N is the number of taps [28]) which is
particularly important in UWB systems with large number
of taps. However, the complexity is higher than for TR,
which requires only flipping the channel IR. As an example
of other proposed equalisers [22, 23], Kyritsi et al. [22]
combined TR and ZF prefilters by using least squares
criterion to design a prefilter with acceptable performance
over different data rate regimes. Similar to the optimal
IET Commun., 2013, Vol. 7, Iss. 12, pp. 1287–1295
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MMSE prefilter [10] which requires matrix inversion with
general complexity of o(N3) (a comprehensive study on
computational complexity of different equalisers are
presented in [28]), their prefilter is difficult to implement in
a practical UWB system with large delay spread channels
corresponding to high number of taps.

2.2 Performance characterisation metrics

One of the most useful parameters that characterises the time
dispersion introduced by a multipath channel is RMS delay
spread (σ) [25]. The RMS delay value has a direct impact
on the ISI of a communication channel [11, 25]. If the
symbol time is sufficiently larger than the RMS delay
spread (∼10 times larger), then the channel is
approximately ISI free. To compare the temporal focusing
effectiveness of applying TR or PC, we define a temporal
compression parameter Crms which shows percentage
change of the RMS delay spread after applying the
prefilters relative to its initial value

Crms =
sIR − sTR/PC

sIR
× 100 (5)

where σIR and σTR/PC are, respectively, the RMS delay values
[25] of the IR, and the corresponding received response from
the TR/PC experiment. The parameter Crms provides a
measure of the achieved temporal focusing gain by applying
the prefilter. We expect this ratio to be as large as possible
to have a good compression. Negative values of Crms shows
the RMS delay spread of the channel is increased after
applying the prefilter. To show the superior performance of
PC compared to TR prefilters, we experimentally applied
these two techniques over channel realisations at different
locations and compared the calculated compression gains.
In general, the RMS delay values strongly depend on the
selected noise floor level [29]. This threshold level should
be as low as possible to capture as much of the real energy
as possible, but high enough to avoid the noise effects. In
our calculations, we define −42 and −39 dB threshold
levels, respectively, for LOS and NLOS measurements and
set all components below this level to zero.
In another route to compare the time compression quality

of prefilters, we define the PAPR [25] gain (Gϑ) provided
by TR/PC as

Gq = qTR/PC − qIR (6)

where ϑIR and ϑTR/PC are, respectively, the PAPR values of
the IR and the corresponding received response from the
TR/PC experiment. We measure ϑ over 200 ns time (T =
200 ns) windows for all experiments. The parameter Gϑ

provides insight about the achieved peak-to-average power
gain by implementing TR and PC techniques.

3 Experimental system and environment
layout

3.1 Experimental setup

Fig. 1a shows a block diagram of the measurement system. The
main components of the transmitter block are an arbitrary
waveform generator (Tektronix arbitrary waveform generator
(AWG) 7122B), an ultrabroadband amplifier (Picoseconds
Pulse Labs 5828A), and the transmitting antenna. The AWG
1289
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Fig. 1 Measurement setup and environment layout

a Block diagram of the measurement setup
b Environment layout
Tx1 and Rx1 show, respectively, the positions of the transmitter and the
receiver grid for the LOS measurements. Tx2 and Rx2 are the
corresponding locations for the NLOS experiments
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is used in interleaving mode with an effective RF bandwidth
(−6 dB) of 9.6 GHz, maximum sampling rate of 24 GS/s,
and maximum peak-to-peak voltage of 0.5 V. Output of
AWG is boosted by a 10 dB gain amplifier before
transmission through the antenna. In the Rx side, we amplify
the received signals using, respectively, 41 and 51 dB
amplifier gains in LOS and NLOS measurements. The
received signal after amplification is directly connected to a
real-time oscilloscope (Digital Serial Analyzer, Tektronix
DSA 72004B) with 20 GHz analog bandwidth and
maximum real-time sampling rate of 50 GS/s. The
oscilloscope is triggered by one of the AWG’s digital
‘marker’ outputs which is synchronised with the transmitted
waveform. We used two wideband omni-directional biconical
antennas (ELECTRO – METRICS EM-6865, 2–18 GHz) as
the transmitter (Tx) and receiver (Rx). Signals recorded by
the oscilloscope are stored on a personal computer using
general purpose interface bus (GPIB) interface. For NLOS
experiments the operator is typically positioned in the same
room as the Rx. The AWG is controlled remotely over a
wireless local area network which provides a feedback loop
to the Tx side. More details about our setup are given in [30].

3.2 Environment layout

Experiments have been carried out in the subbasement of the
material science and electrical engineering (MSEE) building
1290
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at Purdue University for which the floor plan is shown in
Fig. 1b. To observe channel variations, in each LOS and
NLOS scenario the Rx antenna is moved along a track to
scan a 1.2 m × 2.4 m area, while the Tx antenna is kept at
the same location. The minimum inter-element spacing over
each grid is 60 cm which corresponds to 15 total
measurement points. The LOS experiments (Tx1–Rx1) were
conducted in a large laboratory (room 40 in Fig. 1b) which
contains metallic desks, cabinets, computers and scattering
objects of different sizes with average propagation distance
of 3.5 m. For NLOS measurements (Tx2–Rx2), we placed
the transmitter in the laboratory 40 and the Rx in room 39
across from the laboratory. In this case there are two
cement walls and a hallway in the direct path of the Rx–Tx
antennas and the average propagation distance is 14 m.

3.3 Research methodology

3.3.1 Experimental measurements: For each antenna
placement, the experimental procedure for TR/PC
measurements consists of three steps (i) channel sounding (ii)
waveform calculation for TR/PC and communicating this
with some predefined accuracy to the Tx side through the
wireless local area network (LAN) and (iii) TR/PC waveform
transmission and measurement. In this paper, spread spectrum
channel sounding is used for IR measurements. This
technique not only provides higher dynamic range compared
to the pulse excitation method [30], but also has a short
acquisition time (compared to the frequency domain channel
excitation method which uses vector network analysers)
which makes it more suitable for time varying channel
measurements. We use an up-chirp signal defined over 0–12
GHz with 85.3 ns time aperture at 24 GS/s sampling rate for
channel excitation. To extract system IRs from the received
waveforms, a deconvolution method [30] is implemented.
First, we record the sounding waveform without wireless
transmission (AWG output is connected to the oscilloscope
by an RF cable). Then, the received waveform after
propagation through the channel and antennas is deconvolved
from the sounding waveform [30].
In the next step, the TR/PC waveforms are calculated based

on the measured IR, and sent back through the feedback loop
(wireless local area network) with 8 bit resolution to the
transmitter side. The waveform calculation for TR consists
of resampling the obtained IR at 24 GHz and inverting the
result in time. For PC, we first used (3) to calculate the PC
prefilter in the frequency domain, and then take inverse
Fourier transform to construct the time domain PC
waveform for generation by AWG. Finally, these signals are
transmitted through the channel, and the received
waveforms are recorded using the real-time oscilloscope.

3.3.2 Simulation procedure: Since our measured
channel responses are almost noise free [30], we use
simulation to analyse the noise sensitivity of PC and TR.
We add white Gaussian noise to the measured channel
realisations and calculate these prefilters based on the noisy
channel responses. Then, the temporal compression and
PAPR gain performances are evaluated as a function of
SNR (defined as the average channel response power to the
average noise power in dB scale over −170 ns time
window) over −5 to 25 dB in steps of 0.5 dB. The final
performance curves are finally plotted based on the average
results of the 15 NLOS channel realisations.
To assess the performance of TR and PC in high-speed data

transmission, we simulate their BER performance. The
IET Commun., 2013, Vol. 7, Iss. 12, pp. 1287–1295
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Table 1 Average (Avg) and standard deviation (Std) values for omni-directional experiments over 15 LOS and 15 NLOS locations

Environment Experiment RMS delay σ,
ns

PAPR ϑ, dB FWHM, ps Temporal
compression
gain Crms, %

PAPR gain Gϑ,
dB

Avg Std Avg Std Avg Std Avg Std Avg Std

LOS IR 14.4 0.9 29.4 1.2 – – – – – –
TR 15.4 1.5 30.4 0.6 121 7.2 −7.2 10.3 1.05 1.0
PC 7.0 2.1 33.79 0.2 80 2.6 51.2 15.1 4.4 1.1

NLOS IR 19.9 1.3 19.15 1.46 – – – – – –
TR 16.7 1.6 26.6 0.67 202.5 17 15.8 7.8 7.46 1.2
PC 6.2 1.4 31.3 0.24 119 8.6 69.0 6.03 12.13 1.3

In the text, we refer to IR metrics by ‘IR-Metrics Name’
TR and PC notations are, respectively, used for TR and PC metrics
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simulation is based on transmitting 107 random bits using
BPSK (binary phase shift keying) modulation over the
measured channel realisations. We use TR and PC prefilters
for combating the multipath channel dispersion. On the
receiver side, we sample the received signal at the peak of
PC/TR and make our decision based on the
maximum-likelihood criterion [25]. We assume the receiver
to be perfectly synchronised with the transmitter.
Simulations are performed as a function of the received
SNR (defined as the maximum received peak power to the
noise power in dB scale) over −5 to 30 dB in steps of 1 dB
for data rates ranging 125 Mbps–4 Gbps. The average BER
performances are evaluated by averaging the BER of the 15
channel realisations for LOS and 15 channel realisations for
NLOS.
We also compare the performance of PC and TR over the

IEEE 802.15.4(a) standard, a comprehensive UWB channel
model. In these simulations, we have used the statistical
parameters presented in Table 1 of [31] for indoor NLOS
residential environments.

4 Measurement results and analysis

4.1 LOS environment

Fig. 2a shows the IR of a specific (but typical) LOS
omni-directional antenna over 200 ns time window. The
received response consists of different MPCs which extend
up to −100 ns time window. More details about IR
characteristics measured by omni-directional antennas are
presented in [16]. To mitigate the multipath effects, we
implement TR and PC prefilters. Experimental TR and PC
received responses are compared in Figs. 2b and c. A key
Fig. 2 TR versus PC in LOS environments

a IR of LOS omni-directional antennas over 200 ns time window. In the small sub
b Received responses from TR and PC experiments implemented over the channel
c We zoom in on the main peak to show details. PC sidelobes are considerably sm
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point is that as we can clearly see, sidelobes for PC are
considerably smaller compared to those for TR.
We repeated LOS IR, TR and PC measurements over a

rectangular grid to observe more channel realisations. In
Table 1, we summarise average and standard deviation
values of the introduced metrics for these measurements
under the LOS section. Average full-width half-maximum
(FWHM) durations of the PC and TR responses are,
respectively, 80 and 121 ps. The larger FWHM duration
observed for TR arises because the received signal falls
off more rapidly with frequency because of the squaring
operation in (2). The average PAPR for TR and PC are
increased, respectively, by 1.05 and 4.4 dB compared to
the IR-PAPR. For TR, the small PAPR gain (Gϑ = 1.05
dB) indicates TR does not significantly improve the
PAPR value. The presence of the dominant LOS
component, which is essentially subject to no spectral
phase variation, is one of the reasons for this performance
[25]. PC-RMS delay is more than two times less than the
IR-RMS, while for TR it is increased by 7.2%. The
negative temporal compression gain (Crms =−7.2%)
implies single-input–single-output (SISO) TR cannot
decrease the RMS delay spread of the channel, which is
consistent with the predicted results by simulations in [9].
The broadening effect of SISO-TR (squaring the spectrum
magnitude) counteracts and may even exceed the
compression effect (spectral PC); overall, TR does not
reduce the RMS delay spread of the channel. However,
for PC prefiltering spectral PC is the only effect present,
and the observed compression gain is significantly larger.
In short, PC not only in average reduces RMS delay of
the channel to 49% of its original value, but also gives a
4.4 dB PAPR gain.
figure, we zoom in on the first 10 ns of the response

aller compared to the TR response

1291
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Fig. 3 Average BER for LOS PC and TR

Performance of PC is clearly superior to that of TR in the high data rate
regime (500 Mbps and above)
a TR
b PC

www.ietdl.org
The simulated BER performance averaged over the LOS
realisations discussed in Table 1 are presented in Fig. 3. As
we can see, for low SNR regime (<5 dB), the system
performances are determined by the dominant noise level,
and both PC and TR have high BERs. ISI becomes more
important for higher SNRs. BER curves for the TR prefilter
reach a plateau for data rates of 500 Mbps and above,
where increasing the SNR cannot improve the performance
any further. In this situation, the system performance is
saturated by the ISI originating from TR sidelobes [10]. For
the PC prefilter, we have the performance saturation only
for the highest (4 Gbps) data rate transmission. This curve
levels off at 10−4.1 BER which is by far better compared to
Fig. 4 TR versus PC in NLOS environments

a IR of NLOS omni-directional antennas over 200 ns time windows. In the small
b Received responses from TR and PC experiments implemented over the channel
c We zoom in on the main peak to show details. PC sidelobes are considerably sm
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the 10−1.1 level of the BER plateau of the 4 Gbps TR
curve. Although TR and PC curves are close to each other
for the low data rate transmission of 125 Mbps, for higher
data rates the performance of PC is considerably superior to
the TR technique. For instance, the BER for 2 Gbps data
rate with PC is below 10−4 for SNR values larger than 14
dB; however, with TR this curve reaches a floor at 10−1.7

BER, and better performance cannot be achieved.
4.2 NLOS environment

Fig. 4a shows an IR of a typical NLOS channel over a 200 ns
time window. Unlike Fig. 2a, no strong dominant component
exists in the channel response. The greater distance and the
presence of two cement walls between Tx and Rx lead to
an increased number of resolved MPCs and greater high
frequency attenuation compared to the LOS scenario
discussed earlier. We implement TR and PC prefilters and
compare the resulting responses in Figs. 4b and c. We can
clearly see significant superior sidelobe suppression can be
achieved using PC prefiltering compared to TR in NLOS
UWB channels.
NLOS channel statistics, obtained by moving the receiver

over a rectangular grid as described in Section 2, are
tabulated in Table 1. This table reconfirms the strength of
PC in combating the multipath dispersions. The FWHM of
the PC and TR responses are, respectively, 119 and 202.5
ps. These values are larger compared to the corresponding
LOS values which is consistent with increased loss for the
higher frequencies. The TR and PC performances are
improved compared to the LOS scenario. For instance, the
PAPR gains are, respectively, −6.4 and −7.7 dB higher for
NLOS TR and PC compared to the corresponding LOS
values. Absence of the undistorted LOS component is the
main reason for this improvement. However, although TR
provides PAPR gain, it still gives only modest time
compression. The RMS delay of PC is 69% shorter and its
PAPR value is 12.13 dB larger than the corresponding
NLOS IR values. These values for the TR are only 15.8%
and 7.46 dB which again point to superior multipath delay
compensation using the PC technique.
To evaluate capabilities of PC against TR beyond our

indoor environments, we compare their performance based
on 1500 simulated channels using CM2 IEEE 802.15.4a
model (NLOS indoor residential environments) [31]. Fig. 5
shows the cumulative distribution function (CDF) of (a) the
RMS delay and (b) the PAPR for IR, TR and PC. Both
prefilters provide PAPR gain as well as channel hardening,
that is, reduction of PAPR variations in terms of 10–90%
subfigure, we zoom in on the first 10 ns of the response
presented in (Fig. 4a)
aller compared to the TR response

IET Commun., 2013, Vol. 7, Iss. 12, pp. 1287–1295
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Fig. 5 CDF for

a RMS delay
b PAPR plotted based on 1500 channel IRs simulated using the IEEE 802.15.4(a) model. On each figure, we show the corresponding average values (Avg) and the
10–90% rise of the CDF (Rise) for IR, TR and PC

Fig. 6 Noise sensitivity for NLOS PC and TR

a Temporal compression gain
b PAPR gain

Fig. 7 Average BER for NLOS PC and TR

Performance of PC is clearly superior to that of TR for the data rates of
250 Mbps and above
a TR
b TC

www.ietdl.org
rise of the CDF. However, PC gives rise to significantly better
gain and channel hardening. In terms of RMS delay, PC
provides both compression and channel hardening (although
much less hardening than is achieved for PAPR). For TR
the compression is minimal, and no hardening is apparent.
In both cases the simulated temporal compression is smaller
than observed experimentally. This difference can be
explained by the fact that IEEE 802.15.4a does not take
into account important propagation effects like distance
dependence, random variation of the path loss exponent and
frequency dependence of the path gain [31]. This point
shows the importance of experimental implementations.
The sensitivity of prefilter performance to errors in the

estimated channel response has been studied for TR in [7].
Using the simulation procedure outlined in Section 3, here
we compare the performance of PC and TR prefilters as a
function of the SNR in the channel response estimation.
Fig. 6a shows both prefilters actually increase the RMS
delay in low SNR regimes. Temporal compression is
achieved for SNRs larger than 2.6 and 5.5 Db, respectively,
for PC and TR. The PAPR gain performance is compared
in Fig. 6b. Although PC is more sensitive to additive noise
(its gain drops faster as the SNR decreases), it always
provides superior PAPR gain compared to TR.
The simulated BER performance of NLOS PC and TR

prefilters, averaged over the channel realisations discussed
in the NLOS section of Table 1, are presented in Fig. 7.
Comparing Figs. 7 and 3 shows both NLOS PC and NLOS
TR responses have inferior BER performances compared to
IET Commun., 2013, Vol. 7, Iss. 12, pp. 1287–1295
doi: 10.1049/iet-com.2012.0768
the corresponding LOS scenarios. This can be explained by
the fact that NLOS responses have narrower effective
bandwidths. This effect is especially important for TR
prefiltering for which the frequency rolloff is twice as large
in a dB scale (2). As we see in Fig. 7a, TR BER curves
exhibit error floors for data rates of 250 Mbps and above,
for which ISI saturates system performance. For PC in
Fig. 7b, 2 and 4 Gbps curves level off, respectively, at 10−4.25

and 10−2.3 which are considerably better compared to
the attained plateau by the corresponding NLOS TR curves
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(10−1.15 for 2 Gbps and 10−0.79 for 4 Gbps). In general,
PC prefilters have substantially superior performance
compared to TR. For instance, BER of 1 Gbps PC is below
10−4 for SNR larger than −13 dB; however, for TR
technique, this curve floors at 10−1.74 and better
performance cannot be achieved.

5 Conclusion

We investigate PC and TR prefilters in LOS and NLOS
environments over the frequency range up to 12 GHz via
experiments and simulations. Our work compares the
effectiveness of these prefilters in terms of multipath
suppression, sensitivity to the noisy estimated responses,
channel hardening and data transmission over
communication channels. We compare the ‘temporal
compression’ and ‘PAPR’ gains of these prefilters both
based on experimentally measured responses over actual
indoor channels as well as simulated channels using IEEE
802.15.4(a). Our study suggests that PC has superior
performance in compressing UWB multipath dispersions, a
point which is proved theoretically in terms of the PAPR in
the appendix. The BERs of the measured channels are
presented for different data rates (125 Mbps–4 Gbps) as a
function of the received SNR. Our results show PC
prefiltering considerably outperforms TR in mitigating ISI
because of UWB channel dispersion. Our results suggest
that the PC prefilter has the potential to be used in
high-speed UWB communication channels as an effective
way to combat channel multipath dispersions, provide
channel hardening and reduce ISI. In future work, we
intend to investigate the spatial focusing performance of PC
and TR in different LOS and NLOS environments. Such
spatial focusing is critically important for covert
communications and multiuser systems.
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8 Appendix

In this appendix, we show that the temporal PAPR for PC
always exceeds that for TR (equality only happens when we
have a phase-only channel for which PC and TR become
formally identical). The TR and PC prefilters can be
mathematically expressed in the frequency domain by (1)–
(4) in the main text where the system IR, hSys(t), is
assumed to be confined to a time aperture of T.
We define the peak-to-average energy ratio (η) parameter

as follow

hTR/PC =
Max yTR/PC(t)

{ }∣∣∣ ∣∣∣2

(1/2T )
�T
−T yTR/PC(t)

∣∣∣ ∣∣∣2 dt
(7)

Note that the received responses from TR and PC are limited
to 2T which is twice the aperture of the system response
(because of the involved convolution operation). Based on
the Parseval’s theorem and (2) and (4), we have

1

2T

∫T
−T

yTR(t)
∣∣ ∣∣2 dt =Parseval 1

2T

∫1
−1

YTR(f )
∣∣ ∣∣2 df

=(2) 1

2T

∫1
−1

HSys(f )
∣∣∣ ∣∣∣4 df (8)
1

2T

∫T
−T

yPC(t)
∣∣ ∣∣2 dt =Parseval 1

2T

∫1
−1

YPC(f )
∣∣ ∣∣2 df

=(4) 1

2T

∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 df (9)

Considering the fact that TR and PC have non-negative real
frequency transfer functions (as defined in (2) and (4)), the
peaks of the received responses happen at zero time delay
where all the frequency components add up coherently to
each other. Mathematically

yTR(t)
∣∣ ∣∣2 =

∫1
−1

YTR(f )e
j2pft df

∣∣∣∣
∣∣∣∣
2

=(2)
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2ej2pft df

∣∣∣∣
∣∣∣∣
2

≤
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 ej2pft

∣∣ ∣∣ df
∣∣∣∣

∣∣∣∣
2

−−−−−−−−−�|exp (j2pft)|≤1
Max yTR(t)

{ }∣∣ ∣∣2
= yTR(0)

∣∣ ∣∣2=
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 df

∣∣∣∣
∣∣∣∣
2

(10)
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 df

∣∣∣∣
∣∣∣∣ ≤

∫1
−1

HSys(f )
∣∣∣ ∣∣∣ df

∣∣∣∣
∣∣∣∣
2/

⇔
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 df

∣∣∣∣
∣∣∣∣ ≤

∫1
−1

HSys(f )
∣∣∣ ∣∣∣2
∣∣∣∣

∣∣∣∣∣
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yPC(t)
∣∣ ∣∣2 =

∫1
−1

YPC(f )e
j2pft df

∣∣∣∣
∣∣∣∣
2

=(4)
∫1
−1

HSys(f )
∣∣∣ ∣∣∣ej2pft df

∣∣∣∣
∣∣∣∣
2

≤
∫1
−1

HSys(f )
∣∣∣ ∣∣∣ ej2pft∣∣ ∣∣ df

∣∣∣∣
∣∣∣∣
2

−−−−−−−−−�exp (j2pft)| |≤1
Max yPC(t)

{ }∣∣ ∣∣2
= yPC(0)

∣∣ ∣∣2=
∫1
−1

HSys(f )
∣∣∣ ∣∣∣ df

∣∣∣∣
∣∣∣∣
2

(11)

Using (8)–(11), we have the following expressions for the
peak-to-average power ratios of TR and PC

h
TR

=
�1
−1 HSys(f )

∣∣∣ ∣∣∣2 df

∣∣∣∣
∣∣∣∣
2

(1/2T )
�1
−1 HSys(f )

∣∣∣ ∣∣∣4 df
(12)

hPC =
�1
−1 HSys(f )

∣∣∣ ∣∣∣ df∣∣∣ ∣∣∣2

(1/2T )
�1
−1 HSys(f )

∣∣∣ ∣∣∣2 df
(13)

As a result, to show the PAPR of PC always exceeds that of
TR we should prove the following inequality holds

hTR ≤ hPC ⇔
∫1
−1

HSys(f )
∣∣∣ ∣∣∣2 df

∣∣∣∣
∣∣∣∣
3

≤
∫1
−1

HSys(f )
∣∣∣ ∣∣∣ df

∣∣∣∣
∣∣∣∣
2 ∫1

−1
HSys(f )
∣∣∣ ∣∣∣4 df

∣∣∣∣
∣∣∣∣ (14)

To do this, we use the following theorem which is known as
Holder’s Inequality [32]:

Theorem (Holder’s inequality): Let f (x), g(x) X→ R be two
measurable functions, and let p, q∈ (0, 1) so that p + q = 1.

Then

∫
X
f (x)g(x) dx

∣∣∣∣
∣∣∣∣ ≤

∫
X

f (x)
∣∣ ∣∣1/p dx

( )p ∫
X

g(x)
∣∣ ∣∣1/q dx

( )q

An equality holds if and only if |f (x)|1/p and |g(x)|1/q are
linearly dependent.
To use Holder’s inequality, we write (14) as follow (see

(15))
Equation (15) is exactly Holder’s inequality in which p = 2/3,

q = 1/3, f = |H|2/3 and g = |H|4/3. In this case, f and g become
linearly dependent (or the equality holds) only when we have
a phase-only channel for which PC and TR become formally
identical. As a result, (15) is always correct and the temporal
PAPR for PC always exceeds that for TR.
3 ∫1
−1

HSys(f )
∣∣∣ ∣∣∣4 df

∣∣∣∣
∣∣∣∣
1/3

/3
∣∣∣∣
3/2

df

∣∣∣∣∣
2/3 ∫1

−1
HSys(f )
∣∣∣ ∣∣∣4/3
∣∣∣∣

∣∣∣∣
3

df

∣∣∣∣∣
∣∣∣∣∣
1/3

(15)
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