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Abstract—High data rate communication for a Time Re-
versal UWB communication system is experimentally studied
using binary pulse amplitude modulation in dense multipath
propagation channels. Experiments are done for inter symbol
intervals ranging from 64ns to 1ns. Signal, Interference and Noise
components are separated from the received signal and their
bit error rates are computed. The received signals are neither
processed nor equalized. It is shown that at very high data rates
(> 125Mbps), the performance of the system is limited by inter
symbol interference. However at high data rates (< 125Mbps),
time reversal system gives good BER performance in the presence
of inter symbol interference.

Index Terms—Indoor propagating channel, Reverberating
chamber, Pulse Amplitude Modulation (PAM), bit error rate
(BER), time reversal (TR), ultra-wideband (UWB).

I. INTRODUCTION

Pulsed Ultra-Wideband (UWB) is a communication tech-
nique in which high data rate can be achieved by making use
of ultra large bandwidth. The ability of pulsed UWB to resolve
individual multi-path components is exploited in the recent re-
search for short range communication applications. However,
large number of resolvable paths and low power limitations
necessitate a complex receiver system. To collect the received
signal energy, Rake receiver, transmit-reference or the decision
feedback autocorrelation receiver can be implied [1]-[3]. Each
technique has different difficulties and drawbacks. Time Rever-
sal (TR) has been proposed as a technique to shift the design
complexity from the receiver to the transmitter. Classically, TR
has been applied in acoustics and under water communication
applications [4],[5], but recently, it has been widely studied
for UWB communication [6]-[12]. The received signal in a
TR system is considerably focused in spatial and temporal
domains. As a result, the received power is concentrated within
few taps and the effects of inter symbol interference (ISI) are
greatly reduced. The receiver system becomes simpler than
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without TR and signal can be collected using a simple energy
threshold detector [6]. Spatial focusing enables very low co-
channel interference in a multi cell system, resulting in an
efficient use of bandwidth in the overall network.

In pulsed UWB communication systems, channel delay
spread causes significant ISI. The performance of RAKE
receivers in the presence of such ISI is studied in a number
of papers [13],[14]. To the best of authors’ knowledge, high
data rate communication in the presence of ISI has never been
studied for TR communication system.

In this paper, high data rate communication with TR is
experimentally studied in a reverberating chamber (RC) and in
a typical indoor environment. Experiments are done for inter
symbol intervals (1) ranging from 64ns to 1ns (15.62 Mbps
to 1Gbps). It is shown for data rates smaller than 125Mbps,
the bit error rate (BER) is low enough for good transmissions
for a given value of signal to noise ratio (SNR). However, for
higher data rates, the ISI becomes large and BER saturates
even for high SNR.

II. TIME REVERSAL

TR is essentially a pre-Rake scheme in which time reversed
channel impulse response (CIR) is used as transmitter pre-
filter. The TR wave then propagates in an invariant channel
following the same paths in the reverse order. Finally at the
receiver, all the paths add up coherently in the delay and
spatial domains. For dense multipath propagation channels,
strong temporal compression and high spatial focusing can
be achieved with a focusing gain of about 8 dB [10]. For
communication purposes, this gain improves the transmission
range. Inter Symbol Interference (ISI) effects are mitigated by
temporal compression and multiuser interference is reduced
due to spatial focusing. The received signal (y;(t)) at the
intended receiver (j) can be mathematically represented as:

y;(t) = s(t) * hij(—t) x hij (1) = s(t) » B2 (t) (1)



where h;;(t) is the CIR from the transmitting point (i) to an
intended receiver (j), s(t) is the transmitted signal, * denotes
convolution product and R?j“t" (t) is the autocorrelation of the
CIR, h;;(t). The received signal at any non intended receiver
(k) is written as:

yr(t) = s(t) x hij(—t) x har(t) = s(t) % B3> (t) - (2)

where h;i(t) is the CIR from the transmitting point (i) to an
unintended receiver (k) and R 9°°(t) is the cross-correlation
of the CIR h;(t) and h;;(t). If the channels are uncorrelated,
then the signal transmitted for one receiver will act as a
noise for a receiver at any other location. Thus, a secure
communication is achieved with low probability of detection
and low probability of interception.

In the practical implementation of the TR system, the pre-
coding filter is truncated in time to reduce the filter length
and thus the system complexity. The truncated response is
represented as hj;(—t). The transmitted TR signal is nor-
malized such that average energy of the transmitted signal
respects the limits of UWB spectral mask issued by FCC.
For data communication purpose, the transmitted symbols are
modulated by binary pulse amplitude modulation (BPAM)
scheme. The k" symbol, dj,, of the symbol sequence is equal
to 1 or -1 for the data bits 1 or O respectively. Therefore, the
received signal at the intended receiver (j) is written as:

y(t) = A ; dihl;(—t + kTy) *h;i(;) (3)

Transmitted RF signal

where A is a normalization factor and 7T is the inter-symbol
interval. As the amplitude of the peak of the received signal is
proportional to the energy of the transmitted signal ( f hgdt),
the truncation process decreases the peak of the received
signal. Due to BPAM, the polarity of the received peak signals
is specified by the transmitted data bit and is used for the
detection of the data bits.

ITII. EXPERIMENTAL SETUP AND RESULTS

Experiments are done in a reverberating chamber (RC) and
in an indoor environment. The indoor environment consists of
a laboratory room where the RC is also located (see Fig. 1).
Consequently, the metallic walls of the RC allow accomplish-
ing a Non Line of Sight (NLOS) propagation scenario. The
room is also furnished with standard office equipments: tables,
PCs and seats. Conical Mono-pole Antennas(CMA) are used
at both the transmitter and the receiver sides. The distance
between the transmitter and the receiver is 5.5m in the RC
and 10m in the indoor configuration. The antennas are always
kept Im above the ground. The signals are generated by an
Arbitrary Waveform Generator (Tektronix AWG 7052) with
a maximum sampling rate of 5 GS/s. At the receiver end,
the signals are captured by a Digital Storage Oscilloscope
(Tektronix DSO 6124C) with a maximum sampling rate of
40 GS/s. The experimental setup is shown in the Fig. 2.

At first, the channel impulse response (CIR) is measured.
A narrow pulse with a rise time of 500 ps and a bandwidth
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Fig. 2. Experimental Setup

of 2.0 GHz is transmitted in the channel with AWG and CIR
is detected by DSO with a sampling rate of 10 GS/s. The
measured CIR is then truncated such that the truncated version
of the CIR keeps 80% and 97% of the total energy in the RC
and the indoor environment respectively. The truncated CIR
is reversed in time and the RF signal to transmit is computed
from Eq. 3. The signal is then down sampled to 5 GS/s and
transmitted by the AWG in the same channel. As the length of
the CIR (T;,) is larger than Ty, high ISI is present. Temporal
compression property of the TR reduces ISI. Nevertheless,
at such high data rates ISI is the critical factor to limit the
performance of the system. As the experiments are done in the
RC and indoor, we suppose that the channels do not change
during this time.

The received signal is recorded by the DSO. First, a single
record is performed. This record is a combination of the
Signal, Interference and Noise (S+I+N) components. Then, to
suppress Noise contribution in the measured signal, same RF
signal is transmitted 256 times, and all of the 256 received
signals are averaged together. Finally, by transmitting only
one symbol and operating the DSO in the average mode,
Signal is measured. Thus there are three measured signals;
S, S+I and S+I+N. From these measured signals we can
separate the contributions of Signal, Interference and Noise.
All measured signals are normalized such that every data
symbol is transmitted with the same energy.

Fig. 3 shows Signal, Noise and Interference contributions
for the first fifty symbols in the indoor environment for a
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Fig. 3. Signal, Interference and Noise component for a SNR of 15 dB in an
indoor environment for a inter-symbol interval of a) 1ns b) 64ns
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Fig. 4. Amplitude distribution of Signal, Interference and Noise components
for a SNR of 15 dB in a reverberating chamber for a inter-symbol interval of
a) Ins b) 64ns

SNR of 15 dB and for a 7T of 1ns and 64ns. For T, = 1ns,
Interference limits the performance of the system and is much
greater than Noise (see Fig. 3 a). However for Ty = 64ns,
Noise power becomes greater than Interference power at a
SNR of 15 dB.(see Fig. 3 b).

TABLE 1
COMPARISON OF SIR FOR DIFFERENT Ts IN THE REVERBERATING
CHAMBER AND IN THE INDOOR CHANNEL FOR A FIXED SNR OF 15 DB

RC Indoor Channel
T, | SR@B) | iz | 7, [ SR @B) | Tie
T 18842 | 8044 | 1 | -1.1261 112
2 | 4718 | 4022 | 2 | 3.0600 56
4 | 74018 | 2011 | 4 | 43485 28
8 | 102610 | 1055 | 8 | 5.1058 14
16 | 127883 | 503 | 16 | 10.2710 7
32 | 155234 | 251 | 32 | 13.1763 | 35
64 | 182751 | 125 | 64 | 24.4804 17

Fig. 4 shows the amplitude distribution of Signal, Noise
and Interference in the RC for a SNR of 15 dB and for a T
of Ins and 64ns. At T, = 1ns, the variance of Interference
is greater than the variance of Noise. The combined power
of Noise and Interference is so high that the distribution of
the received signal (Signal + Interference + Noise) can not
be distinguished into positive and negative parts. However for
T, = 64ns, Noise power becomes greater than interference
power at a SNR of 15dB (see Fig. 4 b). The Signal power is
greater than the combined power of Noise and Interference.
Thus, the distribution of the received signal can easily be
distinguished into positive and negative parts.

Table I shows for the RC and indoor channel, signal to
interference ratio (SIR) of the received signal peaks for differ-
ent T for a fixed SNR of 15 dB. As expected, SIR increases
with T, for both channels. In the RC, SIR increases with T
linearly, whereas in the indoor channel SIR increases rapidly
for T higher than 8ns. The ratio T;ig can help to interpret
this rapid increase in SIR. Ty;, is a direct measurement of
the delay spread of the CIR as it is the truncated version of
the time reversed CIR. In the RC, Tj;, (and thus the delay
spread) is much larger than the 7, for all T5. However, in
the indoor channel, Ty;, becomes somewhat comparable to
T; when Ty = 32ns and Ty, = 64ns. A large increase in
the SIR is observed when the ratio % is close to 1. This
explains the jump in the SIR for the indoor channel when T,
increases from 32ns to 64ns in the indoor channel.

Fig. 5 shows the bit error rate (BER) comparison for
different T, in the indoor channel. This curve is obtained
by adding synthetic noise (AWGN) to Signal + Interference
components measured from the signals averaged 256 times.
The SNR varies from O to 20 dB. For each SNR, the BER is
calculated for 10® transmitted bits.

Similarly, BER is calculated for different data rates (data
rate = T%) ranging from 15.62Mbps to 1Gbps. For a data rate
of 62.5 Mbps (Ts = 16ns), the BER performance is quite good:
a BER of 10° is achieved for a SNR of 20 dB. However, for
higher data rates, the BER curves reach a plateau. Indeed, in
such a case, the ISI dominates the BER. It must be noted
that these data rates are raw data rates based on baseband
communication without any equalization at the receiver. The
use of ISI canceling equalizers, such as decision feedback
equalizer, might improve the BER performance.

Fig. 6 shows the BER comparison for different 7 in the




pulse amplitude modulation. Experiments have been done in a
typical indoor environment and in a reverberating chamber
for different symbol times (7) ranging from Ins to 64ns.
Signal, Interference and Noise components are extracted from
the measured received signal and are compared for different
T, at a fixed SNR. It is observed that inter symbol interference
increases with the decrease in 7T, and saturates the BER
performance. Finally, it is shown that the for higher data rates,
the performance is better in the reverberating chamber whereas
for lower data rates the performance is better in the indoor
channel environment.
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RC. Comparison of Fig. 5 and Fig. 6 suggests that for lower
data rates (16ns < T < 64ns), the BER performance is better
for the indoor channel. For the higher data rates (1ns < T, <
8ns), the BER performance is better in the RC. For instance,
BER of 3 x 1072 can be achieved for a fixed SNR of 20 dB
for a data rate of 125 Mbps (T = 8ns) in the RC. Whereas,
in the indoor channel, BER is saturated well above 10~2 for
a data rate of 125 Mbps. This behaviour is in accordance to
the SIR performance of the two channel environments. For a
fixed SNR, SIR for the measured signal in the indoor channel
is very poor for high data rates (1ns < T, < 8ns). For lower
data rates (16ns < Ty < 64ns), SIR performance in the indoor
channel is comparable or in in some cases better than the RC
(see Table I).

For the future work, study needs to be done to reduce the
effects of ISI for high rate communication in a TR system.
The performance of the TR system can also be compared by
using pulse position modulation scheme with or without ISI
canceling mechanism.

IV. CONCLUSION

High data rate communication for a Time Reversal UWB
communication system is experimentally studied using binary
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