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Abstract- In Time- Reversal (TiR), a signal is pre-
filtered such that it focuses in space and time at an 
intended receiver. This can be achieved by using a 
time-reversed complex conjugate of the channel 
impulse response at the receiver as a transmitter pre-
filter. Several advantages come with this technique. 
Spatial focusing reduces co-channel interference in 
a multi-user system. Due to temporal focusing, the 
effective delay spread of the channel is dramatically 
reduced and the complexity of the receiver is thus 
reduced.  In this paper, we describe a series of 
measurement campaign carried out to illustrate the 
space-time focusing properties of TiR. Ultra-
wideband (UWB) channels are measured by 
sounding the channels with a sub-nanosecond pulse. 
CLEAN algorithm is used to extract the channel 
impulse response. From the observed impulse 
response, the leverages of TR in UWB are then 
demonstrated. 
 
Index Terms- Time reversal, Ultra-wideband, 
spatial compression, temporal focusing 
 
 

I. INTRODUCTION 
 

In TiR, the time-reversed complex 
conjugate of the channel impulse response (CIR) of 
any transmit-receive link is used as a prefilter at the 
transmitter. The time-reversed waves back 
propagate in the channel by retracing their paths and 
focus in space and time at the source, the intended 
receiver. This has several advantages to UWB 
communications. Due to temporal compression, the 
effective channel impulse response (CIR) at the 
receiver has a very short effective length and thus 
the complex task of estimating a large number of 
taps at the receiver is greatly reduced [8]. This 
implies a low cost handset to the transceiver. This 
also implies suppression in intersymbol interference 
and thus a higher data rate. Also due to spatial 
focusing, the co-channel interference in a multi-cell 
system is reduced. This implies a low probability of 

intercept (LPI) by another receiver located nearby. 
TiR also avoids the problem of pulse distortion in 
propagation [9]. The use of TiR has been 
successfully demonstrated in underwater acoustics 
[1-2]. The use of TiR in UWB has also been initially 
demonstrated in [3-4]. However, the strategy 
involves the use of frequency domain measurement 
for the UWB channel data. Their data are based on 
the frequency band of 2-8 GHz. This band far 
exceeds that of the state-of-art pulse generator. In 
this paper, we demonstrate the leverages of TiR in a 
single input single output (SISO) UWB from a 
different perspective.  

We employ a time-domain channel 
sounding technique to obtain the UWB channel 
information. A sub-nanosecond pulse is used to 
sound the UWB channel. We employ the CLEAN 
algorithm [6] to extract the channel impulse 
response. Temporal compression and spatial 
focusing in UWB are then demonstrated using the 
observed channel impulse response. We define 
metrics to characterize both temporal compression 
and spatial focusing in TiR. Our experiments 
assume the channel is quasi-stationary and no 
channel error at the transmitter due to imperfections 
in the transmit-receive chain. In section II we 
describe the theory of time reversal and the various 
metrics to characterize both temporal compression 
and spatial focusing in TiR. In section III, we 
describe the experimental set-up and how the 
measurements are made. Section IV details the data 
processing and results while section V gives our 
conclusion. 
 
II. TIME REVERSAL THEORY 
 

Consider a single user downlink scenario 
transmit-receive pair of a UWB channel. In TiR, the 
transmitter uses the time reversed complex 
conjugate of the CIR as a transmit prefilter. Let 
( )τ,orh  denote the impulse response at the 

intended receiver, where or  is the receiver location 
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and τ  is the delay variable. If the transmitter uses 
( )τ−∗ ,orh  as a transmit prefilter, the effective 

channel at a given location r is given by 
( ) ( )τττ ,,),( rhrhrR ohh ⊗−= ∗         (1) 

where ⊗  denotes convolution with respect to the 
delay variable and “r” and “ 0r ” means the 
positions. In order to demonstrate the leverages of 
TiR, we sound the channel with a sub-nanosecond 
pulse and measure the channel impulse response 
between the transmitter and the receiver. We repeat 
the measurement by holding the transmitter fixed 
and vary the receiver position at different distances 
from the intended receiver, which is located 4m 
away from the transmitter. We vary the receiver 
location for both line-of-sight (LOS) and non-line-
of-sight (NLOS) cases and we illustrate spatial 
focusing in TiR. Using the channel information 
from a typical LOS and NLOS cases, we illustrate 
temporal compression in TiR. The CIR is 
compressed and a temporal focus of the energy is 
visible at the center of the compressed CIR. To 
characterize the amount of temporal focusing, we 
define a ratio called the temporal peak to total 
energy ratio, which characterizes the percentage 
energy capture, by the peak of the effective CIR,  

hh
pTR
hh
p

E
E

ϑ =                        (2) 

where  hh
pE  is the energy in the main peak of the 

received impulse response, hh
TE  is the total energy 

in the received impulse response for the time-
reversed channel. We expect this ratio to be as high 
as possible to illustrate good temporal compression 
and we expect the ratio to approximate a fixed 
value. In order to illustrate spatial focusing in TiR, 
we define a ratio called the spatial focusing gain. 
The energy of ),( τrR hh  at any point r in space at a 

given time oτ  is given by 

( ) 2),( ohhhh rRr τε =          (3) 

We define oτ  such that 

( , ) max { ( , )hh o o hh oR r R rττ τ= }. The 

spatial focusing gain )(rhhη  is the ratio of the 

energy at or  to the energy at a given location away 

from or . 
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 We expect this ratio to give relative information 
about the security in TiR. A large value of this ratio 
indicates a better spatial focusing gain and hence a 
low probability of intercept by a receiver located 
near by the intended receiver. )(rhhη  can be 
computed with respect to other time delays other 
than oτ  but we have chosen oτ , because at oτ , 
the effective time reversed channel captures the 
largest amount of energy in the  channel . 
 
III. MEASUREMENTS 

Measurements were conducted in different 
environments around Tennessee Technological 
University campus but however for the purpose of 
demonstrating the leverages of TiR in UWB, only 
the data observed from a hallway is being reported. 
The results obtained for other cases are also similar 
with the ones discussed here. In order to ensure 
channel stationarity, the measurement were 
conducted during the off peak hours usually in the 
evenings. The equipment used for collecting the 
UWB channel data involves a UWB pulser that 
generates a Gaussian like pulse with root mean 
square (rms) pulse width of approximately 250 ps, a 
power amplifier with a gain of 34 dB (for pulse 
amplification), a Digital Sampling Oscilloscope 
(DSO) Tektronix TDS 8000E3 (up to 20GHz), 
serving as the receiver, a wideband low noise 
amplifier (LNA) with a 23dB gain, and a 2 MHz 
signal generator for triggering the pulser. To 
maintain synchronization, the same signal generator 
is employed in triggering the DSO. To ensure some 
safety margin on DSO, some attenuator pads are 
placed at the input to the DSO. The block diagram 
for the UWB channel sounding set up is shown in 
Fig. 1. With the 2 MHz square signal acting as a 
trigger, pulses are transmitted every 500 ns interval. 
This pulse repetition is sufficient enough to capture 
multipaths in the UWB channel. The DSO has the 
capability to average received waveforms for noise 
reduction. About 64 or 32 sequentially measured 
profiles are averaged during the course of the UWB 
channel sounding. The DSO is set in such a way that 
every 50 ns window measurement contains 4000 
samples throughout the experiment. This implies a 
time of 12.5ps between samples and a sampling rate 
of 80 GHz. Antennas are omni-directional, linear in 
polarization and span a bandwidth of 3.1-10GHz 
that is assigned by FCC for UWB communications.   

The height of both transmit and receive 
antennae is about 1.25 m above the floor. The  
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Fig. 1.  Time Domain UWB channel sounding 

antennas are fixed such that they make an angle of 0 
degrees with the vertical. This is because 0 degrees 
have been tested to give the best received signal 
energy compared with other angles. 

The receiver is moved to different positions 
and the received signal at each position is also 
measured and recorded. Choosing the received 
signal at a distance of 4 m away from the transmitter 
as a reference location ( or ), the receiver is then 
moved to distances of 7 m and 10 m away from the 
transmitter respectively. This implies a distance of 3 
and 6m away from the intended receiver. With this, 
we illustrate the concept of spatial focusing gain in 
TiR and hence the principle of secured 
communications in TiR. Also, data was collected for 
both LOS and NLOS cases and results obtained are 
discussed in section IV.  

 
IV. DATA PROCESSING AND   RESULTS 
 
A. DATA PROCESSING 
 

Our approach to data analysis uses the 
CLEAN algorithm to extract the channel impulse 
response from the observed data. Initially used in 
radio astronomy of the sky [5] and has also been 
applied in the UWB communication channel 
characterization problems [6]. The CLEAN 
algorithm is used here because of its ability to 
produce discrete CIR in time. The CLEAN 
algorithm assumes the channel is a train of pulses,  
with the well-known assumed tapped delay line 
channel model [7]. In order to use the CLEAN 
algorithm to estimate the channel impulse response, 
it is assumed that there is no significant pulse 
distortion caused to any of the multipaths1. The 
received signal at a given receiver location is 
expressed as 

                                                 
1 If pulse distortion does exist, we can use a FIR 
filter to represent the pulse distortion.  

( , ) ( ) ( , )y r t x t h r t= ⊗          (5) 
)(tx  and )(ty  are known and ( , )h r t  is the 

channel impulse response to be determined by 
measured data. The received signal from a given 
measurement location can be represented as 

  ( , ) ( ) ( , )refy r t p t h r t= ⊗                (6) 

where ( ) ( ) ( ) ( )ref tr txant rxantp t p t h t h t= ⊗ ⊗  is 
reference pulse template that is the convolution of 
the transmitted pusle and the impulse responses of 
the two antennas.  To lump together the impact of 
all the circuit and antennas, we usually measure 

( )refp t where the transmitter and receiver antennas 
are separated by 1 m.  
 To deconvolve the response of the antennas 
from the channel impulse response, a reference LOS 
pulse, ( )refp t , was used for each measurement 
data. The reference LOS pulse is measured at a 
distance of 1m in free space in an environment with 
no reflectors/diffractions. The received LOS pulse is 
then deconvolved from each measured data to 
obtain the desired channel impulse response. The 
reference LOS pulse used is shown in Fig. 2 
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Fig.2.  Received waveform at a distance of 1 m 
from the transmitter. 
A threshold is usually established to stop the 
algorithm. The CLEAN algorithm was stopped after 
the remaining undetected paths were below –15dB 
of the peak path strength. Decreasing this threshold 
will lead to more paths being detected and a better 
temporal compression will also be observed. This 
threshold is however enough to demonstrate TiR in 
UWB. 
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Fig. 3. Received waveforms at distances 4m (LOS), 
7m (NLOS) and 10m (NLOS) from the transmitter. 
 
B. RESULTS 

 Fig. 3 gives the received waveform at the 
various distances for the NLOS with the reference 
distance while Fig. 4 gives the same information for 
the LOS case. To illustrate temporal compression in 
TiR, we compute the temporal peak to total energy 
ratio ( TRϑ ) for LOS and NLOS at distances of 10m 
away from the transmitter and the results obtained 
are shown in Fig. 5. We see here TRϑ  is higher for 
the NLOS case compared to the LOS case. For the 
LOS case reported here, TRϑ  is about 59.96% 
while the NLOS case has a TRϑ  value of about 
65.73%. We also observe some side lobes in the 
equivalent time-reversed channel. These side lobes 
are more visible for the LOS cases compared to 
NLOS cases. Similar results are obtained for other 
distances as well. This shows that temporal 
compression works finer for the NLOS scenarios 
compared to the LOS scenario. This results show 
that TiR is an effective way to reduce the delay 
spread in a UWB channel.  
 
 We evaluate the space-time focusing gain, 

)(rhhη  for distances of 7m and 10m for both LOS 
and NLOS cases relative to a 4m LOS reference 
distance. The result obtained demonstrates the 
principle of secured communication in TiR. We 
observe that for both cases, at distances of 10m 
away from the transmitter (6m away from the 
receiver), the spatial focusing gain, )(rhhη is at 
least 10dB. Fig 6 gives a plot of the space-time 

focusing gain, )(rhhη against the distance from the 
intended receiver for both LOS and NLOS. 
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Fig. 4. Received waveforms for LOS cases 
 The results also show that TiR can be 
employed in UWB for secured communications, due 
to a low probability of intercept by a nearby 
receiver. 
Fig.7 shows a plot of the peak energy for the 
equivalent TiR channel against distance from the 
intended receiver. The peak energy is as shown in 
Fig. 5. The energy decreases as we move away from 
the transmitter. The intended receiver is 4m away 
from the transmitter while distances 3m and 6m 
from the intended receiver are 7m and 10m from the 
transmitter respectively. 
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(a) Case I: NLOS 
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(b) Case II: LOS 

 
Fig. 5. Channel impulse response and equivalent 
time-reversed channel for both LOS and NLOS. 

0 1 2 3 4 5 6
0

2

4

6

8

10

12

14
LOS and NLOS gain vs distance

distance from intended receiver(m)

 s
pa

ce
-ti

m
e 

fo
cu

si
ng

 g
ai

n(
dB

)

LOS
NLOS

 
 
Fig. 6. Space- time focusing gain vs. distance from 
intended receiver 
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Fig. 7 Time reversed channel peak energy vs. 
distance.  
V. CONCLUSION 
 
Using measurements from a typical indoor 
environment (a hallway), we have demonstrated 
security in TiR. At about 6m away from the 
intended receiver, the spatial focusing gain observed 

is at least 10dB. This means a very low probability 
of intercept by a nearby receiver. Our results also 
show that TiR results in temporal compression. 
With the use of the defined metrics, we have been 
able to demonstrate the leverages of TiR in UWB 
using time-domain channel sounding technique. 
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