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Abstract: In this paper, we propose two receiver structures
of the impulse radio (IR) system to improve its performance
in multipath environments. Recently, the impulse radio sys-
tem has drawn much attention for future high-speed wire-
less communication services. The conventional IR receiver
directly correlates received signals with the ideal reference
waveform, which results in performance degradation in mul-
tipath environments. The key idea of the proposed receiver
structures is to reflect the multipath characteristics into the
IR receiver. One is to deconvolve the received waveform
with estimates of the multipath gains to obtain the trans-
mitted waveform while the other is to modity the reference
waveform of the correlator according to the estimates of the
multipath gains. We examine the performance of the pro-
posed schemes for the statistical indoor wireless communi-
cation channel model using computer simulation.

1. INTRODUCTION

Recently, the use of digital wireless communication systems
has been rapidly increasing, which results in a difficult prob-
lem in the control of frequency resources. In this aspect, the
impulse radio (IR) considered in this paper, which is based
on the ultra wideband time hopping transmission technique,
is a new type of spread spectrum that does not require extra
frequency band allocation unlike the conventional communi-
cation systems using information-bearing continuous RF car-
riers. Currently, this impulse radio is receiving careful study
for applications to military communication systems and in-
door wireless local area networks [1, 2].

The IR system uses trains of time-shifted subnanosec-
ond impulses, which are generally modeled with Gaussian
monocycle pulses, as communication signals. Data is modu-
lated with pulse position modulation (PPM) scheme and the
IR receiver utilizes correlators for demodulation. Multiple
access (MA) capability is achieved with utilization of time
hopping spread spectrum with a different hopping code for
each user. Thus, the power spectrum of the time-hopped
IR signal has an ultra-wide bandwidth from near D.C. to
a few GHz and very low density well below the thermal
noise tloor. For this reason, the IR systems do not interfere
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with narrowband radio systems operating in dedicated bands.
The use of subnanosecond pulses makes the IR systems to
achieve high processing gains, which allows a large num-
ber of users to be accommodated in the system [1]. These
attractive features make the IR system a candidate for short-
range communication applications. In order to obtain more
complete understanding of this potential, an accurate model
of the propagation characteristics of the IR waveforms is re-
quired [1, 2, 3, 4].

In general, reflectors and scatterers surrounding trans-
ceivers generate multipath components arriving at the receiver
with different time delays. Since the IR directly transmits
impulse trains, the received waveforms are distorted by the
multipath components. Furthermore, since the conventional
IR receiver makes binary decisions depending on the sign of
correlations of the received signals with respect to a refer-
ence signal, the multipath components affect correlation val-
ues to degrade the performance of the IR receiver. Related
to this, there are several reports dealing with the multipath
characteristics of the IR signal [5, 6, 7, 8], which are based
on experimental measurements of indoor and outdoor trans-
mission, and analyses on ideal Rake-type receivers for dense
multipath environments.

In this paper, we present two schemes of the IR receiver
to improve the performance of the IR system in multipath en-
vironments. The key idea of the proposed receiver structures
is to reflect the multipath characteristics into the IR receiver;
one is to deconvolve the received waveform with estimates of
the multipath gains to obtain the transmitted waveform while
the other is to modify the reference waveform of the corre-
lator according to the estimates of the multipath gains. We
examine the performance of the proposed schemes for the
statistical indoor wireless communication channel model [9]
using computer simulation.

The paper is organized as follows: Section 2 introduces
the principle of the IR system based on the results reported
in [1, 2, 3, 4]. In Section 3, the statistical indoor wireless
communication channel model of Saleh and Valenzuela s in-
troduced and its application to the IR system is discussed. In
Section 4, the new receiver structures are explained to en-
hance the performance of the IR system in the multipath en-
vironments. The performance of the proposed receivers is



evaluated for the Saleh and Valenzuela’s model using com-
puter simulation in Section 5. Finally, we make a conclusion
in Section 6.
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Figure }: Gaussian monocycle pulse.

2. IMPULSE RADIO SYSTEM MODEL

In the IR system, the transmitted signal of each user consists
of impulses which are randomly located in the time domain.
Each user transmits one pulse per one transmit frame, and the
width of each pulse is less than | nsec. The frame of T’ sec
contains IV hopping slots of duration T, sec. Among the N
hopping slots of each transmit frame, one slot is allocated to
one user depending on the user’s hopping code consisting of
pseudo-random noise (PN) sequence. The user’s information
bit to be transmitted determines the location of pulse within
the allocated hopping slot. Because of the very narrow pulse
width and the randomness of the pulse position, the trans-
mitted signal has ultra-wide bandwidth up to a few GHz and
very low power spectrum density.

The transmitted signal s(*)(¢) for the k-th user with time
hopping can be equivalently modeled as follows:

sO(t) =N w(t - Ty - ST~ 8d™), ()
J

where wy, (t) represents the transmitted monocycle pulse as

(k)

shown in Figure I, ¢; corresponds to the decimally repre-

sented j-th time hopping code for the k-th user, and T, is the
slot duration. In (1), dg-k) € {0,1} is the j-th binary data bit
of the k-th user, and ¢ represents the time interval between
data bits ‘0’ and ‘1’ in the PPM. Therefore, the time delay
with respect to the frame clock represents hopping code pat-
tern for multiple access capability and transmitted informa-
tion in the IR system. The optimal value 6 for the ideal single
user channel environment was discussed in {4, 10].

In the receiver of the IR system, the receiving antenna

system alters the transmitted monocycle pulse waveform wy, (t)
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Figure 2: Ideal received monocycle pulse shape at the output
of antenna subsystem.

to w,.;(t) at the output of the antenna system that is modeled
as a differentiator. An idealized received monocycle pulse
shape w,,(t) can be modeled as [11]

Weg (t) = [1 — 47 (t/ 7)) exp(—2n[t/7]?). (2)

Figure 2 shows the waveform of w,,(t) of (2) with 7 =
(0.4472 nsec. The conventional IR receiver correlates the re-
ceived signals with a reference signal and makes binary deci-
sions depending on the sign of correlation values, where the
reference signal is given by

Wref(t) = Wpy (t) — wry (t — 8). (3)

3. MULTIPATH CHANNEL MODEL

In this study, we consider the statistical model, which Saleh
and Valenzuela proposed in [9]. This statistical model is
based on clustering phenomenon of rays observed in their
experimental data. The clustering phenomenon is that rays
arrive in several groups within an observation window, and
the clusters are attenuated in amplitude. In addition, the mag-
nitudes of rays within a cluster decay with time. Their model
proposes that both of these decaying patterns are exponential
with time, and are controlled by the cluster arrival decay time
constant I' and the ray arrival decay time constant .

The cluster arrival times (the arrival time of the first ray
within each cluster) are modeled as a Poisson arrival process
with the cluster arrival rate A. Within each cluster, subse-
quent rays also arrive according to a Poisson process with
the ray arrival rate A. Let the arrival time of the £-th cluster
be denoted by T; (¢ = 0, 1,2, - -- ). Moreover, let the arrival
time of the k-th ray measured from the beginning of the ¢-th
cluster be denoted by 7¢ (k = 0,1,2,---). Thus, according
to this model, Ty and 74, are described by the independent
interarrival exponential probability density functions.

p(Te|Te—1) = Aexp[—A(Ty = T,—1)],£ >0  (4)
P(Tre|T(r—1)e) = Aexp[~A(Tre — Te—1)e)), k>0 (5)
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Figure 3: Block diagram of the receiver using deconvolution.
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Figure 4: Block diagram of the receiver using modified ref-
erence signals.

The impulse response of the channel is given by

h{t) = Z Z ﬂkg(s(t —-Tp— Tkg), (6)
=0 k=0

where B¢ represents the complex gain of each arrival. The
amplitude of GBge is a Rayleigh distributed random variable,
while the phase of Breisa uniformly distributed random vari-
able. The mean square value of By, is described as follows:

Tf_e = B2(Ty, 7e) = ﬁZ(O,O)e—Te/Fe—Tu/V %)
where 32(0,0) is the average power gain of the first ray of
the first cluster.

The characteristics of channels are changed according to
the values of the channel parameters mentioned previously.
Therefore, it is important to select appropriate values of the
channel parameters. In the simulation study, we adjusted the
parameters taking into account that the pulse width of the IR
system 1s less than 1 nsec.

4. PROPOSED RECEIVER STRUCTURES

Since the IR system directly transmits impulse trains, the ref-
erence signal waveform for the AWGN channel is not appli-
cable to the multipath channel environments. That is, when
the received signal is influenced by the multipath channels,

demodulation is impossible. Thus, we propose new receiver
structures in this section in order to enhance the performance
of the IR system in the multipath environments.

4.1. Receiver Using Deconvolution

The proposed receiver structure is shown in Figure 3. In this
receiver, the path gains are estimated by deconvolving the
received signal with the transmitted waveform correspond-
ing to the decision since the received signal is a convolution
of the transmitted signal with the path gains. The estimates
of the path gains are used for deconvolution of the current
received signal. This deconvolved received signal is applied
to the correlator, which utilizes the ideal reference waveform
as in the conventional IR receiver. Since this receiver rests
on deconvolution and decision, the performance is subject to
the channel noise and the time-varying characteristics of the
channel.

4.2. Receiver Using Modified Reference Signal

In the receiver structure shown in Figure 4, the correlator em-
ploys the reference signal generated from the received signal
waveforms. Since the reference signal is updated with the re-
ceived waveforms corresponding to the detection results, the
channel characteristics are reflected into the reference signal.
In this receiver, the synchronization between received signals
and the reference signal of the correlator is critical.

5. SIMULATION RESULTS

In this section, we investigate the bit error rates (BER’s) of
the proposed receivers and the conventional one for the mul-
tipath channel model explained in Section 3. The parameters
of the model are setto 1/A = 2 nsec, 1/A = 0.5 nsec,y =5
nsec and I' = 33 nsec, respectively.

Figure 5 shows the BER performance versus Ey /Ny of
the IR systems for the statistical channel model assuming that
the indoor wireless channel is slowly time-varying. In the
figure, the curve denoted by diamonds represents the BER’s
of the conventional IR receiver with the ideal reference sig-
nal based on the waveform in Figure 2, which indicates that
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Figure 5: Bit error rates versus £, /Ny for the statistical in-
door multipath model.

demodulation is impossible. The path gains are updated ev-
ery 100 bits. The curve denoted by circles shows the per-
formance of the receiver using deconvolution when the path
gains are updated every 100 bits. The one by squares is that
of the same receiver when the gains are updated every 1000
bits. The curve with triangles is the BER’s of the receiver
using the reference signals modified according to the chan-
nel characteristics. In this case the path gains are updated
every 100 bits. As expected, the proposed receivers are su-
perior to the conventional receiver for the multipath chan-
nel. It is observed that the performance of the receiver us-
tng deconvolution is limited by the channel update rates for
higherE), /Ny’s. This is why bit errors occur whenever the
path gains are changed. The receiver using modified refer-
ence signals achieves better performance than the others.

6. CONCLUSION

In this paper, we presented two receiver structures for the
impulse radio system in order to improve its performance in
multipath environments. The performance of the proposed
receivers was evaluated using computer simulation with the
statistical model of Saleh and Valenzuela. According to the
simulation results, the proposed ones significantly improve
the performance of the IR system for the multipath channels
in terms of the bit error rate. However, the drawback of the
proposed receivers is to require accurate synchronization be-
tween the received and reference signals and additional com-
putational complexity for updating the reference signal ac-
cording to the multipath channel characteristics.

REFERENCES

[1] P. Withington, “Impulse radio overview,” Tech. Report,
available at http://www.time-domain.com.

(2] M. Z. Win and R. A. Scholtz, “Impulse radio : How it
works,” IEEE Comm. Lett., vol. 2, pp. 36-38, Feb. 1998,

[3] R. A. Scholtz and M. Z. Win, “Impulse radio,” Wire-
less Communications (S. G. Glisic and P. A. Leppanen
Eds.), Kluwer Academic Publishers, 1997.

[4] R. A. Schoitz, “Multiple access with time hopping im-
pulse modulation,” Proc. IEEE MILCOM 93, pp. 447-
450, Oct. 1993.

[5] M. Z. Win and R. A. Scholtz, “On the robustness of
ultra-wide bandwidth signals in dense multipath envi-
ronments,” [EEE Commun. Lett., vol. 2, pp. 51-53, Feb.
1998.

[6] M. Z. Win, R. A. Scholtz, and M. A. Barnes, “Ultra-
wide bandwidth signal propagation for indoor wire-
less communications,” Proc. ICC’97, vol. 1, pp. 91-95,
Montreal, Canada, June 1997.

[7} M. Z. Win, E. Ramirez-Mireles, and R. A. Scholtz,

“Ultra-wide bandwidth (UWB) signal propagation for

" outdoor wireless communications,” Proc. VTC '97, vol.
I, pp. 251-255, Phoenix, USA, May 1997.

[8] R.J.-M. Cramer, M. Z. Win, and R. A. Scholtz, “Eval-
uation of multipath characteristics of the impulse radio
channel,” Proc. PIMRC ’98, Boston, USA, Sep. 1998.

[9] A. A. M. Saleh and R. A. Valenzuela, “A statistical
model for indoor multipath propagation,” IEEE Jour-
nal on Selected Areas In Communications, vol. SAC-S,
no. 2, pp. 128-137, February 1987.

(10] Jinchul Ahn and Yoan Shin, “A performance analysis of
ultra wideband time hopping impulse radio communi-
cation systems,” Proc. of JCCI ’99, pp. 133-137, 1999.

[I'1] F. Ramirez-Mireles and R. A. Scholts, “System perfor-
mance of impulse radio modulation,” Proceedings of
RAWCON’98, pp. 67-70, 1998.

— 147 —



