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Abstract—The regulatory agencies in Europe and Japan re-
quire the implementation of avoidance techniques in some bands
to reduce interference to licensed systems. Accordingly, ultra-
wideband impulse radio (UWB-IR) based Wireless Personal Area
Network (WPAN) standard IEEE 802.15.4a has suggested using
linear combination of pulses to reduce interference to coexisting
primary systems. In this paper, we consider the implementation of
linear combination of pulses for a peaceful coexistence, and assess
the UWB-IR system performance in the presence of an active
narrowband system. For that, we study the possible transmitter
and receiver structures that can be adapted for the physical
layer of the IEEE 802.15.4a standard. The study shows that
while the bit-error rate (BER) performances of coherent and
noncoherent receiving structures may be slightly degraded with
the use of linear combination of pulses when there is no active
primary system, the performances can be significantly improved
with appropriate filtering techniques at the receiver when the
primary system is active.

I. INTRODUCTION

Ultra wideband (UWB) systems are designed as under-
lay systems to share the spectrum with existing licensed
communications systems [1]. Despite the low transmission
power of such underlay systems, regulatory agencies in Europe
and Japan have made the implementation of detect-and-avoid
(DAA) techniques mandatory in some bands to avoid inter-
ference to existing systems [2]. Hence, one of the major im-
plementation issues to be addressed in UWB communications
has become the coexistence of licensed systems and UWB
systems.

In the coexistence literature, either UWB pulse design
techniques or performance degradations of licensed and/or
UWB systems have been studied. In the pulse design tech-
niques considered, the pulses have been designed to utilize
the desired spectrum mask with no restriction on the number
of filter coefficients [3]-[5]. However, in the IEEE 802.15.4a
standard [6], it is suggested to use linear combination of a
few pulses, which is equivalent to using few filter coefficients,
for spectrum shaping purposes. Recently in [7], the authors
have addressed generating notches at the desired frequencies
by conforming to the restrictions in the standard.

In parallel to pulse design techniques, the effects of licensed
systems (also referred to as “interference” from the UWB
communications perspective) on the UWB system perfor-
mance have been studied [8]-[11]. In [8], jam resistance of
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UWRB systems was investigated for interferences with various
bandwidths. In [9], the effects of GSM900, UMTS and GPS
systems on the UWB system performance (and vice versa)
were studied. The authors evaluated the performance of UWB
systems employing differential-Rake (D-Rake) receivers in
the presence of narrowband interference in [10]. In order to
suppress the narrowband interference, the authors employed
a notch filter at the receiver and evaluated the improved
system performance for UWB transmitted reference systems
in [11]. The common approach in these studies is that the
UWB systems employ pulses that do not take into account
the interference level caused by UWB systems to the licensed
systems. However, as mandated by the European and Japanese
regulatory agencies, the UWB systems should transmit pulses
with reduced power levels at the frequency bands occupied by
licensed systems.

Motivated by this condition, we consider the implemen-
tation of the physical layer of the IEEE 802.15.4a standard
in the presence of a narrowband interference. For that, we
use linearly combined pulses (as suggested by the standard)
that can generate notches at the desired frequencies, present
coherent and noncoherent receiver structures that can suppress
the narrowband interference, and study the UWB system
performance for various practical scenarios. These scenarios
include studying the effects of the interference level, the pulse
type (standard pulse vs. linearly combined pulse) and the
IEEE 802.15.4a channel models for coherent and noncoherent
receivers. The results of this study are important as it demon-
strates the alternative implementation of the IEEE 802.15.4a
system complying with the regulatory agency mandates for co-
existence, and yet achieving a reasonable system performance.

The rest of the paper is organized as follows. In Section II,
the physical layer of the IEEE 802.15.4a standard is presented.
In Section III, a modified transceiver structure that is suitable
for coexistence is presented. In Section IV, simulation results
are presented in order to assess the UWB system performance
in the presence of a narrowband interference for various
scenarios. Concluding remarks are given in Section V.

II. IEEE 802.15.4A SYSTEM MODEL

In this section, the system model of the IEEE 802.15.4a
based UWB impulse radios is presented that can support
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both coherent and noncoherent data reception [6]. The IEEE
802.15.4a standard uses the combined binary phase shift
keying (BPSK) / binary pulse position modulation (BPPM)
for data transmission. While both the phase and position
information can be detected by the coherent detection, only
the position information can be detected by the noncoherent
detection. The system model that supports both coherent and
noncoherent data reception is explained as follows.

For reliable communications in a dense multipath environ-
ment, data transmission is achieved by burst of pulses, where
each of the IV, consecutive pulses are transmitted within a chip
time T, and T, = NpT, is the burst duration. The symbol time
Ts = N.T,, where N, is the number of chips in a symbol, is
much greater than the burst duration 73 (15 >> T3) in order
to allow time hopping (TH) for multiple access (MA) and
accommodate guard times to prevent intra- and inter-symbol
interferences. With this symbol structure, the I** symbol of
the 1% user that carries the position and phase information
can be transmitted using the signal model

Np—1
wl(l)(t) = Z al(l)sg-l)p(t —Ts—jT. — dl(1)5p — cl(l)Tb) (1)
J=0

where wl(l)(t) is the waveform of the 1% user’s I*" transmit-

ted symbol consisting of N, consecutive pulses, p(t) is the
transmitted pulse with duration 7, < T, and sgl) e {£1}
{j =0,1,...,N, — 1} is a scrambling sequence specific to
user-1 that is used to smooth the spectrum. al(l) e {£1}
is the user phase information and can only be seen by the
coherent receiver, whereas dl(l) € {0,1} carries the user
position information that can be seen by both coherent and
noncoherent receivers, where §, = Tj /2 is the position
shift parameter. Accordingly, this combined modulation is
regarded as BPSK/BPPM. {cl(l)} are the TH integer values that
scramble the position of the burst for multiuser interference
suppression. The condition .15 + Tq < 0, should be
satisfied in order to prevent inter-symbol interference, where
Cmaz 18 the maximum TH shift integer value and T} is the
maximum channel delay spread.

In order to prevent inter-pulse interference and to specifi-
cally evaluate the effect of linear combination of pulses, we
assume a single user scenario with a single pulse transmitted
(i.e., Ny = 1) without loss of generality. Thus, the transmitted
signal can be simplified to

w () = afp(t =17 — a5, )

In the presence of an active narrowband system, the received
signal can be modeled as

r(t) = @i (t) + () + n(t) 3)

where ﬁ;l(l)(t) is the received waveform of the 1% user’s [*"

symbol, J(t) = v/2Jycos(2m f;t+6,) is a single tone narrow-
band interference with average power Jy, carrier frequency f;
and random phase 6, uniformly distributed over [0, 27), and

n(t) is the additive white Gaussian noise (AWGN) with two-
sided power spectral density Ny/2. The signal ﬁ;l(l)(t) is the
waveform distorted by the channel h(t) and is represented as

o) () = wM (t) * h(t) )

where * is the convolution operator. The equivalent channel
model h(t) can be given as

L-1
h(t) = hid(t =) ®)
=0

where h; is the it" multipath channel coefficient, 7; is the

delay of the i*" multipath component and §(-) is the Dirac
delta function. Consistent with the earlier studies, it is assumed
that the channel coefficients are normalized, i.e., h(t) =
Zf:_ol h? = 1, to remove the path loss effect, and that the
delays {7;} occur at the integer multiples of the chip time 7.

At the receiver, the information of user-1 transmitted by
BPSK/BPPM can be detected either coherently or noncoher-
ently.

A. Coherent receiver

The coherent receiver is a Rake receiver implemented using
the delayed versions of the reference signal. The output of the
correlator corresponding to the i*" finger of the Rake receiver
for the m'* PPM position can be given by

D, = / P () om(t — 7:)dt

— 00

_ / - (2 (1) + 1) + (1) ot — 7)1 (©)

— 0o

1=0,...,Lo—1 for m = 0,1, where
U (t) = p(t — ITs — mdp) @)

is the reference signal and L is the number of Rake fingers
used. Assuming that the channel parameters can be predicted,
a maximal-ratio combiner is used to combine the Rake receiver
outputs as

Lo—1
DY =" nDf) (8)
1=0

to form the decision variables. Since {D%)} carries the phase
information as well, the data is recovered as

max{|D§,§>|}=D§? = d
sign{D%)} = aqj 9)

where |z| and sign{x} denote the absolute value and the sign
of x, respectively.

396



B. Noncoherent receiver

The noncoherent receiver is an energy detector with the
decision variables {DS,P}, where

mép +T;
L

/ méﬁﬂ(wf” (1) + J(t) + n(t))th (10)

mdy,

DY = 2 (t)dt

m

with m = 0, 1, which integrates the received signal energy for
the duration of 7;. The position information is recovered by
finding the maximum decision variable as

max{DM} = D;? = d, (11)

ITI. MODIFIED TRANSCEIVER STRUCTURE

In the case of an active primary system sharing the same
frequency band, the UWB system has to take an action.
The UWB system can either use DAA techniques, or use
pulses that have low power spectra at the primary systems’
frequency bands. If the primary system is active most of the
time, using DAA techniques may decrease the operation time
of UWB systems significantly. Hence, we will consider the
implementation of the linear combination of pulses to reduce
the power level at the desired frequency of a narrowband
system, and will consider a front-end filter matched to the
linearly combined pulse at the receiver before coherent or
noncoherent receiver processing. The modified transceiver
structure is shown in Fig.1.

coherent e
(1) PV ) ro(1) 7 detector a4
——>| notch filter ———>| channel —>| matched filter |4 *
noncoherent &
i T detector !
J(t) n(1)
Fig. 1. Block diagram of the modified transceiver structure.

A. Linear Combination Of Pulses

The linear combination of pulses as defined in the IEEE
802.15.4a standard is

N—-1
Piep(t) = Y anp(t — 1) (12)
n=0

where p(t) is a standard pulse used in the data transmission,
an € [—1,1] are the pulse coefficients, 7, is the pulse delay,
N is the number of pulses, and p;.,(t) is the new pulse shape.
According to the standard [6], the maximum number of pulses
is limited by 4, and the pulse delays are restricted to 0 < 7,, <
4ns with 79 = 0. The new pulse shape given in (12) has the
frequency domain representation

N-1 ‘
Pop(f) = 3 ane I P(f)
n=0

c(f) - P(f) 13)

where C(f) is the code spectrum independent of the pulse
spectrum P(f). With the least number of pulse coefficients
{an}, a notch at the frequency f; (and also at the integer
multiples of f;) can be obtained by selecting ag = 1, a1 = —1
and 71 = 1/f; [7]. That is, if there is an active narrowband
primary system at the frequency f;, the UWB system can
transmit the new pulse shape'

Piep(t) = p(t) — p(t —1/f;)

without causing any interference. In Fig. 2, the magnitude

(14)

standard pulse
’ = = = linear combination of pulses

S,

magnitude

frequency (Hz)

Fig. 2. Magnitude spectra of the standard and the linearly combined pulses.

spectra of a 2ns-duration root raised cosine pulse’ and the
linear combination of the root raised cosine pulses as in (14)
with f; = 500MHz are plotted. The notch frequencies can be
observed at the integer multiples of f;.

B. Receiver Structures

Since the received signal contains the interference term
J(t), and the transmitted pulse shape is p;.p,(t), the received
signal should be matched filtered with p;.,(—t) before per-
forming coherent or noncoherent detection. Accordingly, the
signal at the output of the matched filter is

Trec(t) = 7(t) * prep(—1). (15)
The useful signal component of 7,...(t) can be obtained from
(3), (4) and (15) as u~)l(1)(t) * prep(—t), where u~)l(1)(t) consists
of time-shifted pulses p;cp(t). Therefore, the correlation-based
coherent receiver should use

Umrec(t) = Um (t) *plcp(_t) (16)

INote that the energy of the linearly combined pulse, Piep(t), should
be normalized to the energy of the standard pulse, p(¢), under the same
transmission power constraint.

2We refer to such monocycles as standard pulses in order to differentiate
them from linearly combined pulses.
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as the new reference signal to obtain the correlator outputs in
(6). On the other hand, the matched filtered signal 7,...(t) can
be directly used in (10) for the noncoherent receiver.

In the following, the performances of the original IEEE
802.15.4a transceiver structure and the modified transceiver
structure that allows for coexistence are compared for various
practical scenarios.

IV. RESULTS

The system performances are evaluated in terms of the
bit-error rate (BER) with respect to varying signal-to-noise-
ratio (SNR) and signal-to-interference-ratio (SIR) values. The
SNR and SIR are defined as F}, /Ny and Ej,/Jy, respectively,
where Ej is the bit energy. It is assumed that the standard
pulse used is a root raised cosine pulse with roll-off factor
B = 0.6 and T}, = 2ns duration as given in [6]. The linearly
combined pulse is obtained from (14) and generates a notch at
f; = 500MHz, where there is an active narrowband system.
The channel models used are the standardized IEEE 802.15.4a
channel models [12] with a channel resolution of T, = 2ns.

Initially, the coherent receiver performance is assessed. In
Fig. 3, the BER performances are plotted for various SIR

w10’ °.
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[
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—p— CMS, std pulse, wio prefilter } ' .
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— & — CM8, lop, wio prefiter .
10°L| - & — CMS, Iop, wio prefilter oot El
— & — CM1, Icp, wio prefilter R : :
—O— - CM8, Icp, w prefilter 'l ¥ . :
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Fig. 3. BER performance of a 5-tap Rake receiver for various SIR values
and transceiver structures when SNR=15dB.

values when SNR=15dB and 5-tap selective Rake receivers are
used. When a standard pulse is used and there is no prefiltering
(i.e., no matched filtering at the receiver front-end), the BER
performance of the UWB system is poor for all SIR values and
channel models. Note that this case is also unacceptable from
the primary system’s perspective (i.e., high UWB interference
level). When a linearly combined pulse is used instead of the
standard pulse, the corresponding correlator template at the
receiver provides an inherent interference rejection capability
although it is limited. When a prefilter is used as well, the
narrowband interference is successfully suppressed at all SIR

values. It should also be noted that the performances are better
in the order of CM1, CMS5 and CMS as expected.
In Fig. 4, the BER performances are plotted for various

BER

—O— CM1 & CMS, std pulse, SIR=0dB
— — — CMS8, Icp, wio prefilter, SIR=00B
—&— M8, Iep, w prefilter, SIR=00B

% GM8, lcp, /o prefilter, no int
107 CM8, std pulse, no int
~ — — MM, Iep, wio prefilter, SIR=0dB
—&— M, lep, w prefilter, SIR=0dB

* - CMT, Icp, wio prefilter, no int
CM1, std pulse, no int

N

I I I I
0 2 4

6
SNR (dB)

Fig. 4. BER performance of a 5-tap Rake receiver for various SNR values
and transceiver structures.

SNR values when 5-tap selective Rake receivers are used.
When a standard pulse is used, the performances are the best.
However, if a narrowband system becomes active the BER
performances degrade drastically for both CM1 and CMS.
When a linearly combined pulse is used, the performances
are slightly worse than the standard pulse case (when there
is no interference). This can be explained by the duration of
the linearly combined pulse becoming longer than T}, = 2ns,
which is also the assumed channel resolution. Hence, the
performance degradation is due to the inter-pulse interference
caused by the channel. If a narrowband system becomes active,
while the linearly combined pulse with no prefiltering can
provide some degree of interference suppression, including a
front-end prefilter improves the performances close to the no
interference case for CM1 and CMS.

Next, the noncoherent receiver performance is assessed in
CML. In Fig. 5, the BER performances are plotted for various
SIR values when SNR=30dB and noncoherent receivers are
used. When a standard pulse is used and there is no prefilter-
ing, the BER performance of the UWB system is poor for all
SIR values and integration durations. Similar to the coherent
receiver case, using a linearly combined pulse improves the
BER performance noticeably, whereas using also a prefilter at
the front-end can suppress the interference independent from
the SIR values. In Fig. 6, the BER performances are plotted
for various SNR values when noncoherent receivers with
different integration durations are used. Here, the performance
of a standard pulse when there is no interference serves as a
benchmark. When a linearly combined pulse is used for the
same conditions, the performances are worse about 0.5-1dB
compared to the standard pulse. This is also due to the linearly
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Fig. 5. BER performance of a noncoherent receiver in CM1 for various SIR
values and transceiver structures when SNR=30dB.
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Fig. 6. BER performance of a noncoherent receiver in CM1 for various SNR
values and transceiver structures.

combined pulse having a longer duration than the assumed
channel resolution. If a narrowband system becomes active,
the transceiver structure that uses the linearly combined pulse
can activate the front-end prefilter and obtain 1-2dB worse
performance compared to the standard pulse with no interfer-
ence. It should also be noted that the performances improve
with the increased integration durations at high SNR values.

While this study focused on the performance of the IEEE
802.15.4a based UWB systems in the presence of a single
narrowband interference, future work will include the effects
of multiple narrowband interferences and as well as wideband
interferences on the system performance, when linear combi-
nation of UWB pulses is used.

V. CONCLUSION

In this paper, we investigated the possible implementations
of linear combination of pulses and the corresponding re-
ceiver structures in order for an IEEE 802.15.4a based UWB
system to be able to operate in the same frequency band
with a licensed narrowband system. Accordingly, a modified
transceiver structure that allows for coexistence was presented
and the system performance was compared with the perfor-
mance of a IEEE 802.15.4a system implemented according to
the standard. The study showed that using a linearly combined
pulse, the BER performances of coherent and noncoherent
receiving structures may be slightly degraded when there is
no active licensed system, however, the performances can
be significantly improved with prefiltering at the receiver
when the licensed system is active. The results presented are
important as the modified transceiver structure can achieve
a reasonable system performance while complying to the
European and Japanese regulatory agency mandates.
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