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Implementation of IEEE 802.15.4a Based UWB
Systems for Coexistence with Primary Users

Caglar Findikh, Serhat Erkiicik, Mehmet Ertugrul Celebi

Abstract—Peaceful coexistence is a major implementation issue UWB system initially has to perform spectrum sensing to
for both cognitive radios and ultra wideband (UWB) systems. determine whether the coexisting primary systems are active
Accordingly, the UWB impulse radio (UWB-IR) based Wireless or not [8], [C]. As the next step, the UWB system either has

Personal Area Network (WPAN) standard IEEE 802.15.4a has to k ilent or | its PSD | | at the f band of
suggested using linear combination of pulse to limit interfer- O K€EP Sllent or lower its evel at the irequency band o

ence to coexisting primary systems. In this paper, motivated the primary system for avoidance.

by implementing the IEEE 802.15.4a based UWB-IR systems . .
for peaceful coexistence, we consider the implementation of Due to the ultra-wide bandwidth nature (at least 500 MHz)

linear combination of pulses as suggested by the standard. Of UWB systems, there may be multiple primary systems
Accordingly, we (i) design possible linearly combined pulses that overlapping with the frequency band of a UWB system. On
conform to the stand.ard requirements, (ii) consider coherent the other hand, one or more coexisting primary systems may
and noncoherent receiver structures that can be adapted for the be frequently active. Hence, keeping silent after the detection

physical layer of the IEEE 802.15.4a standard, (iii) investigate . L .
the effect of channel models on the system performance, and of one or more primary systems may cause limited operation

(iv) study the UWB-IR system performance in the presence Capability for UWB systems. Alternatively, spectrum shaping
of narrowband and orthogonal frequency division multiplexing and pulse design techniques have been widely considered in
(OFDM) based wideband primary systems with various band- the literature. By utilizing the desired spectrum mask and re-
widths and subcarriers. The study shows that the UWB-IR system  ,,¢inq the PSD level at the desired frequency band, new pulses
performance can be significantly improved by selecting suitable . , L
pulses for transmission and employing appropriate filtering have been d¢3|gned [10]_1_12]' The common Ch_arfiCte”S_t'C of
techniques at the receiver when the primary system is active. these pulses is that the available spectrum is optimized with no
For the implementation of IEEE 802.15.4a based UWB systems restriction on the number of filter coefficients. However, UNB
complying with coexistence requirements, the results of this study pased systems are commonly accepted as low-cost systems
should be carefully considered. with simple transceiver structures. Accordingly, the UWB im-

Keywords—Ultra wideband (UWB) systems, cognitive radios, pulse radio (UWB-IR) based Wireless Personal Area Network

coexistence, spectrum shaping, pulse design. (WPAN) standard IEEE 802.15.4a [13] has suggested using
linear combination of a few pulses, which is equivalent to
I. INTRODUCTION using a few filter coefficients, for spectrum shaping purposes.

Coghnitive radios[[1] and ultra wideband (UWB) systemdhat is, in the presence of an active primary system, the
[2] have emerged as alternative technologies for efficielitnsceiver should generate a new pulse shape based on the
utilization of the spectrum. Both technologies are referrédggregation of time-shifted and scaled versions of the original
to as secondary systemsvhere they have to coexist withPulse. In [14], the authors have addressed generating pulses
licensed (i.e., primary) systems without causing interferen#dth notches at the desired frequencies by conforming to the
to them. While cognitive radios have to assess the availabilli§strictions in the standard based on a z-transform approach.
of the spectrum by means of spectrum sensifg [3]-[5] aftPwever, the performance of the designed pulses has not been
use the frequency band only if the primary user is not activéudied in the presence of an active primary system neither in
UWB systems have to transmit with a low power spectr&l4] nor in optimum pulse design studies [10}-[12].
density (PSD)I[5] to limit the interference level to coexisting parajlel to pulse design techniques, the effects of narrow-
primary systems. Despite UWB systems being perceived @snq and wideband licensed systems (also referred to as
underlay systems below noise spectrum level, many regulatefyerference” from the UWB communications perspective)
agencies world_W|de have bee_n caut_lous and have man_da(_;ﬁdthe UWB system performance have been studied [15]-
detect-and-avoid (DAA) techniques in some bands to limfig) |n [15], jam resistance of UWB systems has been
the interference level[7]. In the implementation of DAA, thenestigated for interferences with various bandwidths. In
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Multiband Orthogonal Frequency-Division Multiplexing (MB The system model that supports both coherent and noncoherent
OFDM) based UWB system has been analyzed in the presedega reception is explained as follows.

of an IEEE 802.16 WIMAX system. The common approach in po; rejiable communications in a dense multipath environ-

these studies is that the UWB systems employ pulses thatdan; qata transmission is achieved by burst of pulses, where

not take into account the interference level caused by UWB,qp, of thev, consecutive pulses are transmitted within a chip

systems to the licensed systems. However, as.mandated[iméTc andT, = N,T. is the burst duration. The symbol time

the European and Japanese regulatory agencies, the Uy\éB: N.T., whereN. is the number of chips in a symbol, is

systems should transmit pulses with reduced power levelsatqp greater than the burst duratidp (7, >> Tj) in order

the frequency bands occupied by licensed systems. to allow time hopping (TH) for multiple access (MA) and
Motivated by implementing the IEEE 802.15.4a basesccommodate guard times to prevent intra- and inter-symbol

UWB-IR systems for peaceful coexistence, we consider thterferences. With this symbol structure, tHé symbol of

implementation of linear combination of pulses as suggestg® 1* user that carries the position and phase information

by the standard. Ir_[20], we have considered the presencecgh be transmitted using the signal model

a narrowband interference and used only one type linearly N1

combined pulse to assess the UWB-IR system performances) ,, ~ (1) (1) } (1) (1)

In this comprehensive study, we consider both narrowbarid (t)_;)al % p(t_ Mo=jTe=d"0p — Tb) (@)

and wideband primary users and employ all possible linearly =

combined pu_Ises to dete_rmine Whic_h type of pulse may_%erewl(l)(t) is the waveform of tha st usersit® transmit-

preferred for implementation. Accordingly, we can summarizgq symbol consisting ofV;, consecutive pulseg(t) is the

the contribution of the current study as follows. We: transmitted pulse with duratiofl, < 7., ands\" ¢ {£1}

. . . . . p =~ Lo i

(i) design possmlg linearly combined pulses that conform ‘{Oj —0,1,...,N, — 1} is a scrambling seque%ce specific to

th_e stan_dard requirements, : ser-1 that is used to smooth the spectrmﬁ.) e {£1}

(ii) consider coherent and noncoherent receiver structures tE@Ehe user phase information and can only be seen by the

can be adapted for the physical layer of the IEEE 802.15.48, " .o aiver whereai%l) € {0,1} carries the user

standard, osition information that can be seen by both coherent and
(iii) investigate the effect of channel models on the systeH] . Y L
noncoherent receivers, wheg = T7,/2 is the position

performance, and . . . . o
(iv) study the UWB-IR system performance in the presencsglﬁ parameter. Accordm?lly, this combined modulation is

) .
of narrowband and OFDM based wideband primary systerh%qardsld a:ﬁ BPSKiBPP'}{ICtlh }sre ihfe T |r::_eger\{altue]:s that
with various bandwidths and subcarriers. sCcramble the position of the burst for multiuser interference

suppression. The conditiof,,., T, + T4 < 6, should be

For the UWB-IR system performance, many practical SCgjisfied in order to prevent inter-symbol interference, where
narios such as the effects of transmitter-receiver structures, . is the maximum TH shift integer value arf; is the

interference level, interference types, pulse types and the IEREimum channel delay spread.
802.15.4a channel models are investigated in detail. The resultg, order to prevent inter-pulse interference and to specifi-

of this study are important as they demonstrate an alternatyg, eyajuate the effect of linear combination of pulses, we
implementation of the IEEE 802.15.4a system complyingssme a single user scenario with a single pulse transmitted
with the regulatory agency mandates for coexistence, and y€l . — 1) without loss of generality. Thus, the transmitted
achieving a reasonable system performance. signal can be simplified to

The rest of the paper is organized as follows. In Sediibn I,
IEEE 802.15.4a system model and the associated receiver w(t) = al(l)p(t —IT, — dl(l)ép) : @)
structures are presented. In Secfion Ill, a modified transceiver
structure that employs linear combination of pulses for cé? the presence of an active primary system, the received signal
existence is presented. In Section IV, simulation results &@n be modelled as

resented in order to assess the UWB system performance in -1
fhe presence of narrowband and Wideb)z/ind inferferences for r(t) = wl( )(t> +J() +n(t) (3)

various practical scenarios. Concluding remarks are give”therewl(l)(t) is the received waveform of thest user'sit"

SectionY. symbol,J(t) represents the coexisting primary user, art)
is the additive white Gaussian noise (AWGN) with two-sided
Il. IEEE 802.15.4 SYSTEM MODEL power spectral densit, /2. In fact, the transmitted pulgg?)

In this section, the system model of the IEEE 802.15.4md the primary signal(¢) may be overlapping in the same
based UWB impulse radios [[13] is presented that can suppfyeiquency band. If the PSD level of the transmitted pulse is not
both coherent and noncoherent data reception as givenlin [26fv enough at the operating frequency of the primary signal,
The IEEE 802.15.4a standard uses combined binary phase shiftregulatory agencies may not permit this pulse transmission.
keying (BPSK) / binary pulse position modulation (BPPMPn the other hand, if both the UWB system and the primary
for data transmission. While both the phase and positiegstem transmit simultaneously, performances of both systems
information can be detected by coherent detection, only thee expected to degrade. In Sectlon IIl, we will consider a
position information can be detected by noncoherent detectiomodified transceiver structure to allow for coexistence.
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The signalwl(l)(t) in @) is the waveform distorted by the -coherem -
. p(t) P, ® )7 etector ad
channeln(t) and is represented as noteh fter |— <. fred07. ] _deree o

noncoherent ,
(1) (1) Tt o
W, () = w, (t) * h(t) 4 i @

wherex is the convolution operator. The equivalent channgly. 1. Block diagram of the modified transceiver structure.
model h(t) can be given as

r(t) .
channel > matched filter

with m € {0, 1}, which integrates the received signal energy

) ) o ] for the duration ofI;. The position information is recovered
whereh; is thei® multipath channel coefficient; is the delay by finding the maximum decision variable as

of thei*" multipath component an{-) is the Dirac delta func-
tion. Consistent with the earlier studies, it is assumed that the max{ D)} = D - d . (11)
channel coefficients are normalized, i/g({) = Zf:_ol h?=1 " 4
to remove the path loss effect, and that the delay$ occur
at integer multiples of the chip timé.. _ [1l. M ODIFIED TRANSCEIVER STRUCTURE
At the receiver, the information of user-1 transmitted by
BPSK/BPPM can be detected either coherently or noncoherin the case of an active primary system sharing the same

L—-1
h(t) = hid(t —7) (5)
1=0

ently. frequency band, the UWB system has to take an action. The
UWB system can either keep silent or use pulses that have
A. Coherent receiver low PSD level at the primary systems’ frequency bands. If the

The coherent receiver is a Rake receiver implemented usiigmary system is active most of the time, keeping silent may
the delayed versions of the reference sighal [2]. The outpigcrease the operation time of UWB systems significantly.
of the correlator corresponding to ti#& finger of the Rake Hence, we will consider the implementation of the linear

receiver for them!™ PPM position can be given by combination of pulses as suggested by the IEEE 802.15.4a
.00 standard to reduce the power level at the desired frequency
DZ“,Z1 = / r(t)vm (t — 7)dt band of a primary system. While this will allow the UWB
’ —0 system to transmit simultaneously with the primary system,

_ /OO (wl(l)(t) + () +n(t))vm(t —7,)dt (6) We W_iII consider a front-en_d filter matched to the linearly

—0 combined pulse at the receiver before coherent or noncoher-

i=0,...,Lo—1for m € {0,1}, where ent receiver processing. The modified transceiver structure is
shown in Fig[1.
Um () = p(t — ITs —mdy) 7 In the following, we will present the primary user signal

is the reference signal ant}, is the number of Rake fingersmodel, how the linear combination of pulses can be imple-
used. Assuming that the channel parameters can be predicfe@nted, and how the matched filtering can be employed.
a maximal-ratio combiner is used to combine the Rake receiver

outputs as
Lo—1 A. Primary user signal model
1 _ )
Dy’ = Z hiDi o, (8) The primary user signal is considered to be either a narrow-
=0 band or a wideband signal.
to form the decision variables. Sim{é),(ﬁ)} carries the phase Narrowband signalif the primary system is a narrowband
information as well, the data is recovered as system, then the signal is modelled as a single tone narrowband
max{|D§,P|} _ DL(;) = d interference([17]
1
sign{D%)} = a (9) J(t) = \/2Jocos(2m fit + 6;) (12)
where|z| and sigfx} denote the absolute value and the sigwith average poweyy, carrier frequency; and random phase
of x, respectively. 6; uniformly distributed ovef0, 2x).
Wideband signal:For the wideband signal, we consider an
B. Noncoherent receiver OFDM signal of the form[[18]
The noncoherent receiver is an energy detector with the

decision variableg D{})}, where () = [2Jo Nilb j2m(nA s+ )t (13)

mép+T B Ny "0 ne

DM = / r2(t)dt
m‘sg o where N, is the number of subcarriers); represents the
mop W 2 . . . .
_ / (wl(l)(t) + () +n(t)) it (10) subcarrier frequency spacing, abyis the transmitted OFDM
mé, data symbol.
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Fig. 2. Placing zeros on or near the unit circle when> 4 pulses
are used.

Fig. 3. Z-plane representations and corresponding magnigmectra of
linearly combined pulses.

B. Linear combination of pulses

In order to generate a notch at the carrier frequepigyof
the primary user, the linear combination of pulses as definatl desired frequencies. This approach has the potential of
in the IEEE 802.15.4a standard is considered. The new puggproximating some coefficient values to zero whén> 4,
shapepic,(t), is of the form however, is out of the scope of current research. Instead, we

N1 focus on generating a single notch frequency by placing zeros
or multiple zeros on the unit circle so as to achieve notches
Piep(t) = Z an p(t = 7n) (14) with wider bandwidths. Limiting the number of pulses to
=0 N = 4 as in the IEEE 802.15.4a standard, new pulses that
wherep(?) is a standard pulse used in the data transmissiqfan be generated are presented next.
an € [—1,1] are the pulse coefficients,, is the pulse delay
and N is the number of pulses. According to the standar

[13], the maximum number of pulses is limited by 4, and th&" Design of pulses with a single notch frequency

pulse delays are restricted 00< 7,, < 4 ns with 7y = 0. The pulses conforming to the standard specifications and
The new pulse shape given i {14) has the frequency domg@nerating a single notch at a desired frequency will be
representation explained as follows. These designed pulses are obtained by

placing zeros (or double/triple zeros) on the unit circle at the

N-1 . .

Pn(f) = Z a e,jg,rmp(f) desired notch frequency. In Figl 3, the z-plane representations

lep — " and the corresponding magnitude spectra of the designed

_ g'_(f) - P(f) (15) linearly combined pulses that have a notchfat= 500 MHz

and the magnitude spectrum of a standard pulse are shown.

where C(f) is the code spectrum independent of the puldgote that the standard pulses are 2ns-duration root raised
spectrumP(f). In order to generate notches at frequenci@®sine pulses [13], whereas the designed plilaesthe time-

{f;} (and also at the integer multiples §f;}), shifted and scaled aggregated pulses obtained by placing zeros
No1 on the z-plane. The frequengy corresponds to the sampling
—; frequency.
_ j2nfrn q y
cif) = ;0 n € (16) Pulselcpy: A notch at the frequency; = f; (and also at

) _ ) the integer multiples off;) can be obtained by selecting the
can be designed as suggesteclin [14]. Accordingly, by placipgefficientsag = 1, a; = —1 and the pulse delay; = 1/f;
two zeros on the unit circle as a complex conjugate pajp ([I4). The new pulse becomes

a notch can be obtained at a desired frequeficyand at

fs — f1 as shown in FigJ2, wherg, represents the sampling Prepo(t) = p(t) —p(t —1/f;). (17)
frequency. In case more notch frequencies are desired, more o o

conjugate pairs should be placed on the unit circle. HowevE&IS€lcp:: Similar to obtainingcpo, a notch at the frequency
this causes the number of pulses to/®e> 4 in @), which Jfi = fs/2 (and also at the odd integer multiples ff) can

IS not SqueSted by the standard. Therefore, by changlng th?Note that the energy of the linearly combined pulgg,,(t), should

locations Of_ anjUQate pairs (cf. Fi@' 2) and yet placing th_egé normalized to the energy of the standard pujsg), under the same
near the unit circle, tolerable magnitude values can be obtain@dsmission power constraint.

89



International Journal of Advances in Telecommunications, Electrotechnics, Signals and Systems Vol. 5, No. 2 (2016)

be obtained by selecting the coefficieats= 1, a; = 1 and IV. RESULTS
the pulse delay, = 1/f; in (I4). The new pulse becomes 14 ystem performances are evaluated in terms of the bit-
Drep1 (1) = p(t) + p(t — 1/ ;). (18) 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 &s, /N, and E}, / Jo, respectively, where

Ey, is the bit energy. It is assumed that the standard pulse used
. is a root raised cosine pulse with a roll-off fact®e= 0.6 and

on Fhe z-plane as can be seen in Eig. 3.. This results in a lar%?ationTp — 2 ns as given in[[13]. The linearly combined
mainlobe forlcp; compared tdcpo (cf. Fig. [3). pulses are obtained fro (17)=(20) and they generate a notch
Pulselcp,: This pulse is obtained by placing double zeros aj f; = 500 MHz, where there is either an active narrowband
z = —1. Accordingly, a notch at the frequendj = fs/2 system as given ifi{12) or an active wideband system as given
(and also at the odd integer multiples ff) can be obtained j, (3). Channel models used (CM1, CM5 and CM8) are
by selecting the coefficiefiisi) = 1, a1 = 2, a2 = 1, and he standardized IEEE 802.15.4a channel models [21] with

the pulse delays, = 1/f; and, = 2/f;. The new pulse 5 channel resolution of. = 2 ns.
becomes

Note that the differences betweétp, and icp; are thea,
coefficient and the sampling frequengy, which result from
placing the zero at = 1 (for icpp) and atz = —1 (for lcp1)

The UWB system performance is evaluated for both the
Piep2(t) = p(t) + 2p(t — 1/ f;) +p(t —2/f;). (19) coherent and noncoherent operation modes. As a benchmark,
performances of the original (i.e., standard) pulse and the
igned pulses are determined when there is no interference
bandwidths (cf. Figll3). (z&eﬁ primary system) in addition to assessing the system
performances for various interference scenarios. The main

Pulseicps: Similar to obtainingcps, this pulse is obtained by factors that affect the UWB-IR system performance are listed
placing triple zeros at = —1. With four pulse coefficients, below and will be investigated in detail

which is the maximum allowable number to be used, the
widest notch at the frequency; = f,/2 (and also at the ° IEEE 802.15.4a channel models_
odd integer multiples off;) can be obtained by selecting the « Pulse typesitpo, lcp1, lcps leps) in coherent and non-

Note that the spectra @&p; andicp, are similar, wherécp,
has a wider notch that can accommodate systems with wi

coefficientsag = 1, a1 = 3, as = 3 a3 = 1, and the pulse coherent operation modes
delaysm = 1/f;, m» = 2/f; andr = 3/f;. The new pulse « Interference types (narrowband and wideband with dif-
becomes ferent bandwidths/subcarriers)
Peps(t) = p(t) + 3p(t —1/f;) + 3p(t — 2/ ;)
+3p(t —3/f;). (20) A. Effects of channel models

This pulse is expected to accommodate wideband systemés'Sumlng the presence of.a_narro_wband. mt_erference, the
better compared técpo, lepi andleps performance of UWB system is investigated in different IEEE

802.15.4a channel models for various SIR and SNR values
when a coherent receiver is used. In Hijj. 4, the BER perfor-
mances are plotted for various SIR values when SNR = 15dB
) . i . and 5-tap partial Rake receivers are used. When a standard
and the transmitted p.ulse shapqo@(t), the received sgnal pulse is used and there is no prefiltering (i.e., no matched
should be matched filtered Wmc”(_t) befgre performmg filtering at the receiver front-end), the BER performance of the
coherent or noncoherent dgtect!on. Accordingly, the signal G system is poor for all SIR values and channel models.
the output of the matched filter is Note that this case is also unacceptable from the primary
Tree(t) = r(t) * prep(—1). (21) system’s perspective (i.e., high UWB interference level). When
the linearly combined pulseldpy) is used instead of the
standard pulse, the corresponding correlator template at the
eceiver provides an inherent interference rejection capability
Ithough it is limited. When a prefilter (i.e., matched filter)
is used as well, the narrowband interference is successfully
Umrec(t) = U (t) * Dicp(—1) (22) suppressed at all SIR values. All these observations are valid

. . for any selected channel model. On the other hand, the
as the new reference signal to obtain the correlator outputs in

i : performances improve in the order of CM1 (i.e., residential
(®). On the other hand, the matched filtered signal(t) can .~ " : .
be directly used in[{10) for the noncoherent receiver. line-of-sight (LOS)), CMS (i.e., outdoor LOS) and CM8 (i.e.,

. o industrial Non-LOS (NLOS)). This is mainly due to the
In the following, the performances of the original IEEE:hannel models having higher number of multipaths in the

802.15.4a transceiver structure and the modified transceiyefier of CM1. CM5. CMS8. and therefore. the 5-tap Rake

structure that allows for coexistence are compared for varioseiver not being able to collect significant pulse energy

D. Modified receiver structures
Since the received signal contains the interference t&fn

The useful signal component of..(t) can be obtained from
), @) and[(2) a@l(l)(t) * Drep(—t), Whereﬁ;l(l)(t) consists
of time-shifted pulseg,.,(t). Therefore, the correlation-base
coherent receiver should use

practical scenarios. for CM5 and CM8 channel models. In order to improve the
2|n the implementation, the coefficien{s:,, } are normalized to conform _SyStem perform"’_‘ncev the number of Rake flngers should be
to the standard requirements. increased. In Fig]5, the BER performances are plotted for
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Fig. 4. BER performance of a coherent receiver for various #llRes and Fig. 6. BER performance of a coherent receiver in CM1 for ww®iSIR
channel models when SNR = 15dB. values and pulse types.

. system becomes active, while the linearly combined pulse
‘ ' with no prefiltering can provide some degree of interference
suppression, including a front-end prefilter further improves
the performances close to the no interference case for CM1
and CM8. As for comparative channel results, the system
performance in CM1 is better than the one in CM8 as
expected. For improving the system performance in CM8,
more Rake fingers should be used at the receiver.

BER

—&— CM1 & CMS, std pulse, SIR=0dB \\\ B. Effects of pulse types
1074k | = = — CM8, lcp, wio prefilter, SIR=0dB : : \\\\ 3 B . . i
—a— CM8.lpy,w preitr, SIR=008 ‘ , N Next, we consider the presence of a wideband interference
* , Icp,, wio prefilter, no int N .
e o N and study the effect of pulse types on the UWB-IR system
_ N . .
07 "’Eﬂj:ﬁ;ﬂ'z’;::{;‘fti‘fﬂ;“:ﬁ ; , > performance for both coherent and noncoherent receivers in
 OML lop o reier,no residential LOS channel CM1. Initially, the coherent receiver
. S fopse o ‘ ‘ ‘ performances of linearly combined puldes,, lcp1, lcps and
’ ‘ ! SNR (@) ¢ 0 . leps are assessed in the presence of a wideband OFDM inter-

ference with 20 MHz bandwidth and 16 subcarriers for various
] , _ SIR and SNR values, respectively. In Hig. 6, the performances
Er%ni.el ?nizeﬁse.rformance of a coherent receiver for various $&lRes and are plotted for various SIR values when SNR = 15dB and 5-tap

partial Rake receivers are used. The performandéemfwhen

there is no interference serves as a benchmark. When there is

an active primary system, the performances®f, lcp, and
various SNR values for the same 5-tap partial Rake receivkips employing matched filters are similar to or slightly worse
As for the channel models, CM1 and CM8 are selectdtian the no interference case. This significant performance is
as the system shows the best and the worst performanakse to filtering out the active licensed system successfully
respectively. When a standard pulse is used, the performanaeshe receiver end with the wide notches (cf. Higj. 3). On
are the best when there is no active primary system. Howewe other handicp, with a prefilter performs poorly at lower
if a narrowband system becomes active the BER performan&R values because of its narrower notch width. In addition,
degrade drastically for both CM1 and CM8. Whétp, is without prefiltering the performances improve in the order of
used, the performances are slightly worse than the standanel,, Icp;, lcpo and lcps. This can be explained by more
pulse case when there is no interference. This can be explaieffdctive spectrum utilization and accommodation of a wider
by the duration of the linearly combined pulse becomingotch. In Fig[¥, the BER performances are plotted for various
longer thanT,, = 2 ns, which is also the assumed chann@NR values when SIR = 0dB and 5-tap partial Rake receivers
resolution. Hence, the performance degradation is due to #re used for the same wideband interference. The performance
inter-pulse interference caused by the channel. If a narrowbafdcp; when there is no interference serves as a benchmark.
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While sharing the same band with an active primary syst
lepy used with front-end filtering attains about 0.5-1dB wor
performance compared to the no interference case. This is ao
due to the prefiltering structure not being able to suppress e
interference completely. Whelp, and lcp; are used wit
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ence of the same wideband interference with the integration
time of 16 ns for various SIR and SNR values, respectively.
In Fig.[8, the BER performances are plotted for various SIR
values when SNR = 30dB. When there is no prefiltering, the
BER performance of the UWB-IR system is poor for all SIR
values and all types of linearly combined pulses. Note that the
similar performances of these pulses are shown with a single
curve. Using prefiltering at the front-end, a linearly combined
pulse improves the BER performance noticeablyifgr and
lep1, whereas usingep, andlcps with a prefilter at the front-
end can suppress the interference efficiently independent from
the SIR values due to having a wider notch width. In Fig. 9,
the BER performances are plotted for various SNR values
when SIR = 0dB. When there is no prefiltering, the BER
performance of the UWB-IR system is poor for all SNR values
and all types of linearly combined pulses due to integration
of interference, noise and cross-terms. Using a prefiltering at
the front-end, a linearly combined pulse improves the BER
performance slightly fotcpg andicpy, whereas usingp, and
leps with a prefilter at the front-end can improve the system
performance significantly due to having a wider notch width.
As observed in this subsection, the selection of a linearly

effPMbined pulse is important in achieving a reasonable system
S}téérformance for UWB-IR systems. In the presence of an

DM interference with 20 MHz bandwidth and 16 subcarri-

, itwas observed that the pulses,, Icp, andicps achieved

h reasonable performances for coherent reception, whereas only

leps and leps performed successfully in noncoherent recep-

front-end filtering,lcp, performs slightly better thafrpy due i
to more effective spectrum shaping. When no prefiltering fon. These performances depend on the bandwidth and the

employed, the performances get worse due to pulses’ IimitBHm_ber of_ subcarriers of a wideband OFDM interference, and
interference-rejection capability. It should also be noted th&f€ investigated next.
the performances are better in the ordet@f, lcps, lcp; and
lepy as expected.

Next, noncoherent receiver performances of linearly com-The effects of bandwidths and number of subcarriers of
bined pulsegcpy, lcp1, leps andicps are assessed in the presa wideband OFDM interference are studied, respectively, in

C. Effects of wideband interference
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as the bandwidth increasing, where the average interference
power is constant. A similar observation has been made
in [19], where they analyzed the effect of WiMAX-OFDM
interference on MB-OFDM systems. In Fig.]11, the effect
of various number of subcarriers (64, 256, 1024) for a fixed
bandwidth (20 MHz) is investigated. It can be observed that the
UWB-IR system using a linearly combined pulse shows better
performance in the presence of an interference with larger
number of subcarriers for low SIR values. On the contrary,
the UWB-IR performance is better for smaller number of
subcarriers for high SIR values.

10"

107

Icp, single-tone interferer
\cp] 5 MHz 256 subcarriers

-
0F —&— lop, 10 MHz 256 subcarriers

D. Effects of random noise jamming

The implementation of linear combination of pulses based
on the assumption that the center frequency of the primary
0 s . . L . 5 user (or interference) is known is the focus of the current

SR research. While estimating the presence of primary users at

different frequency bands is out of the scope of the current

Fig. 10. BER performance of a coherent receiver uding in CM1 for fe€S€arch and can be found in [22], some remarks should be
various SIR values and bandwidths. made regarding random jamming. For a fixed power, if the
bandwidth of the jamming signal is narrowband or wideband,

then the spectrum should be listened to periodically to monitor

10° . , : : the random jamming and to design the linearly combined
, , pulses adaptively. On the other hand if the jamming noise
has unlimited bandwidth, then its power spectral density will
be very low due to the fixed power constraint. In that case,
the UWB system will be able to operate without the need
of linearly combined pulses, however, with some performance

loss due to additive noise.

—4— lop, 20 MHz 256 subcarriers

107

In this section, the performance of an IEEE 802.15.4a based
system that can coexist with a narrowband or a wideband
primary system has been investigated considering the realistic
implementation issues such as practical receiver structures,
pulse types and interference types in various channel models,
SNR and SIR conditions. The presented results are important
for determining appropriate pulse types and receiver structures
| S e S : w w w w when the operating frequency and the type of the active

SR (@) primary system are known. While this study focused on
the performance of IEEE 802.15.4a based systems, possible
Fig. 11. BER performance of a coherent receiver udigg in CM1 for performance degraQation of primary SyStem,S Shou',d a!so be
various SIR values and subcarriers. taken into account in the overall system design, which is out
of scope of the current paper, however, is a future research
topic of interest.

Icp] 20 MHz 64 subcarriers
—5— Ix:p1 20 MHz 256 subcarriers

-
0F —s— lcp, 20 MHz 1024 subcarriers

Icp, single~tone interferer

Figs.[10 and11. For both cases, the BER performances of

lep, are plotted for various SIR values when SNR = 15dB and V. CONCLUSION

5-tap partial Rake receivers are used. The coherent receiveln this paper, we investigated possible implementations
performance oficp; is assessed without prefiltering. Thisof linear combination of pulses and corresponding receiver
consideration is a measure of inherent interference-rejectstnuctures in order that an IEEE 802.15.4a based UWB-IR
capability for given bandwidth and subcarriers. In Higl 1&ystem can operate in the same frequency band with a licensed
the effect of various bandwidths (5 MHz, 10 MHz, 20 MHzharrowband or wideband system. Accordingly, a modified
for a fixed number of subcarriers (256 subcarriers) is investiansceiver structure that allows for coexistence was presented
gated. The performance éfp; with a single-tone interferer and the UWB-IR system performance was assessed for various
(narrowband interference) serves as a benchmark. It canpvactical scenarios. The study showed that using a linearly
observed that, for most of the SIR values, the BER tends ¢combined pulse, the BER performances of coherent and non-
decrease as the interferer bandwidth increases. This cancbkerent receiving structures may be slightly degraded when
explained by the per-subcarrier interference PSD decreasthgre is no active licensed system. However, if the licensed
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system becomes active, the performances can be significaftty M. Hamalainen, V. Hovinen, R. Tesi, J. H. J. linatti, and M. Latva-aho,

improved while not generating interference to the primary “On the UWB system coexistence with GSM900, UMTS/WCDMA, and
. . X . GPS,”IEEE Jour. Select. Areas Communwol. 20, pp. 1712-1721, Dec.
system. In addition, in the presence of a wideband interference, 55,

employing high order linearly combined pulses (elgp2, [17] M. Di Renzo, F. Tempesta, L. A. Annoni, F. Santucci, F. Graziosi,

leg) can better compensate for the system performance dueR: Minutolo, and M. Montanari, “Performance evaluation of IR-UWB
havi id h d ffici hapi D-Rake receivers over IEEE 802.15.4a multipath fading channels with
to having wider notches and more efficient spectrum shaping. narrow-band interferencelEEE Proc. ICUWB pp. 71-76, Sep. 2009.

In addition to coherent and noncoherent receiver structuf@g] B. Hu and N. C. Beaulieu, “Effects of IEEE 802.11a narrowband

and pulse types, the effects of channel models and widebandinterference on a UWB communication systertfEE Proc. ICG pp.
OFDM interf h various bandwidths and b 2818-2814, May 2005.
interference with various bandwidths and number ¢fg; ¢ snow, L. Lampe, and R. Schober, “Impact of WiMAX interference

subcarriers on the UWB-IR system performance were also on MB-OFDM UWB systems: analysis and mitigatiodEEE Trans.

presented. The results of this study are important as the Commun.vol. 57, pp. 2818-2827, Sep. 2009.
dified transceiver structure can achieve a reasonable s s&zeO G: Findikl, S. Erkiclik, and M. E. Celebi, 'Performance of IEEE
moaitie 4 . ‘ Yy 02.15.4a systems in the presence of narrowband interferetfeeE
performance while complying with the European and Japanese Proc. ICUWB pp. 395-399, Sep. 2011.
regulatory agency mandates. [21] A. F. Molisch et. al., “A comprehensive standardized model for ultraw-
ideband propagation channel$£EE Trans. Antennas Propagvol. 54,
pp. 3151-3166, Nov. 2006.
[22] B. Yilmaz and S. Erkiigik, “Detection of interdependent primary sys-
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