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Narrowband Interference Suppression
in Time-Hopping Impulse Radio
Ultra-Wideband Communications

Jiangzhou Wang, Senior Member, IEEE, and Wong Tat Tung

Abstract—Ultra-wideband (UWB) technology has been consid-
ered an innovative solution for future short-range high-speed wire-
less communications. Interference suppression is important for the
UWB devices to operate over spectrum occupied by narrowband
systems. In this paper, the use of a notch filter in time-hopping im-
pulse radio (TH-IR) for UWB communication is considered, where
a Gaussian monopulse is employed with pulse position modulation.
Lognormal channel fading is assumed, and a complete analytical
framework is provided for the performance evaluation of using
a transversal-type notch filter to reject narrowband interference
(NBI). A closed-form expression of bit-error probability is derived,
and the numerical results show that the use of a notch filter can
improve the system performance significantly. Furthermore, a per-
formance comparison between TH-IR and multicarrier code-divi-
sion multiple-access (MC-CDMA) UWB systems is made under the
conditions of the same transmit power, the same data rate, and the
same bandwidth. It is shown that in the presence of NBI, the TH-IR
system and MC-CDMA system achieve similar performance when
both use a notch filter.

Index Terms—Impulse radio (IR), log-normal fading, multicar-
rier code-division multiple access (MC-CDMA), notch filter, Rake
receiver, time-hopping (TH), ultra-wideband (UWB) communica-
tions.

I. INTRODUCTION

VER THE LAST decade, there has been a great interest in
() ultra-wideband (UWB) time-hopping (TH) impulse radio
(IR) communication systems [1]-[8]. These systems make use
of ultra-short duration pulses (monocycles) which yield ultra-
wide bandwidth signals characterized by extremely low power
densities. UWB systems are particularly promising for short-
range high-speed wireless communications, as they potentially
combine reduced complexity with low power consumption, low
probability of intercept, high-accuracy positioning, and immu-
nity to multipath fading due to discontinuous transmission. Re-
cently, the Federal Communications Commission (FCC) has de-
fined the —10 dB emission mask between 3.1-10.6 GHz for the
unlicensed UWB systems with bandwidth of at least 500 MHz
[9]. However, in this frequency band, there are a variety of ex-
isting narrowband interfering signals, such as a public safety
band and wireless LAN (IEEE 802.11a) operating at frequen-
cies of 4.9 and 5.2 GHz, respectively. This means that UWB sig-
nals and narrowband signals must coexist, and minimal mutual

Paper approved by A. Zanella, the Editor for Wireless Systems of the
IEEE Communications Society. Manuscript received July 13, 2004; revised
September 21, 2005.

J. Wang is with the Department of Electronics, University of Kent, Kent CT2
7NT, U.K. (e-mail: j.z.wang @kent.ac.uk).

W. T. Tung is with the Department of Electrical and Electronic Engineering,
University of Hong Kong, Hong Kong (e-mail: ttwong @eee.hku.hk).

Digital Object Identifier 10.1109/TCOMM.2006.876855

interference between them must be ensured. Therefore, the suc-
cessful deployment of the UWB technology depends not only
on the development of efficient multiple-access techniques, but
also on narrowband interference (NBI) suppression techniques.
Since the receiver of TH-IR is operated by time gating matched
to the pulse duration [1]—[3], this time gating reduces the power
of continuous-time interference to the duty cycle of IR. There-
fore, TH-IR inherently has the capability of NBI suppression.
However, when NBI is very strong, we may need to use a notch
filter [17] to help to reject it.

Suppression schemes based on minimum mean-square error
(MMSE) Rake combining were proposed in [10] and [11],
while the computation complexity of the tap weight would be
increased with addition of branches within the Rake receiver
as it is driven by the decision statistic. In this paper, we study
the use of a notch filter to suppress NBI for TH-IR. A notch
filter has been widely studied to reject NBI for code-division
multiple-access (CDMA) overlay systems when NBI is very
strong [15]. Apart from the higher sampling-speed require-
ment in comparison with the solutions proposed in [10] and
[11], since the computation of the tap weights for notch filter
depends on the nature of the narrowband interferer, the same
set of weights determined from well training can be adopted
among the branches with the Rake receiver. Moreover, notch
filter also offers flexibility, as its narrowband rejection ability
can be enhanced by the addition of more taps. In our work, we
provide a complete performance analysis of error probability in
addition to the simulation result.

The UWB concept can be based on several techniques, such
as TH-IR or multicarrier CDMA (MC-CDMA) techniques. In
the proposed MC-CDMA system for UWB [14], a notch filter
has been shown to be very effective in rejecting narrowband sig-
nals. For the two different systems (TH-IR and MC-CDMA), we
will compare their performances with a notch filter, assuming
that they have the same transmit power, the same data rate, and
the same bandwidth. The paper is organized as follows. The
system models, including transmitter, NBI, channel response,
and receiver are described in Section II. In Section III, the bit-
error rate (BER) performance is analyzed and a closed-form ex-
pression for the BER is given. Section IV presents representative
numerical results of system performance under various condi-
tions. Section V gives the performance comparison of TH-IR
and MC-CDMA, and finally, Section VI draws the conclusions.

II. SYSTEM MODELS

Suppose the time scale is divided into frames with duration
T, and each frame is composed of IV}, slots of duration 7. The
transmitted signal of the kth UWB user employing TH-IR with
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pulse position modulation (PPM) is given by

sE(t) = Z vV ELE (t —nTy — cgcn)Tc _ sd,En/NSJ) )

where Ey, is the energy of a pulse and Z(¢) is the shape of the
transmitted pulse. {cé")} is the TH code of the kth user, where

c,(cn) € {0,1,...,N; — 1}, such that an additional time shift
of CEC")TC is introduced when the nth pulse of the kth user is

transmitted. The code sequences of all users are assumed to
be mutually independent. N, is the number of pulses trans-
mitted per symbol, i.e., the processing gain, the modulating data
symbol changes every N, hops (frames), and the index of the
data symbol is [n/N| (|z] is the integer part of z). {d,&n/ NSJ}
is the binary data sequence of the kth user and composed of
equally likely symbols (or bits). A symbol has duration Ts =
N Ty, and the symbol rate is Ry, = 1/T, = 1/(N,T}). e
is the modulation index where it is assumed that ¢ > 0 and
T, + ¢ < 1T, where T}, denotes the pulse width, and the time
shift added to a pulse by data is ed ,En/ NeJ The optimal value of
e is around 20% of a pulse width [7].

In this paper, the monocycle denoted by Z(t) is assumed to
be a scaled second derivative of the Gaussian function with unit
energy, i.e., fj;: Z2(t)dt = 1, and one form of a Gaussian
monocycle in [8] is adopted as

)
ST,vr |\,
)
and the —10 dB bandwidth of the Gaussian pulse is approxi-
mately given by

E(t+1T,/2) =

Buwb ~ 3.185/T,. 3)

Fig. 1 shows a sample of UWB transmitted signal, where N, =
3 and N;, = 4.

The narrowband interferer j(¢) is assumed to be passband
Gaussian with center frequency f; and bandwidth B;. The
double-sided flat power spectral density (PSD) of the narrow-
band interferer is given by

J/(2Bj),

otherwise

where .J is the power of the NBI, and the autocorrelation func-
tion of j(t) is

Rj(r) = / S;(f) expljzn fr)df

=J-Rj(r) (5)

where R;(7) denotes the normalized autocorrelation function
of j(t), given by

— sin(7B;T)

Ri(r) = cos(2m f;T). (6)

mB;T

For the uniformity in comparison with MC-CDMA in later
sessions, the parameter p is defined as a ratio of the bandwidth
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Fig. 1. Sample of UWB TH-IR waveform (N, = 3 frames, N;, = 4 bins).

of the narrowband signal to the —10 dB bandwidth, B, of
the Gaussian pulse, which can be written as

p= Bj/Buwb~ (7)

For a typical narrowband system, the usual range of the ratio
should be 0 < p < 0.1. Another important parameter, g, is de-
fined as a ratio of the difference in center frequencies (between
the narrowband interferer and the Gaussian pulse) to the band-
width of the Gaussian pulse, given by

q= (fj - fuwb)/Buwb (8)

where —0.5 < ¢ < 0.5. In (8), fuwp is the center frequency
of the spectrum of the Gaussian pulse, and fuwh & Buwb/2.
Therefore, the parameter ¢ can be written approximately as

q= <fj - Bl;“) /Buwb

1
:fj/Buwb - 5 (9)
The realistic UWB channel should be a dense multipath
fading channel [7]. More than a dozen resolvable paths should
exist. In the multiple-access system with K users, the received

signal can be expressed as

K L

r(t) = Z Z YraBrsk(t — i) + () +n(t)  (10)

k=11=1

where v, 1, Br,1, and T, ; represent the phase, amplitude atten-
uation, and delay, respectively, of the /th arrival path of the kth
user. Independent fading is assumed for each path, as well as for
each user [16]. The phases are independent variables and take
the value 1 or —1 with equal probability to account for signal in-
version due to reflection. The delay is assumed to be uniformly
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Fig. 2. The rth branch of the receiver.

distributed over [0, T), i.e., the symbol duration. The amplitude
attenuation is log-normally distributed with yiz,; and oy ; being
the mean and standard derivation, respectively, its probability
density function (pdf) takes the form
2
— ] } (11)

— [In(Bk,1)

2
20k’l

1
PBei) = ﬂk,o—“me’m{

and its normalized intensity profile is given by
1 —exp(—v
[ﬁz,l] = (=) exp [—(l — 1)v]

1 —exp(—Lv)
where v is the decay rate. Note that the normalization im-
plies that the sum of the attenuation power of all paths is one
(ZzL:1 Qi = 1). In (10), n(¢) is an additive white Gaussian
noise (AWGN) with double-sided PSD of 7, /2.

Qi =F (12)

III. PERFORMANCE EVALUATION

Selective maximal combination (SMC) is considered for the
proposed receiver design, where R highest (R < L) power
paths out of all resolvable paths chosen for decision making.
Perfect power control is also assumed. As shown in Fig. 2, each
branch of the Rake receiver consists of a pulse correlator, a notch
filter, and an accumulator. Assuming that the first user is the de-
sired user, the output of the pulse correlator for the rth selected
path is given by

(G+1)T.
u, (i) = r(t) Y o(t —iT. — 7 ,)dt
iT. i
T.
= /r(t—i—iTc + 71)u(t)dt (13)

0
where v(t) is the template pulse function, defined as

v(t) = E(t) — E(t — ). (14)

Note that the pulse correlator output is sampled at the rate of
one sample per bin period 7,. The notch filter (Wiener filter) is

0 05 1 15 12 25 3 3.5 4
Jj
Frequency (Hz)

Fig. 3. Frequency responses of the transmitted TH-IR signal and the notch filter
at receiver.

used to predict and notch out the NBI [17]. The number of taps
on each side of the notch filter is W, and thus, the total number
of taps is 2W + 1. The coefficients of the filter are {c,, } with
w = [-W,---,W]and oy = 1. Note that when there is no NBI,
the filter reduces to an all-pass filter, i.e., a,, = 0 for w # 0.
The conceptual frequency response of the notch filter along with
the spectra of TH-IR signal and NBI are shown in Fig. 3, which
shows that the NBI can be suppressed. The output of the notch
filter can be expressed as
w

Z (1 — w)

x.(1) =

w=—W

T.
Z aw/ (t —wT. +iT. + 1, )o(t)dt. (15)
w=—W 0

This output is passed to the accumulator using a delta function
8(i — nNy — ¢i™), where §(i) = 1,0 fori = 0 and i #
0, respectively. Thus, with the multiplication, the phase 11 ,,
and the amplitude attenuation (3; ,. perfectly estimated from the
channel, the random variable at the output of the accumulator is
given by

oo Ng—1

=Bt D Y wli

i=—o00 n=0

N.—1
(nNh + c(n))

= ﬁl,rwl,r Z

n=0
:ﬁl r’l/Jlr
1 T
x Z [ 3 aw [ 7t =+,
n=0 w=—W 0

+ cgn)Tc + Tl’T)v(t)dt]

(' —nNy — cgn))

:ZD|T+Z1|T. (16)
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Zp)r is the desired signal term from the rth selected path for
the first user and from the central tap of the notch filter, and is
given by

N,—1 T
Zppr = Z ,[3%,1,1/)%,1, / s1 (t +nTy + cgn)Tc) v(t)dt
n=0 0
N,—1 L
-VEB, Y /E (t - gd}"/NSJ) o(t)dt
n=0

dr — g

/ 2
— { Elﬂl,rNsp7 for (17)

—VE{# N.p, ford™Nel =1
/[1,1 P, 1

where p stands for the correlation between the transmitted pulse
and the template function

(t)o(t)dt

S
Il
o'\-ﬁ
[1]

X

T.
- / S0t — o) dt. (18)
0
Z1lr in (16) is the total interference for the rth selected path
given by

19)

where ZMPHT is the multipath interference (MPI) from other
paths of the desired user, Zyya1), is the multiple-access interfer-
ence (MAI) from all other K — 1 interfering users, Zxpry), is
the NBI, and Zswanj»- is the AWGN. Note that the disturbance
(self-interference) caused by the notch filter to the desired user
(or interference of the desired user caused by the non-central
taps of the notch filter) should be very small when the bandwidth
ratio p is small [15]. Including this interference makes the anal-
ysis very complicated since this term contains the same fading
factors as the desired term, so self-interference is neglected in
(19) for simple analysis. Since the terms in (19) are independent
when the number of multipaths is large, the total interference
can be approximated as Gaussian with variance

Z1jr = Znplr + ZMAlLe + ZNBIr T ZAWGN]r

Var[Zy,| = Var[Zypr)r] + Var[Zyary] + Var[Zxery]
+Var[Zawan)]  (20)
where Var[Zyip1|,], Var[Zyar,], and Var[Zygy,] stand for
the variances of the MPI, MAI, and the NBI, respectively, de-
rived in Appendices A, B, and C, respectively, and are given by

(A11), (B10), and (C6), respectively. Var[Zswanr| stands for
the variance of the noise term, given by

Var(Zawanpr) = 1007 o awan|r 21
where
N w T
TAWGN|r = 7( > ai) / v?(1)dt (22)
w=—W 0

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 54, NO. 6, JUNE 2006

Therefore, after weighting by amplitude attenuation, the
signal-to-interference-plus-noise ratio (SINR) in Z,. is given by

_ E?Z)]
= Var[Z,]
P UI%IPI\T n (K — 1)U§4A1\T N J UI%TBHT
TP N2p? N2p2 P ) N2p2N,T.
_ -1
n Ly ! UiWGNV
Tlo N592
=067 A (23)

where 7, is the average SINR excluding the amplitude atten-
uation f3; ,., £, = E;1 N, denotes the received bit energy, and
P = E;/(N,T.) represents the average transmitted power of
the UWB signal. The outputs from the R selected branches of
the Rake receiver are combined, so the decision variable is given
by

R
zZ=Y 12, (24)
r=1
with SINR
R
v=>_ 8 A (25)
r=1

Since the square of a log-normal random variable is still log-
normal distributed, by Schwartz and Yeh’s method [18], the
distribution of the sum of log-normal random variables can be
approximated by another log-normal distribution. Its mean and
variance can be obtained by a recursive approach from the indi-
vidual mean and standard derivation of the attenuation factors.
Defining 7,,, = (1/R) Zle 7, as the mean of the average
SINR excluding the attenuation factor for all selected paths, and
¢ = 25:1 32 as the sum of the square of the attenuation fac-
tors, the error probability can be approximated as

- / Q/Ap()dy

~ [ Q/Gmonic 26)
0
where the ()-function Q(x) is defined as
L e
Q) = o= [ex(-6/200. @)

IV. CoMPARISON OF TH AND MC-CDMA

In order to compare the TH system with the MC-CDMA in
the presence of NBI, we briefly describe the MC-CDMA, which
was studied in [14]. MC-CDMA modulates different subcar-
riers using the same data. All subcarrier spectra are disjoint.
The MC-CDMA has an inherent frequency diversity capability
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Fig. 5. Transmitter for the kth user of the MC-CDMA UWB system.

by combining the outputs of the different subcarrier signals at
the receiver. Moreover, it yields effective NBI rejection in an
overlay mode. For example, when there is a strong narrowband
interferer in one of the subbands, in the worst case, the receiver
can simply ignore the signal in that subcarrier band. An effective
way is to use a notch filter to suppress NBI in each subcarrier.
Then, even a jammed subcarrier signal can still make a positive
contribution to the net frequency diversity.

The pulse interference is shown in Fig. 4. Fig. 5 illustrates
the transmitter of the MC-CDMA system. The source binary
data sequence is first spread by the random binary sequence.
Then, the spread signal is shaped by a chip-waveform shaping
filter (square-root raised cosine filter of rolloff factor «) with fre-
quency response H (f). After that, the shaped signal modulates
M different subcarriers. Finally, the M subcarrier modulated
signals are summed to form a transmitter signal.

For fair comparison, the channel parameters have to be
chosen appropriately, as each subband of MC-CDMA occu-
pies only a portion of the bandwidth of the UWB system.
It is assumed that the number of paths in each subcarrier is
Lyic = L/M. That is, each subband of the MC-CDMA would
have fewer multipaths, but of greater power with a larger decay
rate than the TH-IR system. In addition, the phase of each
path is no longer a binary, but a random, variable uniformly
distributed over [0, 27), due to the introduction of the carrier.

As shown in Fig. 6, the receiver consists of M parallel
branches of the Rake receiver with R correlators, corre-
sponding to M subcarriers. In each branch, the received
signal is input to a frequency down converter. After that, a
baseband matched filter with frequency response H*(f) is
employed. Then, the output of the matched filter passes through

my_J 1
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a despreader. Similarly, the output of the despreader can be
approximated as a Gaussian random variable with the SINR in
the rth branch given by [14]

Luc

Z Qk,l-l-(K— 1)

l;'r‘

M, EN SN o2
+W'”3'F+M<E) 2 (a&))}

w1=—W w2——

R(wy—n+mn,ws —n+n)

|1Pﬁ2

w=—W
(28)
and in the absence of NBI [14]
(m) Luc
72,7‘ = {2N2 Z Qk L + 1)
l¢r
N-1N-1 B\ ! -1
X R(n—ﬁ7n—ﬁ)+M<—b> (29)
where N is the spreading factor of one subcarrier. R(w; — 7 +

n,wy — 7 + n) is defined as

1

R(ni,m2) = /QI(TTch =1 Ten)z(TTen — n2Ten)dr  (30)
0
where z(t) is the impulse response of a raised cosine filter and
T, is the chip rate. In (28), 6% is given by

(149) (a+5)/ T
|\ () |H

(1+9)(q—p)/Ten

(HIPdf. (3D

Q>
SN
I

p and ¢ are defined, respectively, as a ratio of bandwidth of the
narrowband interferer to the bandwidth of one subband, and a
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ratio of the difference in center frequencies (between the nar-
rowband interferer and the corrupted subband) to the bandwidth
of one subband.

The despreader output is weighted by a channel estimate, and
the weighted outputs from all branches are summed to form the
final test statistics

M R
V=30 B t™ = y1Bas, + 2By
m=1r=1

where M is the number of subbands with NBI. In (32), v; and
v stand for the mean of the average SINR, excluding the atten-
uation factor, for all selected paths from all the subbands with
and without NBI, respectively. They are numerically expressed
as

(32)

My ( )
m= MlRZ (33)
m=1r=1
(m)
Yo = (M M1 Z Zv : (34)

m=M;+1r=1

vy, = 2%1:1 f 1 B - s defined as the sum of the square
of the attenuation factors for the subcarrlers with narrowband
. M

interferers, and (ar—ar, = D, My 41 ZT 1 B2, denotes the
sum of the reminders. The BER for the MC- CDMA system thus
can be expressed as

Pe= [ Q(v/7)p(v)dy

O\g 0\8

/Q \/71<M1 + 72foMl)
0

X p (Cary ) p (Car—nry) dCar, dCar—nr, - (35)
where p(z) denotes log-normal pdf.

The TH-IR and MC-CDMA systems are compared under the
conditions of same signal power, same data rate, and same band-
width. The total bandwidth of the MC-CDMA UWRB system is
approximately

Buwt, =& M - (1 + 19)/Tch. (36)

Assuming that only one narrowband interferer is present, the
parameters describing the NBI for the TH-IR UWB system and
MC-CDMA system can be related as

p=B;j/(Buwp/M)=p-M (37)
. fi—TIm q 1

= ~ 2 |qg-M—|qg-M| - - 38
q B/ S T q lg- M| 5 (38)

V. NUMERICAL RESULTS

Some representative numerical results of the TH-IR UWB in
the presence of NBI are illustrated first in this section. The fol-
lowing system parameters are assumed unless explicitly speci-
fied: the pulse width T}, of the Gaussian monocycle; the modula-
tion index ¢; and the duration 7. of the time bin are 1.0, 0.2, and
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2.0 ns, respectively [7]. The number N, of pulses transmitted
per symbol is five, the number IV, of time slots per frame is
eight, and the number K of active users is eight. For the channel
response, the number of multipaths L is 30, where the decay rate
v and the standard derivation o are set at 0.15 and 0.5, respec-
tively.

Fig. 7 shows error probabilities for receiver with and without
a notch filter as a function of .J/P. For comparison, the case
without NBI is also shown. Simulation and analytical results are
presented under these conditions: E/n, = 15 dB, p = 0.01,
q =0, R =10,and W = 12. It can be seen from the figure that
the performance without a notch filter degrades dramatically as
J/ P increases, especially when .J/ P is larger than 0 dB. When
J/ P is small (less than 0 dB), performances with and without
notch filter are very close, so the notch filter is unnecessary.
When J/P increases from 0 dB, the performance gap between
filter and no-filter increases. When .J/ P is larger than 10 dB,
by using the notch filter, two to three orders of magnitude of
improvement are indicated. It can be observed that the analytic
results and simulation results are close.

Fig. 8 investigates the system performance by exploring mul-
tipath diversity (Rake receiver) for different values of signal-to-
noise ratio (SNR) (E, /1, = 10, 15, and 20 dB). Other param-
eters are J/P =30 dB,p = 0.01, ¢ = 0,and W = 12. It can
be seen that for a given Fj/1,, the error probability decreases
sharply when the number of Rake fingers increases at the begin-
ning (R < 10), then performance improvement becomes small
when R approaches L. This indicates that reliable symbol deci-
sions can be achieved by using a limited number of significant
paths, rather than all paths.

The effect of the number of notch-filter taps on system per-
formance is presented in Fig. 9 for p = 0.01, E}/n, = 15 dB,
J/P =30dB, ¢ = 0,and R = 10. It can be seen that the curves
show a zig-zag shape in performance, rather than a smooth fall.
This is because a further addition of taps, although providing
better NBI suppression, introduces more pulse interference to
the decision statistics, which is mainly due to the increase of
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probability of capturing pulses from multipath and multiple-ac-
cess users. This phenomenon is serious when W is small, as
the limited benefit of NBI reduction is counterbalanced or well
exceeded by the worsening pulse interference. However, the
overall trend of performance improvement continues as more
taps are used. The curve levels off when W > 8, which indi-
cates that the marginal improvement is limited. The error rates
converge to different levels for different bandwidth ratios.
Figs. 10 and 11 are plotted against bandwidth ratio p (for
q = 0) and the ratio g (for p = 0.02) of the offset of the
center frequency of the narrowband interferer to the bandwidth,
respectively. The remaining system parameters are setat J/P =
30 dB with Ej/n, = 15 dB. In accordance to the observation
from Fig. 9, the notch filter with larger W offers greater resis-
tance to the increase of the bandwidth ratio. From Fig. 11, it can
be observed that the system performance varies for different nor-
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Fig. 10. Error probability versus the bandwidth ratio.
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Fig. 11. System performance as the center frequency of the NBI varies.

malized frequency offsets. The frequency response of the notch
filter can be written as

w

Hw (f) = Z Qo exp(—72m fwTe).
w=—W

(39)

Such variations can be accounted for by the periodicity and si-
nusoidal characteristics of the frequency response of the filter,
as illustrated in Fig. 3. Better jamming rejection can be achieved
when the center frequency of the narrowband system coincides
with certain harmonics of 1/7.. The degree of accuracy of the
estimating function depends on the number of taps per side of
the notch filter. Notch filter with W = 6 offers better protection
than that with W = 3, but the reliability of the decision statistic
is unstable as ¢ varies. However, when W is increased to 12, the
sensitivity of the error rate subjected to the change of q is re-
duced significantly. The rate and fluctuation of the bit error can
be reduced by using a filter of larger W.
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Fig. 12. Performance comparison between TH-IR and MC-CDMA UWB sys-
tems.

Fig. 12 compares the performances of TH-IR and MC-CDMA
UWRB systems subject to the change in .JJ/P. The symbol time
for the TH-IR and MC-CDMA systems, respectively, are given
by Ts = NsNpT. and Ts = NTyy,. It is assumed that the rolloff
factor ¥ of the raised-cosine filter is 0.3, then the chip period T},
is 10 ns, the spreading gain per subcarrier N is eight, and the
number of subcarriers M is ten. For the channel response, the
number of multipaths Lyc is three, where the decay rate vyic
and the standard derivation o);c have the values of 1.5 and 0.5,
respectively. Only one narrowband signal is assumed within the
spectrum of the system signal. When the corresponding ratios are
p = 0.01 and ¢ = 0.05, respectively, for the TH-IR system, for
MC-CDMA system, the corresponding bandwidth ratio and nor-
malized offset ratio are p = 0.1 per (37) and ¢ = 0 per (38),
respectively. In the absence of the near—far effect by assuming
perfect power control for both systems, the SNR Ej /7, is 10
dB, and the conditions for the number of active users K being
three and eight are illustrated. For the TH-IR system, the param-
eters W and R are kept unchanged at 12 and 10, respectively.
For the MC-CDMA system, the number of taps per side of the
notch filter W is also 12. The number of correlators per subcar-
rier R is one, so as to maintain the same degree of diversity as
the TH-IR system (10/30) in decision combining. Theoretically,
the relative advantage of the MC-CDMA system over the TH-IR
system is that the MC-CDMA system can enjoy frequency diver-
sity of the branches unaffected by the narrowband system. For
the MC-CDMA system, the impact of the jamming signal can be
isolated within certain subbands. However, as observed, the use
of anotch filter for TH-IR provides much performance improve-
ment. Subjected to change in £}, /7),, the performance difference
between the TH-IR and MC-CDMA systems is limited.

VI. CONCLUSIONS

In this paper, performance expressions are derived for the
TH-IR UWB communication system with transversal-type
notch filtering at the receiver front-end. Results show that the
use of a notch filter can provide significant improvement in
system performance in various situations. Comparison between
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TH-IR and MC-CDMA UWB systems is also made. Under
certain conditions, a relatively low-complexity TH-IR UWB
system with notch filtering at the front end of the receiver is
capable of achieving a similar BER to MC-CDMA.

APPENDIX A
DERIVATION OF THE VARIANCES OF MPI

Undesired pulses from multipath and multiple access can be
collectively defined as interfering pulses to the reference path
of the first user. The possibility for sampling of the interfering
pulse is due to the combinational effect of random-coded time
shifts, random propagation time delays, and the sampling time
at the receiver. Considering the nth sampling instant for the first
user, the relative delay of the nth pulse from the [th path of
the kth user with respect to the rth path of the first user can
be expressed as

n A
T,E,_’l) =71, + 0T, —nT. — T4y

=i Te + AL)T. + ATy (A1)

where \p; € [0,1), A;:l) € [0,N}, — 1], and Ag:l) €
{0,1,...,00}. The template pulse for the rth correlator of the
reference user and the interfering pulse from the [th path of the
kth may overlap when A,(:l) = 0 or when the pulses are within

the same time bin. When A,g"l) # 0, no overlapping exists.
The MPI Zypy, takes the form

Z\PIfr

L
= B1rY1r Z 1,61,

I#r

N.—1 w T

X { Z Olw/sl(t—Tl’l—’ch—F’an

+ cgn)TC + Tl’r)’l}(t)dt}
L N,—1
= VEBofre ) drabia Y Iuere(bn)  (A2)
B n=0
where Iyipyj-(l,n) can be written as
T.

w
INIPI|1’(17 n) = Z [e77%) / E (t — Al,ch - AgZ)Tc
w=—W 0

—AT, - gdlt(”)/NsJ) v(t)dt (A3)

where )\grfl), Ag’fl), and Agrfl) are given by

A= (ﬁ,, — i 4wl — 0Ty — VT, — ATy

ALV /T, (Ad)
Ag’fl) = \‘(lel — 71 +wle —nTf — cgn)Tc
- A@Tf) /TCJ (AS)

Ayfl) = Kﬁ,z =71 +wTe —nTy — an)TC) /TfJ - (A6)
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The integral in (A3) is non-zero only when the pulses are over-

lapped. Obviously, Ag l) = 0leadsto | (11,1 —T1,)/Tc] _cgn) =

—w, where the sum on the left-hand side of the expression takes

the same probability of 1/N;, for any possible value of arith-

metic modulo N, (i.e., 0,1,..., N, — 1). The probability of
B oy

[(r10— 7110)/Tc] —¢i’ = —w is given by

2
1
Prob )T =™ =) = —— ) (N —|w]).
(Lrna=r /T =P =-w) = (57 ) (o=
(A7)
Thus the variance of the MPI term is
VaI‘[ZMpllr]
2
L N,-1
=LK ’¢1,rﬂ1,r2’l/11,151,1\/ Ey Z Ivprpr(l,m)
l;r n=0
L
=Ef;, ZQLI
1#r
N,—1N,—1
X (Z Z E [IMPI|T(TL1)IMPIr(n2)]> (AB)
n1=0 ny=0

where E[I\iprjr (1) Iviprr(n2)] can be expressed as different
forms corresponding to the values of n; and no. Whenni = no

E [IMpnr(nl)IMPIlr(n’Q)]

w
Nh, — |w|
1 T.

w=—W N}?
1 =
: / 3 /:(t — AT )o(t)dt
0

0

+ E(t—AT.—e)u(t)dt| |dAS. (A9)

N | =

S — 5

When 1 ;é N9

E [IMPI|T(711)IMPI|7‘(TL2)]

w w
Ny — |w1| N, —|w|
E g N2 Uy, Oy,
wy W wo w h

2

1 T

/1/Et)\T £yt
2
0

0
2

c

T
1
5 E{t—AT.—¢)v(t)dt d\p. (A10)
0
Therefore, the variance of Zyrpy),- can be written as
Var[Zyipijr] = /BirEl‘ﬁ%qpnr (ATD)
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where

L
ZQI,Z

I#r

1N, -1
{ Z Z E [ILvpir(na INIPIIT(”Z)]}' (A12)

ny= OTLQ 0

2
OMPI|r =

APPENDIX B
DERIVATION OF THE VARIANCES OF MAI

The MAI Zypa1) can be written as

Znatfr = Brrtir Z Z (CIRIES

k=2 1=1
No—1 w Te
X Z { Z aw/sk(t—Tk,l—wTC—i—an
n=0 w=—W 0

+dmMT C)v(t)dt}

K L
=B1P1r Z \/E_kz Vi1 Bk 1
k=2 =1

N;—1

X Y Tyaye(k,1,n)

n=0

(B1)

where Iniaz) (K, 1, n) is given by

Z [e77%) / f - /\k lT A](Cnl)T

w=—W

IMAIl’I" k l n
—A,(:I)Tf —ed{"™ Yoyt (B2)
where )\,(C"l), A,(:]l), and A( l) are given by

Ag,lz) = [(Tk,l — T +wTe — 0Ty

+ T — ) / TfJ (B3)
ALY = | (7 = 71 + 0T = 0Ty + 0T,
T, — A,(j}Tf) / TCJ (B4)
Aoy = (Tk | = 710+ wT — Ty + VT
—T = ATy - AT [T B9)

Similarly, the integral in (B2) has a nonzero value only when
A,(cnl) = 0, or alternatively, | (1x,;—71,,-) /7] —i—c,(cn)—cg") = —w.
Again, the sum takes the same probability of 1/N}, for any value

intheset[0,1,..., N, —1]. The probability of pulse overlapping
is given by

cgn) = —w)

1 2
- <F,) (Ny — Jw]). (B6)

Prob (L(Tk,z — 1)/ T.) + ™ -
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Var(ZNBHT)
T. T.

n1=0 no=0 \ wi=—W wa=—W

Ns;—1N;—1 w w
_/817, Z Z { Z Z awlawz//E t1+T17-+7’Lle+C§
0 0

N;—1N,—1 { w w

=IO D X Y e,

n1=0 ny=0 wl_f‘VwZ_

\[ [t
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D, wlT)

b (t2 +n,r+n2Tf+c§”2)Tc—w2Tc) }v(tl)v(tQ)dtldtQ}

fl —t2+(n1 —nz)Tf+ ( (n1) 05"2)) T.— (wl —w2)Tci|} . ’U(tl)'U(tQ)dtldtz

N,—1N,—1
=J67, > Y Ixpip(ni,ne) (C2)
n1=0 n2=0
Thus, the variance of the MAI term is 1 T
5 2t — AT )v(t)dt
Var[ZMAHr] 0
K L
<ﬂ1,7‘¢1,’r ;;wk,lﬁk,l \/ Ek X / ._,(t _ ATC _ 5) (t)dt dA (B9)
N.o_1 T 2 0
> Z Iyt (k, 1, n)) Therefore, the variance of Zyiag), is
n=0
K L K
2
.3 A (o) o=, (S8, B0
k=2

(zz

ny 077,2 0

[Iiat) nl)IMAI|r(n2>]> (B7)

where E[I\iar)r(n1)Ivar-(n2)], has a different form for dif-
ferent n; and no. For n; = ny

E [Ivat-(n1)Ivar-(n2)]

For ny # no (B8)

FE [IMAHT(nl)IMAI|T(n2)]

w w
_ Z Z <Nh—|w1|><Nh—|w2|>a o
w1 =—W wo=—W NE Nh2 ' ’

S

c

/ S(t — AL )u(t)dt

where

s—1N;—1

UMAI\T { E E
n1=0 ny,=0

[Ivate (n1) haatpe (n2)] } . (B11)

APPENDIX C
DERIVATION OF THE VARIANCE OF NBI

The NBI Zxpyy, is given by

N -1
= ﬂl,rwlm {

n=0

w T
a117/Jt+Tlr_ Tc
0

+nTy + c§”>Tc)u(t)dt} (C1)

ZNBI|r

w=—W

with variance as shown in (C2) at the top of the page. Since
{cg")} is a random sequence and each element takes the same
probability of 1/N}, for any value of 0,1, ..., Nj, — 1, the prob-
ability of ¢{™) = ¢{") = m, m € [~(N), — 1), Nj, — 1], is given
by

ng no 1 ?
P (cg ) cg ) = m) = <Fh> (N, —|m|).  (C3)

I NBI|r (n1,n2) can be expressed as different forms based on the
values of nq and ns.
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For n1 = no
w

§ E Olapyy Olapyy

w=—W weo=—W

Ixgijr(n1,n2)

T. T.

X / /ﬁj [tl —ty — (w1 — ’lUZ)TC] ’U(tl)’U(tQ)dtldtQ. (C4)
0 0

For n1 75 %)

w
Ixpyjr(n1,m2) Z Z O Gy
wi=—W wa=—W
Np—1 I T,
x> (N, — |m|/N,%)// R, [ty —to+(ny—no )Ty
m=—(N,—1) 00
—I-mTc — (’U)1 — ’U)Q)Tc] ’U(tl)v(tg)dtldtQ (CS)
Thus, Var(Zygr)») is given by
Var(ZNB”,,) = J[}%,TO'?\TBI‘T (Co6)
where
N,—1N,-1
TRl = Z Z Ixgyr(n1,n2). (C7)

n1_0 n2_0
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