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MMSE Receiver for Multicarrier CDMA Overlay in
Ultra-Wide-Band Communications

Wong Tat Tung and Jiangzhou Wang, Senior Member, IEEE

Abstract—Multicarrier direct-sequence code-division mul-
tiple-access (MC-CDMA) overlay has been proposed to be used
for ultra-wide-band (UWB) communications. Interference reduc-
tion and interference suppression are the key issues for sharing
the spectrum in harmony between the established narrow-band
systems and the overlaid UWB system. In this paper, investigation
is carried out on the use of compromising measures incorporated
to the MC-CDMA overlay to meet these goals, as well as on their
impacts to the involving parties. At the transmitter, interference
reduction to the established narrow-band systems is done by using
notch filters. A multipath Nakagami fading channel is assumed. At
the receiver, the interference suppression from those narrow-band
systems is fulfilled by minimum mean square error (MMSE)
detection technique. Numerical results show that precombining
MMSE with selective-maximal combining provides the UWB
system with much better performance than the receiver made up
of notch filter in cascade with code correlator.

Index Terms—Minimum mean square error (MMSE) adaptive
rake, multicarrier code-division multiple-access (CDMA), Nak-
agami fading, notch filter, ultra-wide-band communications.

1. INTRODUCTION

N THE foreseeable future, a blooming growth in the demand

is expected for the information sharing and data distribution
tools and facilities in hot-spot layer as well as personal network
layer. The development of short-range and high-speed transmis-
sion systems is going to play a significant role in the area of
wireless communications. This has motivated the exploration
of the ultra-wide-band (UWB) transmission system. The key of
the UWB system is that the emission bandwidth of the devices
can be up to gigahertz, within the frequency band of 3.1-10.6
GHz [1]. To meet the goal of efficient use of scarce spectrum re-
sources, the devices can operate using those spectra occupied by
existing radio services without causing interference. The UWB
system with low-emission-power would probably operate on an
unlicensed basis.

Multicarrier direct-sequence code-division multiple-access
(MC-CDMA) has been proposed to be used in UWB commu-
nications [2]. Under this modulation scheme, the data signal
is spread by a higher rate random code and the resultant is
then modulated on multiple carriers. MC-CDMA offers the
following advantages.

First, the ultra-wide bandwidth is sliced into a number of
wide bandwidth portions. The rate of signal processing is no
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longer directly related to the entire occupied spectra, so lower
processing speed units can be used.

Second, the signal spectra of different carriers can be disjoint
from each other. The subbands can also be shifted to appropriate
frequency regions. With the reinforcement of bandlimiting tech-
niques, important spectra such as industrial, scientific, and med-
ical (ISM) bands or for emergency uses can be easily avoided.

Third, resource allocation can be flexible. Instead of transmit-
ting a replica of signal in all subbands, tradeoff between overall
transmission rate and quality of service from frequency diver-
sity is allowed. In addition, decades’ effort and experiences have
proved that CDMA is an efficient way for wireless communica-
tion as well as a suitable candidate for overlaying purposes [3],
[4]. Various techniques developed for CDMA signal processing
can be applied.

To share the resource harmoniously, the idea of notch fil-
tering at transmitter was outlined in [4]. Notches are placed
on appropriate frequency location as illustrated in Fig. 1. The
emission power of the UWB system is attenuated over the oc-
cupied spectra by established systems to fulfill the interference
reduction requirement. Since the established services are in fact
narrow-band systems, the impact of the notches to the overall
spreading gain of the overlaying CDMA system is limited. In
this paper, the notch filtering on the chip shaping is considered.
The notch action is implemented by a transversal filter where
the tap weights are adapted to suppress the targeted spectral re-
gions. For fixed resource assignment of narrow-band systems,
the tap weights adaptation can be based on either available in-
formation in advance, or observation of the captured signal.

At the receiving end, the UWB signal is affected by
narrow-band interference and frequency selective fading.
Although CDMA enables this fine time resolution benefits to be
deeply explored, the emission power of UWB system is extremely
low in comparison to those existing systems. It is desirable to
employ amechanism thatis capable for jointly gathering the mul-
tipath energy and suppressing narrow-band interference. Here,
precombining minimum mean square error (MMSE) receiver [5]
with an intrinsic selective maximal combination (SMC) [6], [7]
is considered for the suggested receiver design.

The organization of the rest of this paper is as follows. In Sec-
tions II and III, a completed analysis is provided to illustrate the
significance of the suggested design framework for the use of
MC-CDMA for UWB communication as well as its impacts on
those existing narrow-band users. The closed-form expression
for the bit error rate (BER) can be found in Section IV. Sec-
tion V provides a performance comparison between the MMSE
receiver and the one built up of notch filter in cascade with code
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correlator (NCC receiver) as suggested in [2]. Section VI gives
the conclusions.

II. SYSTEM MODEL
A. Transmitter

The MC-CDMA system is assumed to contain M subcarriers
and K independent active users. N and T, are the processing
gain of each subchannel and the chip duration of the CDMA
system, respectively. The block diagram of the transmitter for
the kth user is shown in Fig. 2(a). c(é’) is the nth element of the
random sequence, and it takes the value 1/ \/N or—1/ \/N with
equal probability. b ,En/ Nis the |n/N |t element of the binary
data sequence, where |z | stands for the integer part of x. The
product of the two sequences results in the spreading signal of
the k" user, given by

a) = ¥, (1)

The idea of using notch filter at transmitter to notch out fre-
quency bands occupied by narrow-band systems has been out-
lined in [4]. In this study, a low complexity scheme is suggested
in which the notch action is achieved by the chip shaping modi-
fication of a two-sided transversal-type filter. The resultant chip
shaping thus can achieve bandlimiting and interference avoid-
ance to the established service simultaneously. In the proposed
transmitter, the spreading signal d,(c") passes through the chip-
shaping filter to give the baseband signal before frequency up
conversion. As a derivative of conventional MC-CDMA trans-
mitter, independent chip shaping filters should be used for the
modulators of different subcarriers. This is because interference
avoidance requirement is distinct for each subband. The chip
shaping filter is shown in Fig. 2(b). Its impulse response is given
by

m) = P {ER () = P {Eex(DEGV ()}
2)

A 7

Interference Reduction
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Fig. 2. (a) Transmitter for the kth user of the MC-DS-CDMA UWB system.
(b) The notch filter of the chip shape for the kth user for the mth subcarrier.

where Hl({,n)( f) is the frequency response of the two-sided
transversal-type notch filter with 2W+41 taps for the mth

subcarrier, given by

w
HP(H) =Y ol exp(—j2n fuTy). ?3)

w=—W

The tap coefficients are adapted to suppress the spectra with
narrow-band systems. However, a dynamic scheme is required
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since there is apparent impossibility of coordination among the
coexisting systems. Any tap-coefficient adjustment should be
driven by the existence of the narrow-band system. In this paper,
the tap weights are assumed to be determined based on the ob-
servation at the receiver, and achieved their optimal under suffi-
cient training [8]. The present value of the narrow-band process
can be predicted from past value and future value. This is not
applicable for UWB signal and the channel noise as they are
wide-band processes. Therefore, the estimation of the location
of the narrow-band system can be done by observation of the
past and future values of the received signal samples.

When there is no narrow-band interference, no notch is in-
serted and the filter reduces to an all-pass filter, i.e., H ‘({n ) (f) =
1. Then the undistorted raised-cosine chip shape is transmitted,
as if there is no notch filter. Hrx (f) in (2) stands for the fre-
quency response of the unfiltered chip-shaped filter at trans-
mitter. Suppose Hpgx (f) represents the frequency response of
the unmodified chip-matched filter at receiver; these frequency
responses are related by

Hre(f) = Hrx (f)Hrx (f) 4

where Hgc(f) denotes the frequency response of the raised-co-
sine chip shape [9] with rolloff factor «. Thus, the bandlimiting
transmitted signal of the kth user can be written as

=V2P Z ( <k) ) cos (27rfmt—|— 9,(75))) 5)

where

M) (1) = V2P Z AR

n=—oo

— nT,). (©6)

In (5), P is the transmit power per subcarrier, and f;,, and 01(5 )
are the carrier frequency and random phase of the mth subcar-
rier.

B. Channel and Narrow-Band System

The channel model of the UWB communications is charac-
terized by a rich number of multiple propagation paths. With
reference to the stochastic tapped-delay-line model of UWB in-
door application suggested in [10], channel variation is assumed
to be slow so that the parametes are time-invariant over a bit pe-
riod. The subbands are assumed to be disjoint, and their channel
response is assumed to be uncorrelated. The impulse response
of the mth subband channel for the kth user can be expressed as

580 (1 (t= 1) exp (ol )] )

hF) (t) = Re

where L is the number of resolvable paths for each carrler of the
UWRB system, with the assumption of slow fading. qS k)

m,l’ Tm R
and [37(: , denote the phase shift, delay, and attenuation factor
of the Ith path, respectively. These sets of channel variables are
assumed to be mutually independent. The resolvable paths of
the same subcarrier signal from the same user are assumed to
be time-separated by chip duration such that

¥

= 4+ (1 -1T. (8)
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where Ty(,qk ) is the random delay uniformly distributed over

[0,13). The phase shifts are identical and uniformly distributed
over [0,7). The attenuation factors are assumed to be identical
and Nakagami distributed. The probability density function
attenuation factor is given by [11]

(ﬂ(k)) 2( flir)l)wﬁkn)—l (,ﬁﬁi)”g )
r(ufh)  \20
“gk) k) 2
X exp (—Q(—’]:'; (JI(W)L) ) ©)]

l,m

(k)

where p,

denotes the fading figure, given by
2
k
(240
2 2
B[(52) - (a2)’]
and QI(IZ is the normalized power-decay profile (PDP) which

is the second moment of the attenuation. The normalized PDP
Ql(k) is related to the PDP of the initial path of the same user

Q(k) via [10]

k
i =

(10)

Q" = af") vexp <——(l = 2)> : (11)
And Q( ) can be expressed as
1— =T
o), = = (%) (12)

L—exp(—2)+v [1 — exp (——(L_(gl)Tc)]

where § is the decay rate and v is the power ratio of the
second PDP to that of direct path (which is assumed to be the
strongest). The PDPs decay exponentially with delay starting
from the second bin. Note that the normalization implies that
Zz 1, = L

The established narrow-band signals along the operating
spectrum of the UWB system are assumed to be bandlim-
ited Gaussian processes with flat power spectrum. For the
sake of simplicity, single path propagation is assumed for the
narrow-band system, and one narrow-band system is assumed in
any given subband. The collection of established narrow-band
systems along the operating spectrum of the UWB system can
be represented by

(13)

= Z jm(t)

where j,,,(¢) denotes the narrow-band system within the mthe
subband and its power spectrum can be expressed as

Jo m
Py =1 3 Og‘f_%“_c
J b .
0, otherwise

(14)

where J, is the power spectral density of the narrow-band
system within the spectral region of the m*" subband. In (14),
Pm 1s defined as the ratio of the narrow-band system bandwidth
to the UWB system subband bandwidth, such that Op,,, 1. ., is
defined as the ratio of the offset of the center frequency of the
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narrow-band system signal from the mth subcarrier’s center
frequency of the UWB system to the bandwidth of the subband,
such that —0.5(1 4+ a)¢,0.5(1 + ).

C. Receiver

The received signal can be expressed as

K M
=33 VEPUE (1) cos (2n fut + 60)

k=1m=1
«h () + (1) +n(t) (15)
where * stands for convolution. The block diagram of the UWB

receiver is shown in Fig. 3(a). The receiver consists of M par-
allel branches corresponding to each subband. Each branch con-
sists of rake receiver with R correlators. For the sake of conve-
nience, the first user is taken as the reference user. The received
signal undergoes frequency down conversion, chip-matched fil-
tering, and bandpass filtering. The impulse response of the re-
covered baseband signal from the mth subcarrier for the first
user can be written as

(1)

\ﬁ

r(t+ A) - cos (27rfm(t + )+ 95,9) B (A)dA

(16)
where hg\} (t) is the impulse response of the chip-matched filter
for the mth subband. Perfect carrier recovery is assumed. The
chip-matched filter is time-synchronized with one of the paths
for the targeted user, i.e., the first arrival path. The recovered
baseband signal includes multiple-access system signals in the
subband, in-band noise, and possibly narrow-band interference.
These components are mutually independent from each another.
xg)(t) is then sampled at chip rate. For example, the starting
time and the ending time of the integration of the n‘" chip are

<1) + nT, and T7(n) + (n + 1)T., respectively. The discrete-

(b)

(a) Receiver for the first user of the MC-DS-CDMA UWB system and (b) the rth adaptive correlator of the first user for the mth subcarrier.

time samples of the recovered baseband signal are passed to the
estimation circuitry for notch filter coefficients estimation and
the Rake receiver for data recovery.

1) Tap Weights of the Transversal-Type Notch Filter: The
estimator of notch filter coefficients at receiver should have sim-
ilar structure to the functional block of the notch filter at trans-
mitter illustrated in Fig. 2(b). From [8], the filter coefficients for
the mth subcarrier can be written

al™ =1
a

al™ = [a(_mw),

—re{QU' P}

T
™ gfm a(w‘)]

a7

PSL) and qu? are a2W x 1-array and 2W x 2W matrix, respec-
tively, defined as
PO =B o) (t,)X )] (18)
QY = [X“)X(”T} (19)

(1)

where ¢, is an arbitrary time reference. X;,’ is a 2W x 1-array
of past W samples and future W samples from the chip matched
filtered output of the m!” subcarrier of the first user, which can
be expressed as

xO" = [xﬁ)(ta + WT) D (t, +T.)

+D(t, = T.) wW(t, - WT)] . C0)

Let W, be a 1 x2W array representing the location index of the
filter taps such that
Wr=[WwW ... 1 - W]. 2D

The contributions from the UWB-signal, narrow-band interfer-
ence (NBI), and additive white Gaussian noise (AWGN) are in-
dependent, and the UWB multiple access signals and the noise

-1



TUNG AND WANG: MMSE RECEIVER FOR MULTICARRIER CDMA OVERLAY

signal have zero cross-correlation in time. The wth element of
PSL) can be written as

PO(w) = |20 ()XY (w)|
= B [o) (0)at)) (W ()]
“Re | E / P{™ (f)Hre(f)

x exp (j2r fW 1 (w)T.) df])

Similarly, the element at the w; th row and wth column of QSL)
can be written as

QL) (wy, wy)
= B| XD () XD ()|

— E[oll) (W) al)) (W)

(22)

oo

—Re|E / P (f)Hre(f)
] xexp (527 f [Wr(wy) =W (ws)]T:) df])
+5(WL(w1)—WL(w2))

x Re %Zo (LZL:ZIE[eXP ( ( ¢n1)z grll)r»
XQS?ZHJQQC(f)(H&T)(f))Q]

b tiost

k=21=1
~2nfAr®) |£Prﬂfff D)
ithe) (170) ] ) )
6 (Wr(w1) —Wi(ws))
«Re | T / Hre(f)df 23)

where §(z) stands for Dirac delta function. Aq&f:)l |,(71L)T denotes
the phase difference between the I/th path of the kth user and
the rth path of the first user, which is uniformly distributed over
[0,7) such that

(k) |(1)

¢ + o) — o) (24)

o
AT (k |(1,)T denotes the relative delay of the /th path of the kth
user w1th respect to the rth path of the first user, which is uni-
formly distributed over [0,7.), given by

= (- (7ot =)
=\Tm,

Arm) (1) ) _ ’
| Tm,'r Tc
2) Rake Structure for Data Recovery:

T.. (25)

In each subband, the
R-highest (R < L) power paths out of all resolvable paths are
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selected for decision making. Consider the mth subcarrier of
the first user, the batch of samples over one bit period to be
processed by the rt" correlator can be expressed in an N x 1
array form as

2, = [+ (rh + 1) o) (b, + )

(D) ('rfnly)r + NTC)}T

=8 il + )+, (26)

sgn)r is an array of samples from the first user’s rth propagation

path and its nth element is given by

O (n

\/ﬁ/ﬁ(” W (7B 4+ 0T =7+ 2)

X €08 ( ) h(m)()\)d)\. (27)

( ) is an array representing the multipath interference (MPI)
and multiple access interference (MAI). The nth element of the
array can be expressed as

i) (n )= x/ﬁZﬁ b <1>( W 4 nT,—

l;ér
X €08 (<I’(1) ) h(mz()\)

r+A)

—I-\/ﬁZZﬂ(k u(k)( (1 AnTe.— (,I:,)l—}-)\)
k=21=1
x cos (@0) hER(0) } dA (28)

where @ )l is equivalent to the effective phase shift due to
the random phase introduced at the transmltter and that from
channel distortion, i.e., CDSIC) = ﬂ(k + ngm

jg?r is an array denoting the NBI and its nth element takes

the form
Te

i () / o (7S04 0T +2)
0

ccos (2 fou ({0 + 0T+ 2) + 60) RER ()N 29)
ngn),« is an array of contribution from the channel noise, and its
nth element can be written as

T.

ni (n) = / n (i) 40+ 2)

0
0 w (T 0T+ X)) + 00 ) R (N)dA. (30)
-c S(27Tf ( () ) (1)) (m)( )

The bolded arrays are mutually independent from each another.
In this paper, the comparison of the performance of the MMSE
receiver and the receiver of notch filter in cascade with code cor-
relator is provided, and these two receiving strategies are pre-
sented in the following section.
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III. RECEIVING STRATEGIES
A. Notch Filter in Cascade With Code Correlator (NCC)

The use of notch filter at receiver for narrow-band inter-
ference suppression in addition to the processing gain of the
CDMA system has been described in [2] and [8], where the
transversal notch filter is inserted between the chip-matched
filter and the rake structure. In this paper, the notch filtering
is considered to be merged into the chip matching process.
It is similar to the modified chip shaping at the transmitting
end mentioned in the previous section. Since their taps are
adapted by the same information, the notch filter response at
the receiver should be the same as that at the transmitter. The
impulse response of the modified chip matched filter is given by

) = F D (DHex (). 6D
The samples are then correlated with the spreading code. Let

’ ’ . T
61(711?71 = [cgn ). cgn +A 1)] be the array of the synchronized

first user’s spreading code for the rth correlator of the mth sub-
carrier. The decision variable at the output of the correlator can
be written as

bL, = D) T2 (32)
The mean of the decision statistic takes the form
b 2
E [b;g{g} v =VPReE / (Hgm f)) Hpe(f)df
- (33)
and its variance can be expressed as
/(1 _ T () 1)
Var [bn(zZ] e = E [csn?,, (Im_’,ANCC + L nce
+N£}L3TNCC) cgﬂ . (34)
The bolded terms IS?TNCC, JS?TNCC and NS}I?TNCC are mutu-

ally independent N x N matrices and correspond to the auto-
correlations of the MPI/MAI, NBI, and AWGN, respectively.
Under random code assumption, IS?TNCC(nl,nQ) = 0 for
n1 # mo. The element on the diagoﬁal (n1 = n9) of matrix

I S)T nog has the value

IS?"‘NCC (nl ) n2)

= B[i),(n1) * i), (n2)]

0L
e\ 2| | ;QS?ZH§c<f>(H£6”><f>)4df

e
N /ZZ(Q% exp(j%fATrﬁz"")”g’)T)
oo k=21=1

s (1) )])
(35)

The element at nth row and noth column of matrices J. (1)

m,rNCC
and NV

myrnoe Can be expressed as

JSL?)TNCC(nl’ nz)

= B[540, (m) 30, (n)]

oo

—Re | E / (H‘(,;”)(ﬁ)2 P{™(f)Hre(f)
; exp (j2m fln1 — na|Te) df])

NO), - o(n1,ma)

= E [n),(n) + n{D), (n2)]

Re <E ['7 i (Hé’vn)(f))2
= —oo . (37)
x Hre (f)df]) forny =ns
0 for ny # ns

(36)

The average signal-to-(interference plus noise) ratio (SINR) of
the symbolic decision for the rth finger on the mth subcarrier of
the first user after being weighted by the estimated attenuation
factor takes the form

(1)
SINRxcc (b)) = 7 [b;”{’“}} — (/3S?T)QC,S{>,,NCC (38)

Var [b;,(qlzn

where the average SINR C,g,),,NCC, excluding the attenuation

(1)

factor O/, can be expressed as

1
Cmv)TNCC

P

E< I (H&")(f))ZHRc(f)df)]

— 00

1 5diag {10 et T o N Denc )]}

(39)

where > diag(z) stands for the sum of the diagonal elements
of matrix .

B. MMSE Adaptive Correlator

According to [5] and [12], the adaptive rake filtering makes
joint exploration of the path diversity in casual CDMA system
as well as the suppression of interference by the single user
linear MMSE filtering. The precombining approach allows
rapid adaptation to the channel condition. The structure of the
MMSE adaptive correlator is shown in Fig. 3(b). The casual
chip-matching is applied, and the impulse response of the chip
matched filter is given by

hg() = P~ {Hpx(£)} - (40)
The decision variable of the rth finger on the mth subcarrier of
the desired user is given by

bl =wd), 2, o
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where wﬁ?r represents the 1 XN array of tap weights of the

MMSE filter given by

wip), = [, (1)

The tap weights are determined by minimizing the mean-
squared error between the correlator output with the product of
the estimated attenuation factor ﬂ;,(}?)u power and the feedback
estimated data symbol b’ (@), which is equivalent to [5], [12]

WD) @

MSE = E Uwg;%gy — BVPYD ﬂ L))

To minimize (43), by Wiener’s solution, the tap weight array
can be expressed as

wd, = AV (20,aD,) el @)
The channel estimation and the feedback estimated data symbol
provide the steering force to adapt the spreading code. Perfect
channel estimation is assumed, i.e., 62(112 = [j}(ﬁ,),n. The deci-
sion statistic consists of the contribution from the desired signal,
MPI, MAI of the UWB system, narrow-band interference, and
noise. They are assumed to be independent of each other. The
mean and the variance of the decision variable of the rth finger
on the mth subcarrier of the desired user, conditioned on the
attenuation factor, are given by [12] (45) and (46) shown at
the bottom of the page. Similar to the analysis of the NCC re-
ceiver, Im PMMSE® Jﬁ}l?,nmlSE, and anl ravsp are indepen-
dent N x N matrices due to the autocorrelation function of the
signals corresponding to MPI/MAI, NBI, and channel noise, re-
spectively. Under random code assumptlon, the element at the

609
row and nyth column of matrices J{} sy and N MMSE
can be expressed as
5?1)7”1\11\4515(“1' n2)
= B[30,(n) 553, (n2)]
= Hel b / P{™ (f)Hpe(f)
x exp (527 flny — na|Te) df]) (48)

1
gn?rMMSE(nl’ n2)

= E[n), (n1) + nfl), (n2)]

Re (E

The SINR of the symbolic decision for the rth finger on the mth
subcarrier of the first user b;%lz- is

2 [b/(l)}

%O_ZHRC(f)de form=n> 49,

for Ty 7£ Mo

SINRmmsE (b;}l) =

}

(ﬁ(l) ) ¢ TMMSE

(50
where the average SINR Q(,% )TMMSE excluding the attenuation
factor ,8 » can be expressed as shown in (51) at the bottom of
the next page. The outputs of the correlators have been weighted
by their own channel attenuation factor inherently. The final es-
timated data symbol b'(!) is determined by the equal gain com-
bination of the outputs from all R branches of the adaptive rake
of all M subcarriers, which can be written as

n1th row and noth column of matrix Inll rasp Can be written p(b — Z Z by (52)
as shown in (47) at the bottom of the page. The element at n; th i mr
/(1) = (1) (m)
BlYO]  =VPBDE / H () Hre () | | (45)
Var [ = [ju®, 2D, - gvProf
MMSE
1
T oL (o (1) (1) T 40
E {c’” r (Im rMMSE T Jm ;T MMSE +No, TMMSE) Cm,r ]
LD s (15m2) = B (i), (1) +40), (n)|
co L 2
P S () (HD) df
T
_)Re|E e K L Qf:)l exp (j27rfAT< )lg)r) for ny = ny (47)
Hlrs| " R K
oo k2= \ - HE(f) (HEY ()

0, otherwise
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IV. PROBABILITY OF ERROR

The contributions from only the significant paths are consid-
ered under the path selective approach. In total, M - R contri-
butions are added together to provide the overall symbolic deci-
sion. It is shown that the average SINR of the decision statistic
is separable in terms of ﬂg)r and an independent component
7% ,)T, and therefore the conditional average bit error probability
can be written as

/Q PG

< (1)

1

L Jo({E S

m=1r=1
M. Rfolds

XP( (1) §12) MR)d51 dﬁf Z(&f)R (53)
where Q(z) is the Q-function and p(ﬂ 127---»/81\/1 r)

is the joint probability density function (pdf) of the attenua-
tion factors of the selected multipaths among the subbands.
The path selection is independent among the subbands, and

( 91) %12), . ﬂlg)R) can be expressed as the product of M
joint pdfs corresponding to each subband, as

ﬁ$§>==fip(ﬁnuﬂmzw-wﬂu))-

p (60,602, .

The joint pdf for the mth subcarrier p(ﬂ,(i 1s B(l
takes the form [6], [7]

(ﬁr(rlL)h &

B0) = g [P ()]

xfip(ﬂﬁi) (55)

=1

)

m,20

where 51(711)1 > @(wl)Q > .2 ﬂg,)R
expression. P( HS?R) is the probability distribution function of

the Nakagami variable. The derivative of the probability distri-
bution function is the pdf [9], [14]

is assumed in the above

xr

P(A0) = [ (o0n) o
0 ) i (ﬂu) ) )

Y (Ng)m
r (NEW)R)

(56)
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where y(a,b) and I'(a) are the lower incomplete gamma func-
tion and complete gamma function, respectively [15], given by

b
v(a,b) = /t“_le_tdt
0
I'(a :/
0

(57)

2 e %dx.

(58)

The M - R-folds integration of (53) is simplified as shown in
the following. Define ”y,(ﬁ) as the mean of the average SINR
excluding the attenuation factor for all selected paths for the mth
subband of the first user, which takes the form

1R
— (1)
LS,
r=1
The average bit error probability can be rewritten as

ref [ fo (| Z 5 )

m= 17‘ 1
M- Rfalde

M
X H p(ﬂ'r(i,)17ﬂ'r(i,)27 )
m=1

From [16], the Q-function Q(z) can be expressed as

/ Ve
/eXp <_2sin2(®)> '
0

(1)

7 = (59)

]M

Vr)d81dBY B (60)

(61)

into the above

VEM SR (B0

Substituting x

equation gives
M R ()
1
Q > (60
m=1 =1
M R
. z Z Z (1)T) ’V()
= —/exp m=1l=1 de
T 25in?(0)
0
L i 3<1>T NG
S exp —_— 0. (62)
Wb/?Ylnzlg 25in”%(0)

The order of integration can be changed and an inner decom-
position of the error probability equation can be taken place.
The integral is converted to a single integration on the product

0o 2

Srase =P | [ B O Hre (D) E[qzr

T MMSE

oo

-1
(1) (1) nT
+Jom TMMSE"'Nm ’“MMSE) cgn?r }
(1)

7w

m;TMMSE

=r /H‘(y)(f)HRc

— 00

2 . (1) (1)
(s {Z diag < [(Im TMMSE+Jm rvvse T

) D}

N (51
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of M independent (subcarrier) R-fold (multipath) integration,
yielding

T
el
o sl
7 (89.)" ¥
/ EeXp " 2sn%(0)
B \
xp ([37,1)1, 5D, ﬁS}R))
xd@hdsty . ds] } a0
gy Lo
Ry iR ey
0 o0 B,
Fla [ (80) %
_ \Prmer) 0
e TE[lexp 2 51112((13) p (ﬂm”’)
(P ()]
xdBOh B, - Bl ) de
1 M
i)
5 .
/ I1r /3511)1 ﬂmQ,...,aﬁifR) 40 (63)
J i

AW ) is the term related to mth sub-
carrier components expressed as

where R(ﬂ(l)l,ﬂ(l) e 7[37(71,)1%

R(ﬁg,)pﬂr(i,)zv---;ﬂs,)}a)
= [(7 ()"
0
o oo f g SO
: (ﬂﬁﬁ) Yrn
/ / 11_[1 25in%(0) P (ﬂg’)r)
Baln Bk
x dpShdp, . dp g
:/(P (ﬂy(;,)R))L_RR/ (/37(5,)12)
0
71{’ AN ). 712’ 8% 71%’ 8oL
X,g(;) ( ’ 1) s, A 1
x dpShdp, By B (64)
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([3(1 ) is a function of only ,[3(1 r as %(,P

within the R-fold integral R(/B 37,1)2,.
the form

and © are constant
. 3$)R), and has

m,1’

(B0,) 0

2 sinz(@) (63)

R (ﬂy(i,)r) =exp | —

p (ﬂﬁi,)r) .

With the assumption of the same fading parameter among the
multipaths, one obtains

i
R"(y /R’ Yda = dey( Y _ —R'(y).

(66)

Insert the above relations into (64) and iteratively the R-fold
integration can be reduced into a single integration with respect

to B\, such that [17]
(1) -
l
0

u«ﬁ»@%xw}

Therefore, the error probability can be written in the form of
triple-level integration

1 1 1
R (ﬂv(n,)lﬂv(n,)Z Tt 1(n)R -

dﬂfifR. (67)

7r

= (weriem) /_ 7 (%)

<R (8r) [R (85)r )}R 1dﬁm7R} do. (68)

V. NUMERICAL EXAMPLES

In this section, the impacts of various parameters on the pro-
posed system performance are illustrated. The following param-
eters are assumed unless explicitly specified: The number of sub-
carriers M = 8, the processing gain N = 32, the number of
active users K = 20, chip period T, = 2 ns, the rolloff factor of
the square-root raised-cosine filter « = 0.25, the number of taps
per side in the two-sided transversal filter W = 12, the number
of correlators per rake for each subcarrier R = 3, and the number
of paths per subband L = 10. The decay rate §, the fading figure
., and the power ratio v are taken as 107161, 3.5, and 1074, re-
spectively [10]. Error probabilities of MMSE and NCC receivers
are shown in most figures for performance comparison.

Fig. 4 shows the spectra of modified chip shape, corre-
sponding to two different narrow-band spectra locations:
¢m = 0 and ¢, = 0.4. It is assumed that J,/P = 40 dB,
P/n, = 10 dB, and p,,, = 0.025. It can be seen that in addition
to raised cosine shaping, narrow-band notching is created. The
most efficient notching appears when the narrow-band interfer-
ence is located at the center frequency of the UWB subband.
For ¢,,, # 0, the notching is created not only in the position of
narrow-band interference, but also in the symmetric location
about the origin. Partial clean spectrum has to be notched. This
is due to periodicity and the even function property of the fre-
quency response of the notch filter (3). Once the impact of the
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Fig. 4. Comparison of the baseband spectra of the notch filtered chip-shapes.
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Fig. 5. Probability of error versus the signal power to noise ratio P/1,.

UWRB signal on the narrow-band system is reduced, then it is
unnecessary to turn off the subbands overlaid on the established
services since it is too inefficient for spectrum utilization.

The performance curves of two receiving strategies against
P/n, are given in Fig. 5. Analytical and simulation results are
obtained under these conditions: .J,/P = 40 dB, P/n, =
10 dB, p», = 0.05, ¢, = 0, and the number of narrow-band
interferers M; = 4. The use of MMSE receiver can improve
the overlay system performance by about one order of magni-
tude. It is observed that the analytical results provide a tight
lower bound for the simulation ones. This is in accordance to
the assumptions of random spreading code, and the adoption of

10 ' ! T T T T T T T
1 — MMSE A

10 MU _
E x Mi=
o S
O .................
42‘ A Mi= R
£
]
ie) )
o ~ R

107} |

102 L S

0 5 10 15 20 25 30 35 40 45 50
J, /P (dB)

Fig. 6. Error probability as the function of jammer to signal power ratio J, / P.

average SINR excluding the attenuation factor for all selected
paths from the same subband in (59).

Fig. 6 shows error probabilities as a function of .J,,/ P for dif-
ferent number of narrow-band interferers (M; = 2, M; = 5
and M; = 7, respectively). The other system parameters are
set at P/n, = 10 dB, p,, = 0.025, and ¢,,, = 0. For a given
number of narrow-band interferers, the performance curve of
the NCC receiver has a typical S-shape representing three dif-
ferent phases as .J, /P increases. The degradation is slight at
first, then the error rate increases drastically and eventually the
curve levels off. These observations can be accounted for by
the fact that when .J,,/ P is small, the notch filter at the receiver
front-end provides sufficient attenuation to the narrow-band in-
terference. However, under strong narrow-band signal, the notch
introduced by the filter is too shallow for interference suppres-
sion. As J, /P further increases, the residual narrow-band inter-
ference continues to grow. The reliability of the decision statistic
from the polluted subband decreases rapidly. Eventually, the
contributions from the polluted subbands are no longer useful,
which is indicated by the flattened performance curve. In con-
trast, for the MMSE receiver, the increase of .J, /P only leads
to a moderate growth in error probability. In comparison to the
NCC receiver, the MMSE receiver is able to provide valid pro-
tection under very large .J,/P, and is robust to the number of
interferers which is typical for the UWB application scenario.

Fig. 7 illustrates the error probability as a function of the
number of active users K for .J,/P = 30 and 60 dB, respec-
tively. It is assumed that p,,, = 0.05, ¢,, = 0, M; = 3, and
P/n, = 5dB. It can be seen that for a given error probability, the
number of users supported by the UWB system is much affected
by J,/ P for the NCC receiver, but it is only a little dependent
on .J,/ P for the MMSE receiver. That is, the MMSE receiver
is more capable of suppressing strong narrow-band interference
than the NCC receiver. This is consistent with the findings from
Fig. 6.
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Fig. 7. BER against the number of active UWB system users /.

There is apparent performance difference between the MMSE
receiver and NCC receiver, and this can be explained by the in-
terference suppression and statistic combining mechanisms. For
an NCC receiver, the action of NBI rejection is driven by the ex-
istence of NBI itself. It is separated from the despreading pro-
cessing and the decision making. The NBI suppressions among
the subbands are independent. The notch filtering process solely
attempts to mitigate the bad effect of NBI but neglects other
types of interferences. The benefit of frequency diversity can
exercise only at the decision statistic combining. For an MMSE
receiver, the despreading merges into the adaptive filtering. In
addition, frequency diversity is involved in interference miti-
gation because the tap adaptation is based on the symbol de-
cision feedback. The ‘“clean” subbands not only contribute to
the overall symbol decision but also enhance the correctness of
the decision from the “polluted” subbands, in turn further im-
proving the reliability of the overall symbol decision. In other
words, an MMSE receiver allows effective utilization of diver-
sity from multicarrier transmission.

It is desired to seek for a balance point between the explo-
ration of multipath diversity and the receiver complexity. The
effect of the number of rake fingers per subcarrier R on the per-
formance of the MC-CDMA system is illustrated in Fig. 8 for
P/n, = 5 and 10 dB, respectively. It is assumed that .J,/P =
30 dB, p,, = 0.05, q,,, = 0, and M; = 3. It can be seen that
when the number of correlators R increases, the error proba-
bility decreases sharply at the beginning but becomes flat as
R approaches L. The marginal performance improvement di-
minishes for large R. This means that low complexity rake can
achieve acceptable performance, but the additional cost would
fall on the path selective circuitry.

Fig. 9 shows the error probability as a function of bandwidth
ratio of narrow-band system to UWB subband p,,. The cases
of J,/P = 30,45, and 60 dB, respectively, are chosen for
comparison. The remaining parameters are P/n, = 10 dB,
gm = 0, and M; = 3. The focus is placed on the NCC re-
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107 , ; . . . . . .
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Fig. 9. Probability of error versus the bandwidth ratio p,,.

ceiver first. When J,/P = 30 dB, an NCC receiver is effec-
tive to suppress narrow-band interference, so error probability
slightly increases when p,,, increases. When .J,/P = 45 dB,
the NCC receiver is marginally effective. Its ability to suppress
narrow-band interference steadily decreases when p,,, increases.
When J,/P = 60 dB, the error probability increases dramati-
cally, and the level-off curve indicates that the symbol decision
cannot rely on the contributions from the jammed subbands.
However, it can be seen that for the MMSE receiver, system
performance degrades slightly almost regardless of .J,/ P when
Pm increases for fixed M;.

In Fig. 10, error probability is plotted against the frequency
offset ratio of the narrow-band system from the subcar-
rier center when p,, = 0.025. The performance curves for
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Fig. 10. System performance as the frequency offset ratio ¢,,, varies.

J,/P = 30,,40, and 50 dB are shown. It can be seen that
the MMSE receiver provides more stable performance than
the NCC receiver as g,, varies. The performance curve of
NCC receiver follows the findings from Fig. 4. The error rate
rises gradually at first, then drops again when the narrow-band
system frequency location is moving away from the center of
the subband. This is because the most efficient notch is pro-
duced when ¢,,, = 0. When ¢, takes a nonzero value, partial
clean spectrum is notched. Transmitted power is reduced and
error rate increases. When g,,, further increases, less transmitted
power is dropped as the notch is introduced at the boundary of
the spectra of the chip shape.

VI. CONCLUSIONS

In this paper, performance expressions are obtained for the
MMSE and NCC receivers for the MC-CDMA overlay in
UWRB applications. Performance comparisons have been made
extensively between the MMSE and NCC receivers. Based on
the numerical results, the MMSE receiver is robust to combat
strong narrow-band interference, and to combat a large number
of narrow-band interferers. In addition, the MMSE receiver is
not as sensitive to the bandwidth and location of narrow-band
interferers as the NCC receiver. MMSE receiver is a more
suitable candidate than NCC receiver for signal detection.
However, the concept of notch filtering, which is originated
from NCC receiver, can be applied at a transmitter to reduce
the effect of overlaying UWB signals to established services.
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