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SUMMARY  Frequency-domain equalization (FDE) based on the min-
imum mean square error (MMSE) criterion can replace the conventional
rake combining while offering significantly improved bit error rate (BER)
performance for the downlink DS-CDMA in a frequency-selective fad-
ing channel. However, the presence of residual inter-chip-inference (ICI)
after FDE produces orthogonality distortion among the spreading codes
and the BER performance degrades as the level of multiplexing increases.
In this paper, we propose a joint MMSE frequency-domain equalization
(FDE) and ICI cancellation to improve the BER performance of the DS-
CDMA downlink. In the proposed scheme, the residual ICI replica in the
frequency-domain is generated and subtracted from each frequency compo-
nent of the received signal after MMSE-FDE. The MMSE weight at each
iteration is derived taking into account the residual ICI. The effect of the
proposed ICI cancellation scheme is confirmed by computer simulation.
key words: DS-CDMA, frequency-domain equalization, MMSE, ICI can-
cellation

1. Introduction

The wireless channel is composed of many propagation
paths with different time delays, producing frequency-
selective multipath fading [1]. Direct-sequence code divi-
sion multiple access (DS-CDMA) can exploit the channel
frequency-selectivity by the use of coherent rake combining
that resolves the propagation paths having different time de-
lays and coherently combines them to obtain the path diver-
sity gain [2]. Wideband DS-CDMA [3] has been adopted as
a wireless access technique in the 3rd generation (3G) mo-
bile communication systems for data transmissions of up to
a few Mbps. Recently, demands for broadband services in
mobile communication systems are becoming stronger and
stronger and a lot of research attention has been paid to the
development of the next generation mobile communication
systems that support much higher data rate services than 3G
(e.g., higher than a few tens of Mbps) [4]. However, the
bit error rate (BER) performance of DS-CDMA with coher-
ent rake combining may significantly degrade due to strong
inter-path interference (IPI). Hence, IPI cancellation tech-
niques have been studied for DS-CDMA rake receivers, e.g.,
[51,[6].

Recently, it has been shown [7]-[11] that frequency-
domain equalization (FDE) based on the minimum mean
square error (MMSE) criterion can replace the coherent rake
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combining while offering much improved BER performance
for the DS-CDMA signal reception over a severe frequency-
selective channel. In Ref.[7], MMSE-FDE is combined
with transmit/receive antenna diversity. MMSE-FDE is ap-
plied to multi-code CDMA and the transmission perfor-
mance with MMSE-FDE is compared with coherent rake
combining in Ref. [8]. In Ref. [9], the theoretical BER anal-
ysis of DS-CDMA with joint antenna diversity and FDE
is presented. The joint use of FDE and multi-access in-
terference (MAI) cancellation for the uplink is considered
in Ref.[10] and the downlink CDMA performance with
MMSE-FDE is evaluated in Ref. [11].

In this paper, we consider the orthogonal multicode
DS-CDMA downlink signal transmission, which requires
much higher rate transmission than the uplink as in high
speed downlink packet access (HSDPA) [12]. In orthogo-
nal multicode DS-CDMA, as many as SF users (or codes)
can be multiplexed, where SF denotes the spreading fac-
tor. Although MMSE-FDE improves the BER performance
compared to the coherent rake combining, the residual inter-
chip interference (ICI) present after MMSE-FDE distorts
the orthogonality among the spreading codes and the down-
link BER performance degrades as the code multiplexing or-
der increases. In this paper, we propose frequency-domain
ICI cancellation to suppress the residual ICI and improve
the BER performance of the DS-CDMA downlink signal
transmission with MMSE-FDE. In the proposed scheme, the
residual ICI replica in the frequency-domain is generated
and subtracted from each frequency component of the re-
ceived signal after MMSE-FDE. The MMSE weight at each
iteration is derived taking into account the residual ICI. The
effect of the frequency-domain ICI cancellation is evaluated
by computer simulation.

The remainder of this paper is organized as follows.
Sect. 2 presents a transmission system model. In Sect. 3,
frequency-domain ICI replica generation is presented. In
Sect. 4, the MMSE weight considering the residual ICI is
derived. In Sect.5, the achievable BER performance in a
frequency-selective Rayleigh fading channel is evaluated by
computer simulation and the effect of the proposed ICI can-
cellation is discussed. Section 6 offers some conclusions.

2. Transmission System Model
2.1 Overall Transmission System Model

The transmission system model for DS-CDMA with joint
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MMSE-FDE and ICI canceller is illustrated in Fig. 1. At the
base station transmitter, the uth user’s binary data sequence,
u =0~ (U - 1), is transformed into a data modulated sym-
bol sequence d,(n) and then spread by multiplying it with
an orthogonal spreading sequence c,(¢) of spreading factor
SF. The resultant U chip sequences are multiplexed and fur-
ther multiplied by a common scramble sequence cy () to
make the resultant multicode DS-CDMA signal like white-
noise. Then, the orthogonal multicode DS-CDMA signal is
divided into a sequence of blocks of N, chips each and then
the last N, chips of each block are copied as a cyclic prefix
and inserted into the guard interval (GI) at the beginning of
each block.

The Gl-inserted orthogonal multicode DS-CDMA sig-
nal is transmitted over a frequency-selective fading channel
and is received at a receiver. After the removal of the GI, the
received chip sequence is decomposed by N -point FFT into
N, subcarrier components (the terminology “subcarrier” is
used for explanation purpose only although subcarrier mod-
ulation is not used). MMSE-FDE is carried out, then, ICI
cancellation is performed in the frequency-domain. Inverse
FFT (IFFT) is applied to obtain the time-domain received
chip sequence for despreading and soft decision. A series of
MMSE-FDE, ICI cancellation, IFFT, despreading and soft
decision is repeated a sufficient number of times. Finally,
data-demodulation is carried out to obtain the received data.

2.2 Transmit and Receive Signals

Throughout this paper, chip-spaced time representation of
the transmitted signals is used. Without loss of generality,
a transmission of U data symbol sequences {d,(n); n = 0 ~
N./SF—1} is considered, where N, and SF are chosen so that
the value of N./SF becomes an integer. The spread signal
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chip sequence {3(7); t = =N, ~ N, — 1}, to be transmitted
after the GI insertion, for one block of N, + N, chips can be
expressed, using the equivalent lowpass representation, as

5(t) = \2E./T.s(t mod N..), (1)

where E, and T, denote the chip energy and the chip dura-
tion, respectively, and s(¢) is given by

U-1

s(1) = Zdu(Lt/SF Deu(t mod SF)| cser(t) 2)
u=0

with |c,(?)| = |cser(®)] = 1 fort = 0 ~ (N, — 1), where | x]
represents the largest integer smaller than or equal to x.

The propagation channel is assumed to be a frequency-
selective block fading channel having chip-spaced L discrete
paths, each subjected to independent fading. The assump-
tion of block fading means that the path gains remain con-
stant over at least one block duration. The impulse response
h(?) of a multipath channel can be expressed as [13]

L-1

h(ty =" (e =), (3)

=0

where h; and 7; are the complex-valued path gain and time
delay of the /th path (/ = 0 ~ L — 1), respectively, with

L-1
ST E[l*] = 1 (E[.] denotes the ensemble average opera-
=0

tion). We assume that the maximum time delay is shorter
than the GI length (i.e., 7.-; < Ny). The received chip se-
quence {r(?); t = =N, ~ N. — 1} can be expressed as

L-1

r) = > (e = 1) + (o), @)
=0

where n(f) is a zero-mean complex Gaussian process with a
variance of 2Ny/T, with Ny being the single-sided power
spectrum density of the additive white Gaussian noise
(AWGN) process.

2.3 MMSE-FDE and ICI Cancellation

A joint MMSE-FDE and ICI cancellation is repeated in an
iterative fashion. Below, the ith iteration is described.

After the removal of the GI from the received chip se-
quence r(t), N.-point FFT is applied to decompose {r(¢);
t = 0 ~ N, — 1} into N, subcarrier components {R(k);
k = 0 ~ N. — 1}. The kth subcarrier component R(k) can
be written as

N.~1

RK) = Y rnyexp (— jznki)
=0 Ne
= H(K)S (k) + TI(K), )

where S (k), H(k) and I1(k) are the kth subcarrier component
of the transmitted signal sequence {s(f); t = 0 ~ N, — 1} of
N, chips, the channel gain and the noise component due to
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the AWGN, respectively. They are given by

N1

S(k) = Z s(1) exp (— jznkNic)

H(k) = 1/ Zhlexp( j2nk— ) . (©6)

TI(k) = Z 1(t) exp (— j27rkﬁ)

=0
MMSE-FDE is carried out as follows:

RO(k) = w?(k)R(k)

= S(OAY (k) + 1V (k) (7

with
Dky = w(k)H (k) g
k) = w?(k)I(k) ®)

where w?(k) is the equalization weight at the ith iteration
and A9 (k) and T1?(k) are the equivalent channel gain and
the noise component, after performing MMSE-FDE at the
ith iteration, respectively. The equalization weight is derived
in Sect. 4.

The time-domain representation of the signal after
MMSE-FDE can be given by

1A k
M) = — RO (k) ex ( 27rt—)
) L% (k) exp| j2mt
= ADs) + 100 + 77, ©)
where
(1) H(l)(k)
- t-T
() = Z AP k) Z s(T) exp ( ]zﬂ'kT)
k=0 #t
. 1 -
A1) = Z 19(k) exp ( j2nk— )
‘ k=0

(10)

The first term of Eq. (9) is the desired signal, the second
is the residual ICI and the third is the noise. The resid-
ual ICI () after MMSE-FDE distorts the orthogonality
among the users. The frequency-domain representation of
the residual ICI y?(¢) is given from Eq. (10) by

N.—1
MO k) = Z w1t exp( jzﬂkN)
t=0
= (A% - AV} s (k). (11)

ICI cancellation is performed on RO(k) in the
frequency-domain as

ROk = RO (k) — MY (k), (12)
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where M?(k) is the residual ICI replica, given, from
Eq. (11), by [14]

P 0 for i=0 (13)
A0 - 40} S D) for i>0°

where S =1 (k) is the kth frequency component of the trans-
mitted chip replica, which is generated by feeding back the
(i—1)th ICI cancellation result. After the residual ICI cancel-
lation, N -point IFFT is applied to transform the frequency-
domain signal {R?(k); k = 0 ~ N, — 1} into time-domain
chip sequence {#7(¢); t = 0 ~ N, — 1} and then despread-
ing is carried out on #(¢) to obtaln the decision variable for
d,(n) as

(n+1)SF-1

Z FO()ci(t mod SF)Ct, (1),  (14)
t=nSF

dPn) = —

which is the soft decision variable associated with d,(n) after
the ith iteration.

3. ICI Replica Generation

In this section, we consider the i(>1)th iteration. ICI replica
generation for the ith iteration is presented.

The soft decision Variable is used to generate the
replica {3V"V(1); t = 0 ~ — 1} of the transmitted chip
sequence so as to avoid the error propagation due to the er-
roneous decision variable.

Using the soft decision variable 31(;'71) (n) associated
with d,(n), the log-likelihood ratio (LLR) for the xth bit
in the nth symbol d,(n) n = 0 ~ N./SF — 1), where
x =0 ~ log, K — 1 and K is the modulation level, can be
computed as [15]

. Dy =1
L9V (n) = ln(p‘ (b ))

p(l_l)(bn,x = O)
AL . . 2
i) — AV
- 262

e ) 2
i) — v,

252 (13)

where p~D(b,, = 1) and p~V(b,, = 0) are the probabil-
ities of the transmitted bit b, , being b, , = 1 and b, , = 0,
respectively, when expected at the (i — 1)th iteration. dzm“_o
(or dm‘“ _,) is the most probable symbol that gives the mini-
mum Euchdean distance from c?f,’ l)(n) among all candidate
symbols with b, = 0 (or 1). 26 is the variance of the noise
plus residual ICI and is given by Appendix A

Ne—1
ZMIZHWM2
Az_ 1 N, =0
{ Z |H(1 1)(k)|2 |A(1 1)| }
(16)
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where p® will be derived in Sect. 4.
The soft decision symbol &' (n), n = 0 ~ N./SF — 1,
can be obtained using [16]

dim =" d [ ] P u, (17)
deD b, .ed

where d represents the candidate symbol having b, , = 0
or b,, = 1 in the symbol set D and p("‘l)(bn,x = 0) and
p=D(b,. = 1) are given, from Eq. (15), by

1 [Lﬂj“)(n)) .

P (b, =0) = —5 tanh | =—

Lim), 1
2 2

(18)

, 1
p(’_l)(bn,x =1)= 5 tanh(

since p (b, = 1)+ pi (b, =0) = 1.

Jf,i_l)(n) of Eq. (17) is the expectation of the transmit-
ted symbol, and it is used as a soft decision symbol replica
as in [16]. For QPSK data modulation and 16-quadrature
amplitude modulation (16QAM), c?f,i_l)(n) becomes (see Ap-
pendix B)

» 1 Ly "m) 1 L )
di™V(n) = — tanh | = +j——= tanh| —
u NG 2 J V2 2
for QPSK

i-1) -1)
N Ly V() L' V()
d, " (n) = Ny tanh > 2+tanh >

L(i—l) L(Fl)
+j \/11_0 tanh( 2 3 (n)){2+tanh[ 3 3 (n))}

for l6QAM

19)

The replica {§"V(¢);¢ = 0 ~ N, — 1} of the transmitted chip
sequence s(7) is generated as

U-1
5D = dej-“ (Lt/SF)) cu(t mod SF)| ¢ ur(t).

u=0

(20)

Then, N -point FFT is applied to decompose the replica
5=D(¢) into N, subcarrier components {SD(k); k = 0 ~
(Ne=1)} as
Ne-1 ;
SV = » 3 P@yex (— '2nk—). (21)
ZO p|-s2rk
Substituting Eq. (21) into Eq. (13), we obtain the frequency-
domain ICI replica M (k).

4. MMSE Weight Derivation

At the first iteration (i = 0), MMSE-FDE is performed be-
fore the ICI cancellation and therefore, the MMSE weight
given in [8], [9] is used. However, the residual ICI is sup-
pressed after ICI cancellation and therefore, the MMSE
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weight needs to be updated in each iteration (i > 0). In this
paper, the MMSE weight, taking into account the residual
ICI M9 (k), is derived at each iteration. To derive the MMSE
weight, we define the equalization error e(k) between the
frequency component {R”(k); k = 0 ~ N, — 1} after the
ICI cancellation and the transmitted frequency component
{Sk); k=0~ N, —1} as
e(k) = RV (k) — AVS (k)
= (w0 HK) - APHS (k) = SV} + w (oT(k),
(22)
where ADS(k) is used as a reference signal since
E[RD(*k)] = AYS(k) (the residual ICI is assumed to
have zero-mean value). w®(k) is the weight that min-
imizes the MSE E[le(k)?] for the given H(k), i.e.,
OE[le(k)1/ 0w (k) = 0.
Since I(k) is a zero-mean complex Gaussian process
with variance 20 (= 2NgN,./T,), E[le(k)|*] is given by

Elle(0)P] = p [w® R H(K) = AV + 202 [u® k),

(23)
where
PV = E|lsto - 50aof|
N.-1 ; 2
=E Z {s(t) - s“‘—”(t)} exp(— j2nk—)
=0 Ne
N.—1
= > E|lso-50af . (24)
=0

50D(r) is obtained by spreading d' "(n) as in Eq.(20),
where Jff‘l) (n) is the expectation of d, (n) at the (i — 1)th iter-
ation (i.e., c?f,i_l)(n) = E[d,(n)]) as shown in Eq. (17). Since
§0=D(¢) is the expectation of s(¢) at the (i— 1)th iteration (i.e.,
§@=D(t) = E[s(1)] at the (i — 1)th iteration), Eq. (24) can be
rewritten as
N—1
P = S HE[Is0P] - 15 o). (25)
=0
In Eq. (25), s(¢) is unknown. Therefore, we remove the ex-
pectation operation from E [|s(t)|2] and replace s(r) by the
hard decision chip sequence replica 5¢~V(f). Replacing s(f)
in Eq. (25) by 5¢~1(1), we have
N.-1
20D~ Z {if(i_l)(t)r _ |§(i—1)(t)|2}_ (26)
=0
5@=D(1) is generated as follows. The tentative data decision
is performed on c?,(j_l)(n) of Eq. (14) to obtain the hard de-
cision symbol replica J,f_l)(n). Then, re-spreading and re-
scrambling are applied to d%"(n) to obtain
U-1
D diD (14/SF ]) cult mod SF)
u=0

5071)0) = Cer(D).

27
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The following MMSE weight is obtained (see Ap-
pendix C):
H* (k)
PVIHE)? + 202

w?(k) = (28)

where pCD = 1.
5. Computer Simulation

The simulation parameters are summarized in Table 1. We
assume QPSK data modulation and 16QAM, an FFT block
size of N, = 256 chips and a GI of N, = 32 chips. The chan-
nel is assumed to be a frequency-selective block Rayleigh
fading channel having a chip-spaced L-path uniform power
delay profile (i.e., E[|ly|*] = 1/L for all I). Perfect chip tim-
ing and ideal channel estimation are assumed.

The simulated BER performance of frequency-domain
ICI cancellation is plotted in Fig.2 for SF = U = 1 as a
function of the average received bit energy-to-AWGN noise
power spectrum density ratio E,/Ny, defined as E,/Ny =
(1/1og, K)SF(E./No)(1 + Ny/N,). For comparison, the the-
oretical lowerbound [9] and the BER performance of i = 4
using p optimized by computer simulation at each iteration
[14] are also plotted. In [14], the computer-optimized p
were found by computer simulation as p(o) =1, p(l) =0.2,
p? =0.1, p® = 0.05 and p® = 0 for QPSK and p©@ = 1,
oV =015, p? = 0.1, p» = 0.05 and p* = 0.05 for
16QAM. The BER performance with i = O corresponds to
the case of MMSE-FDE without ICI cancellation. It can be
seen from Fig. 2 that the proposed ICI cancellation can sig-
nificantly improve the BER performance and achieve almost
the same BER performance as the ICI cancellation using the
computer-optimized p. When i = 1 and 3, the E;/Ny re-
duction for BER = 10~ from the case without ICI cancella-
tion is as much as 4 and 4.9 dB, respectively, for QPSK and
the BER performance of i = 3 gets close to the theoretical
lowerbound by about 1.9 dB (including a 0.5 dB loss due to
the GI insertion). There may be two reasons for this per-
formance gap of 1.9dB. (1) The computer-optimized p is

Table1 Simulation parameters.
Modulation QPSK, 16QAM
Numbe.r of FFT N =256
points ¢
Transmitter Gl N =32(chip)
Product of Walsh
Spreading sequence sequence and PN
sequence
Spreading factor SF=1~64
. Frequency-selective
Fading block Rayleigh fading
Channel P
=16-path uniform
Power delay profile power delay profile
Receiver Channel estimation Ideal
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optimum only in the average sense; it is optimized by tak-
ing into account all the channel conditions. Hence, p” is
not necessarily optimum for a certain fading channel con-
dition. (2) As can be seen from Eq. (9), A? of the desired
signal A s(¢) after MMSE-FDE is equivalent to the channel
gain of a frequency-non selective channel. Since A® is the
average of N, different equivalent channel gains, the proba-
bility that A”) drops (or fades) is very low. However, once
A drops, many symbols in a block are likely to be detected
in error; this degrades the accuracy of the symbol replica
generation and hence the ICI cancellation can not perform

1LE-01 ¢
—— Proposed scheme
——— p") obtained by
computer simulation [14]
LE-02 F (=4
QPSK
P L=16
m Lower SF=1
$ LE-03 b bound T
S i ‘ Without
< ICI canceller
Number of iteration
1.E-04 | % i=0
F . X
a2
S 3
1.E-05
0 5 10 15 20
Average received £, /N o (dB)
(a) QPSK
LE-01 —=
F —— Proposed scheme
- == p(')obtained by
’ computer simulation [14]
(i=4)
1LE-02
[ 16QAM
L =16, a=0dB
5 | SF=1
@ Lower
2 LE-03 £ pound — Without
o r : ICI canceller
<
| Number of iteration
LE-04 £ [y ;=0 ’
F . )
a2
o 3
1.E-05 BE—
5 10 15 20 25
Average received £ , /N ¢ (dB)

(b) 16QAM

Fig.2  BER performance with frequency-domain ICI cancellation with
MMSE-FDE for SF = U = 1.
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Fig.3 BER performance with frequency-domain ICI cancellation with
MMSE-FDE for SF = 16.

satisfactorily.

For 16QAM (see Fig. 2(b)), the Euclidean distance be-
tween different symbols is shorter and hence, decision er-
ror due to the residual ICI is more likely than for QPSK.
ICI cancellation is found to be very effective to improve the
BER performance even for l6QAM. An E;, /Ny reduction of
as much as 5.4 dB can be achieved for BER = 1074,

The BER performance for the case of SF' = 16 is plot-
ted in Fig. 3 with U as a parameter. When U = 1, the BER
performance is better for SF = 16 than for SF = 1 (com-
pare Figs. 2 and 3) since the residual ICI can be better sup-
pressed by the despreading process. When U = 1, both for

IEICE TRANS. COMMUN., VOL.E89-B, NO.12 DECEMBER 2006
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h ICI cancellation
with 3 iterations
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Fig.4 BER performance of multicode transmission for the same data
rate.

QPSK and 16QAM, the BER performance approaches the
theoretical lowerbound by about 0.5 dB. As U increases, the
BER performance degrades for the no ICI cancellation case.
This is because a severe orthogonality distortion is caused
by the residual ICI. The use of ICI cancellation can improve
the BER performance. When U = 16, the E, /N, reduction
from the no ICI cancellation case is as much as 6.9 (8.3) dB
for QPSK (16QAM).

The BER performance of multicode DS-CDMA with
frequency-domain ICI cancellation of 3 iterations is plotted
for the same data rate (i.e., for the same U/SF) in Fig. 4 with
SF as a parameter for SF = U. Almost the same BER per-
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1.E+00
MMSE-FDE { w/ ICI cancellation
[ S w/o ICI cancellation
1.E-01 *z*‘*“*"‘*iii ii
Eé LE-02 F Rake combining
= [ N
h
s QPSK
L
> - E N.=
z 1.E-03 g N =256
SF=U=16
x L=
1.E-04 3
1.E-05 &
0 5 10 15 20 25

Average received £ , /N ( (dB)

Fig.5  Effect of channel frequency-selectivity.

formance is obtained when SF > 4 and is better than the
SF = 1 case (non spread transmission). The reason for this
is that the residual ICI after the ICI cancellation can be sup-
pressed by the despreading process for SF > 4, however,
this is not the case when SF = 1. When SF > 4, an E, /Ny
reduction of about 1 dB from the SF = 1 case is observed
for both QPSK and 16QAM. However, note that the mul-
ticode DS-CDMA signal has larger peak-to-average power
ratio (PAPR) although it gives better BER performance than
SC transmission (i.e., SF = 1).

The extent to which the BER performance is improved
depends on the channel frequency-selectivity (the channel
frequency-selectivity gets stronger as the number L of paths
increases). The simulated BER performance using ICI can-
cellation is plotted in Fig. 5 with L as a parameter for QPSK
data modulation and SF = U = 16. For comparison, the
BER performances without ICI cancellation and using rake
combining are also plotted. With MMSE-FDE, as L in-
creases, the BER performance improves since larger fre-
quency diversity gain can be obtained. However, with rake
combining, the BER performance gets worse as L increases.
This is because of severer orthogonality distortion among
the codes due to larger ICI. When L = 1, the BER perfor-
mance is the same as without ICI cancellation since the ICI
is not present (the performance degradation of 0.5 dB from
rake combining is owing to the loss due to the GI insertion).
When L > 2, ICI cancellation can significantly improve the
BER performance. Even when L = 2, an E}, /N, reduction
of 3 dB is achieved for BER = 1074,

6. Conclusion
In this paper, we proposed a joint frequency-domain ICI

cancellation and MMSE-FDE. The MMSE weight taking
into account the residual ICI was derived. The BER perfor-
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mance with the proposed ICI cancellation was evaluated by
computer simulation. It was found that, when SF = U = 16,
the E; /Ny reduction for achieving BER = 10~ from the no
cancellation case is as much as about 6.9 (8.3) dB for QPSK
(16QAM). The performance comparison between the mul-
ticode DS-CDMA and the non spread signal transmission
have shown that multicode DS-CDMA (i.e., SF > 4) pro-
vides better BER performance than the non spread signal
transmission. In this paper, we assumed ideal channel esti-
mation and have shown how close the proposed ICI cancel-
lation brings a BER performance to the theoretical lower-
bound. The impact of the channel estimation error on the
ICI cancellation is left for a future work.
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Appendix A: Derivation of 62

The residual ICI j1(n) and the noise component 77(n) after the
despreading of the ith iteration are given by

(n+1)SF-1
an) = - (1)
SF t=nSF
1 N.—
_ (D) (i) (i-1)
><N’ {H (k)= APHS (k) - $ (k)}exp(j27rkN)
1 (n+1)SF-1 N.—1
ii(n) = SENC ;ns; c(t)kZ;H(k)exp(jznk ) (A-1)

Since the spreading sequence c(f) is like white-noise,
E[c(t)c*(1)] = 6(t — 1), and hence, the variance of fi(n) is
given by

1)SF-1 N.—1 N.—-1
, 11 1™

Tl = 5=
T 2SF2N? =nSF k=0 k'=0
{AO(R) = ACH{S (k) = § V() }

% {ﬁ(i)*(k') _ A(i)*} {S*(k,) _ S'(i—l)*(k/)}

X exp ( ok - k’)Ni), (A-2)

The residual ICI {AO (k) - A0
{S(k) - “‘”(k)} at the kth frequency is assumed to be a
zero-mean random variable. Hence, we have

component

N.—1
, 111

7Ic = 3 SFN? Z

2 [HCEMCTRE
(A-3)

Since pi~V = E [|S(k) - §<i—l>(k)|2] from the definition in
Eq. (24),

N.—1
1 0 A0 2 12
HO()| +]A®
g ]NC;I (ol + 1A
Orcr = ZSFN (=0 B 1 N.—1
—2Re|— Z AD(k)AD
N,
k=0
(A-4)
) N—1
Since AV = & ¥ H?(k), we obtain
¢ k=0
N.—1
0_2 1 1 1 (i-1) 1 2_|A(i)|2
€17 2SFN, Ne &
(A-5)

Next, the variance of #j(n) is given by
| DSP=1 Ne=l Ne

Troise = SFZ o2 Z |f1cor &)

¢ t=nSF k=0 k'=

X exp (j27r(k - k/)ﬁ) . (A-6)

c
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Since II(k) is a zero-mean complex Gaussian process with
variance 202 (= 2NyN,/T,), I1(k) is also a zero-mean vari-
able, and hence, we have

, LN (1S op
T noise = ET_C [ﬁc kZ:;‘ |w (k)l ] (A-7)
From Egs. (A-5) and (A7), 26 is given by
267 = 2030, + 26721, (A-8)

Appendix B: Soft Decision Symbol Replica ij_l) (n)

For QPSK, Eq. (17) is written as

40 = (4 p oo = 101 = 1)
o5 -+ \F)p(bno 0)p (bur = 1)
. (-i\f - j\—r)p(bn,o = 0)p(bu = 0)
(jr I)p(bno 1) p (b = 0).

(A-9)

Substituting Eq. (18) into Eq. (A-9) gives

L L
tanh( 02('1))+]%t h( 12(’1)).

di " = —
(A-10)
For 16QAM, Eq. (17) is written as

3 3
—+]—)P(bno—1)l7(bnl— Dz = Dplbas=1)

[y

.]— )4 n() = l)p(bn,] = l)p(bn,Z = 1)17(1711,3 :O)

p(bnO - l)p(bn 1= l)p(bn 2 _0)p(bn 3= 1)
(A-11)

(

[

+(— J—)p 20= (bt = Dp(b2 =0)p(bas =0)
)

Substituting of Eq. (18) into Eq. (A-11) gives

= \/% tanh (@) {2 + tanh (le(n))}

+ j\/% tanh (Lzz(n)) {2 + tanh (L32(n) )} .
(A-12)
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Appendix C: Derivation of MMSE Weight

Let w?(k), H(k) and A® be

w?(k) = xi + jyk

H(k) = u + jue (A-13)
AD =g+ jb
Using Eq. (A-13), Eq. (23) can be rewritten as
Elle()P] = p" (o — yaox — @)°
+pY Coeor + g — b)?
+207 (x; + 7). (A-14)

w?(k) is the weight that minimizes the mean square error
E[le(k)[*] for the given H(k), i.e.,

OEllethF) _ 9ELeF] | OElle®IF]

- = 0. (A-15
owD (k) Oxy Oy ( )

AE[le(k)|*1/dx; and OE[|e(k)|*]/dy; are respectively given
by

OE[le(k)] i
Tom 20 Py oy, — yrve — a)
X
+ Zp(’;l)vk (XU + Yruy — b) + 40'2xk
OE[le(k)] .
o =20 Vo (e — yeo — a)
Yk
+ Zp(i’l)uk (xpvx + yruy — b) + 40'2y1<

(A-16)
Hence, we have

OEllel’] _ OElle)] | IElle(0)’]

Ao (k) Bk oy
= 20w (k) [H(B)P - 20 VAP H* (k)
+ 402w (k). (A-17)

From 9E[|e(k)[*]/0w® (k) = 0, we have

w (k) = H®) (A-18)

PV H K + 202
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