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Abstract

It is known that MC-CDMA systems suffer from multiaccesseniérence (MAI) when the channel is
frequency-selective fading. In this paper, we propose aaleuid-Walsh code based MC-CDMA system
that achieves zero MAI over frequency-selective fadingncleh In particular, we will use appropriately
chosen subsets of Hadamard-Walsh code as codewords. Fdtipathuchannel of lengtii., we partition
a Hadamard-Walsh code of si2é into G subsets, wheré&' is a power of 2 withG > L. We will show
that the N/G codewords in any of thé& subsets yields an MAI-free system. That is, the number of
MAI-free users for each codeword subsetNgG. Furthermore, the system has the additional advantage
that it is robust to carrier frequency offset (CFO) in a npdth environment. It is also shown that the
MAI-free property allows us to estimate the channel of easér separately and the system can perform
channel estimation much more easily. Owing to the MAI-freeperty, every user can enjoy a channel
diversity gain of ordell. to improve the bit error performance. Finally, we discus®decpriority scheme
for a heavily-loaded system. Simulation results are giveddmonstrate the advantages of the proposed

code and code priority schemes.

Index Terms—interference free, MAI-free, MC-CDMA, MAI-free, HadamaWlalsh code, LAS code, carrier fre-

guency offset (CFO), multiuser detection (MUD).

I. INTRODUCTION

Multiaccess interference (MAI) or multiuser interferen@dUl) is a major impairment that limits

the performance of Code Division Multiple Access (CDMA)sbd systems. In a synchronous CDMA
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(S-CDMA) system where user’s timing is aligned within a fraotof a chip-time interval, MAI can
be reduced via the use of orthogonal codewords [21]. S-CDMA lz&a used in downlink transmission
in large cells such as those for the digital cellular 1S-95hdéad and in both downlink and uplink
transmissions in micro cells such as those for the persmrahwnication services (PCS) system [21].
However, orthogonality of these codewords could be destiay a multipath environment. For downlink
transmission in large cells, the multipath length is oftenger than the duration of several chips and
the induced MAI will limit the system performance. Even in noicells, the multipath effect could be
serious in an urban area [18]. Multiuser detection (MUD)][86 related signal processing techniques
have been developed to mitigate MAI. However, their comipfeis usually high and this imposes a
computational burden on the receiver. Moreover, the chHanfiemation is needed for the application
of the MUD scheme so that effective channel estimation paygssential role in the system [23].

Recently, multicarrier CDMA (MC-CDMA) has been proposedaagromising multiaccess technique.
MC-CDMA systems can be divided into two types [10]. For thetfigpe, one symbol is transmitted per
time slot. The input symbol is spread into several chips, Whie then allocated to different subchannels.
The number of subchannels is equal to the number of chips 28], For the second type, a vector of
symbols is formed via the serial-to-parallel conversiomg @ach symbol is spread into several chips.
The chips corresponding to the same symbol are allocatedetsaime subchannel [13], which is often
called MC-DS CDMA. When compared with conventional CDMAtgyes, MC-CDMA can combat inter-
symbol-interference (ISI) more effectively. Moreover, frequency diversity gain can be fully exploited if
the maximum ratio combing (MRC) technique [10], [18] is us#dhe receiver in MC-CDMA systems.
Despite the above advantages, the performance of MC-CDM#es)s is still limited by MAI in a
multipath environment. Even though MAI can be reduced by MWB][and other signal processing
[10] technigues, the diversity gain provided by multipatiacnels could be sacrificed since the received
chips are no longer optimally combined under MRC. Furtheenohannel status information is needed
for MRC and MUD. In a multi-user environment, multiuser chahestimation is more complicated
and its accuracy degrades as the number of users increagesvfiich will in turn degrade the system
performance.

In this work, we approach the MAI reduction problem for MC-RIB systems from another angle.
That is, we investigate a novel way to select a set of “goodéaging codes so as to completely eliminate
the MAI effect while keeping the transceiver structure dengnd the computational burden low. Some
earlier work has been done along this direction. For comyeat CDMA systems, Scaglionet al. [19]

used a code to reduce MAI in a multipath environment. Howesiace the performance curves in [19]
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have a slope similar to the OFDMA (orthogonal frequency divismultiple access) system, this code
design does not offer a full diversity gain. Oppermaatral. [16] examined several code sequences and
selected some codewords to reduce MAI by experiments with theoretical explanation of the MAI
reduction performance. Chest al. [5] proposed a code scheme based on the complementary code to
achieve an MAIl-free CDMA system in a flat fading channel. Eveoutih the number of supportable
users is much less than the codeword length, this schemeateeva higher spectrum efficiency than
conventional CDMA system with a successive transmittimgcsture. In a multipath environment, this
scheme is no longer MAI-free, and a recursive receiver ttrads demanded for symbol detection. A
large area synchronized (LAS) code was proposed by LinkAir and examined in [22] to design a
code that has an area with zero off-peak autocorrelatiorzanal crosscorrelation for CDMA. This code
scheme has zero ISl and MAI in a multipath environment. The rarmolb supportable users to achieve
ISI- and MAI-free conditions depends on the multipath lengthe LAS code is generalized to MC-DS-
CDMA systems in [26]. As for MC-CDMA systems, Shi and Latva-4dR0] proposed a code scheme for
downlink MC-CDMA with little theoretical analysis. Moreey, this scheme is not optimal in minimizing
the bit error probability in both uplink and downlink diréams. Caiet al. [4] proposed a group-orthogonal
(GO-) MC-CDMA scheme. By assigning only one user to each gyrthis scheme can be MAI-free and
with a maximum channel diversity gain. Moreover, in a healbhded situation, the required computation
for MUD to achieve the MAI-free property is small. However,a CFO environment which causes MAI,
relatively complicated multiuser CFO estimation methodgls demanded to estimate every user’s CFO.
In this work, a code design based on Hadamard-Walsh codemmoged to achieve the MAI-free
property in a synchronous MC-CDMA system [8], [27]. To be ma@pecific, letN and L denote,
respectively, the spreading factor and the multipath lenghe N = 2" Hadamard-Walsh codewords
are partitioned judiciously inté- subsets, wheré&' = 2"s with ng > n, > 1 andG > L. Then we can
obtain an MAI-free system and each user can fully exploitdiversity gain provided by the multipath
channel using any subset of codewords in frequency-seéectiannels. The number of supportable MAI-
free users in each codeword subseiVigG. It is worthwhile to point out that, under the same multipath
length . and DFT/IDFT sizeN, the number of supportable MAI-free users in GO-MC-CDMA [4]
is exactly the same as the proposed code scheme. Using thesp code scheme, we also show
a procedure to estimate the channel information for indialdusers under an MAI-free environment.
Moreover, we consider the performance of the proposed oduen®e in a carrier frequency offset (CFO)
environment. It is shown that the proposed code scheme carteghe CFO-induced MAI effect to a

negligible amount under an interested CFO level. Some codBaean even achieve MAI-free in a CFO
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environment. Furthermore we study the relationship betwikermultipath lengthl, and the number of
allowed users to maintain the MAI-free property and the flillersity gain with the proposed code.
Finally, a code priority scheme is presented for a heavihdéd system.

The rest of this paper is organized as follows. The system migdgtesented in Sec. Il. The MAI
effect and the code scheme to achieve an MAI-free systemiscassed in Sec. lll. Using the proposed
code design, we discuss an effective way to estimate thenehatatus under an MAI-free environment in
Sec. IV. Then, we examine the performance of the proposed abdere in the presence of CFO in Sec.
V. Simulation results are provided in Sec. VI to corroboratalgital results. Practical considerations
about the relationship between the multipath length andntiveber of users to maintain the MAI-free
property and the full diversity gain with respect to the pepd code is discussed in Sec. VII. Finally,

concluding remarks are given in Sec. VIII.

II. SYSTEM MODEL

The block diagram of the MC-CDMA system in uplink directiomofin the mobile station to the base
station) is shown in Fig. 1, where the signal path demonstatEgnal transmitted by useand detected
by useri. Note that the analysis is conducted in the uplink directiecause it is a more general case,
where the channel fading of individual users are differ@dawever, the analytical results can be adapted
to the downlink direction as well. To obtain the analysis fiee downlink direction, we can simply set
the channel fading of every user to be the same.) At each tiotetise input is a data symbol. Suppose
that there arél’ users. Let the symbol from usérbe z;. In the first stageg; is spread byN chips to
form an N x 1 vector, denoted by,. Let thekth element ofy; be y;[k]. The relation betweep;[k] and
x; is given by

yilk] = wilklx;, 0<k <N -1, (1)

wherew;[k] is the kth element of theth orthogonal code. Note that we consider the short codeasicen
here, where the spreading code for a target user is the samanyotime slot. After spreadingy; is
passed through th& x N IDFT matrix. Then, the output is parallel-to-serial (P/S) coteg and the
cyclic prefix (CP) of lengthl, — 1 is added to combat the inter-symbol-interference (ISl), neHeis the
considered maximum delay spread.

At the receiver side, the receiver removes CP and passesbéaat of size NV through theN x N

DFT matrix. Since there arg' users, thekth element of the DFT output can be written as [3], [7]

T—-1
9k = Ajlkly; k] + elk], ()
j=0
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where\; (k] is the kth component of théV-point DFT of userj’s channel impulse response, and] is
the received noise after DFT. Based pnwe will detect symbols fofl" users. As shown in Fig. 1, to
detect symbols transmitted by tlith user,y is multiplied by w[k] and frequency gain\![k], wherex
denotes the complex-conjugate operation. Here, the charfoemation \;[k] of every user is assumed
to be known to the receiver. (The estimation of channel infdrom under an MAI-free environment will
be described in Sec. 1V.) After being multiplied with the foemcy gains,N chips are summed up to

form reconstructed symbadl;. Using (1) and (2)i; is given by
N-1
& = A [K]wi [k]g[k]
k=0

N-1 T-1
= A [kwy (K] ( > Ailkly; k] + e[k:])

k=0

S
L
2
L
2
L

= @ > kP + xj ) Ai[Klwi kA [kKlws[k] + ) A7[K|wi[k]e[k], 3)
k=0 j=0j#i k=0 k=0

multipath effect MAI . ;

whereM Al ; denotes the MAI from usef to useri. Note that, when the channel noisg| is AWGN,
the process fronj[k] to z; is called the maximum ratio combining (MRC) technique [Mhich ensures
the minimum bit error probability for detected symbols [18t the maximum achievable diversity gain
provided by multipath channels [17].

For any target user, if M Al;_; = 0, the reconstructed symb#} will be affected only by his/her own
transmitted symbols; and the corresponding channel respokgg]. Thus, this allows the system to use
some simple detection schemes without involving multidatection. When the channel has flat fading,
Ailk] and \;[k] are independent of and M Al;; = 0 if orthogonal codes such as the Hadamard-Walsh
codes are used. However, in practical situations, the edamvironment is usually frequency-selective
and the orthogonality of orthogonal codes will be lost unei&C.

In downlink transmission, the signal for every user experés the same fading. In this situation,
MAI-free can be achieved using orthogonality restoring bammg (ORC) [10],i.e. the combining gain
is A;l[k:] instead ofA%[k] in (3). However, for subchannels with serious fading, OR@igeto amplify
the noise in these subchannels. Thus, the performance wilhde dramatically. That is, the use of ORC
may lead to the loss of the diversity gain from multipath afes. In the following sections, we will
designw;[k] such thatM AI;_; = 0 under the multipath environment. Moreover, the proposedeco
design allows MRC to be used in both uplink and downlink traissions. Thus, a full diversity gain

from the multipath channel can be achieved.
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[1l. MAI A NALYSIS OVER FREQUENCY¥SELECTIVE FADING
Let F be the N x N DFT matrix with the element at théth row and thenth column given by
Flin = \/Lﬁe‘j%k" and the maximum length of channel impulse responsd.bee. h;(n) = 0, for

n > L — 1. The MAI term in (3) can be expressed using matrix represemntas

MAI_; = z;h| FiW/W,;Fo h;, (4)
N———
A
where
hi(0)
|
h; = : , Fo=F| "~ . W, = diagiw;[0] -+ wi[N — 1),
0
hi(L — 1) NxL

superscripti denotes the Hermitian operation [11], and diag(.) is thection that puts the elements
along the diagonal.

To have zero MAI for a frequency-selective fading channed, need to have\/Al;; = 0 for all
nonzeroh; andh;. This means thaf; ; in (4) should be thel x L zero matrix for alli # j. It is clear

that

i I
A= < I; O )F R, ;F ; (5)
0

whereR; ; = W;W;, and that matrixR; ; is diagonal,i.e.
R, j = diag(ri;[0] - --ri [N —1]),

with
74,5 (k] = w; [k’}wj [K].
Let B;; = FTRi,jF. Then, it is well known thaB; ; is a circulant matrix [9]. That is, the first column

of Bi,js (bl’](O) v b@j(N — 1))T, is the N-point IDFT of r; Whereriﬁj = (ri,j[o} . -TZ‘J‘[N — 1])T

Matrix A; ; is anL x L upper left submatrix oB, ;, i.e.

bm’(O) bi,j(N— 1) b@j(N-L-F 1)
Aij = bz',jl(l) bi;(0) | : | )
bi;(L—1) b;,;(0)
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To haveA; ; = 0 means thab; ;(0) = --- =b; ;(L—1) =0andb; j(N-L—1)=--- =b; ;(N—1) = 0.
That is, the firstL samples and the lagt — 1 samples of the IDFT of; ; are zeros. Hence, we have
bi,j(n):(), OS’I’LSL—l
bivj(N—n):0, 1§TLSL—1

(7)

Lemma 1. Suppose the channel lengthlisand the spreading gain i§. To achieve MAI-free property,
N should be greater or equal 4.
Proof: From (7), there should be at least — 1 elements for the codewords. HoweverNf= 2L —1,
all elements of the codewords are zeros. Therefdres 2L. [ |
Note that Lemma 1 holds for both real and complex code desigmhat follows, we show how to
achieve the MAI-free conditions in (7) using the Hadamaraldl' codes. Before proceeding, let us recall

a well known property of the Hadamard matrix [2]. A¥ x N Hadamard matrixtH y with N = 2P,

p=1,2,---, can be recursively defined using the Hadamard matrix of a2dee.
H H
Hy =Hy®Hy/)y = Nz MR (8)
Hy/ —Hpypo

where® is the Kronecker product [2], [11] and

+1 +1
+1 -1

H, =

Our proposed code scheme is stated below. Suppbse 2" and G = 2"s, wherens > n, > 1.
The columns of anV x N Hadamard matrid y form the N Hadamard-Walsh codes. We divide the
N codewords inta subsets. Each subset h&gG codewords. That is, thgth subset, denoted b,
has codeword{w%g, e ,w%(gﬂ)fl}, wherew; is theith column of Hy and0 < ¢ < G — 1. For
instance. LetN = 8 and G = 2. Then, G, contains codeword§wy, wi, wo, w3} and G; contains
codewords{wy, ws, Wg, W7 }.

Lemma 2: Letr; ; be anN x 1 vector with thekth element be; ;[k] = w} [k]w;[k]. For w; and w;
that belong to the same subset, is equal to one of the codewords @&y excluding codewordw.

Proof: Let us first prove that fow; andw; € Gy, r; ; is again a codeword withidy. According to
(8), the N/G x N/G upper left submatrix oHy is a N/G x N/G Hadamard matrix. Thus, the product
of any two columns of this submatrix is again a column of thibraatrix (see [12]). Since the codewords
in subset 0 are the firs¥/G columns ofH y, which is obtained by repeating tié/G x N/G submatrix

by G times. Hence, fow; andw; in subset Or; ; is a codeword in subset O.
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Now, let us consider; ; for w; andw; that are in the same subset other than subset 0. Recall that
w;[k] is the kth element of theth codeword. It can also be used to denote Ale element of theth
column of Hy. According to (8), for0 <i < N/2 — 1, we have the following property

wilk] = wiynyalk], 0<k<N/2-1,

(9)

We see from (9) that the product of any two columns in the last V/2 columns is equal to that of

the two corresponding columns in the first half2 columns,i.e.
wilklw; k] = wiy nya(klwjynjalk], 0<4d,j <N/2—1. (10)

Suppose that we divide th¥ codewords into two sets, denoted By and S;, respectively. The firsiV/2
half codewords formS, while the last/NV/2 half codewords formS;. Hence, as proved in the beginning
of the lemma that fow; andw; in S, r; ; is again a codeword it¥y. For w; andw; in Sy, r; ; is
equal to a codeword ¥, based on (10). Using a similar procedure, we can difigento 2 sets,Sy
and Sp1. Thus, forw; andw; in Sy, r; ; is a codeword inSyy. Now, we prove that fow; andw; in

So1, 15,5 is @ codeword inSyy. From (8), for0 < i < N/4 — 1, we have the following property

{ wilk] = wiinulkl,  0<k<N/A—1 or N/2<k<3N/4—1, a

wilk] = —witnyalk], N/A<k<N/2—1 or 3N/A<k<N-1.
We see from (11) that the product of any two columns in the meéauarter is equal to the product of

the two corresponding columns in the first quartes,
wilklw; k] = wiy nyalklwjynyalk], 0<4,j < N/4—1. (12)

From (14), forw; andw; in Sy, r; ; is again a codeword i¥yg. Similarly, we can divideS; into 2
sets,i.e. Sip and.Sq, and show that fow; andw; in eitherSyy or Sy1, r; j is again a codeword 5.
Using the same procedure, we can continue to divide the aodiswuntil we have~ subsets, and show
that for w; andw; in the same subset, ; is a codeword of subset O. u
Lemma 3: Let w;(n), 0 <n < N —-1andl <i < N/G — 1, be theN-point IDFT of the codewords

in Gy excludingwy. Then,w;(n) has the following property:

w;i(n) =0, 0<n<G-1,
(13)
@(N—n)=0, 1<n<G-1.

Proof: Forn = 0, it is easy to seev;(0) = fo:’()l w;[k] = 0 since there are an equal number-of

and —1 for any codeword excep¥. Forn # 0, sincew;(n) is the IDFT of the codewords i, we
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have

1 =
Wi(n) = & n;)wi[k]emmn. (14)
Letm=k+gN/G,0<k<N/G-1,0<g<G-1, we can rewrite (14) as
1 N/G-1G-1 .
Biln) = = D0 wills+ gN/Glel ¥ (HaN/On, (15)

k=0 g¢g=0
Since codewords;[k] in G are the firstV/G columns ofH y, they are formed by repeating the upper
left N/G x N/G submatrix of Hy by G times. Hencew;[k] = w;[k + gN/G], 0 < k < N/G — 1,

0 < g <G-—1. We can rewrite (15) as

| NG
wi(n) = N kZ:O wi[k]an, (16)

where

St G, n=cGwithec=0,+£1,4+2,---,
an = Z eJEgn =
g=0

Therefore, we obtain

0, otherwise

G —~N/G-1

SN T wlk], no=cG with c=0,41,4£2,-- -,
0, otherwise
From (17) anda;(0) = 0, we are led to (13). .

From (13) and Lemma 2, we have the following property

bm-(n):o, OSHSG—L
bij(N —n) =0, 1<n<G-1,

(18)

whereb; ;(n) denotes the:ith element of the IDFT of; ; within the same subset.

Let us give an example to illustrate Lemma 3. Lét= 16, the N-point DFT of the N Hadamard-
Walsh codewords are shown in Fig. 2. From this figure, we see ¢lagpt the all-one codeword, the
IDFT of any codeword has zero at= 0. If G = 8, we have 8 subsets and each subset has 2 codewords.
From Lemma 3, forw; and w; in the same subset; ; is equal tow;. From the figure, the first 8
elements ofw,(n) are zeros. I{G = 4, then we have 4 subsets and each subset has 4 codewords. Again
from Lemma 3, forw; andw; in the same subset; ; is equal to eithew;, wy or ws. From the figure,
the first 4 elements oi;(n), wa(n) andws(n) are zeros.

Based on the above discussion, we have established one ofdimeresults of this work as stated

below.
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Theorem 1: Let the channel length b&é. We divide theN Hadamard-Walsh codewords inf® subsets
with G > L, whereN andG are power of 2 and each subset consistingvgtz codewords. Then, using
any one of thez subsets of codewords, the corresponding MC-CDMA systenomsptetely MAI-free.
Note that Theorem 1 holds for arbitrary multipath coefficieMioreover, the maximum number of
MAI-free users,T’, in each subset depends on the spreading fgaemd multipath length.. Hence, the
system can be designed accordingly. Different applicatioay have different concerns. We describe two
application scenarios below.
Application Scenario 1. In cellular systems, frequency reuse for different cellamsimportant issue
since improper frequency reuse will lead to significant carstel interference [18]. The proposed scheme
divides the codewords into several subsets to achieve ed-property. It is intuitive to use distinct
subsets of codewords in neighboring cells to reduce corafanterference. Let us give an example to
illustrate this point. LetG = L = 4. Thus, the orthogonal codes are divided idtsubsetsi.e. subsets 0,
1, 2 and 3. Fig. 3 gives an example of frequency planning usiagtoposed code scheme. For a larger
L, G should be increased accordingly to be MAI-free. In thisatitan, we have more subsets and the
distance among the same subset in reuse can be increasefiite -channel interference further.
Application Scenario 2. In wireless local area network (WLAN) applications, the digte among cells
is not as close as that in cellular systems. Hence, co-chameeference may not be a major concern.
According to Theorem 1, the maximum number of users that aceellsupport while maintaining the
MAI-free property depends oV/G and hence the multipath numbér Thus, a smaller value of or
G enables the system to support more users in one cell. Initbetisn, N should be much larger than
L to support more users. For a fixed sample frequency, this calobe by increasing the OFDM-block
duration. Hence, if the complexity is ignorely, can be as large as possible if the duration of one block
does not exceed the channel coherent time. Generally spgakis concept stands in contrast with that
in an MC-CDMA system, wheréV should be chosen to be close ioso that subchannels have less
correlation and a more random signature waveform. Howegestated in Theorem 1, when the proposed
code design is used, the system is completely MAI-free sbwlacan chooséV that is much larger

than L to support more users in WLAN applications.

IV. CHANNEL ESTIMATION UNDER MAI- FREECONDITION

In the last section, we assume that the channel informatjgn for every user is known to the receiver.
Without accurate channel information, neither ORC nor MR@ be performed at the receiver end. For

non-MAI-free schemes, channel information is needed ferMUD-based technique in the receiver. If
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channel information is not available, it has to be estimdigdsome techniques [23], [24]. For uplink
transmission, every user experiences a different fadings,Tmultiuser channel estimation is required
if the system is not MAI-free. For downlink transmissionthaugh the mixed signal of all users from
the base station experiences the same channel fadinggorthlity of users’ codes may be destroyed
as a result of frequency-selective fading. Unless the bt uses the same training sequenge
and spreading code;[k] for every user at the same time slot, it would be difficult for iadividual
user to acquire his/her own downlink channel informatiothawit extra signal processing techniques.
However, this reduces the system flexibility since all usergento be coordinated for training with the
same signature waveform at the same time slot. Thus, it isaddsito design a system where channel
estimation is conducted under an MAI-free environment.hiis section, we will show that the channel
information can be obtained in an MAI-free environment i€ throposed code scheme is used. Thus,
there is no need to do multiuser estimation in the uplinkdiom and the training procedure is more
flexible in the downlink transmission.

To get \;[k] is equivalent to obtaining its time domain impulse respohge), 0 <n < L — 1. We
will show how to obtain every user®;(n) without worrying about MAI. Again, the result derived here
is for the more general uplink case. It can be adapted for thenltink case as well. Referring to Fig. 1
and from (2), if the real Hadamard-Walsh code is used, ¥he 1 chip vector of user before gain
combining is

T-1
2 =z Foh; + Y 2;W;W;Foh; + Wie, (19)
§=0,5#i
wheree is the noise vector after DFT. Taking thé-point IDFT of z; in (19), we have

T-1

I
FTZZ' =x; L h; + Z x; FTWinFohj —i—FTWie, (20)
0 j=0.j#i g

where the second term is the interference term from othasuSénce the channel path is of length

if the first L elements of; ; are zeros for alh;, we can obtain channéi; without worrying about the
interference from other users.

Theorem 2: Suppose that the channel length is equalLtand the code scheme as stated in Theorem
1 is used, wher&s > L. Then, if we use any one subset of codewords in the MC-CDMAesysthe
first L elements ofc; ; are zeros. As a result, we can estimate the chahpel a completely MAI-free
environment. That is,

zi(n) = x;hi(n) + é(n), 0<n<L-1, (21)

wherez;(n) is thenth element ofFz; andé;(n) is thenth element ofFfWe.
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Proof: Let us express the DFT matriR as( Fy F1), c; ; in (20) can be manipulated as

F) FiR;,;Fy
W, W,Foh; = h;. (22)
Fi FiR;,;F,

Cij =
From the discussion in Sec. I[F,‘I)RM-FO = 0 if any one subset of codewords are used. Hence, the first
L elements ofc; ; are zeros, and we get (21). |

According to (21), ifx; is a known training symbol, we can obtati(n), 0 < n < L — 1, without
worrying about the interference from symbols of other uséhat is, channel estimation can be done in
a completely MAI-free environment.
Discussion on System Parameters and Performance Tradeoff. From the discussion above, when the
number of users increases, we may increase the spreadmgvger decrease the number of partitioned
subsetsG to accommodate more users. The adjustment of paramaéteesxd G dynamically is an
interesting problem, which is under our current investaatWhen the system is heavily loaded in the
sense that the number of active users is approaching, the proposed code design provides a set of
optimal codes for the system in terms of MAI reduction andtipath diversity.

Another tradeoff results from the change of the multipatigte ... Under the conditiorG = L, if L
becomes larger (or smaller), the number of allowed usereedses (or increases). For a fixdd since
the diversity gain of a user is equal g there exists a tradeoff between the number of users and the
diversity gain [17].

Finally, it is interesting to examine the case where the nunobective users exceedS/L. Under
this scenario, to get an MAI-free system, MUD can be used énublink direction while the orthogonal
resorting combining (ORC) scheme [10] can be performed éendbwnlink direction. However, the full
diversity gain may be lost due to noise amplification by MUD a&BRC. Moreover, if no MUD is
used, there exist an MAI effect. We observe from computerukition in Sec. VI that the proposed
code scheme still outperforms other codes in terms of MAucidn (even though the system is not

completely MAI-free in this case). Thus, the proposed codwee is still a preferred choice.

V. PERFORMANCE OF THEPROPOSEDCODE DESIGN IN THE PRESENCE OFCFO

In this section, we consider the CFO effect and show that itteahandled by the use of the proposed
code design. In particular, we show that the MAI due to the CH@cecan be reduced to zero or a

negligible amount. Consider thigh chip of the received vector after DFT in a CFO environmeat,
T-1

k] = rylk] + elk], (23)

J=0
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whereelk] is the received noise after DFT, amglk] is the received signal due to channel fading and
the CFO effect. Suppose thi¢h user has a normalized CRQ, which is the actual CFO normalized by
1/N of the overall bandwidth ane-0.5 < ¢; < 0.5. r;[k] in (23) can be expressed by [14]:

1 N—-1 1 N-—1 ) ‘ A
k]l = = D0 | D Ayl | e
VN D YN S
N—-1 e,jﬂ. Nk
- Oé] )‘] [k}y] [k] + /BJ Z >‘J [m]y] [m] 7r(m—k:+5x) ’ (24)
o m=0,m#k N si N :
(k] -
V1K)
wherea; and g; are given by
sinme; . N1 . e No1
a; = Wn% ITGTNT and B; = sin (mej;)e?™9 TN (25)

The first term of Eqn. (24) is the distorted chip and the second terthe ICI caused by the CFO. Note
that, when there is no CFQ@;[k| equals);[k|y;[k] as in (2). From (3) and (23), if the real Hadamard-
Walsh code is used, we see tligik] under CFO is given by

N-1 T-1 N-1 N-1
T = Z i [k A [k]w;[k] + Z Z 75 [k [Klw; k] + elk)\; [k|w; k], (26)
k=0 §=0,j#i k=0 k=0
s MAI;_;

wheres; is the desired signal anﬂ[i(_j is the MAI of user: due to thejth user's CFO. Using (24)
and (26), it can be shown that the MAI term is given by

MAI;. ;= MAL + MAIY. (27)
where
(0) -~ 0
MAIi<—j = r; [K]A; [k]w; K]
k=0
N—-1
= ayz; Yy Aj[kJw; k)] [K]ws k), (28)
k=0
and
N—-1
MALD, = D RIS [k wi K]
k=0
N-—1 N—-1 —jm m—k

X! uwilk]. (29)
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Note that if there is no CFO for usgti.e. o; =1 and3; = 0, MAIz(i)j =0 andMAIZ(g)J is equal to

the MAI term defined in (3). This gives us an intuition tHWtAIi((_)j is the dominating MAI term when

the CFO is small. Hence, if we can find a way that makéﬂll.@j = 0, the MAI due to the CFO can be
reduced to a negligible amount. According to (3), (28) andofém 1, we have the following Lemma.
Lemma 4: Let the channel length bé and the code scheme as stated in Theorem 1 is used. Then, if
we use any one of th&' subsets of codewords for the MC-CDMA system with> L, the dominating

MAI term MAIﬁO). in (28) is zero.

Now, let us look at another interference terMAI( ) which is called the “residual MAI" for

H]’

—ir &

convenience. Defing;(p) = m Then, we have the following Lemma.

Lemma 5: Let the channel length bE and the code scheme as stated in Theorem 1 is used. Then, if we
use any one of thé& subsets of codewords for the MC-CDMA system with> L, the residual MAI

term MAI( ; In (29) becomes

N
T
MAILY, = Bja; Y g;(—p) (hz(-p)> F{W/"'W,Foh; 1. (30)
—_—
N D)
where
W = diag(wilp] - - wilN — 1] w;[0] - - wi[p — 1]) , (31)
and
hi(0)e 7% 0P
h®) — : . (32)

Proof: The proof is given in appendix.
Since the MAI due to the CFO is divided into two term®. the dominating MAI in (28) and the

residual MAI in (29), if we can make both terms equal zero, giistem can be MAI-free under a CFO

environment. From Lemma 4/ AL O)

D

= 0 with the proposed code. Thus, our goal now is to find a

way to makeMAI( =0. Let us further manipulat®; ; in (30) as

I
DY = ( I, 0 )FTWZ@)WjF( . ) . (33)

According to (30) and (33), iD( =0forall1<p<N-1,we haveM ATV, = 0.

Z(—]

Lemma 6: Suppose the codeword g8} is used, the two codewordg, andw; will have zeroM ATV

]
term. That is Ej —0,j40 MAI(()BJ =0 and Z] —0.j#1 MAIQJ 0.
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Proof. For the all-one codev,, we have

WPW, =W, 1<p<N-1.

I
Hence, we havd)é’;). = ( I; 0 )FTWjF L , for1 < p < N —1. SinceW; is a diagonal

0
matrix with diagonal elements drawn fro@y,. From the discussion in Sec I[ng]). = 0 for all p. Hence,

T—1 1
Zj:O,j;ﬁO MAI(glj =0.

For wy, which is a codeword with a sign change for every consecutivée symbol,i.e. w; =

(+1 —1 +1 —1---)% its circulant shift is eithew; or (-1 +1 —1 +1---)! = —wy. Hence, we

have
W, eve
wPw,; = o PR N
*Wj, p Odd,
Therefore,Zf;O{j¢0 M Alf}_)j 0. .

Lemma 6 suggests to use the Oth codeword set so that therecacedewords to preserve the MAI-free
property under the CFO environment. Since codewavgsand w; are completely MAI-free under the
CFO environment whefy is used, we can use them as training sequences to estimatieatheel and/or
CFO for each user. That is, in uplink direction, every user h®sd two codewords in turn to acquire
his/her own channel and/or CFO information. In the downliirection, one of these two codewords can
be reserved as the pilot signal for CFO estimation. In thig casy single-user CFO estimation algorithm
(e.g.,the one given in [14]) can be applied while sophisticated MtiDsignal processing techniques
can be avoided. This result stands in contrast with the CF@astn for GO-MC-CDMA systems [4],

where multiuser estimation is demanded to acquire acc@gt information.

VI. SIMULATION RESULTS

Computer simulation results are provided in this sectiorceoroborate theoretical results derived
earlier. In the simulation, we considered the performanciié uplink direction so that every user has a
different channel fading and CFO value. Note that the Haddsiéalsh codewords are generated using
the Kronecker product in Eqn. (8) so that the codeword indézesadopted based on this fact.
Example 1. Illustration of the MAI-free property.

In this example, we show that MC-CDMA is MAI-free with the pased code scheme. The simulation
was conducted under the following settiny: = 64, G = L = 2 or 4. The transmit power had an unit

variance. The taps of the channel were i.i.d. (independéiiytically distributed) random variables with
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an unit variance. We evaluate thié¢ Al;_; as given in (3). FoilL = 2, one-realization of M AI;_;| as

a function of user indices$ and j is shown in Fig. 4 (a). As shown in the figure, there are two zones
where the MAI is zeroj.e., the zone with codewords from 1 to 32, and the zone with codgsvirom

33 to 64. The peak values appear along the diagonal since tregspond to the reconstructed desired
signal power for each user. Thus, the system is MAI-free Hieazitone of the two subsets of codewords
is in use. ForL = 4, the performance is shown in Fig. 4 (b). We see 4 zones wherkl#ids equal to
zero. Hence, if we use either one of these 4 subsets, we cé@vadn MAI-free system. These results
corroborate the claim in Theorem 1.

Example 2: lllustration of the diversity gain.

In this example, we would like to show that, when the proposede scheme is used, every user can
achieve a low bit error probability to reflect the diversityirgd. The BPSK modulation and Hadamard-
Walsh codes ofV = 16 were adopted. The channel coefficients were i.i.d. complexs§an random
variables of unit variance. For each individual user, thenMoCarlo method was run for more than
250,000 symbols. The bit error probabilities of two systengsenshown in Fig. 5. The solid curve is
obtained from a system with flat fadinge. L = 1, with IV full codewords used. The dashed curve is
resulted from a system of multipath length= 2 and with the proposed/2 Hadamard-Walsh codes
Gy. Since there is no MAI, simulation results are consistenhlie theoretical results in [1] and [17].

We see that, wherl. grows form 1 to 2 with the proposed code scheme, the bit enmrolbability
improves dramatically due to the increase of the diversitien Actually, the dashed curve is the same
as that for a system witlh, = 1 and two receive antennas with MRC [1]. That is, a diversityeorof 2
is achieved via code design in the frequency domain rattesr the space domain (see p. 777 in [17]).
This example also explains the interplay between the diyesder and the number of users allowed.
That is, whenL grows, we need to divid&/ codewords into more subsets to achieve MAI-free. Hence,
fewer users can be supported within each cell. Howevergethssrs can enjoy a higher diversity order
as L increases.

Note that frequency diversity is inherent in MC-CDMA systentHowever, without a proper code
design, the system has MAI that will degrade the BER perfoeaas the number of users increases.
Under this situation, MAI will dominate system performaraed increasing diversity gain alone may
not necessarily improve overall performance [10]. If thegmsed code design is used together with
receive antennas, a diversity orderol/,. can be achieved for each individual user.

Example 3: MAI in the presence of CFO.

In this example, we demonstrate that the dominating MAI du¢he CFO effect can be completely
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eliminated by the use of the proposed code design. The systefiggration was the same as that in
Example 2 with multipath lengtlh = 2. Since the simulation was conducted in the uplink directevery
user has his/her own CFO value. Let us consider the worst cdmevevery user is randomly assigned
a CFO eithert+e or —e. According to (3), when there is no CFO, the desired signdl vél scaled by
SV A [E]2. Thus, we normalize the MAI by "2~ ' |\;[k]|* for fair comparison. The dominating total
MAI of user i, denoted byM A7\, is obtained by averagin T S MALY, " for more
than 250,000 symbols. Similarly, the residual total MAI, disd byMAIZ.(l), is obtained by averaging
m ZJTZ’O{#Z. MAIfBj i for more than 250,000 symbols. To illustrate the MAI effeltetacer,
we did not add noise in this example.

First, let us consider the fully-loaded case, T = N = 16. The slim-triangular curves in Fig. 6 show
the dominating and the residual total MAI of each individuakr. The bold-diamond curve, denoted by
MAI®, is the averaged dominating total MAI for the 16 slim-triatay curves ofAfAI'”). Note that
the 16 slim-triangular curves cMAIZ.(O) are tightly clustered and thus overlap with the bold-diachon
curve. Similarly, the bold-square curve, denotedyA7(!), is the averaged residual total MAI for the
16 slim-circle curves of\f AT, We see that\/ AI(®) is larger thanM AT()) by 5-32 dB. Hence, it
confirms that the dominating MAI term defined in (28) is indeeel kky MAI impairment, which is due
to CFO.

Now, we consider several half-loaded scheme. First, we ex@i®hi and Latva-aho’s scheme [20] for
a half-loaded systeni.e. wg, wy, wg, W7, Wig, W11, w1z andwys. The MAI performance is shown in
Fig. 7. By comparing Fig. 7 with Fig. 6, we see that both the dotimgaMAI and the residual MAI
decrease by only about 3 dB, which shows a reasonable buatisfastory MAI reduction as the number
of users decreases to half in the system.

Next, let us consider the proposed code selection schenthshaldf-loaded. Sincd. = 2, we divide
the codewords into two subset§, contains the firstV/2 codewords and; contains the lastV/2
codewords. The performance is shown in Fig. 8 (a) and (b), ctisply. Note that the dominating MAI
term MAIZ.(O) is equal to zero so that it is not shown here. Moreover, thexealy 6 curves in Fig. 8 (a)
for MAIi(l), since the two codewords, andw; are completely MAI-free under the CFO environment.

By examining Fig. 6 and Fig. 8 (a) and (b), we see that the doimigpa®lAl can be completely
eliminated by the proposed code scheme. In this case, thduadMAI will determine the system
performance. Furthermore, the residual MAI decreases dréudB. These results show that the MAI
due to the CFO effect can be greatly reduced using the propaskdschemes. Moreover, if the codewords

of Gy are used, users af; andw; can still have zero MAI under the CFO environment.
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Example 4: BER in the presence of CFO.

In this example, we consider the bit error rate (BER) perforoeain the presence of the CFO effect
for several code schemes of MC-CDMA and the GO-MC-CDMA saohdd]. The parameter setting
remains the same as that in Example 3. For MC-CDMA, we conditemproposed schemés, and
G, Shi and Latva-aho's scheme [20], and the even indexed codewia. wg, ws, -+, wy_o. FOr
GO-MC-CDMA, sinceL = 2, we divide 16 subcarriers into 8 groups, where each groupsaaport 2
users. Since the system is half-loaded, each group has yexaluser so that the system is MAI-free
when there is no CFO. We assume that every scheme can acguwatiehate individual user's CFO.
With Gy, this can be achieved using estimation algorithms for shugler OFDM systems since there are
two MAI-free codewords even in a multiuser CFO environmentcontrast, other schemes need to use
multiuser CFO estimation. The CFO effect is compensated atetbeivier without any feedback. Fig. 9
shows the BER as a function of the CFO with SNR ¥,/N;) fixed at 15 dB for different schemes. It
is clear that the proposed code schergsand G; outperform Shi and Latva-aho’s scheme and the set
of even-indexed codewords significantly. They also outperf@O-MC-CDMA slightly. We see from
this figure that codeword sét slightly outperforms codeword sét;. This is because that, and w;
are free from MAI in the presence of CFO.

Example 5; CFO estimation with a single-user algorithm.

It was shown in Example 4 that the GO-MC-CDMA system can aehemmparable performance with
the proposed code scheme in a CFO environment. However et is obtained under the assumption
that every user's CFO can be estimated accurately. For theCR@A system with codeword sef,
users with codewordey andw; do not have MAI from others in a CFO environment and, consettyyen
accurate CFO can be estimated if each user adopts these edddwv@stimate his/her own CFO in turn.
In this case, estimation algorithms developed for singler®FDM can be used for the proposed scheme.
In contrast, we need more sophisticated estimation algostfor multiuser OFDM systems for GO-MC-
CDMA since none of the users in GO-MC-CDMA is free from MAI inGFO environment. In this
example, we will evaluate the CFO estimation error for theppeed system and the GO-MC-CDMA
system when the single-user CFO estimation algorithm gineii4] is used.

The parameter setting remains the same as that in Example 4 &itlic MC-CDMA and GO-MC-
CDMA spread one symbol into several chips, the detectiopuius actually one symbol. Hence, we

only need two symbols for CFO estimation. Referring to Fig. &, denote the two successive output
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symbols,i.e. the current and the next ones, By andz. The CFO estimation can be obtained via [14]

= ot [$ (a7t} /R {#52)]

whereR {z} and S {z} are the real and the imaginary partszofFor the proposed scheme, all eight
codewords iz, are active. For the GO-MC-CDMA, each user occupies one ogithiet groups and there
are eight users [4]. Without loss of generalityy is used for CFO estimation in the proposed scheme.
For GO-MC-CDMA, the user who occupies the Oth and the 8th aulers with the all-one codeword
is used for CFO estimation. The Monte Carlo method is used tdoumore than 20,000 realizations.
The estimation mean square errdrs,, E {|e; — &}, as a function of CFO for both systems are shown
in Fig. 10. We see that the estimation error in GO-MC-CDMA é@ages as the CFO value becomes
larger. This is because the CFO-induced MAI increases as theV@k@ increases, which deteriorates
estimation accuracy. On the other hand, the estimatiorr @rthe proposed MC-CDMA system with
G remains constant in a multiuser CFO environment. This shoaitsthie use of codeword séi, has
a better CFO estimation result in a multiuser environment.
Example 6: Code priority of MC-CDMA.

In this example, we consider a code priority scheme for gyfiohded MC-CDMA system using the
proposed code scheme. The system setting is the same as thedrinple 4 except that SNR is set to
18 dB while CFO is set to zero. The Monte Carlo method is used mithe than 10,000,000 symbols

for all users in the simulation.
We first consider two code priority schemes that assign codisvaccording to the following order:

Priority Scheme |: wo, wg, w1, Wg, W2, W19, W3, W11, W4, W12, W5, W13, Wg, Wig, W7, Wi5. (34)

Priority Scheme II: wo, wg, W2, W11, W4, W13, Wg, W15, W1, Wg, W3, W10, W5, W12, Wy, Wig. (35)

Scheme | assigns the next user an even-indexed (or odd-ishidesdeword inG; whenever the current
user is assigned an even-indexed (or odd-indexed) codewdrg. Since even-indexed (or odd-indexed)
codewords inG; cause more serious MAI to even-indexed (or odd-index) codasy the first code
priority has poor performance. It is adopted as a performdrenchmark. Scheme Il assigns even- and
odd-indexed codewords frotidy andG; alternatively for the first 8 users. It serves as another pmdoce
benchmark. Furthermore, we also implement the code prisdheme proposed by Shi and Latva-aho's
in [20]. Since this scheme only considers a system up to tHddeled situation, its performance curve

is plotted up to 8 users.
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Finally, we consider the proposed code priority scheme, @/her first assign 8 codewords @, to
the first 8 active users. When the number of active users egd&@ede will use codewords itv;. One
such code priority scheme can be written as

Proposed Priority Schemewg, wy, wa, Wi, Wyg, Wg, Wg, W7, Wg, Wg, W19, W11, W12, W13, W14, W15.
(36)

If there is no CFO, the system is MAI-free using only 8 codewoirl eitherGy or G; according to
Theorem 1. The order of the first 8 codewords can be changedaailpitAlso, we can assign codewords
all from G first and then frontsy.

The bit error rate is plotted as a function of the number ofvadtisers for the above four code priority
schemes in Fig. 11. Scheme | has the worst performance as edpé@&tte performance of the proposed
code priority stays the same when the number of active usesmaller than 9 due to the MAlI-free
property. Wherl" exceeds 8, the performance of the proposed scheme degnaaeatidally. However,
its performance remains at least as good as Schemes | and Hls&/esee that for Shi and Latva-aho’s
scheme, it has the same performance as the proposed codg/ prioen the numbers of users are 1, 2,
3 and 5. This is reasonable since codewords of these user nufialién the set ofG, and, hence, they
are free from MAI. However, for other number of users, itsfpenance is worse than the proposed code
priority scheme. Moreover, in the Shi and Latva-aho's pnorit the number of active users changes,

some users will need to change their codewords, which coatpk the actual deployment of this scheme.

VIlI. PRACTICAL CONSIDERATIONS ONAPPLICABILITY OF THE PROPOSEDSCHEME

The proposed scheme is applicable to both upper and down iinksmultiuser system. The basic
assumption of having a synchronous channel holds in the littowrAs to the uplink, we may consider
a quasi-synchronous channel, where the time offset is nvitiie chip. Such a channel holds in the
uplink direction for a micro celle.g. see pp. 1179-1195 in [21]. In practice, quasi-synchronism c
be achieved by the use of the globe positioning service (GPSeldre, there are several systems or
code designs based on this assumptieiw;,, group-orthogonal (GO-) MC-CDMA system [4], the LV
(Lagrange/Vandermonde) code [19], the code scheme for MGIEIN [20], and the LAS (large area
synchronized) code in [22]. Even if the system is not perjestinchronized, time delay can still be
included in the channel impulse response. In this case, wehaee largerL and, hence, the number of
supportable users to meet the MAI-free property decreases.

As presented above, there is a close connection betweenuhipath length, the spreading gaine(,

the number of subcarriers) and the number of users that canpEorted by the proposed technigue. In
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particular, in order to achieve a zero MAI, the system load teabe significantly reduced for a larger
multipath length. This is a potential disadvantage for trappsed scheme. In practice, under a reasonable
sampling frequency, the multipath length is in general maige For example, in an outdoor environment,
the most commonly used multipath duration is around [1-8econds [18]. For the 1S-95 standard, the
chip rate is 1.2288 M chips/second in the uplink directiorenEk, the resolvable multipath length is
around 1-3 taps. In an indoor environment, the maximum pait duration for an office building is
around 0.27u seconds. If we take the sampling frequency of WLAN of 20 MHz aseaample, the
resolvable multipath length is around 5 taps. However, tld@or multipath duration is in general under
0.1 i seconds. In this case, the resolvable multipath lengthasrat 2-3 taps. It is worthwhile to point
out that under a fixed multipath and DFT/IDFT sizeN, the GO-MC-CDMA system [4] without MUD
supports exactly the same number of MAI-free users as thpogea system. Although the number of
MAI-free users in both systems decreases as channel ldngtisreases, every MAI-free user in these
systems can enjoy an increased channel diversity atder

As commented by Chen in [6] “...all existing CDMA systems! fai offer satisfactory performance
and capacity, which is usually far less than half of the pssteg gain of CDMA systems.” Hence, the
choice of the spreading code to reduce MAI can be a directiorthie design of next-generation CDMA
systems. We approach the MAI reduction problem from a similawpoint. That is, for fixed channel
conditions, we attempt to select a subset of codewords #ratead to an MAI-free system and hence
provide a high date rate with simple transceiver design. @k&Egn concept stands in contrast with that
of conventional CDMA systems. For instance, as the numbersefs increases in 1S-95, the achievable
data rate decreases in order to support the full-loaded asggacity. If a higher data rate is desired in

IS-95, we need to use the more sophisticated MUD, which wiltéase the transceiver burden.

VIIl. CONCLUSION

A code design to achieve MAI-free MC-CDMA systems in bothinlpland downlink directions was
proposed by properly choosing a subset of codewords fromaiadd-Walsh codes. This method does
not destroy the diversity gain of the MC-CDMA system. We alemonstrated how to perform channel
estimation for each individual user under an MAI-free eomiment. As a result, there is no need to
use MUD or sophisticated signal processing for symbol digte@nd channel estimation. Furthermore,
we considered the CFO effect for the proposed code and shdvetdhe proposed code scheme can
mitigate the MAI effect due to CFO to zero or a negligible amodrhus, there is no need to perform

multiuser estimation to estimate every users’ CFO. Note tti@humber of supportable users to achieve
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the MAI-free property is less than or equal to the ra¥igL, whereN is the spreading gain and is the
multipath length. However, if a fully-loaded MC-CDMA systeis demanded, the proposed code scheme

can also be used in the design of a code priority scheme.

IX. APPENDIX: PROOF OFLEMMA 5

Proof: It can be shown thay; in (29) is given by

N-1 N—1-p N-1-p
= {gj (0) D Nlp+dwilp + aXldwilal + g5(—p) Y Aldlw;ld X [p + qlwilp + g
q=0

p=1 q=0
37)
For convenience, let us define
N—-1-p
pi(P) =g;(0) > Nlp+ qlw;[p + g\ [qlwilq)- (38)
q=0
Sincesinﬂ% = —Sinﬁz% andel™ N " = —eITR, 1 <p < N —1, we haveg;(—N +p) =
gj(p). Hence,
N—-1-p
i) = g; (=N +p) > Nlp+ qlw;lp + g)A; [glwilq). (39)
q=0
Let p’ = N — p, we can rewrite (39) as
p'—1
pi(p) = g;(=p') D NIN —p' + qlw; [N — p' + q]Af[qlwilq]- (40)
q=0
Let ¢ = N —p' + ¢, we can rewrite (40) as
115 (p) Z A dIN P + ¢ — Nwi[p' + ¢ — NJ. (41)
q¢=N-p
Let ((n))y denoten modulo N [15]. Then, (41) can be rewritten as
i (p Z Ajlalw; gl [((p + @) xJwil(p + @) ], (42)
qg=N-p
From (38) and (42), we can rewrite (37) as
N-1
> gi(-p Z Al A((p + @) wJwil((p + @) w]
p=1 q=N-p
N—1-p
+ Z Ajld] i[p + qlwilp + g (43)
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Sincep < p+qg< N—-1for0<¢g< N-1—p,we havep < [((p+q))n] < N—-1for0<g< N-—-1-p.

Therefore, (43) can be rewritten as

N-1 N-1
no= Y, g (=p)q > Nldwild (0 + @) vwil((p+ @)w] ¢ - (44)
p=1 q=0
From (44) and using matrix representation in (4), we can tewl9) as that given in (30). |
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Fig. 1. The block diagram of an MC-CDMA system.
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5 \
Dominating MAI

2L P R P e

MAI power (dB)

40 . —-pah
~o-MAID
R I

I I I
0 0.05 0.1 0.15 0.2 0.25
e: CFO

Fig. 6. The dominating and the residual MAI as a function of CFO in a fulbded situation.

August 27, 2005 DRAFT



28

0 \ T T \
L E] 2O SXEL LY TEE- TRE - TET PP e
Dominating MAI
-10 -
—~-20 -

MAI power (dB

-40 , -9 MAI® T
' Residual MAI ~ - MALO
I
-50 - - mal) 1
~o MAIM
I
-60 I I I I
0.05 0.1 0.15 0.2 0.25
e: CFO

Fig. 7. The dominating and the residual MAI as a function of CFO in a halfiddl situation with Shi and Latva-aho’s scheme.

August 27, 2005 DRAFT



29

L
o
T

L
o
T

MAI power (dB)

| |
0.05 0.1 0.15 0.2 0.25
e: CFO

(@)

-10 -

®) L
o ]
T T

MAI power (dB)
n
[6)]

Residual MAI
N -\l 1
—oMAI

Il Il
0.05 0.1 0.15 0.2 0.25
e: CFO

(b)
Fig. 8. MAI reduction via the proposed code schemes using codevior@g Go and (b)G:.

August 27, 2005 DRAFT



30

-1

10 5|
[WE—E—E'—E——E—_FJ
" )
é’ 10
5 A
o
o
o
o]
=
@)
=
0 5073
—B— Codewords with even indices| |
+ Shi & Latva—aho scheme
—6&— GO-MC-CDMA
Gl
4 —A-G,
10'4[ | 1 I I I
0 0.05 0.1 0.15 0.2 0.25 0.3

€. CFO

Fig. 9. The bit error rate as a function of CFO (with fixé&d/No = 15 dB).

10° T T
_*- GO-MC-CDMA: Eb/NOZZO dB
+ GO-MC-CDMA: Eb/No:30 dB
- A - Proposed scheme: E/N,=20
10k - | _A— Proposed scheme: E,/N,=30 dB

|
w

ﬁ—‘*r" . ]
Ak K A A A A e A A A D A

Mean square error
=
o
T

10°

10k

1 |
0 0.05 0.1 0.15 0.2 0.25 0.3
€. CFO

Fig. 10. The mean squared error of CFO estimation as a function of GFté proposed and the GO-MC-CDMA schemes.

August 27, 2005 DRAFT



Bit error probability

10

10"

=
o

10°

-1

2

!
w

4

Code priority #1

+ Shi & Latva—aho code priority
—©— Code priority #2
Proposed code priority

L L |

6 8 10
T: Number of users

12

Fig. 11. The bit error rate as a function of the humber of users with SISRIB.

August 27, 2005

14

16

31

DRAFT



