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ABSTRACT

In this paper we propose a new receiving algorithm for MC-DS
CDMA systems when carrier frequency offset (CFO) is significant.
By exploiting the special structure of the CFO contaminated signals,
the new algorithm cancels CFO completely during the despreading
procedure, after which the despreaded CFO-free signal is demod-
ulated via normal FFT-based OFDM demodulator. Guaranteeing
complete CFO cancellation, this method is advantageous over the
majority existing CFO-mitigation techniques that can only mitigate
but not completely remove CFO. An efficient algorithmis devel oped,
and simulations are conducted to demonstrate the performance.

Index Terms— MC-DS-CDMA, carrier frequency offset,
multiple access, synchronization, broadband communications

1. INTRODUCTION

Multi-carrier CDMA, which combines the OFDM-based multi-carrieronly in multi-user environment [8].

and equalization techniques, the CFO in MC-DS-CDMA not only
makes channels time-varying, but also destroys the orthogonality
among sub-carriers, which causes inter-carrier interference (ICI) and
multi-access interference (MAI) [3,4]. Even if orthogonal spreading
codes are used, MC-DS-CDMA with CFO still suffers from MAI
and ICI. As a result, MC-DS-CDMA is very sensitive to CFO, and

is susceptible to CFO even more than conventional OFDM because
multiple users are involved.

In MC-DS-CDMA systems, each multi-access user may suffer
from a difference CFO, which makes it difficult for the receiver to
remove all the CFO at the same time. Existing multi-carrier systems
usually have to assume that carrier frequency can be perfectly syn-
chronized [5, 6], or at least CFO can be made small enough such that
certain level of CFO mitigation is enough [7].

Note that most of the existing CFO mitigation techniques can
only mitigate, not completely cancel, the CFO. As far as we know,
very few can promise complete CFO cancellation by the receiver
In multi-user systems, espe-

transmissions and CDMA-based multi-user access, is a promisingally when the number of users is not so small, even slight CFO for
technique for future 4G broadband multi-user communication syseach user, if left un-canceled, can be aggregated together to cause se-
tems. The application of OFDM greatly resolves the difficulty raisedvere performance degradation. Hence approximate synchronization
by multi-path fading that is specially severe for broadband systemsr mitigation may not be sufficient. Existing techniques may only be
The application of CDMA simplifies the multi-access and synchro-useful when the CFO is extremely small or the number of users is

nization design, especially in the uplink.

There have been many different types of multi-carrier CDMA

less enough.
In this paper, we propose a new receiving algorithm for MC-

systems proposed [1]. One of them is MC-CDMA where each dat®S-CDMA systems, which exploits the special structure of CFO-

symbol is spreaded into a chip sequence which is modulated ontmntaminated signal to guarantee complete CFO cancellation. The
different OFDM sub-carriers, i.e., different chip on different sub- CFO is cancelled during despreading, and thanks to the spreading
carrier. Another major type of multi-carrier CDMA systems is the codes, this procedure does not enhance noise very much. It can be
MC-DS-CDMA [2], where each OFDM-block (after IFFT and cyclic implemented in a computationally efficient manner.

prefix) is block-wise spreaded, i.e., the OFDM-block is spreaded This paper is organized as follows. In Section 2, we setup the
into multiple OFDM blocks, each multiplied with a different chip MC-DS-CDMA system model. In Section 3, we develop the new
of the spreading code. A major feature of MC-DS-CDMA system isalgorithm. Then simulations are conducted in Section 4, whereas
that each OFDM sub-carrier works like DS-CDMA. Specifically, if conclusions are made in Section 5.

there is only one sub-carrier, then the MC-DS-CDMA reduces to a
conventional DS-CDMA. One of the major advantages of MC-DS-
CDMA is that each DS-CDMA signal (in each sub-carrier) of a user
can be maintained orthogonal to that of all the other users, when or- . .
thogonal spreading codes are used. As a result, multi-access interfdYe consider the uplink of an MC-DS-CDMA system, whéresers

ence (MAI) is mostly avoided, which may greatly boost performancd!@NSmit to a base station. Each user, e.g., the yser< i <
over conventional DS-CDMA. I — 1, has a spreading codg,, whereg = 0,1,---,G — 1. Note

Nevertheless, a major problem for MC-DS-CDMA (and in fact that the spreading codes can be periodic or aperiodic. Because MC-

for all multi-carrier systems) is the loss of carrier frequency synchroDS-CDMA systems can use orthogonal codes such as the Walsh-

nization, or the residual carrier frequency offset (CFO) [3]. While in Hadamard codes, We assume the cads periodic with period,
conventional DS-CDMA, CFO only makes channels time-varying 2"dC IS the processing gain.

which can be conveniently dealt with by adaptive channel estimation 10 Simplify notation, we consider one symbol block only, i.e.,
every user transmits one symbol block in a frame. Specifically, the

This work was supported by US AFRL under grant FA 8750-06-2-0167users has a data block; = [b;(0),---,b;(N — 1)]* for trans-

2. MC-DS-CDMA SYSTEM MODEL




mission, whereN is the OFDM block length, or the FFT length.
Conventional OFDM systems just use IFFT to processand add
cyclic prefix (CP) before transmission. In MC-DS-CDMA systems,
the symbol blockb; is first (block-wise) spreaded int6& blocks
by {ci,4}, which can be denoted db;c; o, - - -, bic; (G-1)}. Then
each of theG blocks b;c;, 4, is OFDM modulated (performingv-
point IFFT and adding CP with length) and transmitted.

For thes*" user, theg®" block of the transmitted signal with CP
can be express as

N—-1
sig(n) = \/Lﬁ 3 bilk)es g >N )
k=0

wheren =0,---, N + M — 1. Because each block has a multipli-
cation factorc; 4 only, we can define

bi(k)ejQTrnk/N (2)

so thats; ¢(n) = s;(n)c;,4. The entire transmission frame (with
blocks) has a structure shown in Fig. 1, where a totaf oV + M)
samples are transmitted fof information symbols.
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Fig. 1. Structure of MC-DS-CDMA transmission frame for a user,
where one block ofN information symbols is spreaded int@
blocks, and each block is OFDM modulated.

Because each of th€@ blocks does not interference with the
other blocks (thanks to the CP), we can consider in generaf‘the
block only for notational simplicity. The received signal from the

i*" user,r; 4(n), can be described as the linear convolution of the

channelh; (1) with s; 4(n),

rig(n) =Y hi()sig(n —0). @3)
£=0

Without loss of generality, we assume all channels have ofder
The overall signal received by the receiver, with deteyCFOc¢;
and initial phaseb; taken into consideration, becomes

I—-1
Ti,g(n - di)ej(sm-'—m) + vg (n),

0

4)

rg(n)

%

wherev, (n) is AWGN with zero-mean and varianeg. Note that
the length of CP should satisid > L + max d;.

0<i<I—1
As in conventional MC-DS-CDMA demodulator, for each block
we remove CP and consider the samplgs:),n = M,---, N +
M — 1, which can be putinto a vectefg) = [rg(M),---,re(N +
M —1)]". Then we have

I-1 hi(L)
rig) = Y Eilg)

S»;(M — di — L)

X +v(g), (5)

Si(N+M7di71)

whereE; (g) _ ej[‘i(N-‘rM)g-‘rdn]Ci gdiag{ejsihj, . ejFi(N+M—1)}
is theN x NV diagonal CFO matrix, and noise vectofg) = [vg(M),

-~ vg(N + M — 1)]T. Because of the CP, we can rewrite (5) in
matrix form as

I—-1

Z E;(g)H;s:i(d;) + v(g),

=0

r(g) (6)

where the channel matrid; is an N x N circulant matrix, whose
firstrow (rowk = 0)is [h:(0), On—r—1, hi(L),- - -, hi(1)], and the
subsequent'™ row is a(k — 1)-step right cyclic shift of the first row.
For example, the second row & 1) is [hi(1), h:(0),0n—r—1,
hi(L),---,hi(2)]. In (6), the symbol vectos;(d;) = [si(M —
di), . ',Si(N—FM —d; — 1)]T.

Now consider the symbol vecteg(d;). We can substitute the
last M — d; symbols with their equivalent symbols (because of the
CP), i.e., replace;(N -+ [) with s;(1), from which we can rewrite
si(di) ass;i(di) = [si(M —di), -+, 5i(N—1),5;(0), -, si(M —

d; — 1)]*. Then, by rearranging the order of the entriessgtl;)
and switching correspondingly the columnsHyf, we can change
(6) into

I—-1

r(g) = » E;(9)H;si +v(g), )

o

<
I

wheres; = [5;(0),---,s:(N —1)]T andH; isanN x N circulant

matrix
Onr—d;—z  hi(L) -+ hi(0) ON—nrtd;—1
Onr—d;—r+1 hi(L) -+ hi(0) ON—nr4d;—2
H,; =
Oni—g;—r—1 hi(L) -+ hi(0)  On—m+a;

®)
Note that the rows of (8) are the right cyclic shift of its first row. An
important feature of the model (7) is that the detiyis contained
in H; only, whereas the CF@, is contained in the diagonal CFO
matrix E;(g) only. Because the channel mati¥; is independent
of CFO, once CFO is mitigated; will just introduce phase shifts to
the frequency domain channels after FFT in OFDM demodulation,
which is easy to deal with.

In ideal MC-DS-CDMA systems without CFO, the sample vec-
tors (7) becomer(g) = >_i_ e/%ic; sHis; + v(g) (which is the

¢'" block of the received signal). Then conventional demodulator
performs FFT of(g), which diagonalize#1; into diag{ H;(0), - - -,
H;(N — 1)}. The signals in thé:"" sub-carrier becomesy, ,
S Il ed%ic; o Hi(k)bi(k), based on which despreading is conducted

=0
to estimate symbad; (k) = ZQG:‘OI Wi, gCh o/ |G |ci g |2 Hi(k)].

As can be seen, orthogonal spreading codes such as Walsh-Hadamard
codes can be used because the code orthogonality is preserved even

if there is delay mismatch.

However, if different user’s signal suffers from different CFO
€i, then there is no such easy way of demodulation. Specifically, the
presence oE;(g) prevents the diagonalization Bf; by conducting
FFT onr(g). Therefore, we need to look for new ways to cancel the
CFO matriceE;(g).



3. MC-DS-CDMA RECEIVER WITH CFO is a unit vector with 1 in thé*" entry,0 < ¢ < N — 1. Considering
CANCELLATION that all CFO matrice¥ (g) are diagonal, (13) can be changed to

In this section, we present a new receiving algorithm with the capa- G-1
bility of complete CFO cancellation. We assume that the receiver Z[Xf(g)]e[Ek(g)]u = Oik (15)
knows the delayl;, CFOe;, initial phasep;, which can be estimated g=0
conveniently by training or blindly [9].
where[Ex(g)], , is the (¢, )" entry of theN x N diagonal matrix

3.1. Basicidea Ex(9),

From (7), we can see that the received sample veefgts 0 < g < [Ex(g)],, = &/ FMToRIu(NTMg ikt (16)
G — 1, are different in the CFO matricds; (g) only, but contain the
sameH; ands;. This observation serves as our ground for removingin addition, we need to ha\,{e(f(g)} . = Oforallm # ¢. Note that

CFO. Stacking together all availabievectors, we have ]
Therefore, the®” row of the matrixX; have onlyG non-zero

r(0) -1 E;(0) v(0) entries, which must satisfy (15). Define thesentries as vector
SINE =1 NS e IR | o
@ —1) (G- ve=D © £i() = : : €y
which for notational simplicity can be defined as (xi(G-1)],
=1 Then (15) becomes
y = Z A;H;s; +u. (10) ,
—~ Bf,(() = eie—][ei(M+€)+¢>i]’ (18)

Note thaty has dimensioiiz NV x 1, andA; has dimensioliZN x N. where thel x G matrix

Our basic idea of removing CFO is thus to designarx GN )
€0 (N+M)(G—1)

CFO-cancellation matriX; for each uset, such that C0,0 s €0,G—1
I ik B= : : . (19
N, ifi= : o
XiAp = 0ikIn = { Onun, ifik (11 cr-10 Cr-1,G_1e?c -1 (VHM)(G=D)
A direct solution to (11) is Note that[B],, ., = cmne’" V)" where0 < m < T -1,
N 0 <n < G —1. In practice, we havé’ > I, so (18) always have
Xi = [Onx(-1n, In, Onwz—in] [Ao, -+, Ara]t, (12)  exact solutions (thanks to the spreading codes)
where(-)* denotes pseudo-inverse. £,(0) = B leze dle(MtO+dl (20)

After obtaining the matrixXX,;, we can apply it ory to getz; = ) _ _ )
X,y, wherei = 0,---,I — 1. If (11) is perfectly satisfied, then Note”thatei in (18) and (20) is ad x 1 unit vector (has value 1 in
z; = H;s; + X;u. BecausdH; is N x N circulant, FFT can be thei'" entry and zero elsewhere).
conducted orx; to detect the signal; (k) of each usei. Note that As a summary, by solving (20) we obtain thenon-zero entries
CFO is completely removed, and this approach has combined thg ihe sth row of X.. Doing (20) for all theN rows0 < £ < N — 1
CFO cancellation with despreading, which is performed before thg, o optain the CFO mitigation matriX; for the USen. By_Xiy We’
FFT-based OFDM demodulation. conduct both CFO removal and despreading for the signal ofiuser

A potential problem is whether (11) can have exact solutionsggcayse (11) can be accurately satisfied, we have
Another problem is about the computational complexity of (12), '

which requires large matrix inversion. In the next section, we de- z; = X;y = His; + X,u. (21)
rive an algorithm that calculates the matrid€s more efficiently,
during which we also show that CFO is indeed completely removed?erforming FFT ore;, we can detect the symbdig(k) transmitted

by the usei just as conventional single-user OFDM. This procedure

3.2 Element-wise derivation of X, can be repeated for every used <i <71 — 1.

For each usef, we need to compute a unique matiXs, the
computational complexity of which i©(GI>N) for each user, or
O(GI®N) for all the T users. After (20), the rest demodulation and
detection has complexity @(GN + N log N) only for each user,
or O(GIN + INlog N) for all the users. On the other hand, the
inverse ofB in (20), which is the most complex one, just needs to
G-1 be calculated once for all the users and for all the OFDM frames if
Z xi(9)Er(g) = dix €f (13)  CFOs are constant and spreading codes are periodic. In this case,

the complexity of (20) becomes in fact negligible compared with
O(GIN + INlog N). Note that the conventional MC-DS-OFDM
where receiver has complexit9 (GIN + GN log N) for all the I users.
ef = [0,---,0,1,0--- ,O]T (14)  Therefore, ifG > I, our algorithm may be even more efficient.

Consider the matriceX; and E;(g) which have dimension&/ x
GN andN x N, respectively. Define thex'” row of X; as[x}" (0),
-+, x;"(G-1)], where eack;" (g) isalx N vector. We also define
[x7"(g)]¢ as thef*" entry of thel x N vectorx!"(g). To satisfy (11),
each row/ of X; must satisfy

g9=0



4. SIMULATIONS 0

In order to evaluate the performance of our algorithm, we simu-
lated a system with two to four multiple access users and one base-
station receiver. The parameters we used were MC-DS-CDMA with
N = 32, QPSK,G = 16 orthogonal Walsh-Hadamard codes. The
CFO and delay were randomly generated for each user. Randomly
generated channel with orddr = 3 were used. 10000 runs of
the program were conducted to derive the average symbol error rate
(SER) under various signal-to-noise ratio (SNR) or various CFO.

—e— 2 users, 2.5dB
10 "¢ : —6—conv. H

Symbol Error Rate

| —e—2 users

107 | 7o 3Busers 0 0.1 0.2 0.3 0.4 0.5
: 1| ——4 users § rCFO
. ' —=—conv. no CFO .

“| ——conv. rCFO=0.1|"

Fig. 3. SER vs. rCFO for 2 users at SNR=2.5dB. rCF©@, — ¢p =
0.1. The new algorithm has CFO-independent performance, while
conventional method fails.
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