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Abstract— This paper presents the impact ofsynchronization

errors on the performance of a downlink multi carrier two

dimensional spreading OFDM-CDMA system. This impactis

measured by the degradation of the Signal to Integrence and
Noise Ratio (SINR) obtained after despreading andoialization.

The contribution of this paper is twofold. First, we use some
properties of random matrix and free probability theories to
derive a new expression of the SINR. This expressida then
independent of the actual value of the spreading des while still
accounting for the orthogonality between codes. Thisnodel is
validated by means of Monte-Carlo simulations. Secully, the

model is exploited to derive the SINR degradation foOFDM-

CDMA systems due to synchronization errors which iolude a
timing error, a carrier frequency offset and a samging

frequency offset. It is also exploited to comparehe sensitivities
of MC-CDMA and MC-DS-CDMA systems to these errorsm a

frequency selective channel. This work is carried dufor zero-

forcing and minimum mean square error equalizers.

Keywords: MC-CDMA, MC-DS-CDMA, OFDM-CDMA,
synchronization errors, SINR analysis.

|. INTRODUCTION
Recently, orthogonal frequency and code divisiontipia

INPG, BP 46, 38402 Saint Martifdres, France

CDMA systems, since it does not take into accoum t
orthogonality between codes when using isometrigisaces
matrices like Walsh-Hadamard (WH) type. When usamg
isometric spreading matrix, the codes are no longer
independent.

The contribution of this article is twofold. First,generalized
framework is proposed for modelling the effect
synchronisation errors on two dimensional spreadialied
thereafter OFDM-CDMA systems. This encompasses the
particular cases of MC-CDMA and MC-DS-CDMA. Then,
exploiting some results from the random matrix (R}l free
probability (FP) theories, an analytic expressiérthe SINR
modeling the impact of a synchronization error &iked.
This model works for frequency selective channeld any
single user detector. The sophisticated deteciach as the
multi-user detector [9] or the iterative detectdi@] are out of
scope of the paper however we give a brief ovenadwout
these detectors in Appendix. To derive the SINRnfda, the
mathematical background developed in [11][12] and o
works in [13][14] have been reused. The SINR foanid
independent from the actual values of the spreadodps
while taking into account their orthogonality. Tlgsthe main
novelty of this article. To confirm the validity tfie proposed

of

access technology has been investigated for thet nexodel, the mean theoretical SINR is compared tontean

generation of mobile communication systems [1][2]is a
combination of Orthogonal Frequency Division Mukixing
(OFDM) and Code Division Multiple Access (CDMA).

To achieve high spectrum efficiency, these systemiis
implement a large number of subcarriers, and, as
consequence, will be highly sensitive to synchratign
errors. More specifically, when the transmitter amdeiver
are not synchronized, Inter Carrier Interferenc€l)(land
possibly Inter Symbol Interference (ISI) are getextaat the
receiver, which degrade the Signal to Interferesog Noise
Ratio (SINR). This effect has been intensively mddfor
OFDM systems [3][4][5]. Concerning Multi Carrier GIA

SINR measured via Monte Carlo simulation. The madel
then exploited to compare the sensitivities of MOMA and
MC-DS-CDMA systems to different synchronizationogsrin
a frequency selective channel, with ZF or Minimuneadv
Seguare Error (MMSE) equalizers.

This article is structured as follows. Section Zaties the
transmission model for OFDM-CDMA systems with
synchronization errors. Section 3 derives an asgtigpt
expression of the SINR using some properties of Rive
theory. Section 4 first validates the proposed rhbglaneans
of simulations and then the SINR formula is exgditto
compare the sensitivities of different spreadingesaes to

(MC-CDMA) and Multi Carrier Direct Sequence CDMA synchronization errors. Eventually, conclusions @m@wn in

(MC-DS-CDMA) schemes, their sensitivities to samgland
carrier errors have been evaluated in [6][7][8]. dexive an
analytic expression of the SINR, these articlessittared the
particular case of a Gaussian channel and a Zexingo(ZF)
equalizer. Moreover, they assume that the chipsthef
spreading sequences are independent and
distributed (i. i. d.) binary random variables. hs the
classical random spreading assumption. Unfortupatis
model is not accurate for the downlink of CDMA oF DM -

identical

Section 5.

In order to simplify the reading, the following atibns are
considered: the bold lower-face letters representeetor
notation and bold capital letters represent theirmabtation.

Jihe variablesu, k and | represent the time domain. The
variables s and n represent the frequency domain. The
superscript ()" indicates a parameter of inteatshe receiver
side.

(1): The paper is reviewed and submitted afteidéeease of Genevieve Jourdain. It is publishedimage of her work.

(0): Parts of this work have been presented in [13]15]



Il. SYSTEM MODEL [17]. In the following, an OFDM symbol refers to eth
transmission of one IFFT at one time siSp+q whereas an
A. System Description OFDM-CDMA block refers to the consecutive transiiosf

In this section, the generalized framework dessgban NrOFDM symbols at the time stélgr.

OFDM-CDMA system is presented. Figure 1 shows a twgjyen the above notations, the signal at the IR is:
dimensional (2D) spreading OFDM-CDMA

transmitter/receiver (TX/RX) chain for a downlink Nt

communication witiN, users [1]. For each user, each symbo}ﬂvq [SNF * n] B mz_o VR "?‘vm[ % Gd NN+ T

is first spread by a WH sequenceMyfchips, and scrambled _ el .. _

by a portion ofN, chips of the cell specific long pseudo 4=0,.,N; = 1= 0,...5= L= 0,..N
random sequence. This scrambling code is usednonize s is the index referring to the subband used for the
the multi-cell m;erference. The .resultlng chlpsg athen transmission of the symbai,[s] of the m" user.P,, is its
allocated on the time-frequency grid as shown gufé 2. transmit power which is identical in all subbands,
represents its spreading sequence (chip by chifiptication

1)

00

%‘[HS] H 5 - of the user assigned WH sequence and the cell figpeci
NEIRE H | e HEE scrambling code).
IR ER ] i £ . . .
& |3 gl 3 £ : At the output of the IFFT, a cyclic prefix (CP)wbamples is

a 09 “1 |2 pdvd ¢ = inserted. The signal can be written as:

S-1Ng -1 - K(sN
) B E el r8)

s=0 n=0

k=-v,..N-1

SINR
estimation

8 ‘U[W]

The sequence of samples is then fed at aFaté/T; to a
digital to analog converter (DAC), transposed te fhX
carrier frequencyFrx by the radio frequency (RF) unit, and
transmitted through the channel.

The signal at the RX side (Figure 1) is transpdsetthe base

Descrambling
CP Remave
RF unit (Fgy)

2D chip demapping
Channel estimation

Despreading

Figure 1- OFDM-CDMA Transceiver. band with the RX carrier frequendygrx and sampled at the
receiver rateF=1/T,. The authors of [6] have introduced a
Nt general transmission model which includes the earri
. Time frequency offset (CFO) and the sampling frequentfgeb
o (SFO) in the channel coefficient for a MC-CDMA syst
= < with a particular spreading assumptidixl,). The authors of
Ne = =T [6] show that the received signal at the inputhig particular
= case of MC-CDMA system could be written as:
&= .- nu
N =3[ o] 2 )+ n( 3
= N 3
u=0,..N-1
—T
I q where hg.f‘q[n; u] is an equivalent channel transfer function

in frequency domain but changes at each samgtancludes
only the time variation of the channel, the CFO #rel SFO.
In our work, we will adapt their model to an OFDMDMIA

Figure 2- Time Frequency Grid system by including all possible synchronizationoes i.e.

The firstNr chips are allocated in the time direction. ThetneXMing error, CFO, SFO, phase noise, efc. Nevertiwlthe
blocks of Ny chips are allocated identically on adjacen daptatl_on is quite difficult. Then, we give thetalls in

subcarriers. The spreading factor is thNgs N:.Nt whereNg ppendix A.

and N; are respectively the frequency and time domaiBased of this adaptation, the base-band time-desceeeived
spreading factors. Each bin with coordinateg) represents signal can be written, after guard time removathwhe IFFT
the signal transmitted on thé' subcarrier of the™ OFDM  of the product of the data bins in the frequencydin by the
symbol. Other data symbols of the same user aeadpn the channel transfer function coefficients (see Appendi

same way in the next subbands. The scheme is ¢dértir  equation32)):

other users using one specific WH sequence by weér,

fousnbai4

N,<N.. The allocated chips are then transposed colurse toi | 1] = 5 Si'“"w’l[h [N+ 1]

time domain using an Inverse Fast Fourier TransftFRir. H Eprer e rer

Assuming an IFFT ofN points, each user transmiE&N/N: w _ _(sN.+1) (4)
data symbols ,[s] of them" user on thé" OFDM-CDMA S, e[ SNe + 1 qe"p[ N “ﬂ* ne[ 4
block. Particularly, folN; =1, the system resumes to a MC- u=0.N-1

CDMA [16] and for N =1, it resumes to MC-DS-CDMA



where the subscripis, g’ represent respectively the OFDM-of the FFT module, the value af'Kli=+n’)" subcarrier of the
CDMA block and the OFDM symbol of interest at the(@’)"™ OFDM symbol of the i) OFDM-CDMA block is
receiver.n;y [U] represents the zero mean additive whitgiven by :

Gaussian noise (AWGN) with variang@
i'+1 S=1Ng =1 N~

Equation(4) appears difficult to interpret. Therefore a betteR.[S N+ i :Z > b sN+ P, (s.sn.ng)
understanding of this equation is clearly neededsimple 7 e o 0
cases. That is, the expressiq?g&+q,viNT+q[s|\L+ n | evaluates +Nig[s N+ 1]

the equivalent channel on the subcarrieof the subband
takm_g into account the th_ree possible synchroitinagrrors: ndex of a subcarrier in thes'{" subband i’ = O...., N¢ -1).
the timing errork,, the residual CFQIF=Fgx- Frx , and the . . " Qis the “f id ide" (IFET
residual SFO WT=1/(T,-T). It evaluates the equivalent #(S"S N\ n d, dis the "frequency side-to-side” (IFFT-
channel applied on théNg+q)™ transmitted OFDM symbol channel-FFT) equivalent channel transfer functiocitiding
where its effect is measured on tigN, +q)" received the effect of the synchronization errors. It isagi\by:
i 14 (s -

OFDM symbol. Eventually, the sums ovieand q represent 4.(S,smnd Q:NZGXF{‘ 121%) 9
perfect position of the Fast Fourier Transform (JFwindow =
at the receiving side. Moreover, for a perfect syaonized

W qin,+q SNE+ 11§ becomes independent of the timewe check that when there is no synchronizationrettee
variableu. In this case, it represents [sN_ + ] the FFT on function (s’ s n, n d, gis equal to:
physical channej,, . [k} k =0,...w -1with delay spreadV 0 elsewhere
samples\\V <V). In this case) yields:

LN

®)

s’ is the desired subband indexX € 0,...,S1) andn’ is the

the 1SI due to the timing error & samples with respect to the ©)
[ﬂﬁ?‘-r*ql-iNT*‘Q[sN: +tn l}
system,
the subcarrien of the subband of the discrete low-pass ; e s N A=
h,vq.[s N+r ifi=is=sn=ng= ¢ (10)

¢, (s\sn,nd, 0)={
For a carrier frequency offset, the functigis independent of
the time indice$ andq. Equation (9) is given by:

(SN, +n)

(D]=X 30, I dn Lo de™ e nld

g(ssmnd @ p[ s (o grETINEED)

u=0,.,N-1 . 11
. - +(r-
In this paper, we assume that the sampling andecanmrors E“l?XF‘[J’T('\‘ ‘%AFTJWD
linearly increase during one OFDM symbol only tley are
set to zero at the beginning of each OFDM symbbéréfore, ] . ] sin(7zNXx)
(4) yields for a carrier frequency error as: where Py (X) is the function defined hy, (x) :N'—()'
SIN(7TX
_ Ne-1 (oASNE+D, — H .
rilvql[u]:e;aﬂ-[uliz b [N+ hh] s+ h'E v+ ] ] ForAF =0, (11) yields:
0 o (6) ho[s N+r if$=sh=1
' . - .
with 6 [u] =278FTu and u= 0,..N- 1 b (sis N d, q)-{ 0 elsewhere (12)
For a sampling frequency offsét) yields: Once again, for a sampling frequency offset, (9) is
independent ofandg. It is given by:
r...jul= Fbl..sNF+nh‘q,s+ _
.,q[ ] ;;) ,q[ ] h,[sN+ 1 p.(S.s 10 Q= f[ s HIN[sl\L+nA'I'+(S $'>|+(f’r)1j
N T N a3)

. (SNg +n) (SNg +n)
j2m——u jT—6,.4.1ul]
N
Ee . j+ N, [u] )

6. [ =2 AT
- =Z2/T—u
na T

S

{20 (3003
N T N

Once again, we verify thati2) holds for a sampling
offsetAT =0.

For a timing synchronization error and due to (8),yields:

¢i',i (3', sn,n q, Q:%Nz_iex;{— ]ﬂw 9

with and u=0,.N-:

Notice that, since we use a discrete representaifothe
transmission, the coefficiergg, ,,[k]of the discrete channel

can be expressed as a function of the parameteéhe @inalog

S kKo
channel model byg,  [K = > a'! Etinc{ﬂFs(— -7 )}
. i y
F
S

wherea!)and 7}

and the delays of tH& multi-path, and sinsj = sinf)/x.

y (14)
@x;{j B+, )SNFT”T] > g, et e BT

1=M,

are respectively the complex amplitudes

! This equation is valid for a sampling frequencfsef such

The receiver selectsl samples and transposes them to thinat AT < 1

frequency domain thanks to the FFT operation. Atahtput

T

s

N +v



with M :[u—(N _1)] T+8T+kT In equation(1s), | represents the useful signal gain,the
! : o0 Multiple Access Interference (MAI) generated in te@me
M,=(u+)T+B8T+kTand subbands’, 1, the interference generated by all users from
B=0"-N, (N-+V)+(g— N+ other subbands (Inter Band Interference IB{)interference
) . o generated by codeo[s'] in blocksi’-1 ori’ +1 (ISI depending
The signal at the FFT output is multiplied by theedap i ) ) ,
channel equalization coefficients, descrambled.nTheis On ko), andl, the filtered noiseH,, [s', § is @ N.N; matrix
multiplied by the spreading sequence of the refaarser and modeling the combined effect of the channel attéonaand
summed over the chips to obtain the sample ainiét iof the the synchronization error. It is defined by:

decision device.
. [s,s0, s soL - ' SON- 1
Without loss of generality, we assume that onaetisrésted by Auls:s0d A'[.Sj.s k Al $.50]

the symbols of user 0. In order to write the reedisignal H,[s.4= A,j[st,slq . ) AL, ?l M=)

with matrix-vector notation, the following matriceare ' : : : :

defined: Ayl[s.sN-10 A[s,sN-LL - A 8 5N LN
. P=diag(\/50 N ,...,/F,;U_l) is the N.N, diagonal #,5,smR00 - g (S, 3NnON-])

| sy . g (SsiLe D
matrix which entries are the signal amplitudedd,[s:sm H= : :

allocated to each user. 4. SHON-10) ¢ ($SH N LN

. Q:diag(\/ﬁl,\/gz I Fg,u_l) is the (N-1).(Ny-1) If there is no synchronization error, the mattiX, [ss] is

diagona' matrix Containing the Signa' amp“tudew the null matrix fors'#s and it is a diagonal matrix whe'rFi
interfering users. ands’=s. In the latter casé;, andl; are equal to zero i.e. there

. C[s]:(co[s],cl[é ..... CNu—l[f]) s the NN, is no 1Bl and no ISI.

matrix containing all the spreading codes usetiérs't
subband.

. U[s]:(cl[s],g[ %%_1[ i;) is the N.(N-1) B- SINRevaluation

: - . . . The symbolsy [s] are assumed i.i.d. random variables with
matrix containing the codes of the interfering 8S& o, \hean and unit variance. The SINR for evenpanlds’
the s" subband. Both matrice@[s] and U[S] for one channel realisation, noted instantaneoudRSlis

depend on subband index because of the long deduced from (15) by calgulating the variances dydkr, l2,
scrambling code. I;, andl,. However, knowing that the symbols transmitted

_ . over the different subbands are independent (antcehe
We also define the following vectors: uncorrelated), this yields that the different if¢eence
[ ] ( [S] [ #)T corresponds © the components are uncorrelated. The SINR is thus roddaby:
"as[=(ao g By

symbols of all users transmitted in #fesubband. SINR[ g] =

.
" Als= vy A corresponds to the
81[ ] (@,1[5}. aN“__{ ¥) P ) . The expectations in (16) over the data symbols aoide
symbols of interfering users transmitted in tH& terms are given by:

Z, [s] is a N.N, diagonal matrix which components are the
equalizer's coefficients.

El,"
E\I1\2+E\I2\2+E\I3\2+E\I4\2

(16)

subband.

The estimated symbol of the reference user on théand Ell*=Rlc[s]Z [s]H, 8 o §

(8 1s then: el =c[s]2,[s]H, I8 $U[ §QU"[ $i0 s Y] ool s
a.o[s1=1og.d g+ I+ 1,+1,+1, E\|2‘2:§c§[s'] Z[WH,, [, [ '] B 's1824] 'Jso[ ']s an
lo =\Poci [$]Z,[STH,, [ $ §cqf §

L= 5] (51, U8 9U] 900 19 [ 3 €I = 3 S 1e12 (<t £l ] s 4] §
o1 i
I, :;Cg [s]1z.[sTH,; (s C[ $F 1= [ b (15) EMZ:gtr(zi.[s']zﬁ[s'])
EEE= wheretr( A ) is the trace of matrix .
l,= 1Z.[sTH;.[ s .
: !;1;;00 [s]z0s1Hls e $ 1= [ k These expressions show that the SINR depends ocacthel
i value of the spreading codes. Hence (17) cannotdeel
l,=cf [s]Z[sIn.[ ] practically due to its complexity and its senstivio the code
. AH . . ) allocation. Moreover, the receiver has to estinita¢@ch time
(Notation: A™ is the transpose-conjugate of mafy. the set of used sequences is changed by the lzasediver

station (BTS).



On the other hand, it is known in the literaturatta SINR 4=N_/N, is the system load arfl is the average power of the
independent of the codes can be obtained by acigean 1wt

expectation over the spreading codes. This expestatinterfering usersequal to N -1 Z_ P .
assumes i.i.d. codes chips. However, when the dinga ! m=t
codes are isometric, this expectation does noeseta SINR , . :
independent of the spreading codes since the attadity We notze that the FP theory |§ mainly used Ifor Wuatul)n
between them must be taken into account. In theeegve Of E|I,|* where the orthogonality betwee§ [s] and U[s/]

derive a new SINR formula that will be independefithe must be taken into account. However, the RM theisry

spreading codes while taking into account theinagbnality.  sufficient for the computation of the other termsib).
This work relies on some results of RM and FP tiesor

IV. PERFORMANCEEVALUATION

We will now exploit (18) to compare the sensitivid§ MC-
The conceptual difficulty of the SINR estimationnche CDMA, MC-DS-CDMA and OFDM-CDMA spreading
overcome by modeling the users' codes as randouese€s. schemes to synchronization errors. In literature, should
Tse and Hanly were the innovators of the applicaibRM  note that some sophisticated equalizers could bd. UEhese
theory to CDMA systems analysis [19]. They studité equalizers consider the MAI and ICI in the equaiora
asymptotic performance of the multi-user MMSE reeeifor  process to the detriment of a complexity cost iasee[9][10].
a CDMA system, assuming random spreading anthey are rarely implemented in real systems. Evénaut of
synchronous reception. They found that the deperedehthe scope of the paper we will give in Appendix C soresults
SINR on the spreading codes was vanishing in timpietic  ysing an iterative receiver which copes with theoiduced
regime (., N, — o while the ratioa=N,/N. is kept constant). interference due to synchronization errors. Ingbguel of the
The performances only depend on the systemdodide noise paper, we limit our study to a one-tap equalizeérstFwe
variance and the power distribution. This work wthen assume that the receiver uses a MMSE equalizer &F a
extended to a multipath fading channel in [20]. equalizer. In an OFDM system, we can easily shaat the
MMSE and the ZF equalizers are equivalent i.e. fh@gent
the same performance. However due to the spreadirig),
note the case in OFDM-CDMA systems. The coeffiienf
the MMSE equalizer are given by:

I1l. ASYMPTOTIC PERFORMANCE

Unfortunately, the model with random sequence i¢ n
accurate for the downlink of CDMA or OFDM-CDMA
systems, since it does not take into account ttreogonality
between codes when using isometric sequences pmtike
WH type. [S‘ N ”] _ ¢;‘i‘(s., s, n, n,d, q)

To solve this issue, the authors of [11] proposétck. They g b..(s\s,m 1, g q)‘2 y (19)
assume that the spreading mat@){s| is extracted from a PEAT

Haar distributed unitary matrix. Such a matrixasdom and y is the normalized noise variance per subcarrieergby:

isometric, which captures the orthogonality of cemonal _ 0> The coefficients of the ZF equalizer are obtaibgd
spreading matrices. This assumption allows applyiegy y‘aﬁ

powerful results from the FP theory. In [11] an@]{lit was  settingy to zero.

found that the aforementioned assumption is ontyrieal. ] ) ) o
The simulation results obtained in [11][12][22] withe wH Notice that, according to equation (9), the cogdfic
sequences match very well with the theoretical moldgs is ¢, (s', s, n,n,d, q) resumes to the time average during
achieved even for relatively small spreading facthr >32). one OFDM symbol of the frequency equivalent charireel
In order to evaluate the different terms of (17 get rid off - _1S . This implicitl
the dependence on the spreading codes, we apphe th?)""'(s’s’“’ & q,CQ—NuZ:.; i [ S B+ 0] i
properties from the RM and FP theories. The detdilthe assumes a perfect estimation of the "frequency-tsidide"
computations are given in the Appendix B. The firedults equivalent channel transfer functigh, (s', s, n,n, g, q)

are the following: .
¢ on the subcarries’Ng+n’.

2 . . .
1
W"(Z‘-[S'JHW[S ) In order to validate the asymptotic formula, westficompare

2 _
EllJ" =R the result computed with (18) with the instantare@INR

1 N 2 measured via Monte Carlo simulations. Then, wengethe

E|12:aP[thr(Zi.[s]Hii[$ §HAL s B[ I@_E ARSI ] instantaneous interference parameter

5 I[s]=F] |1\2+E\ |2\2+E\ |3‘2+ El WZ and the instantaneous
2 _aP3 H H (18)
E[L =208 tr(z fsH,, [ §H [ 5 21 .
| Ncg‘ (2t s LS LY degradation parameteipeg  Is]=10.lo SINR [ §]

‘2 Yo "% "SINA 4]

L, =0WP > > r(zlsIH [s.gHi[5.42719)

E\I‘,\z:%tr(z‘.[STZﬁ'[S]) ? The FP theory shows tha P is the power of total

interfering users. However, sindg and N, must be as long
as possible,N P can be assumed as the total transmitted

power (including the power of the reference user).



where SINR [ ¢] is the instantaneous SINR obtained for ?ill‘lfellrenéI Sprﬁadri]ng éscheAmei to callrrier Jrelqu:endxyeﬂﬂow
; ; , ull load and the BranA channel model. It is suigal
perfectly synchronized system in the subbsind conclude that the sensitivity of the 3 spreadingestes to
For a frequency selective slow fading physical clehn carrier offset is comparable.
and due to the variations of the channel causetthdynobile
speed, we compare the average SINRs and we evahete
average degradation and interference over channel

Tt T Rttt

1 R
rage tion . IR
realizations. The simulations performances arezeifor an S ! A
2
e .y 2E@ED . IR PR
e . . = NG [ RN
average ratlEb/No. It is given byszit_oizpo T AR R
No N 20 S IR A Liiiu
=z | [ N | [
(f)z H 1 e | [ N N | [
where E{ ‘ai,q‘ } is the power of each multipath of the @ ] MC-COMA Asymp &' = 0 BN Ng! Ll
—&— MC-CDMA Si ‘=0
channel. e OFOMCOMA Aymps=0 | 1 1L N
| [ N | [
. . —HB—OFDM-CDMASIMS'=0 | |_ | 011011 N 11iLid]
Since the different parameters depend on the type 0 °|- < mcos-comaasymps=0 AR N
synchronization error, three cases can be recagriizehe ~ ¥~ MCDS-CDMA Sim s'= 0 IR o Yo
sequel. The simulations assumptions are given ipleTa, B
unless they are notified. NAFT
s
Table 1- Simulation parameters Figure 3:validation of theoretical model (BRAN A).
i i 16 T T
FFT size N) 64 sub-carriers o NC-CDMAEN-5dB ! : g
- - l| —5— OFDM-CDMAE/N=5dB |_ _ _ _ _ _ [ A ____=z~]
Spreading LengthN) 32 chips 14 eDSCOMA L e 6 a8 | P
b0 =z
—20dB - _____ o ___ =% ______|
System load a=1/4 ando= 1 12H - e — MC-CDMAE,/N= 20 dB ‘ S27
- 8 - OFDM-CDMA E,/N,= 20 dB : //f/ :
Constellation QPSK g 10| - 7~ MODSCOMAE/N,= 2048~~~ T T
- - S ‘ ‘ /f/ ‘
Sub-carrier spacing 312.5 KHz g 8- 4: ****** ;ﬁ%f ************* 4: ********
=) .7
Concatenation of 19 Gold codes & 6 ——————1-—- % b

Scrambling code

of 128 chips

MC-CDMA Ne=32,N;=1

OFDM-CDMA Ne=8, Ny =4
MC-DS-CDMA N =1, Ny =32 ' T,

Figure 4: comparison between degradation of diffespreading schemes

Figure 5 presents the sensitivity of the MC-DS-CDMA
scheme to system load for a Gaussian channel. édigbed

A. Carrier frequency offset
For a carrier frequency offset, (18) yields:

L e by (20), the degradation increases with the loduis Tesult is
El \ZZPiNf s N+ g (AFT) in contradiction with the conglusion of [?]_ whichated that
© NS L '\L+n]<//N(AFD\2+W the MC-DS-CDMA scheme is not sensitive to systemdlo
. 2 since the MAI is eliminated by the equalizer fosthpreading
R LA CLYRR T ES A EM(A Fﬂ(s's’%'} scheme.
EEES

Iho[8 N+ g (AFT)[ +y ‘ (20) since the theoretical model has been validatedyiliexploit
equation (20) to give more insight on the sensi@siof MC-

L1 s s du(eeT) :i“'l (¢ N + g (AFT) ‘2 CDMA and MC-DS-CDMA to carrier frequency offset.
N- 53 |h, (s N+l wN(AFg)ZM N 55 s N+ T (A stfﬂ{ If the receiver implements a ZF equalizgr@), equation (20)
- yields:

Ell,l =0

Figure 3 illustrates the comparison between thealeand g| | =p
simulated average SINRs for the BRAN A channel nfiig

and a mean ratg, /N, =20dB. The SINRs have been 25 o oSN+ g, (A FPW}
measured in the first subbargl<0). Figure 3 shows that our '(s] =N*ZZZ

: ure . : h.[s N+ g, (AFT (21)
theoretical model matches perfectly with simulasiogven for F L[S N+ iy (AFT) ‘

a relatively small spreading factorN£32). As for s
conventional multicarrier systems, the degradatiecomes _;p+2- 3 1
noticeable forNAFTs > 1%. Figure 4 gives the comparison Ne 2% |h,[s N+ i, (A FT) [
between average degradation (over channel realisgtiof
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Figure 5:sensitivity of MC-DS-CDMA to system load (Gauss@rannel).

Let us note \c.ps.comalS] the interference power of the th
subcarrier of a pure MC-DS-CDMA schemi£1, N:=N,

evaluates somewhat the self-interference pav@ontrarily to
the other terms in the interferences expressioas;am easily
show that the mean value over subcarriers of tH& se
interference power in MC-DS-CDMA system is not dgioa
the power in MC-CDMA system. Moreover, the intetpt®n

of this power is different in each system. In tlse of MC-
CDMA, it reflects the square of the mean of thef-sel
interference magnitude. In MC-DS-CDMA, it reflectse
mean of the square of the self-interference madeitdThese
two magnitudes are equivalent only if the selfifgence
magnitude is the same in the two systems i.e. whet
equalizer is used or if the channel is flat ovee tiotal
bandwidth (Gaussian channel for example). Moreotee,
comparison allows us to conclude the interferencié pure
MC-CDMA system is greater than that of the MC-DSNI®
system. These results are very interesting since th
comparison between the two systems is in reality a
comparison between the MAI of MC-CDMA and the I1GI o
MC-DS-CDMA respectively using different types of

S=N), and lic.coma the interference for a pure MC-CDMA equalizers. Unfortunately, the comparison betwebasé
system N-= N, Nr=1, S=1). Based on the above formula, weinterferences is not obvious since there is no \@gmce

observe that:

l N-1
IMC-CDMA = NZOI MC»DS-CDMA[S I] (22)
With a ZF equalizer, the total interference pow&roMC-
CDMA system is the average of the interference egpeed
by each subcarrier in a MC-DS-CDMA system. The eacy
of equation (22) for a ZF equalizer in a BRAN A nhal is
demonstrated in Figure 6 by giving the average ahannel
realizations of the total interference power forcarrier
frequency offset such thalAFT=0.1>. The legend ‘mean
MC-DS-CDMA’ refers to the
according to equation (22). For a MMSE equalizet artime
varying channel, the conclusions are different.
development of interference term for the pure MCMID
and MC-DS-CDMA systems in equati@o) yields:

2

ho [T H By (AFT) [A F£+L,;”j

interference computed

The

between them. Figure 7 validates the previous coisges
and conclusions where the MC-CDMA interference poise
greater than the mean of interferences experieincéifferent
subcarriers of MC-DS-CDMA.
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=010 ‘h;q{n]%(AF—';) +y Figure 6:Mean Interference power (ZF and BRAN A channel).
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1M |h [n AFT N I I I || —e— MC-CDMA
opf25 I [ o ey | e Rt EEEEE SRS ey deci-ton
N&z|h, [n] ¢, (AFT) +A = hq[l‘]l//N A"_[ A (23) 0081 — —— -4 __1_____1_____i—"MeanMC-DS-CDMA ||
| | | | T T
A R S [ [ L I L
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lMC-DS-CDMA[S'] = aPz z . : : ﬁ : : :
Ih o8l (AFT) +y ‘ % 00s . . L
S ol = S A AR 7N it AAMAAARRE
2 2 | | | | | |
o Ml @FU | ntsneFT) | 0 A S N S SR S
nasion @FT A [ 908 FOf 4 ol [ [ L L L L
| | | | | |
In equation(23), we are particularly interested by the second ool - - - R R oo I [ —_
term of the interference components in each sysiéis.term . ! ! ! ! ! !

2 For a Gaussian channel, it is easily proven that
lMC-DS-CDMA[S,"'k] = luc-ps-cDMA [Sl]. This is due to the
periodicity of functiongq(X) (¢an(x+1)= ¢n(X)). In this case,
the interference in MC-CDMA is equal to that in MIS-
CDMA.

10 20 30 40 50 60
subcarrier index n'

Figure 7:Mean Interference power (MMSE and BRAN A channel).

® It is proportional to the received useful powetenf
equalization in each system.



B. Sampling frequency offset

Figure 9 shows that MC-CDMA schemeg(N;=32x1) is

When the sampling at the receiver is performed bgms of a Slightly less sensitive than OFDM-CDMA {N\;=8x4) and

free running sampling whose frequency differs bgoastant

MC-DS-CDMA  (N=.Nt=1x32) systems to sampling

offset 14T of the sampling at the transmitter, a normalizefrequency offset. Moreover, it shows that for aegivsignal

timing error linearly increases in time.

For a sampling frequency offsets) yields:

sN+naT)
hols N+l g | — ——
) B F)U Nr’l " N -I—S
E‘lo‘ - 2 Z ’
N |5 ‘ S'N.+nAT
hAsM+mw{T]+y
I[sT= E‘ |1‘2 + E‘ |2‘2+ E‘ |3‘2+ E‘ IA‘Z:
aP StNetthel di‘vq.[S, n, r] ’
N 55 750 wo yi‘,q'[s m d
P 2
‘ SN.+NAT
. h.ols N+ g, (FTTS]
N N ot
i o ‘ s' +n
ho[s N+ Mg, [FT?] Ty
, (24)
‘ S'N. +n'AT
] et o [£15mST)
N 2
. b ' SN.+n'AT
h.ols N+ ] (FT?] i
Ell]*=0
with

deg[snd=t,[$ N+ ffi sN+ In
W S'N: + AT sN+ MAT (& pN+( R )
N N TN N T N

s S

2
yuls = E218T]

s

hol$ N+ iy, [MA—T]

Figure 8 illustrates the comparison between thaaieand
simulated mean SINRs of the fifth barg}=6) for an OFDM-

CDMA system (N.N1=8x4), a BRAN A channel model and a

MMSE equalizer. It shows that our theoretical maueakches
perfectly with Monte Carlo simulations. Moreovetr,shows
that the sensitivity to sampling frequency offsetcémes
noticeable foNAT/Ts>5% depending on thg,/N, level.
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Figure 8: validation of theoretical model (BRAN Aannel).

bandwidth, this sensitivity increases with the nemiof
carriers.

Again, we defindyc.ps.comalS’] the interference power of the
(s)" subcarrier of a pure MC-DS-CDMA scheme apg.
coma the total interference for a pure MC-CDMA systafve
can easily show that (22) always holds and similar
conclusions for the interferences comparisons énptevious
section can be givéms shown with Figure 10 and Figure 11.
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Figure 9: comparison between degradation of diffespreading schemes
(BranA channel, full load).
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Figure 10: Mean Interference power (ZF and BRANharmel)AT/Ts = 390
ppm.

C. Timing offset

In a timing offset situation, (18) becomes such glicated to
expand for a frequency selective fading channel uéhe
complication of the side-to-side frequency equimtighannel

transfer functiog, (s',s n', n d, 9. Thus, we restrict our

analytical analysis to a Gaussian channel casewandive
simulation results for a selective fading channebr a
Gaussian channel, (18) yields:
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Figure 11: Mean Interference power (MMSE and BRARhannelT/Ts =
390 ppm
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-aP

Due to periodicity of function

with respect to the variabg, we

the
: .( —n
sin| 7

N

can easily show from (25) that the interferenca piure MC-
CDMA system is equal to the interference of a pju@-DS-
CDMA for a Gaussian channel. This means that (A2xys
holds. To derive simulation results, we first comgpahe
asymptotical SINR deduced from (16) and (25) willNFS
obtained by Monte Carlo simulations as shown iruFegl2.
This figure shows that when the receiver FFT windevin
delay with respect to the transmitter one (kg<0), the
degradation of the SINR increases rapidly. An FRndaw
error equal to 2 samples degrades the SINR of 2uBaf

E,/N,=10dB. Greater degradation is observed for

higherg, /N, . Similar results are already presented in our
previous work in [13] for a BranA channel model.

Figure 13 shows the accuracy of the conclusionigted by
(22) and (25) for a Gaussian channel and full legstem.

This conclusion does not hold for a frequency gsledading
channel and a MMSE equalizer as shown in Figure 14.
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Figure 12: validation of theoretical model (Gaussihannel).
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Without loss of generality, we assume first that we

. . _ mAransmit sequences o€ 1) samples which may correspond
E:Igllil/rli 105F§I]\2YZ:SD|$? Jgg I\t/lh(rfgss-ggﬁlld,él\r)]garSeChs?rTiEI(agrlyfwo OFDM symbols and the receiver generates a ouoinsta
sensitive to timing offset. Notice that in this dig, the timing offset ofky samples, a carrier frequency offat, and
degradation is zero for a timing offsé such that a Samp"”g frequt—;-ncy oﬁse_tA[V. W_e assume a_Iso that the
0< ko < (VWIIL5) since, this interval of, corresponds to a sampling and carrier errors linearly increase dudrsequence

good timing window at the receiving side i.e. tleeaiver is of (N+1) samples only i.e. they are set to zero at th‘*"h‘.@
perfectly synchronized with the transmitter. of each sequence. The equivalent channel tranafestibn
can then be modeled by Figure 16.

20

At the receiving side, the signal can be writtentlas

© 0 MOCDMAR/N,= 548 convolution of the transmitted signal with the sanitting

— < - OFDM-CDMAE,/N=5dB ||

N o | & Moos-comEm=58 | pulse shaplng filter, the r'nultl—'path channgl reseay(t), a_nd

s ! ! |- o Me-COMAE N = 2068 the receiver pulse shap_lng filter. Assuming tha thlative

e N A e |- <~ OFDM-COMAE/N,= 2048 | carrier frequency offset is slowly variant as congglato the
| 0

W 1\\&, S S | & wcoscomaen=200s  duration of the receiving pulse shaping filtel=(T.<<1), the
‘ | receivedu™ sample of theq()™ sequence can be written as:

Degaradation [dB]
=
o

8- - —— T I [ g+l N-1 ©

L = X R [ b af b b gee{ RraFT
6 -—--- aT T [ [ -1 g=q-1k=-v p=—co (26)
gg\ | | | | | [ /
N A A i e R A,
r--- \%‘}\\:@”:ﬁ””ﬂ: ***** :ﬁ””ﬂl ***** :f//”*%g wherex[K] is the K" transmitted sample of thé"gequence,
% 5 0 5 0 g——=8=""  transmitted at instant = [q(N+W+K] T, y, =u*v"is the

Timing offset (k0 samples)

analog convolution between transmit and receiveseul

Figure 15: comparison between degradation of diffespreading schemes shaping filters andt o=t o+ kOT + UAT represents the
(BranA channel, full load). ) . e s .
sampling time at the receiver. Therefore, the kebisignal

can be written in an equivalent form as:
V. CONCLUSION

In this article, we have investigated the effect tbfee rul = SRR u-k u
synchronization errors on the performance of twoetisional q'[ ] Z Z gq:q[ K ] ’S[ "]
OFDM-CDMA spreading schemes. A new analytical . ) .
expression of the SINR has been derived. It isdvadr In this more compact modelg: [k;u] is the equivalent

various kind of single user equalizer (MMSE, ZFj§idor any  discrete channel impulse response deduced from the

frequency selective channel. It is independenthef actual equivalent continuous-time channel impulse response
value of the spreading codes but takes their otthality into

. & . — N8 .
account. Exploiting this model, we found that, farzF aa(Z:V) by: 977, [k u] = o', (7: u)|r=kTS where
equalizer, the total interference power of a MC-CBM
system is the average of the interference expeasteby each o 2
subcarrier in a MC-DS-CDMA system. Moreover, we dav ~ Jra(ZY) = I V(P g((d= (N y+7+ kKT & F )
shown that the three spreading schemes (MC-CDMAIDF p=-o
CDMA, MC-DS-CDMA) are similarly sensitive to .exp( j 2uAFT,) dp
synchronization error whatever the load is.

(27)
q=q'-1k=-v

(28)

Moreover, the double indexegy’,q) indicate that the

ACKN-OWLEDGMENTS . _ channel is applied on thg" sequence however its effect is
The.authors would I|k§z to thank the reviewers foeit measured on theq’()‘h sequence. It traduces the effect of the
precious comments, reviews and remarks. ISI.

VI. APPENDIX -
31> ot —(a(N +v) + k)T, r () exp(j2mFt)
A. Equivalent discrete channel transfer function e
In this section, we derive the analytical exprassi the w e gl e e —

equivalent discrete-time discrete-frequency chartreshsfer Diskrete ram e o e .
function deduced from a continuous model whichudek the dgte Filter Matched Filter

pulse shaping transmitter filtg(t), the base band continuous-
time multi-path channedy(t), and the pulse shaping receiver

filter v (-t) (* stands for complex conjugate). The model takes

into account the occurrence of any synchronizatioor at the geq [k' U]

receiving side and can be used for the OFDM caseeisas — Lal™ >
for OFDM-CDMA case. Xo[k] riu]

Figure 16: Equivalent channel transfer functiorhveiynchronization errors



The equivalent (continuous-frequency) channel fens complex random variables with zero mean, unit vexéaand
function can be written as the Fourier Transform)(Bf (28) finite eighth order moment, then [20] yields:
with respect to the variakielt is given by:

1
. . _ CnAC, O {1 - =—tr(A) (34)

his(f10) =V exp( |28 1T) exq j 2rf (LaT+ K T)] TN

@axp(j anuAFTS)x %2: g, K)expt j 27tk ) C, is obtained by the multiplication of a WH sequemdth a

k=M, 29) long scrambling code. Hence, the assumptions nefed¢84)

with v, =[u-(N-D] T +BT+ BT+ K T are easily satisfied. This property is used to lmmE||0|2,

M,=(u+)T+A8 T+ T+ k Tand g1, E[1,[and E|1,*.
B=(Q-a)(N+V

Property 2:Let Ca Haar distributed unitary matrix of size
Assuming that |V(f)|2 =1for f D[—l/(ZTS),ll(ZTSjand NN, [11]. C can be decomposed into a vectyof size

zero elsewhere, the discrete-time discrete-frequehannel . . _ .
transfer function can be deduced from (29)Hav(NT,) by: N and a matrixtJ of size N-(N, =3 . So,C can be written

asC = (c,,U) . Given these hypothesises, it is proven in [12]
het [ u] = exp[ jw% Tsj exp{ j t%(uAT+ Ig[)} that:

(30) y
EXp(jZT%uAFT] qun]expe,m E[UQU /Co] O’P(I oCo) whenN, - o (35)

In (30), the sum ovek represents the FFT of a part of the =N, /N, is the system load and® = 1 Z P is the
channel impulse response depending on the timingy &. 1=

Thus, for a perfect synchronized systefiff; [n; u] becomes 4 erage power of the interfering users. The Hastritliited

independent of the time variahleand the symbol index q: it assumption is only technical and will not changehie total
representaqq,[n], the FFT on the subcarriarof the discrete result. The simulation results obtained in [11]hwa WH
. spreading matrix match well with the theoreticald®lo This
equivalent low-pass channgl [k] When there is no timing
a lemma is used to evaluagd,|*.
error (=0), (30) yields:
Property 3 If Cis generated from a MN. Haar unitary RM
het, [nou] = m[ﬂexp[ 12”(LAT)} exp( JZTW FT) B then matrlcesC[S]QCHH and Z[s] H[s, :]; H[ s E[ §

are asymptotically free almost everywhere [23]. dther

Eventually, in the case of OFDM-CDMA transmlssmnWOrds’ verifying the above conditions, one can Gede:

each OFDM symbol can be identified by the indgx

(respectivelyq) of the ()" (respectivelyi™) OFDM-CDMA 1 '
symbol. Thereforg30) and(31) can be written as: Wtr(Z[s'jH[ S, $C[ #PCH[ iSH[ s187 1§) U@~
‘ (36)
eq 4 . n . ..n 1 1
R o a1 u]—exp[ jZIT,B—TSj exp{ jar(uaT+ m;)} WCtr( [STHS, $H[ 5 B'H[ ") — N e[ PC[
exp(ﬂﬂ%uAFTj Z g, [llexpt 2Tfl ) (32)  For definition of freeness, the reader may refefltd] for
= more details.

with g =[(i"-i)N; +(q'- N+ V
A=E=DNr + @@ (N+Y Assuming that C,[S] is random, (34) is used to
o e sal MU = By ol ﬂ\exp[ %( lA-|):| ex;{ jZT—:I A Iﬂ'j (33) evaluateE|l,|”. Since we use a long scrambling codg}s]]
and C[s]are independent fors'#s. Using (34), Bl
B. Asymptotic Results becomes:

In this section, the three properties from the RM &P s
theories are first defined. Then their applicatifor the E\I2\2=Ztr(Z[S]H[S, ic[ $pc[ M 's187 ]é‘) 37)
computation of (18) is detailed. s20

Property 1:First, we use a property initially applied in [20]

assumes that each sequence is itself random. $hismption This computation method has initially been applfed the
can be justified by the use of random scramblingleso analysis of multi-cell downlink CDMA systems in [R4
conjointly with spreading sequences. Thug\is a N..N.  Applying (35) for the computations df|l1|2and (36) for the
uniformly bounded deterministic matrix and

1
c, =——(c,(0),....c (N
V Nc

S#S

2
computations ofE||2| in (37) as well as for the computation

)] - ii
where c,(I)'s are i.i.d. ofE‘I3

2. (18) is obtained.




C. lterative Equalizer

In this section, we give a brief overview aboubatssticated
iterative equalizer used to reduce the interferetoe to the
synchronisation errors. The iterative detector shawFigure
17 is made of a parallel interference cancellerCjPla
despreader, a log likelihood ratio (LLR) computatimodule
[27], a soft-input soft-output (SISO) decoder [2&k
convolutional encoder is used at the transmittar)soft

mapper and a spreader. The spreading and desmeadian
modules contain implicitly the 2D chip mapping and '

demapping modules respectively. The solution pregdeere
consists of an iterative process where the PICctmteand

channel decoder exchange extrinsic informatiomiiterative

way until the algorithm converges. The iterativéedéon and
decoding exploit the error correction capabilities the

channel code to provide improved performance. Tikis
achieved by iteratively passing sadt priori information

between the detector and the soft-input soft-ou{iBIS0O)

decoder [28]. However, such a receiver needs tlosviauge

of the spreading codes in order to generate thesrmdted

symbols.

FRX

[Estimated bits

0|
pc |l Despreading) | Demapper Delnterleavert SIS0
detector module (LLR comp.) Decider
] Soft
Gray Mapper Interleaver

Figure 17: lterative receiver scheme.

Spreading
module

At the first iteration [ =1), after equalization and

despreading, the demapper takes the symbols estmat

(according to (15)) for all userd,. [S], the knowledge of

the channel H;..[S', S] and the noise variance, and

computes the LLR values (soft information) of eadhthe
coded bits transmitted per channel use. The déatezd soft
information at the output of the demapper becorhesiniput
of the outer decoder. The outer SISO decoder cozspthe a
posterioriinformation of the information bits and of the ead

bits. Thea posterioriinformation of the coded bits produces

new (and hence) extrinsic LLR information of theded bits

upon removal of tha priori informatiorf and minimizing the
correlation between input values. In our work, Sk oding
is based on the Max-Log-MAP algorithm [28]. Theradic

information at the output of the channel decoderthien

interleaved and fed to the soft Gray mapper modite. soft
mapper achieves reciprocal operation of the denrappe
leads to a first estimation of the transmitted sgtakin the

different subbands.

Knowing the different spreading codes, we are nie do
generate approximately the different interferentarsns of

(15) and to cancel them from the useful signal. The

approximation in the interference generation is tuthe fact

.
tet r[s]=[R,[sN],..r, [sn+ n=1] be
the column vector composed of the frequency redesignals
R_q,[s' N + r1] (9'=1,..., Ny; n'=0,...Ng) at the output of

the FFT (see (8)) of the iteratibnAt the succeeding iterations
(I > 1), the egualization matrix;[s] is applied on the
following vector:

[s1=r 0[]+ 08 9 [ RUE]
—ZH”.[S‘, siIC[ 4Pl 8a"™V[ §

szs

(38)

Once they are equalized, the different signalS88j are fed to
the despreading and demapping modules and théie 8150
decoder. The PIC detector and the SISO decoderaageh
information until the algorithm converges.

In order to characterize the behavior of the iteeagqualizer,
we give the results in the presence of the CF@rims of Bit
Error Rate (BER) instead of the SINR. Figure 18egithe
BER performance versus the Eb/NO ratio for diffémrmmber
of iterations in the OFDM-CDMA system with a 16-QAM
constellation, a coding rate R=1/2 using a convohal
encoder, and a BranA channel model. We show infigpise
the convergence of the iterative equalizer aftateBations.
Also, a gain of approximately 2 dB in terms of EB/N
obtained after 3 iterations. However, this will be the
detriment of a complexity increase.

0

10"

e B e i e B SRR R
b e = e = e e e - K
3|| —+— NAFT_=0, One Tap MMSE

—F— NAFTS=0.1, Nblter=1, One Tap MMSE

— NAFTS=0.1, Nbiter=2, Iterative, MMSE |~

—S— NAFT_=0.1, Nblter=3, Iterative, MMSE | —

10* 1 1 1 1 1 1
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Figure 18: BER performance of iterative receiveDiRDM-CDMA system,
BranA channel, 16-QAM constellation.
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