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Abstract- This paper investigates optimum and sub-optimum the most efficient SUD technique [2] [5]. However, as SUD-
linear Minimum Mean Square Error (MMSE) Multi-User  hased receivers do not take into account all the characteristics
Detection (MUD) techniques for multi-carrier code division (e g, the active signatures, the relative power of each signal)
multiple access transmission systems. .In a first step, we presentof the multiple access transmission, they offer limited
two formulations of MMSE MUD techniques that are optimum performance. Hence, Multi-User Detection (MUD)

for any number of users and any power distribution and achieve techni h b dtoi thi ;
exactly the same performance with a different computational echniques have been proposed o Improve this perormance

complexity. In a second step, we present a simplification of by exphcnly cons.ldenng signals .sent to other receivers for
optimum MMSE MUD techniques that achieves sub-optimum the signal detection of one particular receiver. Among the
performance but at a reduced complexity that is similar to MUD techniques, non-linear solutions based on interference
single-user detection techniques. Simulation results on indoor cancellation have been considered in [6][7]. Alternatively, a
channels show that optimum and sub-optimum MMSE MUD |inear MMSE MUD technique has been described in [2][8].

techniques outperform the MMSE single-user detection |ts adaptive implementation was developed in [9].

technique, especially for low and medium system loads as well This paper presents new developments on the linear

as in case of near-far effect. MMSE MUD technique, called "Global MMSE" or
G-MMSE, for the forward link of an MC-CDMA
| INTRODUCTION transmission system. This detection scheme, which is optimal

In order to obtain multiple access transmission systerascording to the Mean Square Error (MSE) criterion for any
with high bandwidth efficiency, Multi-Carrier Code Division number of active receivers and any power distribution among
Multiple Access (MC-CDMA) combines Orthogonaltheir signals, has been proposed and evaluated in [10] on
Frequency Division Multiplex (OFDM) modulation andnon-correlated Rayleigh fading channels and compared to
CDMA [1][2][3]. The OFDM modulation is robust againstinterference cancellation techniques in [11]. After a
multipath and ensures good spectral efficiency. The CDM@escription of the transmission system in section II, this
allows simultaneous communications between differe@aper proposes further results in section Il and new
transceivers by allocating to each transmission link a distinglgorithms on linear MMSE MUD techniques that lead to
signature (or spreading sequence) that has good orthogo®Rlimum and sub-optimum performance with a low
properties with the other used signatures. Instead e®mplexity. The influence of the number of active receivers,
spreading the binary information in the time domain as in tibe frequency correlation of fading channels as well as the
Direct Sequence CDMA technique, the MC-CDMAunequal power distribution between signals are considered.
spreading is performed in the frequency domain. Therefor@imulation results are presented in section 1V for high bit
the orthogonality among transceivers’ signals has to t5ate indoor MC-CDMA transmission systems based on
ensured in the frequency domain. For point-to-multipoirthannel models issued from BRAN HIPERLAN/2 standards
transmissions, orthogonal signatures such as WaldA3]. Finally, section V proposes concluding remarks.
Hadamard sequences are often retained. However, in case of
multipath propagation, frequency selective fading destroys II. MC-CDMA SYSTEM DESCRIPTION
this orthogk?nﬁhty gmd Mulrflple Access In}erference (gIAI) s represented on Fig. 1, we consider the forward link
oo, ih edices e syt peromance: Sevi-cotia rarsmsion ik ndependent s Srears
degradation. The Single-User Detection (SUD) techniquc rresponding t& different usersi.e., mol:k>ile stati_ons. For
perform a éingle tap equalisation per sub-channel of t%;ach u_sek (k=0,... K-1), the dat:_:l _symE)ad( ') at timen is
OFDM multiplex followed by a despreading. They require ultiplied by an energy coeffluerm”_and spread over

j everal subcarriers of the OFDM multiplex, the subcarrier

low computational complexity and can be based on a simple : : .
: P o -~ ‘séparation being equal wf=1/T,, whereTs is the useful
phase rotation, a zero-forcing equalisation or a Iv“mmura"uration of the OFDM symbol. For simplicity reasons, we

Mean Square Error (MMSE) equalisation, which is known as nsider a spreading factor equal to the number of



subcarrierd\, and normalised spreading sequence elemerdMSE detectors.

¢ of userk at subcarriej taking value in{-1~/N,, 1~¥N.}.

After OFDM modulation performed by inverse Fast FourieA. Optimum Linear MMSE Multi-User Detection
Transform (FFT) and guard interval insertion, the multi-user a st technique, called Global-MMSE or G-MMSE
OFDM signal is sent through the multipath channel. relies on the a priori knowledge of the spreading sequences

Spreading sequence and the signal power of each active user [10]. This technique
¢Pofuserk expresses the results of all users in one step and in matrix
data symbol 0 . formulation. Applying the MSE criterion to received vector
of userk Adder r(n), the G-MMSE detector yields the vector of decision
Of K1 | JJIFFT(N) variabley(n) as:
other +
users’ Guard . _
signals | _| i } y(n) =W " (nr(n) with W(n)=r 7T (") @)
And
ro(n) multipath channel
] _ H _ 2 ~H 0O 2
Decision y¥(m)| LinearMMSE | PG| yenditve L (m=Er(nr (n)J—ﬂ(n)QA C H(N+0%1 (4)
variable | Multi-User [® ] - noise
of user k Detector Guard
9| [, o( = Ef(md" (m]=Hmca (5)
[— g
Fig. 1: Block diagram of the forward link MC-CDMA Where_'_Nc is theNxN; identity matrix. Thus, vectoy(n) can
transmission system (K users, N, subcarriers). be written as follows:

At the receiver, after guard interval removal and OFD —arHLO 2 ~H 0 2 |*
demodulation, we get on each subcariiethe received N&(n)-Ag A (n)(lj(n)gA CHm+o l‘Nc) £ ©
sampler;(n). Assuming that the length of the guard interval is \yhjch can be interpreted as a first process of equalisation
sufficient to absorb the maximum delay spread introduced Qi matrix H"(n)[H(n)CA2CHH"(n)+0lng)™ followed by a
the channel, the effect of thg _channel can be represent_ed %E‘ond proc_ess of_des_prezdﬁg With‘mmH_ Rewriting
single complex fading coefficietif(n) per subcarrier, which s 1o generate results for a specific user only, we would get
can be considered as constant during each OFDM symbobi{ expression equivalent to the one proposed in [2]. This
the duration of this one is much smaller than the coherenggiection technique achieves excellent performance, namely
time of the channel. Them;(n) can be written as: for low to medium system loadsg., when the number of
_ KL 0 a0 active users is _Iow or medium compared_to t_he maximum
ri(n) =h;(n) 3 cima™d™ (n)+n;(n) (1)  number of possible users, and for users with different power
k=0 levels. However, whatever the number of active ukethis
Denoting matrices (resp. vectors) as upper (resp. lowetgtection implies to solve &l.xN. linear system, which
case underlined boldface, the received information can alsgpresents a large complexity.

be written as: Therefore, we consider an alternative formulation, which
u is completely equivalent and still optimum according to the
L(n):[ro(”)w',rNc—l(”)] =H(n)CAd(n) +n(n) (2)  MSE criterion. Similarly to a DS-CDMA MMSE receiver

which relies on a preliminary Rake processing before MMSE

where H(n) = diaglho(n),.../ca(M)] is @ NxN. diagonal fitering, we first apply the matched filter to received vector
matrix containing the complex channel attenuation of ea P@

: ! ) ¢(n). This first filtering process can be interpreted as a
subcarrierC = [9(0)|"'|9(K__1)] is aNexK matrix, the columns of 4yimum ratio combining (MRC). It yields Ex1 signal
which are the spreading sequences of each active USRstorz(n), which is an exhaustive summaryrgf) defined
A=diag[a?,...,d“"] is aKxK diagonal matrix containing the 5

energy coefficient associated to each user,

d(n)=[dO(n),...,d*D(n)]" is aKx1 vector containing the data z(n) =[z,(n), -, z«(M]" =AC"H" (n)r(n) )
symbols of each user amgn) is aN.x1 vector of Additive

White Gaussian Noise (AWGN) components. We then apply the MSE criterion to veciz§n) and similarly
to equation (3), we get the vector of decision varighte as:

[ll. LINEAR MMSE MULTI-USER DETECTION y(n) =W (N)z(n) with  W'(n) =L () @, , () ®)

In order to mitigate the loss of orthogonality between the
signals of different users, we may propose several types afd



H 5 MMSE and G-MMSE achieve exactly the same performance.
r,,(n)=Ejz(n)z (n)]: B(nB(n) +o°B(n) (9)  However, PC-MMSE is sub-optimal in any other cases since
the matrix terms outside the diagonal that take into account

_ "N the channel frequency correlation and power differences are

Ez,g(n) = Ejz(nd (n)J— B(n) (10) neglected. Hence, we may propose an alternative
) i 2 ) » simplification of the G-MMSE to improve the performance
where matrixB(n) = AC" [H|"(n)CA is hermitian. of the transmission as compared with the PC-MMSE while
Using this new formulation, we get a new expression fdieeping the same level of complexity for its implementation
vectory(n) where: in mobile stations. At first, we rewrite (13) as:
-1 ; 0O
ym=lc HEmearort, 'ac o @D o a0mioe) a0
S0 B,02 4 | 0 B2 2 !
Equations (6) and (11) achieve exactly the same % *tle ﬁ]’l (n+o

performance and thus will both be referred as G-MMSE in

the sequel. However, by contrast with equation (6), applyiRghere |g) - Kz_la(k)2 is a chip-level interference power
equation (11) only implies to solvekxK linear system. In k=0k#i

other words, equation (11) has a lower complexity thatbming from the existence of all active users exceptiuser
equation (6) for any but full system load. For full system loadach component of the non-equalised received ve¢r
and if users have the same energy’< a), solving (6) is The proposed solution consists in still rewriting (14) as a
greatly simplified since the matrix that has to be inverteflinction of a symbol-level interferendg”, which is also
becomes diagonal. Thus, before despreading, a singemputed from the non-equalised signal but after
equalisation coefficient is applied on each sub-channel addspreading.

the decision variable of usebecomes: Let us first evaluate the average power of decision variable
0 y?(n) computed when no equalisation is performed. We get
. Ne-1  alhfi(n) el three distinct contributions:
@) gy e i i ree distinct contributions:
y“(m= 'Zo s Nl 5 (n) (12)
1= h#(n) 3 a*+o i o2 S 20
& eyOmf g, =eds o) O
. . . . .. =
As mobile stations have drastic computational restrictions Equ H
due to power consumption limitations, the implementation _ L 2NeINeT 6 i [ 0 ] o?
complexity of both linear G-MMSE relations based on =a ,ZO mzzocf Cm [N, (M (M) +N—c (15)
solving a linear system may not be tolerable even for low desiredsignal o
system loads or low spreading factors. Therefore, we propose K4 oNe-INg-1 _
a simplification of the G-MMSE technique that avoids + 5 a(k) > Y WE"k)Wﬁ'fk)DE[hg (n)h,ﬂ(n)]
solving a linear system K=Ok#i (=0 m=0

interfererce

B. Sub-Optimum Linear MMSE Multi-User Detection \yherew,i9=¢c®" is the product between the elements of
As a first simplification, we recall an expression of thehei-th andk-th spreading sequence at subcarfier
MMSE SUD technique, also called Per Carrier MMSE [2] or The first part of equation (15) is the influence of the

PC-MMSE, which relies on single tap equalisation pefesired signal, the second part is due to AWGN whereas the
subcarrier and can be viewed as a generalisation of equatiRitd part results from interfering useasd is what we call
(12) for any system load (B<N;) and any difference symbol-level interferenck.

between the energies of user’s signals: For channels that are frequency non-correlated, we get
E[h,(nmh’,.(n)]=0 for ¢#m, so that equation (15) becomes:

(13) Egy“)(n)r% =a“)2N§10§i)zE@v(n)|2E+Uz
0 (=0

Ne
This technique belongs to SUD methods since no K1 g2Net 12 20
q g a®?’§ ik E@W (n)| g

/=0

. NS
iy Nt ¥ thi(n) e
y (n) - z K-1 2
j=0 hJZ(n) z a(k) +0.2
k=0

it (n)
N
Equ (16)

+
knowledge about the spreading sequences of other users is k=bki
required to detect the signal of the desired user. It can alsobe _ .
interpreted as a simplification of (6) where matrix Considering the ¥N. magnitude of each spreading
H(n)CA’C"H(n) is approximated to its diagonal. For fullsequence element and assuming that the channel lets the
system load and if users’ signals have equal power, Pexerall signal power unchanged, we get:



coherence bandwidtB. B.=2.56 MHz for channel A

E@w[ (n)|2 Ezl (17) wherea$3;= 1.2 MHz for channel B.
On Fig.2 is represented the influence of the channel
and frequency correlation on the BER for the transmission of
10 active users with equal power signals using the three
E (‘)(n)|2 O +0_2+i K-la(k)z different MMSE detection techniques. The BER is averaged
%&/ No Ne  Ne ket (18)  over all the users. As expected, for any channel frequency

Equ correlation, G-MMSE outperforms other detection techniques

where the last term, which is the symbol-level interference,\f\éhere"’:cS PC-MMSE detection performs worst. To achieve a
equal to the chip-level interference divided by th&ER of 10" on channel A, SG-MMSE onI_y EXperiences a
interference reduction factoN.. Therefore, we rewrite O-3 dB 0SS compared to G-MMSE. Its gain is then 0.7 dB

equation (14) as: compared to PC-MMSE. This gain is reduced for_cha_nnel B.
In this later case, the channel frequency correlation is lower
. No-1 a(‘)Eth(n) @Ei)u and does not significantly improve the MAI mitigation
yO(m =73y — . ; (n) (19) capability so that considering MAI before or after
=0 %") +Nclg)ﬁ]112(n)+02 despreading in a one-tap-per-carrier equalisation structure
gives very similar performance.
where: 0.1 g
. K-1 Nc-1Nc-1 . .
19 = 52025 S wiougeh, onim] o)
k=0,k#i (=0 m=0

As equivalence between (14) and (19) has beer§ oo
demonstrated for frequency non-correlated fading channelsy
both solutions will experience the same performance for sucl

transmission conditions. However, we expect to obtain bettef,

performance by extending the validity of (19) to the context [ Channel A° G MWVEE

. . r{ —— Channel A: PC- MVBE

of frequency correlated fading channels. Indeed, it was [[ —— Channel A SG MVBE

. . e Channel B: G MVBE

shown in [12] that the frequency channel correlation itself [| 5 Cannel B PC-MVBE
e anne 3

could reduce or increase the multiple access interferencgooo: x i i 1 -
depending on the selected subset of spreading sequence. ° * 2 3 Eb‘/‘NO S’B & 7 8 9
Thus, designing an MMSE detection scheme on an apparent el

chip-level interference as in (14) may lead to sub-optimum Fig. 2: Influence of channel frequency correlation on the

performance compared V\_/ith an MMSE detection SChemeperformance of G-MMSE, SG-MMSE and PC-MMSE detection
based on the true remaining interference computed after techniques (10 users, Channels A and B).

despreading as in (19). Fig. 3 depicts the influence of system load on the average

As the computation of equation (20) still relies on the a prioBER of a transmission over channel A for the three MMSE
knowledge of the spreading sequences and the signal poyy

( : ( _ Efection techniques.
of each active user, this new linear sub-optimum G-MMSE
detector, i.e., SG-MMSE, belongs to MUD techniques.
Compared to G-MMSE, it avoids solving a linear system

0.01

IV. SIMULATION RESULTS e
& el
In order to compare the performance of G-MMSE,4 f

PC-MMSE and SG-MMSE detection techniques, weg /
consider a downlink synchronous MC-CDMA transmissiony- 2 -
scheme using 64FFT-based OFDM modulation and Walst&
Hadamard spreading sequences of length 64. The signal / /’ e
bandwidth is 20 MHz and perfect power control is assumed, //H . PomeE
i.e, the instantaneous power of the channel impulse response =

is unity. The performance of this transmission is evaluated in
terms of bit error rate (BER) for two Rayleigh fading indoor® %°** 8 16 24 32 40 48 56 64
propagation channels, which are issued from the Number of users (K)

HIPERLAN/2 ETSI-BRAN standard [13], with a distinct Fig. 3: Influence of system load on the performance of G-MMSE,
SG-MMSE and PC-MMSE detection techniques (Channel A,




Eb/NO = 8 dB). G-MMSE achieves the best performance, namely for low to

Each user has the same signal-to-noise @HOO= 8 dB. Mmedium system loads or if users’ signals have a different
As expected, G-MMSE, SG-MMSE and PC-MMSE achieveower. However, even in the alternative formulation
exactly the same performance for a nuniberf active users Proposed in this paper, G-MMSE may lead to excessive
equal to 64, which is full load. In any other case, G-MMSEOmMputational complexity. By contrast, PC-MMSE has a low
outperforms other techniques with a significant performané@mplexity but experiences significant performance
improvement for low to medium loads. For loads up to 1degradations. As a good performance—complexity trade-off,
users, G-MMSE achieves near single-user performance. TWi¢ have proposed SG-MMSE, which derives from
excellent result comes from the selected subset of actteMMSE, and achieves better performance than PC-MMSE.
spreading sequence, which is optimised and induces a hfgfe-MMSE is all the more efficient as the channel is
benefit from the channel frequency correlation in the MAfrequency correlated and is more robust against near-far
mitigation process [12]. For higher loads, the degree éffect.
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