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The Impact of Combined Equalization on the
Performance of MC-CDMA Systems

Barbara M. Masini

Abstract—In this work the performance of a combined performed also at the mobile receiver, we focus on linear
equalization for multi-carrier code division multiple access combining techniques.

(MC-CDMA) systems is analytically evaluated. Combined  \yjthin the family of linear combining techniques, differ-

equalization consists in performing both pre-equalization . .
at the transmitter and post-equalization at the receiver in ent schemes based on channel state information (CSl) are

order to counteract fading and multi user interference. ~ known in the literature (see, e.g., [3]), where signals com-
In this paper we consider partial combining (PC) at the ing from different subcarriers are weighted by suitable

transmitter and threshold orthogonality restoring combining coefficients to improve the system performance. Among
(TORC) at the receiver in the downlink of a MC-CDMA — hage techniques, maximal ratio combining (MRC), equal

system affected by fading. The analytical framework here - L . .
proposed allows the derivation of the bit error probability gain combining (EGC) and orthogonality restoring com-

(BEP) and the bit error outage (BEO) and their dependence ~ Dining are only some of the most known and frequently
on the number of subcarriers, the number of active users, adopted when the CSI is available only at the transmitter
the mean signal-to-noise ratio (SNR) averaged over small- or the receiver.

scale fading, the partial combining parameter and the | this paper we analyze a scenario in which CSI is

threshold of the detector. Moreover, the dependence of the _. . .
TORC threshold on the other system parameters is derived, simultaneously available at both the transmitter and the

providing a thereshold adaptive variation tracking slow r_eceiver in_ord_er to evaluate if a combined equ_alization
processes fluctuations. (i.e., combination performed at both the transmitter and
Index Terms—Multi-carrier CDMA, partial combining, the receiver side) could improve the system performance

TORC detection, performance evaluation, fading channel. in terms of bit error probability (BEP) and bit error outage
(BEO). In particular, we analytically derive the BEP

and the BEO for the downlink of a MC-CDMA system
I. INTRODUCTION when partial combining is adopted at the transmitter and

The spreading of wireless systems and the enhancemetrrl]treShOId ORC (TORC) at the receiver [4]. We follow the

of multimedia mobile communications have evidenced th scheme presented in [1], [5] modified for what concerns

advantages and applicability of orthogonal frequency di?he combining technique of signals coming from different

- ; : ) . subcarriers. In this scheme the spreading is performed
vision multiplexing (OFDM) due to its spectral efficiency, ; : . .

. - . in the frequency-domain, with spreading factor equal to

fading counteracting and robust data transmission. In or; .

. the number of subcarriers, and Walsh-Hadamard (W-H)

der to favor the development of future broadband wireless

(ﬁ?des are adopted to differentiate users. A combined
systems and let many users share the same resources, the

combination of OFDM with code division multiple access €qualization scheme was alrea(jy presentgd in [6], but
(CDMA) is gaining an increasing interest especially forperformance was analytically derived for a single user. In

. o . . . his work, we consider a general multiuser scenario and
its capability in counteracting multi user interference an : . R

) . ] . o we evaluate if the combined equalization introduces some
supporting high data rate in mobile transmission. Th

basis principle of multi carrier (MC)-CDMA is to spread eoeneflts with respect to classical single-side combining

o techniques.
each data symbol over several (or all) subcarriers in ord q

: . . T he paper is organized as follows: in Section Il an
to exploit frequency diversity of the transmission channel . . -
. overview on the most common linear combining tech-
[1], [2]- In order to improve the performance of MC-

CDMA systems, many combining techniques are knowrhidues is provided and the system model introduced,;

. . ) Lo . — . .~"In Section lll the channel model is presented and in
in the literature, trying to exploit diversity and minimize . ; ; - .

. .~ Section IV the received signal and the decision variable
the effect of fading and, as a consequence, of multiuser

interference. In fact, even considering the downlink and™© derived. The performance in terms of BEP and BEO

. : . ._.Is evaluated in Sections V and VI, respectively and
assuming the adoption of orthogonal codes to differentiaté : . . .
. : . numerical results are presented in Section VII. Finally
users, the effect of different fading on each subcarriers . ; :
. . . ... our conclusion are drawn in Section VIII.

corrupts the users’ orthogonality, drastically deteriorating

the final performance. For this reason, the choice of
the combining technique becomes critical. Since in this
work we consider the downlink, and the combination is

Il. SYSTEM MODEL

In this work we consider the MC-CDMA architecture
with spreading done in the frequency-domain and W-H
Barbara M. Masini{barbara masini@unibojitis with IEIT/CNR ~ c0des with spreading factor equal to the number of sub-
University of Bologna, ltaly. carriers, as presented in [1], [5] and shown in Figure 1.
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(a) Transmitter block scheme. (b) Receiver block scheme.

Figure 1. Transmitter and receiver block schemes fortReuser.

Even if it can be assumed that at the receiver side of thésee [4], [13]-[15]):

downlink the information associated to all users experi- 1

ences the same channel and the system remains always Gm = —u(|Hpn| — prH), 4)
synchronous, the orthogonality between the sequences of Hp

different users is lost, in spite of the use of W-H codes,yhereu(-) is the unitary-step function and the threshold
due to t_he different fadlr_1g in each _subchannel. Ther_e_forepTH is introduced to cancel the contributions of sub-
the choice of the combining technique becomes critical.channels highly corrupted by the noise.

Several combining techniques with different complexitie_s|n [16], [17] a partial combining (PC) technique was in-

have been studied in the literature (see, e.g., [7]-[9]); ifroquce, with coefficiend,, function of a PC parameter,
this work we address low complexity combining scheme% as given by:

such as linear combining, since, in the downlink, the
detection is performed also at the user terminal.

Within the family of linear combining techniques, differ-
ent schemes based on CSI are known in the literature (see, ) )
e.g., [10]-[12]), for which signals coming from different NOt€ that (1), (2), (3) can be viewed as particular cases

subcarriers are weighted by suitable coefficieits (m  ©f (5) for which the parametef assumes the valugs
being the subcarrier index). (EGC),—1 (MRC) and1 (ORC), respectively. Since MRC

Among these techniques, EGC consists in equally weigh@nd ORC are optimum in the extreme cases of noise-
ing each subcarrier contribution and compensating Omymlted and interference-limited systems, respectively, for
the phases as: each intermediate situation PC can represent a better

_ H}, 1 solution.

- @’ (1) In [6], a parametric combined equalization when CSI is
available at both transmitter and receiver is considered and
benefits are shown with respect to single side equalization,

H,

G = —
" |Hm|1+ﬁ

®)

Gm

where H,, is the m® channel coefficient (notatiori
ﬁtang fgr cihmplex ct;)njugf]atlctJ_n). If the 'systerlr) 'IEI no'.stﬁ'especially in single user scenarios.
imited, (i.e., the number of ac Ve USETS 1S NeGIgIbie Wi, 1, 1his work we consider combined equalization made up
respect to the number of subcarriers), MRC represents th - :
) . of PC pre-equalization at the transmitter and TORC post-
best choice with o A . )
G — @) equalization at the receiver in multiuser scenarios and we
m m: evaluate if the introduction of PC at the transmitter when
On the other hand, this choice totally destroys the oralready adopting TORC at the receiver gives potential
thogonality between the codes. For this reason, when thedvantages in terms of BEP and BEO or if TORC alone
system is interference-limited, a good choice is given hyis already sufficient in a multiuser scenario. The perfor-
restoring the orthogonality between the sequences witmance of a MC-CDMA system with TORC detection at

ORC, for which the receiver have been derived in [4].
— 1 Following the MC-CDMA architecture presented in [2],
Gm : ®3)
Hp, the number of subcarrierds, is equal to the spreading

On one hand ORC implies a total cancellation of the mulfactor. Each data-symbol is copied over all subcarriers,
tiuser interference, but, on the other hand, it emphasizeend multiplied by the chip assigned to each particular
the noise. For this reason a correction is introduced witlsubcarrier. Consequently, the spreading is performed in
the threshold orthogonality restoring combining (TORC),the frequency-domain.

where a threshold is introduced to cancel the contribution§Ve consider W-H orthogonal code sequences for the
of those subchannels highly corrupted by the noise, allowmultiple access and binary phase shift keying (BPSK)
ing low complexity with sufficiently good performance modulation; thus, the transmitted signal referred to the
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k! user, can be written as: wherea,,, andi,, are them™™ amplitude and phase coeffi-
5, foo M-l cients, respectively, and’; is the transmission bandwidth
s®@) = ,/7[" Z Z cgﬁ)a(k) [1)Gon preg(t — iTh) of each subcarrier. I_-lencg, we assume the respgfr@sA)e
i=—00 m=0 to ¢g(t) as a pulse with unitary energy and duratibh=
X coS(2 fnt + b)), (6) T + Ty, beingTy < T, the time delay. We assume that

eachH(f,,) is independent identically distributed (i.i.d.)
complex zero-mean Gaussian random variable (r.v.) with
variance,o%, such thatt {a?} = 20%.

where I, is the energy per bit; denotes the data index,
m is the subcarrier indexg,, is the m® chip, a(*[i]

is the data-symbol transmitted during th& symbol
time, G, pre IS the pre-equalization coefficieng(t) is
a rectangular pulse waveform, with duratif¢ty 7] and
unitary energy,l}, is the bit-time, f,,, = fo +m - Af is  The received signal can be written as:

the subcarrier frequency (withh f - T" and f,T" integers

that implies orthogonal frequencies) apgl is the random r(t) = s(t) * h(t) + n(t), (12)
phase uniformly distributed withifi-7, 7). In particular,

IV. DECISIONVARIABLE

where n(t) is the wide sense stationary additive white

.Tb =T +.Tg is the total O'_:DM symbol _duratlon, Gaussian noise with two-side power spectral density
increased with respect t6 of a time-guardl, (inserted (PSD) Ny/2. Hence, we can write:

between consecutive multi-carrier symbols to eliminate

the residual inter symbol interference, ISI, due to the 2F, Nu—1 400 M—1 o
channel delay spread). Pre-equalization is performed un<t) = /7~ YD D andaMilg'(t —iT)
der the assumption that transmit power is the same as in k=0 i=—oco m=0
i - ization: O

the case without pre-equalization:

M—1 X G opre COST it + o + ) + (),  (13)

2 _
mZ:O |G prel” = M, () whered,, £ ¢,, + .. Note that, since’,,, can be con-

sidered uniformly distributed ifi-, 7], we can consider
the argument ofd (f,,) distributed as},,.
M Focusing, without loss of generality, to tii& subcarrier

that is satisfied if

CGmpre = G SMEL G2 @ of usern, the receiver performs the correlation at f&

) _Z_? N ) instant (perfect synchronization and phase tracking are
where G,,, is _the _pre-equallzatlon c_oefhc.lent without assumed) of the received signal Witﬁ)\/icos(27rflt+
power constraint given by (5). In particular: 9,), as:

- M JTo+ T
|G prel = 0\ | <=1 =37 - R / "
’ m -1 _—23 2 jl = — r(t) & V2 cos(2m fit + 9;)dt .
Zi:[) Q; ! [] \/T iTy !
Considering that, exploiting the orthogonality of the code, _ _ - 14
all the users adopt the same carriers, the total transmittdP!lowing the analytical procedure adopted in [17] and
signal results in: after some algebra, we obtain:
Ny—1 Ny—1 400 M-1 E: S M
[2F n)r. b9d 1— n)r .
k=0 k=0 i=—00 m=0 i;o X i
X Grprea®[i)g(t — iTh) cos(27 frt + PnfL0) Eydq (n) 1-5 SN—= (k) M
, + M o Z q =M-1_—25
where N, is the number of active users and, because of k=0,k#n im0
the use of orthogonal coded, < M. x  a®] + ],
I1l. CHANNEL MODEL whered; = 1/(1 + T,/T) represents the loss of energy

Since we are considering the downlink, we assume thaf2used by the time-spreading of the impulse afd] is
focusing on thex! receiver, the information associated to the noise contribution. L . _
different users experiments the same fading. Due to the The decision variabley"[j], is obtained by linearly
CDMA structure of the system, each user receives th&ombining the weighted signals from each subcarrier as:

information of all the users and select only its own data M—1
through the spreading sequence. We assume the impulse o™ = Z IGz,postlzl") , (16)
response of the channel(t), as time-invariant during =0

many symbol intervals. We consider a frequency domai
channel model with transfer functioi{ ( f), given by:

W,

~ — JPm _ s
H(f) = H(fm) = ame for [f = fm| < 2 v m, 1For the sake of conciseness in our notation, since ISI is avoided, we
(11)  will neglect the time-index; in the following.

Where the post-equalization coefficie} ,.; is referred
to a TORC detector; it has to counteract not only the
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fading channel, but also additional distortions caused byt can be derived that:

pre-equalization, thus it can be written as: )2
1-4 M ]
a7y P\ s e e (1)

1
r ~ H G re| b) .
HlGl,prc U(| 1“ip ‘ pTH) Z’L:O a;

and and
1

‘Gl, ost| = 7”(‘HZGZ, re| - pTH) (18) |
P |HlGl7pT'e| P C(a) é ]\/[ 1
_ | Zitg e im0

thost =

a Equla™ W ~ PTH
15 [ M Dm0 @ ’
X u [e% M—1 _—25 — PTH . . )
dico O -y
_— . - . = H —e H . 22
By substituting (15) and (18) in (16), the decision variable e rme (22)
can be re-written as:
U B. Interference Term
) Eb5d M1 M By exploiting the proper@ies of orthogonal codes as in [5],
v = 72 ST PTH after some algebra the interference term can be rewritten
=0 " as:

/E5
M—-1 N,-1 [ b0d
n Ebéd u n) (k
X ( )-i-“ ( )Cl()

k= Ok;én
l 0 k= Ok#n A
M
M
M l-pj_ =
l1-p [ = (k) X Zu <Oll — — PTH)
X ulao _ a M—1_—23
(o1 stz ) ERIN A
N
As
M-1 M1, -20
+ Z o[ffl z:OM i f < o Vi )
=5 =S (ol [ — o ) | @3)
l M-1_—23
N h=1 Dm0 @

_ M
X (all B W - pTH) ng . (19)

i=0 @ where indexes:;, andy;, define the following partition:

Now, the BEP evaluation can be obtained by studying ¢ [z,]e® 2] = 1
the statistic distributions of the useful ter@, the noise (n) : *)

term, N and the interference ternd, In particular, it is ™ ynle™ [yn] = -1

reasonable, for sufficiently high number of subcarriers, as {zp}U{yn} =0,1,2,..... M — 1. (24)

for practical systems (such as digital video broadcastingl: .
WiMax, etc.), to adopt the law of large number (LLN) ~OF large values ofM, we can exploit the CLT, by

and the central limit theorem (CLT). The reliability of OPtaining that termsd, and A, in (23) are distributed
the approximation on the BEP obtained through thes&S:
assumptions will be verified by simulation. N M - M M
7E u Oél m — PTH s 7((0{) .
A. Useful term Dm0
By applying the CLT to the useful term, we obtain the Hence, by exploiting the symmetry of the Gaussian p.d.f.

following statistical distribution: and the property of the sum of uncorrelated Gaussian
U~ N (1w, 0%) (20) r.v.s, we have:
where notation\V (i, o2) stands for Gaussian distribution a® (A — Ay) ~ N (0, M((a)) .

with meany and variancer?, E {-} denoting the statisti-

cal expectation operation. In particular: Hence, it can be derived that the general interference term

is distributed as:
1— M
By ME {u (Ozl o —M-1_—23 pTH) } I~N (0,0’%) s (25)
Dm0 O
o = Epal(a). whereo? £ Epda(N, — 1)¢().

Hu
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C. Noise Term where SNIR is given by:
o
SNIR = ve " _ (29)
N = 2 N,—1) - —
(1 - 08, L] 4 2yl e 2f e 7
H

x and¥ represents the mean SNR averaged over small-scale
fading defined as:

= _ a Eyda

5 & Vo 20% . (30)

x Note that whens = 0 (i.e., we do not perform PC
at the transmitter side), we obtain the BEP expression
presented in [4], confirming the validity of our analysis.

- By comparing (29) with the SNIR given in [4], it is also

o worth noting that the presence of PC pre-equalization
only affects the noise term at the denominator of (29);

% the useful and interference contribution are the same also
not considering any pre-equalization.

A. Performance Optimization
X U (all_ﬁ o v R pm) n; (26) Keeping s fixed, we now aim at finding the optimum
Dm0 O values ofpry that minimizes the BEP, defined as:
Considering that the termg andn; are independent and (opt) ]
n; is zero mean, the noise terii results distributed as: Prv = atstun {Fp} = arg max {SNIR}. (31)
N ~N(0,0%) , (27) By deriving (29) with respect tgry, we obtain (32)
h (bottom of the next page). Then, after some manipulation,
where the following solving equation can be found out:
N _
o = M%) T4 i
2 13 e* i1 — f] (33)
_ _ M 1-3 2
x E lalﬁ Yu <all h P o TR pTH>] P2 207 -y
—1_—28 _or | 3. PTH 290 208
>iz0 O % s 2072, + PTH <
= o902 )51 - gl(202)7 0T [ 5, L
- 2 H H " 202 where
B No o 2\-1 P N, —1
= M7(20H) [t - gIrB, E} (28) ¢a 27% _ (34)

Note that the parametérquantifies how much the system
is noise-limited (low values) or interference-limited (high
By noting thata® is zero mean and statistically values), and (33) represents the implicit solution, for the
independent ony;, (A; — As) and n, it follows that  problem of finding the optimum value oty for all
E{I N} =E{I U} = 0. Sincen; ando, are statistically possible values of SNR, number of subcarriers, number of
independent, the£{N U} = 0. Sincel, N and U users and pre-equalization combining techniques. More-
are uncorrelated Gaussian r.v.'s, they are also statisticallyver, (33) opens the way to an important consideration. In
independent. fact, the optimunpry only depends, through, on slowly
varying processes such as the SNR (averaged over fast
fading then randomly varying according to shadowing),
the number of users, the number of subcarriers and the

D. Independence between terms

V. BIT ERRORPROBABILITY EVALUATION

From (20), (25) and (27), we obtain: pre-equalization coefficient. This means that it could be

5 reliable an adaptive TORC detection technique in which

P ~ lerfc QMU ~ = lerf SNIR, PTH IS Elowly adapted to the optimum value for the current
2 2003 +07) 2 set of¥y, N,, M andg.
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Figure 2. BEP vspry for different values of3 and mean SNRy in ~ Figure 3. BEP vsg for different values ofpry andy = 10 dB in
fully loaded system conditions\{ = Ny = 64). fully loaded system conditions\{ = Ny = 64).

Equation (38) enables the derivation of optirpal which
minimizes the required SNIR for a given targét,

In digital wireless communications where shadowing issystem load and pre-equalization technique. In addition,
superimposed to small-scale fading [18]-{20], another imyiven target BEP and BEO, from (29) and (36), we
portant performance metric is given by the BEO definedcan obtain the required value gfjs that is the median
as the probability that BEP exceeds a maximum tolerablgajue of the SNR. This is useful for wireless digital
level (the target BEPP) as: communication systems design, since it is strictly related

P, 2 PP, > P!} = P{Ags < Tia) | (35) to the link budget when the path-loss law is known.

V1. OUTAGE PROBABILITY EVALUATION

wherey s = 10log,, 7 and¥}g is the SNR (in dB) giving VII. NUMERICAL RESULT

the BEP equal t; (i.e., P,(7*) = P;). We consider the In this Section, numerical results related to the BEP, the
case of a shadowing environment in whigks log-normal  optimumpry and the BEO in different systems conditions
distributed with parametergqg and o3z (i-e., 745 is @  will be shown.

Gaussian r.v. with meapgg and variances3z). Hence, In Figure 2, the BEP is plotted as a function effy
the BEO results in: for various values off and mean SNRy, in fully loaded
1 . system condit_ions with/ = N, = 64._I\!ote that there is
P, = Qerfc{ﬁ} (36)  always an optimum value gfry minimizing the BEP and
Ods this value depends ofy, thus on the combining technique
Thus, target SNIR, SNIR giving P, = P} is: adopted at the transmitter. Moreover, it is important to
L 9 observe that the BEP is also drastically dependent on
SNIR* = (erfc™ ' {2F}})" , (37)  3; in particular, the curve referred t6 = —1 (i.e., by

performing MRC at the transmitter), is outperformed by
the curve related t@ = 0 (i.e., we equalize at the receiver
side only); this means that, a not suitable pre-equalization
technique can even deteriorate the performance with re-
spect to post-equalization only. However, when= 0.5,

where erfc! is the inverse complementary error function.
Hence, we derive the required SNTR;, as a function of
SNIRY, ptH, M, N,, and3, which is related to the system
load, as given by:

SNIR* I'[1 — AIT'[8, %} the BEP is quite improved with respect to TORC detection
F* = > - — - only. At instance, wherpry ~ 0.1 andy = 10 dB,
o oMl SNIR . e 5 o the BEP is abou - 102 for 3 = 0, while is 5 - 10~3

M for 5 = 0.5. Similar trends and considerations could be

(38) drawn in different system loads conditions.

2 0% 0% o3
PTH (N —1) | -5 i (= 2ptH
{F[l — BIT[B, 20%{] + 27 i e H —e °H Ye “u | — o2 (32)
o 952\ 177 _ 3y N, —1 _ 9 _ety
= 7e o2 —I'[1 -4 <O'H> p%e 20%; +27M _pTTHe 2f 4 p;'He P .
PTH oY M oy oy
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Figure 4. BEP vsZ for different values of3 and pty in fully loaded Figure 6. BEP vsy for different values ofg and pty in fully loaded

system conditionsN/ = Ny = 64). system conditionsyy = M = 64): comparison between analysis and
simulation.
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Figure 5. BEP vsZ for different values of3 and pry in half loaded Figure 7. BEP vs. system load for different valuesifpry and?.
system conditionsy; = M/2 = 32).

then 20 dB in fully loaded system conditions. Finally

In Figure 3, the BEP as a function ¢f for ¥ = 10  note that, by adoptingy = 0.5 and pry = 0.1 (i.e.,
dB and different values ofry is shown in fully loaded fixed values), we obtain almost the same performance
system conditions. In particular, the BEP is minimumas in case of adaptive TORC detection. This means
when pry = 0.1 and 8 = 0.5. However, in spite of the that a suitable choice of combined equalization gives
values for pry, the values ofg (i.e., the kind of pre- optimum performance without tracking system variations.
equalization technique) granting good performance are iBy comparing Figures 4 and 5 referred to fully and half
the range [0.1, 0.6]. Hence, the choice of pre-equalizatiotbaded system, respectively, it is also worth noting that,
technique is crucial, drastically improving or deterioratingwhen adaptively changing the threshold or by adopting
the performance with respect to post-equalization only. 8 = 0.5 with pty = 0.1, the system load does not affect

In Figures 4 and 5, the BEP is plotted as a functionthe performance, whereas in all the other cases, the system
of the mean SNRj, in fully and half loaded system loads highly affects the BEP.
conditions, respectively, for different couples Gfand In order to confirm the validity of our analysis, in
ptH. In particular, by fixingpty = 0.3, we can observe Figure 6 a comparison between analytical and simulation
an improvement in the performance by passing fronresults is proposed for some valuesénd pry in fully
B=—-0.5t03=0uptos=0.5. The best performance loaded system conditionsV{; = M = 64). As can be
can be obtained by adaptively changing, tracking the observed analysis and simulation are in good agreement
slow variations of the mean SNR, with 3 = 0.5 (both  confirming the validity of the analytical framework.
in fully and half loaded system conditions). In this case, In Figure 7, the BEP as a function of the system load,
P, = 1073 can be obtained withy ~ 12 dB rather N, /M, in percentage is shown for different valuesf
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Figure 8. BEO vsugp giving Py = 10~2 for different values of3
and pty in fully loaded system conditionsd\y = M = 64).

and couplesf, pty). Note that a suitable choice of pre-

JOURNAL OF COMMUNICATIONS, VOL. 3, NO. 5, OCTOBER 2008

opening the way to an adaptive variation of the threshold
following slow processes fluctuations. Numerical results
showed that an adaptive TORC significantly improves
the performance in fast fading and log-normal shadowing
conditions.
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