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Adaptive TORC Detection for MC-CDMA

Wireless

Barbara M. MasiniMember, |EEE,

Abstract—Multi carrier code-division multiple access (MC-
CDMA) is considered for beyond third generation wireless
systems for its effectiveness in combating both multipathading
and interference still maintaining high data rate. This paper
investigates MC-CDMA systems adopting an adaptive deteain
technique based on threshold orthogonality restoring comiming
(TORC). The mathematical framework here developed allows
the evaluation of both the bit error probability and the bit
error outage in downlink with perfect and imperfect channel
state information and the derivation of the TORC threshold that
optimizes the performance. The optimal threshold is analyitally
derived as a function of the number of subcarriers, the numbe
of active users, and the mean signal-to-noise ratio. This ables
an adaptive variation of the threshold following slow proceses
fluctuations. Numerical results show very good performanceof
TORC comparing with other combining techniques and demon-
strate that the optimal threshold changes considering pedct
and imperfect channel estimation. Results are shown both in
uncorrelated Rayleigh fading as well as in time and frequeng
correlated fading channels.

Index Terms—MC-CDMA, TORC detector, performance eval-
uation, fading channels, adaptive system.

I. INTRODUCTION

Multi-carrier code division multiple access (MC-CDMA)
technique is gaining interest for beyond third generat®3G)
mobile radio systems due to its efficiency in supporting hi
data rate mobile communication against both frequencysel
tive fading and multi-user interference [1]-[3]. The shitiy

of MC-CDMA as multiple-access scheme derives from th

combination of orthogonal frequency-division multiplegi

(OFDM) and spreading. In this work we consider the syste

architecture presented in [2] and [4], where the spreadsngg_ghly corrupted by the noise, allowing good performance

performed in the frequency-domain and Walsh-Hadamard (
H) codes are used with spreading factor equal to the num
of subcarriers. The transmitter and receiver block scheanes
depicted in Fig. &

The main impairment of this multiplexing technique
represented by the multiple-access interference (MAl)civh
occurs in the presence of multipath fading propagation

d
to loss of orthogonality among the received spreading codyg
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INote that these schemes are useful for the analysis, althoymjcal
implementation uses inverse and direct fast Fourier toansf
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in spite of the use of W-H codes. Typically, the MAI mit-
igation is accomplished at the receiver using single-user o
multiuser detection schemes, thus, the choice of the cdnthin
technique becomes critical and drastically affects theéesys
performance. Several combining techniques with different
complexities have been studied in the literature (see, [Blg-

[7]). In this paper, we address low complexity schemes such
as linear combining, since in the downlink the detection is
performed at the user terminal and we aim at proposing a
simple adaptive combining technique.

Within the family of linear combining techniques, several
schemes based on channel state information (CSI) are known
in the literature (see, e.g., [8]-[10]), for which signatsying
from different subcarriers are weighted by suitable coieffits
gm (m being the subcarriers index). The equal gain combining
(EGC) technique consists in equally weighting each subchan
nel contribution and compensating only the phases wjth=
hi, /|hml|, whereh,, is themth channel coefficient (notation
* stands for complex conjugation). If the system is noise-
limited, (i.e., the number of active users is negligible hwit
respect to the number of subcarriers), maximal ratio comgin
(MRC), for whichg,, = h,, represents the best choice. On
the other hand, this choice totally destroys the orthogtnal
between the codes in case of multiple users. For this reason,
\Hhen the system is interference-limited, a good choicevisryi
y restoring the orthogonality between the sequences ds wit

%ﬁe orthogonality restoring combining (ORC) technique, fo

hich g,, = hZ,/|hm|?. This implies a total cancellation of
the multiuser interference but emphasizes the noise. Bhis i
ﬁ,(])rrected with threshold ORC (TORC), where a threshold is
introduced to cancel the contributions of those subchannel
espite the low complexity (see [11]-[13]). Indeed, while
C is desirable for its simplicity and MRC for its noise
counteracting capability, neither of these techniquesatly
address the interference and the exploitation of the sprgad
codes. B3G communication systems intend to multiplex as
rréany users as possible sharing the same resources, they are
gically interference-limited; this is the reason why TORs
assuming an increasing interest. Since the orthogondlityeo
users is encoded in the phase of each subcarriers, TORC is
mainly beneficial in the downlink where phase distortion may
be more easily corrected rather than in the uplink [2].

Earlier works investigated the performance of MC-CDMA
systems varying the detector; some of these involve TORC
technique: in [4] and [13] the performance was studied by
simulation or through semi-analytical models. In partyl
the bit error probability (BEP) was approximated as the sum
of the binomial distribution of the number of subcarriers
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Fig. 1. Transmitter and receiver block schemes.

above the threshold, resulting in a cumbersome expressiortnally, numerical results and our conclusions are given in
be computed in closed form or implemented in upper lay&ec. VIl and Sec. VIII, respectively.
simulators. In [12] the bit error rate (BER) was obtained
by simulation. Ir_l [11] and [14_1] an anal)_/tical framework was Il. SYSTEM MODEL AND METHODOLOGY
proposed to derive the downlink BEP with TORC detector for . )
synchronous users: in particular, in [11] decision-diedduc- N the considered MC-CDMA architecture, each data-
CDMA detectors with and without explicit channel estimatio SYMbol is copied over all subcarriers, and multiplied by the
are investigated:; they also compared the decision-diletel chip assigned to each part!cular subcarrler. We ponS|der W-
pilot-aided approaches and explored the trade-off betweldnerthogonal codes and binary phase shift keying (BPSK)
channel estimation overhead and performance to verify hgipdulation. Hence, the signal transmitted to &t user can
the channel estimation process affects the performancetsf MP€ Written as (see Figg. 1(a)):
CDMA detectors with Kalman filter to track the channel. SE. oo M-l

s(F) (t) = 1 ,Vb

k) (k) ,

In this paper, we mathematically derive a simple BEP ap- S dPa®ilgt —iTh) (1)
proximation for downlink frequency selective fading chalm i=—00 m=0
adopting a TORC detector with both perfect and imperfect X cos(27 fint + ),

CS!. In additio_n to the BEP, our framewor_k enables the mves{/vhereEb is the energy per bitl/ is the number of subcarriers,
gation of the._b't error outage (BEO,)' th‘r_j‘t is the BEP'based,OL;’n is the subcarrier index;,, is themth chip (taking values
age probability and represents a significant performancedig 41y (v ;] is the data-symbol transmitted during the symbol-
when small-scale fading is superimposed to large-scaiedadyjng ; (1) is the pulse with rectangular waveform, duration

[15]. We also analytically evaluate the optimal threshahdl a [0, 7], and unitary energyl} is the bit-time, f,,, is the mth

its relat|0n with slow varying processes, such as the numbersubcarrier-frequency (with\ £ 7 and f, T integers to have
active users, the number of subcarriers, and the mean gignal

X , : orthogonality in frequency), ang,, is the random phase uni-
noise ratio (SNR) averaged over small-scale fading. Ingo¢rf formly distributed within[—, 7). In particular,Ty = T + T

CSl is also considered to analyze how the optimum thresholdy, & +1a] OFDM symbol duration, increased with respect to
changes with respect to the case of perfect estimation. theoy a time-guardr, (usually inserted between consecutive

that, the number of active users, the number of subcardats, s to eliminate the residual inter symbol interfegenc
the mean SNR represent slow varying processes with resp@§t qe to the channel delay spread)

to the variations in the performance perceived by the USel'\z\e assume a frequency-domain channel model in which

allowing an optimized and adaptive use of the threshold @l yansfer function is considered constant in the banitwid
can be changed tracking slow processes variation (for a dbsf'each subcarrier and is given by:

cussion on slow and fast processes affecting the perforenanc

of adaptive and non-adaptive wireless communications see, Bom, = tpe?¥m (2
e.g., [16], [17]). It will be shown that the proposed adaptiv . .
TORC, significantly improves the performance with respect Yhere a., and ¢, are themth amplitude and phase coeffi-

others linear combining techniques. Analytical resulté @ CI€NtS, respectively. Eachy, is assumed independent identi-
confirmed by simulations. cally distributed (i.i.d.) complex zero-mean Gaussiandan

) ) variable (RV) with variance per dimensiorf, equal to1/2
The rest of the paper is organized as follows: system modg| o1 {a2 } — 1. for all m.2

and methodology are described in Sec. Il, the decision bigria

is given in_ Sec. Il an(_j the BEP in Sec. IV. The optimal 2E {-} denotes the statistical expectation, here with respeceatizations
threshold is evaluated in Sec. V and the BEO in Sec. Vi asm,.
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Assuming the coherence bandwidth smaller than the distartbe downlink, perfect synchronization and phase trackimey a
between two adjacent subcarriers (owing, for instance, assumed), the correlation output at gtk instant is given by:
frequency interleaving), each,, and ¢,, are considered 1 To+T
independent; we assume that each subcarrier experientes flq(") [J]=—=
fading. This represents a realistic case when the subcarrie VT Jjm,
are sufficiently spaced in frequency or when only a subsgbnce, substituting (3) in (5), the teraj”)[j] results as in
of the amount of subcarriers is used for the transmissigg) where:
of a symbol. Starting from these common assumptions, we .
analytically evaluate the performance in terms of BEP and we W [] = { cos(¥y — 1) m=1
carefully investigate the performance dependencies aiersys 7 0 m#l.
parameters, then also allowing comparison with previous r8ince ISl is avoided, we will remove the time-indgin the
sults appeared in the literature [3], [18], [19]. following. After some manipulation we can write:
In the downlink, the system is assumed synchronous and the
(n) 1/ Lal cos(¥; — ﬁl)a(”)

r(t) V2 cos(2n fit +0y)dt . (5)

signal components associated to different users expetitinen
same fading. Furthermore, since the orthogonality of tlegus
is encoded in the phase of the subcarriers, the TORC teahniqu Ebdd (n) ) O ®) (k)
is primarily beneficial in the downlink where phase distonti TN G @ cos(d; — ) Z G e+,

()

for all users can be more easily corrected J2ence, the k=0.k7n
received signal can be written as: wheredq = 1/(1+Ty/T) represents the loss of energy caused
No—1 +oo M-—1 by the time-spreadindly, of the received pulse.
r(t) = ,/2_Eb Z Z Z ™ a® [1]G(t — iTp) From the received signal expression before the combiner, we
M = = = can now proceed to evaluate the performance in terms of
Iom BEP and BEO. The BEP averaged over small-scale fading

—_— is a common performance figure for applications in which

X OS2 fnt + G + ¥m) + n(t), 3) the user’s perceived quality of service (QoS) is relatechto t
where summations are on users, symbols, and subcarriefgor rate observed in a time interval of several symbol me
respectivelyg(t) is the response of the channel to the pulsgee e.g., [17]). Thus, the variability of processes aiffigct
g(t) with unitary energy and duratioi’ £ 7 + Ty, being the useful signal during this interval has to be carefulketa
Ty the pulse enlargement due to the overall distortion @ito account (e.g., the mean SNR, also varies due to the
the channeln(t) is the additive white Gaussian noise withshadowing, but slowly with respect to the interval consédier
two-side power spectral density,/2, andd,, £ ¢, + ¥ for the BEP evolution). For this reason, the BEO, that is the
uniformly distributed in[—7, 7). probability that the BEP exceeds a maximum tolerable lésel,

To analyze the performance with imperfect CSI, we assumagso an appropriate figure of merit for digital communicatio
a channel estimation error [20] on each subcarrigr, com- systems where small-scale fading is superimposed on large-
plex Gaussian distributed with zero-mean and variaheg scale fading, such as shadowing [15].
thuse,, ~ CN(0,202), and we define the normalized channel

estimation error variance as= o2 /of. The mth estimated [1l. DECISION VARIABLE

complex channel coefficient is given by: The decision variabley(™), is obtained by a linear combi-

Bm = hon + €m () nation of the weighted signals from each subcarrier asvialio
. L M-1

where, h,, = A eV _ _ o o) — Z |gl|z("). (8)
By observing the receiver structure depicted in Fig. 1(kj an — !

focusing on theith subcarrier for thenth user (being in L . .
The TORC detector consists in choosing the complex weight

3Note that, in the downlink, power efficient mobile receivevith low referring to thelth subcarrier as:
complexity are required, whereas for the uplink, a high clexity multi-

user detector can be used to cope with the presence of sexsena, lgi| = u(|ﬁl| - pTH)/|le| = dflu(dl — PTH) - 9)
E +oo GTy+T Nu—1M—1 R
zl(") 7] =24/ M—; Z / Z Z amcg,lf)cl(")a(k) [i]g(t — iTy) cos(27 frmt + Om) cos(2m fit + ;) dt (6)
i=—o0 3T k=0 m=0
5] w1 1]
JTh+T o™ R EoT Nu—1M-1 1 [ITo+T R
+ / \/§l—n(t) cos(2m fit + Vp)dt = | — = — / 2cos(27 fmt + Om) cos(2m fit + ;) dt
7T \/T M T kZ:O 7; T 7T

M—-1 Ny—1

Ny—1
x amctt) e aM[j] + mlj] = Mb?{ > eV aGlunil + > Y amee™a® [jlum. [J]} + ]
k=0 m=0,m#l k=0
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whereu(-) is the unitary-step function angry is the positive B. Interference Term

channels highly corrupted by the noise. Hence, by substifut matical manipulation we derive the interference as:

(7) and (9) in (8) we can write:

U
M-1
Epd, ~ g q n
pm — /200 u(dqy — pTH) 1y L cos(¥; — ;) al™
M £
I
M-1
Epd n) . . 5
% & )u(al — pTH) Q1 ! cos(¥; — )
=0
inI N
Ny—1 M-1
X Z cl(k)a(k) + Z nldflu(dl —ptH), (10)
k=0,k#n 1=0

where the three term#&/, I, and N represent the useful,
interfering, and noise term, respectively.
By defining

@l(pTH) £ u(dl - pTH)aldfl COS(ﬁl - 1§l) , (12)
we can write (10) as in the following:
o™ =U.-a™ +T+N, (12
where
Ebéd M—1
U= \/ NYa ; ©1(ptH) (13)
Ebéd M—1 Ny—1
n k
1= 22> dPeim) Y (e e
1=0 k=0,k+#n
M—1
N =" md;  u(dr - pra). (15)
1=0

Hence, in order to derive the BEP, we need the statisgqnce termsy,
distribution of v(™) that can be obtained by studying thequal to zero

Ny—1
JE ~ w
I = 7 Z a

(17)
k=0,k#n
A1 A2
M M
2 2
X Z Oq, (pTH) — Z Oy, (pH) |
h=1 h=1

where indexes:;, andy;, define the following partitions:

cgfl)cgi) =1
-1

(M) olk)
{zn} U{yn} =0,1,...

Yh “Yh
For large values of\f, we apply the CLT to termd; andA,
in (17), consequently we obtain:

Audo N (gxﬁ{@mm)} , %@(9)) a9

where (,(0) = E{0%(prn)} — E{O(ptn)}*. Hence, by
exploiting the symmetry of the Gaussian probability densit
function (p.d.f.) and the property of the sum of uncorralate
Gaussian RVs, we have:

a® (A1 — As) ~ N (0, M, (9))
Then, the general interference term results distributed as

I ~N(0,07), (19)

whereo? = Eypda(Ny — 1) [E {0%(prn)} — E{@(pTH)}Q]

SM—1.

C. Noise Term

andn; in N are independent ang, has mean
the total noise term consists in a sum of i.i.d.

statistics of U, I, and N. By considering that actual and,arg mean RVs with varianc(é\fo/2)E{(d*lu(&—pm))?}.

future multi carrier systems generally have a high number
subcarriers (e.g., 2k or 8k for digital video broadcastivg
will adopt the central limit theorem (CLT) and the law of larg

B(/ applying the CLT, the noise term results distributed as:
N NN(O,O’,%]) , (20)

number (LLN) to approximate the BEP (the goodness of thgin 0% = M (No/2) E{(a " u(a — prw))?}.

approximation will also be verified by simulation).

A. Useful Term

By applying the CLT! the useful termU in (10) results
distributed a3

U~N (v, of) . (16)

The mean and variance off are respectively given by
iu = VEudaM E{O(prv)} andof; = EpdelE {©%(prH)} —
(E{O(ptn)})7]°

4CLT has been applied to analyze MC-CDMA systems also, exg[2]i
and [4].

SNotation A/ (u, 02) stands for Gaussian distribution with meanand
varianceo?.

6Note thatE {©(ptH)} is independent on indek

The expressions & {O(prh)}, E{a ?u?(& — prn)}, and
E {©%(prn)} are derived in the Appendix, and result in:

PR (1+3e/4)

P 207 (14¢)
E{O(pmn)} = e *70F — (216_(352)(;14_35)
B {6720 - o)} = 5ot [ s }
207(1 +¢) 205(14¢)
o -
E{©%(prn)} = e 00+ — —(415_6 T3
+ C(B1+ B2+ Bs+By), (21)

where the expressions 6f, By, Bo, Bs and B, are given in
the Appendix.
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D. Independence between terms In case of perfect CSl, (26) reduces to:

Sincea® is zero mean and statistically independentcn o

(A1 — A3), andn,;, we can write thalt {IN} = E{IU} = 0. — ye °n

Sincen; andq; are statistically independent, thEn{ NU} = (= 2 2 2 - (@7
0. Moreoverl, N, andU are uncorrelated Gaussian RVs, thus (o, ﬁ] + 2557 (8 ho—e h ) v

also statistically independent.
Remark: Note that the main objective of this work is not only
IV. BIT ERRORPROBABILITY EVALUATION to assess a tight approximation for the BEP, but mostly to
derive the value of the TORC thresho}gy, which minimizes
From the statistical distribution of the terms and N, the BEP depending on the other system parameters. From
the total disturbance (interference plus noise) resultbeo this point of view, we will show a good agreement between
Gaussian distributed as: simulative and analytical results in Sec. VII.

I+ N ~N (0,08 +03) - (22)

. . L . V. TORC THRESHOLD OPTIMIZATION
This enables us to derive the BEP approximation as a function

of the mean SNRy, the TORC threshol@ry, the number of  We aim at finding the optimum value of the threshold,
subcarriers\/, the number of active users,, and the channel ,\%"", defined as the value that minimizes the BEP (hence that

estimation error related te. maximizes the SINR since the BEP in (25) is monotonically
The BEP conditioned to the RV is given by: decreasing with the SINR):
1 U (opy _ i —= 1§
Poly = serfed ———— 1, 23) priy. = argmin{Ph} = argmax {C} . (28)
2 2(0f + oR)

yvhere erfc is the.complement.ary _errohfylnction. By .appl)fq_ Optimal TORC with Non-Ideal Channel Estimation
ing the LLN, that is by approximating_,Z, " ©;(prn) with

ME {©(prh)}, we derive the unconditioned BEP as: By forcing to zero the derivative of the argument in (28) and
remembering thay > 0, T'[0,1/[20%(1 +¢)]] > 0, and pty >
B~ lerfc VExdaM E{O(ph)} ' (24) 0, we obtain:
2 2(Ul%l + UIQ) 2PTH /
| | (- 5™ e + £l o) (29)
From the expressions of?, of, and E {©(pt4)} derived op(l+e)
above, the BEP can be written as a function of the signal- /1 {0, %} N1
to-interference-plus-noise ratio (SINR) as in the follogi X a :’:( ;E) +2 L}\/[ fole, pru)y
9
_ 1 -
0= 5erf0<ﬁ) ’ 2) ) _
_ - = file,pH) . +2—r—fale pru)7|
where( is the mean SINR averaged over small-scale fading (1+¢)

and is given by:
where f’(-) stands for the first derivative of (-) evaluated

")'I2'H H ]
. —ma with respect t . Let us now define the system load as
- Fe R0 f (e, pra) (26) p 0oTH Yy
o 7 u— = Ny—1
(1i5)1—‘[0’ 20'}3’)(T1H+5)] + 2NM 1f2(57 pTH)’y 77 é l}w s (30)

In (26), ¥ £ Epda20%/No is the mean SNR averaged ovekn the parametes as
small-scale fading and

9 o2, 2 £ £ 27, (31)
o . g 7m3s
fi(e, pru) = (1 —(1 — 52)(44-35)6 n Since
2
_dh poe TR B v {o, L} _ 2 heatand)
fole,pru) = e R0+ |1 — 208(1+¢) OTH

(I —e2)(4+ 3¢)
the (29) becomes as in (32) (bottom of the next page), where
AT
1 e20h(te) C(B1 + By 4+ Bs + B4)
PRy %l%is)
— e RO+ |1 _ 2ee™

2 o3
PTH3E - ﬁ o)

op(1+¢e)(1—¢e?)(4+ 3¢)

2 f{(EaPTH) =

= | . 2¢ oy (oo
(4+ 35)(1 — 82) X [1 — me h (a+e) (33)
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and optimum threshold is almost the same in both cases, with
, I T perfect and imperfect CSI. This means that a system designer
PTH —2H (1+4e) | ge Son(tte can adopt the value of the threshold in perfect condition
: _ > RO dopt the value of the threshold in perfect CSI conditi
fale, prv) = o?(1+ g)e " (1—e2) a also in presence of channel estimation errors.
i
Lo P ez )C(Bl 4 By + By + By) VI. BIT ERROROUTAGE
on(l +¢) o . :
2 9 In digital wireless communications where small-scalerigdi
2p1H 7@(1%) 256*80,3315) 3¢ is superimposed to large-scale fading (i.e., shadowind), [2
+ ————e¢ “h l- another important performance metric is given by the BEO,
ot(l+e) (1—¢2)(4+ 3¢) : e :
h defined as the probability that the BEP exceeds a maximum
2 tolerable level (i.e., the target BEPY) [15]:
___PTH e*%%(”e)
on(l+e) Po = P{P > By} = P{74s < Vas} » (37)
0% 0%
3e2e SR . 9ee R0 34 where7ys = 10log;, ¥, and7¥jg is the SNR (in dB) giving
i-ar39 || T-oassg ||~ Y the BEP equal 0y (e, A(T) = )

We consider the case of a shadowing environment in which

It is important to note that the parametequantifies how the 7 is log-normal distributed with parameteigs angd oge (i€,
system is noise-limited (low values) or interference-tedi 7as IS @ Gaussian RV with meamnys and varianceg). Hence,
(high values) and represents the implicit solution for thif® BEO results in
problem of finding the optimum val_ue @fry for all possible _ P 1 o | Has — 745
values of SNR, number of subcarriers, and number of active o = 5 €erc

: . e 2 V2048
users with non-ideal channel estimation. Thus, for each-com _ -
bination of the system parameters, there is a valyerefthat By inverting (25), the target SINR giving a BEP equal to the
minimizes the BEP. In addition, it is important to observatth target BEPF] is
p1H only depends, througfy on processes slowly varying with - L L2
respect to the performance perceived by the users. Hence, we ¢ = (erfc ' {2R7})", (39)
propose and investigate an adaptive TORC detection in which 1. . .

here erfc* is the inverse complementary error function.

is slowly adapted to the optimum value for the current s%f . ) X =
ngarametg@ ]\3 and N foFr) a givene ence, we derive the required SNFR;, as a function oﬁ*,
T o ' pth, andn, as given by:

(38)

B. Optimal TORC with Ideal Channel Estimation T {0 %}
~ % 7’ 20, e
In the case of ideal CSkf, = 0 in (4)), thenh,,, = h,, for 7 = —h — (40)
all m. Hence,e = 0 and (26) becomes (1+4¢) [f1 (e, prr)e WO+ —2anC f2(57pTH):|
,P%H
- Fe “n that, in case of perfect CSI reduces to:
(= ; 3 (35)
_PTH _PTH 2 —x 2
2Nt <€ 2 e Uﬁ>7+p{o,§%} ) T o, £ ]
' 7 - i i i ' (41)
For what concern the minimization of the BEP, the solving e h — 2772* (e ¥h —e “h )
equation giving the optimumpry results:
o2 ig o2 The equation (40) (or (41) with perfect CSI) enables the
§=2 2 e*n T’ {0, @] (36) derivation of the optimapry which minimizes the required
™ h SINR for a targetP; and a given system loagl In addition,

As can be observed, the expressior¢das a function ofpry  given the target BEP and BEO, from (40) (or (41) with perfect
given by (32) is rather complex with respect to (36), thus theSI) and (38) we obtain the required value,gf that is the
evaluation of the optimum threshold is more complicatednwhenedian value of the SNR; this is useful for wireless digital
errors on the channel estimation occur. However, as will m®@mmunication systems design, since it is strictly reldted
verified in Sec. VII-A, for several situation of interest,eth the link budget when the path-loss law is known.

PTH

5 i 5
1—}“5 (a;(’ﬂ:s) fi(e, pr)T[0, QUﬁp(TlHJre)] _ 2h(epm) T 20F e fi(e, prr)TO, %])
; (32)

<= f1(e, ptu) fale, prr) — fi(e, pv) f3(e, pra) — %fl(E,PTH)fQ(E,PTH)



MASINI AND CONTI: ADAPTIVE TORC DETECTION FOR MC-CDMA WIRELESS SYSTEMS 7

0 0

10 1 T 10 ! T
—— =10dB — -~ MRC
——- y=5dB ——- EGC
—— TORC, p;,=0.2~
- NN YT T TTIMRET T
\ e 10"
" ——
N v/ £=0,10%,30% B — S
~ - ’// =
AN — = = >
Py 10" N 7 P, —_—__EGC
S . = =
N PR = £=0,50%,109%,20%,30%4
\\ el -2
\\ £=0,10%,30% 10
107 \/ 10°
0 01 02 03 04 05 06 07 08 09 1 0 5 10 15 20

Pru “y[dB]

Fig. 2.  BEP vs.pty varying the mean SNRy, and the variance of the Fig. 3. BEP vs# in dB varying the variance of the channel estimation error
channel estimation errors fav/ = N, = 1024. for M = Ny = 1024 with pty = 0.2. A comparison with MRC and EGC
techniques with perfect CSl is also reported.

By fixing the target performance in terms Bf, starting from 08 = N,=256
(26) and remembering the expressiong)pive can derive the N2 e P
- = - — NTV= et i
relation between), 7, pru, and( as given by 0.7 IEETE
— _PTH? = 2 /{;f ’
T e pra)e” e 0D — T {0’ %} 06 B
n= —_, , (42) /71 €20,10% IR B
2¢ 7" fale, prH) . /7 P i mE
. ™ 0.5 = o -
that, in case of perfect CSI reduces to: / T
_2 /><e::o,10%
7* e 0% _Z* F[O, 2p_22] 0.4 P // o
g
n= . — 2 _ﬁh (43) —
2¢ 7~ (e e gﬁ) o2 £=0,10%
0.2
VII. NUMERICAL RESULTS 8 10 12 14 16 18 2

“y1dB]
In this section, numerical results related to the BEP and the

BEO for the downlink of MC-CDMA systems with optimizedFig. 4. Optimum value opry vs.7¥ in dB giving B} = 10~2 when varying
TORC detection are provided and compared with those B system load and the variance of the channel estimation er

other combining techniques. Both ideal and non-ideal chbann

estimation are considered in uncorrelated Rayleigh fadig

well as in time and frequency correlated channels. minimizing the BEP does not significantly change witliior

a given value of mean SNR. Hence, the optimum valugrof
o for perfect CSl in (36) represents a good solution also in the
A. Non-ldeal Channel Estimation case of channel estimation errors.
We now present analytical results in the presence of channeln Fig. 3, the BEP as a function of the mean SNRis
estimation error and we compare the BEP obtained with TORBown whenpry = 0.2 varying the normalized variance of
detector with the BEP given by MRC and EGC. the channel estimation errogs The system is assumed fully
In Fig. 2, the BEP given by (25) as a function of the TORM®aded with Ny, = M = 1024. A comparison with MRC
thresholdpry, is presented when the system is fully loadednd EGC techniques (these with perfect CSl) is presented. As
with Ny = M = 1024 as a function of the mean SNiR The can be observed, TORC detection always outperforms MRC
optimum value ofpry minimizing the BEP can be observedalso where is not zero. On the other hand, EGC outperforms
Moreover, the effect of channel estimation errors is shomth aTORC detection for low values of mean SNR due to a sub-
compared with the case of perfect CSl=€ 0). In particular, optimum value of the threshold. In fact, as we can see from
a normalized variance of channel estimation errerss 0, Fig. 2, pry = 0.2 is optimum wheny = 10 dB, but the
10%, and 30% is considered. Note thairy strongly affects optimum value changes with the mean SNR. Howevery as
the BEP: in fact, focusing on the curves relatedyte- 10 dB increases, TORC outperforms EGC.
ande = 10%, a B, ~ 7.3- 1072 is given by adopting a value In Fig. 4, the value of the threshojety giving B, = B} =
of pry = 0 (ORC), while P, ~ 1.7 - 10~2 with pty = 0.2. 10~2 (which is a typical value for uncoded systems) is plotted
It is also important to observe that, in spite of the presarice as a function of the mean SNiRfor fully loaded (N, = M =
channel estimation errors, the optimum value of the threlshd 024), half loaded (V, = 512) and a quarter loadedV, =
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Fig. 5. Optimumpry as a function of: analytical and simulative results. Fig. 6. Analytical and simulated BEP as a function of the shodd pry for
Simulations are for the case of perfect channel estimation. different values of mean SNR, and M = Ny = 64.

0

10

256) system, when varying. The strong impact of the choice

of pry on the required SNR can be observed; this motivates
the fact that, to achieve the target BEP, a suitable value for  10™ =
ptH has to be chosen to avoid an unnecessary increasifg of b e S
Moreover, the low impact of the channel estimation error on b N S ] 7
the choice ofpry with respect to the case of perfect CSl can p, 152 | Sk R

. 1——- EGC
be appreciated. | —-— TORC, p,, 704

From (32) and (36), for the case of ideal and non-ideal le_ape. g™
CSl, respectively, the evaluation of the optimum valueff 107 T e
is enabled for different combinations f M, and N, that is : .
for different values of¢, as reported in Fig. 5. In particular,
the figure states that if the system is noise-limited (I9w
an optimum TORC detector requires a value faf; close 0 5 10 15 20
to 1, while, if the system is interference-limited (high, a Va8l

choice close to ORC (i.egry = 0) is required. Monte Carlo _
7. BEP as a function of the mean SNRn dB for a fully loaded system

. ) g Fig.
S|mulat|0n.results are also provided for the case of perfqg?u — M = 1024), when EGC, TORC detector with optimum threshold,
CSl, showing a perfect agreement on the optimpi and, TORC with threshold fixed t©.25 and 0.4, optimum partial combining and

thus, validating our analysis. MMSE are investigated.

B. Ideal Channel Estimation a fully-loaded systemX, = M = 1024) at various SNRs.
In Fig. 6 we show the analytical BEP for TORC detection aBhe BEP for MMSE detection from [23] is also plotted for
a function ofpy for different values ofy andM = N, = 64. further comparison. Note that MMSE represents the optimum
Simulation results are also given showing the goodnesseof #mong the linear combining techniques always providing the
presented approach even for a moderate number of subsarrieetter performance and it is less thardB away from what
Analysis and simulation are in good agreement especiafiptained using TORC with the optimumry. Hence, an
for what concern the value ofry providing the minimum adaptive TORC detector allows to obtain performance very
BEP. Moreover, it can be noticed that the choice of thgose to the optimum but more complex MMSE. For further
optimum value ofpry guarantees a significant performanceomparison, the BEP is also plotted for the partial comignin
improvement (which appears more relevant as the mean SK) technique presented in [19] with optimum parameter
increases) confirming the literature [11], [12], [14], [18Jote and it can be observed that TORC outperforms PC as the SNR
also that, by increasing the mean SNR, the effect of increases, when the optimal threshold is used.
noise becomes negligible, thus, the optimum value of theThe case of time and frequency correlated fading channels
threshold minimizing the BEP approaches zero (remember,ignconsidered in Fig. 8, where the simulated BER is plotted
fact, that the threshold is chosen to neglect those subellmnms a function ofpry when N, = M = 64 for the SUI-
contribution highly corrupted by the noise). 1 three-rays channel model [24] (on the three rays: delays
In Fig. 7 the performance improvement of an adaptiv@, 0.4, and 0.9us; attenuation 0, 15, and 20 dB referred
TORC detector with respect to classical EGC and fixed TORG omnidirectional antennas; Ricean factor 4, 0, 0; Doppler
(with thresholdpry = 0.25 and pty = 0.4) is shown for spectrum 0.4, 0.3, 0.5 Hz, respectively). Different valoés
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Fig. 8. Simulated BER vspry in time and frequency correlated SUI-1Fig. 9. Fo vs. ugg for B} = 102, andogg = 8 varying the system load
channel varying the mean SNRwhen N,, = M = 64. n: comparison among TORC with optimum usemf; and EGC.

30

28

mean SNR7, are considered. As can be observed, the BER
achieved in this kind of correlated fading channel is irderi

to that of uncorrelated fading presented in Fig. 6. Moreover
there is still an optimum value for the threshold giving the

minimum BER and this value almost agree with the optimum
one in uncorrelated fading. This is an important aspect whic

highlights how the proposed framework enables to obtain a
good value of the TORC threshold also in these kinds of
channel.

Hyg [dB]

In Fig. 9, the BEO as a function of the median SNRg, is
reported in uncorrelated fading channel for target BEP= 0 0.2 0.4 06 08 1
10~2 and different system loads when TORC with optimum
pr OF EGC are adOpt.ed n Iog—nprmal sh_adovylng witly = Fig. 10. pgg vs.n for BF = 1072 and P, = 1% and 5%: comparison
8. Fully loaded EGC is not considered since it can not reagtﬂong TORC with optimum use gk, TORC with fixedprs equal t00.15
the target performance in the considered range:fgr In fact ando.25, and EGC.

n = 67% is the maximum tolerable load which guarantees

Py = 1072 with EGC (by adopting MRC; = 1072 can

be reached with a maximum system load= 18%). It can VIIl. CONCLUSION

also be observed that, while the BEO is quite sensitive to

the system load for EGC, it is quite insensitive adopting the IN this paper we analyzed the downlink of a MC-CDMA

the performance, in terms of both BEP and BEO, with ideal
and non-ideal channel estimation. We derived the value of
By fixing both BEP and BEO, our framework enables ththe TORC threshold that optimizes the BEP, showing a non-
derivation of the required median SNR for various systemegligible performance improvement with respect to both th
loads. As an example, in Fig. 10, the value,qf required traditional TORC detection with fixed threshold and other
by different combining solutions to obtain a target BEP eéqulnear combining techniques, such as EGC and MRC. We
to 1072 and a target BEO equal t% and 5%, is plotted evaluated the optimal threshold as a function of other gyste
versusn for oqg = 8. These results show a strong impagbarameters, as the number of subcarriers, the number of
of the pty choice on the requireggs. In particular, when a active users, and the mean SNR averaged over small-scale
TORC detector is adopted, the use of the optimum value fafding. This opens the way to an adaptive variation of the
pTH, following the system load variations, always provides thiareshold following slow processes variations. Adapti@RIC
better performance with respect to a fixed valueg®f such significantly improves the performance in fast fading argt lo
as 0.15 or 0.25. The EGC provides the better performancaormal shadowing conditions. Moreover, the developedy&nal
only for low values ofn and it is significantly outperformed ical framework allows to assert that the optimum value of the
by adaptive TORC when the system load increases. TORC threshold does not significatively change considering

7 variations).



10 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. XX, NO. YY, MONTH2009

perfect or imperfect CSI, meaning that a system designéor what concern the term,, by passing from cartesian to
can adopt the optimum value of the threshold in perfect Cgblar coordinates, thus by defining2 X2+ Y2, ¢/ =
conditions also with channel estimation errors. The resaié arctgf//f(), re £ /X2 +Y2 and¢. = arctgY,/X,.), then
also compared with simulations confirming the validity oé thit can be written as in (45). By considering that

analytical framework. Both uncorrelated and correlatetinfg e costgs)

. 27 27
channel models have been considered. / / cos(d — do)e 207 dbdd, — 4n1, (;r62>
Oh

APPENDIX
TESTSTATISTICS WITH CHANNEL ESTIMATION ERROR
We evaluate the following expressions: X © (prw)}; (ii)

1 1

E{a=2u?(a — pTH )}; (i) E{©2%(ptn)}; where O(pmH) = e e *(thz)T?
u(& — pri)ad ! cos(¥ — ) anda is Rayleigh distributed: Ay = / e / 28 20" (”"e > drodr
PTH PTH

with I;(-) being the modified Bessel function of the first kind
and order one, then:

. R o2(of — 02) 20¢
(1) = ———e 2Chtd 41
poz(w) Oﬁ T Ug e h ( ) /+oo _2222 O'gUﬁ . 6802(02+U2) p
R ~ e T
Themth estimated complex channel coefficientis = h,, + pH 2(op — 02)(of + 02)?
em. By decomposing in the real and imaginary parts, (= 2 2o
Xm+37Y,, ande,, = X, +jY. , with j imaginary unit), and 4040%7%
sinceh,,, ande,, are zero mean complex Gaussian distributed, = 5052 2 € 3 N (1o? £ 302"
then X,,, andY,,, X., andY.  result zero mean Gaussian (o — 03)(0f + 02) (4o + 303)
distributed with variancer? and o2, respectively. Finally we can write:
For what concern the evaluation Bf{©(pt4)}, it can be
written as in (42) at the bottom of this page. By defining now 2 _‘;‘%H;étjs))
the variablest = X + X, andY = Y +Y,, they are the sum E{0(pm)} = JEAarn __2ee TROTO s)
of independent zero mean Gaussian RVs, thus distributed as (1—e?)(4+3¢)
XY ~N (O, op + ag) , (43) For what concern the second term to be evaluated:
~ ~ ~ ~ 2
then, E XYi =0, E{XX.} = o2 andE{VY.} =02 gin2a 1 [ P }
’ ’ ¢ ¢ —pTH) | = o,
Hence,£42) ecomes { ) 2(of + 03) 2(of + 03)
1 P
E =A - A =——T10,—5—77"—|, 47
{8lpm)} = A1 = 4o, 202(1 +¢) [ 202(1+¢) 47

where € = 02 /a?): _ . .
, beingT'[0, z] the incomplete Euler Gamma function.
. o - The termE {©%(prn)} is given in (48), whered; = 4,
— _ — N — 202 (1+4¢) ’ ’
A =E{u(a = prn)} / pa(z)de =e * - (44) whereasd, and A5 are evaluated in the following. By chang-

PTH

E{O(pth)} = E {u(d — prH)ad ! cos(¥ — 19)} =E {u(d — prH)aé ™ (cos ¥ cos ¥ + sinﬁsin@)}
-1 XX+ X)+Y(Y +Y0)

VXZ+ Y2 /(X + X )2+ (Y +Ye)2
=E{u(@—pr)[(X +Xe)? + (Y + Y] "X (X + Xo) + Y (Y + Y2)]} . (42)

=R {u(d — pr)V X2+ Y2 (\/(X + X )2+ (Y + Ye)z)

~ ~ ~ ~ —+oo +oo —+ oo —+oo
Ay = E {u(éz — ) (X2 +YH TN XX +YYL) / / / / THY) TN XX YY)
PTH

~3lo (R4 — 5 (RYe AV Xe) 4 (g o) (XY )]
— dXdX.dYdY.

4208 (of — 08)
B PR (U SIS B e
|:2(rﬁ+<2(rﬁ+2ag>r‘3:| mecos(¢ be)

“+ oo + oo 27 27 L e .
" rre cos(¢ — ¢e) 1770207 = o7) e h rredrdredddpe

7‘2

+oo  ptoo a ﬁ 2ae 2 p2m rre cos(g—de)
/ / / / cos(¢p — pe)e 7 dpdde | drdre . (45)
472 (re — (re
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ing coordinates into polars, we can write

+oo _ 2
Ay = / rle 2o (49)
PTH

1 1 2
+o0 *(m*m)%
3€ TTe
X 7622—22[1 2—2 dre | dr,
PTH g (Uh - Ue) Uh

e

Ay

where
Ug’rz
\/_027‘6 1602 (of +03)

4 %ﬁ_ 202 (2Uh + 2Ue)

» 120f + 120802 + o2r? I o2r?
1607 (

/ ~
Al ~

7 o 207+ 02)
4of + dofol + a2r? o2r?
+ -4 2( 52 2 :
160¢ (o7 + 02)

2 _ 52
Op Og

Then A4 results in (50), with

Ve
Hedot(1—e)(1+¢)?

2
20¢

3
B~ % [ (&
2 Vo 4(1+¢)

C:

2(1+¢)

S+7e \ V2 13 g2
3Uh\/_< ) 2F1 17171’7(84—75)2

2
e 2Vmah {% Tl (8-575)2}
(1+¢) ( 8+7¢ )3/2

i (14¢)

Vroion [1+¢€ 35 g2
B3 — 2F1 FENE) 21
48+ 7e) V 8+ Te 47477 (8 4 Te)?

5 2
3ﬁ€2 2F1 |:Za %7 27 (8f75)2:|
2(1+¢) gr7e \3/27

®+79) ()

being I, the modified Bessel function of the first kind and
order zero,K (m) the complete elliptic integral of the first
kind, ands Fi [a, b, ¢, z] the hypergeometric function.

By following the same procedure applied4q also for the
term As, we obtain

_ L_‘_L r2
+oo r2 +o0 207 202 )€
-5 g€ TTe
Ag = e 2% rf—mo———on——1n dredr
¢ 02(0f —02) 202
PTH PTH e\”h e h

BQZ

l

B42

’7‘203
N /+oo _% O'QO'ﬁ r- e&rh ((rh +02) o
PTH 2(Uh - Ug)(oh + Ug)
2
- 2000 o)
(02 — 02)(02 + 02) (402 + 302)
P%H 4+3e
_ 2 R(Es) (51)
(1—¢e2)(4+ 3¢)
Hence,
E{®2(pTH)} ~ A3+ Ay — 245 (52)

E {07 (pm)} = ]E{U2

v~ pr)afdn 2 eos(0 - 0) } = E{w’(@ — pra) (X2 + ¥) (X7 4+ ¥2) - (XX, + VYY) }

~E {uQ(d ) (X2 V) (X2 4 V22 4 (XX + VY.)? — 2(X2 4 V2)(X X, + Y)’e)]}

=E{u?(a - p)} +E {ﬁ(a ) (X2 £ V) 2XX, + Y/Yef} _9E {u2(a — ) (X2 + V) XX, + YYe)} . (48)
| S —

Az Ay As
c
.2 o
2 +oo [ —-€&
A4 ~ ﬁUe / e 20%( S(UE‘FU‘g))
1 1 2 2\2( 2 _ 2
%g+ﬁg(20h +2Ue) (Uh Ue) PTH

ARy 2z oer” + (Lo +
2°" T 862+ 02) ) "° | 1602 (02 + 03) 27" T

By

2 2 22
(;eT 5y | 11 2%;‘ 2 dr
op + 08) 1607 (o + 08)

2 o2
“+oo 3 ,%(1,%) 0_27_2
=0 [ e ) [
P

TH

Bg

1602 (of + 08)

2,2

2 o
]dH/* %6wﬁ(ls<vﬁivg>)h{L]dr
PTH 8( Oh )

1602 (0f + o

2 o2
_r_ _ 2.2
N /+oo 10-26 2’(,% (1 g(gﬁin§)>ll |: TeT
5%h Ta 272, 2V
o 2 1602 (of + 08)

2
400 2,2 _rt (1 Ze
Jars [ 7 i £ 8<vﬁ+vg>>h[ o
PTH 8(

2. 2
] dr » (50)

of +08) 1602 (of + 08)
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