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Abstract— In this contribution we propose and study a mul- the T-domain spreading factor and the F-domain spreading fac-
ticarrier direct-sequence code-division multiple-access (MC DS- tor. Therefore, a relatively low-chip-rate and short spreading
CDMA) scheme, which employs both time (T)-domain and fre- codes can be employed in TF-domain spread MC DS-CDMA

quency (F)-domain spreading. We investigate the achievable de- .
tection performance in the context of synchronous TF-domain schemes. Secondly, broadband multiple-access systems are ex-

spread MC DS-CDMA, when communicating over an additive Pected to aim for supporting a wide range of services and bit
white Gaussian noise (AWGN) channel. The performance of rates, as well as supporting a high number of simultaneous

three_different detectior_1 schemes is investigate_d,_ which inclu_de users. When single-carrier DS-CDMA or a MC-CDMA is in-
the single-user correlation based detector, the joint TF-domain voked for the sake of supporting a high number of users, the em-

MMSE multiuser detector (MUD) and the separate TF-domain . . .
TF-domain MMSE/decorrelating MUD. Our simulation results ployment of advanced multiuser detection algorithms becomes

show that the separate TF-domain MMSE/decorrelating MUD impractical owing to their high complexity. By contrast, in the
scheme is capable of achieving a bit error rate (BER) performance proposed TF-domain spread MC DS-CDMA schemes simul-

that is similar to that of the significantly more complex joint TF-  taneous users can be separated in both the T-domain and the
domain MMSE MUD schemes. F-domain with the aid of unique signature codes. Furthermore,
we will show that multiuser detection can be carried out sepa-
rately in the T-domain and F-domain, while achieving a similar
|. INTRODUCTION detection performance to that of joint TF-domain processing.

Recently, multicarrier DS-CDMA (MC DS-CDMA) has at- Consequently, the detection complexity of the proposed scheme
tracted wide attention in the field of wireless communic&@" Pe significantly decreased in comparison to that of a con-
tions [1], [2]. In MC DS-CDMA each subcarrier signal Con_vent|onal single-carrier DS-CDMA or MC-CDMA scheme.
stitutes a Time (T)-domain DS spread signal, but no frequency!n this contribution we investigate the detection performance
(F)-domain spreading is employed. In this contribution we pr@}/ various detection schemes suitable for demodulating the
pose and study a spread-spectrum scheme, which constitute$farflomain spread MC DS-CDMA signals, when communi-
amalgam of the above spread-spectrum schemes. More exiRling over AWGN channels. Specifically, three types of
itly, this novel spread-spectrum scheme spreads the transmif#¢ectors are investigated, which are the single-user corre-
data stream using two signature codes, where one of the d@jion based detector, the joint TF-domain Minimum Mean-
nature codes corresponds to the T-domain spreading, while ffguare Error (MMSE) MUD and the separate TF-domain
other corresponds to the F-domain spreading. Since the pMMSE/decorrelating MUD [4].
posed multicarrier DS-CDMA scheme employs both the above-
mentioned T-domain spreading and F-domain spreading, it is
referred to as TF-domain spread MC DS-CDMA. II. MC DS-CDMA SIGNALS USING TE-DOMAIN

The benefits of employing both T-domain spreading and F- SPREADING
domain spreading in MC DS-CDMA systems are multi-fold.

Firstly, the future generations of broadband multiple-accesstne transmitter schematic of the TE-domain spread MC DS-
systems [3] are expected to have a bandwidth on the orgghna system is shown in Fig.1 in the context of thth user.

of tens or even hundreds of MHz. When single-carrier basggl the transmitter side, the binary data strel) is first DS
DS-CDMA or MC-CDMA using solely T-domain spreadingspread using the T-domain signature sequenge). Follow-

or solely F-domain spreading is utilized, these broadband S¥%g T-domain DS spreading, the spread signal is dividediito
tems may inevitably require a high chip-rate and long spregghrallel branches, where each branch of the signal is multiplied

ing codes. In the proposed TF-domain spread MC DS-CDMyy, the corresponding chip value of the F-domain spreading se-
scheme, the total system bandwidth is related to the PrOdUC‘q‘?fenceck = [ex[1],cx[2], ..., cx[M]]T of length M. Follow-

_ _ , ing F-domain spreading, each of thé branch signals modu-
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Fig. 1.  Transmitter model of MC DS-CDMA using both time-domain andig. 2. Receiver model of MC DS-CDMA using both time-domain and

frequency-domain spreading. frequency-domain spreading.
can be expressed as I1l. SINGLE-USERDETECTOR
o Let the uth user be the user-of-interest and consider the
(2P correlator-based receiver of Fig.2, which carries out the inverse
sk(t) = M Zlb’“(t)a’“(t)ck [m] cos(wmt), (1) operations of the functions seen in Fig.1. As shown in Fig.2,
m=

the output variable related to the first data bit corresponding to
whereP represents the identical transmitted power of each us#éte mth subcarrier of theith user can be expressed as

{wm =27 fm}ﬁf:l represents the subcarrier frequency set. T,

The binary data stream’s wavefortn(t) = >, by Pr, (t — Zm = / 7(t)ay (t) cos(wmt)dt, (3)
iT,) consists of a sequence of mutually independent rectangu- 0

lar pulses of duratioff;, and of amplitude +1 or -1, both hav-whereu = 1,2,..., K, m = 1,2,..., M. Upon substituting
ing an equal probability. In the T-domain spreading sequeng® into (3) and considering the orthogonality between different
ax(t) = 32720 ar; Pr.(t — jT.) of the kth user,Pr, (t) repre- subcarriers, it can be shown that the output varighlg, of
sents the rectangular T-domain chip waveform, which is definggly.2 can be expressed as

over the interval0, T.). We assume that the T-domain spread-

ing factor isN = T, /7., which represents the number of chips P K

per bit-duration, and short T-domain spreading sequences &g, = me bycy[m] + Z brck[m]pur + Num ¢

used. Furthermore, we assume that the subcarrier signals are
orthogonal and that the spectral main-lobes of the subcarrier

signals are not overlapping with each other.

In the system studied’ synchronous TF-domain spread MGwvhere N,,,,, is a Gaussian random variable having zero mean
DS-CDMA signals obeying the form of (1) are transmitted ovesnd a variance oM Ny /2E,, whereE, = PT, represents the
AWG.N 'chan'nels: We assume that the power received from eagiergy per bit, whilgy,, = T% foTb aw (t)ax(t)dt represents the
user is identical, implying perfect power control. Consequentlygrrelation factor between the T-domain spreading sequences
the received signal can be expressed as a,(t) anday (t) of usersu andk.

K f5p M Tr;]e ?ecision variabclieZdu of bFig.2f, hWhichf corresponds
(1) — . to the first transmitted data bit of the reference user
r®) kZ::l M 7;::1 br(t)ar(B)er[m] cos(wm?) +n(t), (2) is obtained by despreading each of thé branch outputs
{Zu1, Zu2, - - ., Zum } Using theuth user’'s F-domain spreading
where n(t) represents the AWGN having zero mean angequence,,, which can be expressed as
double-sided power spectral density/éf/2.
As shown in Fig.1 and (1), each TF-domain spread MC DS-

ki
u=12,.... K;m=1,2... M. (4)

M

CDMA signal is spread by two signature sequences, one in the Zu = 2_:1 culm] Zum

context of the T-domain and another one in the F-domain. The "

employment of concatenated TF-domain spreading is benefi- PM K

cial in the context of various detection schemes, allowing us to = 5 Dqbut > bepurBuk + Nu p, (5)

achieve a satisfactory trade-off between the affordable detec- g
tion complexity and the achievable bit error rate (BER) perfor- ,,
mance. Let us first consider the single-user detection of Twhereu = 1,2,..., K, N, = ﬁ Eﬁle Cu[m] Nym, Which is

domain spread MC DS-CDMA signals. a Gaussian random variable having zero mean and a variance



of Ny/2Ey. Furthermore, in (58, = % fo:l culm]cx[m], B. Separate TF-domain MMSE/Decorrelating MUD
which is the correlation factor between the F-domain spreading) gt {a1(t),az(t),...,an(t)} and{ci,ca,...,car} be the
sequences, andcy, assigned to usersandk. . _ N number of T-domain spreading sequences ahchumber
Finally, the data bib,, transmitted by theith user is decided 4 F_gomain spreading sequences, respectively, where-
asb, = sgn(Z,), where sgiy) represents a sign function. lcall] cul2] ... calM]]T, u = 1,...,M represents a F-
V. M D domain spreading code. Furthermore, we assume that the num-
) o ULT”.JSER ETECTOR . ber of active users i and we introduce a new variable of
In this section we consider the multiuser detection of The _— | K/N|, where|z| represents the smallest integer not
domain spread MC DS-CDMA signals. Specifically, both joinkss thanz. Then, we havd < K < M, sincek < NM.
and separate TF-domain detection are investigated. The @@th the above assumptions, thé& number of users supported
cision statistics of joint TF-domain detection are obtained afxn pe grouped int@&V user groups, with each group support-
ter both T-domain and F-domain despreading. By contrast,imJ at mostk users. Consequently, it can be readily shown
the context of separate TF-domain detection the multiuser Tifat each of theV user groups can be distinguished by as-
domain spread MC DS-CDMA signals are detected in a firgigning one of theV number of T-domain spreading sequences
step in the T-domain, followed by detection in the F-domain. (4, (1), a,(t),...,an(t)}. By contrast, thd < K < M num-
. . ber of user signals of a given group are distinguishable with
A. Joint TF-(_:iomam MMSE M_UD_ _ the aid of thelC number of F-domain spreading sequences cho-
~ By observing (5) and considering the detectionfofusers, sen from the sefcy, ca,...,cy}. Specifically, for the users
it can be shown that after removing the common factor @elonging to the:th group the transmitted signals can be ex-
\/ 22T, associated with all the different users, the decisidpressed as

variables of thei users can be written as

5p LK.M
7 —Rb +n, 6) sp(t) =1/ 57 Z Z b (t)an (t) ek [m] cos(wmt),
r=1m=1
where we have n=12,...,N, (13)
Z = [, Zx]", (7)  whereb,,.(t) is the transmitted waveform of the user corre-
b = [by,ba,...,bx]7, (8) sponding to thesth group,n = 1,2,..., N - which is distin-
n = [N, N,...,Ng|T (9) guished by fche T-domain spreading sequengg) - using the
xth F-domain spreading code fer=1,2,..., K.
and The received signal is the composite multiuser signal consti-
1 p12Bi2 ... pixBik tuted by the superposition of the signals of tNeuser groups
p21521 1 oo pakfok plus the AWGN contribution of the channel, which can be ex-
R = : : _ : (10) pressed as
pr1Pr1  pr2Br2 ... 1 fop XL XM
r(t) =1/ — bk (B)an (t) ek [m] cos(wp,t
Furthermore, in (6} is a zero-mean random Gaussian vector ) M ;;; (t)an(t)em] coslwm?)
having a covariance of +n(t). (14)
N,
E[nn’] = ﬁR. (112) The transmitted data of a given user can be detected with the
b

aid of its T-domain group signature sequence as well as its F-
The MMSE MUD implements the linear mapping whichjomain spreading sequence - which can also be described as its

minimizes the mean-square error between the actual data gadr signature sequence. L&t[m], u = 1,2,..., N, repre-

the soft outputs of the conventional detector, iZeqf (6). The sent the receiver's output with respect to theéh subcarrier in

MMSE solution is arrived at by multiplying both sides_olf (6Xhe uth user group, after despreading using ttie group’s T-

with the inverse of( R + 2%71) i.e.. with (R+ QNT(LI> ,  domain signature sequenag(t). Then, the outputs associated

which can be expressed as with the N groups can be expressed as

No O\t No O\ ! Zm) =Rib, +n,,, m=1,2,..., M, (15)
(R—I——OI> Z:(R+—OI> Rb o N
2Ep 2E} where the subscripg in by is used for emphasising that the
No \ ! current detection stage is at the group level, while the subscript
+ <R + 2EbI> n, (12) ¢ associated wittR, emphasizes that it is the cross-correlation

matrix of the T-domain spreading sequences. Furthermore, the
terms in (15) are detailed as follows:

Bk:sgn<((R+ QNTObI)lZ)k) fork=1,2,...,K. Zim] = (Zy[m]. Zolm). ... Znm]] (16)

while the corresponding data bitg are decided according to



K K K T M MN, -1
b, = Z b1kcr[m], Z bakck[ml], ..., Z bnresm]| , (17) (ny)s = i 1 (Rt + 2%, I) n, | -cs[m], (26)
k=1 k=1 k=1

= [Nim, Nos -+ s Nym] T 1
N, = [Nim, Nom, s Nvm] ™, (18) (If)n _ 7 Z I, - cq[ml, (27)
1 P12 ... PIN m=1
P21 1 . P2N
R; = ] ) ] . . (19) wherex = 1,2,...,K.
: : K : Following the decorrelating based processing of (23) using
pPN1 pN2 -ee the inverse oR, finally, the decision variables associated with

. . the £ number of users in theth group can be expressed as
Note that,n,, of (18) is a zero-mean Gaussian random vector K group P

having a covariance matrix of R;lpn = Gunbn + R;lnf + R;llf, (28)
En,,nT] = M No R;. (20) and the transmitted data bits of the users in te (n =
25 1,2,...,N) group can be decided according tg, =

For the separate TF-domain MMSE/decorrelating MUD, tr@n((Ryan) ) forr=1,2,...,K.
N variables of (15) associated with thé user groups are first  Note that as shown in (12), the joint TF-domain MMSE de-
processed by a MMSE algorithm with respect to each ofithe tector has to compute the inverse (@ + ;VTObI), which has
subcarriers and the results can be expressed as the rank determined by the number of uséfs which may
be as high as\V/N. Therefore, the complexity of the joint
1 TF-domain MMSE detector is on the order ©{ K3), and is
Zy = (Rt + MNo 1) Z[m] of O(M?3N?3), respectively, when the system operates under
2By full user load. By contrast, in the context of the separate TF-
_ <Rt L MN, I) -t Rub, + (Rf, L MN I) -t n domain MMSE/decorrelating MUD, the detector is character-

2F, 2F, ized by (21) and (28). The rank of the correlation matrices
m=1,2,...,M. (21) associated with the T-domain detection/Ns while the rank
Y of the correlation matrices associated with the F-domain detec-
_1 S :
Let (Rt n MAZO I) R, — {q;;}. Then thenth element o, tion is IC, whereC may be as high ad/, when the system

28 is fully loaded. Hence, in the context of separate TF-domain
corresponding to the soft output matched to it group can getection we have to compute the inverse dfaank matrix

be expressed as for the sake of T-domain detection associated with each of the
K M subcarriers. Similarly, the inverse ofi&rank matrix as-
(Zm)n = Gun Z brcn[m] sociated with each of th& user groups has to be determined
o for the sake of the corresponding F-domain detection. Notice

-1 that the inverse of th&/-rank matrix required for T-domain de-
MN, : .
+1, + (Rt + 1) n,, | , (22) tection only has to be computed once and it can be used for
2By all subcarriers. Similarly, the inverse of tlkérank matrix re-
N K quired for F-domain detection is also computed only once and
wherel,, = Z,;; ni Y .—1 bircx[m] is the residual interfer- it can be used for all user groups. Therefore, the complexity

ence imposedzbynthe othelN — 1) user groups after the MMSE of the separate TF-domain detection schemes is on the order
of O(N? + K3), which is limited toO(N? 4 M?3), when the

n

processing. _
Upon despreadingz,,), with the aid of the F-domain SYStemIis fully loaded.

spreading sequencés,, cs, . .., ¢ } employed by théC num-

ber of users in theth group, it can be shown that the despread V. PERFORMANCERESULTS

outputs can be expressed as Figs. 3 and 4 compare the BER versus SNR per hif;ofV,
performance of TF-domain spread MC DS-CDMA using the

Fn = guBRysbn +ny +1y, (23) parameters ofV = 15, M = 7 for the cases of light load in
where Fig. 3 and for full-load in Fig. 4. The results show that for both

types of load, the joint TF-domain MMSE MUD achieves the
by = a1, bnas- .-, bax]” (24) best BER p_e_rformance, which is close to the_single-user BER
1 Bu ... P curve. .E>_<pI|C|tIy, the BER curve of the corrglatlon based detec-
3 1 3 tor exhibits an error floor at high SNR per bit value. In the con-
2t e Rk (25) textof the separate MMSE/decorrelating MUDs, we observe
: S ’ that the separate MUD significantly outperforms the conven-
Ok1 Bre ... 1 tional correlation based detector, while is outperformed by the

Ry =



5 M =7 K =45
T [ PN S L
Single'user 3

Matched-filter----- -
Joint MMSE MUD —o—= 5, M =7, K =105
MMSE/decorrelating MUD—<—5 T T T T[T I T T[T T 11
C~~ _ Single user =

Matched-filter----- -
Joint MMSE MUD —&——=

~
S~o =
S=~aa

5 10 15 20
SNR per bit, &,/Ng)

Fig. 3. BER performance comparison of the TF-domain spread MC DS- 5 10 15 20
CDMA systems in conjunction with various detection schemes, when using .

a T-domain spreading factor &f = 15, F-domain spreading factor aff = 7 SNR per bit, E;,/No)

and supporting a total d = 45 users.

Fig. 4. BER performance comparison of the TF-domain spread MC DS-
o ) ) . CDMA systems in conjunction with various detection schemes, when using
joint TF-domain MMSE MUD, especially when the full load isa T-domain spreading factor & = 15, F-domain spreading factor 8ff = 7

considered. However, for the light-load, the BER performan@gd supporting a total ok = 105 users.
of the separate TF-domain MMSE/decorrelating MUD is close
to that of the joint TF-domain MMSE MUD. For the case of
full user load, the difference among the BER performances of
the two MUDs considered becomes explicit in Fig. 4.
In Fig.5 we compare the BER versus, /N, performance
of TF-domain spread MC DS-CDMA using the parameters of
N =17, M = 15, when full-load was the case. The results
show that all the arguments associated with Fig. 4 are applica- 10°
ble also in the context of these figures. As the results of Fig.5
demonstrate, the joint TF-domain MMSE MUD slightly outper-
forms the separate MMSE/decorrelating MUD, when full load ,go—l

—
o
— Ot

T T 1T T 11
Single use——

Matched-filter-----
Joint MMSE MUD —&—

is considered. Furthermore, for the cases of light and mod- & ISE/decorrelating MUD—<—
erate load the BER performance of the separate TF-domain & IS N N
MMSE/decorrelating MUD is close to that of the joint TF- %0 T3
domain MMSE MUD. 2

In summary, our study demonstrated that the separate &0,3
TF-domain MMSE/decorrelating MUD scheme is capable of m

achieving a similar BER performance to that of the joint TF-

domain MMSE MUD schemes, while imposing a significantly 104
lower detection complexity than the joint TF-domain MMSE

MUD schemes.
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