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Abstract—This paper compares multi-carrier code division the OFDM scheme. The SC-CP scheme is closely related to
multiple access (MC-CDMA) with cyclically prefixed direct the OFDM scheme, and also can carry out frequency domain
sequence CP-DS-CDMA in an uplink channel. For the CP-DS- equalization (FDE). As in the case of MC-CDM, DS-CDM

CDMA scheme, we propose an MMSE-based multi-user detection . . - s . :
(MUD) technique, I\C/)vhi%h recovers code orthogonality among with the CP (in this paper we call it “cyclically prefixed (CP)-

users destroyed by frequency-selective fading in the frequency DS-CDM”) also makes it possible to combine all received
domain. On the other hand, it is well known that the peak signal energy scattered in the frequency domain, due to the

to power average ratio (PAPR) of a single carrier transmission insertion of the CP. Therefore, it has shown that the bit error
scheme is lower than that of a multi-carrier transmission scheme. rate (BER) performance of CP-DS-CDM is similar to that of

Thus, from the viewpoint of the PAPR issue, this paper studies the . . .
effect of resolution bits of the digital to analog converter (DAC) MC-CDM in a frequency-selective downlink channel[4],[S].

at the transmitter and the analog to digital converter (ADC) at This paper compares multi-carrier code division multiple ac-
the receiver on the both schemes. Then, this paper evaluates thecess (MC-CDMA) with CP-DS-CDMA in an uplink channel.

performance of the two schemes by computer simulations. For the CP-DS-CDMA scheme. we propose an MMSE-based
multi-user detection (MUD) technique, which recovers code
orthogonality among users destroyed by frequency-selective
Multi-carrier code division multiplexing (MC-CDM), which fading in the frequency domain. On the other hand, it is well
is a combination of orthogonal frequency division multiplexingnown that peak to power average ratio (PAPR) of a single
(OFDM) and CDM, has been drawing much attention asarrier transmission scheme is lower than that of a multi-
a promising downlink protocol for next generation mobilearrier transmission scheme. Thus, from the viewpoint of the
communications systems, where high-speed data transmis®#&PR issue, this paper studies the effect of resolution bits of
is required [1],[210 This is because multicarrier communicathe digital to analog converter (DAC) at the transmitter and
tion makes fading over subcarriers frequency-non-selectithe analog to digital converter (ADC) at the receiver on the
namely, the bandwidth of each subcarrier is narrow enoufgbth schemes. Then, the performance of the two schemes is
in comparison to the coherent bandwidth of the channe&aluated by computer simulations.
and insertion of guard interval (GI) mitigates inter-symbol-
interference (ISI) caused by delay spread. MC-CDM receiver Il. SYSTEM MODEL OF CP-DS-CDMA
can effectively combine all the received signal energy scattered=ig. 1 shows the block diagram of thth (j = 1,2,--- ,J)
in the frequency domain, on the other hand, it could hsser’s transmitter for a CP-DS-CDMA scheme. The binary
difficult for a rake receiver of direct sequence (DS)-CDNnformation sequence of thgth user is turbo encoded with
scheme to combine all the received signal energy scatterate of 1/2, and then bit-interleaved with a pseudo-random
in time domain. That is to say, the number of resolvable pathigerleaver whose size is one packet length. The bit-interleaved
increases, the complexity of the rake receivers increases sgeduence is quadrature phase shift keying (QPSK)-modulated
the inter-path interference among a lot of paths degrades #el symbol-interleaved with a pseudo-random interleaver
performance of the DS-CDM scheme. whose size is also one packet length. The symbol-interleaved
Recently, a single carrier transmission system with cyclgymbols for thejth user in theith (= 1,---,I) trans-
prefix (SC-CP) has been also drawing much attention agmét block where I is the number of the blocks in one
candidate for next generation mobile communications sygacket, are converted int8 parallel sequencega{’’ (i), - - ,
tems[3]. The SC-CP scheme employs a block transmissi@iﬁ)(z’)},aé”(i) € {£1/v2+j/v/2}, and then each parallel
with the insertion of a CP as a Gl, which is also employed sequence is multiplied with an orthogonal short channelization

I. INTRODUCTION



code with length of K and a long scrambling code. We
employ a pseudo noise (PN) sequence of length — 1

as the scrambling code[6]. In the following, for simplicity,
we omit the multiplication of the long code and regard the
long code effects as being included in the spreading codes
(])( Yk =1,2,---,K) € {+1/VK}. In vector form, the

ith transmit block vectos(J) 5(i) of size N(= PK) x 1, which
consists ofN chips, is given by
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Fig. 2. Receiver structure of CP-DS-CDMA.
) . . . T
(i) = [a](),ad(D), - . af ()] (Px1),  ©)

where |7 stands for transposition, an@?) (i) is the code  Fig. 2 shows the block diagram of a receiver of the CP-DS-
matrix of the jth user. CDMA scheme. The received signal after the automatic gain

Taking into account synchronization timing Jltter amongontrol (AGC) is analog to digital converted, and then root
users in an uplink channel, theh transmit bIOCks (i) is Nyquist filtering is employed. After the root Nyquist filter,
extended at its head and tail for a Gl. In other words itge received signal’ps(i) corresponding to théth transmit
tail with M..q samples is copied to its head, on the othé?lo‘:k is given by
hand, its head with\,,;; samples is copied to its tail, to
e;taplish a quasi.—synchronous.tra.nsmissior), i.g., synchronous /¢ (; Zr/m '(3), (10)
within the transmitted block. This signal design is all the same
as head/tail Gl insertion method for MC-CDMA [7], and it can
provide only one discrete Fourier transform (DFT) windowvhere the received signal vector of tjth userr’(” 5(i) of size
timing for all the users with different arrival timings. After the(NV + M) x 1 and the noise vecta}’ (i) of size (N+M) x 1
head/tail Gl insertion, théth transmit block vectors’g)s(i) are given by
of size (N + M) x 1, (M = Mpeqq + Myair) is written as . 0 0 T

4 / / -
s'B5() = TarsPy (i), o 0=l 1(5)S< B o T<N+7>)Ds<’>(}) D
— J \J J .
where the Gl insertion matrif'¢; is defined as B HO, (0)s"(0) + Hy7(3)s™ (i — 1)
H(J)(i)s’( )(Z + 1)’

’
I Mpeaa X N

Tor=| Inxy |((N+M)xN), @) ¢(0) = [0, G0), - Cvean ()] (12)
T My G5y B9 (i ) (4 irod si
where H’ (i), HY”’ (i) and HJ (i) are the desired signal
I :[0 T ] ®) component, the inter-block interference (IBI) component from
MheaaX N= |YMpeaa X (N=Mpeaa)t Mhead X Mhead | 5 the (i — 1)th transmit block and the IBI component from the
. (7 + 1)th transmit block, respectively.
T My N = [T My Mot O < (N~ M) - ©) The Gl is removed from each received block. After the Gl

deletion, theith received signal block vectarpgs(:) of size

where0 _ is the zero matrix of sizé/ x (N —
MheadX(N J\4head) ( N % 1 |S glven by

Mhpead), and Iy, n denotes the identity matrix of sizd x
N. Finally, the root Nyquist filtering is provided for the Gl
inserted transmit blocks and then the filtered signal is digital
to analog converted.

rps(i) = [rips(i),raps (@), -, TN ps ()]
= Rarr'ps(i), (13)



where the Gl deletion matriRRg; of size N x (N + M) is where t{A) denotes trace of matrid. It is well known that
defined as the weight matrixw'?), (i), which minimizes the MSE, is given
by the Wiener solution [9]:

Rer = [ONxMyouq INxNON s M0 - (14)
. @) 1 — =1 7:\.-F) /s
Mpeqq and My,;; are designed so that the IBIs can be ’wgs(l) *RDS(Z)pgS(Z)’ (26)
eliminated:

_ _ where Rps(i) is the auto-correlation matrix of the received
Rczng)(i) — RGIHéj)(i) = Onw(N4an) V). (15) signal vectorr(i) and st(i) is the cross-correlation mgtrix
between the received signal vecteps(i) and the desired

In other words, a quasi-synchronous transmission can bol vectora) (i):

established for the CP-DS-CDMA scheme due to the head/tdll

Gl insertion. In the quasi-synchronous scenario, Eq.(13) can Rps(i) = E [rps(i)ris(i)] (27)
be written as N N () nH
J pis(i) = E [TDS(Z)G(”@) } : (28)
N WEROWE )
Tps(i) = ZDU)(Z)Srj)s(Z) +¢(0), (16) Assuming that the coded data symbols are independent for
g=1 different symbols, different users and the noise, we have
where the channel impulse response mamkj)(i) of size T for i — i’
N x N and the noise vectaf (i) of size N x 1 are given by E [a(ﬁ(i)a(j')(i)H] D 7= (29)
Opxp forj#j

DY)(i) = RorHo(i)Tr, (17)
C(Z) = [CMhead (Z)v T C(Mhead"!‘N) (Z)} g ) (18)

where we assume that the elements{¢f) are zero mean
white noise with the variance ef?:

E [sg)s(i)q(i)H] —E [c(i)sgg(i)’f] —Onxn.  (30)

With Egs. (19), (29) and (30), the auto-correlation and cross-
correlation matrixes become

J
E[C()¢H)"] = o2 Inxn, (19) R([J)')S(Z'):ZD(j)(i)C(j)(i)C(j)(i)HD(j)(i)HMZINXN
where E[] stands for the ensemble mean. The mafvi¥’ (i) —
is a circulant matrix, and it can be diagonalized by pre- and =F"A(i)F, (31)
post-multiplication of theV-point DFT matrix F [8]: J ) ) )it 1)) i
‘ ‘ AG) =" 2D FCY ()W) (i)H FH Z0) (i
29)(i) = diag|[FhY) (i), (21) + 02 Inxn, (32)
F={fi;}, and
1 —j2n(i—1)(j — 1) w N () ¢
Jij = N exp < N ) (22) pg)s(z) = D(J)(Z)C(J)(z) |
=FHZU G FCY @), (33)

where []# stands for Hermitian transpose, and
diag {Fh(j)(z')] denotes a diagonal matrix whose diagonakspectively. Substituting Egs. (31) and (33) into Eqg. (26) leads

elements areFh) (i), and we defineh?) (i) as a channel G) 1 o H A -1 () - -
impulse response \(/e)ctor of si2é x 1: v wps(i) = FEA) Z(J)(Z)FC(])(Z)' (34)
G) /s ") 3 () ) T Equation (34) means that the code orthogonality among users
h (Z)Z[hfza"' shzphy (@) S hp 20 70} : (23) can be recovered in the frequency domain. Consequently,
G i utilizing the DFT F' and the inverse discrete Fourier transform
As a results, theZ (i) is the channel response in the(lDFT) F | the proposed MUD technique can recover the
frequency domain. code orthogonality with the MMSE-based FDE. After the

In the following, we discuss an MMSE-based MUD teChFDE, the decision variables despread in the time domain can
nique for the CP-DS-CDMA scheme to recover the coqg, gpiained

orthogonality among users. The minimum mean square (MSE)After the MUD. the decision variable Vect@(g‘) (i) of size
criterion for thejth user’s transmitted symbols is given by p ' DS

x 1 is given by
arg min E[||a(j)(i)—wg)s(i)HrDS(i)H%], (24) ) /- ) /: ) /- G) 17T
w(DJZS'(i) yDS(Z) = |:le5’(2)7 yQDS(Z)v e ayPDS<Z):| ) (35)
where || A||% denotes the squared Frobenius norm of matrix = wgg(i)HfrDs(z'). (36)

A:
) - Finally, the decision variables are fed into the turbo decoder
|A|[p =tr (AA ) ; (25)  with two Log-MAP (maximuma posterior) decoders.



TABLE |
COMPUTER SIMULATION PARAMETERS

CP-DS-CDMA
o Number of chips 256 chips
in one block N
5 — ) = Gl length M 64 samples XM}, cqq=48 Myqi;=16)
§ 5 E) § 5 af,“(i) é Short code lengthK 16 (Walsh-Hadamard code)
= g E 2 % % Ny = 2 Long code length 275 _1 (PN sequence)
é E N =5 E £ M2 B 5 Root Nyquist filter (roll off factor = 0.5)
s |E| 2] 2] |25 U MC-CDMA
- al = P Number of subcarriersv 256 subcarriers
Gl length M 64 samples M} cqq=48 M;q;;=16)
Channel coding
Channel coding Turbo coding, (rate =1/2,
N=(PK) constrain length =4)
Channel decoding Log-MAP algorithm (8 iterations)
Fig. 3. MC-CDMA transmitter. Modulation QPSK
Packet length/ 16 blocks
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Fig. 4. MC-CDMA receiver.
Fig. 5. Delay profile.

Ill. SYSTEM MODEL OF MC-CDMA

Figs. 3 and 4 show the block diagram of the transmitter afigne of all the paths was uniformly distributed within the Gl
receiver for MC-CDMA uplink system, respectively. In thdength, i.e.,(—16,48], and a quasi-synchronous transmission
transmitter, the turbo encoded and QPSK-modulated symbefld be established. Due to the low mobility assumption, the
are spread by the short and long codes. Thgoint IDFT channel was modeled as a quasi-static fading process, i.e.,
(inverse discrete Fourier transform) is employed for the spred¢ channel is constant over the transmission of one packet
symbols. Similarly, the Gl with length of/ is inserted in each @nd changes independently from packet-to-packet. Also, the
N-point IDFT output, before the DAC. In the receiver, on th&alculation before the DAC at the transmitter and after the
other hand, the received signal after the AGC and ADC RPC at the receiver was carried out in a double-precision
detected with the discrete Fourier transform (FFT). Then, tfgating-point arithmetic.

MC-CDMA receiver employs the MMSE-based MUD[7] and With an ideal DAC and ADC whose dynamic rangeois

the MUD outputs are fed into the turbo decoder. dB, Fig.6 shows the packet error rate (PER) performance of
the CP-DS-CDMA and MC-CDMA schemes fdr= 1, 8, 16.
IV. COMPUTER SIMULATIONS From the figure, we can see that there is a no large difference

Computer simulations were conducted to compare the pifth the MC-CDMA and CP-DS-CDMA schemes for all the

formance of the CP-DS-CDMA and MC-CDMA schemes ifyalues of.J.
an uplink channel. In Fig. 7, the PER performance fdt,/No=16 dB is evalu-

Table | summarizes the system parameters used in #ied for the CP-DS-CDMA and MC-CDMA schemes, where
computer simulation. In the computer simulation, we assum#te number of active userd varies. Here, we adopt 3,4
a perfect transmission power control so as to compensate &nd 5-bit DACs at the transmitter and the ideal ADC at the
shadowing and near/far effect. In addition, we 3&t= 256 receiver. For comparison purpose, in the same figure, the
(K x P =16 x 16), M = 64 andI=8, as the transmission performance of the both schemes with the ideal ADC and
parameters for the two system. We assumed that the #C is also plotted. In the case of lower DAC resolution bits,
(channel state information) and power of the background noiée performance of the MC-CDMA scheme is unsatisfactory
could be perfectly estimated. Note that, for the CP-DS-CDMfor larger values of/. However, the performance of the CP-
system, we adopt 4-times oversampling and the root Nyquig6-CDMA is uninfluenced by the resolution bit of the DAC.
filter with roll-off factor of 0.5 at the transmitter and receiverTo be more precise, the CP-DS-CDMA scheme with the 3-bit
For the MC-CDMA system, on the other hand, we adopt 4AC can achieve near the performance with the ideal DAC,
times oversampling without the root Nyquist filter. As showhereas the MC-CDMA scheme requires the 5-bit DAC so as
in Fig.5, a 3-path exponentially decaying model was used smeet that with the ideal DAC.

a Rayleigh fading channel. Also, we assumed that the delayFor E,/Ny=16 dB, Fig.8 shows the PER performance ver-
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Fig. 6. PER performance with an ideal ADC and DAC. Fig. 8. PER versus number of active user§E;/No = 16[dB]).

1 . . . . . . . V. CONCLUSIONS
Eb/N0=16[dB] .
w/ Ideal ADC _In this paper, we have compared a CP-DS-CDMA sch(_eme
,| — Mc-cpMa with an MC-CDMA scheme with an MMSE-based MUD in
107} : W;i-'g_itgig an uplink. With an ideal DAC and ADC, the performance of
A o 5:blit DAC the CP-DS-CDMA scheme is almost the same as that of the
10°t ¥ w/ldeal DAC MC-C_DMA scheme. However, the CI_D-DS-CDMA scheme_ is
o superior to the MC-CDMA scheme in lower resolution bits
& of the DAC at the transmitter. Consequently, on the basis of
107 the complexity of the transmitter, it is concluded that CP-
- CP.DS-CDMA DS-CDMA is more suitable for an uplink broadband wireless
O w/ 3-bit DAC access scheme, as compared to MC-CDMA.
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