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A low peak-to-average power ratio (PAPR) transceiver using a new parallel frequency-shift orthogonal keying
(FSOK) technique is proposed for the multiuser uplink multi-carrier COMA (MC-CDMA) system over multipath
fading channels. By employing the frequency modulated and multiplexed FSOK techniques to combat the
multiuser and parallel substream interferences, respectively, the system retains a low-PAPR transmitted signal and a
low-complexity equalizer without any matrix inversion. At the basestation, a multiuser receiver is derived, which
involves parallel FSOK despreading, demapping, and maximum likelihood decision rule to acquire M-ary
modulation gain and frequency diversity gain. For higher link quality, a multiple input single output FSOK uplink
system can flexibly be configured. Simulation results are included to demonstrate that the proposed system
achieves the low-PAPR property, space-frequency diversity, and M-ary modulation gain. Compared to the existing
MC-CDMA and SC-FDMA systems, the proposed system exhibits significant performance superiority.

Keywords: multi-carrier COMA (MC-CDMA), frequency-shift orthogonal keying (FSOK), peak-to-average power ratio

1. Introduction

Currently, low peak-to-average power ratio (PAPR)
modulation schemes are highly recommended for uplink
broadband wireless communications. Single-carrier fre-
quency division multiple access (SC-FDMA) techniques
[1-3], e.g., interleaved, distributed, and localized SC-
FDMA, have been proposed to achieve the low-PAPR
requirement. SC-FDMA systems with different subcar-
rier assignment schemes can preserve the orthogonality
among users, which facilitates multiuser communica-
tions and combats multiple access interference (MAI).
Further, a frequency-domain equalizer is adopted by the
SC-FDMA receiver to mitigate the multipath interfer-
ence (MPI) effect and obtain the frequency diversity
gain. In particular, the localized and distributed SC-
FDMA is now considered as a promising candidate
technique to support multiuser uplink in future 4G
wireless communications (e.g., long-term evolution)
[4,5]. However, to cope with the MAI and MPI effects,
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each uplink user in the distributed or localized SC-
FDMA systems is assigned to utilize the partial spec-
trum. Such a constraint may in fact deteriorate the
PAPR property, as Horlin et al. [6] have indicated that
the localized SC-FDMA has a larger PAPR than the cyc-
lic prefix (CP) CDMA system, and also obtains a better
link performance than the latter. However, the localized
SC-FDMA is limited to the acquisition of partial fre-
quency diversity since it utilizes only partial frequency
subcarriers [1].

Based on the above discussion, to simultaneously
achieve multiuser detection and low-PAPR, as well as
obtain frequency diversity gain to the greatest possible
extent, we propose a novel parallel frequency-shift
orthogonal keying (FSOK) technique for multi-carrier
CDMA (MC-CDMA) systems. In the literature, conven-
tional MC-CDMA systems, such as the Walsh-Hada-
mard (WH) MC-CDMA system, experience limited
uplink performance because of the presence of MAI,
since the orthogonality among the composite signatures
of different users no longer holds in the presence of
multipath channels [7,8]. To eliminate MAI interference,
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Adachi and Nakagawa [9] have recently proposed a new
MC-CDMA system using a conventional spreading code
with user-specific phase rotated spreading codes, which
can achieve multiple access communications. To over-
come the MPI and MAI problems, we continue the
work started in [10,11] and propose a novel extension
called the parallel FSOK MC-CDMA system to support
robust multiuser uplink communications over multipath
channels while preserving the low-PAPR property. The
development of the transceiver involves the following
steps. First, the data stream is mapped into parallel
QPSK-FSOK symbols and spread simultaneously by dif-
ferent frequency-shifted orthogonal Chu sequences. This
process provides high data rate communications and
retains the orthogonality property for the different paral-
lel spread substreams. Next, the interleaved subcarriers
assignment is used for both the multiuser uplink and to
combat MALI interference. The Chu sequence has a con-
stant envelope property in terms of both the frequency
and time domains [12,13]. In [13], it is pointed out that
the DFT of a Chu sequence is a time-scaled conjugate
of the original Chu sequence. Based on a single Chu
sequence, the proposed sophisticated FSOK scheme can
generate a group of spreading sequences for the parallel
substreams of multiple users, while maintaining low
PAPR and orthogonality between substreams and users,
even in the presence of multipath fading channels.
Unlike the existing major PAPR-limiting techniques for
multi-carrier system [14-17], e.g., the partial transmit
sequences (PTS) [17] and the selective mapping (SLM)
[14] methods, the proposed system does not require any
side information or overhead for PAPR reduction pur-
pose. In Section 5, computer simulation will be provided
to compare the PAPR property among different
schemes. Finally, the receiver structure and algorithms
will be derived, including the subcarriers extraction,
maximum likelihood (ML) detector, symbol despreading,
and demapping. It is shown that the receiver can effi-
ciently detect the parallel QPSK-FSOK symbols and
obtain the M-ary modulation gain and frequency diver-
sity gain.

Moreover, we investigate the multiple input single
output (MISO) scenario with high link quality perfor-
mance. The SISO QPSK-FSOK transceiver is extended
to combine the space-time block coding (STBC) techni-
que [18]. Simulation results show that the proposed sys-
tem can retain low-PAPR and achieve better
performance than the conventional SC-FDMA and WH
MC-CDMA systems over multipath channels. Further-
more, computer simulation shows that the proposed
MISO QPSK-FSOK MC-CDMA system with space-fre-
quency diversity and M-ary modulation gain can
enhance system performance and outperform the con-
ventional STBC MISO and MIMO systems.
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The rest of this article is organized as follows. In Sec-
tion 2, we present the SISO system block diagram and
formulate the parallel QPSK-FSOK MC-CDMA scheme.
In Section 3, the SISO receiver structure with the corre-
sponding detectors is developed. In Section 4, we pro-
pose the high-quality MISO QPSK-FSOK MC-CDMA
transceiver. Simulation results for the proposed systems
are provided in Section 5, while conclusions are offered
in Section 6.

2, Parallel FSOK MC-CDMA system model

Consider an uplink multiuser MC-CDMA system with a
low-PAPR property over multipath channels. The overall
block diagram of the proposed FSOK MC-CDMA trans-
ceiver is depicted in Figure 1. First, assume that there
are K active users in an uplink MC-CDMA system.
Each user is assigned P parallel substreams, which are
used to enhance the transmission data rate and retain
the low-PAPR property. Second, to achieve multiuser
uplink and combat the MALI interference, different users
are assigned to different sets of interleaved subcarriers,
thus maintaining perfect orthogonality between multiple
users.

2.1. Single substream transmission of each user

As shown in Figure la, there are P substreams of the
kth user being transmitted simultaneously. For the ith
symbol block and the pth substream, the transmitted
data block is denoted as
sk, = [s£,(0) - - sk, (R — 1)s¥,(R)sf (R + 1)]", which has
R + 2 bits. Hence, the overall transmitted data block
over P substreams is s? = [sf'1 sf’z e sf; e S?;]T with a
total of P(R + 2) bits. The first R bits
[sfp(O)sfp(l) . ~s§p(R —1)] of the pth substream are
mapped on to one of the N codes, where N = 2%, More-
over, as shown in Figure 2, the FSOK code set forms an
N x N orthogonal matrix C = [cy...C;,...cn1], where the
mth code vector is expressed as

Cm = fm OX¢) (1)

with ¢y being the Chu sequence [19], f,, being an N-
point frequency-shift sequence, and ® being the ele-
ment-by-element multiplication. Thus, the nth element
of ¢, is ¢, = funCo,n Where f,,,,, = exp{-j2m(n-1)m/N}
and ¢y, = exp{j(n-1)> g/N}, with ¢ and N being rela-
tively prime. The FSOK Chu sequences retain the
mutual orthogonality property cllc, = N8,_p, and pre-
serve the low-PAPR property in both the frequency and
time domains. It is noted that the same orthogonal code
matrix C is used for all K users to map their transmitted
data. The MAI problem will be addressed later in Sec-
tion 2.3.
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Figure 1 Block diagram of the proposed SISO QPSK-FSOK MC-CDMA system. (a) Transmitter and (b) receiver.

Next, as shown in Figure 2, the other two bits
[sfp(R)s?lp(R+ 1)] of sﬁp are mapped on to the QPSK
symbol d;‘/p = S?/p(R) +j5§p(R +1), which is then spread
by the kth user’s FSOK sequence. It is noteworthy that,

to further enhance the spectrum efficiency without
affecting the low-PAPR property, we can adopt M-ary

phase shift keying (MPSK) for the dfp symbol, with M >
4. In such a case, a transmitted data block can carry a

total of P(R + log,(M)) bits, which will increase the
spectral efficiency. Thus, the pth spread QPSK-FSOK
block symbol for the kth user is expressed by

Efﬂirﬂ = d?,pcfm,p )
where ci‘nx_'p is the m;th mapped FSOK Chu sequence in
(1), with m; € {0, 1,..., N-1} being the index mapped

from the first R bits of the ith symbol.
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Orthogonal Keying
Sequence Mapping

Bin to
Dec

(E—

pth Substream: Mapping, Spreading & Modulation

k k —k ~k k
S d. C e
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Figure 2 Block diagram of QPSK-FSOK symbol mapping, spreading, and modulation for the pth substream of the kth user.
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2.2. Parallel substream transmission of each user

To achieve a high data rate, as shown in Figures la and
2, the spread QPSK-FSOK symbol is repeated P times
and modulated by Efn,-,p' This is to transmit the kth
user’s P parallel substreams with mutual orthogonality
and cope with the multiple substream interference
(MSI). Its operation involves the following steps. First,
for the pth substream in Figure 2, the repeater is
designed to duplicate the QPSK-FSOK block symbol by
P times, i.e,,

o - o -
~k _ _kl _kl _kl _ k kl k‘ o k’
Comip = [cmi,p Comip cmf,p] =di, [Cmi,p Cmip Cmf,p] (3)
P
where & _is an NP x 1 vector. Next, & is multi-

mi,p mi,p
plied by the NP-point sinusoidal modulation sequence
with normalized frequency f, = P/yp. Therefore, the
repeated and modulated QPSK-FSOK symbol can be
expressed by
ke k

~k k =~
€ = Crip O 8y =dipCpip )

where g, = [1 e ... g7 2mh(NP=D|T and

k kT T
c . =le. & 1t It i ted that th
c...=]|cC C ... C b @gp 1S note a e

mi,p mi,p “mj,p mi,

k
repeated-modulated spreading sequence Emip retains the

mutual orthogonality property among different sub-
streams (see Appendix A for details), i.e.,

Kk _ {NP, forp=gq (5)

CmipSmip =\ 0, forp #q.

) k
Thus, the spreading sequence Emip can be used to

overcome the MSI and enhance the transmission data
rate of the kth user, that is, combining the P substreams
shown in Figure 1a, the composite NP-point frequency-
domain signal of the kth user can be expressed by

P
& =>el (6)

2.3. Subcarrier assignment for multiuser uplink
transmission

As shown in Figure 1la, to provide a multiuser uplink,
the composite transmission signal & for k = 1, 2,..,K is
assigned to different sets of interleaved subcarriers, simi-
lar to IFDMA [3]. This can maintain the low-PAPR
transmission property for the kth user. For éf, the resul-
tant interleaved NPK-point signal becomes

Page 4 of 14

kth element (K +k)th element (K(NP — 1) + k)th element
{ {
;3:‘:[04.4@5"0()4.40 ()4.453104.4() 0...§§NP710...0]T (7)
K K K
where & is an NPK x 1 zero inserted vector formed

i
by ég‘ with a (k - 1) chip initial offset. It is noted that it
involves the mutual orthogonality property for different
users, i.e.,
d'd -0,

1 1

for k # j 8)

Finally, taking the IFFT of éi?, we can form the time-
domain NPK-point transmitted signal block for the ith
FSOK MC-CDMA symbol of the kth user, i.e.,

th = Q& ©)

where Q' denotes the NPK x NPK IFFT matrix. It is
noted that, because of the constant modulus feature of
the composite MC-CDMA FSOK Chu sequence in both
the time and frequency domains, the proposed SISO
MC-CDMA uplink system has a low-PAPR property.
Finally, to prevent any interblock interference, a CP is
inserted into each transmitted data block ti?, with the
length of the CP set larger than the length of the multi-
path channel response.

3. Proposed parallel FSOK MC-CDMA receiver

3.1. Channel and received signal model

After the transmitted signal is passed through the multi-
path channel, the circular convolution between signal
and channel is induced by the use of a CP. Thus, after
removing the CP for the multiuser scenario, the ith
received time-domain data block at base station can be
expressed by

K
I = Z Hkt? + 1 (10)
k=1

where H* is the channel impulse response (CIR)
matrix of the kth user and n; is the additive white Gaus-
sian noise (AWGN) vector with zero-mean and variance
02. The NPK x NPK channel matrix HF is a circulant
matrix formed by cyclically shifting the zero-padded
length-NPK  vector of the kth wuser CIR
h* = [nErt ... 1f_|]", where L is the channel delay
spread length. Under slow fading, we assume that h is
invariant within a packet, but may vary from packet-to-
packet. Since HX is a circulant matrix, it has the eigen-
decomposition HF = QA*Q, where Q is the orthogonal
FFT matrix. Further, A* is the diagonal element given
by the NPK-point FFT of h%, i.e., A* = diag(Qh*) with
diag{-} being the diagonal matrix.
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3.2. Development of parallel FSOK MC-CDMA receiver

The FSOK MC-CDMA receiver is developed based on
the overall block diagram depicted in Figure 1b. The
receiver is designed to detect the P parallel data sub-
streams for the K decoupled users simultaneously. Its
operation involves the following steps. First, taking the
FFT of r;, the post-FFT received signal block is given by

K
=Qri = ZAke +hi= Y diag{Qh")&} +n;  (11)
k=1

where n; = Qn;. Next, because of the interleaved sub-
carrier assignment, the post-FFT received signal y; with
NPK x 1 vector can be divided into K length-NP vec-
tors. For the kth user, the received vector is

- —k_ _
Yf = [Vik Viksk - - - Vi,k+(NP—1)K]T =A e,k + Il,k (12)

where A'- diag {A"(k, k), A¥(k + K,k + K), - - -, AF(k + (NP — 1)K, k + (NP — 1)K)]},
such that A (k, k) is the (k, K)th element of A and YVik
is the kth element of y;. Assuming that the channel
response vector hin (11) is perfectly estimated, a linear
receiver for the kth user simply combines 5‘{‘ to obtain

7 = diag(w")"y}

where wX is the combiner weight vector. For the zero-

(13)

forcing weight vector, wk = WIEF = [\kfl, while in the high
SNR scenario, zk ~ ek Thus, the normalized weight vec-
tor w¥, acts as the one-tap equalizer of the proposed
MC-CDMA system without requiring a matrix inver-
sion. Moreover, to combat the noise enhancement pro-
blem, we can apply the minimum mean square error
(MMSE) weight vector for the linear equalizer, i.e.,

e [(Ak“J% 51 ) (A @2+ SNR)A (Ah(NP NP)+ QNR)"]’ (14)

where SNR is the received signal-to-noise ratio. Fol-
lowing linear equalization, the equalized block data of

the kth user can be despread by the mth repeated-
modulated spreading sequence c » of the pth substream

of the kth user, yleldlng the despread output as follows

x}fnp(l)

mpz

{dmg(wk) A }e +n1m

P

= mp{dmg(wk) A }Zdlti mp+ﬁ¢emp
(15)

=dt & Ldiagw®)" A }

ip mp{

o o) K S

q=1
azp

mip
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for m =0, 1,..., N - 1, where nfmp is the despread

noise. In (15), for the high SNR scenario with 1/SNR
approaching zero, the composite equalizer-channel
matrix { diag(wk)H[\k} approximates the identity matrix.

Therefore, in (15), the MSI can effectively be eliminated
because of the orthogonality property in (5). Then, the
despread output in (15) can be rewritten as

For
High SNR 16
o A R 1o
mp i,pm,pSm;p i,m,p

Moreover, the direct computation of the N correlation
outputs in (15) requires O(N?) of complex multiplica-
tions. To alleviate this, an FFT/IFFT-based despreader is
proposed, that is, employing the cyclic shift despreading
property and some manipulation, we can express the
correlation outputs as

T
x?\lfl,p(i) ]

X,;f(i) = [x’gp(i) ok (i)

-~ HAkH ~

-QC, Q7

where Q is the NP x NP FFT matrix and

17)

K \H
ép = diag(QEo, p) can be pre-calculated from the FFT

of the base repeated-modulated spreading sequence E}(;p

Obviously, (17) indicates that by pairwisely multiplying
k

the two FFTs of <o) and zF and then taking the IFFT,

we obtain the desired N correlator outputs xfnlp(i) for m
=0, 1, .., N-1. Moreover, when N is large, the computa-
tional complexity using (17) will be much lower than
that associated with the original N-correlator bank in
(15). Hence, the complexity (in number of complex
multiplications) of the proposed despreader in (17) is
reduced to O(N log,N).

Next, the ith QPSK-FSOK symbol with (R + 2) bits of
the pth substream of the kth user can be detected by
the ML algorithm in [11]. Therefore, for the first R bits,
the maximizing index of the despread data x’fn,p(i) can
be found by

il = argm"zlix{l Re [x’fn,p(i)] | +|Im [xf”'p(i)] |}, o<m<N-1. (18)

Based on (18), we can detect the first R bits, i.e.,
[§kp(0) (1) Akp(R —1)]|" = dec2bin {i*}, where the
function dec2bin denotes the conversion of unsigned
decimal numbers into binary digits. It is noted that for
the high SNR scenario, if rhf‘ is a correct decision, i.e.,
r?lf is equal to m, in (2), the maximizing value of the
despreader in (15) can be approximated as
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For
. HighSNR

x}rinf‘p(l) 2 (19)

ko, ok
Npd;, + ;i

Finally, the QPSK slicer is used for the maximal value
of Re{xfh,_zlp(i)} and Im{xfh;_z,p(i)} to detect the other two
bits [$¢, (R)3,
(19), it is clear that a full frequency diversity gain is
obtained for the pth substream of the kth user. As
shown in Figure 1b, the data detection scheme can be
extended to all the parallel substreams and all the simul-
taneous users with full diversity gain by employing the

(R + 1)] of the kth user, respectively. From

k
different repeated-modulated spreading sequence qu

and different subcarrier extractions, respectively.

Through the above derivation, we have shown that the
proposed transceiver can efficiently be realized and
achieve MAI/MSI-free multiuser uplink transmission
over multipath fading channel. Next, we verify its super-
ior performance in terms of the matched filter bound
(MFB). Assuming perfect MAI/MSI elimination, then
each despread signal only contains its desired substream
of the desired user and AWGN. Therefore, the matched
filter’s weight vector of the kth user is simply given by
the composite signature of the frequency-domain chan-
nel response and spreading code sequence, i.e.,

g, = Ac,, (20)

Based on Equation 20, the maximized output SNR for

the kth user can be obtained as

2
k_ Os (B AR AR
SNR = %, (ch, A "AM, ) (21)
n
where 02, 02 are the desired signal and noise power,

respectively, and ckH A Ak k » represents the proces-

sing gain because of frequency diversity combining and
despreading. From the MFB in (21), an error perfor-
mance bound of the kth user can be evaluated and used
for the verification of the superior performance of the
proposed QPSK-FSOK transceiver.

4, MISO FSOK MC-CDMA transceiver for high link
quality

In Sections 2 and 3, the SISO QPSK-FSOK MC-CDMA
uplink system is proposed to achieve high data rate per-
formance, obtain full frequency diversity gain, and pre-
serve the low-PAPR property. In this section, an MISO
extension of the QPSK-FSOK MC-CDMA uplink system
is proposed to obtain the spatial diversity gain, which
combines the aforementioned SISO QPSK-FSOK uplink
system with an MISO STBC coding scheme. The block
diagram of the proposed MISO QPSK-FSOK uplink
transceiver is shown in Figure 3. Although we only
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discuss the simplest uplink scenario—two transmit
antennas and one receive antenna, it can be easily
extended to more general MIMO systems with multiple
receive antennas, which can increase the spatial diversity
gain.

4.1. MISO STBC transmitter

As shown in the MISO transmitter block diagram in
Figure 3a, the ith and (i + 1)th SISO QPSK-FSOK block
symbols éi? and éi.il of the kth user can be expressed as
in (7) and used for the STBC coding scheme to con-
struct the two consecutive MISO QPSK-FSOK symbol
blocks as

1 H~ H
k2 = Q 1+1 = Q 1+1
Hy Hzy
- Q 1+1’ 1+1 - Q

where the superscripts 1 and 2 are used to denote the
1st and 2nd transmit antennas, respectively.

(22)

4.2. MISO FSOK MC-CDMA receiver

Refer to Figure 3b for the MISO receiver block diagram.
After CP removal and FFT, the ith and (i + 1)th
received post-FFT symbol blocks can be expressed by

K

k1 k k,2 k
yi = Z A A1+1 iv1 T
k=1

k1 k k2~
Yis1 = Z A1+1 i+l +A € + My

where Af’l and Af’z denote the channel matrices from
the 1st and 2nd transmit antennas to the single receive
antenna, respectively. Similar to (12), because of the
interleaved subcarrier assignment, the two extracted sig-
nal blocks of the kth user can be written as

k1 k2 -
A e" + AHZeh 1+ nk

¥ = ik Yikakc - Yirer—1x]” =

- k1 g k2 _p+ —k (24)
Fhy = Wit Viethek © - VisLes(nr—1)k) T = =A@y + A7 &l + 0k,
where
boldsymbol A" = diag(A¥! (i, 1), AV (leeK, le+K), - -, A (ke (NP=1)K, ke (NP-1)K)) - and

A7 = diag{A¥ (i, k), APk + K, le 4 K), -

for j =i, i + 1. Assume that the two spatial channels are
k1 =kl

=Ai=A

., K. From (24), the

cascaded recelved data can be formed as

- =k1 = k2 - -
gfk = [_y;j } = _Ak 2% A_k 1* [_%f } + [ _I:;f } (25)
' Y1k+1 A —A" ei+1 1'11'+1

Noting the orthogonal structure of the composite
channel matrix in (25), a simple maximum ratio combi-
ner (MRC) can be used to obtain the spatial diversity

'A;a,z(kJr (NP — 1)K, k+ (NP — 1)K)}

fixed over two consecutive blocks, i.e., [\f’l

and ;¥ 2 AM2 S A fork=1,2,.
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Figure 3 Block diagram of the proposed MISO QPSK-FSOK MC-CDMA system. (a) Transmitter and (b) receiver.
A\

gain, i.e.,

B Gy -
u?+1 = V}{H?f = Akéﬁl + ﬁi‘il

where the MRC weight vectors are given by
VE = (AR and vi 27— AV A and &
are the post-MRC noise vectors; and
A2 AR Rk, k2" k2 is a diagonal matrix with the
(n, n)th element being | A*(n,n) |2 + | Ak?(n,n) |2

Similarly, from (13) in the SISO system, the linear
receiver w" for the kth user can be used to equalize the
channel effect, yielding the two consecutive data blocks,
ie., Z = diag(w")Hu* and Z* | = diag(w")"u! | with w*
being ZF or MMSE vectors shown in (14). Next, to sup-
press the MSI, the ith and (i + 1)th equalized data
blocks can be despread by the two independent

. k k
repeated-modulated spreading sequences C, ) and C, )
1 27,

k”

sk and
ml,PZi

to get the two outputs & p(i)=E
My,

k” . .
xjrgﬂz,p(i-'- 1) = Emz,pif for m,, m, = 0, 1, ..., N, which is

similar to (15). Finally, the ML algorithm in (18) can be
used to demap and detect the two consecutive MISO
QPSK-FSOK symbols of the pth substream, i.e.,

[gi,p(o) §i,p(l) §i,p(R +1)]" and
[§f+1'p(0)§f+1'p(l) §i+1/p(R+ 1)]". For the high SNR
scenario, if correct decisions regarding the two fre-
quency shifts have been made, i.e., rh’f =m; and
r?l’é = m;,1 then the maximizing values of the despreader

for the ith and (i + 1)th symbol blocks are given by
For For

oy () N N and i 1) T et for

p = q. In such a way, we can detect all substreams for

all users with full spatial and frequency diversity gain.

Moreover, for the downlink system, the mobile user can

acquire the spatial and frequency diversity gain from the

BS with a two-antenna transmission downlink.

5. Computer simulations

In this section, simulation results are demonstrated to
confirm the performance of the proposed parallel FSOK
MC-CDMA system. The environment considered is the
uplink of a simplified single cell system over multipath
channels. For all simulations, a quasi-static multipath
fading channel is assumed during each packet, as well as
independence between packets. To test the system under
a severe multipath channel environment, we assume that
the channel profile has L independent frequency selective
Rayleigh fading paths with equal power and time delays
randomly chosen from [0, (G - 1)T], where T is the
sampling time and the CP length is G = (NPK)/4. Hence,
the fading gains can be generated from the independent,
identically distributed (i.i.d.) complex Gaussian random
variables with zero mean and unity variance [20]. For the
proposed paralle]l QPSK-FSOK MC-CDMA system, one
symbol contains (log,N + 2)P bits for each user. Next, as
a performance index, the bit error rate (BER) is evaluated
at different E},/Ny. Unless otherwise mentioned, the fol-
lowing parameters are assumed: N =8, P =4, K =4, G =
32, L =4, E,/Ny = 10 dB, and NFR = 0 dB, where the
NER (near-far-ratio) is defined as the ratio of MAI power
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to signal power. For performance comparisons, BER
simulations are conducted for the proposed QPSK-FSOK
MC-CDMA, conventional MC-CDMA [8], interleaved
SC-FDMA [6], and ideal QPSK systems [21,22]. The BER
for the ideal QPSK system is evaluated using the ideal
matched filter for multipath channels. The conventional
MC-CDMA and interleaved SC-FDMA systems consist
of the KP length-M and length-Q WH codes, respec-
tively, where there are for K users and each user is trans-
mitting data over P subcarriers. The above three systems
can provide the same data rate. For the proposed method
in (17), the order of computational complexity will be O
(Nlog,N) because of the despreader and ML detector.
However, the conventional MC-CDMA system [8] uti-
lizes the MMSE equalizer, which requires a matrix inver-
sion operation, resulting in a computational order of O
(N?). For SC-FDMA, employing a well-known frequency-
domain one-tap equalizer, its complexity order is O(N).
Although the SC-FDMA receiver has the lowest com-
plexity, its BER performance is significantly inferior to
the proposed system, as shown in the following simula-
tion results. Therefore, the proposed system provides a
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good compromise in terms of complexity and
performance.

In the first simulation, the BER performance is evalu-
ated as a function of E,/Nj for the proposed system
over the varying multipath number L. In Figure 4, it is
shown that as the multipath number L increases, the
proposed system obtains greater diversity gain and pro-
vides higher link quality performance. Figure 4 also
shows that the proposed QPSK-FSOK MMSE system
with multipath diversity gain leads to better perfor-
mance as compared to the conventional MC-CDMA
and interleaved SC-FDMA systems under the same data
rate scenario. For example, the proposed QPSK-FSOK
system (N = 4, P = 8, K = 4) with (logoN + 2)PK = 128
bits/sym, the conventional MC-CDMA system (M =
128, P = 16, K = 4) with 2KP = 128 bits/sym, and the
interleaved SC-FDMA system (Q = 2, P = 16, K = 4)
with 2KP = 128 bits/sym all have the same user data
rates and total number of subcarriers M = NPK = QPK
= 128. In this simulation, it is confirmed that the pro-
posed system can obviate MAI, MSI, and MPI at the
same time.

10

10 o

10

- | A Conventional MC-CDMA (L=1)
3| | -~ Interleaved SC-FDMA (L=1)
WA Proposed (L=1)
-8B Conventional MC-CDMA (L=2)
-E3- Interleaved SC-FDMA (L=2)
-3 Proposed (L=2)
Conventional MC-CDMA (L=4)
- Interleaved SC-FDMA (L=4)
5| | ) Proposed (L=4)

10

BER

T Ty

10

T Ty

10 - | =9~ Conventional MC-CDMA (L=8)
| =©-Interleaved SC-FDMA (L=8) 3
O Proposed (L=8) : :
10° j j i : |
0 2 4 6 8 10 12 14 16 18
E_/N, (dB)

Figure 4 BER performance comparison of the proposed MMSE FSOK MC-CDMA, the interleaved SC-FDMA, and the conventional MC-
CDMA systems for K = 4 users over varying number of equal-power multipath channels (L = 1, 2, 4, 8).
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In the second simulation, the M-ary modulation gain
and multipath diversity gain are demonstrated for the
proposed system using an MMSE receiver with a varying
parameter N, and fixed parameters P = 4, K = 4, and E/
Ny = 12 dB. To combat the MPI, the BER for different
symbol lengths (NPK) of the QPSK-FSOK block symbol
is evaluated, e.g., L = 8, symbol length>4L = 32. Figure
5 shows that the BER of the proposed system succes-
sively improves as the FSOK and multipath lengths
increase. Besides, to verify the error performance bound,
the BER bound corresponding to the MF weight vector
in (20) is evaluated and shown in Figure 5 for different
multipath order L and spreading code length N. It is
seen that for the L = 4 scenario, the proposed system
can approach the MFB performance with diversity order
L = 4, that is, as N increases, the proposed transceiver
can efficiently combat the MSI and MAI and approach
the optimal BER performance given by the MFB. More-
over, for large N, the proposed system can ever outper-
form the theoretical QPSK BER performance. Because
the proposed system can acquire both the M-ary modu-
lation gain in terms of the spreading code length N and
full diversity gain in terms of the multipath order L, as
(21) indicates. On the other hand, the ideal QPSK BER
performance [22] exhibits only the full frequency
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diversity gain because of the multipath propagation, but
without the M-ary modulation gain.

In the third simulation, the BER performance of the
proposed QPSK-FSOK MMSE system for different P
and N is shown in Figure 6. We find that at different
data rates under the same symbol length (NPK), the
low-rate configuration of the proposed system (P =1
and N = 32) can outperform the high-rate configuration
(P = 32 and N = 1) by about 6 dB at BER = 1 x 107
This confirms that as N increases for the L = 4 scenario,
the M-ary modulation gain can assist the proposed sys-
tem to approach the theoretical QPSK performance.

In the fourth simulation, we consider the BER perfor-
mance of the proposed high link quality MISO and
MIMO QPSK-FSOK transceivers. First, we set the num-
ber of multipath channels at L = 4 and verify that the
high link quality performance for the two transmit
antennas and single receive antenna (2Tx, 1Rx) has a
spatial diversity order of 2. As shown in Figure 7, the
proposed MISO MC-CDMA transceiver outperforms
the theoretical QPSK SIMO MRC (1Tx, 2Rx) system by
about 2 dB at BER = 1 x 10™* Moreover, the proposed
high link quality MISO and MIMO transceivers can out-
perform the conventional QPSK STBC MISO (2Tx, 1Rx)
and MIMO (2Tx, 2Rx) systems after E,/Ny becomes

10°

AN Proposed (L=1)

-Ax-MFB (L=1)
QPSK (Theory Fading, L=1)

[} Proposed (L=2) i

-E¥-MFB (L=2)

-3 QPSK (Theory Fading, L=2)

=)+ Proposed (L=4)

-MFB (L=4)

QPSK (Theory Fading, L=4) -

- Proposed (L=8)

-©-MFB (L=8)
-~ QPSK (Theory Fading, L=8)

Length of FSOK Sequence (N)

Figure 5 BER performance comparison of the theoretical QPSK and the proposed MC-CDMA systems for different FSOK sequence
lengths (N) and multipath numbers (L = 1, 2, 4, 8) at E,/Ny, = 12 dB.
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10

10
10

10

BER

(different number of parallel substreams).

10 1 32, K=4, L=4)

- O~ Proposed (N=2, P=16, K=4, L=4) |

" =B Proposed (N=4, P=8, K=4, L=4)
10°. —A—Proposed (N=8, P=4, K=4, L=4)

i =——Proposed (N=16, P=2, K=4, L=4) |

‘| =¥—=Proposed (N=32, P=1, K=4, L=4) |

. QPSK (Theory Fading, L=4) 3
0 2 4 6 8 10 12 14 16 18
E,/N, (dB)

Figure 6 BER performance comparison of the theoretical QPSK and the proposed MC-CDMA systems with different data rates

larger than 10 and 8 dB, respectively. Therefore, we note
that the proposed STBC MISO and MIMO systems are
superior to the conventional STBC MISO and MIMO
systems, because of the threefold effect of the M-ary
FSOK modulation gain, spatial diversity gain, and multi-
path diversity gain.

Finally, we evaluate the PAPR property of the trans-
mitted QPSK-FSOK signal with an oversampling factor
of 4 for the raised-cosine pulse-shaping filter interpola-
tion. The PAPR (in dB) is defined as

(27)

2
PAPRgs = 10log,, (m?rir;"; }>

where x; is the kth interpolated sample, and (-)
denotes the time-average operation. For the proposed
MC-CDMA, the interleaved/localized SC-FDMA, the
conventional MC-CDMA systems, and the conven-
tional PTS [17] and SLM [14] schemes for multi-car-
rier systems, the complementary cumulative
distribution function (CCDF) of the PAPR is plotted in
Figure 8a, b under two different roll-off factors of 0.5

and 0.35, respectively. The number of sub-carriers is
chosen to be 128 for all the systems. As shown in Fig-
ure 8a, b, the transmit signal of the proposed system
has lower PAPR than the conventional PTS and SLM
schemes. Besides, the localized SC-FDMA has a higher
PAPR than the interleaved SC-FDMA, as shown in
previous study [1]. We further observe that the pro-
posed FSOK MC-CDMA system exhibits a lower
PAPR than the conventional WH MC-CDMA and
localized SC-FDMA systems. All three of the above
systems employ different spreading schemes in terms
of frequency-domain to extract the frequency diversity
gain. However, regarding the aspect of PAPR reduc-
tion, the spreading schemes of the latter two systems
are not as effective as that of the proposed FSOK sys-
tem, which cleverly exploits the Chu sequence proper-
ties. Thus, the proposed system is less demanding in
terms of power amplifier linearity.

6. Conclusions
In this article, we propose a new low-PAPR FSOK MC-
CDMA transceiver that is suitable for uplink
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Figure 7 BER performance comparison of the proposed SISO/MISO/MIMO MC-CDMA system and Alamouti MISO/MIMO STBC system

communications with a high data rate and high perfor-
mance over multipath fading channels. First, for a mul-
tiuser uplink, the parallel FSOK scheme with interleaved
subcarrier assignments is designed to provide multiuser
transmissions with a constant envelope property, and to
combat MAI and MPI. At the receiver, an efficient ML
algorithm with FSOK despreader and demapper is used
to detect the modulation symbols, which can obtain the
M-ary modulation gain and diversity gain. Moreover, we
propose the extended MISO FSOK uplink configuration
to acquire a high link quality. Simulation results show
that the proposed multiuser uplink system outperforms
the conventional MC-CDMA and SC-FDMA systems.

Appendix A

Derivation of the mutual orthogonality property for the

repeated-modulated spreading sequence émi,

From (4), we have the repeated-modulated spreading

sequence as Ek = K rd ! © g.. Therefore
mip [ mip Smip T th] & ’

their inner product can be calculated as

k,,. k,,. k,,. * k,,. k,,. X T N T
{[Cm,,pcm,,n o Cmuv] © [cm”pcmuq " cnw“ {gp © g,,]
= [ 7 7 I
= tmia—miptmig—mip " Ymig—mip | 8g—p
P- 1

o, s
e—}Zn N‘ ne—]ZTr [}3 (IN+n)

(28)

N-1 -
. o (mip)
_ o2l Z o2 N
n=0

-0

where m; = (m;, q) — (m;, q) is the difference between
the two CSOK symbol indices of the gth and pth sub-
streams, and y = (g - p )/P. Next, for the case p = ¢, we
have

P-1
Z 67]27”"1 =0
1=0

such that the inner product in (28) is zero for p = q.
For the case p = g, we have u = m; = 0, and

(29)

P-1 N—-1

) o, (i)
Y el ap, NN TN (30)
=0 n=0
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Figure 8 Comparison of the PAPR CCDF for the proposed MC-CDMA, the conventional SC-FDMA, the conventional MC-CDMA systems,
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the conventional SLM, and PTS schemes. (a) 50% roll-off. (b) 35% roll-off.

Therefore, from (28) to (30), the orthogonality in (5)

can be derived

ko[NP, forp=gq
Cmip Smiv =0, forp+q

(31)

Appendix B

Proof of the constant envelope of transmit signal tf
The time-domain NPK-point transmitted signal block of

can be expressed by

the ith FSOK MC-CDMA symbol of the kth user in (9)
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(32)

For simplicity, we consider the first user (k = 1). From
(32) and (7), the m th element of the first user’s time-
domain sequence t! can be derived as follows

i () = N%_l &l e2mMIINPK) Nil e, &> ™0, forjir=0,1,--- ,NPK—1 (33)
where t!(m) has a repetition property in that
t}(m) =t/ (m+NP) =---=t}/(m+KNP) for m =0, 1,...,
NP - 1. In the following, we will verify the constant
envelope property for the first repetition
{t!(m)=0,1,--- ,NP — 1}. Let & be the /th element of

él.l in (7) with zero insertion, i.e.,

- _
s _ ey [ =nkK,
e, = .

' 0, otherwise

<n< —
0<n<NP-1 (34)

with éil,n being the nth element of & in (6). Based on
(1)-(5), the é},n can be rewritten as

P

-1 _ =1 _ 1 jmv?q/N ,—j2mwm;pv/N ,—j27 p(uN+v)/ (NP
ei,n_ei,u,v_zdi,pe] N g=j2 mipv/N ,=j2m p(uN+v)/(NP)

(35)
p=1
where n = uN +v,u=0,1,..,P-1,andv =0, 1, ..,
N - 1. Next, substituting (35) into (33), til (m) can be
derived by

P P—1N-1
i (m) = Zd‘lyp { e;nvlq/Ne—jz:xm,,ﬂv/Ne—jznp(uNw)/(Np)eiz:zm(uNw)/(Nm]

p=1 =0 v=
1

(36)

< =

P N-1
- Zdilp ize—ﬂn(pfm)u/l’ Z o7 [vzqf2vn,,,v+2[m7;r)v/P]/N]
p=1 ’ u=0 =0

where the Chu sequence parameters ¢ and N are rela-
tively prime. For simplicity, we assume the case of g = 1
and an even N. Therefore, t (m) in (36) can be rewritten
as

P P-1 N-1
i (m) = Z di{pe—f”PZ/N Z e—jZn(p—m)u/P} {Z & l=rl'IN ] (37)
p=1 u=0 v=0

where p = m;, - (m - p)/P. When m = p, p = m;, is
an integer and

(38)

p-1
Z o2 (p-m)ulP _ {P ,p=m
—~ 0, p#m

According to [12], we use the following identity for
any integer p:
N-1 N-1
> TP PIN _ > VN = g4 N (39)
v=0 v=0

Therefore, substituting (38) and (39) into (37), we can
obtain
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P
t1(m) = > V/NPd} &% N5 (p — m)
p=1

(40)

where d(p - m) denotes the delta function. Thus, from
(40), we have arrived at the final result:

| t} (m) |= midd},, | VNP (41)

which indicates that if | dil,m | is constant (MPSK), the
transmit signal t! has a constant envelope.

For the other users with k = 2, 3,...,K, it is noteworthy
that the same constant envelope result can be derived
by referring to the procedures listed in (32)-(41).
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