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ABSTRACT

Single-carrier frequency-division multiple access (SC-FDMA) and orthogonal frequency division multiple access
(OFDMA) systems are new orthogonal multiple access systems. They have been adopted in the 3GPP long term evolu-
tion (3GPP-LTE). In these systems, there are only two types of subcarrier mapping schemes which are the interleaved
and the localized. So, introducing a new subcarrier mapping scheme is an important issue, which is the main objective
of this paper. In this paper, a hybrid subcarrier mapping scheme is proposed and examined for the SC-FDMA system.
Monte Carlo simulations are performed to compare the performance of the proposed scheme with that of the interleaved
and the localized schemes. It is shown that a hybrid scheme provides better performance than that of the localized and
the same performance as that of the interleaved scheme and increased robustness to carrier frequency offset (CFO) at
the expense of increased envelope fluctuations.
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1. Introduction

Recently, orthogonal FDMA multiple access systems such
as the SC-FDMA and the OFDMA are attracting much
attention for the recent physical layer protocols in high-
speed wireless networks due to theirs advantages over
the conventional FDMA multiple access system. These
multiple access systems have been employed for the phy-
sical-layer protocol in 3GPP-LTE [1].

In the literature, SC-FDMA has been studied with dif-
ferent basis functions [2,3]. However, only two subcar-
rier mapping schemes are considered: the interleaved
subcarrier mapping scheme and the localized subcarrier
mapping scheme [4]. In localized mapping, the discrete
Fourier transform (DFT) outputs are mapped to a subset
of consecutive subcarriers thereby confining them to only
a fraction of the system bandwidth. In interleaved map-
ping, the DFT outputs of the input data are assigned to
subcarriers over the entire bandwidth non-continuously,
resulting in zero amplitude for the remaining subcarriers
[4]. In this paper, we will refer to the localized SC-FDMA
system as LFDMA, and the interleaved SC-FDMA sys-
tem as IFDMA. The IFDMA scheme provides a low peak-
to-average ratio (PAPR), but at the cost of a higher sensi-
tivity to CFOs and phase noise like the OFDMA system
[5,6]. The LFDMA scheme is more robust to multiple
access interference (MAI), but it incurs a higher PAPR
than the IFDMA scheme [4].
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In this paper, an efficient subcarrier mapping method,
named Hybrid FDMA (HFDMA), is proposed which not
only holds the same performance as the [IFDMA scheme,
but also overcomes its shortcomings. It also provides bet-
ter performance than that of the LFDMA.

This paper is organized as follows: In the next section
(Section 2), we will briefly introduce the SC-FDMA sys-
tem model with the proposed scheme. In Section 3, the
details of the proposed scheme will be explained. In Sec-
tion 4, simulation results are given to verify the perfor-
mance of the proposed scheme. Finally, conclusions are
drawn in Section 5.

2. SC-FDMA System M odel

The block diagram of the SC-FDMA system with the
proposed scheme is shown in Figure 1. One base station
and U uplink users are assumed. There are totally M
subcarriers and each user is assigned a subset of subcar-
riers for the uplink transmission. For simplicity, we as-
sume that each user has the same number of subcarriers,
N. SC-FDMA system has much in common with the
OFDMA system except for the additional DFT and in-
verse DFT (IDFT) blocks at the transmitter and receiver,
respectively. For this reason, the SC-FDMA system is
sometimes referred to as DFT-spread or DFT-precoded
OFDMA system. The transmitter of the SC-FDMA sys-
tem uses different subcarriers to transmit information
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Figure 1. Structure of the SC-FDM A system over a frequency selective channel.

data, as in the OFDMA system. However, the SC-FDMA
system transmits the subcarriers sequentially, rather than
in parallel. This approach has the advantage of enabling a
low PAPR, which is important to increase cell coverage
and to prolong the battery lifetime of mobile terminals.

At the transmitter side, the encoded data is trans-
formed into a multilevel sequence of complex numbers
in one of several possible modulation formats. The re-
sulting modulated symbols are grouped into blocks, each
containing N symbols and the DFT is performed. The
signal after the DFT can be expressed as follows:

N-1 —jz—nnk

x(n)e N (1)

where N is the input block size. {X(n) :n=0,---,N —1}
represents the modulated data symbols. The outputs are
then mapped using the hybrid mapping to M (M > N)
orthogonal subcarriers. Then, the M-points IDFT are
used to convert the output to a time domain complex
signal sequence. M = QN is the output block size. Q is
the maximum number of users that can transmit, simul-
taneously. Notice that the remaining M — N subcarriers
may be used by the other users communicating in the cell,
thus a promising multiuser access is achieved. The re-
sulting signal after the IDFT can be given as follows:

Y X(1)en” @)

where{)z(l):l— .
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domain samples after the subcarrier mapping scheme.
Before transmission through the wireless channel, a cy-
clic prefix (CP) is appended in front of each block to
provide a guard time preventing IBI in the multipath
channel. After adding a CP of length N¢ to the resulting
signal, the signal is transmitted through the wireless
channel.

In matrix notation, the transmitted signal of the uth

user (U=1,2,---,U) can be formulated as follows:
X! =P Fu MIF, x" 3)
where x" is an N x 1 vector containing the modulated

symbols of the uth wuser. Fy is an N x N DFT matrix.
Fy isanM x M IDFT matrix. My isan M x N matrix
describing the subcarriers mapping of the uth user. P,
isan (M +Ng)xM matrix, which adds a CP of length
Nc. The entries of Mu for both the LFDMA and the

IFDMA systems will be given in Section (3). P, can
be represented as follows:
add [C, I M ] 4)
where
T
CZI:ONCX(M—NC)’INC:I (5)

At the receiver, the CP is removed from the received
signal and the received signal can be written as follows:

U
r=> Hex"+n (6)
u=l
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where HZ is an M x M circulant matrix describing the
multipath channel between the uth user and the base sta-
tion. X" is an M x 1 vector representing the block of
the transmitted symbols of the uth user before adding the
CP. nis an M x 1 vector describing the noise. N contains
independent identically-distributed (i.i.d) zero-mean ad-
ditive white Gaussian noise (AWGN).

The circulant matrix H¢ can be efficiently diago-
nalized by the DFT and the IDFT. It can be expressed as
follows:

Hl=F,'A"F, @)

where A" is an M x M diagonal matrix containing the
fast Fourier transform of the circulant sequence of Hg .
The generic M-point DFT matrix has entries
1 -j2a™

. . -1 _ H
[FM ]p’q =We M, andits inverseis Fy, =F, .

Now, substituting (7) in (6) and apply the M-point
DFT, we get

U
R=YAF, X" +N 8)
u=l

where N is the frequency domain vector of the noise.
Figure 1 depicts the SC-FDMA receiver for the U users.
One can see that for each user, a separate detection is
performed. So, the detection process for the uth user will
be only discussed for the rest of this section.

After that, the frequency domain equalization (FDE),
the hybrid subcarrier demapping, and the M-point IDFT
operations are performed to provide the estimate of the
modulated symbols as follows:

R =F,'MW'R ©)

where X" is an N x 1 vector containing the estimate of
the modulated symbols. W" is an M x M matrix repre-
senting the FDE of the uth user. My is an N x M sub-
carriers demapping matrix of the uth user. My is given
by taking the transport of My, that is, Mpg=M;T .
W" can be derived according to the minimum mean
square error criterion as follow:

WY = (A% A" +1/SNR)  A* (10)

Finally, the demodulation and decoding processes are
performed.

3. The Proposed HFDM A Scheme

DFT output of the data symbols is mapped to a subset of
subcarriers, a process called subcarrier mapping. The
subcarrier mapping assigns DFT output complex values
as the amplitudes of some of the selected subcarriers.
Subcarrier mapping can be classified into two types: lo-
calized mapping and distributed mapping. In localized
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mapping, the DFT outputs are mapped to a subset of
consecutive sub-carriers thereby confining them to only a
fraction of the system bandwidth. In distributed mapping,
the DFT outputs of the input data are assigned to subcar-
riers over the entire bandwidth non-continuously, result-
ing in zero amplitude for the remaining subcarriers. A
special case of distributed SC-FDMA is called inter-
leaved SC-FDMA, where the occupied subcarriers are
equally spaced over the entire bandwidth [4].

The proposed scheme is a hybrid scheme comprising
the localized and the interleaved schemes. On the other
hand, in the proposed scheme, the DFT outputs of the
input data are first divided into subbands and each sub-
band contains N; symbols (I<N; <N). These sub-
bands are then assigned to subcarriers over the entire
bandwidth. The number of subbands is § = N/N, . If
the subcarrier mapping matrix of the uth user is denoted
by M7, the entries of M7 for both the localized and
the interleaved schemes are formulated, respectively, as
follows:

M7 :|:O(u—1)N><N;IN;O(M—uN)xN:| an

My = |:0(u—1)xN ) ul;O(Q—u)xN;.“;O(u—l)xN ’ uN;O(Q—u)xN:I (12)

where the | and O, matrices denote the N x N
identity matrix, and the Q'x N all-zero matrix, respec-
tively. U (I =1,2,---,N) denotes the unit row vector, of
length N, with all zero entries except at |. The entries of
M7 for the proposed HFDMA scheme is expressed as
follows:

w
- [O(“’l)NlXN sUs O(Q*U)NuxN 3 O(u—l)N.xN >Unyn, §0(Q—u)xN ]
(13)
where
U =[O O | (14)

When the number of symbols in each subbands is
equal to 1, i.e. N; = 1, (13) is reduce to (12) and the hy-
brid scheme becomes similar to the interleaved scheme.
However, when the number of symbols in each subbands
is equal to the outputs of the DFT, i.e. N; = N, (13) is
reduce to (11) and the hybrid scheme becomes similar to
the localized scheme. In the hybrid scheme, the number
of symbols in each subbands must be chosen carefully in
order to obtain better performance.

Figure 2 shows the different subcarrier mapping
schemes. This example assumes 2 users sharing 12 sub-
carriers. Each user has a block of six data symbols to
transmit at a time. The DFT output of the data block has
six complex frequency domain samples, which are
mapped over 12 subcarriers using different mapping

IJCNS



152 F. S. AL-KAMALI

(a)

(b)

Sub-band

———
d)

©

(
©

Figure 2. Subcarrier mapping schemes. (a) DFT ouputs; (b) Localized subcarrier mapping; (c) Interleaved subcarrier map-
ping; (d) Hybrid subcarrier mapping when the number of symbols in each sub-band is 2; (€) Hybrid subcarrier mapping

when the number of symbolsin each sub-band is 3.

schemes. Note that N; =2 in Figure 2(c) whereas N; = 3
in Figure 2(d).

The hybrid mapping scheme have the advantages of
both the localized and the interleaved schemes. The main
advantages of the hybrid mapping scheme can be sum-
marized as follows:

1) It is more robust with respect to frequency selective
fading.

2) It offers additional frequency diversity gain similar
to that in the interleaved scheme, since the information is
spread across the entire system bandwidth.

3) It offers multi-user diversity in frequency selective
channel conditions similar to that in the localized sche-
me.

4) It is more robust with respect to carrier frequency
offset.

The main disadvantage of the hybrid mapping scheme
is its high PAPR as compared to that of the localized and
the interleaved schemes, but its PAPR is also lower than
that of the OFDMA system.

4. Simulation Results

The performance of the proposed scheme is tested with
computer simulations. An uplink SC-FDMA system with
512 subcarriers is considered. In this system, there are
four users, and 128 subcarriers are allocated to each user.
The users employ QPSK mapping for their data symbols.
The channel model used for simulations is the vehicular
A model [7]. It has six Rayleigh fading taps at delays of
0, 310, 710, 1090, 1730 and 2510 ns, with relative pow-
ers of 0 dB, —1 dB, -9 dB, —10 dB, —15 dB, and —20 dB,
respectively. The vehicular A channel has a mobile speed
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of 120 Km/H. This speed corresponds to a Doppler
spread of 223 Hz for a carrier frequency of 2 GHz. A
convolutional code with rate 1/2, constraint length 7, and
octal generator polynomial (133, 171) is used.

The impact of the number of symbols in each subband
N; on the bit error rate (BER) performance of the pro-
posed scheme at different signal-to-noise ratio (SNR)
values and QPSK modulation scheme is illustrated in
Figure 3. We observe that the best choice of the number
of symbols in the subband is N; = 2. When N; is greater
than 2 the performance starts to degrade, especially at
high SNR. Thus, N; = 2 is appropriate choice and it will
be used for the rest of experiments.

Figures 4 and 5 show the variation of the BER with
the SNR at different modulation schemes for the IFDMA,
the LFDMA, and the HFDMA systems, respectively. It is
shown that the HFDMA system provides better perfor-
mance than that of the LFDMA system and provides the
same performance as that of the IFDMA system.

The complementary cumulative distribution function
(CCDF) of the PAPR for the IFDMA, the LFDMA, the
HFDMA, and the OFDMA systems are evaluated and
shown in Figure 6 with QPSK modulation formats. Rai-
sed cosine filter, and 4 times oversampling are used. 10’
data blocks are generated to calculate the CCDFs of the
PAPR. No pulse-shaping was applied in the case the
OFDMA system. It is clearly seen that, the HFDMA
system has lower PAPR than the OFDMA systems by
about 2.75, but higher than that of the IFDMA and the
LFDMA systems by about 2.5 and 0.75 dB, respectively.

The impact of the CFO on the performance of the
HFDMA is studied and shown in Figure 7. The system
model of the SC-FDMA system in the presence of CFO
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Figure 3. BER versus the number of symbols in the sub-
block for HFDMA system.
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Figure 4. BER versus the SNR for the SC-FDMA system
with different subcarrier mapping schemes.
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Figure 5. BER versus the SNR for the SC-FDMA system
with different subcarrier mapping schemes.

is explained in our paper in [6] and this model is used in
this experiment.

Figure 7 presents the variation of the BER with the
maximum normalized CFO for the IFDMA, the LFDMA,
and the HFDMA systems at SNR= 15 dB. Each CFO is a
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Figure 6. CCDFsof the PAPR of the SC-FDMA system with
different subcarrier mapping schemes.
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Figure 7. BER versus the CFO for the SC-FDMA system
with different subcarrier mapping schemes.

random variable with uniform distribution in [—gmax > Emax ]
Where ¢,,, is the maximum normalized CFO. The
CFOs are chosen randomly to simulate a more practical
scenario, similar to that in [6]. It is shown that the per-
formance of all systems deteriorates when the CFOs in-
crease, especially at high CFOs values. From this figure,
it is clear that for small to moderate CFOs, the perform-
ance of the HFDMA system is better than that of the
IFDMA and the LFDMA systems.

Figure 8 demonstrates the impact of the estimation
errors on the performance of the HFDMA and the IF-
DMA systems at SNR = 20 dB. The estimated CFOs are
obtained by adding a zero-mean independent Gaussian
random variable to the true values of the CFOs.

The circular convolution method-based CFO compen-
sation in [8] is considered here. The circular convolution
is also discussed in [6]. The estimated channel impulse
responses are also obtained in the same manner. This
figure shows that the HFDMA scheme provides slightly
better performance than that of the IFDMA scheme and
the performance will be degrading as the estimation er-
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Figure 8. Variation of the BER of the IFDMA and the
HFDMA systemsin the presence of the estimation errors.

rors increased. It is clear that the performance of the
proposed scheme starts to degrade as the standard devia-
tion of the errors in the CFOs estimation (o) be-
comes greater than 0.01 and the standard deviation of the
errors in the channel estimation (o, ) becomes greater
than 0.01. These limits can be satisfied with the estima-
tion algorithms, which show the robustness of the pro-
posed HFDMA scheme to estimation errors, especially,
the CFOs estimation errors.

5. Conclusion

This paper has introduced a hybrid subcarrier mapping
scheme for SC-FDMA system. Simulation results for
uplink SC-FDMA system demonstrate the effectiveness
of the proposed HFDMA scheme. It is clear that the
HFDMA scheme provides a better BER performance
than that of the conventional LFDMA scheme and the
same BER performance as that of the IFDMA scheme. In
addition, the HFDMA scheme is more robust to the CFO
than that of the IFDMA and the LFDMA schemes. The
implementation of the proposed HFDMA scheme re-
quires a proper choice of the number of symbols in the
subband to achieve a good BER performance. Simulation
experiments have shown that a value of 2 is a suitable
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choice for this parameter. Simulation results also have
shown that the PAPR of the HFDMA system is higher
than that of the IFDMA and the LFDMA systems, but
lower than that of the OFDMA system.
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