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Abstract. These Single carrier frequency division mul-
tiple access (SC-FDMA) has very low power consump-
tion at the sender’s side, and it is the access scheme
used for the uplink in long-term evolution (LTE). The
objective of this work is to explore the error proba-
bility of SC-FDMA system under sub-carrier mapping
(SM) in heavily faded areas where the signal-to-noise
ratios (SNRs) are very low. Wireless environment with
heavily faded areas includes military radio systems; di-
rect sequence spread spectrum system (DS-SS), global
positioning system (GPS) etc. The localized FDMA
(LFDMA) and distributed FDMA (DFDMA) are used
to compare the performances of SC-FDMA in heavily
faded areas. In heavily faded area with negative signal-
to-noise ratio (SNR), the SC-FDMA system is imple-
mented using modulation and encoding methods to re-
cetve a very weak signal. Here, binary phase shift key-
ing (BPSK), quadrature phase shift keying (QPSK),
16-PSK, quadrature amplitude modulation (QAM) and
16-QAM modulation techniques are used to calculate
the bit error rate (BER) performances. The results
show the BER performances of SC-FDMA using map-
ping schemes for different channels, like, AWGN chan-
nel, Rayleigh channel, COST207TU, and COST207RA
channel models for heavily faded areas. In AWGN
channel, BER at -15dB is about 10 times more than
BER at 15dB. The COST207 model shows that the
BER is less in typical urban (TU) area compared to
the rural area (RA).The performance of BPSK modu-
lation in SC-FDMA system is better in heavily faded
areas than other modulation schemes.
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1. Introduction

Wireless communication has wide applications in fields
such as industry, military vigilance, domestic usage,
and calamity relief [I]. New advances in communi-
cation networks tend to short distance communica-
tion through wireless technology. Frequency selective
character of the channel of large bandwidth data is
the prime barrier for wireless transmission [2], which
gives rise to inter-symbol-interference (ISI). To reduce
the ISI Orthogonal frequency division multiplexing
(OFDM) can be selected for multiple carrier trans-
mission [3]. But it becomes irrelevant in uplink of
LTE due to its high PAPR [I]. The vital problems
of power consumption in uplink can be resolved by us-
ing SC-FDMA where, using discrete Fourier transform
(DFT), the symbols are spread over number of sub-
carriers [4]. Due to the extra blocks, the input signal
has low envelope fluctuations in SC-FDMA, hence, it
has less PAPR than OFDM which gives more power
efficiency [5]. There are different types of mapping
techniques i.e., distributed FDMA, localized FDMA
and Interleaved FDMA [6]. To deal with the worst-
case scenarios the systems need protection when the
received signal could be far down to the noise floor.
Therefore, to detect signals below the noise floor, sig-
nals with negative SNR regimes are used [7]. In the low
SNR regime, the number of samples is required to meet
specified probabilities of detection and false alarm rate
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[8]. Tt becomes harder for detection below -20 dB but
it is possible to detect above it [7].

For SC-FDMA signals, to acknowledge channel fad-
ing effect and to obtain BER optimum value, simu-
lations are carried out with Rayleigh faded signal as
well as COST207TUx6 and COST207RAx6 models
[9]. COST207 (Cooperation in Science and Technol-
ogy) 207 is a standard of European research union.
COST207 model provides scattering characteristics
and amplitude statistics in fading environment for typ-
ical and bad urban areas, rural areas, and for hilly ter-
rain. The environments which have number of scatters
and in direct radio paths, utilize Rayleigh fading chan-
nel [9]. The combined space-time block coding and
modulation identification in multi-user channel is used
in [1I0] for the SC-FDMA uplink transmission. The
power control scheme of lower complexity is reported
[11] for non-orthogonal multiple access (NOMA) uplink
transmission. Enhanced spectral efficiency of 31.65%
is achieved [12] with a multi-user scheduling strategy
in non-stand- alone cellular network using MIMO sys-
tem. A multi-stream cyclic interleaving architecture
for interleaved FDMA is used in [13] for the better per-
formance in uplink using simultaneous transmission of
multiple data streams.

Literature survey reveals that though SC-FDMA has
wide applications in wireless communication but the
performance of it, in heavily faded area, is not re-
ported so much. The error probabilities of SC-FDMA
under different sub-carrier mapping in heavily faded
areas where the SNRs are very low are compared here.
Wireless environment with negative SNR includes mil-
itary radio systems; DS-SS, GPS etc. Also, the BER
performances of SC-FDMA System using localized sub-
carrier mapping scheme with Rayleigh fading distribu-
tion as well as COST207TU and COST207RA channel
models are evaluated. It is observed that both using
LFDMA and DFDMA, BPSK modulation results less
BER, specially, in heavily faded areas.

2. SC-FDMA System Model
and Channel Models

2.1. SC-FDMA System Model

The block diagram of an SC-FDMA system is pre-
sented in Fig. [l where, cyclic prefix (CP) is used to
maintain the orthogonality of subcarriers and works
as guard interval (GI). Input symbols are assigned in-
dependently to each subcarrier in OFDM but in SC-
FDMA each subcarrier is assigned to a signal, combin-
ing all data symbols which is modulated and transmit-
ted simultaneously [14]. Before mapping, SC-FDMA
has an extra DFT block, with transmitter and receiver
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blocks. Here S/P is the serial-to-parallel conversion
and P/S is parallel-to-serial conversion. In Table
the parameters used are given.

Tab. 1: Parameter Description.

Parameter Description
U Total no. of users
P No. of sub-carriers used
M Sub-carriers for all user
D) Resource allocation matrix

m Time per sample

w(m) Additive White Gaussian Noise (AWGN)
R Channel Impulse response
Ly, Max. Delay Spread
R (m, 1) Sample spaced channel response
L Total no. of Paths
a2 Variance
H(k) Frequency-domain channel response
W (k) FT of w(m)

First, the information of the source is gathered and
mapping is done. For u'" user, the input data is trans-
formed to a constellation of symbols and collected into
a set of data s(*) having size M. An M-point DFT
transforms s to S in frequency domain [I5]

M-1

5 sy

m=0

S (k) = (1)

For k=0,1,..., M — 1, to all the subcarriers, pilots
are attached within an exact period, depending on al-
location schemes and S(")is mapped to P subcarriers
as,

X = pw . g (2)
for u =1,2,...,U. After subcarrier mapping, using a
P-point IDFT operation, a time-domain signal (%) is
obtained. Then after IDFT, GI is inserted to mitigate
the ISI, that is greater than the needed delay spread.
By using CP, the signal is modeled and P/S is used.
Transmitted signal #(*)(m)suffers channel fading [16].
Received signal 3 (m) is,

y ™ (m) = 2 @ ht (m) +w(m). 3)

After CP removal, the signal transmitted is convo-
luted circularly to channel IR to give the received sig-
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nal. The received signal is,

15

- Zx(u)(k)
Pz

U-1

S HO ) wim),

u=0

y™ (m) =

X

(4)

where,
()

In frequency domain, after DFT the signal is [I7]

—j2npk

p—1
YO k) = 3y (m)e
p=0

=2 (k) H" (k) + W (k), (6)

where
1 P—-1
H(k) =5 > H(k,m), and
k=0
P—-1 P
W(k) =Y wm)e " (7)
p=0

H® (k) is the estimated channel and found by re-
moving the pilots. The estimated transmitted signal

is,

_ Y™
CHW(k)

X (k) (®)
Fork=0,1,2,..., P—1. If frequency domain equaliza-
tion is done following the de-mapping of sub-carriers,
then the de-mapping matrix is

RW = gHy () 4w, (9)
Then M-point IDFT is used for de-mapped symbol
and the output signal is,

j2mmk

M—-1
W (m) = % > RU(k)e v (10)
k=0

In the demodulation block IDFT output is used and
the final bit stream is generated by the receiver. The
resulting signal is sent to IDFT but a complex equalizer
is used before that [I§].

2.2. Channel Models

In this work, three types of channel models are
used, which are AWGN channel, Rayleigh channel and

(© 2023 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

COST207 channel (typical urban and rural areas). The
Rayleigh channel follows a zero-mean Gaussian dis-
tribution [I9]. Rayleigh distribution is the statistical
nature or probability distribution function (PDF) for
multipath fading in wireless communication. COST207
model provides scattering and amplitude characteris-
tics in fading environment for urban areas, rural ar-
eas including hilly terrain. The BER performance of
SC-FDMA system with these channel models are in-
vestigated. Suppose X; and X5 are Gaussian random
variables having zero mean. Let o2 is the variance and
RRay is the amplitude of the random variable and is

given by,
RRay:\/X%+X22, (11)

Where, Rpgqy follows a Rayleigh distribution whose

22
density is, f(Rpay)(z) = xz/0e2s. For z € R and
x > 0, o depends on the width of the density function.

In mobile networks, fading is often modeled using
Rayleigh random variables [20]. Channel models de-
scribe the characteristics of the link connecting the
transmitter and receiver which bears data in the form
of electromagnetic waves [2I]. In this work, the multi-
path fading is only considered owing to the useful and
harmful combination of different types of signal com-
ponents. This is fast fading case and is the cause of
short-term fading [22]. Next different scenarios are an-
alyzed where the fast fading follows frequency selective
Rayleigh, AWGN channel and COST207 model for ru-

ral and urban areas.

For modeling a frequency selective fading channel,
the power delay profile (PDP) of the fading channel
model provides average power distribution for received
signal over the individual path [23]. So far, COST207
has been widely recognized as one of the most popular
and practical PDP models [24]. The power delay profile
for COST207 is for typical Rural area,

9217927, 0<7<0.7
PDP = (12)
0, else
For typical Urban area,
e, 0<T<T
PDP = . (13)
0, else

Performance of SC-FDMA
in Heavily Faded Areas

3.

This part verifies the performance of the SC-FDMA
system model through simulation and comparison of
the mapping schemes and channel models. Here, the
simulation parameters are generated using MATLAB
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and given in Table The simulation is run for N-
total subcarriers i.e., 128, 256, 512 and 1024, for each
user number of accessible subcarriers is 64, spreading
factor Q is 4, and cyclic prefix length P = 16. The
number of users are 2,4 and 8 and the sampling period
of the channel is 1e-3. Number of SC-FDMA frames
is 103. The Simulink model is simulated in MATLAB
over different fading channels for uplink with differ-
ent size of FFT, modulation techniques and mapping
schemes. The baseband channel models are used to
model the system. When the FFT size is 128, the sim-
ulation time is about 2 minutes whereas the simulation
time for FFT size of 1024 it is about 15 minutes. To
implement the SC-FDMA system model of Fig. [I in
programming, first the signal is modulated and con-
verted from serial to parallel. Then after DFT, the
sub-carrier mapping is implemented and before CP in-
sertion, parallel to serial conversion is done. Then the
signal is passed through the channel under noise and
CP is removed. Then after serial to parallel conver-
sion, the demapping is done. After equalization, the
signal is passed through the IDFT block and then it is
demodulated to obtain the output.

Tab. 2: Simulation Specifications.

Parameters Specifications
FFT Size 128, 256, 512 and 1024
Modulation Type QAM, BPSK, QPSK, 16-
QAM, 16-PSK
Cyclic Prefix 16
No. of Symbols 100
SNR -15 to 15

Localized, Distributed

Rayleigh, AWGN, COST207TU,
COST207RA

0le — 53.5¢ — 512e — 5]dB
0—1—1—3]ns

Mapping Technique
Channel Model

Path Delay
Path Gain

In Fig. two different cases of mapping distribu-
tions of SC-FDMA, in a frequency selective AWGN
channel with varying the SNR values i.e., both posi-
tive and negative SNR is shown, where it can be seen
that the BER is nearly 10—1 for both localized and
distributed schemes.

By varying the user number (U), the performance of
LFDMA and DFDMA is compared and shown in Fig.
Bl

In Fig. two different cases where the fast fad-
ing follows different distributions, in a frequency selec-
tive AWGN channel with varying the SNR values i.e.,
both positive and negative SNR is shown for BPSK
and QAM modulation using LFDMA.

Then the error probability is evaluated for a Rayleigh
fading channel, which is frequency-selective and repre-
sented by the impulse response coeflicients of the chan-
neli.e., i = (i(1),4(2)...i(n)), where all coefficients are
assumed to be circularly symmetric complex Gaussian
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Fig. 2: BER performance for localized and distributed map-
pings for AWGN channel.
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Fig. 4: BER vs SNR plot for BPSK and QAM for AWGN chan-
nel.
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Tab. 3: Comparison of Result.
Paper Parameters Channel /Equalizer Mapping Signal-to-noise ratio | Bit Error Rate
. 0dB 10~0-5
Localized TAd5 195
AWCN, ZFE L s
Interl d 0dB 107%°
nterieave 14dB 107b
N=256 Localized 0dB 1072
SM=Localized, 14dB 10~°
Interleaved AWGN, MMSE Interl d 0dB 10792
Ref [23] S. SNR=0 to 20 ntericave 14dB 10-°°
Ebadinezhad CP=20 ) 0dB 1000
Localized 15dB 10=3
Rayleigh, ZFE 0
Interlonved 0dB O
nterieave 15dB 10_5‘5
—0.4
Localized 105(2?3 110 0==2
Rayleigh, MMSE —T
Interl d 0dB 10—
nterieave: 15dB 1072
. 0dB 10~ 1
N=128 to 2048 = Localized 8dB 07
Ref [I4] R. SM=Localized, . 0dB 10~ 1
Chisab Distributed MMSE Localized 7dB 0
SNR=0 to 20 Localized (RA) 8.2dB 10~3
7 for normal CP and Localized (TU) 7.5dB 10—3
6 for extended CP COST207 Distributed (RA) 11dB 1073
Distributed (TU) 11.5dB 10—3
OFDMA Localized 0dB 10°
(QPSK) 15dB 10T
OFDMA Localized 0dB 109
(16 QAM) 15dB 102
OFDMA Interleaved 0dB 10V
SC-FDMA, OFDMA (QPSK) 15dB 101
SM=Localized, OFDMA Interleaved 0dB 10V
Ref [25] M. AL Interleaved ITU vehicular-A (16 QAM) 15dB 102
Rawi SNR=0 to 30 MMSE SC-DMA Localized 0dB 10V
(QPSK) 15dB 10-2
SC-DMA Localized 0dB 109
(16 QAM) 15dB 10T
SC-FDMA Interleaved 0dB 10V
(QPSK) 15dB 107
SC-FDMA Interleaved 0dB 10V
(16 QAM) 15dB 103
random variables with CN(0,1) distribution. In Fig.
the BER is estimated for each SC-FDMA transmit-
ted symbol in a Rayleigh fading channel. After the : =
IDFT process, the resulting output is an upsampled -4 =AM
version of the original sequence In Fig. [§] the compar- |
ison of BPSK and QAM modulation scheme is simu- :
lated by varying the SNR from -15 dB to 15 dB. Heavily ™ s ft: Ei' R i =
faded area is considered where SNR is negative. "?? ;Hh K- 151-.41" ﬁ Fa F‘”U\S :f I}f{q be R 'a
[ ") & \ 1l
The BER performance of Rayleigh channel of Fig. & 'g ) o E
is not as good as the performance like the AWGN ' ' 1
channel (Fig. , because the Rayleigh channel consid- I
ers multipath fading.
! Ay ‘.’“\h ,,z.u "f’"
In Fig. [6] the BER performance comparison between i i" 4
TU model and RA model with channel object = 6 is
A L A A AL
shown. 10 5 0 5 10 15
SNR in dB

At 15dB, the COST207TU model obtained a BER
of 10721 but a BER of less than 102! is observed
for the COST207RA model with positive SNR and the
COST207TU model obtained a BER of 1072:%2 but a
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Fig. 5: BER performance for BPSK and QAM for Rayleigh
channel.
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Tab. 4: Our Result.

-15dB 10°
Localized (U=2) 0dB 10~ 0
15dB 102
-15dB 109
Localized (U=4) 0dB 10792
15dB 1012
-15dB 109
Localized (U=8) 0dB 10792
15dB 1071
-15dB 109
Localized (BPSK) 0dB 1071
15dB 1072
AWGN -15dB 109
Localized (QAM) 0dB 1071
15dB 10~2
-15dB 109
N=128, 1024 Distributed (U=2) [ 0dB | 1007
This Paper SM=Localized, Distributed 15dB 102
SNR=-15 to 15, CP=16 -15dB 109
Distributed (U=4) 0dB 10~9-2
15dB 1071
-15dB 109
Distributed (U=8) | 0dB 109
15dB 1071
-15dB | 107032
Localized (BPSK) 0dB 10793
. 15dB 10703
Rayleigh 15dB | 10—90-35
Localized (QAM) 0dB | 1079-3°
15dB | 107031
-15dB | 1072:9%
Localized (RA) 0dB | 10—27%
15dB 10=21
COST207 5dB T 10=272
Localized (TU) 0dB 10—2.0%
15dB 10-%1
gtfesnesion ) WG oo ol
i i " j i .
. ‘ - : : i
N e 3 ] S 1 S—-— S N— . . T -
q = i i i
e - St -1 - CR e R R PR R PR E E E "
PR BT BN SO OO SO
I T SR 5 -~ N T
i : Al R R B
: ) i d i : 3
‘ : : L : - p
] I S L N TR Vaiies 15 10 5 0 5 10 15
] | ! : SNR in dB
—B— COST207 TUxE made : :
i CORTANRAME el E ' Fig. 7: Performance of BER for different number of sub-carriers
T g2 R Sssesl ge e dee Lk Szl : using LFDMA.
15 1:.'I % a I5 1::I 13

SNR in dB

Fig. 6: BER performance for rural area and typical urban in
COST207x6 channel.
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10294 BER is observed for the COST207RA model
with negative SNR at -15dB. The BER is less in case
of a RA model than the TU model.

The Variation of BER with different number of sub-
carriers (N) for 16-PSK modulation in LFDMA is
shown in Fig.
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Fig. 8: Performance of BER for different number of sub-carriers
using DFDMA.

T

Fig. 9: Performance of BER for different types of modulation
for LFDMA.

From the above figure it is observed that in heav-
ily faded areas (negative SNR region) the BER per-
formance does not depend so much on the sub-carrier
number. The variation of BER with different sub-
carrier number for 16-PSK modulation using DFEDMA
is plotted in Fig. [§

From the above figure it is observed that in heavily
faded areas (negative SNR region) with DFDMA the
BER performance does not depend so much on the sub-
carrier number. The variation of BER with different
modulation schemes in LFDMA is presented in Fig. [0

From the Fig. [9] it is observed that LFDMA with
BPSK results low BER of about 10-2 compared to all
other modulation schemes, and a high BER is observed
in case of 16-PSK. So, from the figure it is observed
that in heavily faded areas (negative SNR region) the
BER performance is better for BPSK modulation.

Variation of BER with different modulation schemes
for DFDMA is shown in Fig.
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Fig. 10: Performance of BER for different types of modulation
for DFDMA.

From the Fig. [0} it is found that DFDMA with
BPSK results low BER of about 10~! compared to all
other modulation schemes, and a high BER are ob-
served in case of 16-PSK and 16-QAM. So, from the
Fig. [0 and Fig. [10]it is observed that in heavily faded
areas (negative SNR region) the BER performance is
better for BPSK modulation. Both in Fig. [0 and Fig.
AWGN channel is used.

The simulated results are compared with the pub-
lished results [14], [23], |25] in Table [3| and Table [4f In
these reports zero forcing equalizer (ZFE) and maxi-
mum mean square error (MMSE) equalizer are used.
The channels used are AWGN, Rayleigh, COST207
and ITU-vehicular-A

By comparing both the mapping schemes it is ob-
tained that LFDMA has better BER than DFDMA.
Also, it is compared by varying the number of users.
By taking different number of sub-carriers and vary-
ing the modulation technique the BER performance
is shown for both the mapping schemes. In Table
the simulated results are compared with the published
results for positive SNR, (due to the unavailability of
results in the heavily faded areas with negative SNRs).
The results, presented in this paper, show that in the
heavily faded areas the BER performance detoriates
drastically for all types of sub-carrier mappings and for
all the channels, like, AWGN, Rayleigh and COST207.

4. Conclusion

The BER performance of the SC-FDMA System in
heavily faded area is presented. The localized and
distributed sub-carrier mapping scheme are used with
AWGN channel, Rayleigh fading channel as well as
COST207TU and COST207RA channel models. The
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BER obtained using LEFDMA with BPSK and QAM
modulations for AWGN channel is 1072 for SNR of
15dB. Then the system is run for Rayleigh fading
channel as well as COST207TU and COST207RA
channel models. With channel object = 6 at 15
dB, for COST207TU model BER of 1072 is ob-
tained. But a BER of less than 1072 is observed
for the COST207RA model with positive SNR. Using
COST207TU and COST207RA models BER of 107292
and 10724 are obtained respectively for negative SNR
of -15dB. The comparison between the COST207TU
and COST207RA models shows that the BER is less
in the TU model compared to the RA model. Because
of the unavailability of research reports on SC-FDMA
system in heavily faded area with negative SNR, the
results could not be compared with published papers.
The BER performance in heavily faded area, consid-
ering the energy efficiency of SC-FDMA system will
be the future work. Another future work is to continue
this work by using discrete cosine transform SC-FDMA
(DCT-SC-FDMA) model for the investigation of per-
formance in the heavily faded areas.
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