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Abstract

In recent years, OFDMA(orthogonal frequency division multiple access) and SC-FDMA(Single Carrier Frequency
Division Multiple Access) have been widely studied for the uplink of a mobile communication system. In this paper,
PAPR(Peak-to-Average Power Ratio) and BER(Bit Error Rate) performance of the OFDMA and SC-FDMA systems
are studied in relation to the uplink of a mobile communication system. Three kinds of sub-carrier allocation methods
in the OFDMA system and 2 kinds of sub-carrier allocation methods in SC-FDMA system are suggested to compare
and improve system performance. Simulation results show that in the OFDMA system, the first sub-band allocation
method has better PAPR reduction performance than the other methods. In the SC-FDMA system, the distributed
allocation method offers similar PAPR, compared with the sub-band allocation method. PAPR can be further reduced
by adding a spectrum shaping filter with an appropriate roll of factor. Furthermore, it is found that on average,
SC-FDMA can reduce the PAPR by more than 5 dB compared to OFDMA, when the total sub-carrier number is 1,024
and the sub-carrier number allocated to each user changes from 8 to 512. Because of the frequency diversity and low
PAPR characteristics, SC-FDMA system of the distributed sub-carrier allocation method can achieve better BER
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performance than the OFDMA system.
Key words .

. Introduction

The simultaneous transmission of multiple data st-
reams over the same medium can be achieved with di-
fferent multiplexing schemes. Among these multiple
access schemes, frequency division multiplexing is often
used in communication systems with FDD(Frequency Di-
vision Duplex), for example, in mobile radio systems
GSM, IS-95, and UMTS FDD mode. The efficiency of
frequency division multiplexing depends on the mini-
mum separation of the sub-bands to avoid adjacent cha-
nnel interference. OFDM(Orthogonal Frequency Divi-
sion Multiplexing) is an efficient frequency division mul-
tiplexing scheme, which offers minimum spacing of the
sub-bands without interference from adjacent channels in
synchronous cases. Combining OFDM and FDMA (Fre-
quency Division Multiple Access) for OFDMA(Ortho-
gonal Frequency Division Multiple Access) was pro-
posed for broadband wireless multiple access systems,
such as IEEE 802.16 wireless MAN standard and DVB
return channel terrestrial(DVB-RCT)"! ¥,

The evolution of OFDM to OFDMA completely pre-
serves robustness against multi-path propagation and hi-
gh bandwidth(BW) efficiency. However, the disadvan-

OFDMA, SC-FDMA, PAPR, Sub-Band Allocation.

tages associated with OFDM are also inherent in OFD-
MA. For instance, a high peak-to-average power ratio
(PAPR) for the transmitted OFDMA signals is a pro-
blem, especially when the allocated sub-carrier number
of each user is considerable. In the downlink OFDMA,
fully loaded PAPR is equivalent to a single user OFDM
signal in terms of its PAPR characterization. On the
other hand, in the uplink OFDMA, only a small fraction
of sub-carriers are used, so PAPR is different from that
of a single user OFDM signal.

Recently, SC-FDMA(Single-Carrier Frequency Divi-
sion Multiple Access) has received increasin%] fl[ttg]ention
for the uplink of the evolved UTRA(EUTRA) . This
single-carrier based radio access scheme has the advan-
tage of low PAPR features so that it can support
wide-area coverage in cellular systems. SC-FDMA trans-
mission is divided into two parts. One is time domain
processing, IFDMA(Interleaved Frequency Division Mul-
tiple Access); the other is frequency domain processing,
DFT-SOFDM(DFT Spread Orthogonal Frequency Divi-
sion Multiplexing). In comparison to other multi-carrier
systems, there is no multiple access interference since
user discrimination is done by applying an FDMA sche-
me.
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In this paper, the PAPR and BER performance of the
OFDMA and SC-FDMA system are studied in relation
to the uplink of a mobile communication system. Three
sub-carrier allocation methods for the OFDMA system
and two sub-carrier allocation methods for the SC-FD-
MA system are suggested for comparing and improving
system performance. Simulation results show that in the
OFDMA system, the first sub-band allocation method
has better PAPR reduction performance than the other
sub-band allocation methods. In the SC-FDMA system,
the distributed allocation method has similar PAPR,
compared with the sub-band allocation method. PAPR
can be further reduced by adding a spectrum shaping
filter with an appropriate roll of factor. Because of fre-
quency diversity and low PAPR characteristics, the SC-
FDMA system of the distributed sub-carrier allocation
method can achieve better BER performance than the
OFDMA system.

. OFDMA Uplink

OFDMA consists of assigning one or several sub-
carrier frequencies to each user(terminal station) with
the constraint that the sub-carrier spacing is equal to the
OFDM frequency spacing 1/7s. That is, in OFDMA,
all the available sub-carriers are divided into mutually
exclusive sub-channels, each consisting of a distinct set
of sub-carriers. Multiple accesses are achieved through
the assignment of different sub-channels to different
users.

Fig. 1 shows the simplified OFDMA uplink transcei-
ver block diagram. Suppose there are a total of N
sub-carriers and A users, thus each sub-channel consists
of S(S=N/M) sub-carriers. The uplink the OFDMA trans-
mitted signal for the mth user can be written as

2,
xm(”)=2X,,,,k'ejN for —N;<n<N
keS,, (1)
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Fig. 1. OFDMA uplink with M users.

. user | data
P’ et
hj

user M data

SIDLIRIGOS

(N) Lddl

(N) Ldd
T

suarareogns woy Surddewsp

JOLLIEAGN

18

where j=+-1, N is the total number of sub-carriers, N
is the length of GI(Guard Interval), Xm is the mth user

data symbol in the kth sub-carrier, where k€S,, S,
means the sub-carrier set allocated for the mth user.

Through the fading channel, the received signal of all
M users at the base station can be expressed as

= 3 ®h
) =25, ()@ () (). (2)

where x,(n), h,(n), v(n), r() are the mth user’s
transmitted signal, channel impulse response that co-
rresponds to the mth user, complex Gaussian noise, and
received signal at the base station, respectively.

After removing cyclic prefix, after FFT, the recovered
output for the mth user’s Ith sub-carrier is as follows:

n=0 m=1keS,,

=Xm,le,l+Nl (3)

Here, /€S,, X,. and H,. are the frequency domain
expressions of x,(n), #4,(n corresponding to the kth sub-
carrier. N, is the FFT wversion of AWGN, that is

1 —jz—”nl
N,=7v—2v(n)~e N

n=0

1. SC-FDMA Uplink

DFT-S(Discrete Fourier Transform Spreading) OFDM
is a type of SC-FDMA with frequency domain proce-
ssing[ I DFT-SOFDM, suppose user m(m=l1,---,M)
occupies S(S=N/M) sub-carriers, and each S data symbol
dms, 5=0,---,S—1 for each user m is used for the con-
struction of one SC-FDMA symbol, they first pass
through S point DFT spreading, then after sub-carrier
mapping(mapping into N point by the appropriate sub-
carrier allocation method), pass through N point IFFT

processing.
Suppose S data symbols for user m are
Cn = ldm,O’dm,l"“’dm,S—IJ (4)

The above data spread onto the S sub-carriers allo-

cated to the user m by the DFT spreading matrix p,; is

as follows,
Py =S 120,81,
“Ts0 (5)
S 1 S,]d —j2msl/S
Xm,,&' =§dm,z'l7s,1 25; m1 '€ ©6)
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After sub-carrier mapping, the transmission signal
vector X, of user m passes through N point IFFT pro-
cessing, suppose the mth user sub-carriers are equally
spaced over the total bandwidth, so in the IFFT input,
the sub-carrier index of user m is S, =#,...,m+sM,
oM+ (S~DM |

The uplink SC-FDMA(DFT-SOFDM) transmitted
signal for the mth user is

2z

X, (=YX, ¢ ¥

kes,

1 i ]%k”
= E szm,f “Pgc€
keS,, =0 (’}’)

kn

where X, =X, k=m+sM , ¥, means the sub-carrier
set assigned to user m.
The received signal of all M users at the base sta-

fion is

M
r(ny=Y x,(M®h, (n)+v(n),
m=} (8)

For simplicity of analysis, we suppose #,(n)=1. Then,

after removing cyclic prefix, after FFT, the recovered
output for the mth user’s ith sub-carrier is as follows:

9)

where, €S, X, is the frequency domain expre-
ssion of x,(n).

Finally, after sub-carrier de-mapping, DFT-SOFDM
demodulation for the transmitted symbol 4, of user s
is as follows.

A S-1
_ L pi2mvs/S
dmy ~Z}’m,, e
=0

S-1
=>d,, d;(v~0+N
=0

=d”l’V+N_ v=0,..,85~1 (10)

The DFT-SOFDM type uplink transmission system
can be described as in Fig. 2.

DFT-SOFDM has similar PAPR performance charac-
teristic. DFT-SOFDM results in more speciral efficiency,
provides a greater degree of commonality in design bet-
ween uplink and downlink, and easily coexists with
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Fig. 2. SC-FDMA uplink with M users.
OFDM on the uplink.
IV. Sub-Carrier Allocation Method

There are several sub-carrier allocation schemes; sub-
band allocation; distributed allocation; and random inter-
leaving. As mentioned above, suppose there are a total
of N sub-carriers and M users, thus each sub-channel
consists of S(S=N/M) sub-carriers. In sub-band allo-
cation, the N sub-carriers are divided into M groups
with each group consisting of S contiguous carriers. In
the distributed allocation, the total N sub-carriers are
partitioned into S groups with each group having M
contiguous sub-carriers. Then the mth sub-carrier of ea-
ch group is assigned to the mith user. In random inter-
leaving, the sub-carriers are grouped in a similar fashion
to distributed allocation; the sub-carrier index of each
group assigned to a particular user is a random variable.
It is proved that the PAPR of the sub-band allocation
method is the same as that of the distributed allocation
method and the PAPR of the random interleaving
method is inferior to that of the distributed allocation
method”",

In this study, we chose the sub-band allocation meth-
od(defined in case 2 below) and the revised sub-band
allocation method(defined in cases 1 and 3 below) in the
OFDMA system. In case 2, the sub-carrier allocation is
the same as in the above sub-band allocation method.
So, in case 2, the sub-carrier indices allocated to the mth
(O<m<M-1 user are S, ={mS,mS+l,...,mS+S—l}, Cases 1
and 3 have a small difference compared with case 2.
Case 1 and case 3 are the two sub-band allocation
methods. For instance, in case 3 and case 1, the NV
sub-carriers are divided into 2*M groups with each group
consisting of S/2 contiguous sub-carriers. In case 3, two
sub groups of one user are located symmetrically, that
is, the first and last groups of sub-carriers are assigned
to the first user, and the second group and last second
group are allocated to the second user and so on. In
case 1, the first groups of each user are located orderly
in half of the sub-carriers and the second groups of each
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user are located orderly in the continuing half of sub-
carriers. Therefore, in case 3, the sub-carrier indices allo-
cated to the mth user are

sz{m =+ ome—t =1, ,
2
N-m—,N mS—l, N m§—§+]
2 2 2

And in case 1, the sub-carrier indices allocated to the
mth user are

sz-{mw,m +1, ,mS+§-l, ...... R
N S N S N s 8
—+m—,—+m—+L .., —+tm—t+—-1
2 22 2 2 2

Generally the SC-FDMA distributed allocation me-
thod(case 4 is the same as distributed DFT-SOFDM) is
applied to each sub-channel. Each user is exclusively

assigned a sub-set of sub-carriers and the sub-carriers of

the different users are interleaved. So, the sub-carriers of
a user are equally spaced over the transmission band-
width B, so that maximum exploitation of the available
frequency diversity gain can be achieved. In case 4, sub-
carrier indices allocated to the mth user are S, ={WI,

M+m,...(S-DM+m}. To compare the PAPR of the other
cases with that of case 4, we also consider the sub-band
allocation method(case 5 is the same as localized
DFT-SOFDM) in the SC-FDMA system. So, in case
5, the sub-carrier indices allocated to the mth user are
S, ={mS,mS +1,....,mS + 8 -1},

To compare the PAPR and BER performance in the
uplink OFDMA system, one sub-band allocation{case 2)
and two sub-band allocation methods(case 3) are consi-
dered, and in the SC-FDMA system, the distributed allo-
cation method(case 4) is primarily considered. Another
two sub-band allocation methods(case 1) in OFDMA

Case 2 Cased Case 4
LIL subband based UL subbabd based UL Distributted allocation
Single band allocation  Multiple band allocation (DFT spreading )

iy
B data subcarsier |
) oodl yubcarrier |

Aousnbagy

=

PR

OFDM symbol OFDM symbal DFT-SOFDM symbol

Fig. 3. Sub-carrier allocation method in case 2, case 3,
case 4.

and a sub-band allocation method(case 5) in SC-FDMA
are considered to compare the PAPR performance for
each system.

V. Simulation Results and Discussion

For OFDMA, case 1, case 2 and case 3 are conside-
red, and for SC-FDMA, case 4, case 5 and case 4 with
spectrum shaping filtering(“ps” in the figure) are consi-
dered. The basic concept of spectrum shaping filtering is
depicted in [6], submitted by NTT DoCoMo at the last
London meeting. A Square-root Raised Cosine(SRC) filter
is used for pulse/spectrum shaping filtering whilst sa-
tisfying the zero ISI Nyquist criterion. The axN./2
FFT outputs located at each end of the spectrum are
copied to the opposite end and are then multiplied with
the filter spectrum samples in the same frequency bins.

a is supposed to be 0.1.
As seen from Fig., 4~9 and Table 2, the SC-FDMA

(case 5, case 4 and case 4 with spectrum shaping) re-
sults in a much smaller PAPR problem compared with
that of OFDMA. Furthermore, case 4 using the spectrum
shaping filtering method results in the minimum PAPR
and the maximum 90 % PAPR reductions are 4.8, 5.0,
5.2, 54,55, 62, 62 and 6.2 when assigned sub-carriers
for one user are 8, 16, 24, 32, 64, 128, 256 and 512,
respectively. Furthermore, case 1 using the two sub-
bands allocation method has similar PAPR properties
compared with case 3, and case 5 with sub-band alloca-
tion method has similar PAPR properties to case 4. So,
below, we only consider cases 2, 3 and 4.

Fig. 10 and Fig. 11 show the BER comparison of ca-
se 2, case 3, and case 4 when the FFT size is 1,024 and
the assigned sub-carrier for one user is 16. In Fig. 10,
when SSPA without backoff is used, at BER=10
nearly 1.9 dB, 5.3 dB SNR penalties, respectively are
caused in cases 2 and 3 when compared with AWGN
theory curve. But, only a 0.5 dB SNR penalty is in-
duced in case 4. In Fig. 11, when TWTA without back-
off is used, at BER=10 ", nearly a 13 dB SNR pe-
nalty is generated in case 2 and an error floor occurs in
case 3, but, only a 1.7 dB SNR penalty is induced in
case 4. This means that case 4, which adopts the SC-
FDMA type with a distributed sub-carrier allocation
method, can significantly reduce PAPR problems com-
pared with OFDMA, so that lower linearity of HPA can
be tolerated.

Fig. 12 and Fig. 13 show the BER comparison of
case 2, case 3, and case 4 when doppler frequency is
assumed to be 10 and a frequency selective Rayleigh
fading channel is used. It is assumed that channel com-
pensation in the receiver is perfect. As seen in Fig. 12
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Table 1. System parameters.

—

Parameters Value Parameters Value
. .. OFDMA,
B i :
asic transmission scheme SC-FDMA N lower guard 160

Modulation schemes

QPSK, 16QAM

Sub-carrier allocation
method

Case 1, Case 2, Case 3,
Case 4, Case 5, Case 4+ps

Frequency reuse

One-cell frequency reuse

Assigned sub-carrier
for one user

8, 16, 24, 32, 64, 128, 256, 512
(named “para” in the figure)

Scalable bandwidth Same sub-carrier spacing Guard interval 8 or 16

IFFT/FFT block size,

N_FFT T block size. 1,024 Symbol rate 7.2(Msymbol/sec)
N_useful 704(involve 1 DC carrier) HPA model SSPA, TWTA

N_upper guard 160 Channel AWGN Channel, frequency selective

Rayleigh fading channel

Table 2. PAPRO Comparison when Pr(PAPR > PAPR0)=10".

When Pr(PAPR > PAPR0)=10"", corresponding to 90 % PAPR [dB]

Sub-carrier allocation method Assigned sub-carrizs for_one user

8 16 24 32 64 128 256 512
Case 3 9.9 10.3 10.7 11.1 113 121 12.2 12.2
Case 1 9.7 10.6 10.9 11.1 11.4 11.8 11.9 11.9
Case 2 6.9 7.6 7.9 8.0 8.6 9 9.3 10.1
Case 5 5 5.5 5.7 5.8 6.1 6.3 6.7 7
Case 4 52 5.8 6.1 6.3 6.4 6.5 6.8 6.9
Case 4 with spectrum shaping 5.1 5.3 5.5 5.7 5.8 5.9 6 6
Maximum difference of 90 % PAPR
90 % PAPR,y,,, —90 % PAPR,, 4.8 5.0 5.2 5.4 5.5 6.2 6.2 6.2

| —&——casel para=8,qpsk
—dy GG 01, para=16
—+— casel para=24
1 —-—casel para=32

- caset paras=64
—&- Casel para=128
Y} —4—-casel para=256
e CASRT paAra=H12

—&——cased para=8, gpsk
e G383 paras 18
-+ £AS €3 para=24

—5— £ a5 3 para=32
e A5 03 paras=64

—&— ¢as e para=128

~—+—¢ase3 para=256

—¢as e3 para=512

Fig. 4. PAPR of case 3(OFDMA with two sub-band allo-
cation method), 1 user, N=1,024.

Fig. 5. PAPR of case 1(OFDMA with another two sub-
band allocation method), 1 user, N=1,024.

and Fig. 13, when SSPA or TWTA without backoff are
considered, the case 4 SC-FDMA type has a slight BER

gain compared with OFDMA. This means that case
4-adopting the SC-FDMA type with a distributed sub-
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—&— case2 para=8 gpsk ; SHRY B —&— cased+ps para=8,qpsk
—&— ¢ase2 para=16 : : . —f— Cased+ps para=16
i CAB 02, pAra=24 - TEAT i . e G AS @48, PAFB=2G
|| s caseR paras32 - Ay | . ~%— CasedHps para=32
. casez para=64 - ; : £ —— Cased+ps para=64
——&— casez para=128 | ; . . —&— cased+ps,para=128
e A5 02,005 A=256 e TR i ——t— CRSBA+S, pAra=256
a=512 ; ! | ~—— Cased+ps para=512

Fig. 6. PAPR of case 2{OFDMA with one sub-band allo- Fig. 9. PAPR of case 4 with spectrum shaping filtering,
cation method), 1 user, N=1,024. 1 user, N=1,024.

s

—G—— caned, para=16,s8pa backof=0
|| —#&— case2,para=16,sspa,backofi=0
| —E— case3,para=16,sspa,backofi=0 |
i} ——— AWGN theory{QPSK)

—&— ¢ase5 para=8,qpsk |
i CASRD parax 16
—-- 3565 para=24
——%— cases para=32
~ CABES para=64
el CASEH paAras 128
—+-—gases para=256
#---¢ased,para=512

e

Fig. 7. PAPR of case 5(SC-FDMA with one Fig. 10. BER comparison of three cases with SSPA in
allocation method), 1 user, N=1,024. AWGN channel{N=1,024).

cased para=16 twta backofl=0
7} —fe—case2 para=16twia backoff=0
—— cased para=16 Iwta backofl=0
AWGN theory{QPSK)

—-— 3564 para=8.qpsk |
—#— Gased para=16
| —4— case4 para=24
- -cased, para=92
£ cased,parased
—%— cased para=128
~=ot— CASe4, para=256
cased para=512

e

Fig. 8. PAPR of case 4(SC-FDMA with distributed allo- Fig. 11. BER comparison of three cases with TWTA in
cation method), 1 user, N=1,024. AWGN channel(N=1,024).

=
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—— Case2 para=16 sspa,backoff=0 fd=10 |-
—&— case3 para=16,s5pa,backoff=0 fd=10 |
—— AWGN theory{QPSK)

Fig. 12. BER comparison of three cases with SSPA and
fd(N=1,024).

—&— cased para=16 twia bac 3

—fx-— ¢ase2 para=16,twia backoff=0,fd=10

—&— case3,para=18 twia backoff=0 fd=10
AWGN theory{QPSK)

Fig. 13. BER comparison of three cases with TWTA and
fd(N=1,024).

carrier allocation method-can improve system perfor-
mance when nonlinear HPA and Doppler frequency are
considered in the frequency selective fading channel.
But the performance improvement is not so significant
because the SC-FDMA signal results in ISI in the
frequency selective channels. If equalization like MM-
SEC(Minimum Mean-Square Error Combining) is applied
to the receiver side, the SC-FDMA may achieve an im-
proved performance. In addition, we find that in the
OFDMA, case 2 with one sub-band allocation method
offers a slight performance gain compared with case 3
which uses the two sub-bands allocation method.

VI. Conclusion

In this paper, OFDMA and SC-FDMA performance

are compared from the viewpoint of transmission signal
PAPR and BER in the uplink system. Several sub-ca-
rrier allocation methods are utilized to improve system
performance. In OFDMA, a one sub-band allocation me-
thod has better PAPR performance than a two sub-band
allocation method. In SC-FDMA, the distributed alloca-
tion method offers similar PAPR compared with the
sub-band allocation method. And PAPR can be further
reduced by adding spectrum shaping filtering with an
appropriate roll of factor. Furthermore, on average a
more than 5 dB PAPR gain can be achieved by SC-FD-
MA than OFDMA when the total carrier number is
1,024 and each user allocated sub-carrier number chan-
ges from 8 to 512. Because of the frequency diversity
and low PAPR characteristics, SC-FDMA with the dis-
tributed sub-carrier allocation method can achieve better
BER performance than OFDMA.
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