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ABSTRACT

The peak-to-average power ratio (PAPR) regrowth after the clipping is one main disadvantage of space-frequency

block coded orthogonal frequency-division multiplexing (SFBC-OFDM). In this paper, we propose a relay assisted
low PAPR technique for SFBC-OFDM transmission. For low PAPR at the source (mobile equipment), the relay
processes SFBC encoding, which enables the source to transmit clipped single-input single-output (SISO)-OFDM

signals without any increase of PAPR. Simulation results show that the clipped signal of proposed scheme is

effectively recovered, and the proposed scheme achieves the diversity of SFBC without the complexity of multiple

antennas at the source.
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I. Introduction

Orthogonal frequency-division multiplexing (OFDM)
has drawn significant interests as a candidate for
broadband wireless communications, due to the
high bandwidth efficiency and the robustness
against multipath fading channels. However, high
peak-to-average power ratio (PAPR) is an inherent
drawback of OFDM especially in uplink transmissions.
It requires large dynamic range of the transmit
power amplifier and reduces the power efficiency,
and thus the cost of mobile equipment is increased
and the battery life time is decreased. A number
of approaches have been proposed to cope with
the OFDM PAPR problem'. Among those
techniques, deliberate amplitude clipping may be
one of the most effective solutions when the
number of subcarriers is largem. Clipping, however,
causes signal distortion that degrades the system
performance.

Space-time and space-frequency block codes
(STBC/SFBC) are simple and powerful transmit

diversity techniques to combat the fading effect in
wireless communications™"*, Recently, clipped signal
reconstruction methods for STBC/SFBC OFDMs
were proposed, which is based on a scheme
called iterative amplitude reconstruction (IAR) for
single-input single output (SISO)-OFDM". It is
shown that the IAR can be easily employed for
the STBC-OFDM, but it cannot be directly applied
to the SFBC-OFDM because the simultaneously
transmitted sequences over different antennas are
dependent on each other. In order to preserve the
orthogonality of transmitted sequences, a new
clipped SFBC-OFDM transmitter was proposed in
the paper. Although, the proposed transmitter
allows the IAR to be applied to clipped SFBC-
OFDM, it introduces considerable PAPR regrowth,
since separately clipped signals are added before
the transmission.

Employing multiple antennas in uplink transmissions
is restricted, due to the limitation of size and
complexity of the mobile equipment. Cooperative
overcomes these without

diversity problems
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additional complexity of muliiple antennas and
improves spectral and power efficiencies [6]. In
this paper, we propose a relay assisted low PAPR
technique for SFBC-OFDM transmission. In the
proposed scheme, the SFBC encoding is performed
at the relay, which enables the source (mobile
equipment) to transmit clipped SISO-OFDM signals
without any increase of PAPR and computational
complexity. Simulation results show that the
clipped signal of proposed scheme is effectively
recovered at the destination, and the proposed
scheme achieves the diversity of SFBC.

I. Clipped SFBC-OFDM System

The SFBC-OFDM system codes QAM modulated

sequence, {S[k]}1_4, across two transmit antennas

. . 4
and over two adjacent subcarriers as™

[X, [2v] X [2U+1]}A Sl2v]  S[20+1]
X, [20] X, [20+1]] [5‘[2%1] - S [2v] " (1)
v=0,1,...N/2~1

where (+)" denotes the complex-conjugate

operation. The discrete time OFDM samples for

mth antenna, {z,[n }V;(]), m=1,2, are obtained by

performing  N-point inverse discrete Fourier
transform (IDFT) on the SFBC encoded symbols
{ " }‘\ !, To reduce the PAPR of time-domain

signals, deliberate clipping might be performed on

{z,,[n] ”N; (1) Then, the clipped OFDM samples

for each antenna are given as

_ z,,[n], lz,, [n]l < A,
T n]:= 04( m [n]) Ae;n'g.r,”lnj. ‘l‘m [n)l > A4, 2)
n= 0 1, -,]V—

where C,(-) denotes the clipping operation
with the clipping amplitude A. The clipping ratio
(CR) is defined as y:=A/\/P, , and P, is the
average input power of {z,, [n]}’:é The clipping
of {xm [n]}

of SFBC codeword, and thus makes it difficult to

o , however, destroys the orthogonality

recover the clipped signals at the receiver. A
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Fig. 1. The PAPR CCDF comparison of nonclipped
OFDM, clipped OFDM, and clipped SFBC-OFDM (N =
1024, ¥ = 0 dB)

compromise solution is proposed in”, where the

clipping precedes the SFBC encoding as follows
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Here, (p),, represents

5] (5°))is the clipped samples of s°[n]
(s°[n]), which is obtained by taking N/2-point
IDFT on {S[2v]}"3! ({S[2v+1]}f.v/ﬁn_1>. This
scheme preserves the orthogonality of transmit
signals z,[n] and z,ln]. It is noted that the
SFBC encoding at the transmitter introduces
PAPR regrowth, due to the addition of separately
clipped signals. In Fig. 1, we have compared the
PAPR complementary cumulative distribution
functions (CCDFs) of nonclipped OFDM, clipped
OFDM, and clipped SFBC-OFDM with N=1024
at y=0dB. The ideal bandlimited analog OFDM
signals are approximated by oversampling the
discrete signals by a factor of sixteen. It is
shown that the PAPR of clipped OFDM is 3.3
dB lower than that of nonclipped OFDM at
CCDF = 10*. However, the PAPR of clipped
SFBC-OFDM is 1.1 dB re-increased compared to
clipped OFDM. This is a detrimental problem

especially in uplink transmissions.
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IIl. Proposed Low PAPR Technigue for
SFBC-OFDM Transmission

In order to prevent the PAPR regrowth at the
source (mobile equipment), the transmit signals
should not be added after the clipping. By using
a multi-node cooperation, we perform the SFBC
encoding at the relay, which enables the source to
transmit clipped SISO-OFDM signals without any
increase of PAPR and computational complexity.
Fig. 2 shows a conceptual block diagram of the

proposed scheme. The clipping is performed at
the source as sln]= C,(sln]), where sn] is
obtained by taking N-point IDFT on the QAM
modulated sequence {S[k]}?’;&. In the first time

(1) s

slot, the source transmits Xg =

(;: [5[0],5[1], -..,E[Nﬁl]] T) to the relay and
destination simultaneously after appending a cyclic
prefix (CP). At the relay and destination,

removing the CP, the received signal is given by

Ip= VESRHSRxg)+nR 4
r%)z \/ESDHSDX.(SE)—’—HD &)

where n, and n, are complex additive white
Gaussian noise (AWGN) vectors with each entry
having a zero mean and variance of Ny2 per
dimension. In this paper, subscripts S, R, and D
stand for the source, relay, and destination nodes,
respectively. £, represents the average energy
available at the receiving node B. The channel
impulse response (CIR) for the transmitting node
A to receiving node B is given by an ~NX1

vector, h,p = [h 0] huplll, o, hygllsl

Relay

Fig. 2. The conceptual block diagram of proposed scheme

,0,...,0]%,  where L, denotes the channel

memory length. H ;5 is an VXV circulant channel

matrix with entries [HAB]M =145 (k=1) 4]
The received signal, rp is normalized as

fR =t/ Egg+ N, = 35T 5 to ensure unit average

energy, and the DFT of r g 1s expressed as

Rn =Fr » =B VEy A573§+ﬂ1fN1? (6)

where F is a normalized DFT matrix,
Ag =FHGFY and N,=Fn, Ag is an
NX N diagonal matrix whose diagonal entries are
the channel frequency response (CFR) between
the nodes S and R. (-)# denotes the complex
-conjugate transpose.

Following [2], the clipped frequency domain
signal, S(=Fs), can be modeled as the
aggregate of an attenuated signal component and

clipping noise

Skl =aSlk]+ D], k=0,1,..,N—1 (7

where the attenuation factor « is a function of

7, and given as

a=1l—e¢ "+

i erfc(y). 8

As the number of subcarriers increases and the
CR value decreases, {D[k]| }‘Ay:“(l) approach complex
Gaussian random variables with a zero mean and

variance of o7, (:Pm(l—eﬂ—a%). The SFBC
encoding of R r at the relay is performed as
N

= iy —=—=1
, v=0, 17 D) (9)

— R, [20+1]

[ X, [20] ]] _ }g? "

Xp[20+1

where X, is the transmit signal of the relay in

frequency domain. Then, the time domain signal

can be represented as

x ¥ = B EqgF A" 8 +B,FAN
=afpVExF A" &S (10)
+ 8y VExFPA” D' +8,FAN'
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where

Ay = diag(A" g 1), A 101, .., A S [N— 1],
A/,b:]? [N_ 2] ),

Sk == oS’ +D,

s =[50 S50 ... - S [V=1], 5’ v-2]] ",
D :=[-D}, D7), ...,—DIN-1)], D' [N-2]]7,
N, = [= N1, 3 [0] o = v V=1, N [v=2]]

In the second time slot, the source and relay
simultaneously transmit xg)(zxg)) and xg) after
appending CPs with length L =max(Lg, Lg,),
respectively. At the destination, removing the CP,

the received signal is given by

r = \/ESDHSDXfS?)—’— VESRHSRxg) tn, (11

where n, is a complex AWGN vector with

each entry having a zero-mean and variance of
N,/2 per dimension.

IV. Destination Structure of Proposed Scheme

The destination structure of proposed scheme is
shown in Fig. 3. In the destination, the clipped
OFDM samples are recovered by using the TAR
for clipped SISO-OFDM, which reconstructs the
amplitudes of clipped samples by comparing the
estimates of clipped and nonclipped OFDM

samples”

. The recovered samples at the first time
slot cannot achieve transmit diversity. However,
the recovered samples at the second time slot
were transmitted from the source and relay to the
destination simultaneously with the diversity of

SFBC. It is noted that the recovered samples at

the second time slot should be decoded to obtain
the information bits, and the recovered samples at
the first time slot can be used to improve the
performance by wusing the log-likelihood ratio
(LLR) combiningm and clipping noise cancellation™.
Thus, the procedure of signal reconstruction at the

first time slot is explain as follows

1) By using the s (IR%) =Fr%>), the estimate

of the clipped sample, g(l)[k], is obtained by

N N1
performing IDFT on {S m[k]}kzo

SV = WO S
__ @R g
(OK_PI " +O._D)A§l)[k] +UI_‘1D
k=0,1,...,N—1

‘ . . 1
where 0% is a variance of N (ZFn( )), and
N, D D

W[k] is a minimum mean -square error
(MMSE) equalizer tap coefficient for clipped

OFDM sample at the first time slot. Then,

) ‘
sMnly, ., are stored in memory and

utilized for every iteration step.

2) To obtain the initial estimate of nonclipped
samples, the output of MMSE equalizer with a
tap coefficient vector cl s soft-demapped,
deinterleaved, and fed into a maximum
a-posteriori (MAP) decoder. The MMSE equalizer
tap coefficient for nonclipped OFDM sample
at the first time slot, ctv k], is given by

aErzA;D[k]
(0?P, T2 Akl +ol  (13)

k=0,1,..,N—1.

ck] =

DI Cipping y( 1.0
Memory Noise [
Eslimation
Y4
(t (YT EERE™ 0 S TR RnIoT : [ ity "
r R, SFBC | §{¢) 1 Clipping Noise ¢ I=0 : N . ) LLR ’ [t
D Dt I i : N 1 EQ. : Soft Demapping ’ Lo MAP
PR [t St o Soreetaion e iy [T KS T 8 Dommaneaan [ S T pecoser
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Fig. 3. The destination structure of proposed scheme
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3) From the extrinsic information of MAP decoder
output, estimate the nonclipped OFDM samples,
{8} ). t=1,2, where I represents the
iteration number and starts with an initial
value of 7/=0.

4) IDFT is performed on {8k}, t=1,2 to
obtain the estimates of the nonclipped samples,
thus yielding s (1) [n].

5) Clipped samples are detected by comparing the
amplitude of st 'In] to 4 in (2), Then, the

amplitude of clipped samples are reconstructed,

N--1

and a new sequence {y“'”[n] n=p 18

generated as

Y [n) = s nl, B | %(f”[n]l < A,
‘grz.1>[n]‘earg{w‘[n]}. st )] > 4,

t=12 n=0,1,...,N—1.

(14)

6) The sequence, {y(” )[n]}g;:}, is converted to

the frequency domain, yielding y (! )[k], and
the LLR values as previous soft-information
for the LLR combining are obtained by using
the soft demapping and deinterleaving.

7) This completes the 7 th iteration, and for more
iterations, go back to Step 3 with /=/+1.

In the procedure, the estimate of clipping noise
in frequency domain, ﬁm, can be additionally

obtained by using y("l ).

Then, at the second
time slot, the clipping noise can be cancelled by
D" to estimate nonclipped samples precisely.

Thus, D is given by
ﬁ(l) :F<CA(Y<11)) . ay(LI))‘ (15)
At the second time slot, the received signal in

frequency domain, Rg)(ZFr(DQ)) in (11), can be

represented as
Ry = A4S+ Bl ppd’ 5 +2  (16)

where A, (=FH,F") and ARD(IFHRDFH)

are NXN diagonal matrices, (3, =/ FEy,

By = Bp VEsw Eg, and Z = Fn, +
BaVErpAgrpN'z . Assuming that the CFRs
between adjacent subcarriers are approximately
constant, ie. Agl2v] = AgRv+1], A" glw] =
A u2v+1], and  Appl2v] = Agpl2v+1],  the

SFBC combined signals can be obtained as

S = g,AgRE120]
+ Byl gpl2v] A7 l20] RE 20 +1]
= Al20] S[20] + Z[20]
SPu+1] = g ApRE 2v+1]
— ByA ppl20] A7 Gl20] RS [20]

= ARv+1] §2v+1]+Z[2v+1]
v=0,1,..N/2—1
(17

where

Al2v] = AR2v+1]= 3,40 20]7 + |3,4 wl20] 47 201,
Z{20] = 3,Ap[20] Z[20] + 8,4 gl 20] A"
Z2w+1]= 3, Apl20] Z[20+ 1] + 354 gpl2v] A" l20] 27 120]

From (17), it is noted that S <2)[k] takes the

form of a frequency domain channel observation
of clipped SISO-OFDM with the CFR of Alk]

and additive noise Z[k]. Thus, the clipped OFDM
samples can be recovered by proposed amplitude
reconstruction, which is the same procedure at the
first time slot except to clipping noise cancellation
and LLR combining process. After the SFBC
combining, the estimate of clipped sample at the

second time slot, 2

S [k] as follows

[n], is obtained from

SU = W k] 5 k]
p 42 ~ .
= - « z;y ~D - S(Z)[kL (18)
(a P,.,,-!-ch) A[kH—aZ
k=0,1,..,N—-1

where 022 is a variance of Z. Before estimating

the nonclipped samples, the clipping noise of

S s cancelled by the stored D as
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19
k=0,1,..,N—1.

Then, the MMSE equalization for nonclipped
samples, soft demapping, and deinterleaving

processes are performed. The tap coefficient
vector of MMSE, cw , is given by

aP.

in

o*P, Alk]+ 0}

in

CcPk = k=0,1...,N—1. (20)

The LLR values of deinterleaved output are
added with the stored LLR values at the first
time slot for achieving additional gain, that is the
LLR combining”’, and fed into a MAP decoder.
From the extrinsic information of MAP decoder
output, the nonclipped OFDM samples at the
second time slot can be estimated. Using the
estimates of clipped and nonclipped samples, the
amplitude of clipped samples are reconstructed by
(14). Then, the information bits are obtained from
MAP decoder output in the 7th iteration.

V. Simulation Results
We consider a coded OFDM with 1024 subcarriers

(V=1024), 16-QAM

bandwidth, and a 1/2-rate convolutional code with

constellation, 5-MHz

constraint length of 3. All underlying links
experience frequency-selective channels with the
normalized Doppler frequency (f,7,) of 0.0001,
where S— D and S R links are modelled as
six-tap typical urban (TU) channel, and R— D
link is the 2-path channel with uniform power
delay profile. We assume that the S— D and
R— D links are balanced, ie., perfect power
control. In Fig. 4, the relay assisted low PAPR
technique without iteration (/=0) already outperforms
the nonclipped SISO-OFDM. After the second
iteration of reconstruction (/=2), the proposed
scheme approaches the relay assisted nonclipped
SFBC-OFDM. within 2 dB of SNR gap at
BER=10". It is also noted that the proposed
scheme can achieve the diversity order of relay
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Fig. 4. BER performance of relay assisted low PAPR
technique for SFBC-OFDM transmission (N = 1024, ~
= 0 dB, 16-QAM, f,7, = 0.0001, E,,/N, = 15 dB)
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Fig. 5. Performance comparison of relay assisted low
PAPR techniques with and without clipping noise
cancellation (N = 1024, v = 0 dB, 16-QAM, f,T. =
0.0001, E,/N, = 15 dB, E4/N, = 14 dB)

assisted nonclipped SFBC-OFDM. Fig. 5 compares
the performance of relay assisted low PAPR
schemes with and without clipping noise cancellation.
In the second time slot, the clipping noise
cancellation helps to improve the estimation of
nonclipped samples, and thus achieves better BER

performance at each iteration.
VI. Conclusions

This paper proposed a relay assisted low PAPR
technique for SFBC-OFDM transmission. Owing
to the SFBC encoding at the relay, the source of
proposed scheme has the same PAPR characteristic
of clipped SISO-OFDM. The corresponding destination
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structure was also proposed. Simulation results
show that the clipped signal of proposed scheme
is effectively recovered, and the proposed scheme
achieves the diversity of SFBC without the
complexity of multiple antennas at the source.
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