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ABSTRACT

The 3rd generation partnership project (3GPP) long term
evolution (LTE) standard uses single carrier frequency
division multiple access (SCFDMA), scheme for the uplink
transmissions and orthogonal frequency division multiplexing
access (OFDMA) in downlink. SCFDMA makes use of single
carrier modulation and frequency domain equalization, it is a
technique that has similar performance and essentially the
same overall complexity as those of OFDM, But in OFDMA
high peak-to-average power ratio (PAPR) is a major
drawback. An outstanding advantage of SC-FDMA is its
lower PAPR due to its single carrier structure. In this paper,
we analyze the PAPR of SC-FDMA signals with pulse
shaping. We analytically derive the time domain SC-FDMA
signals and numerically compare PAPR characteristics using
the complementary cumulative distribution function (CCDF)
of PAPR. The results show that SC-FDMA signals indeed
have lower PAPR compared to those of OFDMA. Comparing
the two forms of SC-FDMA, we find that localized FDMA
(LFDMA) has higher PAPR than interleaved FDMA
(IFDMA) but somewhat lower PAPR than OFDMA. Also
noticeable is the fact that pulse shaping increases PAPR. To
reduce the PAPR, we propose an efficient Kalman filter based
PAPR reduction algorithm.
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1. INTRODUCTION

Today demands for media-rich wireless data services have
brought much attention to high speed broadband mobile
wireless techniques in recent years. Orthogonal frequency
division multiplexing (OFDM), which is a multicarrier
communication technique, has become widely accepted
primarily because of its robustness against frequency selective
fading channels which are common in broadband mobile
wireless communications. Orthogonal frequency division
multiple access (OFDMA) is a multiple access scheme which
is an extension of OFDM to accommodate multiple
simultaneous users. Furthermore, by adding the cyclic prefix
in an OFDM symbol as the guard interval, it can reduce the
inter-channel interference (ICI) and inter-symbol inference

(IS1).

Long term evolution (LTE) is standardized by the third
generation partnership project (3GPP) and is an evolution to
existing 3G technologies in order to meet projected customer
needs over the next decades. 3GPP LTE uses orthogonal
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frequency division multiplexing access (OFDMA) for
downlink transmission and single carrier frequency division
multiple access (SCFDMA) for uplink. SCFDMA is a
promising technique for high data rate transmission that
utilizes single carrier modulation and frequency domain
equalization. Single carrier transmitter structure leads to keep
the peak to average power ratio (PAPR) as low as possible
that will reduced the energy consumption. SCFDMA has
similar throughput performance and essentially the same
overall complexity as OFDMA [1]. A highly efficient way to
cope with the frequency selectivity of wideband channel is
OFDMA. OFDMA is an effective technique for combating
multipath fading and for high bit rate transmission over
mobile wireless channels. In OFDMA system, the entire
channel is divided into many narrow sub channels, which are
transmitted in parallel, thereby increasing the symbol duration
and reducing the inter-symbol-interference (1SI). OFDMA is
highly suitable for broadband wireless access networks
(particularly the downlink) since it combines scalability,
multipath robustness, and multiple-input multiple-output
(MIMO) compatibility [2]. OFDMA is sensitive to frequency
offset and phase noise, and thus requires accurate frequency
and phase synchronization. LTE has selected orthogonal
frequency division multiple access (OFDMA) in the downlink
and single-carrier frequency-division multiple access (SC-
FDMA) in the uplink [4]. However, other standards, such as
Worldwide Interoperability for Microwave Access (WiMAX),
use OFDMA in both links, given the benefits of having the
same access scheme in terms of reciprocity, allocation
flexibility, and bandwidth efficiency [4]. SC-FDMA can be
regarded as a DFT-spread OFDMA, where time domain data
symbols are transformed to frequency domain by the DFT
before going through the OFDMA modulation. In the SC-
FDMA systems, a set of orthogonal subcarriers is allocated
for each user as in the OFDMA system. There are two popular
subcarriers mapping techniques in the SC-FDMA systems; the
localized technique and the interleaved technique. In the
Localized SC-FDMA or simply LFDMA, the band of each
user occupies a dedicated part of the usable spectrum. On the
other hand, in Interleaved SC-FDMA or simply IFDMA, the
bands of the users are interleaved [5, 6]. Though IFDMA is
more desirable than LFDMA in terms of PAPR power
efficiency, LFDMA is clearly superior in terms of throughput
when channel dependent scheduling is utilized. Thus,
LFDMA has been widely implemented in LTE [7]. Currently,
the PAPR reduction algorithms in the literature can be
categorized as the following three classes of algorithms as (1)
the pre-distortion algorithms, (2) coding algorithms and (3)
statistical algorithms. The statistical algorithms, such as the
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PTS algorithm, and the SLM algorithm, have relatively good
performance in regards to the out-of-band interferences and
information transfer rate, but signal shape degrades [13,14].

2. OVERVIEW OF SC-FDMA SYSTEM

MODEL

A simplified block diagram of the SC-FDMA transceiver is
depicted in Figure 1. Figure 1 illustrates the transmitter and
receiver structure of SC-FDMA system. At the transmitter
side, a baseband modulator transmits the binary input to

multilevel sequences of complex number {Xn(p)}in one of

several possible available modulation formats, such as
Quadrature Phase Shift Keying (QPSK), and Quadrature

Amplitude Modulation (QAM), etc [7]. The transmitter next
groups the modulation symbols, Xn(p) into blocks each

containing N symbols.
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Fig 1: Transmitter and Receiver structure of an SC-
FDMA system model.

The first step in modulating the SC-FDMA subcarriers is to
perform an N-point discrete Fourier transform (DFT), to

produce a frequency domain representation Xk(p) of the
input symbols as given by (1). ). It then maps each of the N
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DFT outputs to one of the M (> N) orthogonal subcarriers that
can be transmitted. Typically, N = M/Q is an integer sub
multiple of M. M represents the total number of available
subcarriers, where M = Q.N. Q is the bandwidth expansion
factor of the symbol sequence. For example, if all terminals
transmit N symbols per block, the system can handle Q
simultaneous transmissions without co-channel interference.
We further assume that each user occupies the same number
of subcarriers, so in this case Q also represents the number of

users. Each user p, Pp=0,1,....,Q —1 generates a block of

N complex-valued symbols Xn( P where

n=0,1.....,N —1. By applying an N-point DFT to Xn(p)
, the frequency domain symbols Xk(p) can be described as:

N-1 27
(=j—kn)
n=0 (D)

The frequency domain symbols are then mapped onto a set of
user-dependent subcarriers [10]. The result of the subcarrier
mapping is the set of complex subcarrier amplitudes, where N
of the amplitudes are non-zero. As in OFDMA, an M-point
inverse FFT (IFFT) transforms the subcarrier amplitudes to a
complex time domain signal. Each then modulates a single
frequency carrier and all the modulated symbols are
transmitted sequentially [8].

The transmitter performs two other signal processing
operations prior to transmission. It inserts a set of symbols
referred to as a cyclic prefix (CP) in order to provide a guard
time to prevent inter-block interference (IBI) due to multipath
propagation. The transmitter also performs a linear filtering
operation referred to as pulse shaping in order to reduce out-
of-band signal energy [9].

There are M subcarriers, among which N (< M) subcarriers are
occupied by the input data. In the time domain, the input data
symbol has symbol duration of T seconds and the symbol

duration is compressed to T Z(%).T after going

through SC-FDMA modulation [11]. There are two methods
to choose the subcarriers for transmission as shown in Fig. 2.
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Fig. 2: Frequency Domain Representation of SC-FDMA
system: Distributed mode, (b) Localized mode. An
example of M=16, Q=4 and N=4

Figure 2 shows an example of a frequency division multiple
access schemes with distributed and localized subcarrier
mapping. There are 16 (M=16) available subcarriers shared
by 4 (Q=4) users and each user occupies 4 (N=4) subcarriers.
Each user must map its frequency domain symbols onto the
assigned resource unit (RU) and zeros are inserted for the
remaining subcarriers. In DFDMA, the RU for each user is a
set of interleaved subcarriers across the available transmission
band. DFDMA is robust against frequency selective fading
since it better exploits the available frequency diversity [10].
In LFDMA, the RU for each user is a set of adjacent
subcarriers. LFDMA can potentially achieve multiuser
diversity if for each user the localized section of allocated
bandwidth experiences high channel gain. This form of
multiuser diversity requires independent frequency selective
fading per user combined with intelligent radio resource unit
allocation [10]. In the distributed subcarrier mapping mode,
DFT outputs of the input data are allocated over the entire
bandwidth with zeros occupying in unused subcarriers,
whereas consecutive subcarriers are occupied by the DFT
outputs of the input data in the localized subcarrier mapping
mode. We will refer to the localized subcarrier mapping mode
of SC-FDMA as localized FDMA (LFDMA). The case of M =
Q. N for the distributed mode with equidistance between
occupied subcarriers is called Interleaved FDMA (IFDMA)
[11].
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Fig. 3 An example of SC-FDMA transmit symbols in
the time domain for N =4, Q =4 and M = 16.

An example of SC-FDMA transmit symbols in the time
domain for N =4, Q =4 and M = 16 is illustrated in figure 3.
After subcarrier mapping, the frequency data is transformed
back to the time domain by applying inverse FFT (IFFT).
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The frequency domain samples {Xl(p)} after the subcarrier

mapping process (Distributed and Localized) are represented
by equations (2) and (3) respectively:

) (p)
() X = Xipug I =0Qk+p
X,
|
L0 , otherwise  ....... (2)
) (p)
- ® X" = X npy I =k+Np
X, 7))
|
0 , otherwise  ...... (3)

Where | represents the subcarrier index going into the M-point
IFFT, 1 =0,1,...., M —1and p is the resource unit number
(RU#). It should be noted that p can also denote the user
index, i.e. p=0,1,....,Q—1. After subcarrier mapping,

the sampling period T is reduced, ie. T 2(%)]—,
where T is user input symbol period. The frequency domain

samples{xl(p)} are transformed back into the time domain

by an M-point IDFT. The output time domain samples of SC-
FDMA before the application of pulse shaping can generally
be described by equation (4):

3. PAPR OF SC-FDMA SIGNALS
In this section, we analyze the PAPR of the SC-FDMA signal
for each subcarrier mapping mode. For distributed subcarrier
mapping mode, we will consider the case of IFDMA. In the
subsequent derivations, we will assume M = Q. N.

Let {x,:n=0,1...,N—1} be data symbols to be

modulated. ~ Then, {X, :k=0,1....,N-1} are
frequency domain samples after DFT of
{x,:n=01,...,N -1},

-~ (p)
{Xi :1=01,..,M-1} are frequency domain
samples after subcarrier mapping, and

{X,,:m=0,1,..., M—1} are time symbols after IFFT of

-~ (p)
{Xi :1=0,1,....,M=1}. The complex pass band

transmit signal of SC-FDMA X(t) for a block of data is
represented as:

M - -
X(t)=e™ > x,rit—mT)
m=0
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Where o_is the carrier frequency of the system and r(t) is the

baseband pulse. In our research, we use a raised-cosine pulse,
which is a widely used pulse shape in wireless
communications, defined as follows in the time domain [11,
12].

ot
cos| —
. t
(@) =sinc| 2t |\ T
T 1_4at
T2

Where ¢ is the roll off factor which ranges between 0 and 1.

The PAPR is defined as the ratio of peak power of X(t)to

the average power of X (t) , follows for transmit signal X(t)

max_| x(t) [
PAPR — 0<t<™Mm TN

"I dt
MT

()

Without pulse shaping, that is, using rectangular pulse
shaping, symbol rate sampling will give the same PAPR as
the continuous case since SC-FDMA signal is modulated over
a single carrier [11]. Thus, PAPR without pulse shaping with
symbol rate sampling can be expresses as follows:

g
PAPR = 12t

= 2
M mZ:O|Xm|

A. Time domain symbols of IFDMA

|2

. (8)

For IFDMA, the frequency samples after subcarrier mapping

{X,}can be described as follows.

- X,
X )4

0 , otherwise e (9)

=Qk (0<k<N-1)

After subcarrier mapping, we derive the time symbols {Xm }
which are obtained by taking inverse FFT of { X 1}.

Let, m=N.g+n  where 0<Qq<Q-1 and
0<n<N-1

Then,
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M~ o, M N ,[f
Xm( Xqu ileen MI=£ iz j2
M 1= Q Niz
1 18 jor Ny
:_WZ Xke N
Q k=0
If q=0, then
1 1 N-1 j2r-k
:6'(szkej NTY (0
k=0

The resulting time symbols {Xm} are simply a repetition of

the original input symbols {Xn} in the time domain.

Therefore, the PAPR of IFDMA signal is the same as in the
case of conventional single carrier signal. An example of an
IFDMA signal is shown in Fig. 3.

B. Time domain symbols of LFDMA

For LFDMA, the frequency samples { X 1 } after subcarrier
mapping can be described as follows:

X, =] X, ,0<I<N-1

0 ,N<I<M-1 ... (11)
Letm=Q.n+q, where0<n<N -1, and
0<gq<Q-1.

Then,

~ ~ 1 M-1 ~ f
X (= Xgny) = M le e’

N-1 2,904,
xXe e (12)

Xe M) e (13)
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N p

—j2z—I
Ifg =0, since XI = ZX e N equation (12) can be
p=0

simplified after derivation, as follows:

S 1 j2r3
Xm = XQn+q = l—

= X
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1
R
. (14)

As can be seen from equations (12) and (14), in the time
domain, LFDMA signal has exact copies of input time
symbols in the N-multiple sample positions. In-between
values are sum of all the time input symbols in the input block
with different complex-weighting, which would increase the
PAPR. An example of an LFDMA signal is shown in Fig. 3.

C. Super Frame Scheme with IFDMA

The figure 4 shows the block diagram of Super frame
technique used in SC-FDMA based systems. This technique
also reduces PAPR of SC-FDMA signals.

X A Super Frame has ‘B’ Frames
n N.B - Point
DFT
N N N
\ 4
Perform
Subcarrier
Mapping
X1 X Xs
M - Point
Add
(—[ﬂ“{ N | N | """ | N IFFT
- J
0/ p ~— =
X XS
m m

Fig 4: Structure of the transmitter using SC-OFDM with
super frame scheme

In this scheme B frames with N subcarriers will be combined
into one super frame. It reduces the PAPR compared the
normal IFDMA. The super frame with lowered PAPR will
finally be divided into B OFDM frames for the transmission.
The super frame technique (SF-IFDMA) is most suitable for
the IFDMA systems with small number of subcarriers N, for
example N < 512. This scheme is very effective in reducing
the PAPR in IFDMA systems, especially when N is small. It
can achieve significant reduction of PAPR without
requirement of and side information.

D. Companding Transform with Kalman Filter (Proposed
Scheme)

A Companding using Kalman filter is an algorithm to reduce
the dynamic range of a signal by increasing the amplitudes of
the smaller signals . The average signal power is increased
with this technique. PAPR is reduced to an extent if dynamic
range is reduced. Fig. 1 shows the block diagram of OFDM
system with companding scheme to reduce PAPR in OFDM
systems.
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a) Companding Transform

Our aim in this work involves applying u-law companding at
the transmitter to reduce the PAPR of the transmitted
waveform so as to reduce distortion through the transmit
amplifier and allow operation closer to amplifier saturation.
Values of u ranging between 0.125 and 64 were used in the
study since the optimal performance was found to reside
within this range of operation.

| Xdat (n) |]

In[1+u
X .
X_(n) = K(u)x mX___sign[x,., (n
C( ) ( ) max In[1+U] g [ dat( )]
...... (16)
Where
Xax = mr?\x(xdat(n)) e (17)

And where K(u) is a normalization constant such that the
average power of the companded signal is equal to the
average power of the uncompanded signal. A proposed
approximation for K(u) is as follows:

K(u) zln(lu_+u) . (18)

However, this approximation is not highly accurate, and in
practice, would lead to unnecessary degradation in the
demodulation performance. To mitigate errors introduced by
normalization inaccuracies, numerically-determined values of
K(u) were computed and employed instead, where long-term
power averages of both uncompanded and companded OFDM
symbols were numerically estimated to find K(u).

To reduce the PAPR of an OFDM system a new technique
based on companding with Kalman Filter is proposed in this
paper. This technique gives the opportunity to keep the PAPR
to an adequate level by doing the task of multiple companding
which is illustrated by below given steps.

The key signal processing steps are described as follows:

Step1l: Binary data is generated and modulation is
performed in order to create symbols or vectors Xm

Step 2:  IFFT is performed on vector Xm ~and the output of
IFFT is represented in the form as given by equation (19).

X =[X(0), X(2), cerrrrer X(N)T e (19)

Step 3: A threshold value of PAPR based on application
requirement is set for comparison i.e. for level 4 the value of
the threshold is set at

PAPR,, = 4db

Step 4: Calculate F’AF’R1 and it is compared with
PAPR,,

36



Step 5: If, PAPF\)1 < PAPRm then the original signal is

transmitted i.e.
Transmitted signal, t. () = X(n)

Step 6: A counter is initialized (i.e. a=0) to indicate how
many times Companding is performed when,

Transmitted signal, t.(N) = x(n)

Step 7:  If, A Companding transform is then applied to x (n)
by using Kalman Filter i.e.

% (n) =C{x(n)}

Step 8:  Step 2 & step 4 are repeated for xl(n) .Here the
calculated PAPR for X;(N) is PAPR,.
step9: If PAPR, < PAPR,; then,t,(n) =X (n) and

a=1.

step 10: If, PAPR, > PAPR,  Another companding
transform is applied to ><1(n) .
Step 11: This whole procedure is repeated unless

PAPRm < PAPRth Where m=1, 2, 3,. .

a) Introduction to Kalman Filter
The Kalman filter is a mathematical tool which consists of a
set of mathematical equations; these equations provide an
efficient computational means in order to estimate the state of
a process, in a way such that the mean of the squared error is
minimized. The filter can be used to estimate past, present and

n
even future states.In order to estimate the state X € R of a
discrete-time controlled process which is given by the linear
stochastic difference equation (21) below:

X =Ax_,+Bu_, +w._, .. (21)

With a measurement Z € R™ that is given by Eqn. (22)
z, = Hx, +v, ()
In practice H might change with each time step, but here
we assume it is constant. The Kalman filter estimates a
process with the help of feedback control: the filter estimates

the process state at some time and then obtains feedback in
the form of measurements.

The equations of Kalman filter are divided into two groups
viz: (1) Time Update equations and (2) Measurement Update
equations. The time update equations can also be thought of
as predictor equations, [16] while the measurement update
equations can also be thought of as corrector equations. The
equations for the time update and measurements update are
given below. Kalman filter Time Update Equations as
follows:

- A

)A(k = AXka+ Bu,
P =AR_A"+Q

Kalman filter Measurement Update Equations as follows:

CCDF (Pr{PAPR>PAPRO])
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K =R H(HRH™ +R)"

......... (25)
Xk = Xk+ Kk[zk -H xk]

......... (26)

R=(I-KH)Re @7

4. SIMULATION RESULTS

In this section, we present the results of computer simulations
used to evaluate PAPR reduction capability. In the simulation,
an OFDM system with a sub-carrier of N = 128,512 and QAM
modulation was considered. We can evaluate the performance
of the PAPR reduction scheme using the complementary
cumulative distribution (CCDF) of the PAPR of the OFDM
signal.

a. CCDF Performance

We can evaluate the performance of PAPR using the
cumulative distribution of PAPR of OFDM signal. The
cumulative distribution function (CDF) is one of the most
regularly used parameters, which is used to measure the
efficiency of and PAPR technique [15]. The CDF of the
amplitude of a signal sample is given by equation (28).

F(@)=1-exp 1)

However, the complementary CDF (CCDF) is used in-stead
of CDF, which helps us to measure the probability that the
PAPR of a certain data block exceeds the given threshold. The
CCDF of the PAPR of the data block is desired is our case to
compare outputs of various reduction techniques. This is
given by equation (22).

P(PAPR > z) =1-P(PAPR > z) =1— (1—exp(—2z))"

...... (22)
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10 \ N\ “\ £ L L L
b VA ) h h | I
A N\ Original-OFDMA
LA \ 1N Original-SCFDMA
‘ \ \ === KF-IFDMA
\ \ \ \ KF-LFDMA
10 \ A \ ——KFDFOMA |
‘|‘ \ SFrame-IFDMA
\
\ \
. \
10 1
A |
A |
\
\
‘\
-3 \
10 \
10°*

1 2 3 4 5 6 71 8 9 10 11 1
PAPRO [dB]

Fig. 5 PAPR PERFORMANCE OF SCFDMA USING Q-
PSK AT ROLLOFF FACTOR 0.22
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PAPR improvement in SC-FDMA systems based on Q-PSK Modulation
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*KF-IFDMA- PAPR Reduction in IFDMA systems Using
Kalman Filter

*KF-LFDMA- PAPR Reduction in LFDMA systems Using
Kalman Filter

*KF-DFDMA- PAPR Reduction in DFDMA systems Using
Kalman Filter

*SFrame-IFDMA- PAPR Reduction in Super Frame based
IFDMA Using Kalman Filter

The simulation parameters are as follows:

International Journal of Computer Applications (0975 — 8887)
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No. of subcarriers: 64, 128 & 512
Modulation scheme: Q-PSK
Channel: AWGN

SNR range: 0 to 20 (in dB)

Total number of Bits transmitted: 64000, 128000 & 512000
Total OFDM symbols: 1000

5. CONCLUSION

The proposed scheme introduces an effective implementation
of PAPR reduction Single Carrier- Frequency Division
Multiple Access based communication systems. Simulation
results have shown satisfactory PAPR performance at 10™
CCDF level. The results are shown at different values of roll
off factor using Q-PSK modulation scheme. We also analyse
behaviour of system under QAM modulation scheme also.
Companding based analysis provides some advantages over
uncompading based analysis such as it is more immune to
impulse and narrowband noises, also improves spectral
efficiency and saving in transmission power. In this paper, a
Kalman filter approach is used to improve the PAPR
performance of OFDM system. It provides greater efficiency
& good BER performance also.From the results shown in
figures we observed that there is a very good improvement is
found in IFDMA based systems than LFDMA based systems.
We also found that Super Frame scheme gives more improved
results over normal IFDMA system.
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