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Abstract: Orthogonal Frequency Division Multiplexing (OFDM) OFDM is a multicarrier
transmission technique that has wide ranging applications in wireless communications. It is the
basis of many prominent IEEE standards, pre-4G and 4G technologies. It improves bandwidth
efficiency and also withstands multipath propagation to provide seamless communication.
However, it experiences the issue of high peak-to- average- power ratio (PAPR) causing
signal degradation. The Partial Transmit Sequence (PTS) is most efficient technique to reduce
high PAPR, but it too suffers from a few problems — one of which is the need for transmission
of extra (overhead) bits, known as side information, to successfully recover the OFDM symbol
at the receiver end, but this leads to deterioration of spectrum efficiency of the system. The
paper proposes a novel method using constellation mapping with some simple mathematical
constraints that could help to resolve the problem of side information in PTS thus saving the
bandwidth.
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1. Introduction

Orthogonal Frequency Division Multiplexing (OFDM) [1, 2] is now become a standard
spectrum efficient method for high data rate applications. Since it uses narrowband channels
which make it immune to frequency selective fading and inter-symbol interference (ISI), using
cyclic prefix avoids any adverse affect of delay spread such as inter-carrier interference (ICI)
[3].

Even though there so many advantages, OFDM also has some limitations such as a large
Peak to Average Power Ratio (PAPR). High peak in the time domain envelopes are caused due
to inverse fast Fourier transform (IFFT) taking place at the transmitter. IFFT sums up the
modulated sub-carriers which generates high peaks when number of subcarriers gets aligned in
phase. OFDM signal with high PAPR causes harmonic distortion and out of band radiations
when experiences nonlinearity such as high power amplifier. Reducing PAPR ensures that
HPA works in its linear region.

Various methods [4] are discussed in the literature for the sake of PAPR reduction such as
clipping [5] where higher peaks are clipped but due to non linearity of operation generates
distortion which can be reduced by clipping—filtering [6,7], peak windowing method [8] uses a
windowing function to hard limit the peaks, companding [9] transforms are also used for PAPR
reduction, peak cancellation [10] uses a waveform which is subtracted from OFDM signal
from the areas where high peaks are observed. But all these methods reduce PAPR at but at
higher bit error rate (BER).

Coding methods such as Golay codes [11], Reed-Muller codes [11], LDPC codes [12] and
Turbo codes [13] are also used for PAPR reduction but not suitable for large constellation.

The other distortionless methods for PAPR reduction are Tone injection [14], Tone
reservation [15], Active constellation extension [16]. These methods modify the constellation
by adding additional points, but PAPR reduction costs in higher transmission power
requirement. Selective mapping (SLM) [17,18,19] and Partial transmit sequence (PTS)
[20,21], both are multiple signal representation methods, where multiple phase combinations
are used on data set to generate multiple OFDM signal representation for same data signal and
the representation with lowest PAPR is used for final transmission.
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PTS is more in use due to lower computation complexity. In PTS data is subdivided in
equal size independent sub-blocks, each sub-block is multiplied by a phase factor then added
together to generate an OFDM signal, all possible combinations of phase sets are used to
generate multiple OFDM representation and representation with lowest PAPR representation is
used for transmission. But information about the phase sequence used is required for error free
detection of OFDM symbol at the receiver, this information is called side information (SI),
Transmission of SI effectively brings down the bandwidth efficiency as SI burdens the
bandwidth.

There are schemes which offers detection without need of SI some of the popular schemes
are discussed here.

In [22] to avoid SI transmission a predetermined set of pilot signals are inserted in each
sub-block for easing out the SI detection, but due to maximum likelihood detection (ML)
receiver complexity is high. In [23] cyclic shifting is used in place of multiplying the phase
factors but again receiver complexity is high due to ML detection. In [24] a modified
constellation for QAM is used for both SLM and PTS and at the receiver ML method is used
for recovery of the signal. In [25] similar to [22] pilot carriers and ML method is used. In [26]
single IFFT operation is performed with joint phase rotation and offset is used to reduce the
complexity and complex ML method is used at the receiver. In [27] the author proposed a
phase offset method for Alamouti MIMO transmitter with a complex receiver employing ML
method. In [28] wavelet packet based OFDM is used to reduce complexity but uses embedded
SI with complex receiver design. [29] too uses phase offset on rotating vectors and uses
embedded SI with ML based receiver.

In this paper, the proposed method eliminates the need of side information for recovery of
symbols in PTS without degrading PAPR reduction performance. The scheme uses
constellation mapping and mathematical equations to identify the symbols sent by the receiver.
The main idea is to map the symbols in the complex plane, then derive the relationships
between the real and imaginary parts and finally form the mathematical equations (with the
help of derived relationships) to recover the symbols at the receiver side. The method has been
described in detail in a later Section.

2. Peak to Average Power ratio and PTS Scheme

IFFT sum used at the transmitter may results in to high peaks in the OFDM signal
envelope.
An OFDM signal with N subcarrier for the input data can be represented as given in (1):

max |x, |
PAPR(X) — 0<n<N-1

T n=0l..N-1 (1)
Ellx,|]

n

3. Multiple signal representation method- PTS

In partial transmit sequence method; the basic idea is to divide the input sequence into
number of independent sub-blocks and to find the set of optimal rotating phase factors that give
minimum value of PAPR on multiplying with different sub-blocks. The typical functional
blocks of the PTS scheme is shown in Figure 1.

Input data sequence M is divided into U sub-blocks having same size equal to N.

U ()
M=>M,
u=l1
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Figure 1. Building blocks of plain-PTS technique

Hence, each sub-block contains almost N/U non-zero elements with zero padding in the rest
of the sequence. The IFFT of each sub-block vector is multiplied by a phase sequence ¢ of
magnitude as unity; the summation of these rotated sub-block vector is given as follows:

x=Zcumu (.-

u=l1

One appropriate optimum phase factor is selected from ¢ = [c;, ¢, ...,c,/ Which produces
minimum PAPR . The combination is found by

¢ =[cy,¢9,mm50,] )

Zcm

Using above equation we can find the optimum phase factor which optimizes the PAPR
performance. The minimum PAPR signal transmitted is represented as

. )
X= Z Eu my,
The cofivéntional PTS algorithm requires to send some side information about phase factors
to the receiver in order to detect the received symbols correctly.
The redundant bits are equal to (U -1log, O

Where O represents the possible phase weights i.e. { 1/, 5 [.
Transmission of side information degrades the spectral efficiency of the OFDM system.

For finding the optimal phase factors among the all possible set¢ =[c¢;,¢,,...,c, ], many

=argmin| max

<n<
€1:Cy s, | OSSN =117

computations will be required if this set is very large.
For example, for O possible phase weights, then set phase set ¢ will have OY combinations

and thus a total of (UO™ ) IFFT operations would be required. Increasing the values U and O

would thus mean higher computational cost in implementing the algorithm. If first block is
kept unchanged then phase combination will be OV,

Apart from the IFFT operations each OFDM signal generated for a phase set combination
will require N.K.OY/ (U-1) complex addition and multiplications. Where K is the
oversampling factor
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4. The Proposed PTS without side information

The proposed method, as mentioned earlier, is based on mapping the symbols to certain
predetermined points on the constellation plane and then deriving relationships between all the
different points with respect to their real and imaginary parts. In this method, the receiver
requires two symbols in order to detect them correctly without any side information. This
scheme does not require any new building blocks at the transmitter side of PTS scheme. Thus
no addition to hardware complexity at the transmitter. Only at the receiver with the help of a
memory element and exploiting the relation between transmitted constellation the symbol
detection takes place.

The method was initially proposed for a set of two phase factors, but can also work with a
set of four phase factors with the help of minor adjustments. The working of the method with
two phase factors and four phase factors are given in Part 1 and Part 2 respectively.

A. The Proposed method with 2 phase weights
1. Suppose we have two phase factors (+1,—1) or(+/,—j)

2. Let the input data be mapped to certain points in the complex plane. Let these points be
denoted by A, B, C and D respectively. These points (A, B, C and D) are chosen such that the
relationship of absolute ratio of real and imaginary parts between two points is unique.

For example, let us say we have three points in the complex plane which area + jb, ¢ + jd

ande + jf . Then, |a/ c| should be equal to the absolute ratio of real parts of only one other
mapped point i.e. either |c/ e| or |a/ e| and not both. Similarly for the imaginary
parts, |b/ d | should be equal to the absolute ratio of imaginary parts of only one other point i.e.

either |d /f | or |b /f | and not both. An example of mapping of points is shown in Figure 2.
In this Figureure points 1+ j,2+ 37,44+ 2j,5+ 4, are mapped.

3. After mapping, we multiply the symbols by appropriate phase factors and then send the
symbols one after the other.

10
"]
2
ri
[
2 D (5,4)
41 B (2,3)
3
2 4
A (1,1) C%:2)
- o - ——I_lld-dfl-bbJ'HHIJ
-2
=3
1
25
HG
¥
=f3
=t)
-1 08

Figure 2. Mapping of data symbols
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4. The receiver, as soon as it receives two symbols, can detect them based on certain conditions
(or equations) which are already present at the receiver. Depending on the points chosen for
mapping (in this case A, B, C and D), equations are formed and stored at the receiver
accordingly and can be in the form of a look-up table.
Let us take, for example, points B and C, we can see that they have a unique relationship such
that

Re.(C)=2xRe.(B)

Img.(C)=(2/3)xImg.(C)
Where Re. represents real and Img represents imaginary part.
This relationship is true only for points B and C and no other set of points. These simple
relationships are then used to form the required equations.

Let us assume that two points received at the receiver are (a;,b)and (a,,b,) where

a represent the real parts andb represent the imaginary parts of the received points

respectively.

The equations for detecting points A, B, C and D are given in Table 1.

5. At the receiver, we can find out which symbols were sent with the help of the corresponding

equations as given in Table 1.

6. We can see that equations for A A, BB, C C, D D are same, so receiver will have a problem

in Figuring out which of these symbols were transmitted. To solve this problem, we can use

two methods:

e Method I:
We will calculate Euclidean distance from the origin to the received point. With the
help of this distance, we’ll know which symbols among A A, BB, C C, D D were
transmitted.

o Method 2:
We can have a memory element at the receiver side which stores the first two distinct
symbols that it receives, and uses these symbols at a later time when it faces the above
mentioned problem of detecting which symbols among A A, B B, C C, D D were sent
by the transmitter.

Suppose if we send symbols A A C B one after the other, then the receiver would see that
first two symbols are the same, (i.e. A A in this case), so it would store one of these two and
wait for the next distinct symbol (i.e. C in this case), so in summary, it would store symbols A
and C in this case.

To make things clear, a case is discussed below wherein the transmitter sends the symbols
B B B A C D DA in succession.

a) Suppose the transmitter has two transmit the sequence B-B-B ACD D A.

b) First, it will transmit symbols B and B, one after the other.

¢) As soon as the first two symbols are received, the receiver uses the equations (from Table
1) to find out which symbols were sent.

d) In this case, the receiver finds out that the first two symbols are same, but faces a difficulty
to determine which combination of symbols among A A, B B, C C or D D was sent.

e) It counters this problem by storing one of the two symbols and then waits for the next
symbol.

f) In this case, the next symbol is again the same, i.e. B. The receiver, after performing the
required calculations among the stored symbol and third symbol, comes to a conclusion that
the third symbol is also same as the stored symbol and thus, first three symbols are all the
same

g) Now, it waits for the fourth symbol, which is distinct, i.e. A in this case. By performing
calculations and with help of the table, the receiver is able to detect that the stored symbol
and the fourth symbol are B and A respectively.

h) The receiver now knows that the symbols sent till now were B B B A (as it knew that the
first three symbols are same).
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1) After this, it stores the first two distinct symbols, i.e. B and A in this case. Among these, it

has already stored B, so it will now store A.

j) Once, it has stored two distinct symbols, it can now detect any symbols, even if two same

symbols are encountered one after the other.

k) We need two distinct symbols, and not one symbol, because there might be a case where
the received symbol is same as the stored symbol. For example, in this case, had the
receiver stored only one symbol, i.e. B and the next received symbol is also a B, then it
would again face the problem of not being able to detect two consecutive same symbols

correctly.

1) However, since we have a second distinct stored symbol, it comes into play when the first

stored symbol and the received symbol are same.

Table 1. Detection criteria at the receiver for 2 phase weights

Symbol sent by the transmitter
(asby), (a2bs)

Equations to detect the symbols

@l ~[a[=0Jes[-[n[=0
AB |ay| - |2a)| =0 |by| = |3, =0
AC |ay| - |4a;| =0 |by| - |28y = 0
AD |a;| —|5a)| =0 |by| — |48y = 0
B.B |ay| = || =0 |by| —|Br| =0
1 1
B, A |a2|— Eal =0 |b2|—‘§bl =0
2
B.C |as| = |24 =0 |b2|—‘§b1 =0
|ay| = |=a|=0 byl 25| =0
B,D a| S al= 6] e
@l -[a]=0 Jp-n]=0
1 1
C,A |a2|— Zal =0 |b2|— —b|=0
1 3
C,B |(12|— E(ll =0 |b2|— Ebl =0
C.D |a,| - 24 =0 |by| - |28y = 0
D.D |ay| = || =0 |by| =|By| =0
1 1
b o] [ =0 |b2|—‘zb1 ~0
2 3
D,B |a,| - Sa =0 |b2|—‘zbl =0
4 1
D, C |a2|— gal =0 |b2|—‘5b1 =0
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So the receiver uses the two consecutive received symbols for detection. However, when
the two received symbols are same, it uses one of the stored symbols to complete the detection
without any problem. The rest of the detection process continues in a similar way.

7. An advantage of using the proposed method is that we can find out which symbols were
transmitted even if they have been multiplied by different phase factors

8. For example : Suppose we choose phase factors {i l}, then let a symbol that is multiplied

by phase factor -1 be represented as [ ]’

So, if we want to transmit A B where A is multiplied by phase factor 1 and B by -1 then it is
represented as A B’ and so on and so forth. The receiver can detect A B even if A B or A’ B or
A B’ or A’ B’ was transmitted which is good because it doesn’t require any side information
to detect the symbols correctly.

The same (that is discussed in point vii.) is true even if we choose {i ]} as phase factors
instead of {i 1} but in that case the equations (at the receiver) of real and imaginary part

would interchange. For example, if in case of (+1,—1), the equations were

a,|—|4a,|=0 b, |45, =0
Then in case of {i J }, the equations would be
b, = [4b,] =0 5|~ [2a,| =0

B. The Proposed method with 4- phase weights

We can also use 4 phase factors together i.e. {i Ltj } but in that case, keeping in mind the
complexity of the receiver, we will have to add a constraint to the use of these phase factors
Let us suppose that {i 1} is Group 1 and {i ]} is Group 2.The constraint is that, we will have

to multiply the two symbols (that have to be transmitted one after another) by the same phase
group i.e. either group 1 or group 2.
For example, if we have to transmit a sequence B — C — A — D, then we know that the
transmitter would send two symbols simultaneously and the constraint is that both the symbols
B and C would have to be multiplied by the same phase group i.e. either group 1 or group 2.
However, when transmitting the next two symbols i.e. A and D (in this case), we can multiply
these by a different group than previous one (if we want to). Also, in this case, the problem in
detection on receiving two same consecutive symbols (A A, B B, C C or D D) has to be solved
with the help of Euclidean distance as discussed in Part 1. The set of equations to identify the
symbols would also be more than in case of two phase factors. The equations for points A, B,
C and D are shown in Table 2. In this case, even if one set of equations get satisfied, the
receiver would detect that the corresponding symbols that were sent.

As we know that for O phase weights and U sub-blocks in PTS the number of side
information bits is given by:

Number of SI bits in conventional PTS= (U-1).log>0O

Table 3 represents the number of SI bits required per OFDM symbol in PTS for different
values of phase weights and sub-block sizes. This represents the number of bandwidth saved in
terms of bits per OFDM symbol in our proposed scheme as the proposed scheme does not
require S bits.

As far as degradation in performance of the receiver is concerned it is always better than
conventional ML method typically used in PTS methods as the proposed method is much
simpler than ML method.
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Table 2. Detection criteria at the receiver for 2 phase weights for 4 phase weights

fr}:rrll:)r(r)llitiz;lt(; bet})le Equations to (:Z:?f ; the symbols( Equations to detect the symbols (set-2)
(axby)
|as| =|ai| =0
, - =0 b, —|b| =0
AA |b2|—|b1| ~ 0 |a2| |al| | 2| | 1|
2| =[2a,] =0 B[ =[281] =0
AB
o] ~[3b =0 jaz| -[3a| =0
a,|—|4a,|=0
AC ||b22||_||2b11||: . by| |48 =0 |ay| ~|2ay| =0
a,|—|5a,|=0
AD ||b22||_||4b11||: . |by| = |55 =0 |ay| ~|4ay| =0
|ay] =[] = 0
: b,|=|b|=0 ~la;| =0
B,B |b2|—|bl| o | 2| | 1| |a2| |al|
1 1
o] || =0 |b2|—‘5bl ~
BA 1 1
|b2|—§b1 =0 |a2|—§a1 :O
2| =[2a,[ =0 [b] - [284] =0
B.C 2 2
|b2|—gb1 ZO |a2|—§a1 :0
5 5
o] |2 | =0 |b2|—‘5bl ~ o
P 4 4
|b2|—gb1 ZO |a2|—§a1 ZO
|ay| =|ay| =0
, - =0 b, —|b| =0
Cc.C |b2|—|b1| _ 0 |a2| |a1| | 2| | 1|
1 1
o] ~[La| =0 |b2|—‘zbl ~ o
oA 1 1
|b2|—5b1 ZO |a2|—5a1 :0
1 1
o] |2 | =0 |b2|—‘5bl ~ o
©P 3 3
|b2|—5b1 =0 |a2|—5a1 =0
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N o]~ [Sa| =0 oo |5 =0
-0 oo J2a] <0

= alal=0 -l o
laa <[] = 0 |b2|—‘§bl ~0

A

’ |b2|—%bl ~0 ar] =y | =0
|a2|—§a1 ~0 |b2|_§b1 ~0

- ol -2 =0 ] |2 | =0
|a2|—%a1 ~0 |bz|_§b1 ~ 0

, C

’ o] |15 =0 |a2|—‘%a1 ~0

Table 3. Number of side bits required for transmission per OFDM symbol

Number of phase Number of sub-blocks .Slde 1nforrr}at1on bits
weights (0) (U-1) in Conventional PTS
(U-1).log>0O
2 4 3
4 6 10
8 8 21

5. Simulation results

The simulations are done for 10000 OFDM symbols with 64 FFT size and 16 QAM

mapping. For PTS block sizes of 2, 4, 6 sub blocks The PAPR values are tabulated in Table 4.
Table 4. Values for PAPR in dB

Sub-block Size PAPR (dB)
M) Plain PTS Proposed PTS OFDM
4 5.75 5.80
6 4.80 4.90 9.23
8 3.8 3.78

As far as PAPR is concerned, there is no degradation in PAPR reduction capability of PTS
method with proposed modifications as seen by overlapping curves in Figure 3.

PAPR values clearly suggest that plain PTS and proposed PTS have similar PAPR

performance for various values of sub block sizes.
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Tables also show that PTS drastically reduce the value of PAPR than conventional OFDM
system. So the proposed scheme does not hamper the PAPR reduction capability of PTS
method.

0
R

_ Conventional OFDM

—oPTS(

—PTS(v6)

——PTS (=)

—— Proposed PTS (v=4)

—4—Proposed PTS (v=6)
Proposed PTS (v=5)

ccbF

PAPR xdB
Figure 3. PAPR comparison of conventional OFDM, proposed and plain PTS technique

The PAPR values are well within the range for standard LTE transmission in the downlink.
The power requirement of transmission is also not changed which is shown in the power
spectral density (PSD) curve in Figure. 4. The PSD curve is drawn for 20 MHZ bandwidth.

PSD (dB)/Hz

50 | | l | l l l l l
10 3 ) 4 2 0 2 4 6 8 10

frequency, MHz
Figure 4. PSD curve for transmitted signal in proposed scheme
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A. Comparison with other proposed methods available in literature

The proposed scheme avoids the need of SI at the receiver based on verification of few
simple mathematical constraints. Most of the methods described in literature use ML method
for deciding upon the received data vector. ML method ased receiver involves higher
computations and complex structures which increases by size of constellation. In [22] to avoid
SI transmission a predetermined number of pilot signals are inserted in each sub-block for SI
detection and at the receiver Euclidian distance is calculated to detect the transmitted data
vector and it assume the allowable phase factors are known to the receiver which make
receiver pretty complexity. Use of the pilot tones also reduces the available bandwidth for the
data transmission.

In [23] each sub block is cyclically shifted to introduce the phase offset, at the receiver
complex maximum likelihood detector is required to find the shift used at the transmitter and at
the same time computation complexity is higher at the receiver.

In [24] a reshaped QAM constellation is used with similar minimum distance and used with
PTS at the receiver minimum mean square error criteria is used for data vector detection for
each of the rotated modified QAM constellation with received one which is cumbersome
process. In [25] too extra pilot symbol is added in each of the sub block to enable decoding the
process at the receiver resulting in to lesser net data rate.

In [26] single IFFT operation replaces multiple IFFT operation of a PTS scheme which results
in to lesser IFFT computations and at each of the sub block phase rotation and offset are used
together and a complex ML receiver with relatively higher computation is used at the receiver
due higher and complex mathematical constraints due to joint phase rotation and offset.

In [27] SI free PTS is proposed especially for Alamouti’s MIMO transmitter with phase offset
and rotation both are used. The computations and complexity are higher due to complex
mathematical calculations and ML detection as it is designed for MIMO system.

In [28] wavelet packet based OFDM is used to reduce complexity but uses embedded SI
which results in to data rate loss with complex receiver design. In [29] too uses phase offset on
rotating vectors and uses embedded SI with ML based receiver. Apart from this scheme also
requires rigorous computations in detecting the phase offset at the receiver.

5. Conclusion

In this paper, the proposed technique avoids use of explicit side information in PTS.
Although the performance in terms of PAPR reduction remains same, the spectral efficiency of
the system improves significantly. Even though the proposed scheme works without side
information, it only requires relatively less computations than a standard ML based receiver.
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