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Abstract This paper addresses receiver related side information (SI) estimation issues
when selected mapping is used to reduce peak-to-average power ratio in orthogonal fre-
quency division multiplexing (OFDM) systems. The SI contains critical information and its
accurate estimation is required to enable successful recovery of payload data regardless of
the channel condition. However, the need for SI estimation poses some practical issues in
the form of high computational complexity and implementation challenges. Through
simulations, this paper investigates the performance of an alternative data decoding
approach called Embedded Coded Modulation (ECM), which requires no SI estimation.
Using a form of block-type OFDM frame structure, results show that the ECM technique
produces identical data decoding performance as other methods even in the presence of
some non-linear amplifier distortions. In addition, it is shown that the ECM method
eliminates SI related computational complexity and implementation problems.
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1 Introduction

Increasing demand for high speed data has led to the popularity and adoption of multi-
carrier modulation techniques such as orthogonal frequency division multiplexing (OFD-
M) in high speed wireless communication standards e.g. Digital Video Broadcast (DVB)
and Long Term Evolution (LTE) for 4G mobile communication systems. OFDM is chosen
because it provides immunity to multipath fading, offers high data transmission, and has
high spectral efficiency [1]. However, it often produces signals with large peak-to-average
power ratio (PAPR) levels, which may increase bit-error-rate (BER) [1-4]. A compre-
hensive review of common PAPR reduction techniques in OFDM can be found in [5-7].
Amongst these techniques, selected mapping (SLM) [8] is considered the most effective
solution because it offers improved PAPR reduction performance compared to other
methods such as partial transmit sequences (PTS) [9].

At the receiver of an SLM—-OFDM system, some form of side information (SI) esti-
mation is often required to enable the successful recovery of payload data [10—12]. This SI
represents critical information, which must be accurately known or determined at the
receiver to enable successful data recovery [13]. Through the use of some form of pilot-
assisted SI estimation scheme, recent studies found in [13—-15] have shown that it is
possible to determine the SI without prior SI transmission and with no extra data overhead
since the same pilots (training signals) are also used during channel estimation for coherent
detection [16].

Amongst these pilot-assisted SI estimation schemes, the frequency-domain correlation
(FDC) SI estimation scheme in [15] is chosen for comparisons in this paper because it uses
similar conventional SLM method in [8] and not a modified SLM as used in the SI
estimation method described in [14]. Aside from high computational complexity of SI
estimation, another practical problem with SI estimation is that the receiver will only
implement SI estimation when SLM is actually implemented. Hence, similar to the DVB
standard specifications [17], an additional system flag or control signalling information is
required to inform the receiver when the transmitter implements PAPR reduction. This is
an extra system overhead that poses an additional implementation challenge, which will
also be addressed in this paper.

This paper demonstrates the use of an alternative SLM—-OFDM data decoding pro-
cedure known as Embedded Coded Modulation (ECM) that requires no SI estimation and
as a consequence, requires no extra system overhead. Similar to the FDC method in [15],
the ECM method is a pilot-assisted SLM—-OFDM data decoding scheme and applies a
similar SLM method described in [18] to reduce PAPR within a block-type frame
structure. The performance of the ECM method is investigated through the evaluation of
the BER performance and the computational complexity in comparison with a conven-
tional SLM—-OFDM receiver that performs SI estimation using, for example, the FDC
method.

The paper is structured as follows. Section 2 describes an OFDM transmitted model and
a form of block-type OFDM frame structure used for the investigations in this paper.
Section 3 presents the FDC based SI estimation scheme and related data decoding pro-
cedures for a block-type OFDM frame. Section 4 describes the ECM method. Section 5
presents the simulation results and provides some discussion on these results. Finally,
conclusions from the results are presented in Sect. 6.
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2 System Model—Transmitter

This section briefly introduces an OFDM transmitter model and the considered block-type
OFDM frame structure described in [19].

2.1 OFDM Signal Generation

Let X be an OFDM sequence, which consists of N, subcarriers, such that
X=XO0)X(1)X(k)...X(N, —1)] (1)
where k for 0 <k <N, — 1 represents the subcarrier index. Using an N-point inverse fast

Fourier transform (IFFT), a time-domain signal x of size N is obtained from X. For
0<n<N — 1, each discrete time-domain sample, x(n) within x is given by [20]

Ny—1

1
x(n) == X(k)exp(j2nnk/N)
N ; (2)
- JFELX),
where ]\}FFT {-} denotes an N-point IFFT function. Hence, x can be written as
—point
x=[x0)x(1)x(n)...x(N —1)]. (3)

Finally, the length of OFDM signal x is further extended by a cyclic prefix (CP) so as to
mitigate channel fading and to facilitate the use of simpler frequency-domain equalization
[21]. The PAPR of x is calculated from [22]

max{]x|*}
E{Jx[*}

where E{-} denotes the expectation function. Note that the use of CP has no significant
influence on the PAPR evaluations [19].

Figure 1 shows a block diagram representation of a baseband OFDM transmitter
structure for OFDM signal generation.

PAPR{x} = (4)

2.2 Block-Type OFDM Frame Structure

In practical OFDM wireless systems, multiple OFDM symbol blocks in the form of a
2 — D pattern are usually transmitted in parallel [16]. This 2 — D pattern may be referred to
as a frame. Several forms of OFDM frame structure exist in the literature and in various
wireless communication systems. An example of a well-known OFDM frame structure,

data bits
(tx) QAM .| Subcarrier IFFT R ADD
—» Modulation "| Mapping T 7 cpP

Fig. 1 A block diagram representation of baseband OFDM signal generation (OFDM transmitter)
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which is considered in this paper is the block-type OFDM frame, described in [19]. Figure
2 shows the considered data and pilot pattern within the considered block-type frame.

In the block-type frame, one of the OFDM symbol blocks contains only pilots or
training sequence and is designated as the pilot block while other blocks, which consist of
data subcarriers are regarded as data blocks. The block-type frame is considered to be most
suitable in the case of a time-invariant channel condition such as indoor channels where
there exists no or negligible variation in the channel gain between consecutive OFDM
blocks in the frame [16].

Consider a block-type frame that comprises of G OFDM symbol blocks where each
block has N, subcarriers, then similar to X (k) in (1) and for 1 < g <G where g is the index
of each block, a subcarrier index k in a given block g is denoted by X (g, k). To indicate the
data and the pilot block in the frame, let g, and g4 be the g-index for the pilot and the data
block respectively. Hence, each subcarrier in a pilot and a data block is respectively
represented by X(g,,k) and X(gg4, k).

2.3 OFDM Frame PAPR Reduction

To reduce PAPR in a block-type frame, the classical SLM method is considered [8].
However, since the frame consists of several OFDM symbol blocks, it is customary to
reduce the PAPR of the whole frame rather than for each individual OFDM symbol [19].

For 1 <u < U where U is the number of SLM sequence vectors, each SLM sequence is
denoted by P* where

P" = [P"(0) P"(1) P"(k) ... P"(N, — 1)]. (5)

With the application of P, U alternative frames are formed and the resulting time-domain
signal (after IFFT) can be denoted by x"(g) where

x*(g) = IFFT {X(g, k) - P'}. (©)
—point
Fig. 2 An example of a form of Time
block-type OFDM frame G OFDM symbol blocks
structure [19]
@ pilot
O data

Frequency, subcarrier indices
000000 ---000000

000000 -+ 000000
000000 -+ 000000

000000 -+ 000000
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Then, each block, x*(g) within the selected frame with the lowest PAPR is given by [19]

*(g) = min [ :mlg;;GPAPR{x“(g»} @)

u

where the variable i in (7) is the SI and is given by [19]

i =arg min[ max PAPR{x”(g)}] . (8)
u=12..U |8=1,2--G

3 Conventional SLM-OFDM Frame Data Decoding

This section presents the FDC SI estimation method and conventional SLM—OFDM data
decoding procedures for the considered block-type OFDM frame structure.

In the presence of complex-valued channel frequency response H(g,k) and additive
white Gaussian noise (AWGN) V(g, k), each received OFDM block Y(g, k) (after FFT) is
given by [19]

Y(g,k) = H(g,k)X(g,k)P" (k) + V(g,k). 9)

From (9), it can be noted that before the transmitted data subcarrier X (g4, k) can be
recovered at the receiver, the value P”(k) must be known or determined through some form
of SI estimation scheme. The purpose of SI estimation is to estimate the value of i,
assuming all U SLM sequence vectors P* are deterministic and known at the receiver [13].

Figure 3 shows a block diagram representation of a baseband OFDM receiver. As
previously mentioned, with SLM, the conventional data decoding procedure requires some
of SI estimation [2].

3.1 FDC SI Estimation

A detailed description of the FDC SI estimation scheme is presented in [15]. From the
received pilot block, an FDC function, R* is obtained from [15]

1
N, —1

th —

N,—1
> H"(gy,k) -H" (gp,k— 1) (10)
k=1

where (*) denotes complex conjugate and the term H"(g,,, k) in (10) is obtained as

data bits Remove CP
x .
(rx) QAM _ Data. | Subcarr.ler | and
Demodulation Decoding Demapping FFT
7 <
/ N\
[o=—=—== Ko I___\____
| Channel Estimation | | si :
|
and | | Estimation :

| Equalization

Fig. 3 A block diagram representation of baseband OFDM receiver
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H'(8,,0) = (¥ (g, )P (0)) /X (g ). (1)

Note that for coherent detection, (11) assumes the transmitted pilot block X(g,, k) is known
at the receiver.
Let 4 be the SI estimate. Then, using R", # is determined from [15]

i = arg maxRe{R"} (12)
u
where Re{-} takes only the real component of a complex-valued number or variable.
The computational complexity of this FDC scheme is evaluated from (10) and (11). It
can be noted that the FDC scheme requires 2UN,, — U complex multiplications (CMs) and

U(N, —2) complex additions (CAs) [23]. Note that similar to [15], these evaluations
ignore the division with the scaling parameter 1/(N, — 1) in (10) and assumed P*(k) € +1.

3.2 Channel Mitigation and QAM Demodulation
The required channel mitigation and QAM demodulation is now discussed.

3.2.1 Channel Mitigation

Using the SI estimate i, the channel estimate, H (8p, k) for the pilot block is obtained using,
for example, a least squares (LS) method, where
H(gp,k) = Y (85, k) / (P (k)X (g, k)
_ H(g,, )X (g, K)P(K) + V(2. k) (13)
(P(k)X (g k))

At high SNR, the additive terms in (13) are negligible. Thus, the expression for H (gp, k) is
reduced to

H(gp7]<)X(gp, k)Pﬁ(k)
( ”(k)X(g,,,k)) (14)

gp , / Pu

From (14), it can be seen that when iz = u (i.e. the ideal case of perfect SI estimation), then
H(g,, k) ~ H(g,, k). (15)

Since a time-invariant channel is assumed, then estimate of the channel gain on each data

fI(gp,k) ~

block, H(gg, k) is approximately equivalent to H (gp, k) ie.,
H(ga,k) ~ H(g,, k). (16)

Now, using H(gg,k) and the SI estimate i, a channel equalized data term, ¥(gg,k) is
computed from

¥(84:K) = ¥(84:K) / (A (20, P (K)). (17)
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3.2.2 QAM Demodulation

Using a form of ML decision criterion, an estimate of the transmitted data, X (ga, k) is
obtained from Y(gd, k) through [15]
N R 2
X(gq, k) = min |Y (g4, k) — D . 18
(8a:k) pin, (84,k) — Dlg] (18)
By assuming a QAM modulation at the transmitter, Q is a set of Q QAM constellation
points D[q] for 1 < g < Q such that X(gg, k) € Q.

4 Embedded Coded Modulation

The ECM method is now described. ECM is an alternative pilot-assisted SLM—-OFDM data
decoding procedure that requires no SI estimation. Table 1 summarises the fundamental
differences between conventional SLM—-OFDM data decoding and the ECM decoding
method.

In the ECM method, a term denoted by H (gp,k) is obtained from the received pilot
block, using

H(gp. k) = ¥(3,,0) /X (g, k)
(H(g,, )X (g, k)P"(K) + V(g,,k)) (19)
X(gp,k) .

As before, at high SNR, the additive noise terms in (19) are negligible. Thus, an

approximate expression for H (gp, k) becomes

H(g,, k) ~ H(g,, k)P" (k). (20)

Similarly, by applying H(g,,k) and by assuming a time-invariant channel, a simple
channel mitigation procedure is implemented on each data block to produce

¥(84,K) = ¥(g4,k) [ H(gy. k)
(H (840X (8, K)P"(K) + V(80,K)) @D

H(gp,k)

Table 1 Fundamental differences between conventional data decoding and ECM method

Conventional receiver ECM method

SI estimation is required when SLM is implemented No need for SI estimation even with SLM

SI estimation adds to computational complexity Eliminate the computational complexity of SI
estimation

Data decoding procedure excludes SI estimation when Data decoding procedure remain the same with or
SLM is not used without SLM
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As before, at high SNR, the additive noise terms in (21) are considered to be negligible.
Hence, from the simplified expression in (20), the expression for I?(gd,k) is reduced to

) (Hlgs DX (50 OPR)
Y g, P
~ (H(ga: k)X (ga, k)
H(gp,k)

For time-invariant channel conditions where H(gq,k) ~ H(gp,k), the expression for

Y(ga, k) is further reduced to

(22)

Y(ga,k) ~ X (g4, k). (23)

It can be seen from (22) that term SLM term P"(k) is present on both numerator and
denominator expressions, and is inherently cancelled with no SI estimation. Hence, the
ECM method requires no SI estimation. The expression in (22) also implies that if P*(k) =
1 (i.e. with no SLM), the ECM data decoding procedures remain the same. Therefore, the
same ECM data decoding procedure is implemented regardless of whether SLM is used or
not. The final stage of data decoding involves standard QAM demodulation on the channel

equalized data term, IA/(gaf7 k) as previously described in (18).

5 Simulation Results and Computational Complexity

This section presents the comparison of the BER performance between the FDC SI esti-
mation scheme and the ECM data decoding method, using a block-type frame structure. It
also shows the PAPR reduction performance of the SLM method when applied to a block-
type frame structure. The PAPR reduction performance is evaluated using the well-known
complementary cumulative distribution function (CCDF) metric. The final aspect of this
section compares the computational complexity of the ECM method against conventional
SLM-OFDM receiver, which normally requires some form of SI estimation.

5.1 CCDF Results

The CCDF gives the probability of a PAPR value exceeding a certain threshold level y and
is computed from the original PAPR values (before SLM) and the resulting PAPR after
SLM according to [19]. To evaluate the CCDF, 16—QAM data modulation is considered.

Using the OFDM architecture described in Fig. 1 and the block-type frame structure
described in Figs. 2 and 4 shows CCDF comparisons with U set to 4 and 8 when N,, = 127
and N = 1024. As expected, results in Fig. 4 show that the PAPR reduction performance is
improved as U is increased from 4 to 8. For instance, at a CCDF level of 0.01%, the PAPR
reduction gain is estimated to be around 1.8and 2.5 dB when U is set to 4 and 8
respectively.

5.2 BER Results

Simulations consider OFDM transmissions over two indoor residential channel (frequency
selective) models, namely: A and B described by the joint technical committee (JTC) [24]
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Fig. 4 PAPR reduction of SLM 1 (SSBSERRABEERREBRaR; : . ;

in a block-type frame . original OFDM
-©-With SLM, U =4
== With SLM, U=8

CCDF(y)
o
2

0.001F

0.0001 : ! -
6 7 8 9 10 1" 12

with root mean square delay spread of 18 and 68 ns respectively. Table 2 shows the power-
delay profiles of these two fading channels.
To evaluate the BER, simulations use parameter values outlined in Table 3.

The BER is evaluated with and without the presence of non-linear amplifier distortion,
characterised by the well-known input back off (IBO) parameter. The IBO is expressed as
(23]

IBO (dB) = IOIng(P “”) (24)
P avg

where Py, and P,,, denote the input saturation power and mean power of the input signal
respectively. In simulations, the non-linear high power amplifier (HPA) distortion is
modelled using the well-known Rapp’s model described in [25]. The transfer function of
the Rapp model is given by [25]

yln) =

2
]

(25)

Table 2 Power-delay profiles of

indoor JTC channels A and B Taps Channel —A Channel —B
Delay (ns) Power (dB) Delay (ns) Power (dB)

1 0 0 0 0

2 50 9.4 50 -29

3 100 —18.9 100 —5.8

4 — — 150 —8.7

5 - - 200 —11.6

6 - - 250 —14.5

7 — - 300 —17.4

8 - - 350 —20.3
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Table 3 Simulation parameter

values Parameters Values
N,, G 127, 6
N 1024
Sampling rate 15.36 MHz
Number of CP samples 80
Pilot modulation QPSK
Data modulation 4—QAM and 16—QAM
HPA model Rapp model, p =3
IBO 6 dB [15]
U 8
SLM sequences Binary
Channel fading (type) Indoor (Rayleigh)

where x(n) and y(n) respectively represent the input/output signal of the amplifier, A, is
the amplifier’s output saturation magnitude and p is the smoothing factor which controls
the HPA’s transition from linear to saturation region i.e. the higher the value of p, the
sharper the transition from linear to non-linear operating region of the amplifier. Similar to
[25], the smoothing parameter, p is set to 3.

With no HPA distortion, Fig. 5 shows the BER comparisons between the considered
methods. Figure 6 shows similar results in the presence of amplifier distortion. Results in
Figs. 5 and 6 show that the ECM method produces similar BER performance as the
conventional method that performed SI estimation.

In both channel conditions and with a lower order data modulation i.e. 4—QAM,
comparisons of results in Figs. 5 and 6 show that even in the presence of the considered
level (IBO = 6 dB) of amplifier distortion, there is little or no change in the BER per-
formance. However, with a higher order modulation such as 16—QAM, similar level of
amplifier distortion causes small BER degradation (see Fig. 6) relative to the case when

Fig. 5 BER comparison with no 0 T T T T -

HPA ie. IBO = 0o V with perfect Sl
x FDC
O ECM
—4-QAM
- - 16-QAM

_5 L LI L 1 !
0 5 10 15 20 25 30

E, /N, (dB)
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Fig. 6 BER comparison with 0 T T T T —
IBO =6 dB ¥V with perfect SI
X FDC
O ECM
—4-QAM
- - 16-QAM
25 30

E, /N, (dB)

there is no HPA distortion (see Fig. 5). Results suggest the ECM method is therefore an
attractive solution because it requires no SI estimation and it achieves identical data
performance when compared to the conventional data decoding approach.

Though not presented, in the case of 64—QAM, the ECM technique produces identical
BER performance as other methods.

5.3 Computational Complexity

This section describes the computational advantage of the ECM method over a conven-
tional SLM—-OFDM receiver that normally requires some form of SI estimation.

The computational complexity of the ECM approach is related to (19) and (21). The
expressions in (19) and (21) respectively involves N, and N, x (G — 1) CMs. Hence, the
ECM method requires a total G x N, CMs, which is identical to the sum of the compu-
tational complexity of (13) and (17). Therefore, the use of the ECM method completely
eliminates the computational complexity of SI estimation. This is one of the significant
advantages of the ECM data decoding procedure over conventional methods.

The percentage reduction in the computational complexity of the two methods is
evaluated using the well-known computational complexity reduction ratio (CCRR)
described in [15]. Given than C,,,y and Cec respectively represent the computational
complexity of conventional SLM-OFDM and an ECM based receiver, the CCRR is
computed as [15]

CCRR = (1 - C—m) x 100%. (26)
conv

The CCRR value represents the amount (expressed as a %) of reduction in computational

complexity offered by the ECM method relative to the conventional approach. With

N, = 127, Table 4 shows the CCRR values as a function of U and G. Note that the CCRR

values are computed based on number of CMs only since the ECM method requires no CA

operation.
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Table 4 Comparison of CCRR
values as a function of U and G

U 2 (%) 4 (%) 6 (%) 8 (%)

2 66 50 40 33
80 66 57 50
88 80 72 66

Results in Table 4 show that for a given value of G, the computational advantage of the
ECM method increases as U increases. For instance, when G = 4, the CCRR value is 50%
when U = 2 and 80% when U is 8. This is because unlike the conventional method, the
computational complexity of the ECM approach is independent of the value of U. How-
ever, for a given of U, the computational advantage of the ECM method decreases as G
increases because the computational complexity of both methods is dependent on the value
of G. As an example, when U = 8§, the corresponding CCRR values when G = 2 and 8 are
88 and 66% respectively. Therefore, the ECM method has a significant computational
advantage over the conventional data decoding approach.

6 Conclusions

Using a block-type frame structure and conventional SLM PAPR reduction, this paper
presented and investigated the data decoding performance of an alternative SLM-OFDM
data decoding procedure called ECM. The ECM method required no SI estimation at the
receiver. Hence, the use of ECM eliminated both the computational complexity and
implementation issues associated with SI estimation. Under two indoor channel conditions,
the ECM achieved similar data decoding performance to conventional SLM-OFDM
receiver that uses FDC based SI estimation and when there is perfect SI estimation, even in
the presence of non-linear amplifier distortions.

In future work, the implementation of the ECM method within a different frame
structure used in, for example, LTE systems will be considered.
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