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Abstract: An efficient modulation scheme
called enhanced pulse amplitude modulation
based  orthogonal frequency  division
multiplexing (ePAM-OFDM) is proposed in
this paper. It has been proved that clipping and
simple reordering, the half-length of the PAM-
OFDM time domain signal is enough to carry
all the information. This idea allows for
increasing spectral efficiency (SE) by (100%)
when compared with PAM-OFDM and
quadrature amplitude modulated biased OFDM
(QAM-OFDM) for the same modulation order.
Moreover, the proposed scheme has an
improved energy efficiency compared to
spectrally equivalent PAM-OFDM, and it
reduces the transmitted energy by half
compared to QAM-OFDM when the
comparison 1is set at the same spectral
efficiency. Hence, ePAM-OFDM can relatively
close the gap in performance between PAM-
OFDM and QAM-OFDM scheme. The
comparisons of these schemes are explored by
theoretical analysis and computer simulations
over additive white Gaussian noise AWGN and
Rayleigh fading channels.
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1. INTRODUCTION

The  dramatic  growth  of  wireless
communication applications and the increasing
demand for ubiquitous services represent the
main driving force to call for more spectrally
and energy efficient schemes [1-3], since energy
efficiency (EE) and spectral efficiency (SE) are
of utmost significant parameters which ensure
the quality of service. EE refers to the
transmission of reliable information with an
optimum energy rate. While, SE describes the
amount of transmitted information over a finite
bandwidth [4-6]. Actually, the EE-SE trade-off
is always detailed by researchers and reports. It
is admitted that in order to maximize one, the
other will be reduced [7, 8]. Previous works
indicated that to enhance EE, transmit and
circuit powers should be minimized [9-11].
Such an approach seems to be successful when
it determines SE. The focus on maximizing SE
resulted in the development of many
technologies such as OFDM, which is one of the
most significant multicarrier modulation
schemes. The competence of OFDM arises from
the ability to transmit data in orthogonal
parallel channels [12-14]. Typically, different
data modulation schemes can be employed with
OFDM, such as PAM, QAM, or phase-shift
keying (PSK), with relative success depending
on the targeted application [8, 15]. In point of
fact, their performance can significantly vary
according to which system parameters are
considered such as bit error rate (BER), data
rate, system complexity, interference
robustness or maximum transmit power with
respect to channel capacity and transceiver
distance [16-18]. For instance, when minimum
complexity is targeted, and the system is highly
sensitive to phase noise, M-PAM modulation
would be the best choice. While, if interference
robustness and power efficiency are the
parameters to consider with a low bit rate,
BPSK, and QPSK can be the best candidates [17,
19]. On the other hand, M-QAM helps
maximize the data rates transmitted over the

wireless channels with reduced transmitted
power compared to the mentioned schemes.
However, it is very sensitive to channel
estimation and in-phase and quadrature-phase
(I/Q) imbalance is one of the major problems
associated with direct conversion transceivers
[7, 19, 20]. To sum up, in terms of high bit rate
schemes, PAM brings simplicity at the cost of
power inefficiency, while QAM suffers from
modulation/demodulation complexity, but is
highly power efficient [13, 21, 22]. In this work,
a modified modulation scheme, ePAM-OFDM,
is presented, which brings the advantages of
QAM and PAM schemes at the same time. That
is, it satisfies the modulation/demodulation
simplicity of PAM and the energy efficiency of
QAM since the average energy per bit of ePAM-
OFDM is reduced by half compared to the
QAM-OFDM for the same spectral efficiency.
These improvements can be quickly deduced
from the fact that transmitting only half of the
PAM-OFDM samples is sufficient for conveying
all the data, which results in a twofold
increment in the bit rate of e PAM-OFDM
without bending the spectrum. This paper is
arranged as follows. Section 2 presents the
concept of ePAM-OFDM and its theoretical
analysis. Spectral and energy efficiency
derivatives are presented in section 3. A
detailed performance comparison between
PAM-OFDM and QAM-OFDM is provided for
validation purposes in section 4. Finally,
section 5 summarizes the findings of this paper.
2. SYSTEM DESCRIPTION OF EPAM-
OFDM

The block diagram of the ePAM-OFDM system
is shown in Fig 1. The OFDM time-domain
signal generated by inverse fast Fourier
transform (IFFT) with a length of N is written

as [23]: )

2mjkn
x(m) = ;I X[Kle v k=
0,12,...,.N—1 (1)
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Fig. 1 ePAM -OFDM System Diagram.

where X[k]are pulse-amplitude modulated
symbols; x(n) = a, + jb, is time domain signal.
In Fig. 1, it can be seen that x(n) exhibits an
anti-symmetry; since the imaginary parts of
both (x[0] and x[N/2]) are equal to zero, and
a, t jb, = ay,_y ¥ (jb,_y) . In effect, clipping
away xp will not discard any useful data, as the
same information can be recovered from x,.

The fact of Imaginary of (x[0]) and (x [g]) are
zeros allows to make a plain reordering to get

an OFDM sample of length ( ':—) instead of ( g +
1) .Simply, real parts of (x[0]) and (x [g]) are
combined as x [0] = a, + jay,, and carried by
1stsample order as shown in x,, . Then, it is easy
to note that the length of the ePAM-OFDM
signal is reduced by exactly half compared to
the original PAM-OFDM signal. Hence, ePAM-
OFDM can transmit two OFDM signals
simultaneously. The signal is passed through a
wireless communication channel. Rayleigh
fading channel model is a very common
multipath fading channel model with Non-
Line-of-Sight (NLOS) signal propagation
components. It is described through impulse
response h(t):
h(t) = X529 ay €/°°8(t — 1) (2)
y(®) = xy * h(t) 3)

where B is the number of multipath component
receivers, a, is the amplitude of b** multipath
component, 7, is propagation delay, 6, is a
signal phase. Once y(t) is received, the zero
forcing equalizer is applied to estimate the
transmitted signal. When X, is estimated the
coefficients of x4,(0) are rearranged to take

their original place. Afterwards, reconstruction
of theclipped away samples can easily be
achieved by flipping the conjugate of the

received signal, for 1 <n < % — 1. Finally PAM-

OFDM signal demodulation is applied to get the
original transmitted one. When demodulating
this way, the noise effect is increased due to
recovered clipped samples, and the signal-to-
noise ratio (SNR) which is known as the basis of
BER performance becomes:

E,

SNR.pam_orpM = N 4)
o

where E, denotes the average bit energy,
and N, represents the energy density of the
noise. Based on the BER performance
derivative of PAM-OFDM introduced in [24],
the BER performance of ePAM-OFDM under
AWGN and Rayleigh fading channel can be
expressed as:
P,(SNR) awen =

- yM-t cMerfc (2m-

logz (M)
L ON/TH SNRePAM,omM) G5)
Pb(SNR)Rayleigh =
1 ZM—I cMl1-
logz (M) “m=1 =m
2
(\/E ((2 m-1),/u, SNRePAM_OFDM)) )

2+(«/§ ((2 m-1),/u, SNRePAM_OFDM))Z
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where u, = _3105;2(1\4) , M is the constellation
M%-1)

size, and CY coefficients are shown by Table 1
of [24].
3.SPECTRAL AND POWER EFFICIENCY
The spectral efficiency of PAM-OFDM and
QAM-OFDM schemes can be almost described
in (bps/Hz) as [25]:

n ~log, M (7)
Since in the proposed ePAM-OFDM, half of the
time domain signal is enough to carry the
intended information, the spectral efficiency of

ePAM-OFDM  n.pay is calculated by the
following;:
Nepam = 2 X logz M = logz MZ (8)

Hence, the spectral efficiency gain a, of ePAM-
OFDM over PAM-OFDM or QAM-OFDM when
applied at the same M can be expressed as:

_ NepAM __

Oy == = 2 (9)

Hence, the proposed scheme ePAM-OFDM can
achieve the same spectral efficiency of PAM-
OFDM or QAM-OFDM by reduced constellation
size as derived bellow:

M =27 (10)

Moppy ~ 2 (11)
where M,p,y is the constellation order required
by ePAM-OFDM to archive the same spectral
efficiency n obtained by PAM-OFDM and QAM-
OFDM schemes. From Egs. 9 and 10:

M = MZpuy (12)
From all above, we conclude that the proposed
ePAM-OFDM effectively reduces the consumed
average energy per bit compared to PAM-OFDM
and QAM-OFDM, from [25]:

. M%-1
Epam_orpm = 6logs(M) " &g (13)
M-1
Eqamorom = 5, — o log, 1) £9 (14)
2
Mepam—1
= —— 1
Ecpam orom 6 (2xlogz (Mepam)) £g (5)

where E is the average energy per bit in (joule
/bit), and- ¢, is the energy of the signal pulse
shape g(t). Substituting Eq. 11 in Egs. 12 and 13
gives:

M -1
E ——ePAM__ & 16
PAM_OFDM &0 (2, 5+ g (16)
E — _Mepam -1 (17)
QAM_OFDM — 3 7

3logz(Mzpay) 9
Dividing 14 by 15 and 16 gives:

— __ Eepam_orDM 0 —
“gp (1 EPAM,OFDM) x 100 % (18)
()
X 100 %

2211

( Epavg (ePAM)
agg=(1--"———=
Ebavg (QAM)

1
=(1—E)X100%

=50% (19)
where, agp and ajq indicate the energy saving
factor of the proposed system over PAM-OFDM
and QAM-OFDM respectively. Finally we can

>><100%

sum up the most relevant parameters in Table
1.

Table 1 Comparisons of Spectral Efficiency
and Average Power for different Schemes.
Modulation Spectral Average energy per

scheme Efficiency (1) bit
ePAM-OFDM log, M? M2y —1
—___ePAM -
6 (2% log,(Mepan)) 9
PAM-OFDM log, M M2 -1
6log,(M)’ £
QAM-OFDM log, M M -1 e
3log,(M) "¢
4.SIMULATION RESULTS

In this part, the performance of the proposed
ePAM-OFDM was investigated and compared
with PAM-OFDM and QAM-OFDM at different
constellation sizes. The simulation was
employed over two-types of channels: a more
general AWGN channel, and a 5-tap Rayleigh
fading channel. The number of subcarriers was
128. Since the spectral efficiency of ePAM-
OFDM was double than the SE of PAM-OFDM
or QAM-OFDM as given in Fig. 2, M-ePAM-
OFDM should be compared with the M2-PAM-
OFDM and M?-QAM-OFDM, e.g., 4 ePAM-
OFDM should be compared with 16 QAM-
OFDM, and 16 PAM-OFDM, etc. Fig. 3 and Fig.
4 depicted simulation results where the
performance of ePAM-OFDM, PAM-OFDM,
and QAM-OFDM were compared over an
AWGN channel and a Rayleigh fading channel
respectively, at forward error correction (FEC)
threshold at 3.8 e—3. It is clear that for all the
presented cases, the BER performance of
ePAM-OFDM surpassed the BER performance
of PAM-OFDM for the same SE. The
performance improvements of ePAM-OFDM
over PAM-OFDM started at 4 dB and 2.4 dB
under AWGN and Rayleigh fading channels,
respectively at spectral efficiency n = 2 bps
/Hz. While at n = 3 bps /Hz, the energy gain of
ePAM-OFDM increased to 11.5 dB under
AWGN and 8.7 dB at Rayleigh fading channel.
It was interesting to note that for higher
constellation sizes, ePAM-OFDM became more
energy efficient. The savings in SNR reached
about 17.1 dB andis5 dB at the AWGN channel
and Rayleigh fading channel respectively, at n
= 4 bps /Hz. Typically, the M-PAM and M?-
QAM have identical BER curves; hence, it was
expected to get congruent curves for ePAM-
OFDM and QAM-OFDM at the same spectral
efficiency. However, this is not the case. It
turned out from Fig. 3 and Fig. 4 that for all the
given curves, the energy loss of M-ePAM-
OFDM was still 3 dB when compared with M-
QAM-OFDM as a consequence of the additional
detection of time domain clipped samples. The
performance of the theoretical model was
drawn along with Monte Carlo simulations in
Fig. 5 and Fig. 6 for AWGN and Rayleigh fading
channels respectively. It was verified that the
presented model was identical to simulations
that were conducted.
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5.CONCLUSION

This work proposes an efficient enhanced
modulation scheme for wireless
communication systems called ePAM-OFDM.
The proposed scheme can  achieve
atwofold increase in spectral efficiency
compared to existing RF modulation schemes
such as PAM-OFDM and QAM-OFDM.
Moreover, the proposed ePAM-OFDM can
achieve the same SE as the previously
mentioned schemes at lower modulation
orders; therefore, it can highly save the
transmitted power. Theoretical results show
that the saving energy factor of ePAM-OFDM is
always 50% over QAM-OFDM, while it is 99%
over PAM-OFDM at SE > 7bps/Hz. Simulation
results prove that ePAM-OFDM outperforms

[=2]
o

E,/N,(dB)
Fig. 6 Theoretical Performance vs. Simulations ePAM-OFDM in a Rayleigh Fading Channel.

the PAM-OFDM scheme in terms of BER
performance. However, in all the presented
cases, the energy loss of M-ePAM-OFDM is still
3 dB compared to M-QAM-OFDM due to the
additional noise of clipped sample detections.
Significant BER performance improvements
are noted at higher spectral efficiencies, such as
at SE = 4 bps/Hz, the ePAM-OFDM requires
20.8 dB of SNR instead of 38 dB over AWGN.
At the same time, ePAM-OFDM saves 15 dB of
energy over Rayleigh fading channels. Thus, it
demonstrates its potential application in high-
speed RF systems.
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