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ABSTRACT A novel modulation technique termed as orthogonal frequency division multiplexing
with subcarrier power modulation (OFDM-SPM) has been proposed for achieving spectral-efficient data
transmission in wireless communication systems. OFDM-SPM utilizes the power of each subcarrier in an
OFDM block as an extra degree of freedom to convey extra information bits besides the bits transmitted
by conventional signal modulation. OFDM-SPM has originally been introduced with binary phase shift
keying (BPSK) symbol modulation, and was shown to provide great gains and various merits such as
doubling the spectral efficiency, reducing transmission power and transmission times by half. Displaying its
capabilities as a scheme to be adopted for future wireless communication systems, a question detrimental
to the adoption of OFDM-SPM has yet to be answered. This is whether the gains that OFDM-SPM brings
persist when paired with higher order modulation schemes, especially two dimensional signal constellation
schemes such as M-ary PSK. In this paper, OFDM-SPM is paired with quadrature phase shift keying
(QPSK) symbol modulation as an example of a higher order two dimensional modulation scheme. The
performance analysis of this scheme along with its numerical simulations are carried out where the bit
error rate (BER) and throughput performances of the scheme are given in both an additive white Gaussian
noise (AWGN), and multipath Rayleigh fading channels. These simulations are done for different power
allocation policies. Unlike other 3D modulation methods, the results show that OFDM-SPM can be used
with higher order modulation schemes while maintaining all the gains exhibited in OFDM-SPM with BPSK.
This gives OFDM-SPM a unique advantage when compared to other 3D modulation schemes such as
OFDM-IM and OFDM-SNM, which lose the gain in spectral efficiency as the modulation order becomes
higher. Furthermore, the results of OFDM-SPM with QPSK were compared to that of conventional OFDM
with 16-QAM symbol modulation. OFDM-SPM displayed superiority both in terms of BER and throughput
achieving a gain of approximately 2.5-3 dB. These findings clearly point out that OFDM-SPM is a promising
modulation scheme, which should be investigated more vigorously and considered as a strong candidate for
adoption in future 6G and beyond wireless communication systems.

INDEX TERMS BER, IoT, Multipath Rayleigh Channel, OFDM, Power Modulation, Spectral Efficiency,
Throughput, Wireless Communication, Beyond 5G, 6G, Data Rates, BER, Delay, Power Saving.

I. INTRODUCTION

THE next generation of communication systems, namely
5G, is soon to be realized, and the need for 6G technol-

ogy furthermore, seems inevitable. Particularly, unlike the gen-

erations preceding it, 5G specifications have been catered to
various different use cases and applications as required by the
current technological era we live in. As such 5G systems have
introduced novelties in many technological fields. One of the
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most significant characteristics of 5G, is the great data rates it
is able to achieve. Many upcoming data hungry applications
requiring data rates unable to be matched by 4G and 4.5G
systems have emphasized the need of systems capable of
providing much higher data rates. On the other hand, the
upcoming 6G generation of communication systems, brings
use cases with simultaneous requirements that 5G technology
is unable to meet. Where it is expected to serve technolo-
gies such as telemedicine, mixed reality, augmented reality,
haptics, brain-machine interfaces and others as [2] and [3]
clearly show. These technologies require high spectral effi-
ciency and data rates, low complexity and good reliability
simultaneously, thus posing a set of requirements which 5G
technology is unable to handle and emphasizing the need for
new technologies capable of serving these applications.

Working towards improving spectral efficiency and data
rates, various approaches have been considered. A rather
conventional approach is by means of cell densification. This
would enable the enhancement of the data rate within a
specific area, namely the area within the reach of the afore-
mentioned cells, additionally, this is a useful approach to
follow in scenarios of high traffic demand. Cell densification
however results in high costs of site rentals and installations,
furthermore, laying more cells in a network is a time con-
suming process, and its given effect is bounded to a specified
area. Another technology that has been given increasing
importance recently is Millimeter-wave transmission. mm-
wave transmission allows for higher data rates, by using
portions of the frequency spectrum that were previously
unused. This leads to great improvements in the data rate,
however the propagation characteristics of these waves has
hindered its immediate deployment. Where mm-waves can
only propagate through short distances and are extremely
sensitive to external variables. Another approach has been
considering multiplexing techniques other than Orthogonal
Frequency Division Multiplexing (OFDM), these methods
improve the spectral efficiency in the area they are utilized
collectively rather than improving the spectral efficiency
exhibited per user. Massive multiple-input-multiple-output
(MIMO) and Non-Orthogonal Multiple Access (NOMA)
have both been proposed as novel multiplexing techniques.
While found to be promising, these techniques result in
some complications such as more complex digital signal
processing in the transceiver, large latency and low energy
utilization efficiency [4]. A scheme which has shown notable
potential in providing gains in terms of spectral efficiency and
thus data rate is in-band full-duplex, however this scheme has
been obstructed by the self-interference it introduces [5].

Given that OFDM has long been used in the technology of
today, and was essentially the backbone of 3G and 4G com-
munication systems, another approach which has been taken
to improve data rates and spectral efficiency is pairing the
conventional OFDM waveform with an auxiliary modulation
technique capable of laying ground for an extra dimension in
which data can be interpreted thus transmitting more data per
OFDM symbol. In the literature, schemes such as subcarrier-

index modulation OFDM (SIM-OFDM), spatial modulation
OFDM (SM-OFDM), OFDM with subcarrier number mod-
ulation (OFDM-SNM) and OFDM with index modulation
(OFDM-IM) have been reported [6]. A comprehensive study
comparing these modulation techniques in terms of their
working principles, and their performance with respect to
defined metrics has been done in [6].

These techniques bring alongside the conventional am-
plitude and phase of a symbol, a third characteristic which
can be manipulated to introduce an extra data carrying di-
mension. For instance, the indices of transmitting antennas
and active subcarriers of an OFDM block have been used
in SM-OFDM [7] and SIM-OFDM [8] respectively as an
extra degree of freedom which can be used for the encoding
and decoding of extra bits to be transmitted. OFDM-IM [9],
similarly uses the indices of the active subcarriers of smaller
sub-blocks to convey extra data bits. OFDM-SNM [10] con-
veys data by manipulating the number of active subcarriers
within smaller OFDM sub-blocks. While these techniques
were able to achieve some gain in terms of spectral efficiency,
each has its own shortcomings some of which are inherent
due to the working principles of the scheme itself. Where
some of these schemes require a highly complex transceiver
structure, and others, such as schemes which depend on the
indices of the active subcarriers have shown an inability to
provide the same gains at high transmission rates, as such
the gain of schemes such as IM-OFDM and SIM-OFDM has
been reported to erode when paired with higher order symbol
modulation techniques [11], this claim has been confirmed
by [12] as well. This results in ultimately limiting the scope
of applicability of these schemes, and bounds them to select
applications and use cases. Furthermore, the working prin-
ciples of some schemes such as OFDM-SNM and OFDM-
IM dictate the inactivation of a portion of the subcarriers of
the OFDM blocks or sub-blocks. This conceptually leads to a
decrease in the data rate. However, this is compensated for by
the data transmitted by the additional dimension which was
established, or by other auxiliary techniques introduced by
follow-up research. For example, aiming to enhance OFDM-
IM, researchers were able to devise schemes which utilize
the subcarrier indices of the OFDM block, without resorting
to the need of deactivating some of the subcarriers. Multiple
Mode (MM)-OFDM-IM [13] and Dual Mode (DM)-OFDM
with Index modulation [14], are examples of this which
evidently achieve better spectral efficiency than OFDM-IM.
Further research has also led to the extension of some of
these concepts to a wide variety of different domains. This
has lead to the emergence of a multitude of schemes within
each domain. As such, many surveys have been done on the
concept of index modulation in OFDM, reviewing the various
domains to which it has been applied. In [15], it is shown
that the concept of index modulation has been to extended
to the space [7], frequency [9], space-frequency [16] and
space-time [17] domains. Furthermore, [18] has shown that
the concept of index modulation has also been extended to
the angle domain, where Polarization Shift Keying (PolarSK)
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[19] and other schemes were proposed. This scheme uses the
polarization states to convey index information in the angle
domain, thus achieving a high spectral gain at a minor cost in
terms of hardware complexity [18]. Other schemes which uti-
lized index modulation in the angle domain followed, bring-
ing higher spectral efficiency and better BER performance
[18]. Index modulation has also been extended to the chan-
nel domain [20], where Channel Domain Index Modulation
(CD-IM) also known as Media Based Modulation (MBM)
[21] has been proposed. Contrary to other index modulation
techniques, MBM focuses the IM operations on the variable
channel states, rather than the antennas, subcarriers or time
slots at the TX/RX in order to convey additional information
bits. However, while MBM is able to achieve great gains
in terms of spectral and energy efficiency, it faces several
challenges, such as the large size of the training overhead
required for acquiring the channel states, which are essential
to the working mechanisms of MBM [20]. Finally, further
research has also improved the performance of OFDM-SNM,
where Enhanced OFDM-SNM scheme has been proposed
[22] to improve the reliability performance of the original
OFDM-SNM scheme.

Furthermore, Orthogonal Frequency Division Multiplex-
ing with Subcarrier Power Modulation (OFDM-SPM) has
recently been proposed1 in [24], [25]. This scheme also adds
a third dimension to carry extra data bits which is the power
of the OFDM subcarriers. In [24], [25], OFDM-SPM was
introduced with BPSK symbol modulation. It displayed var-
ious merits in terms of spectral efficiency, energy efficiency,
transmission times, complexity and is characterized by the
absence of any form of inherent error propagation. However,
a critical question that appears at the forefront of what is
to be investigated regarding OFDM-SPM is whether these
performance gains persist when OFDM-SPM is paired with
higher order symbol modulation techniques such as M-ary
PSK. This is critical to know because other schemes such as
OFDM-IM and OFDM-SNM have shown a decay in spectral
gain when paired with higher order modulation schemes.
As such, this paper pairs OFDM-SPM with QPSK symbol
modulation as an example of a higher order two-dimensional
modulation scheme and investigates its ensuing studies re-
garding validity and performance. The main contributions of
this paper can be summarized as:

• Pairing OFDM-SPM with a two dimensional modula-
tion scheme (QPSK), explaining how SPM can be ap-
plied to a two dimensional symbol modulation scheme,
and investigating whether pairing OFDM-SPM with
higher order modulation schemes leads to a decay in the
scheme’s gain.

• The performance analysis of OFDM-SPM with QPSK
in terms of power efficiency, spectral efficiency and
other metrics is provided.

1It has been reported that power has been used as an extra degree of free-
dom along with index modulation in the domain of optical communications,
yielding however only marginal gains in the spectral efficiency as in [23].

• Providing comprehensive numerical simulation results
for OFDM-SPM in terms of BER and throughput under
different use cases and for both the power saving and
power reallocation policies.

• A comparison between conventional OFDM with 16-
QAM symbol modulation and OFDM-SPM with QPSK
in terms of BER and throughput is carried out with
numerical simulations. This comparison is done under
fair conditions where an OFDM-SPM block uses the
same power as that of an OFDM with 16-QAM block.

OFDM-SPM with QPSK has displayed superiority to con-
ventional OFDM with QPSK in terms of various metrics.
Overall, OFDM-SPM brings the following advantages when
compared to conventional OFDM with QPSK:

• OFDM-SPM with QPSK attains a doubling in the spec-
tral efficiency and thus data rate of the system, when
compared to that of conventional OFDM with QPSK.
As such, OFDM-SPM requires only half the number of
subcarriers required by conventional OFDM to transmit
the same number of bits, equally stated it can be said
that OFDM-SPM with QPSK offers a data rate equal to
that of an OFDM system employing 16-QAM symbol
modulation.

• OFDM-SPM with QPSK uses half the transmission
power used by conventional OFDM. Additionally, it
also reduces the overall transmission delay of the sys-
tem. This is due to the fact that OFDM-SPM with QPSK
uses half the number of subcarriers used by conventional
OFDM, which translates to fewer resources in the time
domain as well. This reduction of the number of subcar-
riers used also gives OFDM-SPM the potential to reduce
the IFFT size to half of its original size, thus reducing
the overall complexity of the system.

• As OFDM-SPM uses fewer subcarriers thus saving
power, it is characterised with flexibility in the sense that
this saved power can be reallocated to improve the error
performance of the system, or saved according to the
needs of the application.

Additionally, since OFDM-SPM with QPSK achieves a
data rate similar to that of conventional OFDM with 16-QAM
symbol modulation, this encourages a comparison between
the two, OFDM-SPM displayed the following merits:

• Under fair conditions, where an OFDM-SPM symbol
with QPSK is given the same power as that of OFDM
with 16-QAM, OFDM-SPM with QPSK is shown to
display a 2.5-3dB gain in the BER of the system while
also achieving 3-4dB gain over the throughput of a 16-
QAM transmission system.

• A comparison between OFDM-SPM with QPSK and
conventional OFDM with 16-QAM, where OFDM-
SPM uses half the power used by conventional OFDM
is given as well. It was found that OFDM-SPM with
QPSK provides a near identical performance to that
of conventional OFDM with 16-QAM while requir-
ing only the power used by conventional OFDM with
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QPSK which is specifically a half of the power used
by conventional OFDM with 16-QAM, thus reducing
the power consumption greatly. This also characterizes
OFDM-SPM with flexibility once again, as it gives the
user the option between using OFDM-SPM with QPSK
rather than conventional OFDM with 16-QAM to attain
the same performance while reducing the transmission
power significantly, or using OFDM-SPM with QPSK
with the same power as that of conventional OFDM with
16-QAM to provide a BER and throughput which is
superior to that of conventional OFDM with 16-QAM.

Overall OFDM-SPM can be described as a highly spec-
trally efficient system, which adds little complexity to the
transceiver structure of the system, and is actually capable of
reducing it. Furthermore, OFDM-SPM seems to be an ideal
fit for applications in the IoT domain due to its low complex-
ity, low power requirements, small time delays, flexibility
and spectral efficiency, meeting many of the various demands
required by IoT applications. This and the above-mentioned
gains which can be achieved by OFDM-SPM display how
it can be utilized to serve 5G applications. Furthermore, the
advantageous characteristics of OFDM-SPM, and the find-
ings from the comparisons emphasize it as being a potential
candidate for 6G applications such as mixed reality, real
time gaming, high definition video streaming, and brain-
machine interfaces, all of which require low latency, good
reliability, low complexity and extremely high throughput,
which OFDM-SPM in one way or another works to meet.

The remaining sections of this paper are organized as fol-
lows. The OFDM-SPM system model and how it is conceived
with a two dimensional constellation scheme (QPSK) is ex-
plained and illustrated in Section II. Performance analysis is
carried out in section III. Performance demonstration is given
in section IV. Finally, the conclusion and future promising
research works are given in Section V.

II. OFDM-SPM: SYSTEM MODEL
In this section, we explain and illustrate in detail the trans-
mitter and receiver designs of the proposed OFDM-SPM
scheme.

A. THE TRANSMITTER DESIGN
The main concept of OFDM-SPM is to manipulate the power
of each subcarrier in the OFDM block to transmit more
than one bit per subcarrier. The general architecture of the
transmitter is depicted in Fig. 1.

Unlike conventional OFDM, OFDM-SPM splits the serial
input bit stream of length 2n log2 M into two sub-streams
of n log2 M bits, where n is the number of subcarriers in
the OFDM block used to carry data and M represents the
modulation order, which in the case of QPSK is 4. As such,
log2 M is the number of bits per symbol according to the
symbol modulation scheme used.

As can be seen from Fig 1, one of the substreams deter-
mines the power of the in-phase and quadrature subcarriers
of the OFDM block, where the (2i - 1)th bit determines the
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Symbol 
modulator
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symbols to 
subcarriers
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OFDM 

Transmitter 
(IFFT, CP, 

DAC)

n𝒍𝒐𝒈𝟐𝑴
𝒃𝒊𝒕𝒔
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𝒃𝒊𝒕𝒔

Tx Antenna
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FIGURE 1. Transmitter structure of OFDM-SPM

power level of the ith in-phase subcarrier, and the 2ith bit
determines the power of the ith quadrature subcarrier utilized
to carry data where i varies from 1 to n. Consequently, a
’00’ corresponds to setting the power of both the in-phasae
and quadrature subcarriers to low power, a ’11’ corresponds
to setting both to high power, a ’01’ corresponds to setting
the in-phase subcarrier to high power and the quadrature
subcarrier to low power ,and a ’10’ indicates the opposite.
The second sub-stream of bits is modulated using regular
QPSK modulation. The QPSK symbols are then assigned to
their respective subcarriers. Finally, the symbols go through
the remaining steps of the conventional OFDM transmission
process, including inverse fast Fourier transform (IFFT),
cyclic prefix (CP) addition, and digital-to-analog conversion
(DAC).
Thus, OFDM-SPM results in 4 different constellation points
for each of the in-phase and quadrature subcarriers as in Fig.
2. Since the in-phase and quadrature subcarriers are orthog-
onal to each other, this gives us a total of 16 constellation
points for this scheme.

FIGURE 2. Constellation points of in-phase / quadrature subcarriers of
OFDM-SPM with QPSK

As QPSK can equally be seen as two orthogonal branches
of BPSK, In Fig. 2, ’00’ can be seen as corresponding to
a low power in-phase/quadrature subcarrier carrying a ’0’
modulated by BPSK (the corresponding in-phase/quadrature
component of the QPSK symbol), ’11’ corresponds to a
high power subcarrier carrying a ’1’ modulated by BPSK,
’01’ corresponds to a low power subcarrier carrying a ’1’
modulated by BPSK, and vice versa. Keeping in mind that
we have two orthogonal subcarriers namely the in-phase
and quadrature, we see that OFDM-SPM with QPSK by
controlling the power levels of the in-phase and quadrature
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subcarriers of the OFDM block gives us a total of 4 bits per
symbol, where each component in-phase or quadrature car-
ries 2 bits. Furthermore, in Fig. 2 Eb denotes the energy per
bit, and L and H denote the amplitude levels corresponding to
the low and high power levels of the subcarriers, respectively.

Aiming to optimize the performance of the scheme in
terms of BER and throughput, the H and L values were de-
termined. This was done while taking into consideration that
the found values must not lead the average energy per OFDM
block to be more than that of conventional OFDM with
QPSK. This constraint makes sure that OFDM-SPM not only
brings a great gain in spectral efficiency, but also requires
no extra power, and was found to rather save power when
compared to conventional OFDM, this will be displayed by
the following example.

Example : A simple scenario to fully illustrate the merits
of OFDM-SPM, and give a clear comparison between it and
conventional OFDM is given. Assuming we were to transfer
208 bits, let us simply investigate the resources required by
each scheme. If we were to use conventional OFDM with
QPSK, 104 subcarriers would be required, each requiring
power P and bandwidth W, resulting totally in 104P and
104W power and bandwidth respectively. However, by utiliz-
ing OFDM-SPM, 52 subcarriers would be able to transfer the
same number of bits, resulting in a total power and bandwidth
of 52P and 52W.

As illustrated in Fig. 3, OFDM-SPM manipulates the
power of the in-phase and quadrature subcarriers of the
OFDM block to convey twice the amount of data bits thus
doubling the spectral efficiency where conventional OFDM
as per the figure uses 2W bandwidth, whereas OFDM-
SPM only requires W bandwidth for the same number of
bits transmitted. Additionally, OFDM-SPM reduces the total
power usage by half as a consequence of using only half
the number of subcarriers used by conventional OFDM. This
saved power provides OFDM-SPM with flexibility since this
power can either be saved or reallocated according to the
requirements of the application. Applications requiring low
complexity and low power can benefit from this merit of
OFDM-SPM, thus presenting OFDM-SPM as a favorable
modulation scheme for applications such as IoT. For appli-
cations requiring a less erroneous BER, the saved power can
be reallocated resulting in an enhanced BER.

The low and high power levels of the in-phase and quadra-
ture subcarriers which optimize the resulting BER of the
system are found by means of a successive process of ex-
haustive trial and error experiments. The power levels in the
cases of power saving, and power reallocation policies [8] are
defined according to Eq. (1) and (2), respectively, where the
equations refer to bits carried by either subcarrier, in-phase
or quadrature and apply to both.

L2 +H2 = 2Eb (1)

L2 +H2 = 4Eb (2)

FIGURE 3. Comparing OFDM-SPM and conventional OFDM
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Since OFDM-SPM with QPSK was compared to conven-
tional OFDM with 16-QAM, it was necessary to make the
average power per OFDM block of both schemes equal, so
as to ensure a fair comparison. As such, the optimal H and L
values of OFDM-SPM were found according to Eq. (3)

L2 +H2 = 8Eb (3)

In the case of power saving for example, Eq. (1) is fol-
lowed to determine the values of H and L. By setting the value
of H to an arbitrary value, the corresponding value of L can
be found as follows:

L =
√
2Eb −H2 (4)

The optimal values of H and L in the case of power
reallocation and when OFDM-SPM is compared to OFDM
with 16-QAM were found in a similar manner, but using Eq.
(2) and Eq. (3) respectively instead of Eq. (1).

Simulations were run for different values of H and L, and
the values resulting in the optimal BER were obtained as H =
1.35 and L = 0.4213 in the case of power saving, H = 1.918
and L = 0.5668 in the case of power reallocation, and H =
2.7 and L = 0.8426 in the case of Eq. (3).

B. CHANNEL MODEL
The channel is assumed to be a slowly varying, Rayleigh
multi-path fading channel with L exponentially decaying
taps, denoted by h = [h0, h1, · · · , h(L−1)] [10], [26]. As
such the received symbols are given as:

y = x~ h+ n, (5)

where ~ represents the convolution operation. Also, the
symbols x, y, h and n are vectors representing the trans-
mitted time domain samples, received samples in the time
domain, the channel impulse response, and the additive white
Gaussian noise, respectively. Furthermore, the n vector can
be statistically characterized by

n ∼ N (0, N0) ,

where the elements (noise samples) of n has zero mean and
variance equal to N0. Additionally, the channel is slowly
varying in time such that it is assumed to be constant for
multiple OFDM symbols duration before it changes indepen-
dently in the subsequent time intervals.

C. THE RECEIVER DESIGN
OFDM-SPM is one of the few schemes capable of adding
a third dimension, while adding minor complexity to the
receiver structure. This is a significant merit for OFDM-
SPM (i.e., highly desirable for future wireless standards). The
receiver structure is shown in Fig. 4. Initially, the scheme
goes through many of the processes of conventional OFDM
reception such as ADC, CP removal, FFT, etc. At the sym-
bol detection phase however, the detection is done in two
separate demodulation blocks in a parallel manner. The first
detects the bits conveyed by the power levels of the in-phase
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Receiver 
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Remove CP, 
FFT)

Subcarrier 
power 

detection and 
demodulation

Symbol 
demodulator

Received 
bits

Rx Antenna

n𝒍𝒐𝒈𝟐𝑴
𝒃𝒊𝒕𝒔

n𝒍𝒐𝒈𝟐𝑴
𝒃𝒊𝒕𝒔

FIGURE 4. Receiver structure of OFDM-SPM

/ quadrature subcarriers, and encompasses non-coherent de-
tection. This is done by means of measuring the power of
each subcarrier, and comparing it with a specified threshold
T. For optimum performance, this threshold is determined
as the power corresponding to the midpoint between the
high and low-level amplitudes given to the subcarriers. If
the power of a subcarrier is lower than the threshold, a low
power subcarrier is detected, hence interpreting a ’0’ and vice
versa. The other demodulator performs conventional QPSK
demodulation to the symbols.

The aforementioned midpoint and threshold T used for
non-coherent detection are given by Eq. (6) and (7), as
follows.

midpoint =

(
L+H

2

)
(6)

T =

(
L+H

2

)2

(7)

It is important to note that the detection process of the bits
conveyed by the subcarrier power by means of thresholding
adds little complexity to the receiver structure of the system.
In terms of complexity, this gives OFDM-SPM an advantage
over other schemes such as OFDM-SNM, OFDM-IM and
SIM-OFDM which have employed either a maximum like-
lihood (ML) detectors for optimum performance, or a log
likelihood ratio (LLR) detector for reduced complexity [6].
Both of these, however, introduce far more complexity to the
receiver structure than that of OFDM-SPM.

III. PERFORMANCE ANALYSIS
A. POWER AND SPECTRAL EFFICIENCY
Unlike other schemes, in OFDM-SPM, the number of sub-
carriers which are active in each OFDM block does not
vary. In particular, all the subcarriers are utilized for data
transmission, which is why measuring the spectral and power
efficiency of OFDM-SPM is rather simple. Referring to Fig.
3, it is evident that OFDM-SPM always attains a doubling
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of the spectral efficiency, and a reduction of the transmission
power by half. Furthermore, when compared to conventional
OFDM with 16-QAM, OFDM-SPM was found to use a
half of the power used by conventional OFDM with 16-
QAM while achieving near identical performance in terms
of spectral efficiency, BER and throughput.

B. COMPLEXITY
One of the main advantages of OFDM-SPM when compared
to other schemes such as OFDM-IM, and OFDM-SNM is the
minor computational complexity which its transceiver struc-
ture adds to the traditional transceiver structure of conven-
tional OFDM. As the order of computational complexity of
OFDM-SPM, is in the order of O(M), where M is the modu-
lation order, which is similar to that of conventional OFDM.
As shown in [6], OFDM-SNM exhibits a higher complexity
than OFDM-SPM. OFDM-IM furthermore, displays similar
complexity, where it is also in the order of O(M), when
implementing an LLR detector. However, when considering
the number of FLOPs (floating point operations) which both
OFDM-IM and OFDM-SPM add to the conventional OFDM
transmission and reception processes, it can be shown that
OFDM-IM with its LLR detector adds far more complex
operations, this is because the calculation of the LLR value
for each detected bit requires the a-posteriori probabilities
of all the possible transmitted signal vectors [27], whereas
OFDM-SPM simply requires the comparison of the power of
the subcarriers of each symbol with a given threshold which
adds a negligible number of FLOPs relative to OFDM-IM.

C. BIT ERROR RATE (BER)
Since QPSK can be seen as two identical orthogonal BPSK
branches, the average BER of OFDM-SPM with QPSK will
be identical to that of OFDM-SPM with BPSK [24], as the
average of two identical quantities is the respective quantity
itself. Similar to OFDM-SPM with BPSK there are two
possible causes of errors. Firstly, an error arising from the de-
tection of the bits of the modulated symbols carried by the in-
phase/quadrature subcarriers. The second cause of a possible
error is the detected power level of each in-phase/quadrature
subcarrier, where the noise and fading of the channel might
attenuate or amplify the power of a subcarrier, causing a high
power subcarrier to be detected as a low power subcarrier and
vice versa.

Fig. 2 clearly shows that the power of the subcarrier of
a QPSK symbol affects how prone to error it is. As such, a
QPSK symbol assigned to a low power subcarrier is more
likely to be detected in error, as the Euclidean distance
between its constellation points is small. Although assigning
QPSK symbols to low power subcarriers negatively affects
the BER performance of the system, this is compensated
for by the error performance of the symbols assigned to
high power subcarriers. Since two different cases are posed,
the theoretical expression of the BER performance due to
QPSK symbol demodulation is then, the average of the BER
expressions of the high and low power QPSK schemes. Given

that the difference between conventional QPSK and that of
OFDM-SPM is the power of the subcarriers. The expres-
sions can be found by simply adding a multiplication factor
which simulates this change to the expression of conventional
QPSK in both AWGN and Rayleigh fading channels. These
expressions are given as:

1) AWGN Channel
The BER expressions due to the QPSK detection in an
AWGN channel are described as follows:

BERH =
1

2
erfc

(
H

√
Eb

N0

)
(8)

BERL =
1

2
erfc

(
L

√
Eb

N0

)
(9)

BERQPSK =
BERL +BERH

2
(10)

Additionally, the analytical expression of the BER result-
ing from the detection of the powers of the subcarriers is
mathematically derived and given as:

BERP = A+B − C (11)

where A, B and C are the final terms in the BER ex-
pression after the mathematical derivation and the collection
of terms. A, B and C mathematical expressions are found
respectively as follows:

A =
1

2
erfc

(
H − L

2

√
Eb

N0

)
(12)

B =
1

4
erfc

(
3L+H

2

√
Eb

N0

)
(13)

C =
1

4
erfc

(
3L−H

2

√
Eb

N0

)
(14)

BEROFDM−SPM =
BERP +BERQPSK

2
(15)

This theoretical expression displayed by Eq. (15), is plot-
ted against the simulated errors and is found to coincide
perfectly with them.

2) Rayleigh Fading Channel
The BER expressions due to the detection of QPSK in a
Rayleigh fading channel for the case of high power and lower
symbols are described by the following equations:

BERH =
1

2

(
1−

√√√√ H2 Eb

N0

1 +H2 Eb

N0

)
(16)

BERL =
1

2

(
1−

√√√√ L2 Eb

N0

1 + L2 Eb

N0

)
(17)

BERQPSK =
BERL +BERH

2
(18)
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Furthermore, the BER arising from the detection of the
power of the in-phase/quadrature subcarriers are given by the
following equations:

BERP = A+B − C, (19)

where A, B and C are the final terms in the BER expression
after the mathematical derivation and the collection of terms.
A, B and C mathematical expressions are found respectively
as follows:

A =
1

2

(
1−

√√√√ (H−L
2 )2 Eb

N0

1 + (H−L
2 )2 Eb

N0

)
(20)

B =
1

4

(
1−

√√√√ (H+3L
2 )2 Eb

N0

1 + (H+3L
2 )2 Eb

N0

)
(21)

C =
1

4

(
1−

√√√√ ( 3H+L
2 )2 Eb

N0

1 + ( 3H+L
2 )2 Eb

N0

)
(22)

Thus, the total average BER of OFDM-SPM with QPSK
theoretically is the average of Eq. (18) and (19).

BEROFDM−SPM =
BERP +BERQPSK

2
(23)

The expression given by Eq. (23) was plotted and found to
fairly coincide with the simulated results.
Due to the similarity of the manner followed in the derivation
of the total BER expressions of OFDM-SPM with QPSK in
an AWGN and Rayleigh fading channel, it is found sufficient
that the detailed derivation of the BER expression of OFDM-
SPM in a Rayleigh fading channel is given in the Appendix.

It is important to note that, when OFDM-SPM utilizes the
power of the in-phase and quadrature subcarriers as an addi-
tional data carrying dimension, it does not lead to any kind of
error propagation. Error propagation has been exhibited in a
number of schemes such as SIM-OFDM [28], where the error
propagation stood out as a critical drawback. Furthermore,
the detection processes of the QPSK bits and power bits in
OFDM-SPM exhibit an independence in the sense that an
error in the detection of one does not necessarily lead to
an error in the other. This is because the QPSK detection
involves detecting the phase of the carried QPSK symbol,
whereas the detection of the power bits involves measuring
the power of the in-phase and quadrature subcarriers.

IV. PERFORMANCE DEMONSTRATION
Numerical simulations displaying the BER and throughput
performance of OFDM-SPM with QPSK were conducted.
Table I shows the simulation parameters used in this study.
The system was simulated in both an AWGN and a multipath
Rayleigh fading environment. The Rayleigh fading channel
is slowly time-varying such that it is assumed to be constant
for a block of OFDM symbols, but changes independently
from one block to another. The results are displayed under
different power allocation policies.

TABLE 1. Simulation Parameters

Modulation type BPSK (M = 2)
IFFT / FFT size 64

Subcarriers for data n 52
Symbols allocated for cyclic prefix 16

Number of inactive subcarriers for out of band emission 12
Number of OFDM symbols 2 × 104

Multipath channel delay samples locations [0 3 5 6 8]
Multipath channel tap power profile (dBm) [0 -8 -17 -21 -25]

A. POWER SAVING POLICY
By referring to Fig. 3, we can see that OFDM-SPM uses
only half the number of subcarriers that conventional OFDM
would require to send the same number of data bits. Thus,
half the power used by conventional OFDM is unused (i.e.,
saved) by OFDM-SPM. In the power saving policy, this
power is saved to match requirements of low power applica-
tions (e.g., IoT). This inherently results in a better power ef-
ficiency when compared to conventional OFDM. The power
levels in the simulation of this case are defined as in Eq. (1),
and were found as H = 1.35 and L = 0.4213.
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FIGURE 5. BER of OFDM-SPM with power saving

As can be seen from the results in Fig. 5, the overall, aver-
age performance of OFDM-SPM when compared to conven-
tional OFDM with QPSK displays a noticeable degradation
in the BER both in the case of an AWGN and Rayleigh fading
channel; however, compensating for it is an equally signifi-
cant improvement in the system throughput as can be shown
in Fig. 6. It can be seen that the throughput is doubled for
high values of SNR amounting to a doubling in the data rate
(4bps/subcarrier) in the case of both Rayleigh and AWGN
channels. Furthermore, from Fig. 6, OFDM-SPM is able to
achieve a throughput of 3.9 (bps/subcarrier) for SNR values
as low as 9dB in an AWGN channel, and 16dB in a Rayleigh
fading channel. Even at low SNR values, as low as 0dB,
OFDM-SPM achieves a data rate of 3.15 (bps/subcarrier)

8



Hamamreh et al.: The Generalization of OFDM With Subcarrier Power Modulation

0 5 10 15 20 25 30 35

Eb/N0 (dB)

0

0.5

1

1.5

2

2.5

3

3.5

4

T
h

ro
u

g
h

p
u

t 
(b

p
s/

su
b

ca
rr

ie
r)

Ray. OFDM-SPM by QPSK

Ray. OFDM-SPM by power

Ray. OFDM-SPM by both (QPSK and power)

Ray. Conv. OFDM with QPSK

AWGN OFDM-SPM by QPSK

AWGN OFDM-SPM by power

AWGN OFDM-SPM by both (QPSK and power)

AWGN Conv. OFDM with QPSK

FIGURE 6. Throughput of OFDM-SPM with power saving

and 3 (bps/subcarrier) in an AWGN and Rayleigh fading
environment respectively, compared to 1.84 (bps/subcarrier)
and 1.71 (bps/subcarrier) of conventional OFDM. More im-
portantly however, this large gain in throughput is achieved
while using only half the power used by conventional
OFDM, thus characterizing OFDM-SPM as a fit candidate
for low power, low complexity applications. It is critical to
note that the theoretical expressions derived for OFDM-SPM
in both AWGN and fading channels coincide exactly with the
simulated findings, thus proving and validating the accuracy
of the derived BER.

B. NON-OPTIMIZED POWER REALLOCATION POLICY
The power which OFDM-SPM saves can be utilized to the
scheme’s advantage. As the power saving policy shows a
degradation in the BER, this saved power can be reallocated
to the subcarriers of the OFDM symbol, resulting in an
enhanced BER. The method through which the saved power
is redistributed amongst the subcarriers will ultimately affect
the BER performance. Power reallocation has been investi-
gated for two different cases.

First is the non-optimized case. In this scenario, the
gain of OFDM-SPM is clearly displayed. Unlike conven-
tional OFDM, OFDM-SPM can be viewed as a transmission
method that provides two streams of data. One of them being
the bits carried by the QPSK symbols, and the other being
the bits carried by the power of the in-phase and quadrature
subcarriers of the OFDM block. In this scheme, power is
reallocated such that the bit error rate performance of the
bits carried by the QPSK symbols does not degrade but is
rather less erroneous than the case of conventional OFDM.
This is done by setting the high power level of the subcarriers
to
√
3, and the low power level to L = 1. This QPSK data

stream exhibits a bit error rate superior to that of conventional
OFDM, this is especially evident in a Rayleigh environment

0 5 10 15 20 25 30 35

Eb/No, dB

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

B
it 

E
rr

o
r 

R
a

te

Ray. OFDM-SPM avg. sim.

Ray. OFDM-SPM power sim.

Ray. OFDM-SPM QPSK sim.

Ray. OFDM-SPM avg. theor.

Ray. Conv. OFDM with QPSK

AWGN OFDM-SPM QPSK sim.

AWGN OFDM-SPM QPSK theor.

AWGN OFDM-SPM power sim.

AWGN OFDM-SPM power theor.

AWGN OFDM-SPM avg. sim.

AWGN OFDM-SPM avg. theor.

AWGN Conv. OFDM with QPSK

FIGURE 7. BER of OFDM-SPM with non-optimized power reallocation
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FIGURE 8. Throughput of OFDM-SPM with non-optimized power reallocation

as the gain reaches 2dB as can be seen in Fig. 7. This gain
is because the high power bits map to constellation points
which are further apart than that of conventional OFDM.
Furthermore, an additional data stream is provided by the
bits carried by the power levels of the subcarriers. Although,
this stream exhibits a high frequency of errors, it can be seen
as a mere additional benefit to the enhanced QPSK bit error
rate. Furthermore, the erroneous bit stream can be assigned
to a user application that does not require ultra reliability
such as audio streaming services. The theoretical errors of
OFDM-SPM in an AWGN channel were found to match the
simulated results as well.

Furthermore, the gains in terms of throughput are evident
from Fig. 8. Although the power reallocation has not been
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optimized for this case, the throughput achieved still exceeds
that of the power saving policy. In this case, for values of
SNR as low as 0 dB OFDM-SPM was able to achieve a
throughput of 3.31 (bps/subcarrier), and 3.2 (bps/subcarrier),
compared to 1.84 (bps/subcarrier), and 1.71 (bps/subcarrier)
of conventional OFDM in an AWGN and Rayleigh fading
channel respectively. Furthermore, at high values of SNR a
doubling of the throughput is achieved. This basically reflects
the scheme’s capability of doubling the spectral efficiency of
the system.

C. OPTIMIZED POWER REALLOCATION POLICY
In this case, the optimal power levels which provide optimal
average BER for OFDM-SPM were found according to Eq.
(2). Exhaustive trial and error optimization was used to find
the corresponding optimal H and L values, which were found
as H = 1.918 and L = 0.5668. As Fig. 9 shows, the bit error
rate performance of the scheme is improved by 3 dB for
a Rayleigh fading channel and approximately 2.5dB for an
AWGN channel. Although a deterioration in the bit error
rate is still observed when compared to conventional OFDM,
the overall gains that OFDM-SPM offer can outweigh this
degradation. Furthermore, the theoretical BER expressions
for OFDM-SPM in an AWGN channel were also found to
match with the simulation results for this case.
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FIGURE 9. BER of OFDM-SPM with optimized power reallocation

Fig. 10 also displays the gain of OFDM-SPM by the
throughput performance of OFDM-SPM with optimized
power reallocation, where for values as low as 0dB, through-
puts of 3.44 (bps/subcarrier) and 3.26 (bps/subcarrier)
are achieved compared to 1.84 (bps/subcarrier) and 1.71
(bps/subcarrier) of conventional OFDM in an AWGN and
Rayleigh fading channel respectively. Furthermore, this
power reallocation policy achieved a throughput of 3.9
(bps/subcarrier) at SNR values as low as 6.5dB and 12dB
in AWGN and Rayleigh fading channels respectively. As

is expected from OFDM-SPM, a complete doubling of the
system throughput is achieved at higher values of SNR for
this case as well.

Comparing the proposed scheme with conventional
OFDM with 16-QAM, it can be seen that using the power re-
allocation policy of OFDM-SPM with QPSK results in a near
identical performance to that of conventional OFDM with
16-QAM, while using only half the power. In a Rayleigh
fading channel, OFDM-SPM provides a slight gain in terms
of BER and throughput over conventional OFDM, however,
the opposite is true in an AWGN channel. Overall, this small
difference is negligible whereas the power saved is large, giv-
ing OFDM-SPM a clear advantage over conventional OFDM.

It is also worth mentioning that the proposed OFDM-SPM
with QPSK shows superior performance over MM-OFDM-
IM and MM-OFDM-IM-IQ [13]. A comparison was done
between both of these schemes and OFDM-SPM. In order
to ensure a fair comparison, it was made sure that both
schemes provide similar throughputs and average energy
usage. To this end, the BER of OFDM-SPM with QPSK
under power reallocation was compared to that of MM-
OFDM-IM (4,8) QAM that achieves a maximum throughput
of 3.875 bps/Hz, which is nearly equivalent to the throughput
achievable by OFDM-SPM with QPSK (4bps/Hz), thus the
comparison is in favor of MM-OFDM-IM. In spite of that, it
was found that OFDM-SPM achieves a BER of 10-2, 10-3

and 10-4 at 16.4 dB, 26.5 dB and 36.5 dB respectively;
whereas MM-OFDM-IM achieves these same BER values at
approximately 22.5 dB, 28 dB and 37 dB, respectively, as
can be found in [13]. This clearly shows that OFDM-SPM
offers a better BER performance than MM-OFDM-IM while
also achieving a slightly higher throughout performance.
Additionally, the BER and throughput results of OFDM-
SPM with QPSK under the power reallocation scheme were
compared with MM-OFDM-IM-IQ with (2,4) PAM [13]
which also achieves a maximum throughput of 4 bps/Hz.
The results show that OFDM-SPM with QPSK displays a
better BER performance up until a certain point, which is
approximately the 35 dB mark, after which MM-OFDM-IM-
IQ displays a slightly better BER performance. To illustrate
the performance, we present the following remarks. OFDM-
SPM achieves a BER of 10-2, 10-3 and 10-4 at 16.4 dB, 26.5
dB and 36.5 dB respectively. On the other hand, MM-OFDM-
IM-IQ achieves these same BER values at approximately 21
dB, 27.5 dB and 35 dB. The throughput results furthermore,
show that OFDM-SPM has a major clear and consistent ad-
vantage over MM-OFDM-IM-IQ, Where MM-OFDM-IM-
IQ achieves throughput values of 3, 3.5 and 4 bits/s/Hz at
SNR values of 12, 15 and 27 dB, whereas OFDM-SPM
achieves a throughput of 3.26 bits/s/Hz at 0dB, and achieves
values of 3.5 and 4 bits/s/Hz at SNR values of 3.2 and 12 dB
respectively. These results, in addition to the fact that OFDM-
SPM offers a highly less complex transceiver structure high-
lights the superiority of OFDM-SPM over MM-OFDM-IM
and MM-OFDM-IM-IQ systems.
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FIGURE 10. Throughput of OFDM-SPM with optimized power reallocation

D. FAIR COMPARISON BETWEEN OFDM-SPM WITH
QPSK AND CONVENTIONAL OFDM WITH 16-QAM

The comparison between OFDM-SPM and conventional
OFDM with 16-QAM is a justified one since both schemes
achieve a similar bit transmission rate per symbol. In order
to make this comparison a fair one, the average power per
OFDM-SPM with QPSK block was made equal to that of
a conventional OFDM with 16-QAM block. This was done
by setting the H and L power levels according to Eq. (3),
where these values were optimized furthermore and found
as 2.7 and 0.8426 respectively. The results are displayed and
discussed below.

Fig. 11 clearly shows that OFDM-SPM with QPSK is
superior to conventional OFDM with 16-QAM both in BER
and throughput, where OFDM-SPM achieves a 2.5-3dB gain
over conventional OFDM in both an AWGN and Rayleigh
fading channel while using the same transmit power.

In terms of throughput, Fig. 12 shows that OFDM-SPM-
QPSK overall provides a better throughput than conventional
OFDM with 16-QAM, especially at low SNR values. As
OFDM-SPM achieves a throughput of 3.9 (bps/subcarrier)
at an SNR of 3.2 dB and a throughput 4 (bps/subcarrier)at
9 dB, compared to that of 6.5 dB and 13 dB of conven-
tional OFDM with 16-QAM, thus indicating that OFDM-
SPM approximately brings a 3-4dB gain in throughput. Ad-
ditionally, at 0 dB, OFDM-SPM achieves throughputs of 3.69
(bps/subcarrier) and 3.49 (bps/subcarrier) compared to 3.44
(bps/subcarrier) and 3.21 (bps/subcarrier) of conventional
OFDM with 16-QAM, in AWGN and Rayleigh fading chan-
nels, respectively.
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FIGURE 11. BER comparison between OFDM-SPM and OFDM with 16-QAM
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FIGURE 12. BER comparison between OFDM-SPM and OFDM with 16-QAM

Given four different cases that were displayed, OFDM-
SPM managed to prove its ability in doubling the spectral
efficiency, and thus data rate of a communication system even
when paired with a two dimensional higher order symbol
modulation scheme. Following the simulation results, it can
be said that the spectral gain that OFDM-SPM offers is inde-
pendent of the modulation scheme order, unlike OFDM-IM,
OFDM-SNM, and other modulation schemes in which the
spectral gain offered by the third dimension they introduce
deteriorates as the modulation order becomes higher, this
is because OFDM-SPM utilizes all the subcarriers of the
OFDM symbol, and does not base its spectral gain on trading
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the gain of a subcarrier for the gain of another dimension.
Rather, OFDM-SPM completely adds the gain of the third
dimension it introduces to the gain of the subcarriers of the
OFDM block fully.

V. CONCLUSION
In this paper, OFDM-SPM was paired with a two dimen-
sional symbol modulation technique, namely QPSK in which
both the in-phase and quadrature subcarriers are utilized to
carry data. By manipulating the power of the subcarriers of
the OFDM block, OFDM-SPM with BPSK is able to attain
a doubling in the spectral efficiency and data rate of the
system. In order to investigate the consistency and integrity
of the gains of OFDM-SPM when paired with higher order
two dimensional symbol modulation schemes, OFDM-SPM
was paired with QPSK symbol modulation. Since QPSK
uses both in-phase and quadrature subcarriers, OFDM-SPM
is able to manipulate the power of both components of the
subcarriers of the OFDM block, namely the in-phase and
quadrature components.

It was found ultimately, that the gain of OFDM-SPM
persists even when paired with higher order modulation
schemes, thus characterizing OFDM-SPM uniquely as a
scheme which adds a third dimension with a spectral gain
independent of the modulation order. This was made evident
by the results displayed in the performance demonstration
section. In particular, OFDM-SPM was able to achieve a
doubling of the system throughput at high values of SNR
regardless of the power policy followed and regardless of the
channel model.

Furthermore, OFDM-SPM achieved a much higher
throughput than that of conventional OFDM even at SNR
values as low as 5 dB in both AWGN and Rayleigh fading
channels. Although OFDM-SPM exhibits a BER degrada-
tion When compared to conventional OFDM, the merits it
introduces offer a worthy compensation. When comparing
OFDM-SPM with QPSK to conventional OFDM with QPSK,
OFDM-SPM offers reduction of half the transmit power, dou-
bling the throughput, more flexibility in providing different
power reallocation policies, less transmission times due to the
use of fewer subcarriers which translate to fewer resources
in the frequency and time domain, and the possibility of
reducing the system complexity if half the IFFT size is to
be used. The degradation in the BER can be treated by using
the reallocation policy initially; furthermore, it is notable to
mention that other methods in conjunction with OFDM-SPM
can be used to improve the BER performance such as using
coding techniques and antenna receiver diversity schemes;
however, this is left for future research works and studies.

As OFDM-SPM achieves a data rate similar to that of con-
ventional OFDM with 16-QAM, it was found that OFDM-
SPM is able to achieve a performance similar to that of con-
ventional OFDM with 16-QAM while saving half the power.
Furthermore, a fair comparison was done between these two
schemes by equalizing the average power per OFDM block of
both schemes. It was found that OFDM-SPM-QPSK dis-

plays superiority to conventional OFDM with 16-QAM in
both BER and throughput, where OFDM-SPM displayed
a significant gain (2.5-3 dB) over its counterpart.

Other merits of OFDM-SPM as has been previously men-
tioned in the literature is that OFDM-SPM avoids many of the
flaws which are characteristic to other previously proposed
techniques, such as the error propagation in OFDM-SIM and
the complexity of the receiver in OFDM-IM. The complexity
that OFDM-SPM with QPSK adds to the system transceiver
structure is minor and in fact can reduce the complexity
further by reducing the IFFT size for achieving the same
throughput that conventional OFDM can deliver.

Additionally, OFDM-SPM can be seen as a scheme capa-
ble of transmitting two separate data streams. By observing
the BER curves of OFDM-SPM regardless of the power
scheme followed, it is seen that one stream of bits is more
erroneous than the other. This introduces the possibility of
using OFDM-SPM to serve different users with different
bit error rate requirements. These properties of OFDM-
SPM and the findings of OFDM-SPM with QPSK signify
that more importance and research should be done on this
scheme, as the gains are promising. Furthermore, the results
are indicative of OFDM-SPM being a candidate fit for the
requirements of 6G and beyond communication systems.
This is so because OFDM-SPM as per the previous analysis
was able to bring obvious advantages in terms of latency,
throughput, reliability, complexity and power saving, which
are all critical metrics that will ultimately determine future
6G technologies.

VI. FUTURE RESEARCH DIRECTION
Given the observed gains of OFDM-SPM, there is much
future work to be done to improve this scheme and further
affirm its capability of being a modulation scheme to be
utilized in 6G and beyond communication systems. One of
the topics that future research should specifically focus on
is investigating the performance of OFDM-SPM with higher
order modulation schemes such as higher order M-PSK. This
is a very important future research direction because employ-
ing OFDM-SPM to double the spectral efficiency of 8-PSK,
16-PSK and higher modulation schemes would require the
formulation of a greater number of subcarrier power levels,
namely log2 M power levels. Particularly, when employing
M-PSK symbol modulation, this would furthermore require
the allocation of n log2 M to be assigned as the number of
bits to determine the power levels of the subcarriers. As such,
the integrity and performance of the scheme, would then
highly rely upon determining the optimal power levels for
each modulation order, which is why a separate dedicated
research on this topic will be of critical importance in deter-
mining the validity of the adoption of OFDM-SPM in future
communication systems.

Additionally, other future topics which should be studied
are additional techniques which could be paired with OFDM-
SPM to improve its performance, both in terms of bit error
rate and spectral efficiency. Whether techniques which have
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been applied to other schemes can be applied equivalently
to OFDM-SPM, replicating similar results remains an issue
to be investigated. For example, techniques which utilize
pre-coding have been paired with both SM-OFDM [29] and
OFDM-IM [30] systems respectively to improve BER perfor-
mance. Pairing techniques such as these with OFDM-SPM,
if integrated properly can enhance its performance. This
improvement in BER performance could allow OFDM-SPM
to achieve a doubling in the spectral efficiency at a minor
cost in terms of BER degradation, thus making OFDM-SPM
applicable to a vast number of application scenarios and truly
emphasizing its candidacy as a technique to be used in 6G
and beyond communication systems.

It has been recently reported in the literature furthermore,
that both the concepts of SM-OFDM and NOMA have been
paired to introduce a novel cooperating relay system which
uses SM-aided NOMA [31]. This novel system was able to
achieve a superior BER performance when compared to other
preceding schemes within the same structural context. It can
be said however, that while both this system and OFDM-SPM
use power as a main characteristic which can be manipulated
to improve the spectral efficiency of their respective schemes,
the two schemes when compared are both structurally and
conditionally different, thus disallowing a direct comparison
between these schemes. On the other hand, the work in [31]
brings forth a possible subject of future research, which has
yet to be investigated, that is whether OFDM-SPM can be
integrated efficiently with NOMA to yield a more productive
and promising scheme.

Being a novel scheme, it is of utmost importance to truly
understand the magnitude of the advantages of using OFDM-
SPM and of employing it in future generation communication
systems.

.

APPENDIX: OFDM-SPM THEORETICAL BER ANALYSIS

A. DETECTION OF THE QPSK SYMBOLS OF OFDM-SPM

As OFDM-SPM dictates, the power of the in-phase and
quadrature subcarriers is varied according to the incoming
stream of data bits. The effect of the variation of this power
extends to the QPSK symbols as they are carried by their
corresponding subcarriers. As such, the BER expression of
the OFDM-SPM QPSK symbols is different from that of
conventional OFDM with QPSK.
By varying the power of the subcarriers, the Euclidian dis-
tance between the two symbols also changes as is made
evident by Fig. 2. As is known, the BER of QPSK is
statistically determined by the minimum Euclidian distance
between two adjacent symbols. Furthermore, since QPSK
consists of two orthogonal BPSK schemes, one can treat the
BER expressions of QPSK and BPSK to be equivalent. As
such, in order to derive the BER expression of QPSK when
used with OFDM-SPM, we start from the BER expression of
BPSK in a Rayleigh fading channel, which is our channel of

interest, which is given by Eq. (24)

BER =
1

2

(
1−

√√√√ Eb

N0

1 + Eb

N0

)
(24)

Eq. (24) shows the BER expression of a BPSK symbol
with energy Eb

N0
. In OFDM-SPM, the energy of the symbol

is changed to either high or low according to the power of the
subcarrier which carries it. As such, a multiplication factor
must be introduced to Eq. (24) to compensate for variation
in the energy of the symbol. As H and L are factors which
determine the amplitude of a symbol with regards to the given
amplitude of a BPSK symbol, these factors can be included
in Eq. (24), to simulate the necessary change. However, these
factors will be squared in order to represent energy rather
than amplitude, resulting in the following equations for the
BER of OFDM-SPM with QPSK, for the high power and low
power symbols respectively.

BERH =
1

2

(
1−

√√√√ H2 Eb

N0

1 +H2 Eb

N0

)
(25)

BERL =
1

2

(
1−

√√√√ L2 Eb

N0

1 + L2 Eb

N0

)
(26)

Additionally, since the probability of occurrence of a high
power or low power symbol is equal, and given that we
must take both the errors due to high power and low power
QPSK symbols into account, the total BER expression for
the detection of the QPSK symbols in OFDM-SPM is given
as the statistical average of Eq. (25) and Eq. (26) as follows:

BERQPSK =
BERL +BERH

2
(27)

Leading us to the same expressions found in Eq. 16 - 18.

B. DETECTION OF THE OFDM-SPM POWER BITS
By referring to Fig. 2, we can use the constellation points

of OFDM-SPM to derive the analytical expression of the bit
error rate of OFDM-SPM. By looking at Fig. 2, it is intuitive
to assume the derivation of the BER expression of OFDM-
SPM will be done in a manner similar to that of 4-PAM.
Similar to the case of 4-PAM, the factors affecting the power
of an OFDM-SPM symbol is the AWGN and the channel
response. Thus, the changes exhibited in the BER expressions
of OFDM-SPM will be to simulate the effect of the different
Euclidean distances between the symbols.

Since the constellation points on the right and left halves
of Fig. 2 are symmetric, we can simply find the probability
of error of the points on either half of the constellation
diagram and then multiply the collective result by a factor
of 2. Arbitrarily, for demonstration purposes, we choose the
right half of the constellation map.
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Our starting point is by observing, that the probability of
a BPSK symbol with energy Eb

N0
being found in error due to

the effects of noise and the channel response is given by the
following equation [26]:

BER =
1

2

(
1−

√√√√ Eb

N0

1 + Eb

N0

)
, (28)

where the Euclidean distance between the symbols is a
function of ratio between the energy of the symbols and
noise variance Eb

N0
. This equation can be used as a basis for

finding the bit error rates of the power detection process of
the symbols of OFDM-SPM.

Generally, we have two cases of error in the right half
of the constellation map, namely Fig. 2. Particularly, either
a low power symbol is wrongly detected as a high power
symbol, or that a high power symbol is detected as a low
power symbol.

Firstly, we consider the case of a low power symbol
being detected as a high power symbol. This can occur in
one of two ways, either the symbol is detected as a high
power symbol with amplitude (H

√
Eb), with a probability of

occurrence which can be found similar to that of Eq. (15),
with a small change to simulate the change in the Euclidean
distance between the two symbols. The minimum distance
for the symbol to be detected as a symbol of amplitude
(H
√
Eb) is H−L

2 . As such, the probability of this occurring,
let’s call it E1 is given as:

E1 =
1

2

(
1−

√√√√ (H−L
2 )2 Eb

N0

1 + (H−L
2 )2 Eb

N0

)
(29)

It is also possible that the low power symbol can be
detected as a high power symbol with amplitude (-H

√
Eb)

which is less likely to occur but still possible. The minimum
distance for the low power symbol to be detected as such is
H+3L

2 , which gives us a probability of occurrence E2:

E2 =
1

2

(
1−

√√√√ (H+3L
2 )2 Eb

N0

1 + (H+3L
2 )2 Eb

N0

)
(30)

Assuming an equal probability of occurrence of 0’s and
1’s, the probability of the occurrence of such a symbol is 1

4 ,
giving the total probability of error as:

1

4
(E1 + E2) (31)

Now, we come to the probability of a high power symbol
being detected as a low power symbol. Starting from the
symbol with amplitude (H

√
Eb), we see that the power bit

conveying the power of this symbol will be detected in error
if the symbol is detected as a low power symbol in either
half of the constellation plane; however, if the noise is high
enough such that the symbol is detected as a symbol with
amplitude (-H

√
Eb), the power bit detected will not be in

error as the power of the symbol remains high. We can take
account of this by subtracting the probability of this occurring
from the probability of the symbol being detected as a low
power symbol. The minimum distance required for the high
power symbol to be detected as a low power symbol is given
as H−L

2 , thus we obtain the probability of this occurrence E3

as:

E3 =
1

2

(
1−

√√√√ (H−L
2 )2 Eb

N0

1 + (H−L
2 )2 Eb

N0

)
, (32)

which is identical to Eq. (16). The minimum distance re-
quired for the high power symbol in the right half of the
constellation plane to be detected as a high power symbol
in the left half plane is 3H+L

2 . As such, the probability of this
occurrence E4 is found as

E4 =
1

2

(
1−

√√√√ ( 3H+L
2 )2 Eb

N0

1 + ( 3H+L
2 )2 Eb

N0

)
(33)

Similar to the previous case, the probabilities are multi-
plied by a factor of 1

4 , and we obtain the following:

1

4
(E3 − E4) (34)

The total probability of error is thus a sum of the terms
in Eq. (18) and Eq. (21). Additionally, since we assumed
symmetry between the symbols of the left half and right of
the constellation plane, and because the terms E1 and E3 are
identical, they can be summed. Thus, we are then left with

E1 +
1

2
E2 −

1

2
E4, (35)

which is identical to the expression given by Eq. (10).
The same manner of derivation can be followed for the

case of the OFDM-SPM BER due to the bits carried by the
power of the subcarriers in an AWGN channel by starting
from the BER equation of BPSK below, instead of Eq. (28).

BERBPSK =
1

2
erfc

(√
Eb

N0

)
(36)
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