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Abstract

As a widely used Intensity Modulation and Direct Detection (IM/DD) system, Asymmetrically Clipped Optical
Orthogonal Frequency Division Multiplexing (ACO-OFDM) is considered one of the most promising modulation
techniques for high-speed optical communications. Conventional ACO-OFDM uses Hermitian Symmetry (HS) to
guarantee a real signal, which results in high computational complexity. The Real Discrete Fourier Transform (RDFT)
and Discrete Hartley Transform (DHT) offer alternative approaches to generating real-valued OFDM signals without the
need for HS. In the existing literature, various modified techniques have been proposed to enhance ACO-OFDM in terms
of bit error rate (BER) or spectral efficiency. However, these methods often suffer from high computational complexity
or poor BER performance due to DC offsets and low-frequency noise. To the best of our knowledge, few studies have
explored low-complexity yet improved ACO-OFDM schemes that use alternatives to the conventional Discrete Fourier
Transform (DFT). In this context, this paper investigates the implementation of Diversity-Combining (DC) and Improved
Noise Cancellation (INC) techniques using the Discrete Hartley Transform (DHT) and Real-DFT in an ACO-OFDM scheme
over an Additive White Gaussian Noise (AWGN) channel. Simulations conducted in MATLAB 2021 show that both DHT-
based and Real-DFT ACO-OFDM achieve similar BER performance compared to conventional ACO-OFDM. Furthermore,
the proposed schemes demonstrate a 3 dB power gain in an AWGN channel over traditional ACO-OFDM. Given their low
complexity and high performance, DHT-based and Real-DFT INC-ACO-OFDM emerge as promising candidates for optical
network systems. Among them, DHT-based solutions are particularly advantageous due to their lower computational
complexity.

Keywords: ACO-OFDM; AWGN; Bit Error Rate; Discrete Hartley Transform; Improved Noise Cancellation method

1. Introduction

Over the years, researchers have explored different techniques to enhance the capacity of optical communication
networks, driven by the exponential growth of services like high-speed internet, cloud computing, and the Internet of
Things. Traditionally, the most common modulation format used in these systems is Non-Return-to-Zero On-Off Keying
(NRZ-00K) [1]-[3], a simple technique that encodes one bit per symbol by switching an optical LED source on and off.
Although NRZ-OOK is easy to implement and offers good energy efficiency at low data rates, it suffers from high
sensitivity to noise and interference. To address this, researchers have turned to alternative methods such as Pulse
Position Modulation (PPM) [4]-[5] and Pulse Amplitude Modulation (PAM) [6]. These methods improve the energy
efficiency and throughput compared with NRZ-OOK. However, they remain vulnerable to inter-symbol interference (ISI)
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due to multipath distortion [7]. To overcome these limitations, Orthogonal Frequency Division Multiplexing (OFDM)
has emerged as a key solution for high-speed optical systems. It uses the Fast Fourier Transform (FFT) to convert data
into multiple subcarriers and it Inverse (IFFT) to get the data back. By applying FFT, the signal is split into orthogonal
frequency components, optimizing spectrum utilization and significantly mitigates ISI [7], enabling higher transmission
rates [8]. The FFT and IFFT process are accelerated and made cost-effective by the availability of numerous FFT and
IFFT algorithms, as well as advancements in field-programmable gate arrays (FPGA) [9]. Despite the advantages of
OFDM systems, they face several challenges, including a high peak-to-average power ratio (PAPR), which necessitates
radiofrequency amplifiers to operate over a wide linear range [10]. Also, OFDM is very sensitive to frequency offsets
and channel variations, which can lead to ISI and Inter-Carrier Interference (ICI). To mitigate these issues, precise
synchronization between transceivers is essential.

Many studies have investigated techniques to address these issues and improve the OFDM performances. Significant
attention has been given to replacing or combining the FFT block in conventional OFDM systems with alternative
orthogonal transforms, such as the Discrete Cosine Transform (DCT), Discrete Sine Transform (DST), Walsh-Hadamard
Transform (WHT), Wavelet Packet Transform (WPT), and DHT block [11]. The primary objectives of these approaches
are to enhance system performance—such as reducing PAPR or bit error rates (BER)—or to decrease computational
complexity [12]-[17].

Conventional OFDM cannot be directly applied to optical systems that use Intensity Modulation with Direct Detection
(IM/DD) because these systems require a real and positive signal. To remedy this, Hermitian Symmetry must be applied
before performing the IDFT. The DHT, in particular, is notable [13] for its real-valued nature, requiring only real
arithmetic operations. This makes it especially suitable for real-valued signals, such as those used in optical
communication systems [14]. Furthermore, the DHT and its inverse (IDHT) share an identical kernel, allowing for the
use of the same circuitry in both the transmitter and receiver [16]. Alternative approaches for obtaining a real-valued
signal without relying on Hermitian symmetry are introduced in [18]-[19]. The first technique, presented in [19], uses
a half-size IFFT/FFT, offering low implementation complexity by transmitting both the real and next, the imaginary
parts of the complex signal. The second method, known as Real-Discrete Fourier Transform (Real-DFT) in [20], uses the
standard IFFT/FFT size but processes only the real part of the signal after zero-padding half of the IFFT inputs [21]. We
find the Real-DFT and DHT approaches particularly interesting due to their low computational complexity, making them
viable alternatives to the traditional FFT/IFFT in OFDM systems. For this reason, they have been included in this paper.

To generate non-negative signals, the initial solution was DCO-OFDM (DC-biased Optical OFDM) which converted the
bipolar OFDM signal into a positive unipolar signal by introducing a direct current (DC) bias. But, the high DC bias
resulted in reduced power efficiency. To improve power efficiency, Asymmetrically Clipped Optical OFDM (ACO-OFDM)
was proposed [19], [21]. However, enhancing the BER or spectral efficiency of ACO-OFDM in optical communications
remains a challenge [22]-[25]. ACO-OFDM is shown for example, to have the same data rate as FLIP-OFDM and U-OFDM
[23], [24]. Asymmetrically clipped DC-biased optical ADO-OFDM is the first hybrid technique that combines aspects of
both DCO and ACO-OFDM [22]. While ADO-OFDM maintains the same data rate as DCO-OFDM, it demonstrates poor
BER performance compared to the previous mentioned methods [23]-[27]. The asymmetrically and symmetrically
clipped optical ASCO-OFDM technique [26] is another hybrid approach that achieves a higher data rate than ACO-OFDM
and FLIP-OFDM, while keeping a comparable BER performance to DCO-OFDM. Superimposed OFDM schemes have
emerged to increase power efficiency, such as Hybrid ACO-OFDM (HACO-OFDM) [27]and Layered ACO-OFDM (LACO-
OFDM) [28]. Their spectral and power efficiency is higher than that of ACO-OFDM. However, their transmitter consists
of multiple OFDM modulation blocks superimposed together, and the receiver requires an iterative OFDM demodulation
to detect the superimposed components. This results in significant higher computational complexity for the entire
system. For low-complexity, advanced non-hybrid techniques like Diversity-Combined ACO-OFDM (DC-ACO-OFDM)
[11]-[12] and our proposed Improved Noise Cancellation ACO-OFDM (INC-ACO-OFDM) [16] have been implemented
using DHT or Real-DFT, rather than the conventional DFT.

This paper extends our work [16] about Improved Noise Cancellation DHT-based ACO-OFDM to alternative low-
complexity scheme. To the best of our knowledge, Improved Noise Cancellation technique or Diversity-Combining
demodulation for Real-DFT approach has never been explored. We propose a low-complexity ACO-OFDM scheme which
implements Real-DFT along with Diversity-Combining or the Improved Noise Cancellation method, aiming to achieve
high power efficiency over an AWGN channel. The performance of the system is studied and compared in terms of BER
and computational complexity.

The rest of this paper is organized as follows. Section 2 describes the proposed ACO-OFDM schemes and methodology

used. Section 3 presents the simulation results and gives some related discussion. Finally, the conclusion is presented
in Section 4.
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2. Material and methods

In this section, we begin by outlining the principles of the conventional ACO-OFDM scheme and its variants using Real-
DFT and DHT transforms. Following that, we present detailed descriptions of the DC-ACO-OFDM and INC-ACO-OFDM
architectures based DHT and Real-DFT, along with a comparison to the corresponding existing methods. After that, we
provide a comprehensive overview of the methodology used.

2.1. Conventional ACO-OFDM technique
The block diagram of conventional ACO-OFDM scheme is depicted in Figure 1. In ACO-OFDM, data symbols are

constrained to exhibit Hermitian Symmetry as in (1) and are transmitted exclusively on odd subcarriers, while the even
subcarriers remain unused and set to zero [27]-[28].

Xk=X*2N—k' O<k<N ............ (1)

The input vector X = [0,X_0,0,X_1,0, ..., 0, X,y_1] with an IFFT input size of 2N, must satisfy condition (1). As a result,
the corresponding time-domain signal x is real and exhibits anti-symmetry, as shown by equation (2). However, in
intensity-modulated direct detection (IM/DD) optical systems, a signal cannot be transmitted directly, because the light
intensity is always non-negative [18].

Xk = —Xk+N > 0<k<N ..................... (2)

To address this issue, zero clipping is applied after the cyclic prefix (CP) is added, allowing negative values to be
suppressed without any loss of information. At the receiver, the CP is removed and data symbols are recovered from
the odd subcarriers after FFT operation, channel estimation and equalization.
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i R 5" S L
o M-QAM Mapper M-QAM Demapper
= | Serial to Parallel (S/P) . % | Parallel to Serial (P/S)
5 0dd subcarriers T | Remove (HS) and Keep
£ modulation s Only Odd Subcarriers
E Hermitian Symmetry (HS) : g Equalization (¥ 40)
his IFFT (size 2N) E Channel Estimation
= -
E Add CP £ FFT (size 2N)
© | Parallel to Serial (P/S) . O CP Removal
S Clipping at Zero < | Serial to Parallel (S/P)
< DAC and LPF LPF and ADC
¥ "~ Optical T
Channe

Figure 1 Conventional ACO-OFDM block diagram

2.2. DHT-based ACO-OFDM scheme

Since the Hartley transform only operates on real numbers, it is preferable to use modulations based on real values,
such as binary phase shift keying (BPSK) and multi-level pulse amplitude modulation (M-PAM). As with DFT-based ACO-
OFDM, in DHT ACO-OFDM, the information is also transmitted on odd-numbered subcarriers only [16]-[17]. As shown
in Figure 2, since the signal obtained after the IDHT block is bipolar, so it is clipped at zero to ensure it is real and
positive. At the receiver, the reverse process of the transmitter is performed to accurately reconstruct the signal.
According to [13],[14] the DHT symbol is given by (3), where N is the IDHT/DHT size, k=0, 1, 2, ..., N-1, and x(n) the
nth symbol sequence.

1 N 2mk . (2mk
h(k) = ﬁzyzé x(n) [cos (“Tn) + sm( HN n)] ......... (3)
Similarly, to return to the frequency domain, a DHT transform is applied as described by (4):
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x(n) = =N h(K) [cos (B52) + sin (B2) ] v (4)
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Figure 2 Block diagram of DHT-based ACO-OFDM scheme

2.3. Real-DFT-based ACO-OFDM scheme

The key idea behind the Real-DFT algorithm is to replace the complex conjugates of the subcarriers with zeros, which
maintains the symmetry of the data for periodic signals [20]. In optical communication systems, Real-DFT is typically
used for signal processing to recover the original complex signal from its real-valued representation. The Real-DFT
technique is particularly useful when dealing with systems where the signal is real-valued, as it allows for the extraction
of complex modulation symbols using only the real part of the signal. As shown in Figure 3-a, the mapped subcarriers
X(n) are zero-padded before the IFFT, rather than applying Hermitian Symmetry as in (5). In the case of Real-DFT-based
ACO-OFDM, only the odd subcarriers are used for data transmission. Therefore, its IFFT input symbol vector X” must
satisfy equation (6).

0 forn =0,
X(n) ={X(n-1) forne{1,2,..,N}rennnnn. (5)
0 ne{N+1,..,2N—1}
X =10, X, O, X ..., 0, Xﬂ_l [ 1 (6)
2 N zeros

At the output of the IFFT block, after the CP is added, only the real component xz(n") of size N’ = 2N+Ncp is used. This
is then clipped to zero to xgppr_aco(n') before transmission.

On the receiver side, after perfect synchronization of the signal, the CP is removed, and the FFT block is applied (as
shown in Figure 3-b). The resulting output, assuming back-to-back transmission [21] should be as given in equation

(7):

0 forn=0,
Y(n) = X(n—1); forne{l12,..,N}, 7

X*(N—1-n); forne{§+ 1,..,2N —1].

The useful odd subcarriers are retrieved after equalizing Y (n) from equation (8), as shown in Figure 3-b.
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Y(n) = Y(n+1), n=0,1,..,; N—TLourrrrnn.n. (8)

Thus, the equalized signal Y’eq (n) is QAM de-mapped, and the transmitted bits are recovered.

(0w = | ‘
0 — " |
X, —» — -
o I xcp(n') )
v JXnz1—=| F Add | A e J o5 JSkorr-aco(m)
X170 = Cp ¢ e "L Clipping \. |
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0 =] T
0 = N’=2N+N¢p
) n'=0,1,.,N-I
. M H‘ .....
L0 —»
2N-points IFFT
(@)
Y(n)
Y(n).‘-‘fg“ -
> =Y ]
RERE
S/P i i =
y'm) P+ F i N
Remove F _i il
cp T|  |[Yy-1
> || Yn
2N-points FFT
LY 2y -1

(b)
Figure 3 Block diagram of a Real-DFT ACO-OFDM: (a) Modulator, (b) Demodulator

2.4. Proposed Low-Complexity Improved ACO-OFDM schemes

In the ACO-OFDM schemes described earlier, the transmitted bits modulate only the odd subcarriers, which are then
retrieved from the odd subcarriers on the receiver side.

An efficient method of ACO-OFDM is Diversity-Combined ACO-OFDM (DC-ACO-OFDM) [11]. This approach operates on
the received signal without modifying the transmitter, as in conventional ACO-OFDM. At the receiver, both odd and even
subcarriers are used after equalization. It is important to note that, for the Real-DFT-based DC-ACO-OFDM, equalization
is performed directly on the FFT output Y(n), as shown in Fig. 3-b. The equalized signal is divided into odd and even
parts Y., and Y, 44, with each part being input into an IFFT or IDHT to generate the odd and even signals in the time
domain. Then, the corresponding odd time-domain signal y, 4, is used to estimate the potential DC-offset denoted as
Y(0), which is crucial for accurate demodulation and signal reconstruction (9).

Y(0) = X2 UYoaa ()] e, (8)
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Figure 4 shows the detailed steps of this process, for respectively, both the DHT-based and proposed Real-DFT-based
DC-ACO-OFDM demodulators. Through a non-linear combining process, another IDHT or IFFT is applied to reconstruct
the bipolar signal of the even part, denoted as y’,,.,. To do that, the even component, with the zeroth subcarrier
replaced by Y(0), is used to produce the output signal y, . The absolute value of y,  isthen multiplied by the sign

of Y,qq to reconstruct y',,.n. The combined signal y’ is then obtained using (10), where « is a weighting factor.

Y = (1 = @)Voaa + AV cpeneeeemeen 9)

Finally, a DHT block, respectively (an FFT block for Real-DFT scheme) is performed on signal y’ for de-mapping and
data recovery (Cf. Figure 4). More details about Diversity-Combining and Improved Noise Cancellation techniques can
be found in [11]- [17].
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Figure 4 Block diagram of the: (a) DHT-based DC-ACO-OFDM, (b) Real-DFT-based DC-ACO-OFDM

Given the relatively high computational complexity of Diversity-Combining technique, practical issues such as increased
hardware costs and higher energy consumption may arise. To address these concerns, the Improved Noise Cancellation
(INC) technique is proposed in this paper as best alternative. It incorporates the DC-Offset estimation using a Virtual
Clean Windows (VCW) concept. Due to clipping at the transmitter, the ACO-OFDM signal contains many zeros. On the
receiver side, these zeros create a virtual "clean" window that allows for the observation of degradation and noise
without interference from the data signal. Figure 5 presents the block diagram of the DHT-based and Real-DFT-based
INC-ACO-OFDM after the equalization step in their respective DHT-based or Real-DFT-based ACO-OFDM schemes. As
shown, the equalized symbols in each case are fed into an IDHT or IFFT block, which generates the time-domain
signal yaco, as expressed in equation (11). The signal yaco represents ypyr—aco in the DHT-based scheme and ygaco in
the Real-DFT-based scheme.

yACO(n) = xACO(n) +d+ Wl(Tl) .......... (11)
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Figure 5 Block diagram of the: (a) DHT INC-ACO-OFDM demodulation and (b) Real-DFT-based INC-ACO-OFDM

The variable x,, represents the transmitted ACO-OFDM signal through the channel. d and w: correspond to the DC-
offset and the noise of the received signal, respectively. Based on the antisymmetric property (2) and the zero-clipping
operation, the identification of the VCW can be simplified to a series of paired detections between two (02) hypotheses
[16] as described in equations (12) and (13):

T { Yaco(n) >0
Yacom +N) =0

H. { Yaco(m) =0
L
Yaco(m +N) >0

Using the established hypotheses HO and H1, the decision criterion is defined by equation (14):

Hy

YacoM) —d Z yaco(n+ N) = d.eecen. (14)
H,

Therefore, based on equation (14), the VCW can be represented as a set of indices: I 2 {n;, i =0,1,..., N — 1} where
equation (15) is given by:

_{i+N if Hyis true

l. if Hy is true " (15)

n;

Once the positions in [ are identified through the VCW process, the DC-offset, denoted a DCyyy, can be estimated using
equation (16), where e(k) represents the estimation error and its power, is as large as 1/N? of the wi(k) power:

DCOff = %Z{V:_ol yAco(Tli) =d+ e(k) ............. (16)

For a sufficiently large N, the estimation error e(k) becomes negligible, allowing d to closely approximate the true DC-
offset. Once the DC-offset value is determined, it can be removed from the noise in y,o (1) using equations (17)-(18):

yalm) = {YACO(H)_DCOH ifnel

0 if n E 1 ................. (16)
_(yvi(m) if yy(n)=0
y,(n) = {0 if ya(n) < 0 (16)

Thus, data can be simply recovered by extracting symbols from the odd subcarriers of y, (k).

Computational complexity is defined as the number of arithmetic multiplications and additions (operations) required
in the transmitter and receiver blocks. For an IFFT/FFT or IDHT/DHT block size of N, the complexity is approximately
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O(5Nxlog2 (N)) operations [21]. The INC approach reduces the computational complexity of the Diversity-Combining
technique by eliminating the need for one IDHT or IFFT block. To evaluate the complexity requirements of the proposed
ACO-OFDM schemes, Table 1 provides a comparison of their respective computational complexity. The following section
presents the methodology of the study.

Table 1 Comparative Computational complexity of the studied ACO-OFDM schemes

N° | OFDM Number of | Total Computational
Schemes IFFT/FFT or | Complexity in terms of Big-O
IDHT/DHT Notation
blocks
1 ACO-OFDM | IFFT in Tx
1FFT in Rx 10N;gpr X log, (Nipr)
2 DHT-ACO- 1IDHT in Tx O(lON I N ))
. . )
OFDMlIal 1DHT in Rx IFFT 92 \NirrT
3 Real-DFT- 1IFFT in Tx SNirrr x log (NIFFT
ACO-OFDM . 2 2\ 2
1FFT in Rx
+ S5Nippr
X log, (Nigpr)
4 Conv. DC- | 1IFFT in Tx
ACO-OFDM | 2FFT+2IFFT 25N;ppr X logy (Nigpr)
in Rx
5 Conv. INC- | 1IFFT in Tx
ACO-OFDM | 2FFT+1IFFT 20N,ppr X logy (Niper)
in Rx
6 DHT INC- | 1IDHT in Tx
ACO- 2 DHT+ 1 20N,ppr X log, (Nippr)
OFDMEI IDHT in Rx
7 Real-DFT 1IFFT in Tx 5]VIFFT % 1o (NIFFT>
INC-ACO- 2 823
OFDM _ZFETJ’“FFT + 15N, 57
1 Rx X log, (Nigpr)

[al With computational saved and simpler system [16],[17]

2.5. Methodology and Simulation

Simulations are conducted in an AWGN channel with MATLAB R2021a. Each OFDM scheme is generated with an
IDHT/DHT or IFFT/FFT size of N=512. The DHT-based scheme employs 2~16-PAM mapping, while the conventional
and Real-DFT schemes use 4~256-QAM. A cyclic prefix (CP) of 16 samples is applied. BER performance is evaluated
through Monte Carlo simulations.

Various performance metrics are used in the literature to compare modulation schemes in optical systems. One common
metric is the optical signal-to-noise ratio (SNR), which quantifies performance based on the ratio of optical power to
the standard deviation of zero-mean noise power. Another widely used metric is the electrical energy-per-bit to single-
sided noise power spectral density ratio Epclec)/No. Additionally, the effective SNR, defined as the ratio of OFDM signal
power to effective noise power, serves as a key performance comparison. Notably, as Epcjec)/No increases, the SNR also
improves. In this study, we consider Ey(ejec)/No to analyze the BER performances of the investigated ACO-OFDM
schemes in an AWGN channel.

First, a BER performance comparison is conducted between conventional ACO-OFDM and Real-DFT-based ACO-OFDM.
A similar analysis is then performed for conventional ACO-OFDM and the corresponding DHT-based scheme. Next, the
performance of both the Diversity-Combining and Improved Noise Cancellation approaches is compared to that of its
improved conventional ACO-OFDM. Finally, computational complexity of the proposed improved ACO-OFDM is
discussed and compared with the conventional INC-ACO-OFDM technique [30]. INC-ACO-OFDM is chosen as the
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reference for comparison due to its lower complexity compared to DC-ACO-OFDM, aligning with our objective of
developing a computationally efficient and enhanced variant of ACO-OFDM.

To simplify the notation of the modulation techniques in this paper, we will refer to the Real-DFT-based ACO-OFDM
technique as “RDFT ACO” and the conventional ACO-OFDM technique as “Conv ACO”. Similarly, the DHT-based ACO-
OFDM, DHT-based INC-ACO-OFDM, and DHT-based DC-ACO-OFDM will be denoted as “DHT ACO”, “DHT INC-ACO”, and
“DHT DC-ACO”, respectively. The same notation applies to Real-DFT-based INC-ACO-OFDM, Real-DFT-based DC-ACO-
OFDM, and conventional DC-ACO-OFDM, which will be referred to as “RDFT INC-ACO”, “RDFT DC-ACO”, and “Conv DC-
ACO”, respectively.

3. Results and discussion

In this section, we present the results obtained according to the previously methodology. A comparison between RDFT
ACO-OFDM and conventional ACO-OFDM techniques is presented in Figure 6. The results show that RDFT ACO-OFDM
achieves a similar BER performance to conventional ACO-OFDM, regardless of the QAM constellation. This indicates
that the RDFT method does not affect system performance as shown in [20]-[21], because it serves merely as an
alternative approach to bypass the use of Hermitian symmetry, which is typically employed in conventional ACO-OFDM.

0 —&@—4QAM Conv ACO
10 ! —®—16QAM Conv ACO
—@®—G64QAM Conv ACO
—#—256QAM Conv

- © = 4QAM RDFT ACO
= € = 16QAM RDFT ACO
= © = 64QAM RDFT ACO

10"

(4 - € = 256QAM RDFT ACO
w492}
a4]
103}
10 - -
0 5 10 15 20 25

Eb(elec) IN, [dB]

Figure 6 BER performance of RDFT ACO-OFDM vs Conventional ACO-OFDM as a function of Eyejec)/No
Moreover, for a fixed Ep(ejec)/No, We observe that the BER deteriorates as the constellation size increases. This can be
explained by the Shannon's Second Theorem, where to transmit more bits (for example, moving from 4QAM to 16-QAM

or more), a sufficiently high Ey(ejec) /Ny is required to ensure the same BER.

Figure 7 presents a BER comparative study between conventional ACO-OFDM and DHT ACO-OFDM techniques in terms
of Ep(elec)/No- As shown in Figure 6, the BER improves with SNR increasing in Figure 7.
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Figure 7 BER performance of DHT ACO-OFDM vs conventional ACO-OFDM as a function of Eyejec)/No

This can be attributed to the fact that higher SNR reduces the impact of channel noise on the transmitted signal, leading
to more accurate symbol transmission. For any M-PAM constellation, the DHT-ACO technique demonstrates a BER
performance similar to both M2-QAM RDFT ACO-OFDM and conventional M2-QAM ACO-OFDM modulation. This can be
explained by the fact that the spectral efficiency of an M-PAM constellation matches that of an M2-QAM constellation
with Hermitian symmetry in conventional ACO-OFDM. Since both constellations transmit the same number of bits per
symbol, it follows that the M-PAM and M2-QAM symbols are subjected to a similar level of noise impact. Since the DHT
and IDHT use the same kernel, employing identical circuitry in both the transmitter and receiver simplifies the design

and reduces power consumption [16].

Figure 8 compares the BER performance achieved by simulating Diversity-Combining and Improved Noise Cancellation
in the DHT ACO-OFDM scheme, as a function of Eyejec)/Np for different M-PAM formats.
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—i=—4PAM DHT INC-ACO
—+—8PAM DHT INC-ACO
~—+—16PAM DHT INC-ACO

20 25

10 15
Eb(elec)/No (dB)

Figure 8 BER performance of DHT INC-ACO vs DHT DC-ACO as a function of Ey(ejec)/No

It can be seen that both techniques provide similar BER performance, with an approximate 3 dB SNR gain compared to
conventional, RDFT-based, or DHT-based ACO-OFDM (see Figure 8 versus Figure 6 and Figure 7). This improvement is
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attributed to the effective demodulation offered by both Diversity-Combining and Improved Noise Cancellation, which
reduce the system's noise impact by about half.

Similar BER performance are observed in both Figure 9 and Figure 10 when simulating the Diversity-Combining or
Improved Noise Cancellation approaches in RDFT-based ACO-OFDM, compared to their corresponding Conventional
Diversity-Combined ACO-OFDM.

| == 4QAM RDFT INC-ACO
~©— 16QAM RDFT INC-ACO
O 64QAM RDFT INC-ACO
=~ 256QAM RDFT INC-ACO
~#-= 2PAM DHT INC-ACO
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=9 16PAM DHT INC ACO
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Figure 9 BER performance of RDFT INC-ACO vs DHT INC-ACO as a function of Epejec)/No
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Figure 10 BER performance of RDFT DC-ACO and RDFT INC-ACO vs DC-ACO-OFDM as a function of Epejec)/No

This demonstrates again the performance enhancement that can introduced these proposed alternative for ACO-OFDM,
as also shown in [1098].

Furthermore, as Conventional ACO-OFDM uses complex-valued FFT and IFFT, which are computationally more
expensive due to complex arithmetic operations, it has higher constant factors than Real-DFT method, but both have
the same Big-O complexity. The complexity of Real-DFT method generally comes with higher constant factors than DHT,
because Real-DFT involves some additional processing compared to DHT. So, while Real-DFT-based ACO-OFDM and
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Conventional ACO-OFDM have the same Big-O complexity, DHT-based ACO-OFDM is the more efficient one in practice,
with lower constant factors and simpler computations. Based on the results and computational complexity presented
in Table 1, we demonstrate that the Improved Noise Cancellation technique in both DHT-based and Real-DFT-based
ACO-OFDM enables low-complexity, enhanced ACO-OFDM demodulation schemes.

4., Conclusion

The DHT-based and Real-DFT INC-ACO-OFDM systems presented in this paper offer a highly innovative and promising
solution. Optical systems using IM/DD would benefit significantly from this approach in practical applications. The
proposed schemes, analyzed in an AWGN channel, demonstrate a 3 dB power gain compared to conventional ACO-
OFDM. For low-complexity yet high-performance optical network systems, the DHT-based and Real-DFT INC-ACO-
OFDM schemes stand out as strong candidates, with a preference for DHT-based solutions due to their lower
computational complexity. This study merits further research under realistic conditions, such as optical fiber
transmission or Light-Fidelity communications, with considerations for multi-layer aspects and error correction.
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