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Article 

Advanced DFE and MLD Techniques for Enhanced 
5G mm-Wave A-RoF Performance at 60 GHz 
Umar Farooq and Amalia Miliou * 

Center for Interdisciplinary Research and Innovation, Department of Informatics, Aristotle University of 
Thessaloniki, Thessaloniki, 54124, Greece 
* Correspondence: amiliou@csd.auth.gr 

Abstract: This article presents the Decision Feedback Equalizer (DFE) and the Maximum Likelihood 
detection (MLD) algorithms designed in MATLAB to equalize the received signal in a dispersive 
optical link up to 120 Km. The algorithms are tested using a converged 5G mm-wave analog radio-
over-fiber (A-RoF) system at 60 GHz. The algorithm’s performance is measured regarding error 
vector magnitude (EVM) values before and after equalization, for different optical fiber lengths and 
modulation formats (QPSK, 16-QAM, 64-QAM, and 128-QAM) and shows a clear performance 
improvement of the output signal. Moreover, the performance of the proposed algorithms is 
compared to three commonly used algorithms: the simple least mean square (LMS) algorithm, the 
constant modulus algorithm (CMA), and the adaptive median filtering (AMF) demonstrating 
superior results in both QPSK and 16-QAM and extending the transmission distance up to 120 km. 
DFE has a significant advantage over LMS and AMF in reducing the inter-symbol interference (ISI) 
in a dispersive channel by using previous decision feedback, resulting in quicker convergence and 
more precise equalization. MLD on the other hand is highly effective in improving detection accuracy 
by taking into account the probability of various symbol sequences achieving lower error rates and 
enhancing performance in advanced modulation schemes. Furthermore, DFE and MLD are 
particularly suitable for higher-order modulation formats like 64-QAM and 128-QAM, where 
accurate equalization and error detection are of utmost importance. The enhanced functionalities of 
DFE and MLD in managing greater modulation orders and expanding transmission range highlight 
their efficacy in improving the performance and dependability of our system. 

Keywords: analogue radio-over-fiber; least mean square; constant modulus algorithm; median 
filtering algorithm; decision feedback equalizer; maximum likelihood detection; mm-waves; 
orthogonal frequency division multiplexing 
 

1. Introduction 

Orthogonal Frequency Division Multiplexing (OFDM) is a widely used modulation technique 
in optical communication systems due to its high bandwidth efficiency, ability to mitigate 
narrowband interference and dispersion effects, and its suitability for high data rate transmission. 
With a cyclic prefix, OFDM can combat both inter-carrier interference (ICI) and inter-symbol 
interference (ISI) [1]. When higher-order Quadrature Amplitude Modulation (QAM) is used with 
OFDM, it improves the link efficiency by allowing for high data rates with a low Bit Error Rate (BER) 
[2]. A radio-over-fiber (RoF) system is capable of overcoming the limitations caused by the 
impairments in the optical domain since it leverages the low-loss transmission properties of optical 
fiber to transmit the mm-wave signals over long distances with minimal signal degradation [3]. 
Moreover, RoF technology has several benefits, including excellent spectral efficiency, fast signaling, 
and low functional expenses [4]. The end-to-end communication, in a mm-wave A-RoF system, 
necessitates the integration of both wireless and optical domain advancements which greatly increase 
the link distance [5] in joint optimization of the 5G fronthaul (FH) for end-to-end C-RAN architectures 
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[6] achieving data rate up to 80 Gbit/s [7]. The V-band frequency range enables high bandwidth [8], 
high-throughput, and cost-efficient solutions for delivering high data rate [9] communications in 
optical networks which are made possible by converged mm-waves A-RoF systems. However, 
chromatic dispersion in the standard single-mode fiber (SSMF) is creating ISI, especially in high-bit-
rate systems (≥10 Gbit/s) that use OFDM. While narrowband transmitters can solve dispersion-
related issues for data rates up to 2.5 Gbit/s, chromatic dispersion limits the transmission distance in 
high-data-rate systems [10]. Therefore, it is necessary in the fiber to prevent deterioration of the 
output signal due to ISI which could be done either in the optical domain or using equalization 
techniques in the electrical. 

The intensity-modulation and direct-detection (IM-DD) design with external modulators is the 
most commonly used technique for RoF transmissions [11,12]. In [13] authors demonstrate nonlinear 
post-equalizers, such as a Volterra series-based equalizer and a neural network-based (NN) equalizer, 
to combat signal degradation in a 28 GHz mm-wave A-RoF FH link with transmission over a 10 km 
fiber using an optical single-sideband modulation format. In 64-QAM, both equalizers achieve BER< 
3.8 × 10-3 while, additionally, when the NN equalizer is used after OFDM 16-QAM along with least-
square equalization it manages to obtain a better BER. 

The proposed solution in [14,15] describes an artificial neural network nonlinear equalizer 
(ANN-NLE) for single-carrier 16-QAM and 64-QAM signals in a 60 GHz RoF communication system 
and validates the approach to ensure effectiveness in equalizing the signal and improving the 
transmission performance. Moreover, an experimental demonstration of the 60 GHz RoF system is 
conducted in utilizing an adaptive activated ANN-NLE to enhance the BER performance and 
effectively transmit 5 Gbit/s Binary Phase Shift Keying (BPSK) signal across a 10 km fiber while 
maintaining a forward error correction limit of 10-3. The authors in [16] demonstrate the feasibility of 
transmitting and receiving a 100 Gbit/s data rate link at 28 GHz. The performance of three modulation 
formats (16-PSK, 16-QAM, and 64-QAM) is tested for optical fiber lengths ranging from 5 km to 35 
km using two detection systems: coherent and direct detection with a DSP block implemented in 
simulation software. In [17] authors introduce an iterative block (IB) decision feedback equalization 
(DFE) method for an intensity modulation and direct-detection (IM/DD) based optical code division 
multiplexing (OCDM) system for a 50 km SSMF link. This method effectively reduces signal 
degradation caused by chromatic dispersion (CD) in the fiber. In [18] authors propose an optical 
phase-locked loop (PLL) technique to generate mm-waves, and a pilot-assisted radio frequency (RF) 
method is used for phase offset equalization at the receiver side for 16-QAM modulation. In [19], the 
authors present and demonstrate a convolutional neural network (CNN) and binary convolutional 
neural network (BCNN) decision schemes that effectively address both linear and nonlinear 
impairments resulting from signal modulation, transmission, and detection. The proposed schemes 
are very computationally efficient and the CNN and BCNN decision methods are showcased in a 5 
Gb/s 60 GHz RoF system, covering a fiber reach of up to 20 km. 

In [20] authors propose a Volterra Nonlinear Equalizer (VNLE) for Directly modulated Laser 
(DML) based IM/DD systems and a simulation of Pulse Amplitude Modulation (PAM-4) signals for 
high baud rate transmission over 10 km SSFM. In [21] authors are experimentally transmitting a 
single channel 112 Gb/s PAM-4 direct detection signal, and a high receiver sensitivity is achieved by 
the Maximum Likelihood Sequence Estimation (MLSE) algorithm. Moreover, in [22,23] the Least 
Mean Square Algorithm (LMS), Constant Modulus Algorithm (CMA), and Adaptive Median 
Algorithm (AMF) are implemented for equalization in a converged OFDM 5G mm-wave A-RoF 
system at 60 GHz. Quadrature Phase Shift keying (QPSK) and 16-QAM are used as modulation 
formats in the OFDM subcarriers. The maximum achieved transmission distance is 100 km after the 
equalization when QPSK is used while a transmission distance of 50 km is achieved after equalization 
for the 16-QAM case. Table 1 delineates the various techniques examined in the literature review to 
address ISI and nonlinearities in converged mm-wave OFDM A-RoF systems, along with some notes 
related to their advantages and disadvantages. In addition, Table 2 elaborates and compares specific 
parameters employed in the literature review articles. 
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To that end in the present paper, we propose two new algorithms, i.e., the Decision Feedback 
Equalizer (DFE) and the Maximum Likelihood Detection (MLD) for equalization in a converged 
OFDM 5G mm-wave A-RoF system at 60 GHz. The modulation schemes being used in this system 
are QPSK, 16-QAM, 64-QAM, and 128-QAM in all the OFDM subcarriers. The proposed algorithms 
are developed in MATLAB [33] to equalize the distorted subcarriers. In this work, we use an SSMF 
of length up to 120 km since DFE and MLD are more adept at managing fiber distortions and noise. 
DFE effectively mitigates inter-symbol interference (ISI) by leveraging past decisions, rendering it 
particularly beneficial in dispersive SSMF channels. Meanwhile, MLD offers a near-optimal 
performance by evaluating all potential signal sequences and selecting the one that maximizes the 
probability of accurate detection, resulting in enhanced transmission distance relative to other known 
algorithms such as LMS and CMA. 

The rest of the paper is organized as follows: Section 2 briefly provides the simulation setup for 
a converged mm-wave A-RoF system at 60 GHz for testing the algorithms. Section 3 provides the 
details of the different equalization algorithms used. Subsequently, section 4 compares the DFE and 
MLD algorithms about the modulation formats along the maximum fiber lengths achieved while 
section 5 provides details of the assessment of the proposed work against different well-known 
equalization algorithms. The relationship between RF input power and EVM for QPSK, 16-QAM, and 
64-QAM modulation formats is considered in section 6 and section 7 presents the conclusions. 

Table 1. Comments on the algorithms discussed in the literature review. 

Literature 
Review 

Approach/Methods used Comments 

[16] 

DSP unit in simulated software for 5 to 35 km 
direct and coherent detection 16-PSK, 16-

QAM, and 64-QAM 100 Gbit/s data rate link at 
28 GHz. 

- Simple technique.  
- 28 GHz mm-wave 

frequency. 

[17] 

Use of the iterative block (IB) decision 
feedback equalization (DFE) method for an 
intensity modulation and direct-detection 

(IM/DD) based optical code division 
multiplexing (OCDM) system. 

- Effectively 
compensates chromatic 
dispersion in an IM/DD-

based system. 
- Complex receiver 

structure for the IM/DD-
OCDM system using costly 

hardware. 

[18] 
Adaptive activated artificial neural network 
nonlinear equalizer (ANN-NLE) to enhance 

BER performance.    
- Complex Algorithm. 

[19] 
Convolutional Neural Network (CNN) and 

Binary Convolutional Neural Network 
(BCNN) based decision schemes. 

- Complex Algorithm. 

[21] 

Transmission of a single channel 112 Gb/s 
PAM-4 direct detection signal using the 

Maximum Likelihood Sequence Estimation 
(MLSE) algorithm. 

- Achieved the highest 
sensitivity for 112 Gb/s 

transmission. 
- Complex Receiver 

Architecture. 

[22,23] 
LMS, CMA, and AMF-based equalization in 

converged mm-wave A-RoF system at 60GHz. 
- Not suitable for higher-

order modulation formats. 

[This  
Work] 

Converged OFDM-based mm-wave A-RoF 
system at 60 GHz with signal processing 

using DFE and MLD algorithms. 

- Compensation of 
higher-order modulation 

formats. 

Table 2. Literature review comparisons over specific parameters. 
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Literatur
e Review 

Frequency 
(GHz) 

Maximum 
Fiber Length 

(km) 

Modulation 
Format 

Algorithm 
Computational 

Complexity 

[13] 
 

28 
 

10 
OFDM       

16-QAM 

Voltera and                                 
Neural Network-
based Equalizers 

Computational 
complex 

algorithms 

[14] 60 
 

20 

OFDM       
16-QAM and 

64-QAM 

Complex Valued 
(ANN-NLE) 

Computational 
complex 

algorithm 

[16] 28           
 

5-35 
 

16-PSK,     
16-QAM and 

64-QAM 

Built-in DSP Unit in 
simulation software 

Low complexity 

[18]              60 
10 
 

BPSK ANN-NLE 
Computational 

complex 
algorithm 

[19]            60 
 

20 
 

2-PAM 

Convolutional Neural 
Network (CNN) and 
Binary Convolutional 

Neural Network 
(BCNN) based 

decision schemes 

Computational 
complex 

algorithm 
 

[22]              60 25 
QPSK and   
16-QAM 

LMS Algorithm Low complexity 

[23]               60 100 
QPSK and   
16-QAM 

LMS, CMA, and AMF 
Algorithms 

Low complexity 

[This 
work]   

60 0-120 

QPSK,      
16-QAM,    

64-QAM and 
128-QAM 

DFE and MLD 
Algorithms 

Low complexity 

2. Simulation Setup 

Figure 1 describes in block diagrams an (a) OFDM Tx, (b) OFDM Rx, and (c) a complete 
simulated setup of a converged 5G mm-wave A-RoF system at 60 GHz designed in VPI Photonics 
design suite [32] and used to test the algorithms. The OFDM Tx depicted in Figure 1a comprises a 
Pseudo Random Binary Sequence (PRBS) block that generates data at a rate relying upon the 
modulation level and the applied bitrate. The digital binary bits are distributed into data streams, 
and each stream is subsequently encoded using 4-QAM, 16-QAM, 64-QAM, or 128-QAM as 
modulation formats. The modulated data stream is converted from serial to parallel form, creating 
multiple parallel data streams. This procedure allows the data to be transmitted simultaneously on 
various subcarriers. 

Next the Inverse Fast Fourier transform (IFFT) is performed transforming a complex frequency 
domain signal into a time domain signal which is then used to modulate the signal onto orthogonal 
subcarriers in the digital domain. A cyclic prefix (CP), introducing a guard time interval between 
symbols, is used to minimize inter-symbol interference (ISI). The parallel data streams are converted 
back to serial, and the output signal through a digital-to-analog converter (DAC) is transformed to 
an analog signal. Using a Mach-Zehnder modulator (MZM) the signal is modulated while an optical 
bandpass filter can be used to suppress the amplified spontaneous emission (ASE) noise. The 
produced 60 GHz mm-wave analog signal [22,23] is transmitted through a SSMF of different lengths 
with a 16 ps/nm/km dispersion while a photodiode is utilized to capture the optical signal, which is 
then converted into electrical and fed into an OFDM receiver for subcarrier recovery as shown in 
Figure 1c. The electrical signal undergoes down-conversion to a baseband signal, followed by pulse 
shaping and an OFDM decoder as shown in Figure 1b. The distorted electrical symbols from the 
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OFDM constellations are captured and subsequently equalized in MATLAB using the DFE and MLD, 
algorithms. Table 3 provides a summary of the simulation parameters used in this work. 

Table 3. Simulation parameters. 

Link Design Components Values 
Carrier Frequency 7.5 GHz 
Laser CW 10 dBm 
Wavelength 1553 nm 
RIN -130 dB/Hz 
Radio Frequency 60 GHz mm-wave 
Bit Rate Default 40 Gbit/s 
Bits per Symbol 2,4,6,7 
SSMF Length Up to 120 km 
Dispersion 16 ps/nm/km 
Dispersion Slope 0.08 x 103 s/m3 
SSMF Attenuation Coefficient  0.2 dB/Km 
Photo Diode Model PIN 
Responsivity 0.8 A/W 
Thermal Noise 10-12 A/Hz1/2 

Shot Noise ON 
Cyclic Prefix 0.125 

 

Figure 1. Block diagrams (a) OFDM Tx, (b) OFDM Rx, and (c) a converged OFDM-based 5G mm-wave A-RoF 
system. 

3. Proposed Equalization Algorithms 

3.1. Decision Feedback Equalizer 

A Decision-Feedback Equalizer (DFE) is an algorithm that offers superior performance 
compared to a linear equalizer while maintaining the same low complexity. It is particularly 
beneficial when addressing significant channel distortion. The DFE structure consists of a 
feedforward and a feedback filter. The feedforward filter processes the current received symbols 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 January 2025 doi:10.20944/preprints202501.0583.v1

https://doi.org/10.20944/preprints202501.0583.v1


 6 of 15 

 

passing through the decision function. The current received symbols are then refined passing through 
the feedback filter which utilizes previously identified symbols that ideally have minimal, or no noise 
allowing for precise estimation and cancellation of ISI without enhancing the noise, provided that the 
previous decisions are correct. If the decisions are incorrect, the error propagates to the next decisions. 
One notable advantage of the DFE over linear equalizers is its ability to remove ISI without enhancing 
noise while a linear equalizer handles noise and signal equally, which might result in the 
amplification of noise [24–26]. The following equation describes the DFE [27]: 

y[n] = � fk(𝑛𝑛) ∙ 𝑥𝑥[𝑛𝑛 − 𝑘𝑘] + 0
𝑘𝑘=−𝛮𝛮𝑓𝑓+1

� bk(𝑛𝑛) ∙ 𝑠̂𝑠[n − k]𝑁𝑁𝑁𝑁
𝑘𝑘=1    (1) 

t(n)= f{y(n)} (2) 
e(n)= y(n)-t(n) (3) 

where y[n]: The equalized output signal of the nth symbol. 
x[n-k]: The equalizer input sequence. 
fk: The coefficients for the feedforward filter. 
bk: The coefficients for the feedback filter. 
𝑁𝑁𝑓𝑓: The order length of the feedforward filter. 
𝑁𝑁𝑏𝑏: The order length of the feedback filter. 
𝑠̂𝑠[n − k]: The previously detected symbols. 
t(n): The equalizer decision sequence. 
f{n}: Decision device function. 
e(n): The error signal. 

3.2. Maximum Likelihood Sequence Detection Algorithm 

Maximum Likelihood Detection (MLD) is a widely recognized and highly effective approach 
suitable for practical applications and offers optimal detection performance. The idea is essential in 
signal processing, especially when identifying and interpreting symbols despite interference from 
noise and distortions. MLD is founded on the fundamental concept of statistical inference. It utilizes 
the likelihood function of detecting the received symbol based on a given set of potentially 
transmitted symbols. The objective is to optimize this likelihood to ascertain the most probable 
transmitted symbol [28–30]. However, the main drawback of the MLD algorithm is that it needs 
accurate information on the potential transmitted symbols to compute the likelihood of each possible 
transmitted symbol. If the potential transmitted symbol is not accurate, the performance of the MLD 
may deteriorate dramatically, potentially leading to erroneous decisions and detection errors. 

The Maximum Likelihood Detection (MLD) algorithm seeks to identify the transmitted symbol 
‘s’ with the highest likelihood of receiving a given symbol ‘r’ in the presence of noise. The 
mathematical formula for MLD can be stated as [31]: 

𝑠̂𝑠 =  argmins∈S || 𝐫𝐫 −  𝑯𝑯 𝐬𝐬 ||2 (4) 
where 𝒔𝒔� is the transmitted symbol. 

r is the received signal vector. 
s ∈ S is a transmitted symbol from the set of all transmitted symbols S. 
H is the channel matrix, representing the effects of the transmission channel on the symbol. 
||.||2 represents the squared Euclidean distance. 

4. Comparisons of Results for DFE and MLD 

The received signal, of the used setup shown in Figure 1, is processed offline using the two 
proposed equalization algorithms and applying different modulation formats in the OFDM 
subcarriers in order to minimize the ISI caused by the dispersive transmission. 

4.1. Equalization by Maximum Likelihood Detection (MLD) Algorithm 

The MLD algorithm is applied to the distorted received data after the photodiode in the OFDM 
analyzer. The distorted OFDM subcarrier signals with the QPSK, 16-QAM, 64-QAM, and 128-QAM 
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modulation formats result in the constellation diagram and EVM calculations that are shown in 
Figure 2 before (2a, 2b, 2c, and 2d) and after equalization (2e, 2f, 2g, 2h) for the respected modulation 
formats and at the maximum attained fiber lengths for each case. 

 

 

 

EVM 4.85 %(h)

    

   40 Km

 

Figure 2. EVM measurements for the QPSK, 16-QAM, 64-QAM, and 128-QAM modulation using MLD 
equalization, (i) (a) (b), (c), and (d) respective constellation diagrams before equalization and (ii) (e), (f), (g), (h) 
after equalization. 

Maintaining the performance criteria of modern communication systems across different 
modulation schemes requires keeping the Error Vector Magnitude (EVM) of the received signal 
below the 3GPP proposed thresholds ensuring the quality and reliability of the signal, particularly as 
the complexity of the modulation format increases. The implementation of the proposed Maximum 
Likelihood Detection (MLD) algorithm is tested across different fiber lengths. For QPSK modulation 
on OFDM subcarriers, an EVM of 17.06% is achieved after equalization at a maximum fiber length of 
120 km. When using 16-QAM modulation, the fiber length is reduced to 100 km, and an EVM of 
12.40% after equalization. For higher-order modulations, such as 64-QAM and 128-QAM, the fiber 
lengths are 50 km and 40 km, respectively, to maintain compliance with the 3GPP threshold limits 
and EVM values of 7.35% for 64-QAM and 4.85% for 128-QAM are obtained. 

All equalized EVM values successfully meet the stringent 3GPP threshold limits (17.5% for 
QPSK, 12.5% for 16-QAM, 8% for 64-QAM, and 5% for 128-QAM), demonstrating the effectiveness 
of the proposed MLD in maintaining signal integrity across various modulation formats and fiber 
lengths. 

4.2. Equalization by Decision Feedback Equalizer 

The DFE equalization is performed on the distorted data obtained at the OFDM receiver. Figure 
3 shows the constellation diagrams of QPSK, 16-QAM, 64-QAM, and 128-QAM obtained before and 
after the equalization at the maximum fiber length that can be achieved before (3a, 3b, 3c, and 3d) 
and after equalizing (3e, 3f, 3g, 3h) for the respected modulation formats. After equalization, the EVM 
of the equalized constellations is computed. 
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Figure 3. EVM measurements for the QPSK, 16-QAM, 64-QAM, and 128-QAM modulation using DFE 
equalization, (i) (a), (b), (c), and (d) respective constellation diagrams before equalization, and (ii), (e), (f), (g) and 
(h) after equalization. 

The proposed Decision Feedback Equalizer’s (DFE) performance is evaluated over various fiber 
lengths. For QPSK modulation in OFDM subcarriers, with a maximum fiber length of 120 km, an 
EVM of 16.60% is achieved while for 16-QAM modulation, at a maximum fiber length of 100 km, the 
EVM is 12.32% after equalization. In the cases of 64-QAM and 128-QAM modulations, EVMs of 7.19% 
and 4.73% are achieved for fiber lengths of 50 km and 40 km, respectively. Notably, all the equalized 
EVM values are below the 3GPP threshold. 

Table 4 presents a comparison of MLD and DFE algorithms in terms of EVM for different 
modulation formats, respectively, presenting a slight superior performance of the DFE algorithm in 
mitigating ISI effects over different modulation schemes and fiber lengths in all cases. 

Table 4. EVM improvement of DFE vs MLD across various modulation schemes and fiber lengths. 

 
Modulation 

Scheme 
 

EVM for 
MLD after 

equalization 
(%) 

EVM for DFE  
after 

equalization 
(%) 

EVM Improvement 
(%) 

Max fiber length 
(km) 

QPSK 17.06 16.60 0.46 120 
16-QAM 12.40 12.32 0.08 100 
64-QAM 7.35 7.19 0.16 50 

128-QAM 4.85 4.73       0.12 40 

Figure 4 illustrates the EVM performance as a function of fiber length for both QPSK and 16-
QAM modulation schemes. These results demonstrate the efficacy of both MLD and DFE techniques 
in compensating ISI within a converged mm-wave A-RoF system operating at 60 GHz. A comparative 
analysis of these two equalization algorithms reveals that the DFE slightly outperforms the MLD as 
shown in Table 4. 
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Figure 4. EVM results obtained before and after equalization vs. the fiber lengths for a QPSK and 16-QAM 
constellation after MLD and DFE. 

Figure 5 presents the EVM results versus the fiber length both for 64-QAM and 128-QAM. A 
comparative analysis of these two equalization algorithms reveals that the DFE slightly outperforms 
the MLD as shown in Table 4. 

 

Figure 5. EVM results obtained before and after equalization vs. the fiber lengths for a 64-QAM and a 128-QAM 
constellation after MLD and DFE Equalization. 

Moreover, when we compare the two algorithms in terms of computational complexity the DFE 
is performing better than the MLD because the latter assesses all potentially transmitted symbol 
sequences to identify the one that optimizes the likelihood of generating the observed received 
sequence and MLD’s complexity increases exponentially with the size of the signal constellation and 
the number of symbols in the sequence [30], rendering it less efficient for systems with high 
modulation orders. 

5. Assessment of Algorithms Against Prior Research Results 

The performance of the proposed DFE and MLD algorithms is compared against the Least Mean 
Square (LMS) [35] algorithm, the Constant Modulus Algorithm (CMA) [34,36,37], and the Adaptive 
Median Filtering (AMF) [38] algorithm, as reported in our previously published work [21,22]. 
Although the LMS is simpler and more efficient for linear channels, it is inadequate for severely 
dispersive channels. At the same time, AMF mainly intended for reducing noise, is less appropriate 
for equalization tasks in high-frequency, high-data-rate situations. 
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For QPSK modulation across all OFDM subcarriers, specifically, when comparing MLD and DFE 
with LMS, CMA, and AMF, for an SSMF of length 120 Km as shown in Table 5 and Figure 6 the LMS, 
CMA, and AMF algorithms do not provide an EVM value for QPSK, indicating that they failed to 
perform effectively under the given conditions or configuration. This suggests that LMS, CMA, and 
AMF may struggle to adapt to QPSK modulation over long fiber distances, making it unsuitable for 
this particular setup. 

Table 5. EVM and fiber length comparisons for the different equalization algorithms. 

Algorithm QPSK 16-QAM 
 EVM (%) Fiber length (km) EVM (%) Fiber length (km) 

MLD 17.06 120 12.4 100 
DFE 16.6 120 12.32 100 
LMS  - 120 23.75 100 
CMA  - 120 - 100 
AMF  - 120 23.00 100 

For QPSK, the MLD algorithm achieves an EVM of 17.06% over a fiber length of 120 km while 
the DFE algorithm slightly outperforms MLD in terms of EVM, with a value of 16.6%. However, both 
MLD and DFE can handle fiber lengths up to 120 km, indicating that both algorithms can maintain 
signal quality over similar transmission distances. The small improvement in EVM for DFE suggests 
that this algorithm may be better suited for compensating distortion in the dispersive channel 
compared to the MLD. 

 

Figure 6. Comparisons of EVM results for MLD and DFE obtained before and after equalization vs. the fiber 
lengths for a QPSK constellation against LMS, CMA, and AMF algorithms and 16-QAM constellation against 
LMS, and AMF algorithms. 

For 16-QAM modulation, the implementation of MLD and DFE algorithms allows for an 
extended transmission distance of up to 50 km beyond what is achievable with LMS and AMF 
algorithms, while maintaining EVM values below the 3GPP threshold, as shown in Figure 6. 

Specifically, when comparing MLD with LMS and AMF after equalization for 16-QAM 
modulation, as shown in Table 5 and Figure 6 MLD achieves an EVM improvement of 11.35% over 
LMS and a 10.60% improvement over AMF at a fixed fiber length of 100 km. The CMA algorithm is 
not employed in this scenario due to its limitations with multiple radii in the constellation points, 
rendering it ineffective for 16-QAM modulation [39]. 

Further analysis reveals that DFE slightly outperforms MLD and outperforms LMS and AMF 
for 16-QAM modulation in OFDM subcarriers, demonstrating an EVM improvement of 0.80% over 
MLD, 11.43% over LMS, and 10.68% over AMF for the same fixed fiber length of 100 km. For 16-QAM 
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modulation over a transmission distance of 50 km, a comparative analysis reveals significant 
improvements in EVM when using MLD and DFE algorithms. 

These findings highlight the superior performance of MLD and DFE algorithms not only in 
improving signal quality (EVM for QPSK and 16-QAM) but also in extending the transmission 
distance and demonstrating robustness and effectiveness in high-performance optical 
communication systems. Moreover, when higher-order modulation schemes, such as 64-QAM and 
128-QAM, are used for equalization approaches like LMS, CMA, and AMF, they do not give 
meaningful results. At the same time, the proposed MLD and DFE algorithms demonstrate their 
effectiveness in managing the challenges posed by higher modulation formats and dispersion in 
optical fibers preserving signal quality and meeting the 3GPP EVM threshold limits. 

6. Relationship Between RF Input Power and EVM for Different Modulation 
Formats 

The correlation between RF input power and EVM is crucial in optical communications, as it 
impacts signal quality, system performance, and overall efficiency. Increasing the RF input power 
can enhance the quality of the signal until a certain threshold, beyond which high power might cause 
non-linearities. 

In general, in scenarios in which the power levels are low, the signal may be weak and 
susceptible to noise, which can result in high EVM values. The signal-to-noise ratio (SNR) can be 
improved by increasing the input power, which can first increase the signal quality by overcoming 
noise and improving the output signal, leading to reduced EVM values, and improvement in the 
demodulation performance. 

Various modulation schemes have varied criteria for the quality of the signal and the required 
power level. Understanding the relationship between RF input power and EVM can help optimize 
the power levels and achieve the desired signal quality without consuming any additional power. 
Examining EVM across various RF input power levels can help determine the performance limits of 
every modulation scheme. 

Figure 7 presents the EVM performance as a function of RF input power for the different 
modulation formats and the relevant maximum fiber lengths. For QPSK (100 km) the EVM is high at 
lower RF input power levels (3 dBm to 9 dBm), and the same applies for 16-QAM and 64-QAM. This 
indicates poor signal quality, due to significant effect of ISI and noise that are not adequately 
compensated. For RF input power levels from 9 to 11 dBm, there is a substantial decrease in EVM 
which suggests that increasing power helps to improve signal quality by overcoming to some extent 
the impairments. Beyond 11 dBm further increases in RF input power continue to reduce EVM, but 
at a slower rate indicating marginal benefits. Also, the EVM, in all cases, does not fall below the 
corresponding 3GPP thresholds except QPSK which at 11,5 dBm input power is just below the 
threshold. 
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Figure 7. EVM results for QPSK, 16QAM, and 64-QAM modulation at the corresponding maximum fiber length 
vs RF input power levels without equalization. 

On the contrary Figure 8, presents the EVM performance as a function of RF input power after 
equalization for the different modulation formats indicating that although the trend of the curves is 
similar as above the system can perform efficiently with less input power, for example for QPSK and 
100 km fiber length when the DFE algorithm is used a 9 dBm input is sufficient while in the case of 
MLD a corresponding value is 9.5 dBm. 

 

Figure 8. EVM results for QPSK, 16QAM, and 64-QAM modulation at the corresponding maximum fiber 
 length vs RF input power levels with DFE and MLD equalization. 

Within this scenario, the significance of equalization algorithms is of utmost importance since it 
is obvious from Figure 8 that the signal in higher modulation formats such as 16-QAM, 64-QAM, or 
128-QAM can only reach the corresponding 3GPP thresholds with equalization. The proposed 
algorithms, Maximum Likelihood Detection (MLD) and Decision Feedback Equalizer (DFE), are 
specifically developed to more efficiently reduce the impact of ISI and noise. By implementing these 
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techniques, it is feasible to attain reduced EVM values and enhanced signal quality which is crucial 
for maximizing the performance in optical communication systems. 

7. Conclusions 

The DFE and MLD algorithms are implemented in MATLAB to eliminate the ISI in a dispersive 
channel in an SSMF, which degrades the system performance. A converged 5G mm-wave A-RoF 
system at 60 GHz is used as an example to test the two equalization algorithms. When assessing these 
two algorithms in the case of QPSK, 16-QAM, 64-QAM, and 128-QAM as a modulation format in 
OFDM subcarriers, the DFE algorithm performs slightly better than the MLD with an EVM 
improvement of 0.46%, 0.08%, 0.16%, and 0.12% respectively. 

The proposed MLD and DFE algorithms, in comparison to the three most popular equalization 
algorithms LMS, CMA, and AMF, achieved better EVM values, and a fiber length that can extend up 
to 120 km. Moreover, algorithms such as LMS, CMA, and AMF fail miserably when applied to higher-
order QAM constellations such as 64-QAM and 128-QAM while DFE and MLD allows us to reach 
EVMs of 7.19% and 7.35% for 64-QAM and 50 km SSMF distances, respectively, and 4.73% and 4.85% 
for 128-QAM and 40 km SSMF distances, respectively. 

Finally, it is proven that if the equalization algorithms are used there is no need to increase the 
input power in order to achieve EVM values below the corresponding 3GPP thresholds, especially in 
higher modulation formats. 
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