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Abstract: The fifth generation (5G) wireless technology has a significant impact on individuals' lives and work, and
this impact is expected to increase in the future. The Orthogonal Frequency Division Multiplexing (OFDM) method,
which is currently used in fourth generation (4G) technology, has limitations in meeting certain criteria such as data
rates and speed for the latest technology due to issues such as sideband leakages, high Peak-to-Average Power Ratio
(PAPR), and poor spectrum utilization. Additionally, the increasing demand for Internet of Things (loT) and user-
centric processing makes the OFDM method impractical. As a result, alternative technologies are being explored to
meet these needs. Filter Bank Multicarrier (FBMC) and Universal Filtered Multicarrier (UFMC) are potential
candidates for 5G technology. This paper focuses on the evolution of FBMC from OFDM, and then compares the
performance of FBMC and UFMC by analyzing various modulation schemes such as Quadrature Amplitude
Modulation (QAM), Phase Shift Keying (PSK), PAPR, and Bit Error Rate (BER) through Additive White Gaussian
Noise (AWGN) and Rayleigh fading channels. A theoretical BER model is also established to validate the simulated
BER results. In this paper BER is analyzed in terms mathematical and simulation based approaches. To validate this
simulation based method, it can be compared with the theoretical BER results to verify the accuracy of this simulation.
Result portays that, the theoretical results and the simulated results are quite close through the Additive White Gaussian
Noise (AWGN) channel.

Index Terms: 5G Technology, OFDM, FBMC, UFMC, QAM, PSK, PAPR, AWGN channel, Rayleigh Fading channel,
BER

1. Introduction

Technology continues to advance at a rapid pace and this is particularly evident in the field of wireless
communication. Many people rely on fast, efficient networks in their daily lives and 5G technology has been developed
in response to these needs. Different types of systems such as Machine Type Communications (MTC), the Internet of
Things (10T), and Vehicle Communications (URLLC) are driving the transition from 4G to 5G networks in order to
improve performance and create new research opportunities in the field of communication systems [8]. Currently,
multi-carrier technology, specifically Orthogonal Frequency Division Multiplexing (OFDM), is widely used for data
transmission. 5G offers fast data rates, low latency, excellent energy efficiency, and support for a large number of
connected devices. It is particularly well-suited for short burst communications and is more resistant to time-frequency
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misalignments. Through the use of Multiple Input Multiple Output (MIMO) technology, 5G has shown the potential to
provide 10 times better performance than 4G.

However, it should be noted that some developing countries may still rely on 4G networks due to infrastructure
limitations. The advancement of wireless communication began with the fourth generation (4G), which introduced the
Orthogonal Frequency Division Multiplexing (OFDM) modulation system for efficient bandwidth, immunity to
multipath fading, and inter symbol interference (1SI). However, there are significant disadvantages to OFDM that make
it unsuitable for the next generation of wireless technology, known as 5G. The use of a cyclic prefix in OFDM reduces
efficient spectral usage, and the OFDM spectrum has high out-of-band side lobes which lead to low spectral efficiency.
To address these limitations, multi-carrier modulation techniques such as Filter Bank Multicarrier Modulation (FBMC)
and Universal Filtered Multicarrier (UFMC) have been proposed as alternatives. FBMC is a sub-carrier filtering
technique that increases spectral efficiency and allows for sound localization in both time and frequency [1, 2]. It also
has good channel capacity and reduces redundancy in transmission. However, FBMC has high computational
complexity and introduces symbol overlapping in the time domain, making it less suitable for low-latency
communication in the uplink and energy-saving communication systems [9, 10]. UFMC, on the other hand, filters
subcarrier groups (sub-bands) rather than individual subcarriers, reducing filter length and minimizing time [6]. This
makes UFMC more suitable for short burst communications and offers high spectral efficiency and reduced sidelobe
attenuation compared to OFDM and FBMC.

The main focus of this paper is to study the evolution of the Filter Bank Multicarrier (FBMC) technique from the
Orthogonal Frequency Division Multiplexing (OFDM) technique, and to investigate the impact of filter variation on the
Universal Filtered Multicarrier (UFMC) technique through the use of Additive White Gaussian Noise (AWGN) and
Rayleigh Fading channels. Various modulation techniques such as Quadrature Amplitude Modulation (QAM) and
Phase Shift Keying (PSK) will be applied, and the resulting Bit Error Rate (BER) and Peak to Average Power Ratio
(PAPR) will be analyzed and compared based on their characteristics. In addition, a theoretical BER model will be
established to confirm the validity of the simulated results. Moreover, this paper shows the contribution on existing
research on 5G communication systems and assist in the development of efficient and reliable communication solutions
for future networks.

2. Related Work

With the incremental demands of multimedia and 10Ts, significant research works have been conducted to
compare the performance of multicarrier techniques to ensure a higher data rate with lower bit error..

Arun, Shikha proposed a new FBMC-OFDM transmission scheme where the PHYDYAS filter was used on all
subcarriers. They showed that the performance of BER is better for smaller Carrier Frequency Offset (CFO) than higher
CFO and the BER performance is not effective in 0 dB to 5 dB for complexity [1].

Hao Lin tried to identify why people still prefer Orthogonal Frequency Division Multiplex (OFDM) instead of
FBMC and proposed a Filter-Bank OFDM (FB-OFDM) method. He used the complex-valued QAM symbols and map
them. [2].

A novel method has been proposed that is based on the polynomial fitting characteristic of a high-power amplifier
(HPA) and provides theoretical Bit Error Rate (BER) expressions for any HPA model [3].

Na Dongjun and Kwonhue Choi proposed a new system which achieved low Peak to Average Power Ratio (PAPR)
in Filter Bank Multi-Carrier (FBMC) based on the Identically-Time-Shifted-Multicarrier (ITSM) condition and Discrete
Fourier Transform (DFT) spreading technique. Their proposed scheme resulted in a significant PAPR reduction,
specifically a 3 dB reduction, with a block size of W = 8, due to the incorporation of DFT spreading.[4].

Nissel and Rupp proposed a framework for the calculation of bit error probability in double selective Rayleigh
fading channels utilizing m-Quadrature Amplitude Modulation or Vm-Pulse-Amplitude Modulation (PAM) signal
constellations. The framework was applied to a Vehicular A channel with a Hermite prototype filter, which resulted in a
performance improvement over Orthogonal Frequency Division Multiplexing (OFDM) and a low BEP [5].

Sidig, Mustafa, Seikh, and Malik designed a waveform having great spectral efficiency and less PAPR. They used
QAM technique and subcarriers which are distinct to evaluate the PAPR of OFDM, FBMC, UFMC, etc. [6].

Least Square (LS) and Minimum Mean Square Error (MMSE) were two distinct techniques for channel estimation
that could be applied to Ultra-Wideband Filter-Bank Multi-Carrier (UFMC) systems. Additionally, interpolation
techniques such as Linear and Spline were also evaluated for UFMC. The results of simulations indicated that MMSE
yields superior Mean Squared Error (MSE) performance compared to LS, as LS is more susceptible to noise at higher
Signal-to-Noise Ratios (SNRs). It was also observed that a floor in MSE occurs in Additive White Gaussian Noise
(AWGN) and Rayleigh fading channels. [7].

The authors presented a hardware platform for a Ultra-Wideband Filter-Bank Multi-Carrier (UFMC) transmitter.
The proposed platform utilizes actual hardware to implement simplified methods for Inverse Fast Fourier Transform
(IFFT), filtering, and spectrum shifting. This approach allows for an efficient overall architecture of the transmitter
without the need for a large number of resources from a Field-Programmable Gate Array (FPGA). [8].

Wei, Li, Zhang and Cheng’s research comprehensively evaluated the performance of a Ultra-Wideband Filter-
Bank Multi-Carrier (UFMC) system in terms of various metrics such as Spectral Efficiency (SE), Bit Error Rate (BER),
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Peak-to-Average Power Ratio (PAPR), Carrier Frequency Offset (CFO), and in different multipath fading channels, as
well as time delay effects (TD) [10].

3. System Model

In OFDM, several complex-valued subcarriers are modulated in each symbol period. Let the message signal, X;[k]
denote the 1" transmit symbol at the k" subcarrier, where 1 = 0, 1, 2...., wandk = 0,1,2,...,N — 1. N denotes the
total number of subcarriers. Because of the Serial to parallel conversion, the transmission time for N symbols is
extended to NT;, which forms a single Ty length OFDM symbol. T is the symbol duration to maintain the
orthogonality among the subcarrier signals. Consider, Ts,,, = NTs. The Ith OFDM signal at the k™ subcarrier can be
expressed as [11]:

Yk (6)
L elsewhere

Then the baseband OFDM signal in the continuous time domain can be expressed as:

x0,(8) = T2 T=3 Xy [k] e (t=1Tsym) ?

The complex time domain sequence is then generated using IDFT and a cyclic prefix, and it is sent over the
channel. The continuous-time baseband signal at t = IT,,, + nT,with Ty = T, /N and f, = k/ Ts,,, to obtain the
discrete time OFDM symbol. Thus, the following equation can be written as [11]:

.2mwkn
Xp=2n-d X,[k]le’ v forn=0,1,...,N-1 ©)]

where, X, is complex symbol transmitted over the k™ subcarrier. Off-set Quadrature amplitude modulation (OQAM) in
FBMC is used in place of QAM, where the complex value of the QAM symbol is split into a real and imagined
component that provides individual real valued symbols. Instead of utilizing cyclic prefix, FBMC uses filter and each
subcarrier modulated signal passes through a filter. The prototype filter is PHYDAS filter. In FBMC-OQAM system,
after channel coding and symbol mapping of serial high-speed data OQAM is used to modulate symbols. The purpose
of OQAM pre-processing is to keep orthogonality between subcarriers and also it processes complex symbols in real
and imaginary part. Let consider the sender signal is [12]:

xk,n = ak.n+ jbk,n (4)

After the OQAM modulation and filtered the signal, the FBMC-OQAM transmitted signal can be specified as:
x(8) = 0T Salamnh(6) + bk (£ = 1) 2] (5)

where, a,,, is the real part and b, ,, is the imaginary part of QAM symbol, hr(t) is prototype filter and T = % The
impulse response of the PHYDAS filter in frequency domain is [12]:

» sin((f—5)NK)

NKsin(n(f—N—kK)>

where, K is the overlap factor of the prototype filter, T is the sampling period, H,, is the coefficient of the prototype
filter. In UFMC, group of subcarriers (sub-bands) are filtered. In UFMC system, each the modulated data stream passes
through a series to parallel block, an N-size IDFT block, and finally an L-length filter block. UFMC transmitted signal
in the time domain is the sum of the signals of all sub-bands, B. The following equation is [13]:

H(f) Ek=2-n H (6)

x(t) = g FueVir ai (7

where a;, represents the modulated signal for the i sub-band, V;, represents the IFFT to eplitz matrix of the i sub-
band and its size is (N xn;) and F; is filter applied to the i" sub-band and this vector size is (V + L—1) xN). In UFMC,
sub-bands are performed, which are made up of subcarriers and entire group of subcarriers are filtered. Zero padding is
used for unallocated carriers at the receiving end. Let, for the k™ user, total number of sub-bands is B, and the total

number of subcarriers is N, . Consider in the i" sub-band there are N, subcarriers. So, ijlNi = N,. N;
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complex symbols sequence is transformed into a block of N; parallel symbols and T, is the duration of each block. Let
x;." be the data vector of the k™ user in the i'" sub-band. The baseband signal of the k™ user may be expressed as:

. t i
1 (8) = Tk, Tnse 2l m) T Taby ! (¢~ nTy) (8)
where, h;,'(t) indicates the filter function utilized in the i sub-band for the k™ user. The Chebyshev’s filter response
function is [15]:

cos[Ncos 1t (ﬁcos(rr%))]

hi,k = cosh[Ncos h~1(8)]

0<k<N-1 9)

B = cosh[ cos h™1(10%)] and « represents attenuation of the side lobe. Hence, there is needed power for transmission

which is represented as PAPR (Peak-to-Average Ratio). The maximum power ratio of a transmitted signal to the mean
power of the signal is known as Peak-to-Average Ratio (PAPR). With a multi-career system, PAPR tends to happen
when the many subcarriers are out of phase. The PAPR of the OFDM, FBMC, and UFMC is [11]:

max ¢ ez {|xnl%}
PAPR === e (10)

where, T is time interval, max .., {|x,|?} is peak signal power and E { |x,|?} is average signal power. The signal is
transmitted through additive gaussian white noise channel (AWGN) and Rayleigh Fading channel. Because of bit loss
in the air, ISI, overlapping, and other factors, sending and receiving bits are not equal to transmitting bits. As a result,
the bit error rate is computed, and it is preferable to keep the bit error rate for the signal as low as possible. For OFDM,
FBMC, and UFMC, the theoretical BER equation of QAM and PSK modulation schemes is [11-15]:

2(VM-1) 6Ep logaVM
BERorpmMaM) = 77 007w ¢ < ﬁ) (11)
E
BERorpm(psk) = Q( /2 X N_I;) (12)
_1yx _26/M-1 3loga (M)Ep lyl®K
BERFgMc (Qamy = Y =1 V7T log Vit Q <\/4N0(M—1)T(ak2+adz)> (13)

_1 Ep lvil*K
BERggMc (psk) = 7 Lic1 @ < fm) (14)

2(WM-1) 6E, log,VM
BERyrmc (Qam) :E =1 251 i 10g,vm @ < bl k|2-ﬁ> (15)

where, M represents modulation order, 7, represents the filter response, o2 represents variance of AWGN and g,
represents the NL distortion, E, /N, represents the signal to noise ratio, T represents symbol duration time.

4, Simulation Results

This section is divided into three parts. The first part involves measuring the Peak to Average Power Ratio (PAPR)
value at the transmitting end for a fixed number of subcarriers. In the second part, various modulation schemes such as
Quadrature Amplitude Modulation (QAM) and Phase Shift Keying (PSK) are employed for 400 subcarriers to evaluate
the Bit Error Rate (BER) performance through Additive White Gaussian Noise (AWGN) and Rayleigh fading channel.
The Discrete Fourier Transform (DFT) mechanism and frequency sampling technique are applied in the design of filters
for Filter Bank Multi-Carrier (FBMC) and Universal Filtered Multi-Carrier (UFMC) systems. Finally, simulated results
are compared with theoretical models using equations 11 to 15. The simulation environment utilized in this study is
MATLAB 2018b.

Table 1 presents some of the key simulation parameters to provide a clear understanding of the simulated
environment. In Figure 2, a comparison of Bit Error Rate (BER) performance is presented using the Phase Shift Keying
(PSK) modulation scheme among Orthogonal Frequency Division Multiplexing (OFDM), Filter Bank Multi-Carrier
(FBMC), and Universal Filtered Multi-Carrier (UFMC) systems. The BER performance of PSK modulation is found to
be inadequate. The BER is at 10~* near 20 dB in UFMC and approximately 10~* at 20 dB in FBMC. However, in
OFDM, the BER is approximately 10~3 at 20 dB, which is significantly worse in comparison to FBMC and UFMC.
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Furthermore, FBMC and UFMC show similar performance in PSK, which may not be suitable for high-speed data
communication. Additionally, the power consumption in these systems is also relatively high.

Table 1. Parameter Defination Chart

Value
Symbol Parameters
OFDM FBMC UFMC
No. of subcarriers 400 400 400
CP Length 30 x x
FFT size 512 512 512
- Chebyshev,
Filter type x PHYDYAS PHYDYAS
Overlapping Factor x 2 x
No. of sub bands x x 20
Sub bands size x x 20
25
24,0008
20
m 15
T
x
g
o 10
7.4402
5
0
OFDM FBMC UFMC

Fig. 1. The PAPR values of OFDM, FBMC, UFMC system.

=—8— Simulated OFDM
=@ Theory OFDM
=——8— Simulated FBMC
=== Theory FMBC
—6— Simulated UFMC ||
=@ Theory UFMC

Bit Error Rate
=
nN

1073

Fig. 2. The BER of OFDM, FBMC, and UFMC using PSK.
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In Figure 3, the performance comparison results for Additive White Gaussian Noise (AWGN) channel are
presented. It is observed that compared to Orthogonal Frequency Division Multiplexing (OFDM) and Filter Bank
Multi-Carrier (FBMC), Universal Filtered Multi-Carrier (UFMC) system exhibits superior Bit Error Rate (BER)
performance. The length of the filter in UFMC is the same as the cyclic prefix length of OFDM, and the BER is
relatively low as well as the power consumption is also lower compared to OFDM and FBMC.

In UFMC, the number of errors is presented as a ratio such as 1 in 100,000 or 1 in 1 <1073, whereas OFDM and
FBMC required significantly higher Signal-to-Noise Ratio (SNR) power for achieving lower BER performance. For
example, as shown in Figure 3, the BER is 10~° at near 14 dB in UFMC. In contrast, the BER is 10~* in FBMC and
10732 in OFDM at near 20 dB. In this proposed system, it is possible to lower the transmit power by saving 6dB by
reducing the SNR compared to OFDM and FBMC. From Figure 2, it is evident that, when using the Phase Shift Keying
(PSK) modulation technique, the theoretical Bit Error Rate (BER) of Orthogonal Frequency Division Multiplexing
(OFDM), Filter Bank Multi-Carrier (FBMC), and Universal Filtered Multi-Carrier (UFMC) systems at 14 dB are 2.51 x
1072, 3.54 %1073, and 3.16 <1073 respectively, while the simulated results of these systems are 2.49 %1072, 3.98 %
1073, and 3.71 <1073 respectively.

100 . . : : . .

Bit Error Rate

=—€— Simulated OFDM
4 =& Theory OFDM
10™ £| —@— Simulated FBMG

Theory FMBC
—O— Simulated UFMC
=== Theory UFMC
10.5 I T I 1 1 1 o 1 1
0 2 4 6 8 10 12 14 16 18 20

Fig. 3. BER performance of OFDM, FBMC, UFMC using QAM.

Similarly, from Figure 3, the corresponding theoretical values of OFDM, FBMC, UFMC using Quadrature
Amplitude Modulation (QAM) technique at 14 dB are 1.95 %1072, 1.26 <1072, and almost 1075 respectively. The
simulated results of these systems are 1.76 <1072, 1.5 x1072, and 10~ respectively. Therefore, it can be inferred that,
the theoretical results and the simulated results are quite close through the Additive White Gaussian Noise (AWGN)
channel. By comparing the simulated results and theoretical results in Figure 2 and Figure 3, it can be concluded that,
there is a strong agreement between the theoretical and simulation results, and hence, the theoretical and simulated
models are accurate for the AWGN channel.

=—de— UFMC: Phydyas
—8— UFMC: Chebyshev

Bit Error Rate

L

SNR, dB

Fig. 4. BER performance of UFMC using PHYDYAS and Chebyshev filter.
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As depicted in Figure 4, the Chebyshev filter exhibits satisfactory performance in the Universal Filtered Multi-

Carrier (UFMC) system when compared to the PHYDY AS filter.
Additionally, the power requirement is lower in the Chebyshev filter. It should be noted that the length of the
PHYDYAS prototype filter is the same as the Chebyshev filter.

10° ] : ‘ ; ; ,
—©— PSK OFDM Rayleigh | |
—6— PSK FBMC Rayleigh | ]
=—d— PSK UFMC Rayleigh | |

Bit Error Rate

0 2 4 6 8 10 12 14 16 18 20
SNR, dB

Fig. 5. BER Performance of OFDM, FBMC, UFMC using PSK through Rayleigh Channel.

109 ; : : ! !
—&—BER OFDM
—8— BER FBMC
=—de— BER UFMC
4
1071
o
[
o
=
e
=
i
oM
1072
1078

0 2 4 6 8 10 12 14 16 18 20
SNR, dB

Fig. 6. BER Performance of OFDM, FBMC, UFMC using QAM with 10 Tap Rayleigh Channel.

Figure 5 and Figure 6 illustrate the Bit Error Rate (BER) of Orthogonal Frequency Division Multiplexing (OFDM),
Filter Bank Multi-Carrier (FBMC), and Universal Filtered Multi-Carrier (UFMC) systems in a 10 tap Rayleigh fading
channel with various modulation techniques. In Fig. 6, Rayleigh channel is a model used to simulate the time-varying
effects of a wireless communication channel which assumes that the received signal is a random variable that varies in
amplitude and phase due to the multipath propagation of the signal. Moreover, in a 10-tap Rayleigh channel, the
channel impulse response is modeled as a sum of 10 complex exponential functions with different amplitudes, phases,
and delays. Each tap represents a different path that the signal can take from the transmitter to the receiver, with a
different delay and attenuation. It is evident from the figures that the results are logical. However, there is a difference
in the curves of FBMC and UFMC at various modulation techniques. Due to the interference of additive noise, the BER
of FBMC and UFMC in the Rayleigh channel gives poorer performance than that in the Additive White Gaussian Noise
(AWGN) channel. For instance, when using the Quadrature Amplitude Modulation (QAM) technique, at 14 dB, the
BER of UFMC in the Rayleigh Fading Channel is 5.012 x 1073 whereas, in the AWGN channel, the BER is 107>,
The same case is observed in the Phase Shift Keying (PSK) modulation process. Additionally, the power dissipated in
the Rayleigh channel is enormous compared to the AWGN channel which is not consistently good in performance.
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T I I
—8— AWGN OFDM
=—d— Rayleigh OFDM
A —— AWGN FBMC
= < Rayieigh FMBC
—6— AWGN UFMC ||
—&— Rayleigh UFMC

Bit Error Rate

10 . . . ! . . L . .
0 2 4 6 8 10 12 14 16 18 20
SNR, dB

Fig. 7. BER Performance of OFDM, FBMC, UFMC using PSK through AWGN and Rayleigh Channel.

Bit Error Rate

—©— AWGN OFDM
—h— Rayieigh OFDM
10 { —@— AWGN FENC
Rayleigh FMBC
—6— AWGN UFMC
—— Rayleigh UFMC

10®
0 2 4 6 8 10 12 14 16 18 20

SNR, dB
Fig. 8. BER Performance of OFDM, FBMC, UFMC using QAM through AWGN and Rayleigh Channel.

Figure 7 and Figure 8 portay the comparison of error rate of OFDM, FBMC and UFMC using PSK and QAM
through AWGN and Rayleigh Channel. In these figures, it is shown that modulation techniques such PSK plays poor
performance over QAM due to the constellation mapping of data signals. From the above analysis it is important that
the choice of a modulation technique depends on the specific requirements of the communication system such as BER,
PAPR, and robustness to channel impairments. Moreover it depends on spectral efficiency and power efficiency etc.
which is be discussed in the future works in this paper. However, In terms of BER performance, the response of UFMC
over OFDM and FBMC is better over both AWGN and Rayleigh channel. But this superiority of UFMC over OFDM
and FBMC is not a universally accepted fact, and it depends on various factors such as in high-mobility or low mobility
environments. Here, Doppler spread is not analyzed which is the significant limitation of this paper.

5. Conclusion

In this paper, a comprehensive evaluation and comparison are made between various modulation techniques,
including Orthogonal Frequency Division Multiplexing (OFDM), Filter Bank Multi-Carrier (FBMC), and Universal
Filtered Multi-Carrier (UFMC) in terms of Peak to Average Power Ratio (PAPR) and Bit Error Rate (BER).
Additionally, the performance of PHYDYAS and Chebyshev filters in UFMC is also investigated, and it is shown that
the Chebyshev filter provides better performance. Based on the simulation results of PAPR, transmitting power, and
BER of the multicarrier techniques, it can be concluded that UFMC is a promising candidate for 5G technology. It
increases spectral efficiency, reduces sidelobe attenuations, and inter-symbol interference (ISI), making it more
beneficial for future network technologies.
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It is possible to optimize further in the future to convert to Generalized Frequency Division Multiplexing (GFDM)
for its flexibility, efficient use of the Cyclic Prefix (CP) in short packet transmissions, and low out-of-band radiation to
minimize unwanted interference. GFDM combines subcarriers and sub-symbols to create a circularly pulsed waveform.
With its additional Space-Time-Coding (STC) method, GFDM is well-suited for low latency applications [16].
Research on GFDM is ongoing to achieve greater spectral efficiency than UFMC and potentially use it in future
advanced technologies instead of UFMC. Although, UFMC has several advantages like lower out-of-band radiation,
and better robustness to channel impairments.

In this paper, theoretical and practical Simulations are introduced to evaluate the performance of different
modulation techniques such as OFDM, FBMC, and UFMC for different parameters like BER, PAPR, QAM, and PSK
over AWGN and Rayleigh fading channels. These simulations are also useful for exploring new ideas and concepts
before investing in costly hardware development and testing. On the other hand, hardware implementation of these
systems refer to the actual deployment of communication systems using physical hardware and real-world channel
conditions. In real world, hardware implementation is more challenging and complex compared to simulation. But the
outcome from the simulation will give the expected result of the communication system implemented in the real world
scenario.
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