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ABSTRACT

To mitigate the effect of 5G wireless channel, new multicarrier with robust features and waveform needs
to replace the conventional OFDM system. In this study, three adopted multicarrier systems are employed
and compared with OFDM including FBMC, FOFDM and UFMC over 5G channel. The BER performance,
PAPR and PSD are compared with OFDM system. One tap frequency domain equalizer is used with all
multicarrier systems and test the performance over 5G channel. The consequences show that, FBM has the
best BER at high Doppler spread and has lowest PSD. In the other side, FBMC has highest PAPR comparing
with other multicarrier system.
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1. Introduction

Recently, Orthogonal Frequency Division Multiplexing (OFDM) stands for the most research interest of digital
communication techniques such as asymmetric-digital-subscriber-line (ADSL), digital-video-broadcasting-
cable (DVB-C), IEEE 802.11 and IEEE 802.16 wireless standards, long-term-evolution-advanced (LTE-
advanced), and 5G [1], due to high information rate transmission, immunity against multipath fading channel
and can be implemented in a sufficient way [2]. In other words, many requirements are needed for recent
technological progress such as enhanced mobile broadband, low latency communication, internet-of-things
(10T), and so on. These requirements pushed to study on the new multicarrier system with high mobility, low
out-of-band (OOB) property , low peak-to-average-power ratio (PAPR) and immunity against time and
frequency offset [3], [4].

Several multicarrier modulation techniques are studied to mitigate these requirement like Filter Bank
Multicarrier (FBMC) [5], [6], [7], Generalized Frequency Division Multiplexing (GFDM) [8], Universal
Filtered Multicarrier (UFMC) [9],[10], Filtered OFDM (FOFDM) [11], [12], Polynomial Cancellation Coded
OFDM (PCC-OFDM) [13]. In FBMC, each subcarrier is passing through a filtering functionality that leads to
improve the spectral efficiency and reduced the OOB emission. Also, FBMC uses offset QAM (OQAM) instead
of QAM in which the real and imaginary samples are isolated. Different pulse shaping filters are used such as
Root Raised Cosine (RRC), PHYsical layer for DYnamic AccesS (PHYDYAS), Hermite , and Isotropic
Orthogonal Transform Algorith (IOTA) filters. Among all of them, Hermite filter has the best time and
frequency localization and bit error rate performance [14]. In UFMC, each block of subcarrier is filtering instead
of filtering each subcarrier as FBMC, no cyclic prefix guard is needed in this modulation. In this modulation,
the PAPR is reduced comparing with OFDM since the bandwidth is grouped into subbands and fewer number
of subcarrier is adding compared with OFDM [15]. The disadvantage of UFMC is more complicated comparing
with OFDM. In FOFDM, the transmitter OFDM signal is passing through a windowed filter, where window
function is multiplied by the linear phase filter. Different window function can be used such as Hanning,
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Hamming, Kasier, Blackman, and Chebyshev window [11]. Both FBMC and FOFDM can be used to reduce
OOB emission by selecting the suitable shaping filters [2]. GFDM depends on filter bank theory in similar way
with FBMC where both depends on building the prototype filter. But instead linear filtering, circular filtering is
used in GFDM. The performance of GFDM is similar to FBMC in terms of quasi-orthogonality, OOB emission
and PAPR but with high complexity [16]. In [17], a comparison is established between OFDM and
FBMC/OQAM over doubly selective fading channels. The study carried out that FBMC is outperform OFDM
in spectral efficiency and BER performance, but some other comparisons are missing here such PAPR
comparison.

In this paper, the comparisons between OFDM, FBMC, FOFDM and UFMC are investigated over 5G
communication system with one tap equalizer. The BER performance of the systems were investigated over
5G Vehicular and Pedestrian channel models. The PAPR and power spectral density comparisons are also
presented. The remaining paper is organized as: the schemes of multicarrier systems are presented in section
I. The results and discussion are presented in section Ill. Finally, the conclusion is depicted in V.

2. Multicarrier communication system

2.1. OFDM communication system

The plot of OFDM system is shown in Figure 1. Typically, a bit stream is mapped to a quadrature amplitude
modulation (QAM) symbol in the OFDM transmitter, called Y. Then this stream of constellation symbols goes
through a serial to parallel converter. Shape a collection of N parallel QAM complex signal Yo, Y1, ... , Yna
reflecting increasing subcarrier's transmitted symbols. By modulating these symbols on the transmitting side
with the inverse Fast Fourier Transform (IFFT), a discrete multicarrier baseband symbol is generated with cyclic
extended guard interval, which can be written as [18]:

2T .
y() = FHY[i} = =20 Ve W™ Nesn<N-1, ()

where the number of subcarriers is act by N, Ng is the number of guard samples. Also, a QAM detection symbols
is obtained at the reception using Fast Fourier Transform (FFT). The recovered sequence after removed the
cyclic prefix signal is

om .
% = F{Y[n]} = =0 ylnle /W™ 0< i<N-1, )
—» — 6
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a. OFDM transmitter system
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FFT

b. OFDM receiver system

Figure 1. OFDM system

13



PEN Vol. 9, No. 3, June 2021, pp.12-21

2.2. FBMC/OQAM system

The transceiver scheme of FBMC/OQAM is plotted in Figure 2. At the transmitter side, the information bits is
passing through QAM mapping and the k-th subcarrier of the I-th time, a; (1), is obtained. To obtain offset
QAM (OQAM) signal, OQAM pre-processing stage is required. The complex signal a, (1) is converted to real
signal using complex-to-real conversion and separated to new two signals d, (n) and d, (n + 1). The complex
to real transform is different for even and odd numbered sub-channels and can be written as

Re(ai (D)), k even
di(n) = {Imag( ar (D), k odd )
_ (Imag(Cax (D), k even
dk(n+1) _{RE(ak(l)), k odd (4)

where Re (.) and Imag (.) are real and imaginary part of the signal, respectively. The signal dj (n) is multiplied
by 6, (n) = j**" to obtain the orthogonal symbols. The OQAM signal, x; (n), is expressed as

x(n) = di (M), (n) (5)
In this case the sampling rate of d; (n) is double that of an OQAM signal. The synthesis filter bank of FBMC
is implemented with efficient design using polyphase filter branches. The OQAM signal is multiplied by the
phase S, (n) and then taking IFFT transform. The transmitted signal of a FBMC/OQAM modulation is written
as [6], [19]

2T
s(m) = TH3 i oo 2 (M)Br(M)pr(m —n e/ ™ (6)
where M is the sub-channel number, B, (n) is the k-th subcarrier and n-th time of the phase multiplier which

is expressed as [21]:
Lp—l

Be(n) = (—1)fme kT (7)

Also, L, is the prototype filter length, p(m) is prototype filter. There are different prototype filters, the best one
is Hermite filter that depends on Hermite polynomials Hn(-) [20]
1 m\2 m
p(m) = T €XP (—27T (E) )Zi={0,4,8,} ®H; (2\/5 T_o) (8)
12.,16,20

where the parameters ¢; are @,=1.412692577, @,= —3.0145 - 10-3 @g=—8.8041 - 10-63 ¢,,=-2.2611 -
10-9, 916=4.4570 - 10-15, ,¢,g=1.8633 - 10—16 . Hn(e) of order n can be calculated from the recursive
relations [14]: Ho(e)=1, Hn+1(e)=2e Ha(e)- H,,(e), where H, (e) is the derivative of Ha(e) with respecttoe. To
is a time-scaling parameter that based on subcarrier spacing. All the operations is reversed in the receiver side
as shown in Figure (2-b) to detect the original transmitted bits.

___________________________________________
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a. FBMC transmitter system
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Figure 2. FBMC communication system

3. FOFDM communication system

The block diagram of FOFDM transceiver system is illustrated in Figure 3. It is clear that the FOFDM system
is identical to OFDM system except that the FOFDM transmitted signal, sz(m), is obtained by convolve the

transmitted OFDM sequence, s(m), with a filter sequence f(m) as [11]:
sg(m) = s(m) = f(m) ©)
where * is the convolution function and f(n) is a FIR filter and is written as:
fm) = fa(m) w(im)  (10)

where f;(m) is the ideal linear phase filter and w(m) is window function. Different window functions can be
used such as Hamming, Hanning, Kaiser, Chebyshev or Blackman window [11]. In this paper Hanning window

is used.

Data QAM || | Filter 5G
bits | Mapping IFFT ADD CP Sn) Channel

a. FOFDM transmitter system
Relcelvled _,| Receiver | | Remove | | EET | | OnmeTap | QAM _l?etected
signa Filter CP Equalizer Demapping bits
b. FOFDM receiver system

Figure 3. FOFDM communication system
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4. UFMC Communication System

UFMC has the features of OFDM, FBMC, and FOFDM in which blocking a full range of OFDM system into
sub-bands without needing to cyclic prefix. The scheme of transceiver UFMC system is illustrated in Figure 4
[15]. At the transmitter, the input data is converted to B sub-blocks, QAM mapping is used to convert the data
bits into symbol level, S;,,i = 1,.., B, k=0,..,N-1 . Each output of sub-block is passed through N point IFFT
representing with V; ,i = 1,2,..,B,k = 0,.., N — 1. The output of IFFT will be serialized and passing through
filter representing with F; ., i=1,..,B, k=0,..,N-1. The filter used in this paper, is Dolph-Chebyshev window
filter with order L [9], in this work 60 dB side lob attenuation is used. The transmitted signal of UFMC is
expressed as [15]:

— \'B
Sk = i=1 Fie Vi - Siee (11)
At the reception side, the received signal is passing through FFT function and then one tap frequency domain
equalizer is taken for each subband. Finally, QAM demapping is used to detect the original bits.

S1k
Subband | | QAM || o [P Npoint ..o | | Filtes Fy
data-1 Mapping || IFFT, Ve | Length L
Subband QAM op [ Npoint o | | Filter, Fy M\, sc
| - =
data-2 Mapping | IFFL Vo | | Length L \.l/  Channel
Spk
Subband QAM sp [7| N-point [ PIS Filter, Fp
data-B N Mapping ™ N IFFT, Vg N K Length L,
a. UFMC transmitter system
Frequency
Re.ceived > sp |- 2N-Point |_ Domai'n Qne Tap | | s b QAM. +Det¢e.cted
signal FFT Equalization per Demapping bits
Subband
b. UFMC receiver system
Figure 4. UFMC communication system
5. One-Tap channel equalizer

In multicarrier transmissions, the reception sequence of the [ —th time and k-th subcarrier is decomposed by:
T = hyeSye + Nyge (12)

Since the imaginary interference is orthogonal to the desired sequence, it has no effect on the performance.

Then, a simple one-tap Zero-Forcing (ZF) equalizer obeyed by nearest-neighbor-detection is represented by
[21]

Sip = 2Lk (13)

hik
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6. Simulation results

In this simulation, OFDM, FBMC, FOFDM, and UFMC modulations are investigated and compared using
MATLAB 2018. The comparison is made using BER, PAPR, and PSD measures. Two types of 5G channel are
used: vehicular channel model A that is the fast fading channel and pedestrian channel model B that is slow
fading channel. The channel Model parameters is listed in Table 1. Table 2 shows the main parameters of the
simulation.

Table 1. Channels model parameters

Vehicular channel Pedestrian channel
model A model B
Path Relative Average Relative Average
numbe | delay (ns) | power (dB) | delay (ns) | power (dB)
1 0 0 0 0
2 310 -1 200 -0.9
3 710 -9 200 "-4.9
4 1090 -10 1200 -8.0
5 1730 -15 2300 -7.8
6 2510 -20 3700 -23.9
Table 2. Simulation parameters
Parameters OFDM FBMC FOFDM UFMC
Modulation/Order QAM OQAM QAM QAM
4,16,64,256 4,16,64,256 4,16,64.256 4,16,64.256
FFT size /Subcarrier 256/200, 256/200, 256/200, 256/200,
512/300 512/300 512/300 512/300
Prototype Filters - Hermite Hanning Dolph-
window Chebyshev
window
Overlapping Factor - 4 - -
Cyclic Prefix Length 47619 0 0 0
(n sec)
Subcarrier spacing ( 15 15 15 15
kHz)
Channel Model Vehicular-A/ Vehicular-A/ Vehicular-A/ Vehicular-A/
Pedestrian-B Pedestrian-B Pedestrian-B Pedestrian-B
Jakes Model Jakes Model Jakes Model Jakes Model
Velocity 10, 200,500 10, 200,500 10, 200,500 10, 200,500
( km/h)
Carrier frequency 2.5 25 25 2.5
(GH2)

Figure 5 depicts the BER comparisons between different MC techniques over AWGN channel, Subcarrier =200
and QAM levels 4, 16, 64, 256. It can be seen that the behavior of FBMC, FOFDM and UFMC are approximated
identical and outperform the performance of OFDM in slightly. Also, increase the order of QAM will degrade
the BER performance of the systems. Figure 6 shows the BER comparisons between MC systems over
Vehicular-A channel with subcarriers 200, 64 QAM and different velocities. From this figure, the BER of
FOFDM and UFMC systems are approximated the same of that OFDM. At low velocity (10 km/h), FBMC
appears to be the worst one comparing with others but with high velocity FBMC BER becomes the best. In high
velocity, one tap equalizer becomes inefficient and need another stronger equalizer. Figure 7 plot the BER
performance comparisons between MC systems over Pedestrian-B channel with 20 km/h velocity, 200
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subcarriers and different levels of QAM. The figure shows the priority of OFDM comparing with the others.
UFMC better than both FOFDM and FBMC and the behavior of FBMC and FOFDM approximately the same.
The CCDF comparisons between different MC systems are illustrated in Figure 8 for 200 subcarriers and
different levels of QAM. Figure 9 shows the CCDF comparisons for different subcarriers. From these figures,
it can be seen that FBMC has the largest PAPR and OFDM has the lowest PAPR. FOFDM has approximately
the same PAPR as OFDM. UFMC has lower PAPR than FBMC. Increasing either the order of QAM or
subcarrier number will increase the PAPR value for all MC systems. Figure 10 shows the PSD comparisons
between different MC systems with 64 QAM and 24 subcarrier number. It can be seen that, FBMC has the
lowest PSD comparing with other systems.

10° - . . , :
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+ FOFDM | |
—— UFMC | |
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& : 3
\
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Figure 5. BER comparisons of MC over AWGN for subcarrier=200 and 4, 16, 64 and 256 QAM
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Figure 6. BER comparisons of MC systems over Vehicular-A channel for subcarrier=200, 64 QAM and
velocities 10, 200, 500 km/h
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Figure 7. BER comparisons of MC systems over Pedestrian-B channel for subcarrier=200, velocity 10 km/h
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Figure 8. CCDF comparisons between MC systems for 4 , 64 , 256 QAM and 200 subcarries
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Figure 9. CCDF comparisons between MC systems for 64 QAM and 200, 300 subcarries.
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Figure 10. PSD comparisons between MC systems for 64 QAM and 24 subcarries

7. Conclusion

In this paper, the comparisons and parametric investigations between different multicarrier systems including
OFDM, FBMC, FOFDM and UFMC are carried out across 5G channels. The comparisons is made using BER
performance, PAPR and PSD analysis. Two channels are taken that are Vehicular-A and Pedestrian-B channel
with different scenarios and parameters. The results show that FBMC has the best BER at high velocities and
the best PSD comparing with other MC systems. Also, FBMC has the worst PAPR than other MC systems.
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