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Abstract— Filter Bank Multicarrier with Offset Quadrature Amplitude Modulation(FBMC/OQAM) system design based on frequency
sampling prototype filter takes into account the low frequency utilization of Orthogonal Frequency Division Multiplexing(OFDM) caused by
adding Cyclic Prefix(CP). The CP decreases spectral efficiency and increases Peak to Average Power Ratio(PAPR). FBMC is an OFDM
enhancement. In this paper to reduce the PAPR, we explained companding methods. We have proposed an FBMC that makes use of prototype
pulse shaping filters which can be adjusted to meet system requirements in order to defeat these limitations. Due to its significant effect on the
performance of FBMC-OQAM, choosing the right filter is crucial. Different prototype filters are used to investigate the performance of the
FBMC-OQAM in this paper. Using the validated system, it was found that frequency utilization is more and good out-band suppression as well
as an excellent application value in 5G technology. By using p-law companding method, FBMC/OQAM provides better performance. It
produces low PAPR, low out of band(OoB), high BER performance, less computational complexity and high spectral efficiency as compared to

other methods.
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I. INTRODUCTION

For next generation wireless networks(5G) and standards,
FBMC-OQAM is an appropriate multicarrier waveform
approach. For different mobile communication services, such
as voice communications and data communications, the
demand for higher data rates has been increasing day-to-day
[1]. Through the development of different generations of
mobile technology, from 2G and 3G to 4G and Long-Term
Evolution (LTE), mobile technologies have evolved. Future
devices will be capable of interacting with machines as well.
The development of air interfaces of various technologies has
responded to this continuous demand for more data rate [2-3].
In wireless communications, CP-OFDM has proven to be the
most reliable type of modulation because of its less
complexity. But it has high Out-of-Band(OOB) spectral
leakage, spectral efficiency will be decreases and PAPR is
increases [4-5]. OFDM does not use pulse shaping, so spectral
leakage occurs. The main drawback of OFDM is high PAPR
[6]. Because the CP is dropped in the FBMC-OQAM, and
because shaping filters reduce OOB emissions significantly,
FBMC-OQAM provides good spectral efficiency and spectral
shape [7]. FBMC-OQAM divides the QAM symbol into real
and imaginary parts and transmits them at twice the QAM rate.
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Therefore FBMC is better for 5G communications [6-7].
According to previous works, researchers focused mostly on
comparing CP-OFDM with FBMC with specific pulse shaping
filters on wireless channels such as [8-10] with the use of
PHYDYAS filters. The typical HPA inverse model
compensation approach requires numerous simulations to
choose optimal compensation thresholds, which is
inconvenient for actual applications, and the algorithm does
not lower the PAPR of the OFDM/OQAM signal. By clipping
at the transmitter, the approach presented in [11] decreases the
PAPR of the OFDM/OQAM signal. A study of pulse shaping
filters used in FBMC is presented in [12]. Using OFDM and
FBMC with an RRC filter, a comparison is provided in [13].
CP-OFDM and FBMC were compared in [14] using half
cosine and EGF filters. The performance of shaping under
fixed channel conditions is evaluated for frequency and timing
offset in [15]. One of the most major problems with the FBMC
is the large amount of PAPR due to the high dynamic range of
the multicarrier signal. The paper [16] explained a Modified
Forest Optimization Algorithm(MFOA) algorithm based on
Selected Mapping(SLM), to minimize PAPR and required Bit
Error Rate (BER). Studies of the PHYDYAS filter in [17], the
Hermite function filter in [18], and the IOTA filter in [19]
address the FBMC specific shaping filters.
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Il. FBMC-OQAM SYSTEM

The FBMC method uses a nonrectangular pulse shaping filter
to filter each subcarrier of a multicarrier waveform. As a
result, the FBMC symbol overlaps with K (overlapping factor)
consecutive FBMC symbols [20], resulting in a prolonged
FBMC symbol. The FBMC-OQAM transceiver is shown in
Figure 1. A polyphase network (PPN)-FFT implementation
and a FS-FBMC implementation are the two types of FBMC
implementations. A time-domain subcarrier multiple-tap
equalization is used in the PPN-FFT FBMC receiver, causing
transmission delays. Each subcarrier is equalized in the
frequency domain by the FS-FBMC receiver with no
additional delay. FS-FBMC requires larger IFFTs and FFTs of
the type KM, M denoting the number of subcarriers. IFFT and
FFT of size M are required for the PPN-FFT transceiver, but
additional multiplication operations are needed for the KM
operation [21].

The FBMC-OQAM system specifically addresses the needs of
the sender as described below. After serial high speed data is
channel coded and symbol mapped, OQAM is used to
modulate the symbols. OQAM preprocessing is designed to
maintain subcarrier orthogonality [45]. Subcarriers are formed
by dividing the interleaved delay into its real and imaginary
components. At sampling time, any subcarriers have an
orthogonal distribution, as do adjacent subcarriers. A
prototype filter bank with varying offsets is then filtered using
the transmission symbols. A fast multi-carrier modulation is
then achieved by superimposing the time-domain synthesized
signals [22-23]. Pre-processing on the transmitter side

converts complex input data Da‘b to real symbols. The real

and imaginary components of Da,b are then up-sampled by a
factor of two [24].

R{D, . }: b-even

D:’b: 0; otherwise
' 1)
o - 1{D, 4, }: b-even
ab —
’ 0; otherwi
: otherwise )

Asaresult, the T, ; sent symbol will be a mix of real and

imaginary parts.

Ta,b = TaF,Qb +Tal,b (3)

In the SFB, the transmitted symbol Ta'b is up-sampled by a
factor N/2. The filtered signal is then obtained by applying the
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procedure of filtration to each subcarrier using a shifted
version of the f, (K) .

w N-1 bN
=3 3T., fa(k——j
b=— a=0 ' 2 (4)

j2Tlka
Here, f,(k)=e N

f (k) 5)

In the AFB, the demodulated symbol Ya,b may be produced

by projecting the received signal r[K] over the receiver filter

f, (k).

Yoo =3 k] f;[k—b?'\'j

= (6)
R —j2rtak
_ f” — N
fl=f)=e " (K 0
The received signal can be expressed as
Ya,b =Ta,b + J Ia,b (8)
Here interference is,
Ly =2 Top fo (k —b—NJ f, [k —N—bj

In [24], the representation matrix of the system model is
simplified. The Prototype Filter(PF) may be written as

PeD"™®
P=[ Prusseoors Pags Prseoves Pas | an
The transmitted symbols can be expressed as
T
T =TT Taps Togrereeenn T | )

The transmitted signal s(t) may be rewritten as S=P.T

The number of received sampled pulses I, , € D" which

may also be expressed as

R=|:r1,1""rA,l’r1,27"'rA,B:| (13)
Let the fading channel is Additive white Gaussian
noise(AWGN) then R=P and the time variant impulse

response is h(a,,b) and delay in channel is a, .

Finally, the  convolution matrix is

[H]i,j :h[i_j'i]

given by

(14)
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The symbols on the receiver can be written as: 4, Detection and transmission of exceptional range.
5. Provide strong narrowband jammers.
Y=RHI‘;Y=RHH PT+n (15) ) ) ) ) )
Filter bank multicarrier has the following disadvantages:
Here, the received signal I € D®?, noise from the Gaussian 1. Complexity of computation and multifaceted nature.
distribution is n[J D B(o, gnRHR) and the power of the 2. With high data transfer capacity and high element
) ) _ o performance, analog radio recurrence execution serves as a
time white Gaussian noise is g, key component for usage nonspecific range detection.
. o ] . 3. FBMC can be complicated to implement.
Filter banks Multicarrier have the following benefits: 4. Time domain symbol overlapping introduces an
1. No need of the CP. overhead.
2. With FBMC, the spectrum is more efficiently used
and the system is more selective.
3. Adaptable high determination range used for
preparing recipient information flags can be utilized in a
similar way.
Data OQAM Frequency Channel
Bits [ oduation|—>| Processing [—>{ 5P [—>| Spreading |+ pis (—o
Channel OQAM
| B > ail 1 Dz.r:::j::dciy\g . PIS [ proz:ssging — Dem3§u“ration »Recgi\t’:rec'
Figure 1. FBMC-OQAM Transceiver
I1l. PROTOTYPE EILTERS Root Raised Cosine Filter (RRC): As a transmission and

receiving filter, RRC is mostly utilized in digital
communication. The impulse response of RRC can be found in
[27]. For intervals =T , this filter does not produce a zero

The filter used in FBMC-OQAM has a higher spectral
efficiency and is capable of good OoB suppression. The PPN
of FBMC-OQAM systems is generally determined by a
prototype filter. This prototype filter gives the attenuation  response. When a=0, this filter gives a zero at £T .
level of each subchannel and overall performance of the Mt(1-a) Aat It(L+a)
system. The frequency sampling method is used to design the S ”(TJJF(TJ COS(T]
prototype filter [25]. Through use of the filter's frequency RRC(t) = [ (aat)?]
domain response expression, better sampling points can be [t 1—(?]
designed in the frequency domain, with IFFT providing the =
time domain value of the filter.

T 17)

Raised Cosine Filter (RCF): To minimize inter symbol Beter Than Raised Cosine Filter (BTRC): In [28-29], a pulse

interference(ISI), the RCF is used. According to [26], the shaping filler is described along with its impulse response.
e ) .
impulse response of this filler is This filter has a t* asymptotic decay rate.

2to si Mat
cos(2I1at L[t SmT( " LZCOS(TJ_l
ch (t) —sin C(lj ( 2) BTRC(t):smc(?j e
EES (%)
T (16) (18)

S I : In(2
The roll-off factor a is in this pulse shaping filter. This pulse Here o = ( )

; B is bandwidth.
shaping filter has an asymptotic decay rate of t3. aB
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Modified Bartlett Hanning Filter (MBH): This pulse shape's
impulse response is described below. According to [30], this
pulse shape is given. The window factor ¢ values varies from
0.5 to 1.88 in this pulse shape.

2(1-0) COS(@j i 2(1-o)sin (@)

2at \’ ITat
SRS

! (19)
Improved Sinc Power Shaping Filter (ISP): In [31] this

improved pulse is explained. This enhanced pulse's impulse
response is given by

. t
MBH (t) =sin c(?j

—mt?
ISP(t)=e ™ sinc” (lj
T (20)

Here m is the specified parameter and x is the sinc power. The
roll-off factor has no effect on the impulse response of this
pulse shape [32].

Phase Modified Sinc Pulse (PMSP): In [33] presents this
pulse shape, and its time representation is described by,

[0t —d sin( pITt
,mtz Sin ( S—;-n( p ))
PMSP(t)=e ™
0)=¢ (T1t —dssin( pITt))
T (21)

where m determines the amplitude, n and p determine the
phase, and d gives the degree of the sinc function. The roll-off
factor has no effect on the impulse response of this pulse
shape.

Parametric Linear Pulses (PLP): The Nyquist ISI-Free Pulses
family has a parametric construction [34], and the PLP filter is
provided by

PLP(t) =sin c(gjsin ¢’ (@j

The PLP has a lower temporal jitter sensitivity than the RC

pulse because its asymptotic decay rate is proportional to t¢.
The magnitude of the first two sidelobes has the biggest
influence on PAPR and mistake probability, according to [35-
36]. When striving to decrease transmission mistakes,
selecting the suitable filters depending on their rate of decay is
a must. The filter that reduces PAPR has relatively few
sidelobes in its temporal response, according to the findings of
[37]. As a result, by choosing the appropriate decay rate for
the filter, we may decrease the PAPR of the system by limiting
the energy stored in the tails.
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Linear Combination Pulses (LCP): The improved Nyquist
pulses may be made by linearly mixing ISI-free pulses with
variable decay rates. These pulses have a novel design
parameters, the linear combination constant, which provides
an extra degree of freedom to decrease inaccuracy in the event
of timing faults [32]. The LCP pulses feature more
components, such as g or m , which allows for greater
flexibility in designing a better performing pulse. Furthermore,
the bandwidth (BW) of the pulse generated by linearly mixing
two pulses in the spectral domain that totally overlap is the
same as the BW of the component pulses. The combined pulse
will also meet the Nyquist-1 requirement if the combing pulses
are I1SI-free [37].

The LCP is produced by linearly mixing the RC and PLP
pulses, and this pulse's time representation may be defined as

LCP(t)=g PLP_,(t) + (1—g) RC(t)
TMat
(1—g)cos(?]
2
7
T (23)
The constant g is selected to lower the corresponding
magnitude of the largest side-lobes and diminish OoB

emissions [34]. The Nyquist-I condition is met when the LCP
preserves the zero ISI situation.

LCP(t) :sinc(gj g sin C(Ej+
T T

The Parametric Linear combination pulses (PLCP) is a linear
combination pulse that is created by mixing two PLP pulses
with varying degrees of intensity. The combining parameter m,
like the LCP, adds an extra degree of freedom that can help
decrease errors caused by symbol time problems. The PLCP is
also ISI-free, due to two PLP pulses are ISI-free and can be
described by

PLCP(t) =m PLP,_, (t)+(@—m) PLP_,(t)

(24)
. ITat) ITamt . (Ilat
4(l-mysin®| — |+ sin| ——
PLCP(t):sinc(Ej ( i ) 3 T ( T ]
T T
T (25)

PHYDYAS Filter (PF) : The PF was proposed in [38] and
studied in [39]. The PF was then employed in the European
PHYDYAS FBMC project [40]. This filter contains filter
frequency taps of 2K-1 [41]. The PHYDYAS filter's
continuous frequency response is as follows:

o sin(l‘[mk {w—ak}j
fw= Y H m

mk sin (H {W—a}j
mk (26)
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The continuous frequency domain is denoted by w. H,
coefficients are f(w) values tuned and retrieved at certain
frequencies throughout the design process [40]. The equation
of the impulse response is

k-1
P(t)=1+2) H, cos(zg_atJ

a=0

(27)

Hermite Filter : This is obtained by linearly mixing the
Hermite Gaussian function that meets the Nyquist-1 condition
[42]. As a result, Hermite polynomials in [42] produce the
Hermite PF coefficients. The impulse response of the Hermite
filter may be characterized as follows:

(5]
T (28)

IV. PAPR MINIMIZATION METHODS

—2nt?
1

h(t)_fe T Za H

A linear amplifier with a large input imposes nonlinear
distortion on its output because of its saturation characteristics

caused by a large input. P3™ limits the maximum possible
output of the amplifier due to the saturation characteristics.

Pimax j
pi (29)

Pomax ]
Po (30)

When a high input is used to stimulate the nonlinear feature of
an HPA (High Power Amplifier), it creates out-of-band
radiation that impacts transmissions in neighboring bands, as
well as in-band distortions that induce rotation, attenuation,
and offset on the received signal [43].

Input Back-Off (1BO)=10 Ioglo(

Output Back-Off (OBO)=10log,, (

PAPR is the ratio of the signal's maximum and average power.

PAPR — Max.Power
~ Avg.Power 31)
Max|x(t)|
x(t) —F
e x| o

Power amplifiers must operate at a lower power efficiency due
to the high PAPR FBMC signal. Consequently, mobile
devices' battery life decreases [44]. For the FBMC signal the
PAPR can be represented as
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Max|x(n)|2
E [|x(n)|2} .

u-law companding The FBMC signal with p-law
companded may be written as

H(x,)=sgn(x,)

[X(n)PAPR ]db =10 IOglO

log (l+y|xn|)
log(1+ u) (34)

The signal representation of inverse p-law companded is

(1) 0 -1 2L

n H (35)

The companding parameter is ux , the received companded
FBMC signal is r,and the signum function is sgn.

A-law Companding
companded is given by

The FBMC signal with A-law

AlX,|sgn(X,) 1
H(x)= |1+|Io (A ) el <
g (36)
1+log(A|x,|) [sgn(x ) 1
H (X“):[ (1+Iog),]A <|X <1
(37)

The signal representation of inverse A-law companded is

)= (1+IogA)|r|sgn( )| "

H™(r,

e[(1+Iog Al

H™(r,)=

. r|<1
A

<Ir,

"1+log A (39)

Here companding parameter is A.

Rooting Companding :
companded is described as

H (x,)=sgn(x, )[%|" (40)

The signal representation of inverse rooting companded is

1
(1) =son (5, ) a

Here companding parameter is R and varies from 0.1 to 0.9.

The FBMC signal with rooting

Tangent Rooting Companding : FBMC signal with tangent
rooting companding is given by

H (x,)=sgn(x,)Tanh [(|xn|T)RJ

(42)
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The inverse companded signal with tangent rooting is

1

H™(r,)=sgn(r,)Tanh P:_—"T
(43)

The companding parameters are T and R. T varies from 5 to
25 and R varies from 0.1 to 1.

Logarithmic Rooting Companding FBMC signal with
logarithmic rooting companded can be given as

H(x,)=san(x,) Ioge[(|an|)R}

The inverse companded signal with logarithmic rooting
companded is

(44)

1
ml, [R

-1
H™(r,)=sgn(r,)| e*
(45)
The companding parameters are L and R.

Error Function Companding :
function companded is

FBMC signal with error

H(x,)=¢e, erf (e,R) )
The inverse companding is calculated as follows:
2ee, [ en)’ |

T (47)

Here e[_( ]<l ~and H™ ( )<Z where Z>Zeez

Nl

where Py is output of poly phase network and these
companding parameters e;, e2 control how much companding
level will be applied, and they must be positive.

V. SIMULATION RESULTS

The effectiveness of the suggested prototype pulse shaping
filters in FBMC/OQAM systems is investigated in this section.
Simulations were performed using MATLAB and simulation
values are represented in table 1. We examined the
effectiveness of the FBMC/OQAM system using various
companding methods. We analyze the pulse shaping filters in
terms of impulse response and frequency response. The results
may be utilized to identify a well-localized pulse in both the
time and frequency domains. FBMC/OQAM is a waveform
well suited to the next generation of wireless communication
systems, since it provides high spectral efficiency as well as
low OoB emissions.
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Tablel . Simulation parameters

Parameters Value
Simulation tool MATLAB
subcarriers M 2048
Overlapping factor K 2,34
Filter length 1024
Modulation QAM
Channel AWGN
Subcarrier bandwidth 15 KHz
Roll-off factor 0.5
filter PHYDYAS

The PSD of FBMC as shown in figure 2 and the magnitude
response is illustrated in figure 3. The OoB leakage of the
FBMC-OQAM is extremely low. As the filter coefficients are
increased in the FBMC, the side band is further suppressed. As
these coefficients increase, both transmitters and receivers
become more complex. The FBMC is more efficient, but it has
complexity. The impulse response and frequency response of
the most widely used pulse shapes is illustrated in figure 4 and
figure 5, respectively.

FBMC

o : —

T 50f ]
=
3

=~ 100 f 1
)
n
o

-150 - J

-0.5 0 0.5

frequency

Figure 2. FBMC : PSD

Magnitude Response (dB)

Magnitude (dB)
T

i
|

L

Normelized Frequency (xn rad/sample)

Figure 3.Magnitude response
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Prototype Filters:Time domain

1.6 T T
PHYDYAS
1.4 RRC T
[ \ Hermite
1.2 Rectangular
1
0.8
=
0.6
0.4 /H
0.2
0
T L/
-0.2
-4 3 2 1 0 1 2 3 4
Time (t/T0)
Figure 4. Time Response
prototype filters in Frequency domain
0 11
PHYDYAS
RRC
-20 A Hermite H
Rectangular

i VAAAN
A‘k |

il

P()

-60

SO
e
—_— =

-80

-100 / \
-120 > - - >

-15 -10 -5 0 5 10 15
Frequency (fTO)

Figure 5. Frequency Response

The figure 6 illustrates the PAPR of the FBMC-OQAM for
various subcarrier. This indicates that the PAPR of the system
increases with the amount of subcarriers increases. When the
subcarriers are 128 the PAPR is 6.6dB and for the subcarriers
512, 1024 and 2048 the PAPR values are 10.2dB, 11.1dB and
12dB, respectively. The results shows that PAPR is less as the
subcarriers are less.

IJRITCC | October 2023, Available @ http://www.ijritcc.org

10°

—— M=128
-~ M=512
—A— M=1024
—8- M=2048

PAPR dB
Figure 6. PAPR for various subcarriers

For different values of the overlapping factors(K), the PAPR
of the FBMC-OQAM can be observed in figure 7. With
increasing values of the overlapping factor, the PAPR also
increases. Because, increasing K results in a larger extended
IFFT and more symbols overlapping simultaneously. For the
original signal the PAPR is 10.9 dB. At a CCDF of 107 the
overlapping factors are 4, 3 and 2, then the PAPR values are
9.4dB, 9dB and 6.4dB, respectively. For the lower overlapping
factor value, the system gives lower PAPR and provides better
performance.

0

10
Original Signal
—— K =4
f— K = 3
—e— K =2
107"}
107}
107

PAPR [dB|

Figure 7. PAPR for various overlapping factor

Figure 8 shows the simulated CCDF at the different
companding techniques as a function of the PAPR. . For the
original signal the PAPR is 10.9 dB. At a CCDF of 10 the
PAPR values are 6.1dB, 7.1 dB, 7.2dB, 7.9dB, 8.8dB for p-
law companding, A-law companding, error function
companding, logarithmic rooting companding and tangent
rooting companding, respectively. The PAPR of p-law
companding, A-law companding, error function companding,
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logarithmic rooting companding and tangent rooting
companding are reduced with 4.8dB, 3.8dB, 3.7dB, 3dB and
2.1dB as compared with original signal. The p-law
companding method provides lower PAPR and better
performance.

¥ Original Signal

~@- M U law companding

~@~ Logarithmic rooting

-4 Tangent rooting companding
~#- Error function companding
-4~ A-law companding

10

10°

10°

PAPR[dB]

Figure 8. PAPR with various companding methods

Figure 9 displays the BER in relation to SNR for different
companding approaches. At a BER of 107, the SNR values
are 5.2dB, 6.3dB, 7.4dB, 8.1dB and 10.2dB for p-law
companding, A-law companding, error function companding,
logarithmic rooting companding and tangent rooting
companding, respectively. The p-law companding method
provides better BER performance.

—o— Tangent rooting
i —&— Logarithmic rooting
107 Error function
—fp— A-law companding
2 —#— MU - law companding
107
2
Z 103
= 10
_
e
-
=
o 104}
=]
10°%
10
107 :
0 2 4 6 8 10 12

SNR(dB)

Figure 9. BER performance of various companding methods
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of R

+— Logarithmic rooting

MU - law companding
A-law companding
—=— Error function
-

(=]
+
R

PSD (dB)

45" . . . i
-1 0.5 0 0.5 1
Normalized Frequency (rad/samples)
Figure 10. PSD
Figure 10 represents the PSD performance of PAPR

minimization techniques in order to analyze out of band
interference (OBI). Normally PSDs are calculated using a
periodogram. As the distortion increases, the power OoB
emission also increases. According to Figure 10, p-law
companding delivers 1.24dB and 3.21dB lower OBI than A-
law and error function companding and 1.4dB more OBI than
logarithmic rooting.

VI. CONCLUSION

A benefit of FBMC systems to CP-OFDM is that they are
more spectrally efficient, allow for dynamic spectrum
allocation, and are less susceptible to carrier frequency offset
(CFO). By studying transmultiplexers mathematically,
polyphase filter banks are developed that are computationally
more efficient than lattice structures, significantly improving
spectral efficiency when combined with OQAM. The benefits
of the FBMC-OQAM system include strong spectrum OoB
suppression, low CP requirements, great spectrum efficiency,
no need for carrier synchronization, and suitability for
fragmented spectrum usage. The prototype filter developed in
this study has a high practicability and may be employed in a
5G MC transmission FBMC/OQAM system. Different
Prototype pulse shape filters are described in this study to
enhance performance of FBMC/OQAM systems. In this paper
we analyzed the PAPR change caused by the no. of
subcarriers. Various methods of reducing PAPR have been
studied. Companding techniques effectively decreases the
PAPR, however the subcarrier selection is also a significant
factor in decreasing PAPR.
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