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Abstract

A flexible radio waveform, generalised frequency division multiplexing (GFDM) allows for significant degrees of freedom
in adjusting the number of time slots, subcarriers, and pulse shaping filters. The GFDM is one of the multi-carrier techniques
that has been proposed to achieve 5G requirements. Initially, this study discusses about the derivation of novel analytical
expression of symbol error rate under @ — u fading channel using the GFDM system. The proposed derivation includes
Rayleigh, Nakagami-m, and Nakagami-q fading channels as special cases for different a and u values. Further, a simulation
test-bed has been developed in MATLAB to access the simulation results and they are in good agreement with the derived
theoretical results for various simulation parameters such as different roll-off factors, modulation orders and various fading

parameters.

Keywords: GFDM, SER (symbol error rate), @ — u fading channel, roll-off factor, SNR.

1. Introduction

In present days, 5G systems need to have very low
latency, reliability, robust high throughput, and low value of
out of band (OOB) emission. Several noteworthy waveforms
have been designed in the literature for this situation. Because
of its desirable qualities, including minimal OOB radiation to
enable dynamic spectrum access and low latency, generalized
frequency division multiplexing (GFDM) is one of the top
options for future wireless applications. In GFDM, majority
of the subcarriers are non-orthogonal to one another, which is
the key difference between it and OFDM (orthogonal
frequency division multiplexing) [1]. Cyclic prefixes (CP),
which consume a lot of bandwidth, are not added to each
subcarrier, which is another significant benefit of GFDM. We
obtain the identical at the receiver in bits as those which are
broadcast by the transmitter in GFDM because just to the
combination of sub carriers, one CP is added [2]. According
to [3—4], the GFDM system is less complex, achieves minimal
OOB, and offers a viable 5G option. The authors of [5]
addressed how the adaptable technology known as GFDM
circumvents the problems with 4G technology. In a nutshell,
GFDM sends data in the form of data blocks made up of K
sub carriers and M sub-symbols. Each sub-carrier in GFDM
has a low OOB radiation pulse with a circular shape.

As discussed earlier, GFDM is a non-orthogonal and we
can make it orthogonal by employing different pulse shaping
filters. Additionally, as GFDM is a less complicated method,
it can be accomplished by combining it with orthogonal
quadrature amplitude modulation (OQAM) [6-7]. To fulfil the
demands of the most recent technologies, the GFDM system
uses a variety of circular pulse shaping filters addressed in [8—
10].
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Numerous studies have been conducted on the
performance of GFDM’s bit error rate (BER) in various
fading channels, considering a variety of pulse shaping
candidates at receiver that include zero forcing (ZF) and
matched filter (MF) in [11-16]. In order to eliminate self-
interference, the ZF receiver is used in performance
evaluation of GFDM for time-varying Rayleigh fading
channels in terms of SER. However, noise enhance factor
(NEF) [5] is used to boost up SER performance to overcome
loss occur due to pulse shaping filter [17]. In [14-15], SER
analytical expressions are provided under several fading
environments. The SER expression over AWGN channel for
GFDM system with a ZF receiver isshown in [5].
Nevertheless, multiple input multiple output (MIMO), which
is one of the key enabler for 5G to achieve diversity is also
suitable with GFDM [21-22]

One of the most important aspects of designing a
communication system is modelling a wireless channel. The
a — p distribution is generalized fading and it is used in non-
line of sight (NLOS) channel environments. The Rayleigh,
Nakagami-m, and Nakagami-q channels can be achieved for
special values of @ — u [3]-[23]. The GFDM system analysis
under a — p fading is not much addressed in the literature.
This motivates us to derive the analytical expressions of
symbol error rate using GFDM system with ZF receiver under
a —p fading channel. In particular, with the help of
MATLAB software simulation results are validate with the
analytical formulations.

The following major contributions are added to the
literature with this article;

e The novel analytical SER expression for a — u
fading channel is derived and Monte-Carlo
simulated test bed has developed to valid
theoretical results.
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The effect on SER is shown using the simulations
for various fading parameters « and u by fixing
one parameter while varying the other.

The GFDM system performance analysed for
various roll-off factors.

The effect of modulation order on the SER
performance is studied.

The remaining four sections of the paper are structured as
follows. The GFDM system model is discussed in section - 2.
The innovative closed form of mathematical SER analysis
under a — u fading is the subject of Section-3. Sections 4 and
5 present simulation analysis and results respectively.

2. System Model Description
2.1. Background of paper

Fig.1. depicts the GFDM transceiver. The vectorial data (b)
provided to the encoder that convert low bit rate input to a
high bit rate data stream vectors (b.). The mapper block
generates a N X 1 data vector as output (d). This vectorial data
is fed into an N-element GFDM modulator as input. The total
vectorial data (d) is divided into K groups and M data
symbols;

d= [(do)T: (d1)T’ ------ (dK—l)T]T (1)
with
dy = [dior digs e o digpa]” )

The term d,, ,,, in eq. (2) represents the data symbol which
will be passed through &-th sub carrier at m-th time slot. Later,
it is multiplied with pulse shaping filter gy ,,, (n). A GFDM
block that uses K subcarriers, each of which has M data
symbols, and generates N = KM samples. These sample
values are filtered using a suitable transmit filter while using
GFDM modulator is given as [11];

—j2mkn

rm [n] = gl(n — mk)modN]e™

(€)

where gy, (1) is both time and frequency shifted of g(n).
The GFDM signal x(n) can be is expressed as follows given
in[11];

x[n] = Zlk{;g Z%;% dk,mgk,m[n] ,n=01 KM—-1 (4

The samples of pulse shaping filter is;

Gm = [Gml0), Gim[1] e giom MK — 11| )

The eq. (4) can be shown in matrix form as [12];
x=Ad (6)

Where 4 is GFDM matrix of size is KM X KM and it can
be shown as [5];

A= [90,0 «9k-1,0 Yo '"gK—l,M—l] @)
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After GFDM block, cyclic prefix (CP) of length N, and
cyclic suffix (CS) of length N.; are added and then it
transmitted through the channel.

2.2. Channel model
After removing CP, the received signal can propagate across
the wireless channel using the following model:

r=Hx+w ®)

Where H = circ {h}.

The GFDM signal is multiplied by the MRT coefficients
and is represented mathematically as;
r= \/EZ?':‘O hwix +w = \/Fthpx +w ©)]
2.3. Reception of channel model

We have used ZF receiver as GFDM demodulator. The
demodulated signal can be expressed as [5];

d = By (10)

Demodulation matrix is B.

Byr = A71 is the receiver demodulation matrix for ZF
receiver. The self-interference is eliminated by a ZF receiver,
but noise effect is increased. When using a ZF receiver, NEF
({)mathematical expression is [5], indicates how much the
SNR value is reduced,;

_ 2
&= Zf’i’g 1|[BZF]k,i| (11)
where ‘€’ is equal for all k = 0,1, .... MK — 1. We took a —
u fading channel into consideration in this article. The
analysis compress to some frequently used fading channels

for some values of a — p.

Table 1. Representation of various fading channels for
different @ — u values.

a — p values Fading Environment
a=2 and p=1 Rayleigh fading
a=2and pu>1 Nakagami-u fading
u=1 Weibull fading

GFDM Cyclic
> Encoder [ MaPPET M Nodulator | Prefix/Cyclic [
suffix

Binary
source Wireless

Channel

;

Cyclic
Prefix
Remover

GFDM
Demodulator

Binary

sink €| Decoder [ le—| Equalizer

De
Mapper

Fig. 1. GFDM Transceiver

a — u Distribution:
The a — p distribution can be used to model fading channels
in the environment characterized by non-homogeneous
obstacles that may be nonlinear in nature. The @ — ¢ fading
also considers the received signal to be collection of clusters
of multipath components.

The physical relation between resultants of received
multipath clusters and fading amplitude for @ — u distribution
can be given as;



Lingaiah Jada and S.Shiyamala/Journal of Engineering Science and Technology Review 17 (4) (2024) 205 - 209

Xk =3, (2 + Q) (12)
Where n is the number of clusters, I; and Q; are the
resultant in-phase and quadrature phase components of i — th

cluster in the received signal.

3. Symbol Error Rate Analysis

This section deals with the mathematical analysis of SER
expression under a — pu fading channel for GFDM system.
Using a ZF receiver and the QAM modulation technique, the
SER performance is assessed.

1). SER Calculation in AWGN Environment
The expression for SER utilising the GFDM scheme under the
AWGN is [5];

2
-1 -1 . 13
PSER,AWGN (7):2(17]7 ]e’ffc(ﬁ)—(%) e'fcz (\/}7) ( )
Where
— _3Rr Es _ KM
V= @mnem, and Ry = KM+Ncp+Ncs (14)

In order to calculate SER expression for a — u fading, we
require PDF of a — p fading. It is given in [26] as;

A
e 4

au_

“, 2
au'y
_au

20 (p)y

16
B ()= (16

where 7 is average channel SNR.

The SER expression for « — u fading can be calculated by
substituting eq.(13) and eq.(16) in eq.(15) and it obtained as;

{2 5256

where 7_/&_# is equivalent SNR under a¢ — u fading channel

amn

a-u

given by

- _2R7‘0'27ﬂ E,

(18)
Teu TP C0) N,

where b is number of bits per QAM symbol and ¢ = /2P.

In eq. (13) and eq. (14), p = V2m, m-represents number NM (19)
of bits, N¢p , N¢g are length of CP and CS respectively. K and T= NM+N +N
M are number of subcarriers and data symbols. For various O
fadi i ts SER i Iculat i
Simg environments SER expression can be calculated using The NEF value for ZF-receiver can be calculated as;
NM-1 2
. N\ (20)
P = [ Puver (7B, ()7 as) &= 2|(By),
0
I (15). P.&y) s the PDF of different fadi Eq. (17) consists of two unknown values such as
n eq. , P,(y) represents the of different fading - _ .
channels. A (7/%# ) and B( },a_#) which can be computed as
2) a — u Fading Environment
l-au au
a Al SA L1-—
- 1 05/1”\/%(1) " s | M ( 2 ) ( 2 ) o)
A<7 ,):1_ Gy
a.p 2\/; _ou I+k=2 E k_ai —au
T(u)y> (27) 2 Krz | ak0),8 L—=
P\Sed) i) L A(l,l—i—cjj,A(l,—i—cj)
5(7.,,)=1 2w v () () G char | Ln 2 (22)
ap) =T T e L L T rik—2 2Lk | _ak
i R CO RN P RN ORI A

The exact SER expression can be obtained by substituting
eq. (21) and eq. (22) in eq. (17).

4. Results and Discussions

The findings of the simulation and their analysis are covered
in this section. All simulations are run for 105 Monte-Carlo
iterations with the following simulation parameters: length of
CP and CS are N,,=8, N.;=0, K=64, M =5 and 16-QAM

The SER analysis is evaluated for various values of E; /N,
with single antenna (N, = 1) and $=0.1 under « — u fading.
The Fig.2 is simulated for different u values and fixed a value
(@=2). The analytical values achieved from the derived
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theoretical expressions is in good agreement with the Monte-
Carlo simulations. It is observed that SER performance
reduces with the increases in u value. At SNR=15dB, SER
values are 0.163, 0.094, 0.0688 and 0.055 for u=1, 2, 3 and 4
respectively. It can be observed that for u = 1 the curve
obtained in Fig. 2 matches to that of [5]. As discussed in the
Section 3, @ — u distribution covers Nakagami-m as special
case for =2 and yu = m. The results also confirm the same
that Fig.2 is the plot for the SER performance of Nakagami-
m distribution [28-30].

In Fig.3 also SER performance is investigated for
different E /N, values under @ — u fading. This simulation is
evaluated using N, =1, $=0.1, and keeping one fading
parameter is constant (u=1) and varying another fading
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parameter (¢=2,3,5,7). This simulation is giving an exact SER
response of Weibull fading with yu=1 which is discussed in
[30]. We can also deduce from the Fig.3 that SER values
decrease with increase in a value.

10° - -
o =1, simulation
<© #=2, simulation
iad #=3, simulation
#=4 | simulation
— sl Theoretical
o 10
ru}
(22
Py
=
o
5 102 5 B
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Fig. 2. SER vs E;/N, performance for different u and =2 values.
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Fig. 3. SER vs E; /N, analysis for various values of a and p=1.

At SNR=15dB, SER values are 0.1683, 0.117, 0.065 and
0.0462 for a= 2, 3, 5, and 7 respectively. The SER value
decreases by almost 72.5%, as a value rises from a=2 to a=7,
showing that fading becomes less severe as a increases. As
discussed in the Section 3, @ — u distribution covers Weibull
as special case for a varies and y = 1.

The SER performance is analysed for various f values,
different SNR values (10dB, 15dB, 18dB), u =3, a = 2,
and employing the 16-QAM modulation technique in Fig.4.
According to the simulation, the SER value decreases from
0.286 to 0.01781 at a value of =0.4 as SNR value grows
from 10dB to 18dB. This indicates that there is an almost 95%
improvement in SER with the increase in SNR. The SER
value decreases at lower values of f§ and it rises at higher
levels of . Finally, it can be said that it is always advisable
to attain less SER at lower values of §=0.1 and greater SNR
values (20dB). This occurs because of rise in  value,
decrease the overlap between neighbouring subcarriers,
which causes a rise in NEF value (§) and, ultimately, a
decline in SER performance is observed. It is also observed
that the SER value reduces due to rise in signal power as the
SNR climbed from 10dB to 18dB.

The relationship between SER and Eg/N, is depicted in
fig.5 for various roll-off factors (0.1, 0.6,and 0.9), 4 = 4, a =
2, and employing 16-QAM modulation technique.  The
impact of the NEF parameter, which is important in GFDM,
is also explained using Fig. 5. Because of the wider overlap
of the subcarriers, which causes an increase in the NEF factor,
so that we can observe noticeable change in the SER curve
with the rise of roll-off factor's value. The SER values are
0.0034, 0.0074, and 0.0172 for f=0.1, 0.6, and 0.9 at
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SNR=20dB. The SER value lowers by 80.2% as the value of

B falls from 0.9 to 0.1.
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Fig. 4. SER vs roll-off factor for various SNR values.
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Fig. 5. SER vs Eg/N, analysis for various Roll-off factors.

The SER analysis for various SNRs is plotted in Fig. 6 for
several modulation schemes (QPSK (k=2) and 16-QAM
(k=4)), N;=1, and a=2 and u=5. We may conclude from this
simulation that the SER value for the QPSK technique is
lower than 16-QAM modulation method. For a specific
scenario, the SER values for the 16-QAM and QPSK methods
are 0.0251 and 0.0072, respectively at SNR=10dB.
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Fig. 6. SER vs E; /N, analysis for various modulation schemes.

5. Conclusion

The performance of SER is examined in this study using
GFDM system under a — u fading. The novel closed form of
SER expression under & — p fading environment was initially
derived in this paper. Later, using MATLAB simulations for
a variety of simulation parameters such fading parameters,
various roll-off factors, and various modulation orders, the
performance of the SER is assessed. We have used the
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published literature studies to validate our simulations as well.
We have observed that the error rate is dropped as one fading
parameter was fixed and another fading parameter was
increased. Additionally, the overall performance of the SER
using GFDM system is significantly influenced by the roll-off
factor selection also. The studied system model under & — u

[10]

[11]

[12]

[13]

[14]

[15]

fading is useful in designing the wireless communication
system in a more generalized manner.

This is an Open Access article distributed under the terms of
the Creative Commons Attribution License.
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