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ABSTRACT The generalized frequency division multiplexing (GFDM) system has attracted the interest
of the research community due to its unique characteristics such as high spectrum efficiency, low latency,
and high transmission rate. However, like every multicarrier technique superimposition of a number of
subsymbols in the time domain results in a high peak-to-average power ratio (PAPR). In general, the PAPR
reduction system in the literature increases the average power while decreasing the PAPR which is not
a plausible solution for practical 5G applications. In order to address this issue, we propose an efficient
PAPR reduction strategy that maintains the PAPR without increasing the average power. In this method,
an optimal orthogonal precoding matrix based on singular value decomposition (SVD) is designed to reduce
the system’s average power. Because this optimal precoding matrix cannot successfully reduce the PAPR,
we introduce a second technique called peak samples affixing to minimize both the peak and average power.
For the proposed method’s assessment, using LabVIEW software and the universal software radio peripheral
2953R (USRP) as hardware, we developed an experimental setup to enable real-time transmission. The
received spectral response from USRP authenticated the proposed method by showing a good agreement
with simulations.

INDEX TERMS GFDM, PAPR, spectrum, USRP.

I. INTRODUCTION
The current generation has been compelled to boost its
throughput efficiency due to the proliferation of smart-
phones with massive storage capabilities and data-hungry
applications [1]. Orthogonal frequency division multiplexing
(OFDM) is nowwidely employed as a physical layer technol-
ogy due to its exceptional qualities, such as single tap equal-
ization and cost-effective implementation [2]. These benefits
come at the expense of strict synchronization, orthogonal-
ity, and high power consumption [3]. Apart from high data
rates, applications that do not require human intervention,
such as machine-type communication (MTC), the Internet of
Things (IoT), and vehicle-to-vehicle communication (V2V),
are being addressed for future generation system design.
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These applications entail low power consumption, reduced
latency, and asynchronous data transmission [4].

This spurred the exploration of novel physical layer wave-
forms, which resulted in a multitude of alternative waveforms
being presented. Generalized frequency division multiplex-
ing (GFDM), a flexible multi-carrier transmission strategy,
would suit the aforementioned characteristics and could be
considered a viable contender for the implementation of
5G networks [5]. The GFDM system is based on the mod-
ulation of distinct time-frequency blocks, each of which
contains several subcarriers in frequency and subsymbols in
time. The subcarriers on each subsymbol are filtered with an
application-specific prototype filter that is circularly shifted
in time and frequency [6]. Together with tail biting, this
approach minimizes undesired out-of-band (OOB) emissions
and latency [7]. Furthermore, the adaptability of GFDM
allows it to handle well-known OFDM and single carrier
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frequency domain equalization (SC-FDE) as corner cases [8].
GFDM, like other multicarrier schemes, suffers from a high
peak-to-average power ratio (PAPR) issue due to the exis-
tence of numerous symbols in the time domain [9].

In GFDM-based systems, there are three main categories
of PAPR reduction techniques [10]. The initial and most
basic category is signal distortion techniques which primarily
reduce the signal PAPR by clipping the time-domain GFDM
signal. These strategies wouldn’t perform well enough for
PAPR reduction in GFDM systems due to their distortion
properties and high error propagation rates [11]. Signal
scrambling is another variety of PAPR reduction technology
which includes Selective Mapping (SLM) and Partial Trans-
mit Sequences (PTS) [12]. To generate numerous GFDM
alternative signals, the GFDM signal is multiplied with ran-
dom phase rotation vectors in the frequency domain in SLM.
Following the inverse fast Fourier transform (IFFT), the
alternative GFDM signal with the lowest PAPR is selected
for transport. The candidate signal’s side information (SI)
is subsequently delivered, allowing for effective receiver
recovery [13]. The PAPR is lowered in PTS techniques by
dividing the signal into discontinuous subblocks, multiplying
each subblock by an appropriate phase sequence vector, and
afterward reconstituting the subblocks to produce a signal
with a decreased PAPR [14]. Both the methods PTS and SLM
are computationally demanding and need a search strategy
for suitable phase sequence vectors. Furthermore, they neces-
sitate providing the required phase sequence vectors with
additional side information to the receiver, which decreases
the system’s spectral efficiency [15]. The majority of all the
aforementioned PAPR mitigation solutions, however, exhibit
poor performance in reducing PAPR and need an additional
mechanism for constructing the alternative candidate signals
for every bit stream. The final category of PAPR reduction
strategies comprises precoding techniques including Discrete
Hartley Matrix Transform (DHMT), Discrete Sine Matrix
Transform (DSMT), and Discrete Cosine Matrix Transform
(DCMT) [11]. Such techniques result in decreased PAPR
because they reduce the aperiodic autocorrelation quantity
amongst modulated data signals just before IFFT computa-
tion. Precoding techniques are one of the effective strate-
gies to lower PAPR in GFDM systems. However, compared
to signal scrambling techniques, their PAPR decrease is
inferior.

Numerous PAPR reduction approaches have been dis-
cussed in the literature to alleviate the unacceptable
high PAPR in GFDM systems. According to the authors
of [16], the PAPR can be reduced for GFDM, OFDM, and
SC-FDM by modifying the pulse shape used on sub-carriers.
Zhang et al. [4] developed GFDM-aided NOMA schemes
and evaluated their theoretical BER performance, conclud-
ing that the PAPR approach outperformed the OFDM tech-
nique. A data-independent precoder to reduce PAPR by
lowering the variability of the instantaneous power while
also retaining the average instantaneous power is presented

in [17] by compromising BER performance. In order to sim-
plify the deployment of GFDM systems, Farhang et al. [18]
suggested a technique founded on fast Fourier transform
(FFT) usage and modulation matrices sparsification and
could successfully decrease the computational complexity.
Bandari et al. [19] suggested a Root Raised Cosine
(RRC) filter-based wavelet-based PAPR reduction strategy in
GFDM systems and demonstrated that wavelets effectively
replace the traditional FFT operation in GFDM. Liu et al. [20]
proposed an optimum pulse shaping-based PAPR reduction
approach, although the authors were able to successfully
lower the PAPR, the deviation of the filter coefficients actu-
ally increased the PAPR in the GFDM systems. To our knowl-
edge, there has been little research on PAPR reduction in
GFDM adopting improved precoding techniques. This idea
persuaded us to carry out this research and propose an optimal
approach for PAPR mitigation in GFDM systems using a
precoding matrix.

In this paper, we propose an efficient PAPR reduction
method based on precoding techniques, as well as an opti-
mal orthogonal precoding matrix based on singular value
decomposition (SVD) that possesses the least potential aver-
age power and a reasonably good PAPR minimization when
compared to other existing precoding strategies without com-
promising PAPR reduction. We have reduced average power
as well as the peak-to-average power ratio in an effort to
enhance PAPRmitigation efficiency. Utilizing hardware from
National Instruments (NI) known as the universal software
radio peripheral (USRP), the authors develop a real-time
prototype of the GFDM system to validate the idea of PAPR
reduction. The received spectral response fromUSRP authen-
ticates the proposed method by showing a good agreement
with simulations.

The remaining part of the article is structured as fol-
lows: The standard GFDM transceiver model is described
in Section II, and the methods for optimizing the precoding
scheme to minimize average power, peak samples affixing,
and experimental validation of the GFDM system’s PAPR
reduction are presented in Section III. Section IV compares
the conventional and proposed systems and focuses on sim-
ulated and real-time outcomes. Lastly, Section V provides
conclusions regarding the analysis that was conducted.

II. SYSTEM MODEL
The GFDM system is having a rectangular grid with
K subcarriers and M time slots amounting to a total of
N = K × M elements. The independent complex quadra-
ture amplitude modulation (QAM) data is represented with
dm(k) with m = 0 · · ·M − 1 and k = 0 · · ·K − 1, while
d = [dT0 dT1 · · · dTM−1]

T
represents the grid of data symbols.

Here dm = [dm(0) dm(1) · · · dm(K − 1)] represents the data
on subsymbol and T in the superscript shows the trans-
pose operation. An application desired prototype filter g(n)
extending for a long length of MK is used to perform circu-
lar convolution for combating OOB emissions. Finally, the
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GFDM modulated signal is given by,

x(n) =

M−1∑
m=0

g⟨n− mK ⟩N

∑K−1

k=0
M copies of IDFT data

dm(k)ej
2πkn
K

=

K−1∑
k=0

M−1∑
m=0

dm(k)g ⟨n− mK ⟩N e
j 2πknK (1)

where ⟨.⟩ is representing the modulo operation in order
to obtain GFDM signal, x = [x0 · · · xMK−1] and n =

0, 1, · · ·N − 1. The choice of circular prototype filter g(n)
clearly influences various performance metrics like bit error
rate (BER) and PAPR, as presented in [21]. In this work,
we use root raised cosine (RRC) filters as prototyping filters,
whose auxiliary function can be represented in its simplified
as [22],

G(f ) =

√
1
2
[1 − cos (π f (β))] (2)

The function f (β) is defined on the roll-off function by
varying alpha in the parameter β = k/(alpha × K ). Here
alpha can be considered as a measure for overlap between
k th subcarrier centered around normalized frequency k/K .
Mathematically, the truncated Meyer auxiliary function is
defined as,

f (β) = β4
(
35 − 84β + 70β − 20β3

)
(3)

In simplified matrix representation (1) gets simplified
into [18],

x = Ad (4)

Matrix A is considered as modulation matrix, which consists
of all the signal processing steps like upsampling, subcarrier
filtering, frequency translation and d is the data vector. The
transmitter vector xcp is obtained as xcp = [x(MK−Ncp+1 :

MK ); x] after attaching Ncp samples at the start of the packet.
The PAPR of the GFDM signal can be formulated as,

PAPR
{
xcp

}
=

max
{
|x|2

}
E
{
|x|2

} (5)

where E {.} computes expectation, |.| is modulus of the com-
plex number x, and max is representing the maximum value.
It is important to notice that, the use of cyclic prefix didn’t
enhance the numerical value of PAPR [23]. The received
signal after cyclic prefix removal can be expressed as

y = Hx + W (6)

whereH is the channel circulant matrix of dimension N ×N ,
with its first column obtained by appending N − J zeros
as [h(0) · · · h(J − 1) 0 · · · 0]T , and W represents the receiver
additive white Gaussian noise (AWGN). The received sig-
nal ŷ obtained after zero-forcing equalization, by assuming
perfect channel estimation is,

ˆy = WH
N3−1WNy = x + WH

N3−1WNW (7)

whereWN andWN
H represent N point fast Fourier transform

(FFT) and inverse fast Fourier transform (IFFT) matrices,
3 is representing the eigenvalues obtained by using DFT
of the first column of channel matrix H. Here WH

N3−1WN
in (7) is indicating the inverse channel response decomposed
by using the circulant matrix property. As a result, the final
detected signal is,

ˆy = x + H−1W (8)

We designed the receiver filter using the matched filter in
order to maximize the signal-to-noise ratio (SNR) and the
data symbols are obtained after multiplying with receiver
matrix Ar. Hence, the estimated data d̂ is,

d̂ = Arŷ (9)

Since Ar is designed using matched filter operation,
Ar = AH, where H is hermitian of a matrix. In the real-
time transmission of GFDM signal using USRP, the receiver
is sensitive to the presence of symbol time offset (STO)
and carrier frequency offset (CFO). To compensate for this
misalignment, a windowed preamble is added at the start
of every transmission packet. We used the same preamble
i.e., 44 length barker sequence for correction of time and
frequency misalignment in indoor channel environments. It is
a conventional practice in the IEEE 802.11 standard to use
barker sequences as preamble sequences. The received signal
with all the mentioned effects can be represented as,

y(n) = ej
2πϵn
N

J−1∑
j=0

N−1∑
n=0

hnxj−n−θ +W (n) (10)

The signal from the air would have an STO of θ and fre-
quency shift factor ϵ alongwith additive white Gaussian noise
(AWGN) W (n). In this paper, we focus only on PAPR and
spectral response of the transmitted signal and the details of
the implementation of GFDM can be found in [24] and [25].

III. PROPOSED METHOD
The precoding-based techniques have a lot of potential
because they are straightforward linear procedures that can
be used without any additional side information. Neither sub-
stantially adding complexity nor disrupting the orthogonality
of subcarriers, precoding enhances PAPR reduction perfor-
mance. In this article, optimal precoding is taken into account
as a method of lowering the PAPR of GFDM-transmitted sig-
nals. Before GFDM modulation and transmission, precoding
in GFDM systems entails multiplying the modulated data
of every GFDM block by a precoding matrix. The GFDM
system uses a predetermined precoding matrix, so there is
no requirement for a handshake between of transmitter and
receiver. It will also be unnecessary to do all the processing
required by block-based optimization techniques if the pre-
coding matrix is the same for all GFDM frames. A novel
process for effective precoding systems is suggested and
examined here. To do so, the whole work is divided into
three parts. A) Precoding matrix optimization for reducing
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average power B) Affixing peak samples to GFDM signal for
reducing both the average and peak power C) Experimental
validation of the GFDM system’s PAPR reduction.

A. PRECODING MATRIX OPTIMIZATION FOR REDUCING
AVERAGE POWER
In the proposed technique, we design an optimal pre-
coding matrix to reduce the average power, which also
reduces PAPR. Assume that data d was generated after QAM
mapping and then the data stream is segmented into blocks of
size N . Then, a N ×N matrix P precodes each block, known
as a symbol vector. The GFDM signal after precoding can be
expressed as:

X = PAd (11)

where P denotes the designed precoding matrix, A is the
GFDMmodulation matrix, and d is the data vector. As men-
tioned earlier, the first step is to minimize the average power
which is why this optimal matrix P is considered in such a
way that the average power of (11) is minimized. The average
power PA is given as

PA = E[(PAd)HPAd]

= E[dHAHPHPAd]

= E[dH (PA)HPAd] (12)

Because the data’s power is variable, if we wish to reduce
the average power of (12), we must minimize the power
contained in the PA matrix. Hence we decompose the PA
matrix by using standard singular value decomposition as

PA = USVH (13)

whereU andV are two unitarymatrices of dimensionsN×N ,
i.e., UHU = IK and VHV = IN , respectively, and S is a
N×N diagonal matrix containing the singular values ofPA on
the diagonal, that is, Si,i = σi(PA). The distance between two
consecutive discrete frequencies should be very low to offer
fine resolution in an optimal frequency region for spectrum
analysis, and hence the number of discrete frequencies, K,
should be quite large. As a result, we suppose K > N .
Also, keep in mind that rank [PA] = N . We derive (12) by
substituting (11) and (13) as

PA = E[dHVSHSVHd] =

N−1∑
i=0

E[
∣∣∣[VHd]i

∣∣∣2]σ 2
i (PA) (14)

where VHd is an orthogonal transformation of d that has no
effect on the Frobenius norm [26], because (VHd)HVHd =

dHd . In general, any projection of a random variable vector
d with identically distributed elements should have the same
distribution. As a result, we assume that all of the projections’
mean square values are consistent.With this premise, we have
E[

∣∣[VHd]i
∣∣2] = Ps, where Ps is the average power of each of

the symbols in d . Therefore, (14) can be written as

PA = Ps
N−1∑
i=0

σ 2
i (PA) = Ps ∥PA∥

2 (15)

Using Eckart-Young low-rank approximation theo-
rem [27], [28] the precoding matrix can be optimized to
reduce the average power of the GFDM signal. The minimum
value of PA is given as

min ∥ PA ∥
2
=

M−1∑
i=R

σ 2
i (P) (16)

Rewriting the above equation

∥ PAopt ∥
2
=

M−1∑
i=R

σ 2
i (P) (17)

The optimal precoding matrix is provided as

Popt = argmin ∥ PA ∥ (18)

Further simplifying the above equation

PA = Ps
M−1∑
i=R

σ 2
i (P) (19)

The matrix A is then decomposed using SVD to provide

SVD(A) = [U , S,V ] (20)

whereU andV are unitarymatrices with dimensions ofK×K
and N × N , respectively. S is a diagonal matrix organized
in decreasing order of all the singular values of A, i.e).,∑

i,j = σi(A) The Forbenius [26] minimum will be

min ∥ PA ∥=

√√√√M−1∑
0

σi(P) (21)

The optimal precoding matrix to accomplish the least
norm is derived by decomposing A utilizing SVD into
A = UASAVH

A .

Popt = QV1 (22)

where Q is an arbitrary N × N unitary matrix and V1 is a
M ×N submatrix of VA, consisting of the final N columns in
VA that correspond to the fewest N singular values. The aver-
age power substantially decreases when Popt is multiplied
by the GFDM data, yet the peak-to-average power remains
ratio high. The peak-to-average power ratio will be decreased
by adding peak samples to the GFDM signal in the next
subsection.

B. AFFIXING PEAK SAMPLES TO GFDM SIGNAL FOR
REDUCING BOTH THE AVERAGE AND PEAK POWER
As contrast to other conventional PAPR reduction strategies,
which raise the average power or decrease the peak power of
the GFDM signal, we are aiming to reduce PAPR by lowering
both the average and peak power. By adding extra samples at
the peaks of the pulse shaping function, the resulting signal
has a smoother frequency spectrum with lower sidelobes.
This is especially useful in circumstances with stringent spec-
trum limits or in multi-user systems where spectral resources
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must be efficiently shared [29]. In the transmitter part, the
proposed system comprises two blocks as shown in Fig. 2.
The first is the peak samples identification (PSI), and the
second is the samples affixing device (SAD). Peak sample
identification and affixing is a technique that involves taking
the peak L samples of a signal x(n) with N samples and
adhering them to the original signal to form a new signal x(m)
with N + L samples in total. The L peaks are obtained from
the GFDM signal as given in the following expression.

{xi}Li=1 = arg
{x(i)n (n)}

max(∥ {x(i)n (n)}
N−i
n=0 ∥) (23)

To boost PAPR performance, we employ a strategy that
adds peak L samples to the original GFDM sequence at the
end of each GFDM frame, which increases average power
and enhances PAPR performance. The newly generated pre-
coded GFDM signal after adding L peaks can be expressed
as

xm(m) = {xn, < xn >}

{
for n = 0, 1, 2, . . . ,N − 1
for m = 0, 1, 2, . . . ,N + L − 1

(24)

Consider an OFDM symbol, for instance, with 256 sub-
carriers, or N = 256, and added top samples, or L = 16;
this yields a time domain signal, xm(m), of 272 samples. The
PAPR of the GFDM signal is then assessed both before and
after adding peak samples. The original GFDM sequence’s
PAPR can be represented as:

PAPR(xn) =
max |xn|2

1
N

∑N−1
n=0

∣∣x2n ∣∣ (25)

After adding peak samples to the GFDM sequence, PAPR
can be changed as follows:

PAPR(xm) =
max |xm|

2

1
M

∑M−1
n=0

∣∣x2m∣∣ (26)

Interestingly, the PAPR after adding peak samples to the
GFDM signal is dramatically lowered, adding to the overall
attractiveness of the strategy. The simulation results make the
impact of the PAPR upon adding these peak samples quite
evident. Finally, we receive a GFDM signal and then convert
it to the original information signal in the receiving part. The
final step is the counterpart to the transmitter portion, which is
the same as the typical GFDM receiver, as well as the samples
dissociate device (SDD) as shown in Fig. 2. The SDD section
allows N + L samples at the input terminal and outputs N
samples, i.e., SDD removes the bottom L samples from each
GFDM symbol.

C. EXPERIMENTAL VALIDATION OF THE GFDM SYSTEM’s
PAPR REDUCTION
As described in previous sub-sections A and B, we first
constructed an optimized precoding matrix for the GFDM
system to reduce the average power, and then we selected
fixed peak samples from the underlying GFDM sequence and

adjoined them to the end of each symbol to improve PAPR
performance. As a result, by introducing peak samples, the
average power is raised, and the overall ratio between peak
power and average power is decreased. There is a trade-off
between PAPR performance and the addition of peak samples
to the GFDM signal, even though adding the peak samples
improves PAPR performance. After adding the peak samples
to the GFDM signal, we obtain the peaks in the signal’s
spectrum.

The power spectrum of the GFDM signal after adding peak
samples is given as

|Xm(f )|2 =

N−1∑
n=0

N−1∑
k=0

xnxke−j2π (f (n−k))/N (27)

When we include more peak samples in the GFDM signal,
this will become much worse. We merely affix the number
of peak samples for which the peak in the GFDM spectrum
does not arise in order to avoid such intricacy. The impact
of the spectrum when peak samples are added to the GFDM
signal is explicated in the upcoming sub-section ‘‘Real-time
results’’.

IV. RESULTS AND DISCUSSIONS
A. IMPLEMENTATION OF GFDM SYSTEM
The test bed used for the implementation of the concept
of superimposed SI transmission is depicted in Fig. 1.
LabVIEW is used as software, which can be easily
amalgamated with national instruments hardware named uni-
versal software radio peripheral RIO. The primary attrac-
tion of LabVIEW is its simple reconfigurability without
the use of additional hardware. USRP internally consists of
a low-frequency daughter board for radio frequency trans-
lations, analog to digital converter (ADC)/digital-to-analog
converter (DAC) for the development of the digital signal
processing (DSP) chips inside the USRP. USRP is hav-
ing the ability to operate in a wide frequency range of
1.2-6GHz, which covers all mobile communication sce-
narios. The major communication operations like digital
up/down conversion and interpolation/decimation are imple-
mented on the FPGA board of USRP, which is controlled
by LabVIEW software for performing the baseband opera-
tions like modulation/demodulation. Hence, the actual FPGA
implementation in the USRP is controlled by the software.
This idea provides a chance to test the algorithm since the
variations in software are replicated with implementation on
hardware.

Fig. 1 clearly depicts two workstations, which are con-
nected with a USRP using a NI PXIe-PCIe8371 express card.
This interface is having a high throughput of 832MB/s, which
can be useful to exhibit real-time communication scenarios.
After connecting the USRP a unique ID shall be assigned to
the transmitter and receiver USRP. In LabVIEW, rectangular
grid QAM modulated data is GFDM modulated on active
subcarriers of the constituents in the order specified in the
block diagram. After performing all baseband operations
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FIGURE 1. Set up used for demonstrating real-time transmission of GFDM
system.

on the GFDM symbol a preamble and a zero sequence of
length 8 are added at the start and end of each data packet [24].
The preamble is used to perform synchronization and chan-
nel estimation, while zero padding is useful to distinguish
received signals in time. The packet transmitted in USRP not
only contains payroll data but also control information. The
control information consists of the USRP IP, the position of
data with preambles, and error correction codes. Rx USRP
receives the overlaid signal as a stream of data from free
space. Rx USRP discards the data samples until significant
energy is observed by using a detection algorithm. In other
words, STO and CFO estimation is implemented and the
detailed description can be found in [25]. Later, the channel
impairments are equalized by estimating channel response
using pilots.

B. SIMULATION RESULTS
This section explains the simulation results that were acquired
using MATLAB software. The complementary cumulative
density function (CCDF) is often used as a performance
metric for measuring the PAPR (at CCDF = 10−3). It is
a measure of the probability of the PAPR of a GFDM sig-
nal exceeding a certain threshold level, PAPR0. The GFDM
system is simulated with 4-QAM modulation and the imple-
mentation parameters are detailed in Table 1.

The hardware implementation and subsequent reduction in
costs rely on PAPRmitigation in any GFDM system. Accord-
ing to the proposed approach, the average power is decreased
by including certain finite peak samples in the GFDM system
after the optimum precoding matrix is created for GFDM
systems. The proposed GFDM method is compared to the
PAPR of average power changes for several existing tech-
niques. Fig. 3 depicts the average power PAPR plot for vari-
ous precoding-based PAPR reduction strategies compared to
our methodology. The proposed approach is extremely low
PAPR when compared to methods that use the Zadoff-Chu
Transform (ZCT), the Walsh Hadamard Transform (WHT),
and the Discrete Fourier Transform (DFT). The WHT and
DFT have nearly identical PAPRs of roughly 33.5dB, how-
ever, the ZCT has a PAPR of 15.25dB. The proposed
method’s PAPR is only 3dB, and this level of PAPR reduc-
tion performance outperforms the traditional PAPR reduction
schemes.

TABLE 1. Parameters for simulated and real-time GFDM system.

Fig. 3 shows a significantly reduced average power; in this
Fig., we focus on lowering the peak-to-average power of the
entire GFDM system by adding peak samples. The PAPR
after adding specific peak samples to the GFDM is presented
in Fig. 4. In the proposed scheme, comparisons are done for
a wide range of peak sample values ranging from 8 to 64.
The average power is initially lowered when the peak sample
count is increased by 8 and then begins to grow when the
peak sample count is increased further. In the GFDM system,
the CCDF is only 3dB when no peak samples are introduced
and grow to 4.2dB when peak samples reach 64. The PAPR
for peak samples 16, 32, and64 is between the two specified
values.

The PAPR for the GFDM system is calculated before
adding peak samples. Fig. 5 shows the PAPR performance
of the designed precoding matrix and the existing tech-
niques. We adopted the ZCT, WHT, and DFT to compare
with the proposed method. The proposed approach has a
PAPR of 8.9, which is approximately equal to the WHT.
The ZCT has the highest PAPR of all the curves in Fig. 5,
while the DFT has the lowest. We attach peak samples to
the GFDM system in order to significantly reduce the PAPR
of the proposed approaches. The PAPR performance of the
proposed method is poor in this form of GFDM signal, but
it improves when peak samples are attached, as illustrated
in Fig. 6.

After adding peak samples to the GFDM, CCDF is mea-
sured and plotted as shown in Fig. 6. Without adding any
peak samples, the suggested technique’s PAPR performance
is compared to that of adding peak samples counts 8, 16, 32,
and 64. The PAPR for the curves with peak samples of 64,
32, 16, and 8 is 7.8, 7.8, 8, and 8.2 correspondingly. This
PAPR reduction performance outperforms all of the previous
approaches examined in this paper.

In GFDM, the roll-off factor is a parameter that controls
the bandwidth of the pulse-shaping filter used in the trans-
mitter. A higher roll-off factor results in a wider bandwidth
pulse shaping filter, which reduces the ISI and improves the
signal quality. However, a wider bandwidth pulse shaping
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FIGURE 2. Block diagram for GFDM-precoding modulator with national instruments hardware USRP.

FIGURE 3. Comparing the average power of several precoding methods
with the proposed method.

filter also increases the spectral leakage between adjacent
subcarriers, which can lead to increased interference and
reduced spectral efficiency [2]. Fig. 7 depicts the impact
of various roll-off levels on the GFDM waveform’s PAPR
performance. It is well known that the PAPR rises as the
GFDM signal’s roll-off levels increase. The roll-off factor
considered here is 0.9 and peak samples are added to the
GFDM signal as shown in Fig. 7. In comparison to the curve
without any addition of peak samples, the PAPR increased
slightly when 8 peak samples were added to the GFDM
signal. The PAPR is reduced for peak sample counts of
16, 32, and 64 when compared to the curve without any
peak sample enhancements. However, when the roll-off factor
is increased to the GFDM signal, the overall PAPR rises.
As a result, when there is a balance between the number
of peaks and the PAPR performance, this scheme will be
the best PAPR reduction scheme among all PAPR reduction
techniques.

FIGURE 4. Comparison of the average power after attaching peak
samples to the GFDM signal.

C. REAL TIME RESULTS
As with the MATLAB simulation findings, we were able to
acquire real-time results for the proposed GFDM system. The
proposed precoding technique’s power spectrum, as well as
the precoding technique’s result with the inclusion of peak
samples, are produced for the GFDM system. We initially
showed the power spectrum in Fig. 8 for the GFDM system
using USRPs without any addition of peak samples.

To minimize the PAPR by increasing the average power,
a finite amount of peaks are gathered from the input GFDM
system and then attached at the end of eachGFDM frame. The
power spectrum is generated after adding several ranges of
peaks to the proposed GFDM system. The implications of the
proposed GFDM’s PAPR performance when 8 peak samples
from the input GFDM signal are shown in Fig. 9.
The power spectrum of the GFDM could be generated as

in Fig. 10 if the peak samples are raised to 16. When the peak
sample count surpasses 16, the power spectrum of the GFDM
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FIGURE 5. PAPR plot of designed precoding matrix versus existing
approaches.

FIGURE 6. PAPR comparison of designed precoding matrix after peak
sample introduction.

will have a spike, which can be problematic at the transmitter.
As a result, the number of peak samples should be carefully
chosen in order to avoid such spikes in the GFDM signal’s
power spectrum.

If more peak samples are added to the GFDM signal,
the spectrum will contain a huge spike, which might be
indicative of how the GFDM hardware should be designed.
In Fig. 11, when 32 peak samples are added to the GFDM
signal to lower the PAPR, this effect is clearly seen. How-
ever, we can observe, as the P value decreases, the received
spectral response gradually approaches the ideal response
in Fig. 11. It can be inferred from the previous discussion

FIGURE 7. PAPR plot of the designed matrix after adding peak samples
with roll-off factor 0.9.

FIGURE 8. Received spectrum with perfect SI transmission.

FIGURE 9. Received spectrum with number of Top samples 8.

FIGURE 10. Received spectrum with number of Top samples 16.

that, as P decreases we achieve better PAPR and spectral
response at the cost of BER. Since only a few peaks of the
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FIGURE 11. Received spectrum with number of Top samples 32.

GFDM signal are added to the original GFDM signal, the
BER performance is only minimally impacted.

V. CONCLUSION
Therefore, the proposed method improves data efficiency as
well as PAPR and makes the GFDM system an enticing alter-
native for 5G communication. The optimization challenge
of designing a precoding matrix with the lowest PAPR is
addressed. In addition to refining the precoding matrix, this
paper discusses a creative method for improving PAPR by
adding peak samples to the original GFDM signal. According
to simulation results, the precoding strategy can significantly
reduce the PAPR in GFDM systems. The robustness of the
experimental and simulation results provides credibility to the
proposed PAPR reduction technique in GFDM systems.
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