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Abstract

Fifth-generation (5G) mobile networks have the potential to provide seamless connectivity for massive devices with a
significantly improved quality of service. In this context, new modulation and coding schemes in small-cell deployment
scenarios are implemented at the physical layer of 5G New Radio (NR). With their proven flexibility, Polar codes have
emerged as the most adaptable coding technique, achieving Shannon capacity and reducing complexity, targeting
mainly control channels. This adaptability of 5 G technology reassures us that it can seamlessly adapt to various scenarios,
providing a versatile solution for diverse communication needs. Additionally, more freedom for coordination, Multiple
Antenna Technology, and Massive Multiple Input and Multiple Output (MIMO) provide the vertical spatial domain, where
100 antennas are installed at next-generation Node B (gNB). In this paper, the complete framework for 5G New Radion
(NR) based waveforms Filtered-Orthogonal Frequency Division Multiplexing (F-OFDM), Filter Bank Multicarrier
(FBMC), and Universal Filtered Multi-Carrier (UFMC) systems are designed with Polar coding. Simulation results proved
that the Bit Error Rate (BER) performance of the proposed polar-coded UFMC system is better than polar-coded FBMC
and polar-coded F-OFDM by achieving SNR gain of approximately ~2dB and ~12 dB, respectively, over these waveforms

in 32x16 MIMO setup.
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1. Introduction

The major services of 5G networks are enhanced mobile
broadband (eMBB), massive Machine Type Communication
(mMTC), and ultra-reliable Low latency Communication
(uRLLC) [1,2]. The 5G network must perform in a limited
spectrum with high data rate, variable traffic, and high
reliability. The key candidates contributing to the
enhancement of the capacity of next-generation wireless
communications systems are Air interface comprising new
modulation and coding scheme, 3D-MIMO, more Licensed
and Unlicensed Spectrum, Millimeter-Wave Bands, Cell
Densification, Device-to-Device communication, etc. [3].
The air interface defined in 5G-NR is a major transition to
support dynamic and flexible service requirements. In the
standards defined for 5G-NR, Waveforms are designed by
Orthogonal Frequency Division Multiplexing (OFDM) with
potential support of the non-orthogonal waveform proposed.
To further enhance reliability, flexible channel coding
techniques facilitate variable information block and codeword
size with rate matching [4].

The multi-carrier waveforms in 5G must be designed to
have low spectral leakage and peak-to-average-power ratio
(PAPR) [5]. OFDM, the critical candidate of the Fourth
Generation (4G) system, has numerous flaws. Mainly, it
suffers from high PAPR, carrier frequency offset (CFO), etc.
[6]. 5G-NR proposes various new multicarrier waveforms
that provide flexibility and scalability to serve heterogeneous
application areas. Major 5G waveform candidates are FBMC
[7], Generalized Frequency Division Multiplexing (GFDM)
[8], UFMC [9], and F-OFDM [10].
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Channel coding techniques in 5G NR should support
block size, code rate, and codeword size flexibility. In 5G, the
Channel coding must be redefined entirely to meet its
diversified requirements [11]. Polar codes proposed in 2009
by Arikan [12] proved to be capacity-achieving codes in any
Binary Memoryless Symmetric (BMS) channel with less
complex encoded and decoding algorithms. 5G NR air
interface and Massive MIMO technology can effectively
increase the capacity and fulfil the enormous traffic demands
of 5G networks [13]. In Massive MIMO, 100s of antennas are
implemented at the base station (referred to as gNodeB (gNB)
in 5G NR terminology) to improve the network capacity and
throughput [14]. T.L. Marzetta introduced the concept of
massive MIMO in [15] and concluded that asymptotically, as
the number of antennas at gNB— oo, the system processing
gain tends to infinity. The hybrid system of Massive MIMO
with Polar coding and various 5G NR waveforms is designed
and compared.

2. Motivation and Scope

Designing systems with advanced waveforms like F-OFDM,
FBMC, and UFMC is motivated by their ability to enhance
spectrum efficiency and meet diverse service demands. Polar
coding, recognised for its ability to approach Shannon
capacity, ensures efficient error correction and reliability,
particularly in control channel operations. Incorporating
technologies such as Multiple Antenna Technology and
Massive MIMO opens avenues for spatial diversity and
improved performance in scenarios involving a large number
of antennas (e.g., at gNB).
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The objective is to develop and evaluate F-OFDM,
FBMC, and UFMC waveforms tailored to meet the unique
demands of 5G NR applications. This work will focus on
interference reduction, spectral efficiency, and latency
improvements. The simulation results have investigated the
interplay between advanced waveform designs and cutting-
edge technology like massive MIMO.

The rest of the document is framed as follows: In section
II, 5G NR waveforms are presented with mathematical
models of filters. This includes FBMC, UFMC, and F-OFDM
modulation waveforms. Section III gives an overview of
polar encoding and decoding. Then, section IV elaborates on
the proposed polar-coded waveforms with a massive MIMO
scenario over the Rayleigh channel. Section V covers the
system design aspects with simulation parameters and the
results. Lastly, the performance analysis is concluded in
section VI. The paper's significant contribution is that the
BER and PSD performance of Polar coded waveforms with
massive MIMO antenna arrays is evaluated and compared.

3. Major Design Methods

3.1 FBMC-Offset-QAM
FBMC is based on subcarrier filtering in the frequency
domain. In FBMC, the bandwidth is divided into subcarriers,
and filtering is applied on a subcarrier basis, making it more
flexible with improved out-of-band (OOB), thereby
enhancing the spectral efficiency [16]. The study in [17] has
proved that the FBMC technique is resilient in controlling
bandwidth using subcarrier-wise filtering [18]. The FBMC
can use Quadrature Amplitude Modulation (QAM) signaling
or offset QAM (OQAM) signaling. In OQAM, the QAM
symbols are bifurcated into real and imaginary parts. To avoid
simultaneous transmission of real and imaginary symbols,
imaginary symbols are delayed half the duration of the
symbol concerning the real symbols. As a result, the OQAM
symbol rate is twice the QAM symbol rate. FBMC-OQAM
proved to have optimal spectral localization, reducing the
inherent overheads by the extended filter without cyclic prefix
(CP) or guard period [19-20].

Fig. 1 illustrates the FBMC transmitter block. The FBMC-
OQAM transmitter comprises the Synthesis Filter Bank
(SFB) [21].

Offset-QAM Staggering Process

Synthesis Filter Bank

Input Bit .

3 Co
stream QAM
Mapping

Parallel-to-serial Conversion

i
i IFFT
i

Serial-to-Parallel Conversion

Fig. 1. FBMC-OQAM Modulator Design

Initially, the random data is generated and mapped into
the QAM symbol. The complex input symbol is shown in
equation (1):
Cy =Ry + il (1)

Here 0 <n <N —1. Given that N is the number of
subcarriers and 0 <m < M — 1, M complex input symbol.
R}, and I}, are the real and imaginary parts of the mth symbol
on the nth subcarriers, respectively. The mth symbols on all
subcarriers form a data block as follows in equation (2):

133

C,=1[C, CL,..cN-1T 2

The OQAM and Nyquist conditions are used on the
prototype filter to ensure orthogonality with enhanced
spectral efficiency. The complex-valued QAM symbols' in-
phase and quadrature components are staggered during the
pre-processing [22]. The significant point is that the
quadrature component is delayed on even subcarriers, while
the real part is delayed on odd subcarriers. The time domain
version of the modulated signal can be expressed as equation

3):

2M-1\y'N-1
m=0 n=0

s = )

T, jE n
xrr;Lh(t — mT)e]( TNt+om)
where x7}, is the mapping signal whose property is shown
by equation (4), and h(t) is the impulse response of the
prototype filter.

(1 — &R + 817,

{ if miseven
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if misodd
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m
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Here € {1,0}, and f3,,, = /%™ is a phase term to be @,
g (m+n) —mmn. OQAM mapping lowers ICI when

suitable filters are used. In FBMC, the prototype filter is
designed with overlapping factor K where the filter length L
=K * N, N=size of FFT. As a result, each FBMC symbol in
the time domain overlaps with K neighboring symbols. Due
to overlapping, the filter's impulse response must be governed
by the Nyquist criterion to avoid inter-symbol interference
[23]. CP in FBMC is replaced with filter banks. This paper
considers the PHYDYAS [21] filter based on frequency
sampling technology as the prototype filter.

The M subcarriers frequency response of the PHYDYAS
filter is given by equation (5):

sin (rr(f—%)MK)

H (f) = k22 cony Hie —— =M
(f) k=—(Kk-1) "'k MK sin (Tf(f_%)MK)

)

Where Hk is the coefficient impulse response, k is the
subcarrier index—the frequency domain coefficient of the
filter as shown in Table 1.

Table 1. Frequency domain prototype filter coefficients [21]

K HO H1 H2 H3

2 1 0.707106 - -

3 1 0.911438 0.411438 -

4 1 0.971960 0.707106 0.235147

The impulse response of the filter after the Inverse Fast
Fourier Transform (IFFT) processing is given by equation (6):

- kt

h(t) =1+ 2YX-1H, cos (21‘[ E) 6)
The Analysis Filter Bank (AFB), constructed by M
analysis filters, is used at the receiver side. After filtering, the
signal is down-sampled by a factor of 2 to form an output
signal. Prototype filter banks filter the original signal with

different offsets [22]. The receiver design is shown in Figure
2.
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Fig. 2. FBMC/OQAM Receiver Design

3.2. Universal Filtered Multi-Carrier (UFMC)

In Universal filtered multicarrier (UFMC), sub-band filtering
is applied. Here, the available carriers are divided into N sub-
bands. This waveform uses filters at the transmitter and
receiver to shape the subcarrier waveforms and achieve a
more flexible frequency localization. The significant aspects
of UFMC include Filtered Subcarriers, Subcarrier
Overlapping, Low Interference, and Flexible Resource
Allocation. UFMC offers better ICI robustness and flexibility
for sub-band fragmentation [24]. The shorter filter lengths
compared to FBMC make it applicable for short-block
communication. The UFMC transmitter block is shown in
Figure. 3.
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Fig. 3. UFMC Transmitter Design

The available subcarriers are divided into sub-bands, each
of K subsequent subcarriers. These subcarriers are QAM-
modulated, generating complex symbols. The modulated
symbols in each sub-band are then converted into the time
domain using an N-IFFT module [25]. Each sub-band is
filtered using a Dolph-Chebyshev filter, reducing the spectral
leakage and ICL.

The Chebyshev window is expressed by equation (7):

__cos {N.cos™1[B cos(ﬂ—k)]}

N
Lk cos[N cosh~™1(B)] ™
Where k ranges from 0 to (N-1), B=

cosh {% cosh™(10%)}. The ‘o’ is the side lobe attenuation
factor in dB=—20a [where o= (2,3,4)] [26]. The UFMC signal
can be represented as shown in equation (8):
Xk =Xt FirdViweSix 3

B is the number of sub-bands, Six is a vector of QAM
symbols, Viy is the IFFT matrix, and Fiy is the Toeplitz matrix
of the filter. The signal will follow the time domain pre-

processing to suppress interference at the receiver end. Figure
4 shows the UFMC receiver section.
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Fig. 4. UFMC Receiver Design
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As a UFMC symbol has a length (N +L— 1), the missing
samples N-L-1 are padded with zeros. Then, 2N-point FFT is
considered to recover the data to transfer in the frequency
region. Equalization and frequency domain processing are
done. After QAM demodulation, the original data bits are
retrieved.

3.3 Filtered OFDM

F-OFDM is the most adaptable waveform for 5G, with the
customized numerology of different time-frequency grids to
meet certain channel conditions and applications [27]. Using
OFDM modulation, the bandwidth of F-OFDM is divided
into discrete sub-bands in the time domain. Let us consider an
F-OFDM system containing P subcarriers divided into B sub-
bands in the time domain, with each sub-band transmitting M
contiguous subcarriers, i.e., P = M-B. Figure 5 depicts the F-
OFDM transmitter scheme.
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Let the generated symbols be transmitted in each sub-
band represented in vector form as equation (9):
S = [s1,52,53 g Ipx1 )

The signal transmitted in the bth sub-band is represented
as s as equation (10):
sp = [sp (1), 8 (2), -, 5 (M) ]Ra (10)

The transmitter applies a CP and length-N IFFT of M
QAM modulated data symbols throughout each OFDM
symbol cycle. [28]. LCP presents the CP size. Therefore, the
F-OFDM signal is created by combining OFDM sub-symbols
at each of the lengths of M + LCP [29]. The resultant F-
OFDM signal is passed through a suitably designed filter h(t)
of the length L. The length of the filter should be set to half
of the OFDM symbol length. Windowed sinc functions are
used in the filtering operation [30]. In the system design, a
low-pass Finite Impulse Response (FIR) filter is designed to
truncate the sinc function by a Hanning window. The
truncation of the Sinc filter is shown in equation (11):
hg(t) £ sincg(t) - w(t) (11)

The window has smooth transitions to zero on both ends
to avoid the frequency leakage in the truncated filter [31].
Generalized expression for the applied window w(t) is given
by equation (12):

2mt.

051+ cos(T)]“,
0, el >

It] <

w(t) = (12)

ML

where « is the roll-off factor.

4. Polar Coding

Polar coding uses channel polarization to transform primary
channels into virtual channels [32]. Channel polarization
synthesizes W BMS channels out of X independent copies of
a given channel. The new synthetic channels are then
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polarized in concerning the different transmission reliability.
If the number of polarized channels is large enough, the
channels are completely noisy or perfectly noiseless channels.
Mutual information of the synthetic channels is either close to
0 or close to 1 [33]. For BMS channels, the index ‘i’ set I €
{1, 2, - - -, E} is called the information set, and the value of
these fixed positions are called frozen bits (F). Polar code is
defined by its channel transformation matrix GN = G2Qn,
i.e., as the nth Kronecker power of the polarizing matrix G2,
also called polarization kernel, n=log2E.

Polar Coding Algorithm [34]:
Input Parameters

Code Length :E

polarizing matrix G, .1 0]
11

Transformation Matrix order :n=log,E

Input Information bits TA

Code Rate :R=(A/E)

Information vectors to encode
Message Vector (Auxiliary)

:c=|[ci,Co..., Ca
ru=[u, . U

Index vector of information bit :1ef{l,2,--,
Index vector of Frozen bit :F
begin
Ge=G®" %Channel transformation

matrix; Gy is NxN matrix

d=[di, dz...,dg]=u - Gg %Codeword

W:{W)(;), W(EZ), o W)(EE) } % Set of N synthetic

channels
Output:

x=d. W % Polarized output
There are a variety of algorithms for decoding polar-

encoded messages. Arikan proposed the Successive
Cancellation (SC) technique in [13] as one of the first
decoding algorithms. Every time at the decoding stage in SC,
it decides whether to proceed down the current path or turn
around to locate a new, more reliable one. Each node at each
level gives the hard decision vector B and receives soft
information from its parent node o vector in logarithmic
likelihood ratios (LLRs). The depth of the tree is first
investigated, emphasizing the left branches [35]. SC decoding
is suitable for more considerable block lengths. Successive
Cancellation List (SCL) Decoding is employed to resolve this
issue. Many possible pathways will be gathered and listed
during the SCL decoding process. One path is chosen from
the decoding paths in the SC decoder, but the Ly of the best
decoding paths is activated and maintained simultaneously in
the SCL decoder [36]. SCL becomes more efficient as the list
grows, but its implementation becomes more difficult.
Consideration of CRC-assisted (CA)-SCL can enhance the
performance of the SCL decoding.

5. Massive MIMO Processing

In 5G massive MIMO systems, gNB is equipped with NR
receiving antennas with digital transceiver chains capable of
spatially multiplexing NT transmitting antennas. Massive
MIMO system’s uplink is implemented where there are more
receiving antennas than transmitting antennas: Ng/Nt > 1
[37]. The concept of beamforming in massive MIMO is
applied. An antenna array of NR omni elements, with
aspacing of A2 (%2 wavelength) between the antenna
elements, is used. The channel matrix H is deterministic,

135

where h;; is the channel gain from transmit antenna j to receive
antenna i [38]. The matrix form is shown in equation (13):

hiy hiz thT
p=|ta he Panr (13)
hNRl hNRZ hNRNT

To identify the intended signal, all interference signals are
reduced or eliminated by multiplying an appropriate weight
matrix W, thereby inverting the channel's effect and
representing each detected symbol as a linear combination of
receiving signals [39]. In the system, zero forcing detects the
signal where interferences are nullified by weight matrix Wz
represented in equation (14), called the Moore-Penrose
pseudo-inverse of H.

Wyr=(H¥H) 1H" 14)

6. System Model Novelty and Simulation

Unlike existing studies focusing on individual waveforms,
this research offers a holistic approach by designing and
analysing the performance of multiple waveforms—F-
OFDM, FBMC, and UFMC within the 5G NR framework.
This enables a comparative assessment and highlights their
suitability for diverse 5G scenarios. The article presents the
first-of-its-kind analysis that combines Polar coding with
multiple waveforms, such as F-OFDM, FBMC, and UFMC,
within a unified framework. While most research emphasizes
macrocell applications, this work addresses small-cell
deployment scenarios crucial for achieving the ultra-dense
network configurations envisioned in 5G.

The system design is based on the model implemented in
[40], where the Polar-coded Generalized Frequency Division
Multiplexing (PC-GFDM) systems are designed. The system
model is inspired from the proposed PC-FOFDM system
presented in [41]. The 5G waveforms are implemented in
Polar-coded representative Third Generation Partnership
Project (3GPP) channel models to analyse the overall system
performance under a 5G NR framework. The transmitter and
receiver sections are shown in Figures 6 and 7. The simulation
is done using MATLAB software version 2022b. It is divided
into three stages. Firstly, the FBMC waveform analysis with
standard numerology is presented. Further, the Polar-coded
FBMC-OQAM system is simulated to observe the impact of
QAM order on BER performance.

|

Polar Channel Coding

;
Transport Block (4)

CRC attachment (L)1 "’";(E””“”Id”’? >
A+L=K e

r

=

Input

Bits
-

Channel
Interleaver

5G Modulation

ate
Matcher
(Shortening
Puncturing
Repetition) )

5 Waveform
K 5 (FBMC/UFMC
/F-OFDM)

Fig. 6. Polar Coded Modulation Waveform Massive MIMO Uplink
Design.

Downlink Massive
MIMO Processing

Estimated
symbol (%)

Rate
Recover

Rpecoded pata
Demodulation
(FBMC/UFMC

/F-OFDM)

Remove
CRC

Polar
Decode

.

Fig. 7. Polar-Coded Massive MIMO Downlink



Smita Jolania, Ravi Sindal and Ankit Saxena/Journal of Engineering Science and Technology Review 18 (2) (2025) 132 - 139

Firstly, the filters used in FBMC, UFMC, and F-OFDM
modulation waveforms are simulated, and their time and
frequency domain characteristics are shown in the following
figure. The time domain filter characteristics for FBMC, F-
OFDM, and UFMC are depicted in Fig. 8, Fig. 9, and Fig. 10.
(a). The PHYDYAS filter is one of the best from the
frequency spectrum of filters, with fewer out-of-band

harmonics.
16 Time Domain Filter characteristics
. T T T T T T T
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14| RRC g
Hermite
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1k |
0.8 7
* ol /’ \\ :
| \
0.4 /‘ \ i
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Normalized Time, t/TO
a)
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Fig. 8. (a) FBMC Time Domain Filter Characteristics (b) PSD of Filter

used in FBMC

Finally, the comprehensive system of the polar-coded
waveform in a massive MIMO channel model is simulated.
Table 2 presents the simulation parameters.
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F-OFDM FIR Fliter Impulse Response

15
Time (us)

a)

20 25 30
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Fig 10. Filter characteristics used in UFMC with filter length L=43 and

o=40

Table 2. List of Simulation Parameters

Parameter | Value
Common Waveform Parameters
Number of Sub-bands 10
QAM order 64,256
Size of FFT 512/1024
FBMC Parameters
F-OFDM Parameters
Number of Sub carriers 12
Overlapping factor K 4
Type of Filter PHYDYAS
Filter length 43
Sub-carrier spacing 15KHz
Sideband filter attenuation 40 dB
F-OFDM Parameters
Filter Sinc the Hanning
window
Number of sub-carriers/ 20
Sub-band
Filter Length 513
CP length 32
Tone offset 2.5
UFMC Parameters
Filter Dolph-Chebyshev
Filter Length 43
Sub-band size 20
Sub-band Offset 156
Side lobe attenuation (o) 40dB
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Massive MIMO channel Parameters

Number of Antenna at Tx
(NT)
Number of Antenna at Rx

(NR)

16

20

Polar Coding Parameters

Decoding List length (L) 8

Code rate R 12
Message length K 132
Rate matched output length 256

Figure 11 depicts the PSD for the 5G NR waveforms:

FBMC, F-OFDM, and UFMC. In FBMC, the factor K
impacts the PSD. The Spectral performance improves as the
overlapping factor increases.

PSD for FBMC, K =2, 3, 4 overlapped symbols
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Fig. 11. PSD for (a) FBMC, (b) F-OFDM, (c) UFMC

Figure 12 compares FBMC, UFMC, and F-OFDM using
the BER metric with different QAM orders. The BER curves
prove that the BER performance degrades as the QAM order
increases. Also, the highest BER is for the FBMC waveform,
while F-OFDM outperforms FBMC and UFMC with an
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approximate SNR gain of ~4dB. To enhance this, Polar
coding is implemented further.

BJER vs SNR for FBMC, F-OFDM, UFMC Modulation at Different QAM
10 T T T T T
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Fig. 12. BER Performance of FBCM, UFMC, F-OFDM with variable
QAM order.

Figures 13 and 14 show the BER analysis of FBMC-
OQAM with the BER performance in different MIMO setups.
The significant finding is that as the MIMO antenna array size
increases from 32 to 128, the SNR required to achieve the
BER of 107 reduces from 30 dB to 22 dB. Further, the
performance is enhanced by applying the polar coding in
UFMC and F-OFDM, as depicted in Figures 15 and 16.

BER vs SNR for Uncoded FBMC in Massive MIMO at 256 QAM
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Fig. 13. BER performance Comparison for Uncoded and Polar Coded
FBMC-OQAM with PHYDYAS Filter in variable MIMO setup

BER vs SNR for PC-FBMC-OQAM in Massive MIMO at 256 QAM
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PC-UFMC BER Performance in different MIMO setup
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Fig. 15. BER performance for Polar Coded UFMC waveform in variable
MIMO setup
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Fig. 16. BER performance for Polar Coded F-OFDM waveform in
variable MIMO setup

The simulation of the Polar coded waveforms in the
Massive MIMO scenario presented in Figures 14, 15, and 16
proved that UFMC is the best technique in terms of BER
compared to FBMC and F-OFDM. The results for UFMC is
far better than the results mentioned in [42-44]. The
concluding remarks from the BER curve are presented in
Table 3.

Table 3. BER Comparative Concluding Remarks

Modulation SNR Required to achieve BER=1("
Waveform 32x16 64x16
/MIMO Size

FBMC 32dB 19dB

UFMC 18 dB 16 dB
F-OFDM 20dB 18 dB

7. Conclusion

This paper simulates and analyzes the polar-coded 5G NR
waveforms for BER. The analytical framework for the polar
coded FBMC, UFMC, and F-OFDM in massive MIMO
scenarios is designed. Under this framework, the BER
performance at higher-order QAM is proposed. Integrating
Polar coding with advanced waveform techniques (F-OFDM,
FBMC, UFMC) in small-cell networks offers a
comprehensive foundation for addressing the challenges of
5G networks. The system is designed in different MIMO
antenna setups to enhance the BER performance. Simulation
results proved that the proposed polar-coded UFMC system
performs better than FBMC and F-OFDM. Polar-coded
UFMC achieves SNR gain of approximately ~2dB and ~12
dB, respectively, over F-OFDM and FBMC waveforms in
32x16 MIMO setup. The FBMC is the most spectrally
efficient technique, and when integrated with NR-based polar
coding in massive MIMO scenarios, the BER performance is
degraded compared to other methods.

Various factors like spectral efficiency, PAPR, system
capacity, etc., can be explored for the proposed hybrid polar-
coded Massive MIMO systems. In the future, the design can
be extended further to operate in the terahertz efficient (THz)
frequency range, which is crucial for 6G communication.
Polar codes can be combined with other advanced coding
techniques (e.g., LDPC or Turbo codes) to improve error
correction for specific scenarios. To develop intelligent
beamforming algorithms that use Al and deep learning can be
explored to enhance spatial resolution and reduce
interference.

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