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Abstract — In fifth generation (5G) wireless networks, radio access
techniques and multi-carrier waveforms play a vital role in meeting
the diversified demands of ultra-low latency, massive connectivity,
and higher throughput. Multi-access schemes used conventionally in
4G system was Orthogonal Multiple Access (OMA) technique. The
OMA techniques suffer from inefficient spectrum utilization, high
latency, and supports a limited number of users. Next-generation
networks, Non-Orthogonal Multiple Access (NOMA), has a great
potential, in which multiple users are simultaneously served using
the same time, frequency, or code resource increasing the
throughput. Code domain-NOMA (CD-NOMA) is the key
technique implemented in the system design where multiple users
are distinguished based on unique user-specific spreading codes.
The NOMA system could significantly benefit from Universal
Filtered Multi-Carrier (UFMC) modulation waveform in terms of
flexibility, spectral efficiency, compatibility with Multiple Input
Multiple Output (MIMO) technique, and relaxed synchronization
requirements. The novel integrated system proposed in the paper is
CD-NOMA-UFMC with convolutional codes. The major outcome of
the paper is that the combination of UFMC air interface modulation
technique with CD-NOMA access method can be the most effective
way to meet the growing demands of 5G.

Keywords — CD-NOMA, convolutional codes, UFMC.

I. INTRODUCTION

The next-generation mobile communication networks must
deliver advanced services like augmented reality (AR) and
virtual reality (VR) with efficient bandwidth usage to support
them. Major 5G use cases need to support ultra-dense networks
with diverse end-to-end connectivity. The heterogeneous needs
like extremely high speed, reliability, user fairness, and low
latency are to be addressed in system design [1]. The use cases
in 5G are enhanced mobile broadband (eMBB) to provide a
high data rate at gigabits per second, ultra-reliable low latency
communications (URLLC) to optimize throughput and delay
with latency less than 1 ms [2]-[4]. Another use case is massive
machine-type communications (mMTC), where huge number
of devices with small data packets is connected [5]. It is very
challenging to facilitate all these requirements and design an
optimized system in the context of spectrum utilization and
throughput.

In the view of spectrum scarcity, it becomes crucial to
identify the techniques focused on efficient spectrum

*Corresponding author. E-mail: sprajapati2911@gmail.com
Article received 01-08-2023; accepted 12-12-2023

management to meet the massive device connectivity and huge
data rate. Effective utilization of the available spectrum needs
to enhance the network architecture with some emerging
technologies proposed in [6]. As seeing the limited spectrum,
multiple access (MA) schemes are to be applied for efficient
radio resource management. MA schemes mainly serve the
users by sharing the radio resources and discriminating the user
channels based on time, frequency, or code [7]. In Orthogonal
Multiple Access (OMA) schemes, resource blocks orthogonal
either in time, frequency, or code domains are allocated to users
[8]. The OMA is effective when the number of active users is
less than the number of block resources. Non-orthogonal
multiple access (NOMA) is a promising technique and
envisioned as a key component in 5G mobile systems to serve
a larger number of active users with efficient utilization of
available resources [9]. In NOMA, non-orthogonal resource
blocks are allocated to serve multiple users. The NOMA
scheme allows the Next Generation Node B (gNB) to
simultaneously serve all users by using the entire bandwidth to
transmit data. To deal with interference at the receiver side,
different users are detected based on the difference of power or
spreading codes, leading to two main corresponding approaches:
power-domain NOMA (PD-NOMA) and code-domain NOMA
(CD-NOMA). The concept of NOMA emerged from PD-
NOMA, so let us understand the concept of PD-NOMA and its
limitations, which further leads to CD-NOMA.

In PD-NOMA, different signals generated by different users
at the same time or frequency block are combined using
superposition coding (SC) at the BS. The superposition is done
with different allocated power coefficients to all mobile users.
Power coefficients of users are allocated according to their
channel conditions, in an inversely proportional manner. The
SC is a technique of simultaneously communicating
information to several receivers by a single source [10], [11]. In
downlink PD-NOMA network, for decoding, the user with a
stronger channel gain uses successive interference cancellation
(SIC). The process involved in decoding the superimposed
messages is analysed mathematically in [12], to decode its
signal free of interference. The user with weaker channel gain
treats the signals of the stronger users as noise [13]. To achieve
the superior spectral efficiency of NOMA, energy efficiency
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and user fairness need to be focused on the power allocation, in
PD-NOMA [14]. Seyed Hadi et al. [15] presented the technique
to maximize the energy efficiency, spectral efficiency, and total
transmission power in PD-NOMA particularly in the scenario
of unmanned aerial vehicles (UAVs). The limitation for power-
based NOMA is that the non-orthogonal transmission receiver
is rather complex; SIC receiver design requires significant
improvement in signal processing aspects. Also, when an error
occurs in SIC at a user, the subsequent decoding of all other
users’ information will likely be carried out erroneously [15].

CD-NOMA has gain of shaping flexibility with the cost of
bandwidth of signal compared with simple PD-NOMA [16].
CD-NOMA is the prime focus of the proposed system, where
the multiple users communicate at the same time and frequency
resource block but are differentiated by codes. Unique
spreading codes play the major role in CD-NOMA technique.
The major benefits of CD-NOMA technique are enhanced
spectrum efficiency and improved system capacity [17]. To
further escalate the spectrum utilization, new waveform
Universal Filtered Multi-carrier (UFMC) is implemented in the
network. In UFMC, sub-band filtering is applied where the total
bandwidth is divided into number of sub-bands, and filtering is
applied in the frequency domain to reduce out-of-band (OOB)
emissions. Due to fine frequency filtration, shorter filter length,
and compatibility with MIMO, UFMC is one of the most
suitable multicarrier waveforms for 5G [18], [19].

The comprehensive system of CD-NOMA-UFMC proved to
provide better power efficiency. Additionally, motivated from
the results obtained in [21] where the combination of
multicarrier waveform and forward error correction are
implemented, convolutional codes in UFMC are integrated for
enhancing the BER performance of the designed system.
Moreover, the system can be extended for Multiple Input
Multiple Output (MIMO) as presented in [22], large antenna
array scenario for enhancing the data rate and user density.

II. SYSTEM MODEL

The study proposes a novel integrated system CD-NOMA
and UFMC with channel coding. The comprehensive
transceiver for the proposed system can be explained by
dividing it into different sub-blocks: (i) convolution coding, (ii)
CD-NOMA technique, (iii) UFMC modulation, (iv) Rayleigh
channel, and (v) receiver (including zero-forcing detection,
channel decoding, multi-user detection (MUD), and UFMC
demodulation). In the proposed system, the symbols are firstly
encoded using convolution coding and then spread by a user
signature code. Then the data symbols are modulated in each
sub-band as per UFMC. The block diagram of the
comprehensive transmitter for j® user CD-NOMA-UFMC
system with convolution coding over the Rayleigh channel is
depicted in Fig. 1.

Data of jt& User x; j . CD-NOMA
\l, le} Cint b;‘pr‘eaded T, based jt User
Convolution i UFMC UFMC Data
Codi ignature
- Inter- based CD- UFMC Baseband |
(Forward Error leaver it : RF
Correction) NOMA Modulation to
Fig. 1. Convolution coded CD-NOMA-UFMC transmitter block.
With reference to the system design proposed in [20], which Cij Channel encoded data
combines the CDMA and FBMC with cosine-modulated filter ; ) .
banks, here the system is proposed combining CD-NOMA and Cint Data after interleaving
UFMC. The objective of implementing CD-NOMA has two k Number of encoded information bits
advantages. One is to reduce interference by spreading the data ]
. . n Number of encoded bits
symbol in each sub-band and to support multi-user
communication to differentiate the users based on signature R Code rate (k/n)
code. After the rigorous literature survey, it has been K Constraint length
concluded that the combination of the CD-NOMA and UFMC . i -
with convolution coding was not considered previously in the D Flip-flop state in convolution encoder
literature. The list of symbols used in the paper is provided in g(x) Generator polynomial
Table I. j
bsjpreaded Spread data symbol
TABLEI : :
LIST OF SYMBOLS USED IN THE PAPER 5 (©) QAM symbols in the frequency domain
Symbol Designation B Total number of subcarriers
i User index B Number of sub-bands
xl] Generated data blocks Q Number of sub-carriers
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0i=Q/B Subsequent subcarriers in the i sub-band
s5.i(1) QAM symbol in the it sub-band
N IFFT size
Vi Time-domain symbol (after IFFT)
fi Prototype filter response
L Filter length
a Filter side-lobe attenuation
X éFMC UFMC resultant symbol of the /™ user
H Channel matrix
X Transmitted vector
Y Received vector
n AWGN noise vector
M Order of QAM
Vi, V2 The signal received at receiver 1 and receiver 2
Xon Expected frequency domain symbol
F; Filter response matrix
V; IFFT matrix
X The detected symbol for the j user

A. Convolutional Coding

A random data source generates random bits for each user.
Let x] be the i data symbol transmitted from the ;" user.
These data bit streams are encoded with convolutional coding
to get ¢;; for the j user. In convolution coding, k consecutive
bits are encoded into a sequence of n bits. The code rate is
evaluated as R = k/n, and the constraint length K is defined as
the number of & bits that affect the formation of encoded # bits.
The convolution encoder uses shift register of length K [23].
The channel encoder used in the proposed system is shown in
Fig. 2. The encoded bit stream can be represented by (1):

() _ ()
Cl',j :ZD[_ugu > (l)
u=0

where D represents flip flop (memory element), the relation of
output bits to inputs is expressed using generator polynomials
2(x) and can be written as (2) and (3):

1
g()(x):1+x; ©)
2 2
g()(x):1+x+x. 3)
Constraint Length=3
Code Rate=1/2
Generator Polynomial= [6, 7]g=([1 1 0], [1 1 1]),
[1.1,1] f\
e ‘,}\J‘\\ |:.Ill
Fd g 1
Random Bit g 5 fe)
stream » |'{\> Encoded Bit stream
— D, |2 Dy 1 D, |\ CyorCis
\
e e
\‘\\ 5
[1,1,0] r\
w4

Fig. 2. Convolution encoder.

The interleaver is applied to disperse the sequences of bits
in the encoded bit stream to minimize the effect of burst errors.
The encoded data stream is interleaved by using random inter-

leaver to get the resultant bit stream represented as Cii | [24].

B. CD-NOMA Block

CD-NOMA technique is applied where each user will use a
signature code to spread the data, and the receiver decodes it
by using the same code. The principle of CD-NOMA is
illustrated in Fig. 3.

Massive MIMO

Channel
User 1 A
— 5| Spreading Code UFMC W _
C, Modulation ’WY | >S5
— >S5
User 2 . y 1 1
: i Matched
A Spreading Code 5 UFMC 2 [ ralticUser : e H
C, Modulation YD tecti : ilter :
| ctection | 1 Channel I
£ (MUD De Estimation|
"ﬁz Spreading) | | 5,
User n . Y
Spreading Code | ] UFMC
Gy Modulation

Fig. 3. CD-NOMA transceiver block [23].

Channel-encoded and interleaved data from the users are
then spread using the unique signature chip to generate a
spreading sequence. Existing CD-NOMA solutions include
low density spreading CDMA (LDS-CDMA), LDS-OFDM,
sparse code multiple access (SCMA), interleave division

multiple access (IDMA), etc. In the proposed system LDS-
CDMA code scheme is implemented. The spreading
sequences are provided to each user and are known to receiver.
Figure 4 shows the LDS structure to generate the spreading
sequences. Let us say that the length of spreading sequence
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(chip length) is N. In conventional CDMA, all the N chips are
non-zero while in the proposed LDS structure, the N chips are
arranged in such a way that each user spreads their data over a
small number of chips d,. Then, zero padding is applied and
the chips are interleaved in such a way that the resultant
spreading sequence matrix becomes sufficiently sparse. The
resultant spreading sequence will have d, non-zero values and
(N-d,) zero values. Chip level soft-in soft-out multiuser
detection using message passing algorithm is used for
detecting the LDS spreading sequence. The performance
evaluation of LDS based CDMA system is presented in [25],
which proved that the performance of LDS-CDMA is far
better than conventional CDMA.

Cl‘nu‘ Z b j e
; ero
Data of j** User — Spreading | Padding Interleaving S;prea &
4 N-dy)

Fig. 4. LDS structure.

At the spreader, the encoded information bits Ci{lt are
spread in the time domain by the /™ user’s spreading sequence.
Each user is assigned a unique c-bit chip sequence Csjeq to the
j™ user. Here the number of bits in the spreading code or chip
sequence is called a spreading factor. The spreading code must
be unique for each user. The resultant spread data bits for the

j™ user are represented as bspreaded

C. UFMC Modulation

Multi-carrier modulation (MCM) is performed after
spreading the encoded data of each user. In MCM, the high
data rate stream is divided into various sub-streams with a

lower data rate. These low data rate sub-streams are modulated
on different sub-channels. After mapping, these sub-channels
are multiplexed in the frequency domain. The proficient multi-
carrier waveforms for 5G wireless networks are Filtered
Orthogonal Frequency Division Multiplexing (F-OFDM),
Universal Frequency Division Multiplexing (UFMC), Filter
Bank Multi Carrier (FBMC), and Generalized Frequency
Division Multiplexing (GFDM) [26]-[30]. FBMC and GFDM
perform subcarrier-wise filtering but do not support backward
compatibility and need a new transceiver design [26].
Although FBMC is one of the reliable methods as far as BER
performance is considered, but it is incompatible with MIMO
applications. In terms of BER performance, as seen from [31],
UFMC outperforms OFDM and GFDM. UFMC is based on
sub-band wise filtering, so it requires simple equalization
procedures, and a smaller filter length when compared to
FBMC and GFDM. Shorter filter lengths in UFMC as
compared to the subcarrier-wise filtering techniques make it
more suitable for low-latency applications [32].

The UFMC is the most prominent modulation proposed for
the 5G communication network that is based on sub-band
filtering technique, where filtering is performed with a fixed
granularity of frequency domain [33]. The block diagram of
the UFMC transmitter is depicted in Fig. 5. In the UFMC
modulation, firstly, the serial data stream is converted to a
parallel stream. The resultant sub-streams are QAM modulated
and fed to the N point Inverse Fast Fourier Transform (IFFT)
section to transform the frequency domain QAM samples to
the time domain. The resultant time domain signal is further
serialized block-wise and filtered to form UFMC signal [34].

bJ, xj. N, I"! .'j 1 ,IZT?: n—1]
spreadad ik Sk ¥i er,er En ,:,y,f,[f} [ N
Encoded L i
date Serial to .| QaM . gt | | Filterof | |
parallel ¢ | Mapper . :;1::] lengih L. Baseband to RF
converter L
L . fi(D)

Data blocks i Sub-band kt sub-carrier

Fig. 5. UFMC modulator block.

Let us assume that the total bandwidth available for each
user is B. This bandwidth is divided into O number of
subcarriers indexing from [0, 1, 2,..., O—1]. In UFMC, all the
allocated sub-carriers are grouped into several sub-bands
indexing from [i =1, 2..., B]. For the i" sub-band, with each
including Q; subcarriers mean Q subcarriers in the i sub-band
(X2, Q; = B). For the i sub-band, the QAM symbols for ;@
are represented with s; i(#). The n; complex frequency domain
QAM symbols for each user are transformed to time-domain
by N-point IFFT module. The IFFT equation is as follows:
ﬂ

N

“4)

where k is the sub-carrier index in the i sub-band. Then,
sub-band filtering is performed by prototype filter of length
‘L’, and a as side lobe attenuation, and generally each filter
power is normalized to unity and mathematically expressed by

)
)

The time domain signal is filtered using the Dolph-
Chebyshev filter of length L. The resultant UFMC signal for
the /" user is shown in (6) as follows:

UFMC zy i z

(6)
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where / = 0, 1,..., N+ L — 2. Here ‘*’ symbolizes linear
convolution. Finally, a complex UFMC signal can be
represented by (7):

H € 2x2 is deterministic and assumed to be always constant
and known to both the transmitter and the receiver. The
channel comprises complex Gaussian random variables with
zero mathematical expectations and unit variance for Rayleigh

' B-1L-IN-1 J2k(n-1) fading. The channel is a Rayleigh channel with channel gain
Xlme= ZV,. f; (l )e N (7) (|3]). The matrix form is shown in (9):
i=01=01=0
1
This generated UFMC modulated signal is transmitted from N _ My hy Xurmc n n, ©)
J" user. b hy XIZJFMC n

D. Wireless Rayleigh Channel

The A channel model is to be considered to properly
estimate the signal at the receiver end. In the proposed system,
two users are transmitting the convolution coded CD-NOMA-
UFMC signal, and, at the receiver, the signal is detected after
passing through the Rayleigh channel. As shown in Fig. 6, the
receiver antenna receives the direct signal intended for it and
a fraction of the signal propagated from another user. Thus, the
channel matrix H represents the channel response:

Y =HX +1n, (®)

where H is the channel matrix, X € C*2 denotes the transmitted
signal, Y € ("2 is the received signal; 1 ~ CN (0, R,) complex
Gaussian vector of white Gaussian noise with zero
mathematical expectations and a correlation matrix R,. Here C
symbolizes a complex channel.

Lety; and y» be the received symbol on the first and second
received antenna, respectively, and the channel matrix

(PY B }txz
2 SR B

Tx 2 ,.. " i
i = fz
I 22 I ”

Fig. 6. Rayleigh channel model.

E. CD-NOMA-UFMC Receiver

After transmitting UFMC modulated signal from both the
users through the Rayleigh channel, the RF signal is received
at the receiver end. The block diagram of the receiver is
depicted in Fig. 7.

5 -
Lnecoded Dat LgAM 22!\'
L
Estimated Viterhi Tic infer . L | 5Lpomt Time
data for | Decoding leaver [ De Em: ] Frequency 1 F{l-._[ Dhorain Pre- EF 1o
User 1 () FEadoy ased Domain  [* i
(s or | | symbol Processing ' rew |3 s Baschand
] De- [ izt g |2
i s Subcarricr : Frequency
— Viterhi Deinter |¢ | Dietection Equalization ¥ domain i
Estimared *] i - e N LY Zero Padding
prafra Decoding leaver (MU . .
User 2 Channel De-Cading Universal Filtered Multicarrier Receiver

(%) | | |

|

1

Fig. 7. UFMC CDMA receiver block.

At the receiver, channel equalization is applied. After the RF-
link section, the signal will pass through the time domain pre-
processing window to suppress interference. As a UFMC
symbol has a length (N+L—1), its conversion from the time
domain to the frequency is performed using a 2N-point FFT,
and the missing samples N—L—1 is padded with zeros. 2N point
FFT is considered to recover the data to transfer in the
frequency region. 2N-point FFT produces N output spectral
lines represented as X,y. The demodulated signal after FFT is
equalized and processed in the frequency domain, then sent to
the de-mapper, which is a QAM demodulator to retrieve the
data bits from the received symbols. After de-mapping the
retrieved symbols are de-spread by using the user signature
code. Then channel decoding is done for recovering the
encoded input data stream, and here the maximum likelihood
decoding is applied, which is also termed Viterbi decoding. The

Viterbi decoding algorithm comprises two metrics: the branch
metric (BM) and the path metric (PM). In this method, decoding
time is fixed, and it is decided based on these metrics. The key
point in this technique is that the receiver computes the PM for
a (state, time) pair sequentially using the PM of previously
computed states and the BM [35]. Finally, at the receiver end,
Userl and User2 data are estimated a X;, and X5.

III. SIMULATION AND RESULTS

The complete system is designed and simulated in MATLAB
2022b version. We have considered the multi-user scenario
with the number of users assumed to be 2, the response of
UFMC in the Rayleigh fading channel for 16 QAM is presented
in Fig. 8 for a total number of subcarriers P = 200.
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UFMC, 10 Subbands, 20 Subcarriers each

i

PSD (dBW/Hz)

Normalized frequency

Fig. 8. PSD of UFMC.

TABLE II
SIMULATION PARAMETERS

Sub-blocks/Technique Parameter Value

Number of sub-bands (B) 10

Number of sub-carriers in 20

each Sub-band (Q)

Sub-band offset 156

UFMC Waveform Modulation type (M) 16
Modulation QAM

Size of IFFT (N) 512

Filter Dolph-Chebyshev

Filter length (L) 43

Side lobe attenuation (o) 40 dB

Channel coding Convolution

Code rate (R) 12

. Constraint length 3
Channel Coding
Code generator [67]
Viterbi Decodi
Channel decoding et e(,to. e
Hard Decision
CD-NOMA Chip rate 8

UFMC waveform is simulated with different system
parameters and the performance parameters. Power spectral
density (PSD) and BER are analysed. In the proposed system,
FIR filter designed using the Dolph-Chebyshev window is used
for filtering in UFMC. Figure 8 shows the normalized spectrum
of the UFMC system with 10 sub-bands having 20 subcarriers.

Firstly, UFMC modulation is simulated for different QAM
modulation order using the Dolph-Chebysheyv filter. The peak-
to-average-power ratio (PAPR) is evaluated and the BER curve
is obtained as shown in Fig. 9. Since we have implemented the
UFMC modulation technique which is compatible with the
QAM technique and higher order QAM supports in improving
data rate at the cost of BER loss.

BER vs SNR for UFMC QAM Modulation

QAM Modulation Order

3¢ M=4, PAPR=0.04

R - — S - M=16, PAPR=8.24

) M=64, PAPR=6.62

‘‘‘‘‘ ++0.. M256, PAPR=8.04

Fig. 9. BER performance for UFMC at higher order QAM.

It can be concluded from Fig. 10, BER curve simulated for
64QAM modulation order with 200 sub-carriers, at
SNR = 15 dB, in the UFMC waveform BER achieved is 4x1073
while in the CD-NOMA-UFMC waveform at the same SNR,
the value of BER achieved is 4x107* Hence, the BER
performance improves with CD-NOMA implementation.

BER vs SNR for UFMC and CD-NOMA-UFMC Waveform

T T T
Single User system
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Fig. 10. BER performance comparison for CD-NOMA-UFMC and UFMC at
64QAM.

Figure 11 shows the performance of the CD-NOMA-UFMC
system in a multi-user scenario with chip rate 8 using
convolution codes and transmitted through the Rayleigh
channel. It reveals that the performance of the proposed system
was considerably enhanced than that of the un-coded system.
Thus, using convolution code in the CD-NOMA-UFMC system
contributes to enhancing BER performance, where the errors go
to zero at 12 dB SNR for User 1 and 14-dB SNR for User 2 for
the proposed system against an un-coded system where BER is
very high.
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BER Vs SNR CD-NOMA-UFMC System With and without Convolution Coding

BER

10 7Y i
User 1 without Convolution Coding
— —f-— . User 2 without Convolution Coding

©—— User 1 with Convolution Coding

— 49— - User 2 with Gonvolution Coding

10 - T T I
5 0 5 10 15

Fig. 11. BER performance of UFMC-CD-NOMA in a multiuser scenario.

The simulated system can be further extended in a large-scale
MIMO system called Massive MIMO to enhance the data rate,
the quality of services, energy efficiency, and spectral
efficiency [36]. However, the detector should be designed for
optimal performance as the number of users increases.

IV. CONCLUSION

In the paper, simulation, and analysis of a CD-NOMA-
UFMC system was proposed. The proposed system uses
convolution codes as they are much easier to implement and
able to handle a continuous bit stream. The results proved that
the BER performance of convolution coded UFMC waveform
had better performance as compared to the un-coded waveform.
Also, higher-order QAM supported by UFMC enhanced the
data rate. The work concluded that UFMC provided flexibility
about the choice of filter characteristics, sub-band size, and FFT
size to achieve the desired system performance. Also, the CD-
NOMA in a multi-user scenario proved to be a key enabler in
5G to utilise the spectrum efficiently. This system can be further
evaluated by increasing the number of users in a massive
MIMO scenario.
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