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ABSTRACT Power Domain Non Orthogonal Multiple Access (PD-NOMA) is a multiple access technique
that offers spectral efficiency, low latency and user fairness in 5G networks. This paper evaluates the
performance of multi-user downlink PD-NOMA in suburban environments under SUI fading channels.
Baseband modulated user signals with phase shifts are allocated power levels in accordance with users dis-
tance before the superposition coding is performed at the base station. A multi-level successive interference
cancellation (SIC) is performed at the receivers. Bit error rate (BER) performance against signal-to-noise
ratio (SNR) for up to four users per cluster is compared for all the SUI models corresponding to different
suburban terrains with varying vegetation densities. An upper limit on number of users per cluster that are
supported at a benchmark BER and SNR values is also evaluated.

INDEX TERMS Power domain non orthogonal multiple access (PD-NOMA), Stanford University
Interim (SUI) models, successive interference cancellation (SIC).

I. INTRODUCTION
The development of 5th Generation (5G) communication sys-
tems is envisioned to match the increasing network capacity
demands [1]. 4G communication systems utilized Orthogonal
Multiple Access scheme (OMA) which works in Orthogonal
Frequency Division Multiple Access (OFDMA) or Single
Carrier-Frequency Division Multiple Access (SC-FDMA)
[2], [3]. The OMA scheme however, fails to provide diverse
range of Quality of Service (QoS) in large users network.
This is due to the finite Degrees of Freedom (DoF) in such
networks where users with rich channel conditions are served
on priority basis whereas the users with poor channel con-
ditions must wait for services [4]. In order to fulfil the
demands of users in 5G networks, Non-Orthogonal Multiple
Access (NOMA) schemes with superposition coding at the
transmitter and Successive Interference Cancellation (SIC)
[5], [6] at the receivers are being investigated. NOMA offers
low latency, higher data rates, better connectivity and user
fairness [7], [8]. Unlike the OMA schemes, the users in
NOMA are served at the same time and frequency. The two
types of NOMA, Power-Domain NOMA (PD-NOMA) and
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Code-Domain NOMA (CD-NOMA), have been presented in
recent years [9], [10].

In PD-NOMA, user signals are assigned different power
levels before the superposition coding is applied at the trans-
mitter. The power levels are assigned on the basis of varying
distances and channel gains for different users. In order to
achieve user fairness in PD-NOMA, the signals of users
farthest from transmitter are allocated highest power lev-
els. While signals of users nearest to transmitter are allo-
cated lowest power levels and so on. There are several
studies in the literature that investigate PD-NOMA perfor-
mance under different channel conditions. Performance anal-
ysis of two users downlink PD-NOMA under Rayleigh and
Rician fading channels with different code rates and modu-
lation schemes was carried out by Sadia et al. in [11]. The
performance of Re-configurable Intelligent Surfaces (RISs)
assisted downlink PD-NOMAwas analyzed by Thirumavala-
van et al. in [12]. The RISs are used to control the phase of
multi-path signals in order to mitigate the signal degradation
due to scattering and reflections. It was shown that the RIS
assisted PD-NOMA outperforms conventional PD-NOMA
in BER performance. Rabee et al. in [13] evaluated the
BER performance of two user uplink PD-NOMA with
SIC at the receive for both perfect and imperfect channel
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estimation. A higher BER was observed for QPSK and
16-QAM modulations as compared to BPSK. Yin et al.
in [14] carried out the performance analysis of NOMA-2000
(CD-NOMA) and PD-NOMA techniques in uplink Rayleigh
fading channels with and without user clustering. It was
found that the PD-NOMA with user clustering outperforms
the NOMA-2000 under different signal-to-noise ratios. Ald-
ababsa et al. in [15] compared the performance of BPSK
modulation in downlink NOMA over Rayleigh fading chan-
nels for perfect and imperfect SIC cases. It was shown that
the diversity gain is proportional to the distance of users from
base station. The users with higher distance had significantly
better BER performance as compared to users with lower
distance. Previous work [16] by the corresponding author
investigated the performance of multi-user PD-NOMA under
the New York University Simulator (NYUSIM) channel
Model [17]. The performance analysis was carried out to
determine appropriate power factors for different modulation
schemes.

Radio channel is characterized by multi-path delay spread,
fading characteristics, path loss (including shadowing),
Doppler spread, and co-channel and adjacent channel inter-
ference. The SUI models address three types of terrains with
varying vegetation densities in suburban areas, each consists
of two channels with diverse delay spread, Doppler spread,
Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) param-
eters [18]. Tiwana et al in [19] analyzed the BER performance
of filter bank multi-carrier (FBMC) modulation for differ-
ent scenarios under SUI channels. The impact of angle of
arrival (AoA) and angular spread on the channel capacity of
narrow and wideband MIMO channels under SUI-3, 4 and
5 models was investigated in [20]. Sulyman et al in [21] pre-
sented the modified path loss (PL) equations for SUI channel
model at frequency bands of 28 and 38 GHz. Furthermore,
the frequency correction factor and receiver height correction
factor were presented at 60 GHz and 73 GHz bands. In
the available literature such as presented in references [9],
[11], [12] and [13] most authors evaluates the performance
of PD-NOMA in different channel models for two users in
general.

This paper presents the performance analysis of multi-user
PD-NOMA under SUI channel models for suburban environ-
ments with modest to heavy vegetation densities. The perfor-
mance of two, three and four users per cluster PD-NOMA
is evaluated in terms of bit error rate versus signal to noise
ratio for baseband BPSKmodulation scheme over SUI fading
channels. The maximum number of users per cluster that
can support a threshold BER at a specified maximum SNR
under different SUI models is determined. This paper thus
aims to provide insights into performance of denser NOMA
systems in realistic fading channels in suburban areas. BER
curves are computed through simulations by implementing
the systemmodel as discussed in section II. Phase shift ofπ/2
among users signals during modulation stage is introduced to
reduce inter-symbol interference (ISI). The standard values
of channel parameters for SUI models are considered for

performance evaluation. The users are considered stationary
for best performance. The users at same height and distance
from BS can be differentiated using spreading sequences as
done in a previous work [22]. This case is, however not
encountered in this study as only a single cluster case with
maximum user separation (i.e. the distance between two con-
secutive users is at least twice the distance between BS and
the nearest UE and so on) is presented as shown in Table 2, 3
and 4.

The rest of the paper is organized as follows. Section II
describes the system model followed by an introduction
of successive interference cancellation (SIC) technique and
section III discusses SUI models and multi-user NOMA
under SUI channels. Section IV provides the results compar-
isons and the paper is concluded in section V.

II. SYSTEM MODEL
A SISO downlink power domain NOMA is shown in Fig. 1
in which a base station (BS) is transmitting a composite
signal towards N user equipment (UEs). Each user’s sig-
nal is base-band modulated using Binary Phase Shift Key-
ing (BPSK) and allocated a respective power factor based on
its distance from BS. Superposition coding is performed at
the BS to form a composite signal. The composite signal is
passed through SUI channel in the presence of AWGN. Root
raised cosine (RRC) filter is used at both the transmitter and
receiver for pulse shaping to mitigate ISI. The received signal
is decoded by each receiver using different levels of SIC. The
block diagram of the system is shown in Fig. 2.

FIGURE 1. SISO downlink PD-NOMA model of N UE’s (UE1 is nearest and
UEN is farthest to the BS).

The users signals of a cluster are modulated and assigned
with respective power factor such that the composite signal
by the BS can be given as follows.

cm(t) =
N∑
k=1

√
pksm,k (t) (1)

where, m = 1, 2, 3, . . .M is the number of clusters; and
k = 1, 2, . . .N is the number of users in a cluster; sm,k (t)
is the message signal for kth user of the mth cluster; and pk
is the respective power factor assigned. In order to bring user
fairness in PD-NOMA, lower power levels are allocated to
UEs nearest to the BS and higher power levels are allocated
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FIGURE 2. Block diagram for all the steps taken between Tx and Rx in the
proposed PD-NOMA system.

to UEs farthest from the BS and so on. The power levels are
assigned such that the sum of all power factors is unity. i.e.

N∑
k=1

pk = 1 (2)

Please note that in order to overcome the large interference
among multiple users within the cluster, this paper introduces
phase shifts during modulation of users signals. A maximum
phase shift of π/2 is introduced among users,

Phase shift = ±nπ/2 n = 0, 1, 2 . . . . . . (3)

where n = 0 to N − 1 and N is the total number of users per
cluster. e.g. in a four users per cluster, the signals for UE1,
UE2, UE3 and UE4 have phase shifts of 0, π/2, π and 3π/2
respectively. The allocation of power levels is based on the
distance of each user as in [16] such that,

pi′ =
di
dmax

i = 1, 2 . . . . . .N (4)

where p′i is the absolute power factor, di is the distance of ith
user from BS and dmax = 200 m (typical BS radius in 5G
networks). The power factors are normalized between 0 and
1 as follows,

pi =
p′i∑N
i=1 p

′
i

i = 1, 2 . . . . . .N (5)

The composite signal of each cluster cm(t) is then passed
through RRC filter such that,

xm(t) =
∑
j

cm(j)g(t − kT ) (6)

where xm(t) is the transmitted signal for a cluster and g(t) is
the response of RRC filter. The signals of each cluster are
superimposed such that,

x(t) =
M∑
m=1

xm(t) (7)

x(t) is the composite signal that passes through SUI chan-
nel model. The received signal at each UE that undergoes
large-scale fading is given by,

yk (t) = αk .x(t)+ nk (t) k = 1, 2, 3 . . . (8)

where, αk is the path gain and nk is the AWGN for kth user.
Each UE receives the composite signal which is again passed
through RRC filter for pulse shaping to reduce ISI. The signal
is then decoded by performing different levels of SIC at each
receiver as shown in Fig. 3 and is given by,

x̂k (t) = yk (t)−
∑
l

xl(t) (9)

where l = 0 for farthest UE to l = N − 1 for nearest UE
respectively.

FIGURE 3. SIC at the Rx of UE1 in two users per cluster PD-NOMA system.

A. MULTI-LEVEL SIC TECHNIQUE
SIC is a key feature of NOMA to cancel the effect of inter-
fering signals from other users. Composite signal having all
the users signal is received at each receiver. In an N users
cluster, the UE nearest to the BS performs N-1 levels of
SIC, second nearest UE performs N-2 levels of SIC and so
on. The farthest user directly decodes its signal from the
composite signal without performing the SIC. In order to
bring user-fairness, the total transmits power is distributed
on the basis of user’s distance and channel coefficients. The
signals with highest power levels are decoded first, followed
by others with low power levels in descending order. In a
typical two users PD-NOMA system with UE1 (Cell-center
user) and UE2 (Cell-edge user), SIC is performed by the
nearest user UE1 to cancel the effect of interference caused
by UE2’s signal. UE2’s signal with higher power level is
demodulated and decoded first at the receiver of UE1. The
signal is again modulated, multiplied with its own power
factor and subtracted from the composite signal to decode
UE1 signal. This is shown below in Fig. 3

Similarly, in a four users per cluster PD-NOMA system
each UEmust decodes the signals having higher power levels
as shown in Fig. 4. The farthest user, UE4 in this case, directly
decodes its signal from the composite signal. UE3, the second
farthest user performs SIC by first decodingUE4 signal, mod-
ulating UE4’s signal, multiplying it with its power factor and
subtracting it from the composite signal. Thus the composite
signal is left with UE3 signal as highest power signal and is
decoded. In a similar way UE2 receiver performs SIC on UE4
andUE3 data signals andUE1 performs SIC onUE4, UE3 and
UE2 signals to retrieve its own signals respectively.
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FIGURE 4. Block diagram of SIC in four users per cluster PD-NOMA
system.

III. STANFORD UNIVERSITY INTERIM (SUI)
CHANNEL MODELS
SUI channel models are based on Erceg’s model [23] and
are developed for suburban environments with modest to
heavy vegetation density. Extension of an early work carried
out by American Telephone & Telegraph Company (AT&T )
Wireless is the SUI propagation loss model and is proposed
by Erceg et al. in [24]. Based on topography, the SUI models
are further classified into A, B and C categories as follows.

• CategoryA, consists of SUI-5 and 6models which corre-
sponds hilly terrain with average to heavy tree densities,
resulting in the maximum path loss (PL).

• Category B, consists of SUI-3 and 4 models and is used
in hilly topographic climate with exceptional vegetation,
or high vegetation but flat terrain environment, which
results in moderate PL.

• Category C, consists of SUI-1 and 2 models and is used
in flat terrain with small tree densities, which results in
minimum PL.

The general PL equation is modified for SUI models above
2 GHz frequency bands as discussed in [21], [25] and [26]
with frequency correction Xfc and receiver height correction
XRX factors, where the PLSUI in dB are given as follows.

PLSUI (d)[dB] = FSPL(f , 1m)[dB]+ 10nlog10(d/d0)

+Xfc + XRX + Xσ (10)

where,

FSPL(1m)[dB] = 20.log10(
4π f

3× 108
)

= 32.4[dB]+ 20log10(fGHz) (11)

n = a− b.hTX (m)+
c

hTX (m)
(12)

Xfc = 6log10(
fMHz
2000

), f > 2GHz (13)

XRX = −10.8log10(
hRX (m)

2
),

for terrain types A and B (14)

XRX = −20.log10(
hRX (m)

2
),

for terrain type C (15)

where f , fMHz and fGHz are carrier frequencies in Hz, MHz
and GHz respectively; n is the path loss coefficient; FSPL is
the free space path loss in dB at reference distance of 1m; XRX
and Xfc are the correction components for receiver heights
and frequencies respectively; and Xσ is zero mean shadowing
variable with standard deviation σ . The categories A, B and C
as discussed above are characterized on the basis of Doppler
spread, delay spread and LOS orNLOS (K-factor) conditions.
The multi-user PD-NOMA model presented in this paper
uses the standard values of these channel parameters for SUI
models in terrain type A, B and C as listed in Table 1

TABLE 1. SUI models specification for terrain A, B and C.

IV. SIMULATION RESULTS
The proposed multi-user PD-NOMA with two, three and
four users per cluster under SUI fading channels SUI-1,
SUI-2, SUI-3, SUI-4, SUI-5 and SUI-6 are simulated. User-
clustering is carried out on the basis of (Best with poor
model), where users are placed in a cluster with increasing
order of distances from the BS. Best with poor model means
the clusters having users of best and poor channel conditions.
RRC filter used for pulse shaping at both the BS and UE,
has Roll off factor of 0.25 and 0.5, span of 6 and samples
per symbol is 4. Phase shifts of π/2 are introduced in users
signals during the modulation. The performance is evaluated
on the basis of average Bit Error Rate (BER) against Signal-
to-Noise Ratio (SNR). The initial simulation results showed
that 2 and 3 UEs per cluster in SUI-1 and SUI-2 models can
achieve lowest BER (up to 10−9) at lower values of SNR as
expected. However the BER performance is further degraded
with the increasing number of UEs per cluster and going from
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FIGURE 5. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-1 channel model.

FIGURE 6. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-2 channel model.

FIGURE 7. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-3 channel model.

SUI-2 to SUI-6 models. Keeping a threshold BER at 10−6 or
10−9 would require a very high value of SNR for 4 UEs per
cluster in SUI-4, SUI-5 and SUI-6 models. Therefore, a fixed
threshold BER of 10−3 is chosen for all the results. BER
performance for different users per cluster in six SUI models
investigated are shown in Figures 5 to 10. Each figure has
three sub-figures that shows the performance for two, three
and four users per cluster respectively for the given SUI
model. Therefore the performance of multi-user PD-NOMA
under SUI fading channels can be compared in two ways.
• BER performance comparison for different users per
cluster in same SUI channel. This is evident by compar-
ing horizontally between sub-figures within a figure.

• BER performance comparison for same number of users
per cluster for different SUI channels. This is evident by
comparing vertically between same sub-figures (a, b or
c) of all the figures.

In particular, Fig. 5 shows the performance analysis for two,
three and four users per cluster in SUI-1 channel in sub-
figures (a), (b) and (c) respectively. It can be seen in Fig. 5(a)
for two users per cluster that the nearest user with smaller
power factor and single SIC level exhibits poor BER perfor-
mance as compared to the farthest user in SUI-1 channel.
Increasing the number of users per cluster in SUI-1 chan-
nel shows the similar trend in performance as can be seen
in 5(b) and 5(c). For three users per cluster in Fig. 5(b),
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FIGURE 8. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-4 channel model.

FIGURE 9. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-5 channel model.

FIGURE 10. BER performance of 2, 3 and 4 UE’s per cluster PD-NOMA system under SUI-6 channel model.

the nearest user with lowest power factor and two levels of
SIC achieves threshold BER of 10−3 at SNR of 12.3 dB;
the second nearest user with single level of SIC achieves
threshold BER of 10−3 at SNR of 11.4 dB; and the farthest
user achieves threshold BER of 10−3 at SNR of 10 dB
respectively in SUI-1 channel. Likewise, for four users per
cluster in Fig. 5(c), the nearest user with lowest power factor
and three levels of SIC achieves threshold BER of 10−3 at
SNR of 17 dB; the second nearest user with two level of SIC
achieves threshold BER of 10−3 at SNR of 11.9 dB; third
user with single level of SIC achieves threshold BER of 10−3

at SNR of 9.5 dB; and the farthest user achieves threshold
BER of 10−3 at SNR of 8.5 dB respectively in SUI-1 channel.

This shows that the BER performance improves directly with
increasing distance separation and allocated power factor for
a user in the cluster.

A similar trend is observed for SUI-2, SUI-3, SUI-4, SUI-5
and SUI-6 models in Figures 6, 7, 8, 9 and 10 respectively.
In order to compare the performance of same number of users
per cluster in different SUI models, consider two users per
cluster case for SUI-1 and SUI-2 as shown in 5(a) and 6(a)
respectively. For the same threshold BER of 10−3, the nearest
user in SUI-1 achieves SNR of 6.8 dB as compared to 9.4 dB
in SUI-2; the farthest user in SUI-1 achieves SNR of 2.4 dB
as compared to 3.8 dB in SUI-2. Thus BER performance
for both the users in SUI-2 degrade as compared to SUI-1

52856 VOLUME 9, 2021



A. Mahmood et al.: Performance Analysis of Multi-User Downlink PD-NOMA

TABLE 2. Summary of the performance analysis of 2 UE’s per cluster PD-NOMA under SUI fading channels.

TABLE 3. Summary of the performance analysis of 3 UE’s per cluster PD-NOMA under SUI fading channels.

TABLE 4. Summary of the performance analysis of 4 UE’s per cluster PD-NOMA under SUI fading channels.

TABLE 5. Number of recommended UEs per cluster PD-NOMA in SUI channel models.

for two users per cluster case. This is further evident from
comparisons of BER performances of same number of users
in different SUI models. The performance for same number
of users per cluster decreases from SUI-1 to SUI-6 models
due to the increasing tap delays and decreasing K factor that
results in reduction of received power as we go from SUI-1 to
SUI-6 channel respectively. The performance of two users
per cluster, three users per cluster and four users per cluster
PD-NOMA under SUI models are summarized in Table 2, 3
and 4 respectively.
It is also evident from Figures 8, 9 and 10 that the BER

curves for some users in SUI-4, SUI-5 and SUI-6 models
remain flat and do not follow the typical waterfall behaviour
despite the increase in the SNR. In particular, UE1 in four
users per cluster SUI-4, three users per cluster SUI-5 and
three users per cluster SUI-6 shows flat BER curve. Likewise,
UE1 and UE2 in four users per cluster SUI-5; and UE1,
UE2 and UE3 in four users per cluster SUI-6 exhibit flat
BER curves. This is also in line with the observed behaviour
that the performance degrades with increasing number of
users per cluster and changing the models from SUI-1 to
SUI-6. Based on these results, the maximum number of users

per cluster (Nmax) that support a threshold BER of 10−3 at
maximumSNRof 40dB can be identified as shown in Table 5.
It can be seen that the SUI-1 and SUI-2models corresponding
to Category C for flat terrains with low tree densities can
support up to four users per cluster for the specified BER and
SNR values. The SUI-3 and SUI-4 models corresponding to
Category B for hilly terrains or flat terrains with high tree
densities can also support a maximum of four users per clus-
ter. The SUI-5 and SUI-6 models corresponding to Category
A for hilly terrains with average to heavy tree densities can
support a maximum of two users per cluster.

V. CONCLUSION
This paper presents the performance analysis of multi-user
PD-NOMA under SUI fading channels in suburban environ-
ments. Power levels for user signals are allocated on the basis
of varying distance in best with poor model of user clustering.
Maximum phase shifts are introduced to further improve the
performance. The standard values of channel parameters are
used to evaluate the BER performance for two, three and
four users per cluster PD-NOMA for SUI-1, SUI-2, SUI-3,
SUI-4, SUI-5 and SUI-6 models. Increasing the number of
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users per cluster degrades the BER performance in multi-user
PD-NOMA under SUI fading channels. The performance
for same number of users per cluster degrades from SUI-1
model to SUI-6 model due to increasing tap delays and
decreasing K factor. Category A of SUI models for hilly
suburban terrains with average to heavy tree densities support
a maximum of two users per cluster for a threshold BER of
10−3 at maximum SNR of 40 dB. Categories B and C of SUI
models corresponding to hilly terrains with low vegetation
and flat terrains with tree densities respectively can support
a maximum of four users per cluster for the same BER and
SNR values.

REFERENCES
[1] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. Soong,

and J. C. Zhang, ‘‘What will 5g be?’’ IEEE J. Sel. Areas Commun., vol. 32,
no. 6, pp. 1065–1082, Jun. 2014.

[2] H. Sampath, S. Talwar, J. Tellado, V. Erceg, and A. Paulraj, ‘‘A fourth-
generation MIMO-OFDM broadband wireless system: Design, perfor-
mance, and field trial results,’’ IEEE Commun. Mag., vol. 40, no. 9,
pp. 143–149, Sep. 2002.

[3] G. L. Stuber, J. R. Barry, S. W. McLaughlin, Y. Li, M. A. Ingram, and
T. G. Pratt, ‘‘Broadband MIMO-OFDM wireless communications,’’ Proc.
IEEE, vol. 92, no. 2, pp. 271–294, Feb. 2004.

[4] Y. Cai, Z. Qin, F. Cui, G. Y. Li, and J. A. McCann, ‘‘Modulation and
multiple access for 5G networks,’’ IEEE Commun. Surveys Tuts., vol. 20,
no. 1, pp. 629–646, 1st Quart., 2018.

[5] J. Umehara, Y. Kishiyama, and K. Higuchi, ‘‘Enhancing user fairness in
non-orthogonal access with successive interference cancellation for cellu-
lar downlink,’’ in Proc. IEEE Int. Conf. Commun. Syst. (ICCS), Nov. 2012,
pp. 324–328.

[6] F. Kara and H. Kaya, ‘‘BER performances of downlink and uplink NOMA
in the presence of SIC errors over fading channels,’’ IET Commun., vol. 12,
no. 15, pp. 1834–1844, Sep. 2018.

[7] G. Wunder, P. Jung, M. Kasparick, T. Wild, F. Schaich, Y. Chen, S. Brink,
I. Gaspar, N. Michailow, A. Festag, L. Mendes, N. Cassiau, D. Ktenas,
M. Dryjanski, S. Pietrzyk, B. Eged, P. Vago, and F. Wiedmann, ‘‘5GNOW:
Non-orthogonal, asynchronouswaveforms for futuremobile applications,’’
IEEE Commun. Mag., vol. 52, no. 2, pp. 97–105, Feb. 2014.

[8] D. Ramasamy, R. Ganti, and U. Madhow, ‘‘On the capacity of picocellular
networks,’’ in Proc. IEEE Int. Symp. Inf. Theory, Jul. 2013, pp. 241–245.

[9] S. M. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, ‘‘Power-domain
non-orthogonal multiple access (NOMA) in 5G systems: Potentials and
challenges,’’ IEEE Commun. Surveys Tuts., vol. 19, no. 2, pp. 721–742,
2nd Quart., 2017.

[10] M. T. P. Le, G. C. Ferrante, G. Caso, L. De Nardis, and M. Di Benedetto,
‘‘On information-theoretic limits of code-domain NOMA for 5G,’’ IET
Commun., vol. 12, no. 15, pp. 1864–1871, Sep. 2018.

[11] H. Sadia, M. Zeeshan, and S. A. Sheikh, ‘‘Performance analysis of down-
link power domain NOMA under fading channels,’’ in Proc. ELEKTRO,
May 2018, pp. 1–6.

[12] V. C. Thirumavalavan and T. S. Jayaraman, ‘‘BER analysis of reconfig-
urable intelligent surface assisted downlink power domain NOMA sys-
tem,’’ in Proc. Int. Conf. Commun. Syst. Netw. (COMSNETS), Jan. 2020,
pp. 519–522.

[13] F. T. Al Rabee and R. D. Gitlin, ‘‘Uplink power-domain non-orthogonal
multiple access (NOMA): Bit error rate performance with channel esti-
mation errors,’’ Int. J. Interdiscipl. Telecommun. Netw., vol. 12, no. 4,
pp. 65–73, Oct. 2020.

[14] Y. Yin, Y. Peng, M. Liu, J. Yang, and G. Gui, ‘‘Dynamic user grouping-
based NOMA over Rayleigh fading channels,’’ IEEE Access, vol. 7,
pp. 110964–110971, 2019.

[15] M. Aldababsa, C. Göztepe, G. K. Kurt, and O. Kucur, ‘‘Bit error rate for
NOMA network,’’ IEEE Commun. Lett., vol. 24, no. 6, pp. 1188–1191,
Jun. 2020.

[16] A. Mahmood and M. Zeeshan, ‘‘Power allocation and performance anal-
ysis of multiuser NOMA under NYUSIM channel model,’’ in Proc. 14th
Conf. Ind. Inf. Syst. (ICIIS), Dec. 2019, pp. 296–301.

[17] S. Sun, G. R. MacCartney, and T. S. Rappaport, ‘‘A novel millimeter-wave
channel simulator and applications for 5G wireless communications,’’ in
Proc. IEEE Int. Conf. Commun. (ICC), May 2017, pp. 1–7.

[18] R. Jain, ‘‘Channel models: A tutorial,’’ in WiMAX Forum AATG, vol. 10.
St. Louis, MO, USA: Washington University in St. Louis, Department of
Computer Science, 2007.

[19] A. J. Tiwana and M. Zeeshan, ‘‘Parametric analysis of FBMC/OQAM
under SUI fading channel models,’’ in Proc. 22nd Int. Conf. Adv. Commun.
Technol. (ICACT), Feb. 2020, pp. 207–211.

[20] B. O. Hogstad, M. Pätzold, and A. Chopra, ‘‘A study on the capacity of
narrow-and wideband MIMO channel models,’’ in Proc. 15th IST Mobile
Commun. Summit (IST), 2006, p. 6.

[21] A. I. Sulyman, A. Alwarafy, G. R. MacCartney, T. S. Rappaport,
and A. Alsanie, ‘‘Directional radio propagation path loss models for
millimeter-wave wireless networks in the 28−, 60−, and 73-GHz bands,’’
IEEE Trans. Wireless Commun., vol. 15, no. 10, pp. 6939–6947, Oct. 2016.

[22] A. Mahmood, M. Zeeshan, and T. Ashraf, ‘‘A new hybrid cdma-noma
scheme with power allocation and user clustering for capacity improve-
ment,’’ Process, Arabian J. Sci. Eng., to be published.

[23] V. Erceg, Channel Models for Fixed Wireless Applications, IEEE
Standard 802.16. 3c-01/29rl, 2001.

[24] V. Erceg, L. J. Greenstein, S. Y. Tjandra, S. R. Parkoff, A. Gupta, B. Kulic,
A. A. Julius, and R. Bianchi, ‘‘An empirically based path loss model for
wireless channels in suburban environments,’’ IEEE J. Sel. Areas Com-
mun., vol. 17, no. 7, pp. 1205–1211, Jul. 1999.

[25] A. I. Sulyman, A. T. Nassar, M. K. Samimi, G. R. Maccartney,
T. S. Rappaport, and A. Alsanie, ‘‘Radio propagation path loss models for
5G cellular networks in the 28 GHZ and 38 GHZ millimeter-wave bands,’’
IEEE Commun. Mag., vol. 52, no. 9, pp. 78–86, Sep. 2014.

[26] P. D. Katev, ‘‘Propagation models for WiMAX at 3.5 GHz,’’ in Proc.
ELEKTRO, May 2012, pp. 61–65.

ASIF MAHMOOD received the B.S. degree
from the University of Engineering and Tech-
nology Peshawar, Pakistan, in 2016, and the
M.S. degree from the National University of
Sciences and Technology (NUST), Islamabad,
Pakistan, in 2020. He is currently working as
a Research Assistant with SEECS, NUST. His
research interests include 5G wireless tech-
nologies, such as vehicular communication,
ray tracing, NOMA, hybrid CDMA-NOMA,

MIMO-NOMA, and power allocation algorithms for fifth generation mobile
users.

SAGHEER KHAN received the bachelor’s degree
in electrical from theArmy Public College ofMan-
agement and Sciences (APCOMS), University of
Engineering and Technology (UET), Taxila, Pak-
istan, in 2016, with a focus on electronics, and
the master’s degree in electrical engineering from
the National University of Sciences and Technol-
ogy (NUST), Islamabad, Pakistan, in 2019, with
a focus on communication and signal process-
ing. He is currently a Research Assistant with

the National Center of Artificial Intelligence (NCAI), NUST. His research
interests include swarm communication, industry 4.0, 5G, and the IoT.

52858 VOLUME 9, 2021



A. Mahmood et al.: Performance Analysis of Multi-User Downlink PD-NOMA

SAJJAD HUSSAIN (Member, IEEE) received the
B.Sc. degree in electrical engineering from the
University of Engineering and Technology at Tax-
ila, Taxila, Pakistan, in 2006, the M.Sc. degree in
telecommunications engineering from the Univer-
sity of Liverpool, Liverpool, U.K., in 2008, and
the Ph.D. degree in electronic engineering from
Dublin City University, Dublin, Ireland, in 2017.
From 2009 to 2013, he was a Technical and Test
Engineer with Vodafone Automotive Ltd., Manch-

ester, U.K. He is currently an Assistant Professor with the School of Elec-
trical Engineering and Computer Sciences, National University of Sciences
and Technology, Islamabad, Pakistan.

MUHAMMAD ZEESHAN (Member, IEEE)
received the B.Sc. degree in electrical engineering
from the University of Engineering and Technol-
ogy (UET), Taxila, Pakistan, in 2008, and the
M.Sc. and Ph.D. degrees in electrical engineering
with specialization in wireless communications
from the College of Electrical and Mechanical
Engineering, National University of Sciences and
Technology (NUST), Pakistan, in 2010 and 2015,
respectively. From July 2010 to March 2016, he

was with the Center for Advanced Research in Engineering (CARE),
Pakistan, first as a Senior Design Engineer, and then as a Member Technical
Staff starting July 1, 2014. Since 2010, he has been actively involved in
research and development in the field of software-defined radio (SDR),
widebandwaveform design, time/frequency synchronization algorithms, and
radar signal processing. In March 2016, he joined the faculty of the College
of Electrical and Mechanical Engineering, NUST, where he is currently
an Assistant Professor of wireless communications with the Department
of Electrical Engineering. At this department, he is also heading the Cog-
nitive Radio and Wireless Communications (CoRWiC) Research Group.
His research interests include SDR waveform development, physical layer
design, synchronization techniques, and digital design of wireless communi-
cation systems. He was a recipient of the Silver Merit Award of Asia Pacific
ICT Alliance Awards, in 2012. He has a number of international journal
and conference publications. He is a Reviewer of the IEEE TRANSACTIONS ON

COMMUNICATIONS AND WIRELESS PERSONAL COMMUNICATIONS.

VOLUME 9, 2021 52859


