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A separation architecture is a heterogeneous network specifically designed to reduce the energy consump-
tion of cellular networks. While Quality of Service (QoS) and energy efficiency of this architecture have 
been studied extensively, the impact of non-neutrality practices like paid prioritisation on these critical 
network metrics has not previously been investigated. In this paper, we address this gap by presenting a 
study that evaluated the QoS and energy efficiency of a non-neutral, energy-efficient scenario in a separa-
tion architecture. In the study, a novel non-neutral resource allocation scheme based on the concept of 
paid prioritisation, which involves assigning resources to network users in accordance with their classes of 
subscription fees, was developed. This scheme was then combined with a topology management scheme 
that reduces energy consumption of the architecture by turning base stations off and back on based on 
traffic loads, idle waiting periods, and blocked requests. The combination of these schemes created the 
non-neutral, energy-efficient scenario evaluated. System-level simulations were carried out to compare 
the performance of two versions of the non-neutral scenario with a conventional net-neutral scenario in 
terms of QoS and energy efficiency. Simulation results showed that although non-neutrality led to lower 
average file transfer delay relative to the net-neutral paradigm, it worsened blocking probability and 
throughput in the system. Furthermore, non-neutrality achieved similar energy efficiency performance as 
the net-neutral approach at low traffic loads, reaching up to 67.5% Energy Reduction Gain; however, at 
high traffic loads, it led to significantly poorer energy efficiency.

1.	 INTRODUCTION

Separation Architectures have been proposed as a candidate solu-
tion to the critical need for cellular networks to be operated in 
an energy-efficient manner (Xu, He, Zhang, Chen, & Xu, 2013).  
They are Heterogeneous Networks (HetNets) with their control 
and data planes separated, enabling high-power control macro-
cell base stations to handle low data rate applications, coverage 
and control signalling, while low-power data small cell base sta-
tions handle mainly high data rate user traffic (Capone, Filippini, 
Gloss, & Barth, 2012). This design makes it possible for idle small 
cell base stations to be switched off to reduce energy consump-
tion without compromising coverage or significantly deteriorat-
ing Quality of Service (QoS), especially when the network experi-
ences low traffic intensity. Conventionally, resource allocation in 
these networks has been driven by technical goals, such as good 
QoS and energy efficiency, rather than economic or other goals 
that deliberately violate Network Neutrality. Network Neutrality 
(or Net Neutrality) has been described as a principle that requires 
the treatment of packets over the internet equally, regardless 
of the source, destination, type or content (Choi, Jeon, & Kim, 
2018; Maillé & Tuffin, 2019). In contrast, Non-Neutrality involves 
practices like paid prioritisation, blocking or throttling of specific 
applications and zero-rating (Gharakheili, Vishwanath, & Sivara-
man, 2016). These practices allow QoS and energy efficiency to 
be influenced not only by technical factors, but also by discrimina-
tory economic and operator strategies.

Although several studies have been carried out on QoS and 
energy efficiency in separation architectures, the impact of non-
neutrality on both has not been investigated to the best of our 
knowledge. The debate about whether to enforce net neutrality or 
not has been going on for several years all over the world (Maillé 
& Tuffin, 2019, 2022). It has been suggested that paid prioriti-
sation, a form of non-neutrality, can lead to the creation of fast 
lanes and slow lanes on the internet (Economides, 2017). While 
all forms of non-neutrality have policy implications, it is paid pri-
oritisation that most significantly changes the technical logic of a 
cellular network’s real-time resource allocation scheduler. Unlike 
zero-rating or blocking, paid prioritisation requires the scheduler 
to dynamically allocate resources based on economic contracts 
rather than purely on technical efficiency. Furthermore, this so-

phisticated policy requires a centralised controller with a global 
view of user subscription tiers and network conditions in multiple 
small cell base stations, a mechanism absent in conventional, de-
centralised networks. The control macrocell base station of the 
separation architecture precisely provides this capability. There-
fore, the research gap this paper addresses is the impact of paid 
prioritisation (a form of non-neutrality) on the QoS and energy 
efficiency of a separation architecture, the cellular network type 
that is particularly suited to its practical implementation.
Cellular networks have become a major means of accessing the in-
ternet worldwide. In conventional, net-neutral frameworks of cel-
lular networks, the resource allocation scheduler already manag-
es different QoS classes to enable accurate and timely delivery of 
associated user or application data. It allocates resources — such 
as time slots and frequency bands — to meet the QoS require-
ments of each application, sometimes prioritising real-time appli-
cations over non-real-time services. However, though the network 
strives to provide a good experience for all, it may not be able to 
guarantee that service quality will not degrade due to systemic 
factors like high network congestion or inter-cell interference.
A non-neutral regime based on paid prioritisation introduces an 
extra layer of protection of price-based service guarantee over 
and above the QoS-based guarantee of conventional net-neutral 
networks. A user paying a premium fee is not just allocated a 
superior channel at the start of their session; the network is con-
tractually obligated to actively maintain that QoS throughout the 
user’s transmission. This imposes a new, dynamic, and overrid-
ing constraint on the resource allocation scheduler. The system 
must now proactively deploy mechanisms to continuously shield 
premium users from the effects of congestion and interference to 
uphold this ongoing guarantee. It is this shift from a QoS-based 
guarantee that balances the needs of all users against fluctuat-
ing system-wide conditions, to one that must also enforce price-
driven service guarantees for a select group of users that creates 
complex trade-offs for overall network QoS performance and en-
ergy efficiency. Understanding how the QoS and energy efficiency 
performance of this peculiar non-neutral resource allocation para-
digm is different from the conventional net-neutral case in a sepa-
ration architecture motivated this study.

The main contributions of this paper are threefold. First, we 
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propose the Paid Prioritisation-based Clustering Capability Rat-
ing (PPCCR) scheme, a novel resource allocation scheme that 
modifies an existing energy-aware scheme to explicitly incorpo-
rate the economic constraints of a non-neutral, paid prioritisa-
tion policy. Second, and most importantly, this work provides 
the first quantitative analysis of the three-way trade-off between 
non-neutrality, QoS, and energy efficiency within a separation 
architecture. While prior work has explored energy efficiency in 
these architectures, the impact of superimposing a non-neutral 
economic policy onto the resource allocation logic has, to our 
knowledge, not been studied. Finally, our work reveals new and 
important insights into the impact of paid prioritisation on en-
ergy efficiency and QoS of a separation architecture. By com-
paring our proposed non-neutral scenarios with a net-neutral 
baseline, we quantify the precise impact of this policy on key 
performance metrics, demonstrating that while it can improve 
average file transfer delay, it comes at a significant cost to over-
all system blocking probability, throughput, and energy efficien-
cy, particularly under high traffic loads.

The rest of the paper is organised as follows. Related work 
on QoS and energy efficiency in separation architectures is dis-
cussed in Section 2. The methodology utilised for implementing 
the study is described in Section 3. Section 4 details the results 
and discussions. Practical Considerations and Future Work are 
discussed in Section 5. Finally, the conclusions of the paper are 
provided in Section 6.

2.	 RELATED WORK

In conventional cellular network deployments, macrocell base 
stations (BSs) covering a large area have often been used alone 
in the access network. However, such deployments are not ca-
pable of meeting the high data rates and high network capacity 
requirements necessitated by the rapidly increasing demand for 
data traffic in an energy-efficient manner (Hoydis, Kobayashi, 
& Debbah, 2011). As a result, the  Separation Architecture was 
proposed by Xu et al. (2013) to address the energy efficiency 
challenge in cellular networks. This architecture was referred to 
as Hyper-cellular network by Zhao et al. (2013)  and Control-
Data Separation Architecture (CDSA) by Mohamed, Onireti, Im-
ran, Imran, & Tafazolli (2015). 

Typically, several small cell BSs are deployed within the cover-
age areas of macrocell BSs in HetNets. In HetNets based on the 
separation architecture, small cell BSs can be turned off, espe-
cially at low traffic loads, to reduce the energy consumed in the 
network without compromising the coverage of the network. 
Furthermore, A User Equipment (UE) can connect and commu-
nicate with a macrocell BS and a small cell BS simultaneously 
in this type of architecture. This kind of dual connection has 
been standardised for 4G in Release 12 of the 3rd Generation 
Partnership Project (3GPP) and is termed “dual connectivity” 
(3GPP, 2015). This concept is extended in 5G to allow a UE to 
connect to a 4G BS and a 5G BS simultaneously (Agiwal, Kwon, 
Park, & Jin, 2021). 

Several studies have been carried out on QoS and energy ef-
ficiency in separation architectures. A cell-on-demand approach 
was proposed by Capone et al. (2012) to activate small cell BSs 
in sleep mode at macrocell BSs when needed to serve users. 
The choice of the most suitable small cell BS to allocate a user 
to was based on the location of the user rather than conven-
tional signal strength metrics. The cell-on-demand approach 
achieved significantly higher energy efficiency than convention-
al cellular networks based on macrocell BSs alone. Similarly, 
a macrocell BS based small cell activation algorithm was also 
proposed by Ternon, Agyapong, & Dekorsy (2015). However, 
unlike Capone et al. (2012), that used the location of users, 
this algorithm determined the most suitable small cell BS to 
activate by considering the level of Signal to Interference plus 
Noise Ratio (SINR) and availability of adequate resources to 

satisfy user data rate requests. Despite user connection delays, 
the algorithm still achieved up to 45% energy saving and 25% 
throughput improvement relative to a baseline scheme, which 
does not support sleep mode operation of small cell BSs. A 
database-aided small cell activation scheme was developed by 
Ternon, Agyapong, Hu, & Dekorsy (2014), but unlike Capone et 
al. (2012) and Ternon, Agyapong, & Dekorsy (2015), in addi-
tion to macrocell BSs, small cell activations were done at UEs.  
Signal to Noise Ratio (SNR) values of small cell BSs at differ-
ent locations reported by UEs were used to create a database 
of SNR values. When small cell BSs entered sleep mode, their 
SINRs were computed from the stored SNR values and used in 
small cell activation decisions. In high user density scenarios, 
this database-aided scheme achieved up to 40% energy saving 
relative to one without sleep modes for small cell BSs. 

The energy efficiency and spectral efficiency of a separation 
architecture with different frequency bands utilised in the small 
cell and the macrocell layers were evaluated by Mukherjee & 
Ishii (2013). The values of these metrics for the separation ar-
chitecture were compared with those of a conventional HetNet 
with the same frequency band for the small cell and macrocell 
layers and without data plane and control plane separation. The 
separation architecture was shown to outperform the conven-
tional HetNet with regard to the energy efficiency and spectral 
efficiency of the small cell layer. The proportion of active small 
cell BSs which can be turned off was investigated in a separation 
architecture by Zhang, Gong, Zhou, & Niu (2015). It was shown 
by numerical evaluation for two typical daily traffic profiles 
that 50% of small cell BSs can be turned off on average at low 
load, and an additional 10% can be switched off if the macrocell 
tier borrows bandwidth from the small cell tier. Zhisheng, Guo, 
Zhou, & Kumar (2015) investigated the tradeoff between the 
total energy consumption of a data small cell BS and its mean 
overall delay. The data BS was deployed within the coverage of 
a control macrocell BS. Analytical equations were obtained for 
sleep/wake-up policies when the M/G/1 vacation queue was 
used to model the data BS. It was shown that energy consump-
tion varied linearly with delay under varying close-down times 
before the data BS sleeps, but it varied non-linearly with delay 
under varying total packet arrivals before the data BS wakes up. 

How different assumptions made for different power models 
of BSs affect energy saving in the small cell layer of a separation 
architecture was studied by Fisusi, Grace, & Mitchell (2017). 
Mathematical expressions were derived for energy savings over 
short timescales and long timescales for single and multiple BS 
scenarios in terms of the power consumption of different oper-
ating states of BSs. It was shown through theoretical analysis 
and simulation that under the same system settings, the energy 
savings achieved with different power models are different and 
are functions of model-specific state changes of BSs that result 
in significant energy savings. A mathematical framework was 
developed by Zhu, Wang, & Qian (2019) to investigate the op-
timal number of small cell BSs that should cooperatively serve 
users to achieve maximum energy efficiency in a separation ar-
chitecture. An equation was derived for the lower bound of the 
average downlink rate, and based on this equation, formulas for 
energy efficiency and area spectral efficiency were obtained in 
terms of the number of cooperating small cell BSs in a cluster. 
It was deduced from simulation results that an optimal cluster 
size exists that maximises energy efficiency and also meets the 
minimum area spectral efficiency requirement. 

An algorithm was proposed by Baidowi & Chu (2020) to max-
imise energy efficiency by jointly optimising user associations 
to small cell BSs and the proportion of small cell BSs to switch 
off in a separation architecture. The decision to switch off small 
cell BSs was made based on the traffic load they support. Users 
associated with small cell BSs to be turned off were handed over 
to other small cell BSs with the highest Signal to Interference 
Ratio (SIR). A bio-inspired algorithm was proposed by Sherif 



A. Arotiba et al

25Ife Journal of Technology, Vol. 30(2), 2025 

& Haci (2023) for a separation architecture to maximise en-
ergy efficiency through the selection of appropriate modes of 
operation (on, standby, sleep, or off) for small cell BSs at the 
macrocell BS. Bias function values were used to optimise the 
BS power consumption in different operation modes. The pro-
posed algorithm determined the optimal bias function values for 
the BSs. Energy efficiency maximisation achieved with the pro-
posed scheme was better compared to conventional sleep mode 
management schemes.

A reinforcement learning algorithm with linear function ap-
proximation was implemented by Ozturk et al. (2021) at the 
macrocell BS of a separation architecture to offload traffic and 
switch small cell BSs on/off. The proposed algorithm deter-
mined the optimal switching on/off policy without visiting all 
states by utilising a compact representation of the action-value 
function. The proposed algorithm achieved network throughput 
comparable to a scheme which never switches off small cell BSs 
and energy saving similar to the optimal Exhaustive Search (ES) 
algorithm. A graph representation based unsupervised learning 
algorithm was proposed by Tan et al. (2022) for determining 
the small cell BSs to switch off/on at the macrocell BS based 
on the instantaneous power consumption and traffic load of the 
BSs. The small cell BSs were of different types (pico, femto, 
micro, Remote Radio Head (RRH)) and power consumption 
modes. The proposed algorithm learnt the optimal policy for 
energy saving while maintaining users’  QoS appreciably. The 

scheme achieved energy efficiency gains of 10.41% relative to 
a baseline scheme without BSs switching off. Even though only 
75.76% of the peak performance measured under the ES algo-
rithm was achieved by the proposed scheme, it is more scalable 
and less computationally complex. 
Although QoS and energy efficiency have been extensively stud-

ied in the separation architecture, as observed in the previous 
studies in this area, the impact of non-neutrality on these two 
critical cellular network metrics has not been studied. Hence, 
this paper addresses this gap in the literature by presenting 
a study on the impact of paid prioritisation, the form of non-
neutrality that most significantly affects how resource allocation 
schedulers work, on a separation architecture. Specifically, in 
the study, a resource allocation scheme, termed Paid Prioritisa-
tion-based Clustering Capability Rating (PPCCR)  that allows 
radio resources to be allocated discriminately to users based on 
subscription fees paid (paid prioritisation), was developed for 
a separation architecture. The PPCCR scheme was combined 
with the topology management scheme developed by Fisusi, 
Grace, & Mitchell (2017), which switches BSs on/off to reduce 
the energy consumed by the network. The combined resource 
allocation and topology management schemes created a non-
neutral, energy-efficient scenario, and two versions of this sce-
nario - with different percentages of preferentially treated users 
(premium users) - were evaluated in the study. The QoS and 
energy efficiency performances of the two non-neutral scenari-
os were compared with those of a net-neutral scenario through 
system-level simulations. This was done to establish how the 
energy efficiency and QoS of a non-neutral policy differ from 
the net-neutral case,  thereby gaining insight into the impact 
of non-neutrality on energy efficiency and QoS in a separation 
architecture.

3. METHODOLOGY

The study was carried out to investigate the impact of non-neu-
trality on the QoS and energy efficiency of a separation archi-
tecture. A novel non-neutral energy-efficient scheme, Paid Pri-
oritisation-based Clustering Capability Rating (PPCCR) scheme, 
developed in the study, prioritised premium users over normal 

Figure 1 BuNGee Separation Architecture (Fisusi, Grace, & Mitchell, 2017)
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users and clustered all users around as few as possible small 
cell base stations in its resource allocation decisions to create 
energy-saving opportunities. These savings were realised by a 
complementary topology management scheme that switched 
idle base stations into a low-power sleep mode. The combina-
tion of these two schemes created a non-neutral energy-efficient 
scenario. The effectiveness of the combined approach was eval-
uated through extensive Monte Carlo simulations, which com-
pared two versions of the non-neutral scenarios against a net-
neutral scenario to assess the impacts on both QoS and energy 
efficiency.

A detailed description of the separation architecture utilised 
and its implementation is provided subsequently. This is fol-
lowed by a thorough explanation of the implementation of the 
proposed PPCCR scheme. The system-level simulations carried 
out to compare the performance of the non-neutral and net-
neutral scenarios are then presented.

3.1 System Model
Uplink data traffic in the separation architecture proposed by 
Fisusi, Grace, & Mitchell (2017) was considered in the study. 
This architecture is a modification of the European Union FP7 
Beyond Next Generation (BuNGee) mobile broadband network 
(Roth et al., 2010) into a separation architecture through the 
introduction of control macrocell BSs into the access network, 
which originally contained only small cell BSs. This modified 
architecture, termed BuNGee Separation Architecture hereafter, 
is shown in Figure 1. 

The network contains, as shown in Figure 1, a dense de-
ployment of low-cost, low-power, below-rooftop small cell BSs 
(termed Access Base Stations (ABSs)) outdoors along the streets 
in a regular pattern. The service area is partitioned into square 
zones with control macrocell BSs, termed Zone Base Stations 
(ZBSs), deployed at the centre of the zones to provide ubiqui-
tous coverage and handle the control functions in their respec-
tive zones.

Figure 2 shows, in detail, a single zone, such as Zone 3, to 
illustrate the ABS antenna directions and the frequency plan 
for the BuNGee Separation Architecture. Each ABS has two di-
rectional antennas facing opposite directions, either North and 

South or East and West. Horizontal rows of ABSs (such as ABSs 
3, 4, 5 and 6) serve the North and South directions; while verti-
cal columns of ABSs (such as ABSs 9, 10, 11, and 12) serve the 
West and East directions. At the junctions of two streets, two 
ABSs are deployed; one belonging to the horizontal row and the 
other to the vertical column. 

Four unique frequency bands, F1, F2, F3 and F4 (one for each 
direction and each with a bandwidth of 10 MHz), are allocated 
to the ABS (or small cell) layer. The 10 MHz bandwidth of each 
band is subdivided into 10 equal subbands or subchannels. Each 
ABS utilises two of these bands for its two antennas. In order 
to minimise interference, as shown in Figure 2, the antennas of 
neighbouring ABSs (such as ABSs 3 and 4 or ABSs 23 and 24) 
pointing in a similar direction use different frequency bands. 
Also, the antennas of opposite ABSs (such as ABSs 3 and 18 
or ABSs 9 and 24) directed along the same street use different 
frequency bands. The ZBSs utilise a 10 MHz band different from 
the ABS bands.

Only one Mobile Station (MS) can utilise a subchannel at a 
given time.  The MSs are uniformly distributed along the streets. 
The service area represents a high-density urban hotspot like a 
city centre, where ultra-high traffic intensities are generated at 
peak hours and dense small cell BS deployments are particu-
larly suited to serve. The assumption of a uniform user distribu-
tion was made to ensure the comparative analysis of policies for 
consistent and unbiased heavy-load conditions, rather than one 
influenced by a specific intra-hotspot clustering pattern. Each 
MS antenna is an omnidirectional radiator. 

The ABSs handle the data requests of the MSs under the su-
pervision of the ZBSs in their zones. ABSs can relay channel 
quality and other information to the ZBSs in their zones with 
low delay through backhaul links. Some ABSs are associated 
with more than one zone and thus more than one ZBS. Informa-
tion exchange between such ABSs and all ZBSs associated with 
their zones is also possible through backhaul links. 

Each ZBS makes the decision regarding which ABS is most 
suitable to handle the data request of an MS in its zone. This is 
achieved by requiring the channel quality measurement (SINR 
in the study) related to the MS to be reported by all ABSs in the 
zone to the ZBS. The ZBS then determines the best ABS to serve 
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the MS request based on the reported channel quality and other 
parameters required by the resource allocation scheme utilised. 
Each MS makes one uplink request per time and utilises one 
subchannel for uplink transmission. 

In the study, for the non-neutral scenarios, two kinds of MSs - 
premium and normal MSs - were distributed over the network. 
Premium MSs were assumed to have paid a higher subscription 
fee for a guaranteed uplink data rate of 3 Mbps. This value is the 
minimum upload speed recommended for live streaming High-
Definition (HD) video 1080p at 30 frames per second (fps) on 
popular platforms like YouTube. Moreover, it has been shown 
that video bitrates of 2.8 Mbps and 4.0 Mbps are sufficient to 
achieve “Fair” and “Good” quality playback, respectively, for 
H.264 coded Full HD 1080p content at 30 fps (Uhrina, Holeso-
va, Bienik, & Sevcik, 2021). Therefore, this 3 Mbps guaranteed 
data rate ensures that premium users can be provided at least 
a “Fair” quality live stream at all times, with the potential to 
achieve “Good” quality streams when they are allocated chan-
nels with data rates of 4 Mbps and above during uncongested 
periods. The upload speed of the premium users was chosen to 
be high enough for typical and popular uplink-focused mobile 
applications. In contrast, the normal MSs were assumed to have 
paid the basic subscription fee with much lower QoS guaran-
tees.

The WINNER II B1 Urban Micro-cell propagation model (Kyo-
sti et al., 2007) was used to estimate the losses (path loss and 
shadowing) between ABSs and MSs. Uplink data transmission 
rates R were estimated by the Truncated Shannon Bound (TSB) 
(3GPP, 2009):

α
(1)

 represents the attenuation factor, SINRmin  denotes the 
lower limit of suitable uplink SINR, and SINRmax denotes the 
SINR at which the highest possible link data rate is attained. The 
TSB parameters for BuNGee (Jiang et al., 2012) are  = 0.65, 
SINRmin = 1.8 dB, SINRmax = 21 dB, and Rmax = 4.54 bps/Hz. 
These values were obtained through the link-to-system mapping 
methodology used in the BuNGee project (Jiang et al., 2012), 
which calibrated the TSB model to accurately reflect the practi-
cal performance of the uplink as determined by detailed link-
level simulations. 

A new uplink request from an MS was admitted if the SINR of 
the MS met the threshold for its class and its interference to any 
existing user transmission would not deteriorate link quality be-
low the agreed level. The new uplink request was blocked if no 
ABS could satisfy these conditions. The QoS metrics used were 
blocking probability, average file transfer delay and through-
put. The file transfer delay measured the time from when a 
user’s uplink request was sent to the ZBS to when the file was 
completely and successfully transmitted to the serving ABS. 
Throughput measured the total number of bits which were suc-
cessfully transmitted in a period in bits/second. Only the user 
information-carrying bits were considered. Overhead bits such 
as packet headers and error detection bits were not considered.

In a separation architecture, the control macrocell BSs (the 
ZBSs in the study) are always on and never switched off to sat-
isfy the requirement of ubiquitous network coverage in the ser-
vice area. Energy saving is achieved by putting some data small 
cell BSs (ABSs in this work) into sleep mode when the traffic 
intensity permits. ABSs consume significantly lower power in 
the sleep mode than when they are transmitting data to MSs 
(transmitting mode) or when they are receiving data from MSs 
(receiving mode). The study focused on energy saving in the 
ABS (or small cell) layer of the network under the net-neutral 
and non-neutral regimes for the case of uplink data traffic. The 
total energy consumed by the ABSs, EABS , was calculated using 
the energy model proposed by Han, Grace, & Mitchell (2012) :

 
μ μ

μ
    (2)

nabs represents the total number of ABSs in the network; Psleep, 
PRx, PTx and Pidle represent the power consumed by an ABS in 
sleep, receiving, transmitting and idle modes, respectively. An 
ABS is in idle mode when it is on but not transmitting or receiv-
ing data; however, it is on standby to serve user requests in this 
mode. The idle mode power consumption equals the no-load, 
static power consumption of an ABS, which is due to power 
expended on non-radio frequency aspects like power supply and 
cooling (Budzisz et al., 2014). tsleep, tRx, tTx and tidle represent the 
cumulative time an ABS spends in sleep, receiving, transmitting 
and idle modes, respectively. µRF represents the power amplifier 
efficiency, and µc represents losses incurred in the battery and 
power supply. nwakeup represents the total number of times an 
ABS wakes up from sleep, while Ewakeup represents the energy ex-
pended during the waking-up process. The time it takes an ABS 
to switch from one mode to another is assumed to be negligible. 

In the study, PTx was assumed to be zero for all ABSs since the 
focus was on the uplink direction. Also, Pidle was assumed to be 
equal to PRx because for low-power small cell BSs, the depen-
dency of power consumption on traffic load is negligible (Auer 
et al., 2011). Table 1 specifies the values for the parameters in 
equation (2). 

Energy efficiency was measured in terms of Energy Consump-
tion Rating (ECR) and Energy Reduction Gain (ERG) in the 
study. ECR estimates the energy consumed in transmitting a bit 
of information and is measured in joules per bit. According to 
the Green Radio Project (Han et al., 2011), ECR is given by

	
(3)

The ERG is often used in the literature to measure energy 
efficiency  (e.g. He et al., 2010; Maleki & Abolhassani, 2014; 
Turyagyenda, O’Farrell, & Guo, 2012). It estimates the energy 
efficiency of a test scheme relative to a baseline scheme using 
ECR as follows:

	 (4)

Table 1 Parameters for the ABS Energy Consumption (Han, Grace, & 
Mitchell, 2012)

Parameter Value

Power in the receiving mode 5W

Power in sleep mode 250mW (assumed 5% of 
receiving mode)

Efficiency of RF 20%

Efficiency of supply loss 10%

ABS max transmit power 5W

Wakeup Energy 50J

3.2 Proposed Non-Neutral Resource Allocation 
Scheme

Previous resource allocation schemes developed for the BuN-
Gee architecture were net-neutral in nature. Hence, when these 
schemes were utilised, there was no discrimination in the al-
location of resources based on subscription fees or the identity 
of users. The non-neutral resource allocation scheme proposed 
in the study is a modification of a previous net-neutral energy-
efficient resource allocation scheme, the Normalized Clustering 
Capability Rating (NCCR) scheme (Fisusi, Grace, & Mitchell, 
2013), developed for the BuNGee architecture. The modifica-
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tion of NCCR was done to enable the allocation of resources to 
different classes of users based on subscription fees paid (paid 
prioritisation) whilst still achieving energy savings. This modi-
fied scheme is referred to as the PPCCR scheme. The scheme 
considers two classes of MSs or users: normal and premium us-
ers. Premium users pay an additional fee to guarantee a higher 
QoS than normal users. The foundational algorithm for this 
scheme was developed in Arotiba (2019).

Specifically with PPCCR, when an MS sends a request for an 
uplink subchannel to a ZBS, the ZBS requests the channel qual-
ity (SINR values in the study) of uplink subchannels of the ABSs 
in its zone. The ZBS shortlists ABS subchannels with uplink 
SINR values that satisfy the admission threshold for the user 
class of the MS. Next, the ZBS creates a second list containing 
only ABS subchannels from the initial list that will not result in 
interferences high enough to degrade data rates of ongoing MS 
transmissions below guaranteed levels. Then, among the ABS 
subchannels in the second list, the ZBS shortlists the subchan-
nel with the highest uplink SINR from each ABS to create a 
third list. Hence, the third list will contain only one subchannel 
from each ABS. Finally, the subchannel of the ABS which has the 
highest value of NCCR in the third list is selected and allocated 
to the MS. 

If an ABS has a higher NCCR value than another ABS, it im-
plies that it has a higher capability to cluster more MSs around 
itself than the other ABS because of its location and current 
load. Selection of ABSs with higher NCCR values in resource 
allocation decisions results in fewer active ABSs and more idle 
ABSs that can go to sleep, leading to higher energy savings. 
A detailed explanation of the computation of the NCCR value 
for an ABS is provided in the energy efficiency study by Fisusi, 
Grace, & Mitchell (2013), where the NCCR scheme was first 
proposed.

Resource allocation decisions based on the proposed PPCCR 
scheme are carried out as follows: Let  denote the current load 
level of an ABS i (defined in terms of the total number of users 
or MSs currently being served by the ABS), while  denotes 
the maximum load capacity of an ABS. The normalized load  
on ABS i is given by: 

	 			  	          (5)

Let  denote the vector of normalized loads 
of all m ABSs in the zone of the ZBS and MS in question, while 
S denote an m × t matrix of pre-connection subchannel SINR 
values for ABSs given by:

	 			          (6)

where m denotes the number of ABSs in the zone and t de-
notes the number of uplink subchannels of an ABS; si,j is, there-
fore, the SINR of subchannel j of ABS i available for uplink 
transmission (1≤i≤m; 1≤j≤t). Let ci denote the NCCR value 
of the ith ABS, so  denotes the vector of NCCR 
values of the ABSs in the zone. Also, let  de-
note the vector of the user classes of all n MSs in the system; 
hence kq denotes the user class of an arbitrary qth MS. 

Furthermore, let SINRth denote the admission SINR threshold 
for an MS; SINRn and SINRp are the admission SINR thresh-
olds for normal and premium users, respectively. SINRg denotes 
the SINR for guaranteed data rate; and SINRmin is the minimum 
SINR for user admission and data transmission. The admission 
SINR thresholds are derived from the TSB equation (equation 
(1)). This equation determines the theoretical minimum SINR 
(SINRmin) required for user admission. However, in our scheme, 

both user classes are admitted at SINR values significantly high-
er than this minimum to ensure service quality. Premium users 
are assigned an SINR threshold, SINRp, based on the TSB equa-
tion that guarantees their agreed data rates. Normal users are 
assigned a lower SINR threshold, SINRn, reflecting lower service 
tier. The specific values of SINRmin , SINRp, and SINRn used in 
the study are stated and justified in the system-level simulations 
section (section 3.3).

In addition, let V be an m×t matrix of post-connection sub-
channel SINR values for ABSs given by:

	 			          (7)

where vi,j is the uplink SINR of subchannel j of ABS i already 
being used for an MS uplink transmission. Therefore, whereas S 
is a record of the SINR values of the subchannels of ABSs avail-
able for MS connection, V contains information about the SINR 
values of the subchannels of ABSs already being utilised for MS 
uplink transmissions.

Also, let W be an m×t matrix of the identity of the MSs utilis-
ing the ABS subchannels given by:

 	 			           (8)

where wi,j is the identity of the MS utilising subchannel j of ABS i 
for uplink transmission. Similarly, let Y be an m×t matrix of the 
frequency bands of the ABS subchannels given by:

	 	   		             (9)

where yi,j is the frequency band of subchannel j of ABS i. 
The ABS subchannel assigned to an arbitrary qth MS is deter-

mined by the ZBS as follows:

1.	All the elements of X, S, C, V and W are initially set to zero 
(before the first MS arrives in the network).

2.	When the qth MS arrives and requests for a subchannel, 
the ZBS requests uplink SINR si,j in respect of the qth MS for all 
unoccupied subchannel j of ABS i with wi,j = 0 from all active 
ABSs in the zone of the MS and updates S. At this stage, the 
uplink SINRs of MS q over subchannels that are not being used 
by other MSs are requested from the ABSs and stored.

3.	The ZBS requests for the user class  of MS q.
4.	The ZBS verifies the condition  for all values of i 

and j and reset any  to zero.  if MS q is 
a normal user, but if it is a premium user .  
and  are the minimum allowed SINR values that newly 
arriving normal and premium users, respectively, must achieve 
on an available channel for it to be considered for allocation. 
This step ensures the admission threshold condition is satisfied 
for the new incoming MS q. At the end of this stage, the ZBS 
retains only uplink subchannels that meet the admission 
threshold criterion for the user class of the MS in the subchannel 
shortlist.

5.	For each , the ZBS recalculates post-connection uplink 
SINR   for all f ’s that satisfy the criteria 
,  and , taking into consideration the potential 
interference from MS q. For every recalculated  for 
the user class of already transmitting MS wf,j, the ZBS resets 
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the associated  to zero.  for premium users, but 
 for normal users.  is the minimum SINR 

(guaranteed SINR) that an already-connected user’s link must 
be able to maintain after the new user is added, while  
is the minimum value of SINR permitted for admitting users 
into the network and for uplink data transmission. This step 
ensures all subchannels that will introduce interferences that 
will degrade ongoing MS transmissions in the zone below the 
guaranteed SINR levels are dropped. The ZBS also coordinates 
with neighbouring ZBSs via a logical interface (like the X2 in 4G 
or the Xn in 5G) to prevent a new MS admitted into its zone from 
degrading existing MS transmissions in neighbouring zones. 
It is important to note that this interference check is highly 
efficient as it is bounded by a small, fixed constant because of 
the frequency plan used in the BuNGee Separation Architecture. 
This kind of interference management centric frequency plan 
is a standard feature of cellular networks. Due to the peculiar 
positioning of ABS antennas to manage interference, uplink 
transmission on a subchannel can cause interference to a 
maximum of 5 subchannels in its zone and 48 subchannels in 
neighbouring zones in the worst-case scenario of the most central 
zone (Zone 5 in Figure 1) with 8 neighbouring zones. Hence, a 
maximum of 5 intra-zone and 48 inter-zone interference checks 
are ever needed for a single subchannel. This is a constant-time 
operation, O(1), for each of the candidate m×t subchannels. At 
the end of this stage, only uplink subchannels in the shortlist 
from the previous stage that will not degrade the QoS of ongoing 
MS transmissions below guaranteed levels are retained in the 
updated subchannel shortlist by the ZBS.

6.	For each row i of    , the ZBS determines the highest 
value of   in the row  and resets all row elements  
si,j for which j≠h to zero. Hence, S will contain at most one non-
zero element per row. This step ensures only the suitable uplink 
subchannel with the highest SINR from each ABS is shortlisted 
at this stage of the resource allocation decision. 

7.	For each row i of S with a non-zero element, the ZBS 
computes ci (the NCCR for ABS i) and updates C. Then, the 
ZBS determines the element of C with the greatest value 

 and resets all the elements of each row i of S for 
which i≠u to zero. Thus, S will now contain only one non-zero 
element su,h, which is the SINR of the suitable subchannel with 
the highest SINR on the suitable ABS with the highest NCCR. 
This subchannel is allocated to MS q. 

8.	ZBS updates X, W and V to account for the newly admitted 
MS. Before the next MS request in its zone, the ZBS resets all the 
elements of S and C to zero. Step 1, which is the initialisation 
stage, is not repeated for MS uplink subchannel requests after 
the first arrival.

The non-neutral PPCCR scheme was developed to allocate 
resources based on paid prioritisation while operating in an 
energy-efficient manner. Energy efficiency was achieved mainly 
by reducing the number of active ABSs. In the study, the PPC-
CR scheme, which is a resource allocation scheme, was com-
plemented by the topology management scheme proposed by 
Fisusi, Grace, & Mitchell (2017). The PPCCR scheme’s decisions 
conditioned the network state by determining the real-time 
traffic load on each ABS. The topology management scheme 
then monitored this state, and based on its own rules regard-
ing traffic load, idle waiting periods, and blocked requests, it 
switched ABSs into and out of sleep mode. The combination of 
the non-neutral resource allocation scheme PPCCR and the to-
pology management scheme of Fisusi, Grace, & Mitchell (2017) 
resulted in a non-neutral energy-efficient scenario. Two differ-

ent versions of this non-neutral scenario were implemented and 
compared with a net-neutral energy-efficient scenario through 
system-level simulations. 

3.3 System-Level Simulations
Monte Carlo simulations were carried out using MATLAB in 

the BuNGee separation architecture. Each simulation result was 
obtained after 50,000 iterations. This implies that each data 
point on the graphs presented in the Results and Discussion sec-
tion represents a mean value obtained after 50,000 simulation 
iterations. This large number of iterations ensured that the aver-
ages for the plotted points sufficiently converged with minimal 
variance.

In the service area, 9 ZBSs and 112 ABSs were deployed as 
shown earlier in Figure 1. A total of 6,000 MSs, consisting of 
both premium and normal MSs, were distributed uniformly 
along the streets of the service area. This dense population of 
users depicts highly populated areas such as city centres. Each 
MS, whether normal or premium, arrived in the network with 
a request to upload a file of 2 MB. MS arrival into the network 
constituted a Poisson arrival process with a mean arrival rate of 
λ . Four unique frequency bands were allocated to the ABS layer 
and each band was subdivided into 10 subchannels as earlier 
stated. The simulation parameters are stated in Table 2.

Table 2 Simulation Parameters 

Parameter Value

Deployment area dimension 1350 m ×1350 m

Street width 15 m

Building block size 75 m × 75 m

ABS antenna height 5 m

MS antenna height 1.5 m

Carrier frequency 3.5 GHz

MS transmit power 23 dBm

ABS maximum gain 17 dBi

MS Antenna gain 0 dBi

Noise Floor -114 dBm/MHz

Admission SINR (Premium users 
(SINRp))

14 dB

Admission SINR (Normal users 
(SINRn))

10 dB

Minimum SINR (SINRmin) 1.8 dB

Maximum SINR (SINRmax) 21 dB

Two implementation versions were considered in evaluating 
the performance of the non-neutral energy-efficient scenar-
io. In the first version, termed non-neutral scenario I, the MS 
population consisted of 20% premium and 80% normal users. 
In contrast, the second implementation version, referred to as 
non-neutral scenario II, consisted of 60%  premium and 40%  
normal users (see Table 3). These two non-neutral energy-effi-
cient scenarios were based on the use of the PPCCR scheme for 
resource allocation and the topology management scheme of 
Fisusi, Grace, & Mitchell (2017) for switching ABSs on and off. 
The non-neutral energy-efficient scenarios were compared with 
a net-neutral energy-efficient scenario, which was based on the 
NCCR scheme for resource allocation and the topology manage-
ment scheme of Fisusi, Grace, & Mitchell (2017) for switching 
ABSs on and off. 

The three scenarios studied are associated with three differ-
ent premium user populations, selected to model the impact of a 
non-neutral premium service at distinct stages of market adop-
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tion: 0%, 20%, and 60% for the net-neutral, non-neutral I, and 
non-neutral II scenarios, respectively. The 0% case represents 
the baseline net-neutral scenario before a premium service is in-
troduced. The 20% case models a state of early adoption, where 
the service has attracted a significant but minority user base. 
The 60% case models a mature market with mass adoption, 
where the premium service has become the majority choice. Di-
rect comparison of these scenarios - representing zero, early, 
and mass adoption - demonstrated the impact of different levels 
of non-neutrality on the energy efficiency and QoS of a separa-
tion architecture.

Different classes of users have different admission SINR 
thresholds. The admission SINR threshold for premium us-
ers (SINRp) was set at 14 dB to match the SINR required to 
provide the guaranteed 3 Mbps data rate for this user group’s 
HD video live streaming. From the Truncated Shannon Bound 
(TSB) equation (equation (1)), the SINR equivalent to 3 Mbps 
is approximately 13.71 dB, which was finally rounded up to 14 
dB. In contrast, the admission SINR thresholds for normal users 
(SINRn) was set at 10 dB. This value is significantly higher than 
the minimum possible admission SINR (SINRmin) of 1.8 dB from 
the Truncated Shannon Bound (TSB) equation. This is common 
practice in cellular network resource management. Although 
the normal user SINR threshold is lower than the premium 
value, it limits the interference new users introduce to the sys-
tem and provides them with sufficient headroom in a network 
that is not severely congested against interference from other 
subsequent users. Moreover, 10 dB corresponds to a data rate 
of approximately 2.25 Mbps and will adequately support many 
popular applications, including Standard Definition (SD) video 
streaming, social media, and web browsing.

The Highest SINR resource allocation scheme with no ABSs 

ever switched off was used as the baseline scheme for estimat-
ing energy saving for non-neutral and net-neutral scenarios. 
This Highest SINR scheme, so called by Fisusi, Grace, & Mitchell 
(2017), was utilised in an energy efficiency study on the BuN-
Gee architecture by Han, Grace, & Mitchell (2012). This scheme 
connects an MS to the ABS which offers the highest uplink 
SINR. Thus, MSs are typically connected to the ABSs that are 
closest to them and first choices in terms of uplink SINR. Rather 
than concentrate or cluster MSs around a few active ABSs, the 
Highest SINR scheme tends to allocate MSs over a large number 
of ABSs; hence, it is not energy efficiency focused.

As shown in Table 3, under the net-neutral scenario and the 
Highest SINR scheme, all MSs were normal users. A blocking 
probability target of 5% or lower was assumed as the system’s 
desired range of operation. The QoS metrics were blocking 
probability, average file transfer delay and throughput, while 
the energy efficiency metrics were ECR and ERG. The ERG of 
the non-neutral and net-neutral scenarios were obtained with 
the Highest SINR scheme serving as the baseline scheme. 

4.	 RESULTS AND DISCUSSIONS

Blocking probability performances of the scenarios over a range 
of file arrival rates from very low to very high are shown in Figure 
3. The highest SINR scheme performs best overall with regard 
to blocking probability. This is as a result of all ABSs being avail-
able to serve MSs since all ABSs are always on. Also, MSs always 
connect to the closest and highest SINR ABSs. This enables the 
avoidance of interference associated with connection to distant 
and lower SINR choices. Furthermore, the blocking probabilities 
of all the scenarios have similar performances at very low traffic 

Figure 3 Comparison of Blocking Probability of 
Different Scenarios

Table 3 User Distribution for Different Scenarios

Scenario Ratio of Premium to Normal MSs Number of Premium MSs Number of normal MSs

Highest SINR 0:100 0 6000

Net-neutral 0:100 0 6000

Non-neutral I 20:80 1200 4800

Non-neutral II 60:40 3600 2400
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load (below 25 files/s) since only a few MSs would be active 
simultaneously and interference would be minimal. However, 
the blocking probability of the non-neutral scenario II is signifi-
cantly higher than those of other scenarios above the file arrival 
rate of 75 files/s. This can be attributed to two factors: the pre-
mium users are predominant in this scenario and the high SINR 
requirement of 14 dB (corresponding to 3 Mbps upload speed) 
for premium users becomes less available to admit this kind of 
users when ABSs are switched off. The need to maintain the 14 
dB SINR for admitted premium users throughout their file trans-
fers, rather than 1.8 dB for normal users, also leads to higher 
blocking in the non-neutral scenario II than in other scenarios 
with fewer or no premium users. Furthermore, the non-neutral 
scenario I with 20% premium users has a significantly poorer 
blocking probability performance than the net-neutral scenario 
with no premium users at all. Hence, the higher the percentage 
of premium users in the network, the poorer the blocking prob-
ability beyond low traffic load intensities. Also, the non-neutral 
scenarios surpass the blocking probability target of 5% at a low-
er traffic load (above 50 files/s) than the net-neutral scenario 
(above 200 files/s). Largely, non-neutrality (in the form of paid 
prioritisation) results in significantly poorer blocking probabil-

ity performance than the net-neutral paradigm.
As can be observed in Figure 4, the Highest SINR scheme 

offers the best average file transfer delay performance. This is 
because MSs can connect to the complete set of ABSs and are 
usually assigned to the closest and highest SINR ABSs. Faster 
file transfer (and thus lower delay) is possible with this scheme 
relative to the other scenarios that permit switching off ABSs 
and lower SINR ABS choices. For traffic loads below 150 file/s, 
the average file transfer delay performance of the non-neutral 
scenario II is much better than that of the non-neutral scenario 
I, which is, in turn, better than the net-neutral scenario’s case. 
An important reason is that the non-neutral scenario II has a 
higher percentage of premium MSs (60%), which require a 
higher SINR guarantee that leads to faster file transfer speed, 
than the non-neutral scenario I (with 20% premium users) and 
the net-neutral scenario (with no premium users). Hence, for 
users admitted into the system in the non-neutral scenario II, 
the average file transfer delay is lower than in the other two sce-
narios. For this same reason, the non-neutral scenario I with a 
slightly higher premium user population has a slightly better de-
lay performance than the net-neutral scenario. For traffic loads 
above 150 files/s, the performances of the non-neutral scenarios 

Figure 5 Comparison of Throughput of 
Different Scenarios

Figure 4 Comparison of Average File Transfer 
Delay of Different Scenarios
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and the net-neutral scenario are quite similar. This can be at-
tributed to the higher interference level in the network at higher 
traffic load levels, which results in more blocked MS requests 
and channel request re-attempts, and consequently, similar high 
average file transfer delays for these three scenarios. In general, 
a higher population of premium users in the network results in 
a lower (or better) average file transfer delay if ABSs are permit-
ted to be switched off, especially at low traffic levels. Overall, 
non-neutrality leads to better average file transfer delay perfor-
mance than the net-neutral method of allocating resources.

Figure 5 presents the throughput performance for the sce-
narios. It is important to note that retransmission overhead is 
considered negligible, as the resource allocation scheme pro-
actively maintains all active links above the minimum SINR for 
the duration of their transmission by controlling interference 
from newly admitted users. The penalty for poor channel condi-
tions or high interference is not retransmission overhead, but 
rather an increase in blocking probability or file transfer delay, 
as users must wait for suitable resources to become available. 
Since our throughput metric already excludes protocol over-
head and only measures successfully transmitted information 
bits for admitted users, it serves as a direct and valid measure 
of goodput. Figure 5 reveals that all the scenarios have very 
similar throughput performances at low traffic loads (below 
100 files/s). However, at higher traffic load levels (above 100 
files/s), the Highest SINR scheme has the highest throughput, 
since it permits more MS to be admitted into the network due 
to the lower admission SINR than the non-neutral case and the 
lower blocking probability than the other scenarios as seen in 
Figure 3. The net-neutral scenario has the next best throughput 
performance and this can be linked to the lower blocking prob-
ability than the non-neutral scenarios (see Figure 3) resulting 
from QoS guarantee for all users (0 premium users) being just 
1.8 dB, thus enabling admission of more users into the network 
than the non-neutral scenarios (with some premium users). The 
non-neutral scenario II has the worst throughput performance 
as it has the highest premium user population and thus more 
users must meet the higher admission SINR condition of 14 dB 
and maintain this level of SINR at all times. However, at high 
traffic load levels with the interference in the network being 
high, it will be challenging to provide the high QoS guarantees 
for many premium users concurrently. Thus, a higher blocking 
rate and lower throughput relative to the non-neutral scenario 

I and the net-neutral scenario are the case for the non-neutral 
scenario II. Generally, the higher the premium user population, 
the lower the throughput, especially at higher traffic loads. In 
essence, non-neutrality leads to poorer throughput performance 
relative to the net-neutral approach.

Figure 6 shows the ECR performances for the different sce-
narios. ECR measures the energy consumed per bit for success-
fully transmitted data. Therefore, a high value of ECR indicates 
poor ECR performance and poor energy efficiency. Only user 
information-carrying bits were considered in the study; proto-
col overheads and error correction code bits were not consid-
ered. More so, users only begin to transmit files when a suitable 
channel becomes available, which is maintained at the user’s 
guaranteed SINR or above until the file is successfully transmit-
ted. Therefore, packet loss during a file transfer does not occur 
in this model. Instead, the negative effects often observed at 
high traffic loads are driven by contention at the access level. 
Severe congestion and high interference lead to a high volume 
of failed channel requests. These failed requests must be re-ini-
tiated by the user, which leads to higher blocking probability, 
increased file transfer delay as users wait longer for a channel, 
lower overall throughput, and consequently a higher ECR. In 
Figure 6, at low traffic load (below 100 files/s), the Highest 
SINR scheme has a significantly higher ECR value relative to the 
other scenarios. This can be attributed to the fact that through-
put performances are similar for all scenarios at low traffic load 
(see Figure 5), and ABSs can be put to sleep to reduce energy 
consumption in the other scenarios, whereas under the Highest 
SINR scheme, all the ABSs are always on. However, at higher 
traffic load (above 100 files/s), the ECR performance of the 
Highest SINR scheme approaches those of the other scenarios. 
Moreover, it even outperforms the non-neutral scenario II at 
higher traffic levels. This is due to an increasingly lower op-
portunity to save energy by switching ABSs off under the other 
scenarios as traffic load increases and the lower throughput per-
formances of these scenarios compared to that of the highest 
SINR scheme. 

Furthermore, the ECR performances of the non-neutral sce-
narios are similar to the net-neutral scenario at low traffic in-
tensity (below 75 files/s). This can be attributed to the similar 
throughput performances of the scenarios (see Figure 5) and 
their comparable energy consumption since a few MSs are ac-
tive simultaneously at low load and interference is minimal. 

Figure 6 Comparison of Energy Con-
sumption Rating of Different Scenarios
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However, at higher traffic levels, the higher admission SINR and 
QoS guarantee of 14 dB for premium users (compared to 10 
dB admission SINR and 1.8 dB QoS guarantee SINR for nor-
mal users) necessitates more ABSs to serve MS requests. Hence, 
the energy consumption of both non-neutral scenarios is higher 
than that of the net-neutral case and since the throughput of 
the non-neutral scenarios is lower than that of the net-neutral 
scenario, the ECR performance of the net-neutral scenario is, 
therefore, better than those of the non-neutral scenarios. The 
non-neutral scenario II with the lowest throughput performance 
has a poorer ECR performance than the non-neutral scenario 
I due to the higher premium user populations requiring more 
ABSs to be active and resulting in higher energy consumption.

Figure 7 displays the ERG performances for the non-neutral 
and net-neutral scenarios relative to the Highest SINR scheme. 
Just like the ECR performances, the ERG performances of the 
non-neutral scenarios and the net-neutral scenario are similar 
at low traffic loads (below 50 files/s). The net-neutral scenario 
achieves up to 69% ERG, while the non-neutral scenarios I and 
II result in up to 67.5% and 67% ERG, respectively, at low traffic 
loads. However, the net-neutral scenario achieves significant-
ly better ERG than the non-neutral scenarios at higher traffic 
loads. Furthermore, the non-neutral scenario II has the worst 
ERG performance, just as observed under the ECR performances 
of the scenarios. The observed trend in the ERG performances of 
the scenarios is due to the difference in the SINR requirements 
for admission and QoS guarantees for the premium and normal 
users, and the corresponding difference in the number of active 
ABSs needed to handle MS requests, as explained earlier un-
der the ECR performances. Based on the ECR and ERG perfor-
mances, it can be concluded that non-neutrality leads to poorer 
energy efficiency than the conventional net-neutral approach. 

5.	 PRACTICAL CONSIDERATIONS AND 
FUTURE WORK

The study presented in this paper focused on the performance 
of the non-neutral scenario (based on the PPCCR scheme) rela-
tive to the conventional net-neutral scenario using system-level 
simulations. Nevertheless, the consideration of the real-world 
deployment constraints and economic viability of the proposed 
PPCCR algorithm is also important. This will help to establish 

the possibility of utilising this algorithm in real networks.
In both 4G and 5G, a UE can transmit a Sounding Reference 

Signal (SRS) to a base station, which the base station will then 
use for channel quality estimation across a large bandwidth 
and subsequent uplink resource allocation decision (Chaki, Shi-
kida, & Muraoka, 2024; Shin & Shin, 2016). This UE-assisted 
decision-making can be exploited in implementing the PPCCR 
algorithm in practical networks. In our scheme, each ZBS will 
run the PPCCR algorithm. Specifically, each ZBS will configure 
a newly arriving MS (the equivalent of UE in the studied archi-
tecture) to transmit a single SRS, which is then measured simul-
taneously by all the active ABSs in its zone. Each active ABS will 
then generate a multiple channel quality measurement report 
and send it to the ZBS via a logical interface like the X2 interface 
in 4G or Xn interface in 5G. 

Interference between neighbouring zones is managed through 
inter-ZBS communication over the same logical interface. The 
ZBS will utilise these detailed channel quality reports and neigh-
bouring zone interference information to make uplink resource 
allocation decisions for the MS uplink request. The ZBS needs 
only this information from the ABSs and neighbouring ZBSs, 
other information (such as the load on ABSs and CCRs of ABSs) 
needed for the resource allocation decision is computed locally 
at the ZBS. Information exchange related to the channel quality 
report and interference between base stations can be carried out 
in real time with the logical interfaces implemented with fibre 
or millimetre wave. The additional request for ABSs to listen 
to SRS and report channel quality to ZBS can be implemented 
through software updates without significant modification to 
existing interface protocols.

A rigorous analysis of the PPCCR algorithm’s complexity re-
veals it to be highly efficient. The dominant operations, such as 
information gathering (Step 2), SINR threshold check (step 4), 
highest SINR candidate selection (Step 6), and resource assign-
ment (Step 7), all scale linearly with a complexity of  
for a zone with m ABSs and ABSs with t subchannels. Even 
the crucial interference check (Step 5) also has a complexity 
of . Due to the system’s frequency plan, the check is a 
constant-time operation  for each candidate subchannel, 
as it only needs to check a small, fixed number of co-channel 
users – a maximum of 5 intra-zone and 48 inter-zone checks, as 
explained earlier in section 3.2. The algorithm’s overall linear 

 complexity is computationally trivial for modern 4G/5G 

Figure 7 Comparison of Energy 
Reduction Gain of Different Scenarios
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base stations with high-speed processors, confirming its scal-
ability for real-time deployment.

The PPCCR algorithm is channel-aware and inherently ex-
ploits multi-user diversity. By evaluating all suitable subchan-
nels for a user and selecting the one with the highest SINR (Step 
6), the algorithm matches the user to the resource where their 
channel conditions are strongest. This process optimises the ad-
mitted user’s performance and simultaneously avoids allocating 
that user to a channel that, while poor for them, may be ideal for 
a different user arriving later. This intelligent assignment leaves 
a wider array of channel conditions available for subsequent us-
ers, improving overall system efficiency. While this approach is 
effective, a valuable direction for future work is to extend the 
framework to include more explicit scheduling policies, such as 
proportional fairness, to further balance system-wide objectives.

Another important future direction for this work is the inves-
tigation of the economic aspects of paid prioritisation in cellular 
networks. This can include investigation of the premium pricing 
strategy that balances premium and normal users’ QoS, analysis 
of customers’ willingness to pay premium rates and return on 
investment gains, and assessment of the potential trade-offs be-
tween return on investment and QoS under different traffic lev-
els or times of the day in a non-neutral energy-efficient network.

Furthermore, a detailed multi-parameter sensitivity analysis 
will result in a more robust assessment of the proposed scheme. 
Therefore, the future work will necessarily include the investi-
gation of a wider range of key parameters. This includes varying 
the premium user population more continuously, exploring dif-
ferent SINR thresholds, and incorporating diverse user classes 
with various file size distributions. Such an extensive sensitivity 
analysis will provide deeper insights into the optimal configu-
ration and performance gains/losses of the PPCCR algorithm 
beyond the preliminary results presented in this paper.

The results of the study presented in this paper reveal com-
plex fairness dynamics that may not be obvious beforehand. An 
increase in overall system blocking probability with increasing 
premium user population was observed. This implies that the 
high SINR requirement for admitting premium users into the 
network results in a situation where premium users arriving ear-
lier and admitted into the network negatively impact the chanc-
es of subsequent premium users and normal users in the non-
neutral scenario relative to subsequent users in a net-neutral 
scenario. This reveals a complex fairness dynamics that is not 
simply about establishing parity between premium and normal 
users. The investigation of this complex fairness dynamics us-
ing well-established metrics, such as Jain’s Fairness Index, is an 
important and necessary direction for future work.

As the first investigation into the effects of a non-neutral pol-
icy on the energy efficiency and QoS of a separation architec-
ture, this study employs a simplified user and traffic model. The 
binary classification of “premium” and “normal” users, along 
with the uniform file size assumption, was utilised to establish a 
clear and foundational understanding of the core performance 
trade-offs. While this approach is a necessary starting point, 
real-world networks serve a multitude of service classes (e.g., 
VoIP, IoT, interactive gaming) with vastly different QoS require-
ments and traffic characteristics. A critical direction for future 
work is to build upon this foundational study by extending the 
PPCCR algorithm and our performance analysis to incorporate 
these more realistic, multi-tiered user models and diverse traffic 
profiles.

6.	 CONCLUSIONS

In this paper, we present a study that created and evaluated 
non-neutral, energy-efficient scenarios to determine the impact 
of non-neutrality on the QoS and energy efficiency of a sepa-
ration architecture. Each non-neutral, energy-efficient scenario 
was created by integrating two key components. The first is a 

novel resource allocation scheme developed in the study, the 
Paid Prioritisation-based Clustering Capability Rating (PPCCR) 
scheme, which allocates resources based on user subscription 
fees. The second is a topology management scheme that reduces 
network energy consumption by switching base stations on and 
off according to traffic loads, idle waiting periods, and blocked 
requests. Two different versions of the non-neutral, energy-effi-
cient scenario were implemented: the first, termed non-neutral 
scenario I, featured 20% premium users and 80% normal us-
ers, while the second, non-neutral scenario II, comprised 60% 
premium users and 40% normal users. The QoS and energy ef-
ficiency performance of these non-neutral scenarios was com-
pared with that of a net-neutral scenario through system-level 
simulations. The simulation results revealed that non-neutrality 
(in the form of paid prioritisation) resulted in better average 
file transfer delay than the net-neutral paradigm; however, this 
was achieved at the cost of poorer blocking probability and 
lower throughput. Furthermore, while non-neutrality led to up 
to 67.5% ERG at low traffic load intensities, at higher loads, it 
led to significantly poorer energy efficiency relative to the net-
neutral approach.
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