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Summary

Owing to the exponential increase in wireless network services and bandwidth re-quirements, sharing the radio
spectrum among multiple network operators seems inevitable. In wireless networks, enabling efficient spectrum
sharing for resource allocation is quite challenging due to several random factors, especially in multi-operator
spectrum sharing. While spectrum sensing can be useful in spectrum-sharing networks, the chance of collision exists
due to the inherent unreliability of wireless networks, making operators reluctant to use sensing-based mechanisms for
spectrum sharing. To circumvent these issues, we utilize an alternative approach, whereby we propose an efficient
spectrum-sharing mechanism leveraging a spec-trum coordinator (SC) in a multi-operator spectrum-sharing scenario
assisted by deep learning (DL). In our proposed scheme, before the beginning of each timeslot, the base station of each
operator transmits the number of required resources based on the number of packets in the base station’s queue to SC. In
addition, base stations also transmit the list of available channels to SC. After gathering information from all base
stations, SC distributes this collected information to all the base stations. Each base station then utilizes the DL-based
spectrum-sharing algorithm and computes the number of resources it can use based on the number of packets in its queue
and the number of packets in the queues of other operators. Furthermore, by leveraging DL, each operator also computes
the cost it must pay to other operators for using their resources. We evaluate the performance of the proposed network
through extensive simulations. It is shown that the proposed DL-based spectrum-sharing mechanism outperforms the
conventional spectrum allocation scheme, thus paving the way for more dynamic and efficient multi-operator spectrum

sharing.
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1 | INTRODUCTION

The growing number of high-end consumer devices such as mobile phones and tablets running bandwidth-hungry applica-
tions has massively increased the demand for mobile data. It is expected that the mobile data transmission will be around 4.8




zettabytes'!, The existing wireless cellular networks should expand their aggregated network capacity. To meet the requirements
of next-generation wireless networks, more efficient radio resource management, and allocation schemes are required. Conven-
tionally, a licensed spectrum band is allocated to a mobile network operator (MNO) and each MNO serves its users through the
licensed spectrum only. The licensed spectrum is sporadically used by the operator and spectrum utilization varies geographi-
cally, ranging from 15% to 85%, on average, with a high variance in time“. This means an operator may have idle resources due
to low demand from its users at any given time instant. These resources can be shared with another operator that does not have
sufficient resources to serve its users.

Since the licensed spectrum is a limited and expensive resource, efficiently sharing the idle spectrum resources with other
wireless networks is highly desirable®. In this context, several research works, such as dynamic spectrum access (DSA)#, cog-
nitive radio (CR)>, and multi-operator spectrum sharing® have been proposed. In DSA and CR, unlicensed secondary users
can use the idle resources from the licensed spectrum of a primary network operator. To this end, several sensing-based mech-
anisms have been developed to utilize unused resources of the primary network opportunistically”®, however, collision-free
communication can not be guaranteed. On the other hand, in multi-operator spectrum sharing, multiple MNOs agree to share
their spectrum band, with mutual consent and full or minimal exchange of operator’s information®. Two general schemes are
usually used in multi-operator spectrum sharing i.e. spectrum pooling and mutual renting. In the prior case, an operator selects
resources from a dedicated spectrum pool for information transmission. In the latter case, an MNO (lender) can rent the unused
spectrum to another operator (buyer) and gather additional revenue and enhanced spectrum utilization benefits.

Conventionally, the licensed spectrum resources of an MNO guarantee its wireless access and technological compatibility
requirements while avoiding interference caused by other MNOs. This can give full control to an MNO for utilizing the spectrum
band. However, the exclusive licensed spectrum environment often faces low spectrum utilization'' especially outside of densely
populated areas and peak hours. In this regard, regulatory authorities are globally seeking new solutions for efficient spectrum
utilization leveraging spectrum sharing'™' which can allow spectrum sharing among multiple MNOs and can enable MNOs to
access the unused spectrum resources of other MNOs dynamically. However, a dynamic and efficient spectrum-sharing process
in a multi-operator network while maintaining the regulations and performance constraints is a challenging task2. To this end,
in'4, the authors proposed a spectrum-sharing mechanism in cellular networks for opportunistic resource allocation based on
the fluctuations of the incoming traffic. Multi-operator spectrum sharing schemes have gained research interest in both academia
and industry'}. Table 1| summarizes some of the major related works in multi-operator spectrum sharing networks.

In a multi-operator spectrum sharing architecture, a large number of cellular users, variations in channel quality, and dynamic
spectrum utilization of multiple MNOs can cause adverse effects on the network performance?. Due to the dynamic nature of
spectrum utilization, next-generation networks will require radio access networks for efficient spectrum sharing. To this end, an
open-RAN framework'?? for next-generation networks is highly desirable, allowing seamless reconfiguration and optimization
of wireless network entities“®, Owing to its high efficiency in dealing with complex calculations and dynamic environments,
deep learning (DL) is regarded as an effective candidate for wireless communication systems2>. A DL model can be trained
according to the wireless network environment to enable different services such as power control?®, resource allocation2Z,
spectrum management2% etc. In this context, DL can be used for efficient spectrum sharing and resource allocation. Motivated
by this, we have proposed a DL-based spectrum sharing and resource utilization for a multi-operator spectrum sharing network.
Authors in?? and®*? have briefly surveyed the application of DL in wireless networks. Authors in“! proposed an ML-based inter-
operator spectrum sharing in millimeter-wave communication bands to reduce the signaling overhead for information exchange
among multiple operators.

Owing to the increase in demand and the high cost of spectrum resources, spectrum sharing among multiple operators can be a
viable solution. Motivated by the discussions in the previous few paragraphs, we aim to study a multi-operator spectrum-sharing
network, consisting of N MNOs. Leveraging the fact that through multi-operator spectrum sharing, MNOs can enhance their
spectrum utilization by lending unused spectrum resources to other operators and vice versa, MNOs agree to share the licensed
spectrum. The proposed spectrum sharing enables dynamic and efficient communication considering the currently available
resources among the participating MNOs. Each MNO has a base station deployed in a coverage area under observation. At the
base station, when the number of radio resources is less than the minimum required radio resources to transmit a certain number
of data packets, the base station then maintains a packet queue where the leftover packets are stored. To enable communication
between multiple MNOs, a spectrum coordinator (SC) is deployed within the coverage area of base stations“. We assume that
each MNO has installed a DL module at the base station which receives the information about the number of packets in the
queue of each base station and then estimates the resource utilization of the MNO for the next timeslot. Based on the estimated
output of the DL. module, an MNO selects the resources. Hence, if an MNO requires some extra resources from the spectrum



Table 1 Summary of Existing Literature in Performance Analysis of a multi-operator spectrum sharing network

Ref. System Model Performance Metrics Main Results/Findings Limitations
RefTS Spectrum sharing among Spectrum sharing gain ~ Enhanced spectrum sharing  Primarily for
two licensed operators and capacity gain from 10% to 100% two operators
Multiple operators sharin, Amount of resources to Strrong coordination amon
Ref!l® ple op & Throughut . £co . g
common pool of resources share increase throughput operators is required
. . Blocking probabilit Improved utilization of .
rm  Multi-operator primary £P Y P . . Beneficial for temporary
Ref and cost of secondary  spectrum while ensuring
and secondary network . spectrum shortage
operator grade of service
Operators have dedicated Fairness among operators .
5 P . Throughput and . . g op Impact of wirless channel
Ref bands and are sharing a . is ensured with an . .
Fairness . is not considered
common pool of resources improved throughput
Operators share common . Operators can share the L
9 Cell sum capacity . . Strong coordination
Ref pool and one operator use . spectrum improving . .
. and fairness . . is required
spectrum at a time capacity and fairness
. . Requires strong coordination
Operators share common . Fair spectrum sharing q g
0 . Spectrum efficiency . among operators and
Ref pool with a strong improves performance . .
. .. and user rate impact of wireless channel
centralized coordination by 60% . .
is not considered
Non-orthogonal spectrum . Spectrum allocation . .
21 . gona s Social welfare >P Incentive of sharing
Ref sharing leveraging game improve sum rate . .
(bps/Hz) . spectrum is not considered
theory (social welfare)
Dedicated spectrum bands
This  are opportunistically used  Cost paid by buyer, Improved throughput
work by other operators delay, and throughput  and reduced delay

when required

of other MNOs, the DL module estimates the number of resources it can use, and the cost it has to pay other MNOs for using
their spectrum resource.

To this end, our goal is to provide an efficient mechanism for spectrum sharing while maintaining fairness among operators.
While most of the works did not consider the impact of channel quality while lending the spectrum to other operators, we also
considered channel quality to ensure maximum throughput for the primary network. The performance of the proposed scheme
is analyzed through simulations and compared with the conventional resource allocation scheme whereby spectrum resources
are not shared and only a dedicated spectrum band is used for communication. The results show that the proposed scheme
outperforms the conventional scheme in terms of improved throughput and reduced delay. The major contributions of this work
are summarized as follows:

1. A DL-based spectrum-sharing mechanism leveraging SC in a multi-operator spectrum-sharing network is proposed
whereby only the information about the number of packets in the queue and channel quality sequence are shared.

2. To provide a wireless communication link between the base stations of multiple operators, SC is deployed which acts as a
relay. The base station of each operator shares the information with SC, which is then relayed to all base stations in the cell.

3. For efficient spectrum sharing with minimal data exchange, a DL module is used at each base station for efficient resource
allocation. DL module estimates the resource utilization and cost estimation of an MNO.

4. Extensive simulations have been conducted and the proposed scheme has been evaluated under different network condi-
tions. Moreover, we have also compared the performance of the proposed scheme with the conventional non-spectrum
sharing scheme.
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Figure 1 System model for the proposed multi-operator spectrum sharing network leveraging spectrum coordinator.
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The rest of the paper is organized as follows. In Section[2]we explain the considered network model and explained the proposed
DL-based spectrum sharing scheme. The performance of the proposed scheme is evaluated and compared with the conventional
scheme in Section[3] Lastly, we conclude the paper in Section ]

2 | PROPOSED SCHEME

In this section, we explain the proposed scheme where we consider N number of MNOs, and each MNO has its own dedicated
spectrum band. As shown in Fig. [I] base stations of N MNOs have been deployed and it is assumed that these MNOs agree to
share their unused spectrum resources. To enable communication among multiple base stations, we introduced a new device,
namely, spectrum coordinator (SC), which is deployed within the vicinity of multiple base stations. SC can be deployed by any
third-party manufacturer that works as a relay among the base stations of multiple MNOs. The third-party manufacturer and
a regulator can enforce policies that protect each operator’s business interests while promoting efficient spectrum utilization.
Moreover, trust can be developed among multiple operators for the sharing of data and operational details for efficient collabo-
ration. All MNOs agree to share their information about their spectrum utilization with the SC. Instead of sensing the spectrum
for opportunistic utilization, each base station transmits its spectrum utilization information to SC which then relays this in-
formation to all other MNOs in the networks. Furthermore, to ensure synchronization among base stations, SC periodically
transmits the synchronization signals to all the base stations in the network. Unlike previous works, such as?, whereby wired
links were utilized, we consider that base stations and SC exchange information through separate channels termed as SC com-
munication channels, to avoid the delay in communication between base stations and SC. The motivation behind this wireless
link is primarily the versatility, flexibility, easy accessibility, and lower maintenance cost.

In the considered network, time is slotted into equal-length intervals and we assume that the transmission of each packet
lasts for one timeslot. Also, the frequency band of each operator is divided into Ky number of channels. These K, channels
are licensed to the primary MNO and the MNO communicates with its users according to a synchronous slot structure. In this
paper, each time-frequency block is termed a cellular resource block (CRB). At the beginning of each timeslot, the base station
acquires the channel state information regarding the channels it will utilize from its spectrum band. It, then, arranges channels in
sequence based on channel quality indicator values. The channel sequence here means that the channel numbers are arranged in
descending order based on the channel quality. This method is adopted to ensure the highest quality of service provisioning for
the users of the MNO that is sharing its band with other MNO’s base stations. The packets arrive at each base station following
an independent Poisson arrival process with rate 4. We consider that each base station is equipped with a queue of size, L, and
newly arrived packets will stay in the queue if they arrive within a timeslot. It is assumed that each packet occupies one unit of
queue size. In other words, there can be a maximum of L, number of packets in the queue. Each packet is being served at the
beginning of the timeslot, following the first-in-first-out principle. Furthermore, a newly arrived packet will be dropped if the
queue is already full.
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Figure 2 An example of resource allocation procedure for spectrum sharing among N number of mobile operators.

Each timeslot of the SC communication channel is further divided into three mini-slots. During the first mini-slot, each
base station transmits information about the number of packets in its queue and the channel sequence to the SC through SC
communication channels. Moreover, each base station also shares the channel sequence with the SC. During the second mini-
slot, SC relays the gathered information to all base stations, as shown in Fig. 2] During the third mini-slot, each base station then
estimates its CRB utilization and then schedules users for transmission depending on its number of packets and the number of
packets in its own queue, and the number of packets in the queue of other MNOs.

Despite the conceptual simplicity of the proposed idea, the resulting analysis can become complex, owing to the multiple
operators and wireless channels. Thus, we leverage a DL-based spectrum-sharing algorithm to compute the CRB utilization
and cost to be paid to other operators. DL is used to optimally allocate the resources among multiple MNOs with minimum
communication among MNOs. Base stations share information about the number of packets in the queue and the sequence of
channels, and all MNOs estimate the utilization of resources accordingly.

2.1 | Deep learning for resource allocation in multi-operator spectrum sharing scheme

An example of the DL module specifically for the base station of MNO 1 is shown in Fig. 3] All base stations in the considered
network are embedded with a similar DL module. All MNOs use their respective DL modules to make spectrum-sharing deci-
sions, concurrently. The input layer of the DL module consists of N neurons. There are three fully connected hidden layers and
one output layer. The input of the DL module consists of a 1D array of N elements, X ok, where n € {1,2,:--, N} and N is the
total number of MNOs. Each element, X ki, is the normalized value of the number of packets in the queue of an MNO and it is
normalized using (X,«,~=#)/s, where u and ¢ are the mean and variance values, respectively.
The output, O,; , is a 1D array of 2N — I elements. Here, O,,; = {Y,; s Yyi)s = s Yii s Cugis -+ G} forn € {1,2, -+, N}
andi € {1,2,---, N} and i # n. Also, Yu”-i is the normalized value of the number of CRBs used by an MNO from its own and
other MNOs’ spectrum. As an example, Y,,; for MNO1 means the number of packets used by MNO 1 from its band. Also, C,,;
is the normalized value of the cost paid to other MNOs for using their CRBs. Hereby, C,,; is not considered since we considered

the DL module of MNO 1, and the cost of renting is to be paid to other operators only.
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Figure 3 An MLP model of MNO 1 for spectrum sharing in a multi-operator network consisting of N mobile network operators.

Table 2 An example of training data generated for MNO 1 considering that 3 MNOs in the networks.

MLP input (X ;) MLP Output (O,,;)

)(pktl katz kal3 Yutil Kniz Yuli3 Cun‘f, Cuti3
13 9 7 10 0 3 0 24
12 6 14 10 2 0 14 0
2 9 6 2 0 0 0 0
12 13 12 10 0 0 0 0
14 12 7 10 0 1 0 8
17 4 5 10 6 1 30 6

2.1.1 | Resource allocation and pricing strategy for data generation

Owing to the usage of supervised DL, data generation is one of the main things for training of DL modules. The data was
generated using a custom-built network simulator, whereby we employed a discrete-event simulator specifically designed for
spectrum-sharing scenarios. To generate this data, we have considered that there are three MNOs in the network willing to share
their spectrum with each other. The main focus of the proposed scheme is to ensure cost-effective resource utilization in a multi-
operator spectrum-sharing scenario based on pre-defined policies. The data is generated based on the discrete-event simulation
results to train the DL module for given values of X, for i € {1,2,3}. For a given input of X, , the output is generated in
terms of utilization and cost. Hereby, utilization means the number of resources to be used by another operator, and cost refers
to the amount paid to another operator for utilizing its resources. To this end, we employ certain strategies for efficient spectrum

sharing which each MNO follows:

1. Strategy 1: Enhanced spectrum utilization of an underutilized spectrum of an MNO

e When the number of packets to be transmitted by an MNO is greater than K, then that MNO checks which other
MNOs have some CRBs available based on their number of packets. If other MNOs have some unused CRBs, then
the MNO, under observation, has to select the CRBs of that MNO with more unused CRBs available.

2. Strategy 2: Meeting the minimum resource requirement criteria
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e When two MNOs have the number of packets greater than their K channels and one MNO has some unused
resources, then the MNO (under observation) will utilize those CRBs only if its resource sharing requirementﬂ is
less than or equal to the resource-sharing requirement of the other MNO.

Following these two strategies, we have generated the data. An example of input and output data pairs before and after applying
normalization and denormalization, respectively, from the training data set of MNO 1 is shown in Table 2] For simplicity, the
number of channels available for each MNO (K ) is set to 10. First, we generated the number of packets following the Poisson
arrival process and labeled the outputs. These inputs and outputs are then normalized and used for the training of the DL module.
From Table 2} it can be observed that when the number of packets to be transmitted in MNO 1I’s queue (i.e., X, = 13) is
greater than K¢y and other MNOs have unused CRBs (i.e., X, =9 and X, =7, as in first row), then MNO 1 first utilizes
the unused CRBs of MNO 3 for the transmission of its packets owing to the higher number of available resources of MNO 3
(following the strategy 1).

For each resource utilization of another MNO, an MNO has to pay the cost. The cost is computed as the number of CRBs
utilized by the borrower MNO multiplied by the number of channels used by the lender MNO plus oneﬂ Following the previous
example, if MNO 1 has 13 packets in its queue and K is 10, then it requires 3 CRBs from the unused resources of other
MNOs. Furthermore, assuming that MNO 3 has 7 packets in its queue, operator A can use the remaining 3 unused resources of
MNO 3 and pay the price of 3 - (7 + 1) = 24. This simple pricing strategy is adopted to reduce the complexity and to ensure
the dynamic dependence of the pricing on the number of unused CRBs of other operators. In the case when MNO 1 has to
utilize the unused resources of the rest of the operators (MNO2 and MNO 3) as in the last row of the Table[2] it first utilizes the
resources of that operator which has the least number of packets in the queue to enhance the spectrum utilization of that operator
and added revenue generation. The rest of the packets are transmitted via the resources of MNO 2. Moreover, in the case when
two MNOs have a number of packets higher than K, and the other MNO has idle CRBs, then the MNO that has the least
number of packets among the two, will utilize those idle CRBS (following strategy 2) as in second last row. Hereby MNO 2 has
fewer packets as compared to MNO 1 i.e. 12. Thus first MNO 2 utilizes the two CRBs and the remaining one CRB is used by
MNO 1. Lastly, when all MNOs have the number of packets greater than K-, spectrum sharing is not possible. Similar data is
generated for MNO 2 and MNO 3 and used to train the DL module for each MNO.

IResource sharing requirement here is the number of packets remaining in the queue of MNO 1 after MNO 1 has transmitted some packets using the CRBs of its own
spectrum band.
2Here one is added to avoid the utilization cost of 0.



2.2 | Training of the MLP Model

We have used supervised learning to train the MLP model. The task of supervised learning is to learn a function that maps an
input to an output based on example input-output pairs. To train the MLP model, training data is required. In this paper, we
generate the training data using simulation. For this, we assume that the base station of each MNO has a database generator
module. This module takes the number of packets in the queue of all base stations in the network as input and generates the
output containing information on predicted spectrum utilization and cost based on the predefined spectrum-sharing policies
between MNOs. This data is stored in a local database at the base station. Following the strategies mentioned in the previous
subsection [2.1.1] we generate a dataset of a size of 100,000 samples. The data is labeled and later used for training, validation,
and testing. To this end, 49%, 21%, and 30% of these are randomly selected for training, validation, and testing, respectively.

3 | PERFORMANCE EVALUATION

To evaluate the performance of the proposed scheme, we assume that the packets are arriving at each operator following the
Poisson arrival process. In the simulation, the average delay is computed as the difference between the time when a packet
arrives in the queue and when it is transmitted to the user. For performance evaluation, we consider that the base stations of all
MNOs are co-located. It is worth mentioning here that the assumption of co-located base stations is mainly taken into account to
compute the signal-to-noise ratio (SNR) performance. Hereby the impact of interference is not considered as we consider that if a
collision occurs during the concurrent transmissions of multiple operators using the same CRB, packets have to be retransmitted
again. Since the primary focus of this paper is to study the performance of the spectrum-sharing algorithm, the assumption is
that these co-located base stations have minimal effects on this performance metric. Moreover, owing to the massive deployment
of femtocell base stations by different MNOs, the likelihood of their deployment in close vicinity is substantial. Furthermore,
another practical assumption of such a network is to consider SC as a macro base station acting as a relay for the co-located
femto base stations of multiple operators.

Sum throughput (T') is calculated using the classical Shannon capacity formula. It is assumed that the channel fading between
the base station and the user follows Rayleigh fading. We have considered a block fading channel model, i.e., channel fading
varies for each timeslot. However, during one timeslot, channel fading remains constant. Each operator knows the channel quality
of the channels to be used for transmission from its spectrum band. In the case of spectrum sharing, where a base station is
utilizing the idle CRBs of other operators, the channel fading between the base station and the user is random. The signal-to-noise
ratio (SNR) (y) between " serving base station and j** user can be computed as

_ Prylhy,l? W
where Py is the transmit power of base station, &; ; and d; ; are the Rayleigh fading channel with mean 1 and distance between
i'" base station and j user. a is the path loss exponent, and v? is the AWGN variance at the receiving antenna. Assuming
that the base stations of multiple operators are co-located and users are uniformly distributed around the base stations with the
coverage area of R, the distribution of the distance between the base station and a user can be computed as given by32 as

2d
Trd) =25 2
Thus, the average distance (d) between the base station and user is given as
- 2R
d=—. 3
3 3
The SNR averaged over the distance (d) will be given as
Prylh?
rg=—— 4)
d dev?
and the sum throughput (T') of an operator can be computed as
Ky
T =) B-log,(l+7,), Q)

n=1



Table 3 Values of parameters used to obtain simulation results.

Symbol Description Value
Key Number of channels 10

Ly Length of the queue 20

Pry Transmit power of base station 15W3
v? Noise variance 0.01

R Radius of coverage area of base station | 30m

a Path loss exponent 2.7

B Bandwidth of a channel 2.0MHz

Table 4 MLP model architectures for N = 3 MNOs

Layer No. of Activation

Model . Parameters
(type) nodes  function
Input (dense) 3 - -
MLP Hidden (dense) 50 RELU® 200
Hidden (dense) 50 RELU 2550
Hidden (dense) 50 RELU 2550
Output (dense) 5 - 255
Total parameters 5,555

where K¢, is the total number of channels used by the base station of an MNO during a timesloﬂ and B is the bandwidth of
each channel. Unless otherwise specified, the values of parameters used to obtain simulation results are given in Table 3]

The considered DL module for the proposed scheme is implemented using Keras# version 2.2.4, neural network library, with
Tensorflow? version 1.15 on a desktop computer having 76T RTX-OPS Turing architecture GPU with a memory speed of 14
Gbps. The architecture of the considered DL module is given in Table @ Adam optimizer is used to train the MLP algorithm
with a learning rate of # = 107*. The number of epochs is set to 500, with a batch size (M) of 64. Moreover, loss is calculated
using mean-squared-error(MSE), given as

A

-0, (©)

™=

MSE ==Y (0,
M

1

where O,; is the actual output and OA,mi is the predicted output for a given i’" input sample. Also, M is the batch size. As shown
in Fig. ] the DL module learns the data patterns efficiently, and the training and validation losses, converge at approximately
25 epochs. The training time of the proposed MLP module is approximately 963 usec per sample and the testing time is 1msec.

Fig. [5] plots the cost that an MNO has to pay to other MNOs for using their unused CRBs. The cost to be paid is a function
of the number of packets in the queue of an operator. As the value of A increases during a timeslot, the cost to be paid to other
operators also increases. However, after reaching the maximum value, cost decreases because the number of unused CRBs is
reduced. Since the value of A is the same for all operators, the cost to be paid by all MNOs is nearly the same. In real-world
scenarios, the assumption of the same values of A usually occurs in normal situations owing to the normal consumer behavior.
Moreover, this result shows the fairness in the spectrum among MNOs when they have the same priority to buy the unused
spectrum of other operators and the arrival process and A are the same.

In Fig.[6] the sum throughput and average delay of MNO 1 for proposed and conventional schemes are plotted versus varying
values of arrival rate (4). It can be seen from the figure that as the value of A increases, the sum throughput increases. This is
because, for lower A values, CRBs are not fully utilized as fewer packets are transmitted. As the value of 4 increases, throughput
also increases. However, more packets have to wait in the queue which increases the average delay. In case of higher A values,
operators can share the unused CRBs with each other resulting in an improved sum throughput. This results in improved delay

3The value of K, &y 1s the number of channels used by the base station from its own band (K ) plus the number of channels used from the band of other MNOs.
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performance since operators can serve their users using the idle resources of other operators. It is noted, the same value of A
for all operators yields approximately similar performance in terms of sum throughput and average delay. Therefore, only the
results for MNO 1 are presented in Fig. [6]

Fig.[7]plots the sum throughput of MNO 1 for conventional and proposed schemes with different values of A against simulation
time. It can be observed that the proposed scheme outperforms the conventional scheme. Since more packets are transmitted by
an MNO, by using the idle CRBs of other operators, the sum throughput of the MNO 1 increases considerably. However, as the
value of A increases, the number of unused CRBs reduces and sharing of the spectrum band also reduces. Thus, the throughput
performance of the proposed scheme and the conventional scheme becomes comparable.

In Fig. [8] the average packet transmission delay MNO 1 is plotted versus timeslots for different values of 4. For 4 = 10,
since other MNOs have some idle CRBs available, MNO 1 can effectively utilize their idle CRBs when it requires, and thus the
packet transmission of MNO 1 observes less delay. However, as the value of A is increased, the difference in the performance
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Figure 8 Average delay of MNO 1 under the condition that all MNOs have the same 4 value.

of proposed and conventional schemes reduces. This is because no MNO has idle CRBs to be shared with MNO 1 and hence
resource sharing is limited among multiple MNOs.

To simulate the results for changing values of A during simulation for the MNOs, we have assumed that initially, the arrival
rate of all MNOs is the same i.e. 4 = 10. At 50" timeslot, A is changed to 10, 5, and 15 for MNO 1, 2, and 3, respectively.
The sum throughput performance of the proposed scheme is shown in Fig.[9] It can be observed that even when all MNOs have
the same A value, the performance of the proposed scheme is slightly better than the conventional scheme. However, as the
values of A differ for each MNO, the sum throughput performance of the proposed scheme outperforms the conventional scheme
considerably. Especially for MNO 3, as the number of packets arrived increases, the proposed scheme can efficiently utilize the
unused CRBs of other MNOs for packet transmission of MNO 3. This results in increased sum throughput of MNO 3.

The delay performance of the proposed and conventional scheme, when 4 values change during the simulation time, is plotted
in Fig. [T0] It is observed, for the same value of A of each MNO, the proposed scheme performs better as compared to the
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conventional scheme in terms of transmission delay. However, as the value of A for each MNO changes, the proposed scheme
outperforms the conventional scheme considerably. As the value of the arrival rate of MNO 3, i.e. A5, increases, the delay of
MNO 3 using the conventional resource allocation scheme also increases considerably. However, compared to the conventional
scheme, the delay performance of MNO 3 in the proposed scheme reduces considerably. This is because, MNO 3 in the proposed
scheme utilizes the unused CRBs of MNO 1 and MNO 2, efficiently. Similarly, the delay of MNO 1 also reduces because it
uses unused CRBs of MNO 2. It can be seen that, initially, the average delay of MNO 3 increases, but then reduces quickly. At
timeslot 50, MNO 1 has fewer packets in the queue as compared to MNO 3, hence, MNO 1 utilizes the resources of MNO 2
first. After that, MNO 3 utilizes the resources of MNO 2 and its performance improves.
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Figure 11 Sum throughput of MNO 1 plotted for different values of K., where each MNO has the same arrival rate, i.e.,
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In Fig. [T} we have studied the effects of varying values of K. on the performance of MNO 1. For this, we performed
simulations for 10, 12, 15, and 18 channels. Intuitively, as the value of K. increases, the sum throughput of MNO 1 also
increases. This is because more packets can be transmitted during a timeslot. When the value of K. is 10, the throughput
performance of MNO 1 for the proposed scheme is better than the conventional scheme as MNO 1 can utilize the idle resources
of other operators efficiently. As the value of K increases, the difference in the throughput performance of proposed and
conventional schemes is reduced. This is because MNO 3 can serve its users using its own spectrum resources and require fewer
resources from other MNOs.

4 | CONCLUSION

With the massive increase in high bandwidth requirements, efficient spectrum allocation schemes are required. Spectrum sharing
among multiple MNOs can provide an effective solution for spectrum allocation where multiple MNOs can share the spectrum
band with each other to provide services to their users. In this paper, we proposed an efficient spectrum-sharing scheme for re-
source allocation among multiple MNOs. The base station of each MNO transmits the number of packets in its queue to the
spectrum coordinator (SC) along with the channel sequence based on the channel quality indicator value. SC then relays the
received information to all the base stations in the network. Each base station is equipped with a deep learning (DL) module
based on a multilayer perceptron algorithm. This DL module takes the information about the number of packets as an input
and estimates the resource allocation information and cost to be paid to other MNOs as an output. The performance of the pro-
posed scheme has been evaluated using simulations. The results showed that the proposed scheme outperforms the conventional
spectrum allocation scheme in terms of improved sum throughput and reduced delay.

In the future, we aim to consider other real scenarios, where the distribution of users and wireless channel characteristics can
vary over time. Moreover, the traffic arrival patterns for each operator can vary over time. In addition, base stations of different
MNOs in proximity may cause interference with other MNOs in a shared spectrum scheme. Consequently, for an effective
allocation of spectrum resources, operators may need to deploy further enhanced deep learning strategies, such as online learning
or transfer learning.
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