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Abstract. This paper proposes a novel cognitive cooperative transmission 
scheme by exploiting massive multiple-input multiple-output (MMIMO) and 
non-orthogonal multiple access (NOMA) radio technologies, which enables a 
macrocell network and multiple cognitive small cells to cooperate in dynamic 
spectrum sharing. The macrocell network is assumed to own the spectrum band 
and be the primary network (PN), and the small cells act as the secondary net-
works (SNs). The secondary access points (SAPs) of the small cells can cooper-
atively relay the traffic for the primary users (PUs) in the macrocell network, 
while concurrently accessing the PUs’ spectrum to transmit their own data op-
portunistically through MMIMO and NOMA. Such cooperation creates a “win-
win” situation: the throughput of PUs will be significantly increased with the help 
of SAP relays, and the SAPs are able to use the PUs’ spectrum to serve their 
secondary users (SUs). The interplay of these advanced radio techniques is ana-
lyzed in a systematic manner, and a framework is proposed for the joint optimi-
zation of cooperative relay selection, NOMA and MMIMO transmit power allo-
cation, and transmission scheduling. Further, to model network-wide cooperation 
and competition, a two-sided matching algorithm is designed to find the stable 
partnership between multiple SAPs and PUs. The evaluation results demonstrate 
that the proposed scheme achieves significant performance gains for both pri-
mary and secondary users, compared to the baselines.   

Keywords: Massive MIMO, Non-orthogonal multiple access, Dynamic spec-
trum access, Relay selection, Cooperative spectrum sharing. 

1 Introduction 

Mobile traffic is growing at a very rapid rate. Massive multiple-input, multiple-out-
put (MMIMO) and non-orthogonal multiple access (NOMA) are two essential enabling 
technologies for next-generation (5G & beyond) mobile networks to achieve necessary 
performance improvement in spectrum efficiency and network capacity for meeting 
ever increasing user demands. Traditional MIMO networks typically use a few of an-
tennas to transmit and receive signals. Massive MIMO (MMIMO), on the other hand, 
is a MIMO system using an antenna array with a large number of elements at the base 
stations (BSs) or access points (APs) [1, 2]. Advanced signal processing techniques can 
be employed to leverage the large number of antennas and concurrently generate mul-
tiple directional signal beams, each focusing a great amount of signal energy on an 
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intended mobile user (MU). Beamforming enables the BS/AP to transmit/receive mul-
tiple signal beams simultaneously to/from multiple MUs on the same frequency channel 
with a high signal gain. The more antenna elements the BS/AP is equipped with, the 
more possible signal paths and the higher total throughput. The emerging 3GPP 5G 
New Radio (NR) standards [3, 4] support MMIMO in both mmWave bands and sub 
6GHz bands with up to 64 logical antenna ports, and the number of antenna elements 
is expected to increase in the future standard releases. NOMA is another technique to 
improve spectrum efficiency and network throughput [5, 6]. With NOMA, a user re-
ceiving the superposition transmission with its own signal sent in lower power can de-
code the stronger signal components for other users and then cancel them out to get its 
own signal, thus yields a significant spectral efficiency gain over conventional orthog-
onal multiple access. These new radio techniques can potentially significantly enhance 
the network performance and distinguish 5G systems from 4G systems. 

In addition, 5G NR will support services with different spectrum licensing terms [7], 
including exclusive-use licensed spectrum, shared spectrum, and unlicensed spectrum. 
In particular, dynamic access to shared spectrum through cognitive radio (CR) capabil-
ity can make more efficient use of spectrum, alleviate the spectrum scarcity problem, 
and provides new services. For example, non-operator organizations can use shared 
spectrum to deploy private networks in public venues, workplaces, or industrial facili-
ties, which will unlock opportunities for innovative deployment models and take ad-
vantage of 5G technology to extend mobile networking ecosystem.  

It is vital to have efficient and reliable mechanisms to optimize dynamic spectrum 
access (DSA) to the shared spectrum. There can be different models for DSA [8]. In 
interweave or underlay DSA models that most existing research focused on, unlicensed 
secondary users (SUs) of spectrum can access the licensed spectrum bands of primary 
users (PUs) to transmit data only when the PUs are not using the spectrum or when the 
interference from the SUs are tolerable by the PUs, i.e. below certain threshold, through 
techniques such as spectrum sensing and interference management. Alternatively, the 
PUs and SUs can cooperate in DSA, termed cooperative DSA [9, 10], also known as 
cooperative cognitive radio network (CCRN) model, to achieve flexible spectrum shar-
ing. The cooperative spectrum sharing can perform more efficiently than uncooperative 
shared access and benefit both parties. Novel network architecture and protocols are 
needed to facilitate the cooperation. Specifically, it is worth to investigate whether joint 
optimization of various elements in the network system is possible and design efficient 
algorithms to leverage advanced physical-layer technologies such as MMIMO and 
NOMA in cooperative cognitive radio networks for significant performance gains and 
new network functionalities.  

In this paper, we propose a novel cooperative transmission scheme of PUs and SUs 
by exploring new radio technologies such as MMIMO and NOMA in dynamic spec-
trum access and sharing. We study a deployment scenario consisting of a cellular mac-
rocell network and multiple cognitive small cells, in which the incumbent macrocell 
network owns the spectrum band and is the primary network (PN), and the small cells 
act as the secondary networks (SNs). The macrocell network serves a group of primary 
users, and small cell networks serve their own secondary users. The secondary access 
points (SAPs) of the small cells equip with cognitive radio capability with MMIMO 
beamforming and NOMA technologies. A SAP can dynamically access the spectrum 
owned by the macrocell network to help the incumbent BS to relay the primary traffic 
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to the PUs while simultaneously transmit its own data with MMIMO and NOMA. Such 
cooperation creates a “win-win” situation: the throughput of PUs will be significantly 
increased with the assistance of SAP relays, and the SAPs can serve their SUs oppor-
tunistically. In this way, the dynamic spectrum access by the small cells will not congest 
the licensed spectrum, but improve the performance of the incumbent primary network. 
The interplay of these advanced radio techniques is analyzed in a systematic manner, 
and a framework for the joint optimization of relay selection, NOMA and MMIMO 
transmit power allocation, and transmission scheduling is proposed and investigated. 
Further, to model network-wide cooperation and competition, a two-sided matching 
algorithm is designed to find stable partnership between the SAPs and PUs in the net-
work. The evaluation results demonstrate that the proposed scheme greatly improves 
the utilities of both primary and secondary users. 

 

Fig. 1. A scenario for cognitive cooperative relaying with MMIMO and NOMA. 

2 System Model 

As shown in Fig. 1, there exist a group of small cells in the coverage area of an 
incumbent macrocell base station (BS) that is the owner of a spectrum band. The in-
cumbent BS serves a number of PUs. We assume that a PU is allocated a licensed sub-
channel for data delivery in a time slot via orthogonal frequency-division multiplexing 
(OFDM). Thus, we define a link between the macrocell BS and PU as the primary link 
(PL). For simplicity, we assume the incumbent BS and PUs are equipped with a single 
antenna and no NOMA capability. 

Each small cell SAP is assumed to have MMIMO and NOMA interference cancel-
lation capability, which can dynamically access to the sub-channels in the licensed 
spectrum of the incumbent PUs to serve its SUs opportunistically. Under the proposed 
cooperative DSA framework, a SAP can dynamically relay the traffic for the PU, while 
borrowing PU’s sub-channel to transmit/receive the secondary data to/from its SUs us-
ing its MIMO and NOMA capabilities. We design the algorithms for a PU to select a 
SAP as relay and the SAP to control the power for transmitting SU data in the small 
cell and relaying PU data to optimize overall system performance. The SUs in a small 
cell are served opportunistically. For system fairness and simplicity, we allow one PU 
at most has one small cell SAP as its relay in a time slot. A SAP can only help one PU 
and access the PU channel that it is in cooperation with. In addition, we consider the 
downlink data communication from the macrocell BS to the PUs, whereas both uplink 
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and downlink transmissions are considered for the SN. For the uplink from PU to the 
macrocell BS, symmetric analysis can be applied. 

If a PUi does not have a relay during a transmission time slot t, the BS will directly 
send data to PUi on the subchannel allocated to PUi. If a SAPj acts as a relay for a PUi 
in a time slot t, we call SAPj and PUi forms a partnership. Let 𝒮𝑗  denote a set of SUs in 
small cell j associated to SAPj. Thus, the time slot t is divided into two subslots as 
shown in Fig. 2. In subslot 1, the BS will transmit PUi’s data on the subchannel allo-
cated to PUi, and the partner SAPj will receive the PUi’s data. Meanwhile, SAPj will 
schedule K SUs in its small cell, SUk, 𝑘 ∈ 𝒮𝑗 to transmit secondary uplink traffic and 
utilize its MMIMO beamforming and NOMA signal cancellation capabilities to receive 
the secondary uplink traffic, while receiving the primary data. In subslot 2, the SAPj 
forwards the primary data to PUi and also sends K downlink secondary traffic beams to 
its SUs in the small cell, SUk, 𝑘 ∈ 𝒮𝑗, with MMIMO and NOMA. We will consider the 
case where an SAP is equipped with M antennas (𝑀 > 𝐾)  and a SU has a single an-
tenna.  

Fig. 2. MMIMO NOMA transmissions. 

Assume the slot duration is T, subslot 1 duration 𝛿𝑇 (0 ≤ 𝛿 ≤ 1), and subslot 2 size 
(1 − 𝛿)𝑇. In subslot 1, an SAPj accesses the subchannel allocated to its partner PUi and 
receives the signal sent from the incumbent BS to PUi, along with the uplink signals 
from K SUs. Let 𝑦𝑚 be the baseband signal output at the m-th element of the SAPi 
antenna array. The M x 1 signal vector at the array output, 𝐲𝐣 =
[𝑦1𝑗 , 𝑦2𝑗 , … , 𝑦𝑚𝑗 , … 𝑦𝑀𝑗]𝑇 can be represented by [11]  

 𝐲𝐣 = 𝐡𝐛𝐣xbi + 𝐇𝐣𝐱𝐣 + 𝐧𝐣 (1) 

where xbi is the primary message sent from the incumbent BS to PUi and the elements 
of K x 1 vector  𝐱𝐣 = [𝑥1𝑗 , 𝑥2𝑗 , … , 𝑥𝑘𝑗 , … 𝑥𝐾𝑗]𝑇, represent the messages transmitted from 
each of K SUs in the small cell 𝒮𝑗. 𝐧𝐣 is noise, and 𝐇𝐣 is the 𝑀 × 𝐾 channel matrix 
between the SAPi and its SUs. The column of the channel matrix, 𝐇𝐣 =

[𝐡𝟏𝐣, … , 𝐡𝐤𝐣, … 𝐡𝐊𝐣], represent the channels or spatial signatures associated with each 
SU. The channel vector with a linear antenna array can be modelled as [12] 

 𝐡𝐤𝐣 =
𝛽𝑘𝑗

1+𝑏𝑘𝑗
𝑒 [1,  𝑒−𝑗𝜋𝜑𝑘𝑗  , … ,  𝑒−𝑗𝜋(𝑀−1)𝜑𝑘𝑗] (2) 

where 𝑏𝑘𝑗 is the distance between the SAPj and SU k, 𝑘 ∈ 𝒮𝑗, e is the pathloss exponent, 
𝜑𝑘𝑗  is the normalized direction, and 𝛽𝑘𝑗  is the fading attenuation coefficient. 𝐡𝐛𝐣 is the 
channel vector between the incumbent BS and partner SAPi that can be modeled in the 
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same way. We are considering a flat Rayleigh block-fading channel model [10] to sim-
plify our problem description, with which the channel is invariant and flat within each 
slot, but generally varying over the slots. For a large M value in MMIMO, a simple 
conjugate beamforming structure, i.e. a maximum-ratio-combining (MRC) beam-
former with 𝐰𝐤𝐣 = 𝐡𝐤𝐣

H  at SAP can yield good performance [13]. The symbol from the 
k-th user can thus be decoded by applying 𝐰𝐤𝐣 = 𝐡𝐤𝐣

H  to the array output: 

 𝑥̂𝑘𝑗 = 𝐰𝐤𝐣𝐲𝐣 = 𝐡𝐤𝐣
H 𝐡𝐛𝐣xbi + 𝐡𝐤𝐣

H 𝐇𝐣𝐱𝐣 + 𝐡𝐤𝐣
H 𝐧𝐣 (3) 

SAP decodes the message from each of the SUs by treating the signal from the in-
cumbent BS and other SUs as interference, with the following signal-to-interference-
plus-noise ratio (SINR):  

 𝑆𝐼𝑁𝑅𝑘𝑗 =  
|𝒉𝑘𝑗

𝐻 𝒉𝑘𝑗|2𝛼𝑘𝑗
2

∑ |𝒉𝑘𝑗
𝐻 𝒉𝑙𝑗|2𝛼𝑙𝑗

2
𝑙∈𝒮𝑗\𝑘 +|𝒉𝑘𝑗

𝐻 𝒉𝑏𝑗|2𝛼𝑏𝑖
2 +𝜎𝑗

2 (4) 

where 𝛼𝑙𝑗
2  is the signal transmit power of SUl, 𝑙 ∈ 𝒮𝑗, and 𝛼𝑏𝑖

2  is the power that the BS 
transmits the primary data to PUi, and 𝜎𝑗

2 is the noise power. Then the achievable data 
rate from SU k to SAP j can then be expressed as 𝑅𝑘𝑗 = 𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑘𝑗). The data 
throughput from SU k to SAP j during subslot 1 can then be expressed as 

 𝐶𝑘𝑗 = 𝛿𝑇𝑅𝑘𝑗 = δT𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑘𝑗) (5) 

After SAPj decodes the messages from its SUs, it subtracts these messages from the 
superposed signal it received by carrying out successive interference cancellation (SIC) 
[5, 6], and decode the information from the incumbent BS for PUi using a MRC beam-
former with 𝐰𝐛𝐣 = 𝐡𝐛𝐣

H . The SINR for decoding the PUi information is given by 

 𝑆𝐼𝑁𝑅𝑏𝑗 =  
|𝒉𝑏𝑗

𝐻 𝒉𝑏𝑗|2𝛼𝑏𝑖
2

𝜎𝑗
2  (6) 

Note that if there is no NOMA SIC, the SINR for the PUi message received by relay 
SAPj is less due to the interference of the SUs, which is 

 𝑆𝐼𝑁𝑅𝑏𝑗 =  
|𝒉𝒃𝒋

𝑯 𝒉𝒃𝒋|𝟐𝜶𝒃𝒊
𝟐

∑ |𝒉𝑏𝑗
𝑯 𝒉𝒍𝒋|𝟐𝜶𝒍𝒋

𝟐 +𝜎𝑗
2

𝒍∈𝓢𝒋

 (7) 

By applying SIC, the interference to the PU information is removed before decoding 
so that its SINR is improved. The achievable data rate for the link from the incumbent 
BS to SAPj can be expressed as: 𝑅𝑏𝑗 = 𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑏𝑗). The corresponding data 
throughput for the link from the incumbent BS to SAPj in subslot 1 is 

 𝐶𝑏𝑗 = 𝛿𝑇𝑅𝑏𝑗 = 𝛿𝑇𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑏𝑗) (8) 

It is possible to apply SIC in decoding the messages from the SUs. However, this 
will significantly increase the signal processing complexity and the SUs are served op-
portunistically, thus we only use SIC for PU message decoding to improve PU’s per-
formance. The SU message decoding depends on MMIMO beamforming. In addition, 
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we assume each SU uses a fixed power to transmit its uplink traffic as the uplink power 
control introduces a large overhead and complexity. 

In subslot 2, the SAPj relays the primary data 𝑥𝑗𝑖  to the PUi and simultaneously trans-
mits K secondary downlink messages, 𝐱𝐣𝐝 = [𝑥𝑗1, 𝑥𝑗2, … , 𝑥𝑗𝑘 , … 𝑥𝑗𝐾]𝑇, one message to 
a SU, on the PUi’s subchannel with MMIMO beamforming and NOMA. Similar anal-
ysis can be performed. Let 𝑥̂𝑗𝑖  be the signal received by the PUi and vector 𝐱̂𝒋𝒅 =

[𝑥̂𝑗1, 𝑥̂𝑗2, … 𝑥̂𝑗𝑘 , … 𝑥̂𝑗𝐾]𝑇contain the signals received at each of the SUs, respectively, 
which can be described by 

 x̂𝑗𝑖 = 𝐡𝐣𝐢
𝐇𝐰𝐣𝐢𝑥𝑗𝑖 + 𝐡𝐣𝐢

𝐇𝐖𝐣𝐱𝐣𝐝 + ni (9) 

 𝐱̂𝒋𝒅 = 𝐇𝐣
𝐇𝐰

𝐣𝐢
𝑥𝑗𝑖 + 𝐇𝐣

𝐇𝐖𝐣𝐱𝐣𝐝 + 𝐧𝐝 (10) 

where 𝐰𝐣𝐢 is the M x 1 MMIMO precoding vector applied to 𝑥𝑗𝑖  before transmitting it 
by the M antenna elements of the SAPj to PUi, and  Wj is the 𝑀 × 𝐾  MMIMO precod-
ing matrix applied to the secondary signal vector sent to its SUs by the SAPj for the 
transmit beamforming. The downlink channel matrix 𝐇𝐣

𝐇 from the SAPj to the SUs is 
considered as the conjugate transpose of the uplink channel matrix due to channel rec-
iprocity. 𝐡𝐣𝐢 is the channel vector between the SAPj and PUi, and ni is noise. We con-
sider that the maximum ratio transmission (MRT) precoding [11] is used to transmit 
the primary and secondary messages to individual users, that is, 𝐰𝐣𝐢 = 𝐡𝐣𝐢 and 𝐖𝐣 = 𝐇𝐣.  

An incumbent PUi receives a superposition of the messages for itself as well as the 
SUs. It treats the SUs’ information as noise and decodes its own message with the fol-
lowing SINR:  

 𝑆𝐼𝑁𝑅𝑗𝑖 =  
𝐡ji

H𝐡ji𝛼𝑗𝑖
2

∑ 𝐡ji
H𝐡𝑙𝑗𝛼𝑗𝑙

2
𝑙∈𝒮𝑗

+𝜎𝑖
2 (11) 

The achievable data rate of an incumbent PUi during subslot 2 is then 
𝑅𝑗𝑖 = 𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑗𝑖), and the corresponding PUi throughput in subslot 2 is  

𝐶𝑗𝑖 = (1 − 𝛿)𝑇𝑅𝑗𝑖 = (1 − 𝛿)𝑇𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑗𝑖)  (12) 

Assume that SUs have NOMA capability. After a SU receives the superposed signal, it 
may try two approaches to obtain its message, depending on its MMIMO channel state 
and SAPj’s power allocation strategy:  
1) a SUk, 𝑘 ∈ 𝒮𝑗, can try to decode the PUi’s message and then use SIC to subtract 

this message from its observation, and finally decode its own information. For the 
PUi message decoding at SUk, the SINR is given as: 

 𝑆𝐼𝑁𝑅𝑗𝑘_𝑗𝑖 =  
𝐡kj

H 𝐡𝑗𝑖𝛼𝑗𝑖
2

∑ 𝐡kj
H 𝐡𝑙𝑗𝛼𝑗𝑙

2
𝑙∈𝒮𝑗

+𝜎𝑘
2 (13) 

The data rate for PUi is Rji and let 𝜀𝑗𝑖 = (2𝑅𝑗𝑖/𝐵 − 1). If 𝑆𝐼𝑁𝑅𝑗𝑘_𝑗𝑖 ≥ 𝜀𝑗𝑖, SIC can be 
carried out successfully at SU k and the SINR for decoding its own message is given 
by 
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 𝑆𝐼𝑁𝑅𝑗𝑘 =  
𝐡kj

H
𝐡kj𝛼𝑗𝑘

2

∑ 𝐡kj
H

𝐡𝑙𝑗𝛼
𝑗𝑙

2
𝑙∈𝒮𝑗\𝑘 +𝜎𝑘

2
 (14) 

2) If SUk cannot successfully decode the PUi signal, i.e. 𝑆𝐼𝑁𝑅𝑗𝑘_𝑗𝑖 < 𝜀𝑗𝑖 , it will de-
code its own message directly by treating PUi’s information as noise. The SINR of 
SUk signal is then 

 𝑆𝐼𝑁𝑅𝑗𝑘 =
𝐡kj

H 𝐡kj𝛼𝑗𝑘
2

𝐡kj
H 𝐡ji𝛼𝑗𝑖

2 +∑ 𝐡kj
H 𝐡𝑙𝑗𝛼𝑗𝑙

2
𝑙∈𝒮\𝑘 +𝜎𝑘

2 (15) 

The achievable data rate for SUk is thus 𝑅𝑗𝑘 = 𝐵 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑗𝑘), and the corre-
sponding data throughput for SUk in subslot 2 is 

 𝐶𝑗𝑘 = (1 − 𝛿)𝑇𝑅𝑗𝑘 = (1 −  δ)𝑇𝐵 log2(1 + 𝑆𝐼𝑁𝑅𝑗𝑘) (16) 

Moreover, If the incumbent BS transmits data to PUi directly on its subchannel without 
cooperative relaying, the achievable rate is a function of the BS transmit power 𝛼𝑏𝑖

2  and 
the complex channel gain ℎ𝑏𝑖 between BS and PUi, which can be expressed as [11], 
𝑅𝑏𝑖,𝑑𝑖𝑟 = 𝐵𝑙𝑜𝑔2(1 +

𝛼𝑏𝑖
2

𝜎𝑖
2 |ℎ𝑏𝑖|

2) where 𝜎𝑖
2 is the noise power. The PUi throughput with-

out the cooperative relaying in time slot T is 

 𝐶𝑏𝑖,𝑑𝑖𝑟 = 𝑇𝑅𝑏𝑖,𝑑𝑖𝑟 = 𝑇𝐵𝑙𝑜𝑔2(1 +
𝛼𝑏𝑖

2

𝜎𝑖
2 |ℎ𝑏𝑖|

2) (17) 

3 System Optimization 

From the above analysis, we can see that a set of strategies affect the achievable 
throughput of PU and SAP transmissions, including (i) a PU should decide whether to 
use its frequency channel for direct transmission from BS to PU, or for SAP relaying. 
(ii) In the latter case, the best MMIMO-NOMA SAP relay for a PU should be selected. 
(iii) After a SAP relay is selected, how are the resources shared in the PU and SU data 
transmissions? That is, the MMIMO-NOMA relay transmission and power allocation 
strategies should be decided, including the size of subslots 1 and 2 as well as the SAP 
power allocation for transmitting PU data and SU data. We model the system of multi-
ple PUs and multiple SAPs as a two-side matching problem, and study the relay selec-
tion, relay transmission, and power allocation strategies for overall system optimiza-
tion. 

3.1 System Utility Maximization 

Let 𝒫 denote the set of PU links and 𝒮 the set of MMIMO-NOMA small cells each 
led by a SAP. We define the utility that each party can earn as its throughput, which is 
a function of relay selection, subslot partition, transmit power allocation, and MMIMO-
NOMA transmission states. If PU link 𝑖, 𝑖 ∈ 𝒫 uses SU 𝑗, 𝑗 ∈ 𝒮 as a relay, the utility of 
PUi is defined as the throughput with this partnership, 𝑈𝑖,𝑗

𝑝
= 𝐶𝑏𝑗 = 𝐶𝑗𝑖. Here, we as-

sume that the SAPj relay should forward all the data received from the incumbent BS 
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to the cooperating PUi, that is, satisfying the flow conservation constraint 𝐶𝑏𝑗 = 𝐶𝑗𝑖, 
because the primary data has higher priority. The utility of SAP relay j is the sum of 
the throughput that it receives and transmits its own data on the subchannel leased from 
PU link i, 𝑈𝑖,𝑗

𝑠 = ∑ (𝑤𝑢𝐶𝑘𝑗 + 𝑤𝑑𝐶𝑗𝑘)𝑘∈𝒮𝑗
 where 𝑤𝑢 and 𝑤𝑑, 0 ≤ 𝑤𝑢, 𝑤𝑑 ≤ 1, are the 

weight factors that are put on the SU uplink and SU downlink transmissions, respec-
tively.   

In the case of direct transmission from the BS to PUi without cooperative relaying, 
the utility of PUi is 𝑈𝑖

𝑑𝑖𝑟 = 𝐶𝑏𝑖,𝑑𝑖𝑟 . The utility of SAPj without cooperation is  𝑈𝑗
𝑑𝑖𝑟 =

𝐶𝑘𝑗 = 𝐶𝑗𝑘 = 0 because the SAP does not have spectrum to transmit without coopera-
tion. A PUi selects a SAPj as the cooperative relay only when its utility through the 
relay is greater than that of the direct transmission, i.e. 𝑈𝑖,𝑗

𝑝
= 𝐶𝑏𝑗 = 𝐶𝑗𝑖 > 𝑈𝑖

𝑑𝑖𝑟 =

𝐶𝑏𝑖,𝑑𝑖𝑟 . For a SU, the requirement is that its utility with cooperation should be greater 
than zero, i.e. 𝑈𝑖,𝑗

𝑠 = ∑ (𝑤𝑢𝐶𝑘𝑗 + 𝑤𝑑𝐶𝑗𝑘)𝑘∈𝒮𝑗
> 𝑈𝑗

𝑑𝑖𝑟 = 0. In addition, the transmit 
power allocation of the SAP should be subject to the SAP total power constraint: 𝛼𝑗𝑖

2 +

∑ 𝛼𝑗𝑘
2

𝑘∈𝒮𝑗
≤ 𝑃𝑚𝑎𝑥, where 𝑃𝑚𝑎𝑥 is the maximal total transmission power of SAP. 

Let us first assume that PUi has selected SAPj as its cooperative relay. The relay 
selection optimization problem will be discussed in the next section. Then, the objective 
is to maximize the total utility 𝑈𝑖,𝑗

𝑝
+ 𝑈𝑖,𝑗

𝑠  by jointly determining the optimal subslot 
length 𝛿 and the power allocation of the SAP MMIMO-NOMA PU data relay and sec-
ondary data transmission to SUk, 𝑘 ∈ 𝒮𝑗, subject to the above flow conservation and 
power constraints. The optimization problem can be formulated as 

 max
𝛿,𝑃𝑗𝑖, 𝑃𝑗𝑘|𝑘∈𝒮𝑗

{𝑈𝑖,𝑗
𝑝

+ 𝑈𝑖,𝑗
𝑠 } = max

𝛿,𝑃𝑗𝑖, 𝑃𝑗𝑘|𝑘∈𝒮𝑗 

{𝐶𝑗𝑖 + ∑ (𝑤𝑢𝐶𝑘𝑗 + 𝑤𝑑𝐶𝑗𝑘)𝑘∈𝒮𝑗
} (18) 

s.t. 𝐶𝑏𝑗 = 𝐶𝑗𝑖 > 𝐶𝑏𝑖,𝑑𝑖𝑟 ,  ∑ (𝑤𝑢𝐶𝑘𝑗 + 𝑤𝑑𝐶𝑗𝑘) > 0,𝑘∈𝒮𝑗
  

  𝛼𝑗𝑖
2 + ∑ 𝛼𝑗𝑘

2

𝑘∈𝒮𝑗

≤ 𝑃𝑚𝑎𝑥 , 0 < 𝛿 < 1 

The above constrained optimization problem can be solved with gradient ascent algo-
rithms [14]. 

3.2 Two-sided Matching 

Next, we will focus on the cooperation and relay selection problem among multiple 
PU links and MMIMO-NOMA-empowered SAPs, and aim to optimize the utilities of 
all the entities with fairness. There exist competitions among the PUs, as well as among 
the SUs during relay selection and partner matching. The optimal strategy of an entity 
depends on the behaviors of other entities. 

In practice, the SAPj can estimate the channel vectors 𝐡𝐛𝐣 and 𝐇𝐣 =

[𝐡𝟏𝐣, … , 𝐡𝐤𝐣, … 𝐡𝐊𝐣] in its small cell and determine the power allocation and beamform-
ing for its MMIMO-NOMA transmission. The PUj estimates the channel coefficients 
hbi and 𝐡𝐢𝐣. We assume that a common control channel is available for exchanging 
messages among the entities involved in cooperation. Then, BS, PUs and SAPs period-
ically exchange control messages within their transmission range, i.e. local neighbor-
hood. All the achievable link rates can be then derived. We consider the scenario with-
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out global information. The partnerships are formed through local information ex-
change among the BS, PUs and SAPs. Under this setting, we find our problem is best 
modeled using two-sided matching theory [9, 15, 16]. Based on this theory, we define 
the following concepts. 

Definition 1: An entity is individual rational, if it will only cooperate with others 
when such a partnership improves its utility, i.e., 𝑈𝑖,𝑗

𝑝
> 𝑈𝑖,𝑑𝑖𝑟

𝑝 , ∀ 𝑖 ∈ 𝒫 and 𝑈𝑖,𝑗
𝑠 > 0, 

∀ 𝑗 ∈ 𝑆. 
Definition 2: A blocking pair is a pair (PUi, SAPj) who both already have their re-

spective partners n(i) and n(j), but prefer each other rather than their partners, i.e., 
𝑈𝑖,𝑛(𝑖)

𝑝
< 𝑈𝑖,𝑗

𝑝  and 𝑈𝑛(𝑗),𝑗
𝑠 < 𝑈𝑖,𝑗

𝑠 . 
We can easily see that, if there exists a blocking pair, the entities involved have an 

incentive to break up from their existing partnership and form a new pair. Therefore, 
the current matching is unstable and not desirable. The definition of matching stability 
is given as follows. 

Definition 3: A matching is stable if and only if every participating PU and SAP is 
individual rational and if there is no blocking pair in the network. 

Based on the given definitions, our objective is to find a stable matching in the pri-
mary and secondary markets. It has been proven that a stable matching always exists 
for a two-sided market [15], and PUs and SAPs can find their partners using the fol-
lowing matching algorithm. 
For each PU p  𝓟: 
 Initialize the preference list by ranking the PU’s utility in 

partnership with each of available SAP relays, p.list(); 

 p.partner ← free; end ← false; 

 while end != false 

  if p.partner = free and p.plist !=  then 

   s  pop(p.plist()); 

   Send a “propose” message to s; 

  if p receives an “accept” message from s then 

   p.partner ← s; 

  if p receives a “reject” message then 

   delete the message sender from p.plist(); 

   If the message sender is the current partner of p then 

    p.partner ← free; 

Algorithm end when no message to issue and no response re-

ceived from SAPs.  

 

For each SAP s  𝒮: 

 Initialize the preference list by ranking the SU’s utility in 

partnership with each of available primary links, s.list(); 

 s.partner ← free; end ← false; 

 while end != false 

  if s receives a “propose” message from p then 

   if p  s.list()then 
    s sends a “reject” message to p; 

   else 

    s.partner ← p; 

    s sends an “accept” message to p; 
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    for each PU p’ with a rank lower than p in s.list() 

     s sends a “reject” message to p’; 

     remove p’ from s.list(); 

Algorithm end when no message received from PUs and no re-

sponse to send. 

The above algorithm is an extension of [16], which is a distributed version of the 
Gale–Shapley algorithm [15]. It can be proven that the algorithm finishes in O(NP + NS) 
iterations and results in a stable matching that is optimal for the PUs [15], where 𝑁𝑃  is 
the number of PUs and 𝑁𝑆 is the number of SAP relays. Note that since the PUs repre-
sent the owners of the channel and can proactively lease the channel for higher utilities, 
the result of our mechanism is therefore desirable.  

4 Evaluation Results 

In this section, we evaluate the performance of the proposed MMIMO-NOMA-
based cognitive cooperative relaying framework. We consider that 𝑁𝑃 PUs are ran-
domly located in a semicircle with a radius of 100 meters centered at the incumbent 
BS. Moreover, 𝑁𝑆 MMIMO-NOMA SAP relays are randomly distributed within the 
same semicircle. Each SAP serves a small cell with 8 active SUs, 4 transmitters and 4 
receivers, besides relaying data for the PU. The SUs are randomly placed in a circle 
centered at the SAP with a radius of 25 meters. A SU receives or sends the secondary 
data from or to the SAP. In addition, we assume that the subchannel bandwidth for a 
PU link is 1 MHz. The thermal noise level is set to be -100 dBm. The transmission 
power of the incumbent BS, 𝑃𝑏𝑠, is set to be a value such that the average channel SNR 
of the PUs is 0 dB. The maximum transmission power of a SAP and a SU is  set to be 
1.0 × 𝑃𝑏𝑠 and 0.5 × 𝑃𝑏𝑠, respectively. We further assume that the incumbent BS and 
PUs are equipped with a single antenna. The SAPs are equipped with MMIMO and 
NOMA transceivers, and the SU has a single antenna, but has NOMA capability. As 
discussed before, the channel is modeled as a flat block-fading channel [10] and line-
of-sight propagation between the sender and receiver with a path loss exponent of 3 
and a small-scale Rayleigh fading component 𝜎 = 1.  

Fig. 3. (a) average utility of primary users, (b) average utility of secondary access points 
versus the number of secondary access points for difference schemes. 

(a) (b) 
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Figs. 3(a) and 3(b) illustrates the average utilities of PUs and SAP relays, respec-

tively, versus the number of SAPs. The number of PU links, 𝑁𝑃 is set to be 20. The 
“Direct Transmission” in the figures means that there is no cooperative SAP relaying, 
and the incumbent BS directly transmits its data to a PU. For the “MIMO with NOMA” 
scheme, the SAP relay has only two antenna elements. With massive MIMO and 
NOMA, the SAP equips with a 32-element MMIMO antenna array. Fig. 3(a) shows the 
average PU utility for the relaying schemes improves as the number of SAPs increases 
because more SAPs result in more opportunities for the PU links to find suitable coop-
erative relays. Fig. 3(b) shows that the SU utility for the relaying schemes decreases as 
the number of SAPs increases because more SAPs compete to access the limited spec-
trum resource. We can see from the figures that by exploiting cooperative SAP relaying 
with massive MIMO and NOMA, the proposed scheme significantly outperforms the 
direct transmission and MIMO-NOMA relaying schemes in terms of PU’s utility. The 
MIMO-NOMA relaying scheme sometimes achieves a little better SAP utility than the 
MMIMO-NOMA relaying scheme, especially in the case of fewer SAP relays, because 
the SAP relays may not be at a good location and need to greedily allocate more power 
to transmit the PU data, but leave less power for SU data transmission.  
 

 
Figs. 4(a) and 4(b) shows the utilities of PUs and SAPs versus the number of PU 

links, respectively, when the number of SAPs, 𝑁𝑠 is 20. In Fig. 4(a), the average PU 
utility decreases for the relaying schemes as the number of PUs increases because more 
PU links compete for good SAP relays, and some of PUs may not be able to find suit-
able relays. In Fig. 4(b), the SAP utility improves with more PUs because a SAP is 
more likely to be selected as a relay for a PU link and access the PU’s spectrum for its 
own data transmission. The MMIMO-NOMA based cooperative relaying scheme 
achieves much higher PU utility than the baselines. Due to the greedy allocation of the 
SAP transmit power to maximize the PU utility, the SU utility of the MMIMO-NOMA 
relaying scheme is less than that of the MIMO-NOMA relaying scheme in some cases. 
The results validate that our MMIMO-NOMA cooperative relaying framework can 
achieve win-win gains for both PUs and SUs. 

(a) (b) 
Fig. 4. (a) average utility of primary users, (b) average utility of secondary access 
points versus the number primary users for difference schemes. 
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5 Conclusions 

In this paper, we present a novel framework that enables multiple PUs and multiple 
MMIMO-NOMA empowered SAPs to cooperate in traffic relaying and dynamic spec-
trum sharing. By leveraging the MMIMO and NOMA capabilities, SAPs help relay 
traffic for PUs while concurrently accessing the PUs’ spectrum to transmit their own 
data. The optimization algorithms for the SAP relay selection and data transmission are 
proposed and analyzed. Evaluation results show that both PUs and SAPs can benefit 
from this proposed framework. 
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