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Astratto 

 
Per prima cosa esploriamo il concetto di schema NOMA (Non-Orthogonal Multiple 

Access) per il futuro accesso radio per 5G e poi studiamo l'applicazione del NOMA 

nella comunicazione UAV (Unmanned Aerial Vehicle). In primo luogo studieremo le 

tecniche fondamentali per entrambi i canali di downlink e di uplink e quindi discuterò 

l'ottimizzazione della capacità della rete in base ai vincoli di equità. Quindi discutiamo 

l'impatto dei ricevitori imperfetti sulle prestazioni delle reti NOMA. Inoltre discutiamo 

dell'efficienza spettrale (SE) delle reti e delle sue relazioni con l'efficienza energetica 

(EE). Dimostriamo anche che le reti con NOMA superano gli altri schemi di accesso 

multiplo in termini di somma di capacità, efficienza energetica ed efficienza spettrale. 

I confronti delle prestazioni sono forniti anche con schemi OMA e NOMA fissi per 

altitudine. I risultati vengono presentati per varie regioni di destinazione e ambienti di 

distribuzione, cioè urbano, rurale, urbano e denso. Chiaramente, lo schema proposto 

raggiunge una migliore somma a una quota più bassa che riduce il dispendio 

energetico complessivo dell'UAV.  
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Abstract 
 
First we explore the concept of Non-Orthogonal Multiple Access (NOMA) scheme for 

the future radio access for 5G and then we study the application of NOMA in 

Unmanned Aerial Vehicle (UAV) communication. We first will study the fundamental 

techniques for both downlink and uplink channels and then discuss optimizing the 

network capacity under fairness constraints. Then we discuss the impacts of imperfect 

receivers on the performance of NOMA networks. Furthermore we discuss the spectral 

efficiency (SE) of the networks and its relations with energy efficiency (EE). We  also 

demonstrate that the networks with NOMA outperform other multiple access schemes 

in terms of sum capacity, Energy Efficiency and Spectral Efficiency. Performance 

comparisons are also provided with altitude fixed OMA and NOMA schemes. Results 

are presented for various target regions and deployment environments i.e., rural, 

urban, and dense urban. Clearly, the proposed scheme achieves better sum-rate at a 

lower altitude which reduces the overall energy expenditure of the UAV. 
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CHAPTER 1 
 
 

1. Introduction 
 

1.1 Background  
 

 
Current cellular networks implement Orthogonal Multiple Access (OMA) techniques 

such as Time Division Multiple Access (TDMA), Frequency Division Multiple Access 

(FDMA) or Code Division Multiple Access (CDMA). However, the high demands of 

future radio access systems can be met none of these techniques. The characteristics 

of the OMA schemes are as follows: 

In TDMA, the information for every user is sent in non-overlapping time slots, so that 

TDMA-based networks require accurate timing synchronization which can be 

challenging, particularly in the uplink. In FDMA such as Orthogonal Frequency Division 

Multiple Access (OFDMA), information for each user is assigned to a subset of 

subcarriers. CDMA utilizes codes in order to separate the users over the same 

channel. Non Orthogonal Multiple Access is fundamentally different from these 

multiple access schemes which provide orthogonal access to the users either in time, 

frequency, code or space. 

  
1.2 Overview 

 
 
 
In NOMA, each user operates in the same band and at the same time where they are 

distinguished by their power levels. NOMA uses superposition coding at the 

transmitter such that the successive interference cancellation (SIC) receiver can 

separate the users both in the uplink and in the downlink channels. NOMA was 

proposed as a candidate radio access technology for 5G cellular systems. 

Practical implementation of NOMA in cellular networks requires high computational 

power to implement real-time power allocation and successive interference 

cancellation algorithms. By 2020, 5G networks are targeted to be deployed, the 

computational capacity of both handsets and access points is expected to high enough 

to run NOMA algorithms. In this chapter, we present the fundamentals and capacity 
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limits of NOMA as a future radio access technology. The imperfectness in the SIC 

receiver and its impact on the overall capacity is also presented. We further 

demonstrate the improved energy and spectral efficiencies with NOMA over-

conventional OFDMA. 

 
Lately, Unmanned Aerial Vehicle (UAV) assisted mobile communication systems have 

been in the limelight for several deployment scenarios. UAVs can be instrumental in 

supporting the terrestrial wireless network by acting as a UAV Base Station (UAV-BS) 

to handle short-term erratic traffic demand in hotspots such as sports event as well as 

a concert or to mitigate congestion through data off-loading in access network. They 

can provide means to swiftly deploy recovery networks to connect first responder 

personnel in cases of natural calamity when the terrestrial network is partially or 

entirely malfunctioning or function as capacity and coverage enhancing relaying nodes 

and so on. It is conceivable that the UAV will provide additional support as either a 

stand-alone aerial BS or as a part of a heterogeneous network with the possibility of a 

multi-tier airborne cellular network. Irrespective of the deployment scenario, the 

inherited flexibility of UAV-assisted communication systems in terms of better channel 

conditions guaranteeing Line-of-Sight (LOS) links, faster deployment, and to find its 

parameters such as the best possible set of position and altitude to achieve better 

communication links with connected devices, can cater for the ever-rising diversified 

traffic demands whenever and wherever required. 

The fruitful deployment of UAV based communication systems for 5G and beyond 

future wireless networks is highly involved in finding joint solutions to challenge of 

ubiquitous connectivity with both a multitude of devices in a spectral efficient way as 

well as with energy-efficient transmission and operation of the UAV-BS for maximized 

and harmonized coverage and capacity. It should be noted that suitable energy 

efficiency for the UAV-assisted communication system achieves paramount 

importance in the overall performance of the system. Efficient energy consumption 

results in enhanced airtime for the communication system, improving bits/Joules for a 

given energy level. Furthermore, coverage and capacity of an aerial cell are attributed 

to many factors such as the transmission power, antenna gains, UAV altitude, 

deployment environment, and prominently radio access technology. Recently, power 

domain NOMA reputations have climbed sharply as a fundamental solution to the 

challenges encompassing the next generation wireless networks. NOMA has been 
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proved to exhibit improved spectral efficiency, balanced and fair access as compared 

to OMA technologies, with the ability to cater for multiple devices in the same 

frequency, time, or code resource thus providing efficient access to massive 

connected devices. Furthermore, NOMA is also instrumental in reducing the 

interference by employing orthogonal resources by sharing a single beam between 

multiple users for intra-cluster access and using NOMA for inter-cluster access. 

Current studies have focused on provisioning Air to Ground (A2G) communication 

services mainly through placement optimization under various viewpoints. Few works  

have considered a single UAV deployment scenario having zero interference to study 

optimal UAV altitude for maximized coverage. The performance of UAV based 

communication systems has also been addressed in for the under laid Device to 

Device (D2D) deployment scenario. This work assumed interference raised by D2D 

network nodes, without considering the presence of terrestrial BS. Additionally, there 

have been a few studies discussing the performance of NOMA for UAV based 

communication system. A NOMA enabled fixed-wing UAV deployment was proposed 

in to support coverage for ground users situated outside BS offloaded location. Some 

also suggested a multiple access mode selection (NOMA/OMA) based on conditions 

guaranteeing better outage probability for the ground users. An analysis of bit 

allocation and trajectory optimization for UAV mounted cloudlet for off-loading 

application was performed in, where NOMA demonstrated better energy conservation 

for the mobile users. Here, discusses a rather typical deployment scenario of an aerial 

BS, where the aspects of coverage and capacity are addressed considering 

performance thresholds for both cell-edge as well as the cell centre users. 

Furthermore, the implications of UAV altitude on coverage, capacity, and energy 

consumption considering different multiple access techniques that have been ignored 

in the literature also need to be addressed. 

Thus, for a prolific deployment of UAV based communication systems, it is imperative 

to compare the performance of NOMA for UAV based communication systems to one 

based on OMA, in terms of optimized deployment, resource dispersal, performance, 

and energy efficiency. The main contributions of the report are as follows: 

1) This proposes a power allocation scheme to maximize the sum-rate of the 

communication system with reducing energy expense for the UAV. The optimization 

problem is formulated as a function of the altitude of the UAV-BS, constrained to meet 
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or exceed the individual user-rates set forth by OMA for the same deployment scenario 

and target area. 

2) Average rate and coverage under constraint is used as a tool to analyse the 

performance of the proposed schemes. Analytical and numerical analyses are 

presented for the proposed schemes and performance comparisons are also provided 

with altitude fixed OMA and NOMA schemes. 

3) Results are presented for various target regions and deployment environments i.e., 

rural, urban, and dense urban. Clearly, the proposed scheme achieves better Sum -

rate at a lower altitude which reduces the overall energy expenditure of the UAV.  
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CHAPTER 2 
 
 

2. Non-orthogonal multiple access (NOMA) 
 
 
We consider orthogonal frequency division multiplexing (OFDM) as the modulation 

scheme and NOMA as the multiple access scheme. In conventional 4G networks, as 

natural extension of OFDM, orthogonal frequency division multiple access (OFDMA) 

is used where information for each user is assigned to a subset of subcarriers. In 

NOMA, on the other hand, all of the subcarriers can be used by each user. Figure 2.1 

illustrates the spectrum sharing for OFDMA and NOMA for two users. The concept 

applies both uplink and downlink transmission. 

 

                                     
 
           Figure 2.1. Spectrum sharing for OFDMA and NOMA for two users. 
 
 
Superposition coding at the transmitter and successive interference cancellation (SIC) 

at the receiver makes it possible to utilize the same spectrum for all users. At the 

transmitter site, all the individual information signals are superimposed into a single 

waveform, while at the receiver, SIC decodes the signals one by one until it finds the 

desired signal. Figure 2.2 illustrates the concept. In the illustration, the three 

information signals indicated with different colours are superimposed at the 
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transmitter. The received signal at the SIC receiver includes all these three signals. 

The first signal that SIC decodes is the strongest one while others as interference. The 

first decoded signal is then subtracted from the received signal and if the decoding is 

perfect, the waveform with the rest of the signals is accurately obtained. SIC iterates 

the process until it finds the desired signal.  

                              

 
 
 
                         Figure 2.2. Successive interference cancellation. 
 
The success of SIC depends on the perfect cancellation of the signals in the iteration 

steps. The transmitter should accurately split the power between the information 

waveforms and superimpose them. The methodology for power split differs for uplink 

and downlink channels. 

 
2.1. NOMA for downlink 
 
In NOMA downlink, the base station superimposes the information waveforms for its 

serviced users. Each user equipment (UE) employs SIC to detect their own signals. 

Figure 2.3 shows a BS and K number of UEs with SIC receivers. In the network, it is 

assumed that the UE1 is the closest to the base station (BS), and UEk is the farthest. 

The challenge for BS is to decide how to allocate the power among the individual 

information waveforms, which is critical for SIC. In NOMA downlink, more power is 

allocated to UE located farther from the BS and the least power to the UE closest to 

the BS. In the network, all UEs receive the same signal that contains the information 

for all users. Each UE decodes the strongest signal first, and then subtracts the 

decoded signal from the received signal. SIC receiver iterates the subtraction until it 

finds its own signal. UE located close to the BS can cancel the signals of the farther 
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UEs. Since the signal of the farthest UE contributes the most to the received signal, it 

will decode its own signal first. 

 

                 
 
                                   Figure 2.3. Downlink NOMA for K users. 
 
 
The transmitted signal by the BS can be written as 

                                 𝑥ሺ𝑡ሻ ൌ ∑ ඥ𝛼௞𝑃்
௄
௞ୀଵ 𝑥௞ሺ𝑡ሻ                                                           (1) 

 

where Xk(t) is the individual information conveying OFDM waveform, ak is the power 

allocation coefficient for the UEk, and PT is the total available power at the BS. The 

power allocated to each UEk then becomes Pk = akPT. The power is allocated 

according to the distance of UEs to the BS: UE1 is the closest to the BS, so it is 

allocated the least power, whereas UEK is the farthest one, therefore it has the highest 

power. 

The received signal at the UEk is  

 

                                               Yk(t ) = x(t)gk + wk (t)                                                   (2) 

 
where gk is the channel attenuation factor for the link between the BS and the UEk, 

and wk(t) is the additive white Gaussian noise at the UEk with mean zero and density 

N0 (W/Hz). Let us consider the farthest user first. The signal it decodes first will be its 

own signal since it is allocated the most power as compared the others. The signals 

for other users will be seen as interference. Therefore, the signal-to-noise ratio(SNR) 

for UEK can be written as  
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                                              𝑆𝑁𝑅௄ ൌ
௉಼௚಼

మ

ேబௐା∑ ௉೔௚಼
మ಼షభ

೔సభ
                                              (3) 

                                                                                                                         

                                                                       

Where W is the transmission bandwidth. 

For the closest UE1, the last signal it decodes will be its signal. Assuming perfect 

cancellation, the SNR for UE1 becomes 

                                                    𝑆𝑁𝑅ଵ ൌ ௉భ௚భ
మ

ேబௐ
                                                    (4) 

In general, for the UEk, the SNR becomes 

                                              𝑆𝑁𝑅௞ ൌ
௉ೖ௚ೖ

మ

ேబௐା∑ ௉೔௚ೖ
మೖషభ

೔సభ
                                            (5) 

When NOMA is used, the throughput (bps) for each UE can be written as 

    

                                        𝑅௞ ൌ 𝑊𝑙𝑜𝑔ଶ ൬1 ൅
௉ೖ௚ೖ

మ

ேା∑ ௉೔௚ೖ
మೖషభ

೔సభ
൰                              (6) 

In OFDMA, on the other hand, UEs are assigned to a group of subcarriers in order to 

receive their information. When the total bandwidth and power are shared among the 

UEs equally, the throughput for each UE for OFDMA becomes 

                                                𝑅௞ ൌ 𝑊௞𝑙𝑜𝑔ଶ ቀ1 ൅
௉ೖ௚ೖ

మ

ேೖ
ቁ                                        (7) 

 

where Wk = W/K and Nk =  N0 Wk. 

The sum capacity for both OFDMA and NOMA can be written as 

 

                                                     𝑅் ൌ ∑ 𝑅௞
௄
௞ୀଵ                                                      (8) 

 

We further define fairness index as  

 

                                                      𝐹 ൌ
ሺ∑ ோೖሻమ

௄ ∑ ோೖ
మ                                                           (9) 
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which indicates how fair the system capacity is shared among the UEs, that is, when 

F gets close to 1, the capacity for each UE gets close to each other. 

We can set the objective of the power allocation mechanism as to maximize the sum 

capacity RT under a fairness constraint for NOMA systems. The optimization problem 

is then formulated as 

 

      𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒𝑊𝑙𝑜𝑔ଶ ൬1 ൅ ௉ೖ௚ೖ
మ

ேା∑ ௉೔௚ೖ
మೖషభ

೔సభ
൰   𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∶    ∑ 𝑃௞

௄
௞ୀଵ ൑ 𝑃்                          (10) 

        𝛼௞                                                                        𝑃௞ ൒ 0, ∀𝑘 

 

                                                                                           F=F’ 

                                

 

where F′ is the target fairness index in the network. The power allocation coefficients 

ak for each UEk can be obtained with exhaustive search. 

 
2.2.  NOMA for uplink 

 
 
Uplink implementation of NOMA is slightly different than the downlink. Figure 2.4 

depicts a network that multiplexes K UEs in the uplink using NOMA. This time, BS 

employs SIC in order to distinguish the user signals. 

 

                         
 
                                   Figure 2.4. Uplink NOMA for K users. 
 
In the uplink, the received signal by the BS that includes all the user signals is written 

as 

                                              𝑦ሺ𝑡ሻ ൌ ∑ 𝑥௞
௄
௞ୀଵ ሺ𝑡ሻ𝑔௞ ൅ 𝑤ሺ𝑡ሻ                                (11) 
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where gk is the channel attenuation gain for the link between the BS and the UEk, xk(t) 

is the information waveform for the kth UE, and w(t) is the additive white Gaussian 

noise at the BS with mean zero and density N0 (W/Hz). In the uplink, the UEs may 

again optimize their transmit powers according to their locations as in the downlink. 

However, here we assume that the users are well distributed in the cell coverage, and 

the received power levels from different users are already well separated. This 

assumption is more natural from practical point of view, since power optimization 

requires connection between all the UEs which may be difficult to implement. At the 

receiver, the BS implements SIC. The first signal it decodes will be the signal from the 

nearest user. The SNR for the signal for the UE1 can be written as, including others 

as interference, 

                                            𝑅ଵ ൌ ௉௚భ
మ

ேା∑ ௉௚೔
మ಼

೔సమ
                                                         (12) 

 

where P is the transmission power of UEs and N=N0W. 

The last signal that the BS decodes is the signal for the farthest user UEK. Assuming 

perfect cancellation, the SNR for UEK can be written as 

 

                                          𝑆𝑁𝑅௄ ൌ
௉௚಼

మ

ே
                                                       (13) 

Generally, for the kth UE, the SNR becomes, 

 

                        

                                                  𝑆𝑁𝑅௞ ൌ 1 ൅
௉௚ೖ

మ

ேା∑ ௉௚೔
మ಼

೔సೖశభ
                                  (14) 

 

The throughput (bps) for each UE can be written as 

                                        

                                                𝑅௞ ൌ 𝑊𝑙𝑜𝑔ଶ ൬1 ൅
௉௚ೖ

మ

ேା∑ ௉௚೔
మ಼

೔సೖశభ
൰                             (15) 
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In OFDMA, on the other hand, UEs are allocated orthogonal carriers in order to receive 

their information. When the total bandwidth and power are shared among the UEs 

equally, the throughput for each UE for OFDMA becomes 

                                                 

                                      𝑅௞ ൌ 𝑊௞𝑙𝑜𝑔ଶ ቀ1 ൅
௉ೖ௚ೖ

మ

ேೖ
ቁ                                         (16) 

 

where Wk =W/K and Nk = N0 Wk. 

The sum capacity for both OFDMA and NOMA can be written as 

 

                                                 𝑅் ൌ ∑ 𝑅௞
௄
௞ୀଵ                                                (17) 

 
 
2.3. Imperfectness in NOMA 

 
 

 
Our discussions so far in the previous sections assume perfect cancellation in the SIC 

receiver. In actual SIC, it is quite difficult to subtract the decoded signal from the 

received signal without any error. In this section, we revisit the NOMA concept with 

cancellation error in the SIC receiver. 

Here, we consider the downlink only; however, the discussions can easily be extended 

for the uplink. Recall that SIC receiver decodes the information signals one by one 

iteratively to obtain the desired signal. In SIC, after decoding the signal, one should 

regenerate the original individual waveform in order to subtract it from the received 

signal. Although it is theoretically possible to complete this process without any error, 

in practice, it is expected to experience some cancellation error. 

In downlink, the SNR for the kth user with cancellation error is written as  

                               𝑆𝑁𝑅௞ ൌ
௉ೖ௚ೖ

మ

ேబௐା∑ ௉೔௚ೖ
మାఢ ∑ ௉೔௚ೖ

మ಼
೔సೖశభ

ೖషభ
೔సభ

                                       (18) 

 

where ε is cancellation error term that represents the remaining portion of the 

cancelled message signal. In the previous section, the third term in the denominator 

is not included since perfect cancellation is assumed there. 
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CHAPTER 3 
 
 

3. Spectral efficiency and energy efficiency 
 

 
3.1.  Spectral efficiency 
 
 
The analysis so far included the throughput performance of the network. In addition to 

Spectral Efficiency (SE) of NOMA, in this section, we analyse the Energy Efficiency 

(EE) of NOMA systems. In our analysis, we incorporate the static power consumption 

of the network due to the power amplifiers in addition to the power consumed for the 

information waveform. The total power consumption at the transmitter can be 

represented as the sum of the information signal power and the power consumed by 

the circuits (mainly by power amplifiers). Considering the downlink, the total power 

consumed by the BS can then be written as 

 

                                         𝑃௧௢௧௔௟ ൌ 𝑃் ൅ 𝑃௦௧௔௧௜௖                                                       (19) 

 

where PT is the total signal power as mentioned earlier and Pstatic is the power 

consumed by the circuitry. 

 
3.2. Energy efficiency 
 
 
Energy efficiency (EE) is defined as the sum rate over the total consumed power of 

the base station  

                                       𝐸𝐸 ൌ ோ೅

௉೟೚೟ೌ೗
ൌ 𝑆𝐸 ௐ

௉೟೚೟ೌ೗
 ሺ𝑏𝑖𝑡𝑠 𝑗𝑜𝑢𝑙𝑒⁄ ሻ                                           (20) 

 

where SE is the spectral efficiency (RT/W) in terms of bps/Hz. 

 

The energy efficiency and spectral efficiency relationship (EE-SE) in Shannon theory 

does not consider the power consumption of the circuit and consequently is monotonic 

where a higher SE always results in a lower EE. When the circuit power is considered, 
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the EE increases in the low SE region and decreases in the high SE region. The peak 

of the curve (or the corresponding derivative of the EE-SE relationship) is where the 

system has the maximum energy efficiency. 

This point is called “green point”. For a fixed Ptotal, the EE-SE relationship is linear with 

a positive slope of RT/Ptotal where an increase in SE simultaneously results in an 

increase in EE. As we demonstrate in the next section, NOMA provides higher energy 

efficiency than OFDMA.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



21 
 

CHAPTER 4 
 
 
4. Application  of Non-Orthogonal Multiple Access in 

Unmanned Aerial Vehicle Assisted Communication 
 

 
Before introducing the UAV networks with NOMA, we characterize the unique 

features of UAV networks first. Generally, UAV networks have the following 

characteristics: 

 

 Path loss: Since there are usually not many obstacles in the air, we use a 

simplified model to assume that the line-of-sight (LOS) links between the UAVs 

and the users are dominated, which are significantly less effected by shadowing 

and fading. In more complicated practical scenarios, such as urban areas 

where buildings and other obstacles on the ground may block UAV flight and 

signal transmission, both LOS and non-line-of-sight (NLOS) links require to be 

considered. 

 Mobility: When a UAV flies around, the coverage areas become various. 

Therefore, the UAV can support different ground users. For example, UAVs are 

capable of roaming above a group of users to enhance the channel conditions 

so as to provide high throughput. 

 Agility: Based on the real-time requirements from the users, UAVs can be 

deployed quickly and their positions can be adjusted within a 3D space flexibly, 

which enables UAV networks to provide flexible and on-demand service to the 

ground users with lower costs compared to the terrestrial BS. 
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                                   Figure 4.1. Illustration for NOMA-aided UAV networks. 
 
 
 
 
4.1. SYSTEM AND CHANNEL MODEL 

 
 
In this section the system model and A2G channel model are discussed. 

 
4.1.1. System model  

 
 
Consider a quasi-stationary low altitude rotary-wing UAV-BS deployed to provide 

wireless coverage in a disc-shaped circular region with a radius of Rc meters, where 

the radius of the cell is determined by the cell-edge user. Fig. 4.2 represents a UAV-

BS deployment scenario for two users located at points R and S, respectively, whereas 

the UAV-BS is hovering at altitude of H meters above the ground level, considered in 

the center of the target region, depicted by point P in Fig. 4.2. The vertical projection 

of the UAV-BS is represented by Q point. The distance between point Q and each 

user is represented by Dj. Then, the distance between the UAV-BS and each user is 

computed as: 

 

                                             𝑋௝ ൌ ට𝐷௝
ଶ ൅ 𝐻ଶ, 𝑗 ∈ ሼ𝑟, 𝑠ሽ                                               (21) 
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The elevation angle of UAV-BS with respect to each user is defined as: 

 

                                             𝜃௝ ൌ 𝑎𝑟𝑐𝑡𝑎𝑛 ൬
ு

஽ೕ
൰ , 𝑗 ∈ ሼ𝑟, 𝑠ሽ                                         (22) 

 

                           
 
Figure 4.2. System model: A two-user UAV-assisted communication system, where 
PR and PS define the UAV-user links. 
 
4.1.2. Channel model 

 
 
Based on widely-adopted A2G channel model in the literature, the users can be 

classified as having either LOS link or strong Non-Line-Of-Sight (NLOS) link with UAV-

BS. This classification is based on probabilistic model which depends on the 

environmental profile mainly defined by density and height of buildings in the coverage 

region as well as the relative distance between the user and UAV together, which 

defines the elevation angle. The effect of small scale fading is ignored in this model 

as probability of occurrence of weak multi-paths is much less than that of having LOS 

link or strong NLOS link. The probability of a user experiencing a LOS link with UAV-

BS is expressed by : 

 

                                    𝑃𝑟௝ሺ𝐿𝑂𝑆ሻ ൌ
ଵ

ଵାఈ௘௫௣൫ିఉൣఏೕିఈ൧൯
                                             (23) 
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where α and β are constant values relating to the environmental profile of the coverage 

region such as rural, sub-urban, dense urban etc. The probability of user experiencing 

NLOS links is computed as: 

 

                                           𝑃𝑟௝ሺ𝑁𝐿𝑂𝑆ሻ ൌ 1 െ 𝑃𝑟௝ሺ𝐿𝑂𝑆ሻ                                              (24) 

 

The Prj(LOS) is an increasing function of the elevation angle and thus increasing the 

altitude of the UAV creates an opportunity for the ground user to have unobstructed 

LOS link with the UAV-BS. As presented in Fig. 4.3, the link between UAV and the 

ground users constitutes two distinctive scattering environments, namely low 

scattering and reflection close to the UAV as well as high scattering due to presence 

of man-made structures close to the ground users. Considering this fact, the total path 

loss is computed by free space path loss and excessive loss having higher value for 

NLOS links compared to LOS links due to excessive losses caused by reflection of the 

transmitted signals and shadowing which is contributed by objects obstructing the 

paths in the coverage region. 

 

                     
 
                                      FIGURE 4.3. Excessive path loss model. 
 
 
Thus, considering the Downlink (DL) transmission, the received power by j th user is 

given as: 

 

                                            𝑃௥௫,௝ሺ𝑑𝐵ሻ ൌ 𝑃௧௫ሺ𝑑𝐵ሻ െ 𝐿௝ሺ𝑑𝐵ሻ                                       (25) 
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where Ptx represents the transmitted power by the UAV-BS and Lj indicates the path 

loss for A2G channel between the UAV-BS and the j th user on the ground, computed 

as : 

 

                                    𝐿௝ ൌ ቊ
10𝜂𝑙𝑜𝑔൫𝑋௝൯ ൅ 𝑥௅ைௌ,       𝐿𝑂𝑆 𝑙𝑖𝑛𝑘

10𝜂𝑙𝑜𝑔൫𝑋௝൯ ൅ 𝑥ே௅ைௌ,        𝑁𝐿𝑂𝑆 𝑙𝑖𝑛𝑘
                               (26) 

 

where η denotes the path loss exponent. XLOS and XNLOS represent the excessive 

path losses of both LOS and NLOS links owing to shadow fades, respectively. Both 

terms comply with normal distribution, whose mean and variance are dependent on 

the elevation angle and environment dependent constant values. Typically, the 

knowledge of UAV and user location without having terrain map cannot warrant 

information about the type of link (LOS/NLOS) between the UAV and the user. Thus, 

the relationship in (25) is rewritten as Prx;j(dB) = Ptx (dB)-Lj’(Rc;H), where Lj’(Rc;H) 

defines the mean path loss considering probabilities for both LOS and NLOS UAV-

user links computed as: 

 

                             𝐿௝ሺ𝑅௖, 𝐻ሻ ൌ 𝑃𝑟௝ሺ𝐿𝑂𝑆ሻ𝐿௝ሺ𝐿𝑂𝑆ሻ ൅ 𝑃𝑟௝ሺ𝑁𝐿𝑂𝑆ሻ𝐿௝ሺ𝑁𝐿𝑂𝑆ሻ                        (27) 

 

 
4.2. Energy Model 

 
 
Zorbas et al. [25] drew an explicit relationship associating the energy consumption of 

rotary-wing UAV with its altitude and weight. According to the suggested model, the 

energy consumption of UAV at any time T can be given as ET =mgH, where mg is 

determined by the weight of the UAV m and acceleration of gravity g as well as H 

represents the altitude of the UAV at time T . The relationship between the altitude of 

UAV and its energy consumption has also been reported and proven through 

experiments in [26]_[28]. However, the model presented in [25] is simplistic and falls 

well short of acknowledging many factors affecting the overall energy  consumption 

such as velocity, flight maneuvers, motor and blade profiles, etc. Ueyama et al. [27] 

and Franco and Buttazzo [28] also presented real measured data for different postures 
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of the UAV i.e. idling on the ground, ascending to and descending from a certain 

altitude, hovering, and moving in a straight flight. Based on the results, energy 

consumption increases dramatically to reach higher altitudes and hovering which 

usually consumes less energy among other maneuvers of the UAV, is also related to 

the hovering altitude. The total energy consumption of a UAV to reach a desired 

altitude H from the initial ground position and perform hovering for time t can be given 

as [28]: 

 

                                               𝐸 ൌ 𝐸௖௟௜௠௕ ൅ 𝐸௛௢௩௘௥                                                   (28) 

 

                                                      =𝑃௖௟௜௠௕
ு

௩೎೗೔೘್
൅ 𝑃௛௢௩௘௥𝑡                                        (29) 

 

where, Pclimb and Phover represent the power required by the UAV to climb and 

hover, respectively. Also, the velocity of ascending is denoted as Vclimb and t 

represents the flight duration. The relationship presented in (29) can be further 

elaborated based on the work presented by the authors in [29] suggesting that the 

UAV may attain high altitude for better coverage, by contrast with fixed wing UAV. This 

also leads to more energy consumption. The energy consumption model given in (29) 

can be rewritten as [29]: 

 

                                       

                                       𝐸 ൌ 𝑃௠௔௫ถ
௉೎೗೔೘್

ቀ ு

௩೎೗೔೘್
ቁ ൅ ሺ𝜓 ൅ Γ𝐻ሻ𝑡ᇣᇧᇧᇤᇧᇧᇥ

௉೓೚ೡ೐ೝ

                                            (30) 

 

Where ψ represents the minimum power needed to hover just over the ground, Г 

denotes the motor speed multiplier, Pmax means the maximum power of the motor. 

The terms ψ and Г depend on UAV weight and the characteristics of the motor, 

respectively. Energy consumption needed to lift UAV to an altitude H with velocity 

Vclimb is Pmax( H/Vclimb). Assuming optimized velocity for a given UAV design, a 

reduction in the operational altitude of the UAV allows further energy savings. 

Specifically, let Ho be the optimized altitude for the UAV given OMA. Then, the energy 

consumption Eo assuming OMA can be written as: 
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                                       𝐸଴ ൌ 𝑃௠௔௫ ቀ ுబ

௩೎೗೔೘್
ቁ ൅ ሺ𝜓 ൅ Γ𝐻଴ሻ𝑡                                                    (31) 

 

Similarly, EN defines the operational energy consumption of the UAV assuming HN as 

the optimized altitude given NOMA : 

 

                                       𝐸ே ൌ 𝑃௠௔௫ ቀ ுಿ

௩೎೗೔೘್
ቁ ൅ ሺ𝜓 ൅ Γ𝐻ேሻ𝑡                                            (32) 

 

Hence, the following difference equation can be used to compare the energy 

consumption of OMA and NOMA schemes: 

 

                                        𝐸଴ െ 𝐸ே ൌ Δ𝐸 ൌ ቀΓ𝑡 ൅ ௉೘ೌೣ

௩೎೗೔೘್
ቁ Δℎ                                           (33) 

 

where Δh = HO - HN . 

As Г, Pmax, t; and V  can be considered constant values when UAVs with similar 

design specifications and velocity are deployed for both cases. Δh > 0 implies NOMA 

achieving better energy savings due to lower required altitude HN . 

 
 
 
4.3. Performance of downlink Orthogonal Multiple Access (OMA) at the 
optimal UAV altitude 
 
 
 
In this section, the method of computing maximum sum-rate at the optimum UAV 

altitude for the proposed system model under OMA is discussed. The method 

assumes Time Division Multiple Access (TDMA) between two users, however, the 

concept can be easily extended to more number of users. This assumption brings 

OMA at par with NOMA for analysis purposes, considering the proposed scheme for 

3GPP Long Term Evolution-Advanced (LTE-A), to group users by selecting two NOMA 

users within each group [30]. Later, the sum-rate and individual user-rates employing 

OMA are considered as bench marks and set as constraints in the study of NOMA 

viability of UAV-assisted communication systems. Assuming the system model, the 

channel between UAV-BS and the jth user on the ground is denoted by hj 

=1/(1+Lj’(RC,H))1/2  where the small-scale fading effect is ignored as the channel model 
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between the UAV and ground users is based on probabilistic LOS and NLOS links 

instead of the classical fading channel [19]. The channel capacity for any userj 

employing OMA is given as [32]: 

 

                                     𝑅௝
ைெ஺ ൌ ଵ

ଶ
logଶ ቀ1 ൅ 𝛾หℎ௝ห

ଶ
ቁ , 𝑗 ∈ ሼ𝑟, 𝑠ሽ                                     (34) 

 

where γ and the constant factor 1/2 represents the transmit Signal to Noise Ratio 

(SNR) and equal distribution of time resource between the two users, respectively. 

The sum-rate is given as: 

                             𝐶ைெ஺ ൌ ଵ

ଶ
logଶሺ1 ൅ 𝛾|ℎ௥|ଶሻ ൅ ଵ

ଶ
logଶሺ1 ൅ 𝛾|ℎ௦|ଶሻ                             (35) 

 

As the channel capacity is a function of the channel gains, the next step is to find the 

optimal altitude for a given distribution of users. As presented in [7], assume a UAV-

BS transmitting signals in the DL with a transmission power of Ptx then the mean 

received power at the j-th user can be written as: 

 

                                         𝑃௥௫,௝ሺ𝑑𝐵ሻ ൌ 𝑃௧௫ െ 𝐿ሺ𝑅௖, 𝐻ሻ                                                 (36) 

 

The optimum altitude of UAV-BS, HO with the minimum required transmission power 

can be calculated by solving [7]: 

 

                                              

                                                     𝑃௥௫,௝ሺ𝑑𝐵ሻ ൌ 𝑃௧௫ െ 𝐿ሺ𝑅௖, 𝐻ሻ                                                (37) 

 

Additionally, it is trivial to verify that the Rc as a function of H is a concave function 

and if a local maxima exists, then the corresponding value of altitude of UAV-BS, Ho 

becomes the global optimum. It is conceivable that for a given fixed coverage radius 

Rc, a UAV-BS at Ho provides the best possible SNR for all terrestrial users, which 

leads to maximized sum-rate [7]. Once the optimal altitude Ho has been determined, 

individual user-rate for OMA is computed. 
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4.4 Performance of downlink Non-Orthogonal Multiple Access (NOMA) 
 
 

 
In this section, the performance of the system under our considerations is maximized 

for the cases of capacity and altitude. An optimization problem for each case is 

formulated with minimum target rate, i.e. data rate achievable by OMA, being set as 

constraint. Sum-rate maximization as a function of power allocation coefficients 

(Altitude fixed as in OMA). 

 
4.4.1. Altitude fixed NOMA sum-rate maximization 
 
 
As channel gain is a decreasing function of the distance between the transmitter and 

the receiver, it is evidently stated that |hs|2 <= |hr|2 for the s th and r th user selected to 

utilize NOMA, 1 <=s <= r. Considering DL NOMA, the channel capacity for s th and r 

th users are given, respectively as [32]: 

 

                                   

                                                  𝑅௦
ேைெ஺ ൌ 𝑙𝑜𝑔ଶ ቀ1 ൅ ఠೞ|௛ೞ|మ

ఠೝ|௛ೞ|మାଵ ఊ⁄
ቁ                                                   (38) 

 

                                      

                                                    𝑅௥
ேைெ஺ ൌ 𝑙𝑜𝑔ଶሺ1 ൅ 𝜔௥𝛾|ℎ௥|ଶሻ                                                   (39) 

            

 

where ꞷs and ꞷr represent the power allocation coefficients for users s and r, 

respectively and ꞷs = 1 - ꞷr . The necessary condition for user r to successfully remove 

s-th user interference before the r-th user can detect its own message, given by 

is always satisfied for hs|2 <= |hr|2  , where . 

For NOMA that employs multiple access in the power domain, the potential gains can 

be achieved by allocating power to paired users based on instantaneous channel 

gains opposed to fixed power allocation scheme [12], [17], [32], which cannot always 

guarantee to meet Quality-of-Service (QoS) without thoughtfully adjusting various 

parameters [31], [33]. Additionally, the gains of NOMA can be weighed against OMA 
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only if the data rates achieved by NOMA are strictly better or at least equal to data 

rates achievable by OMA schemes [32], [34]. Thus, the problem of sum-rate 

maximization can be written as an optimization problem: 

                                                     max
ఠೞ,ఠೝ

𝐶ேைெ஺                                                            (40) 

 

                            

                              𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∶ 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 1: 𝑅௥,ுబ
ேைெ஺ ൒ 𝑅௥,ுబ

ைெ஺                                     (41) 

 

                                  

                                        𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 2: 𝑅௦,ுబ
ேைெ஺ ൒ 𝑅௦,ுబ

ைெ஺                                                          (42) 

 

                                   

                                             𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 3: 𝜔௦ ൅ 𝜔௥ ൑ 1                                                      (43) 

 

Where  . Hence the first two constraints ensure that 

NOMA strictly guarantees better or equivalent individual rates compared to ones 

achieved by OMA schemes. And the last constraint ensures the total transmitted 

power does not exceed the maximum allowed transmission power. Following the 

procedure for power allocation presented in [32], the user with higher channel gain is 

assumed to be the primary user. Thus, the lower bound of the power allocation factor 

ꞷr using the relationship defined by constraint 1 is given as:  

 

                                               

                                          𝑙𝑜𝑔ଶሺ1 ൅ 𝜔௥𝛾|ℎ௥|ଶሻ ൒ ଵ

ଶ
𝑙𝑜𝑔ଶሺ1 ൅ 𝛾|ℎ௥|ଶሻ                                                            (44) 

 

                                                     

                                                    𝜔௥ ൒ ଵ

௬ାଵ
                                                                     (45) 

Where y ൌ൫1 ൅ 𝛾|ℎ𝑟|2൯
1/2

 . Similarly, solving for constraint 2 by assuming weaker 

channel user as the primary user, the upper bound on ꞷr is as follows: 
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                                         𝑙𝑜𝑔ଶ ቀ1 ൅ ఠೞ|௛ೞ|మ

ఠೝ|௛ೞ|మାଵ ఊ⁄
ቁ ൒ ଵ

ଶ
logଶሺ1 ൅ 𝛾|ℎ௦|ଶሻ                                          (46) 

 

                                                       𝜔௥ ൑ ଵ

௭ାଵ
 

                                                                                                                                (47) 

Where 𝑧 ൌ ሺ1 ൅ 𝛾|ℎ௦|ଶሻଵ/ଶ. The upper and lower bounds for ꞷr can be combined by 

introducing two tuning coefficients μ1 and μ2 given as: 

 

                                                 𝝎𝒓 ൌ 𝝁𝟏

𝒚ା𝟏
൅ 𝝁𝟐

𝒛ା𝟏
                                                              (48) 

 

where μ1=1- μ2. Thus, constraints 1 and 2 can be met simultaneously for any value 

of μi. Furthermore, these can be tuned to achieve trade-offs between sumrate 

maximization and fairness among users or to meet diversified QoS requirements 

such as for neighbourhood area networks applications in smart grid communication 

networks [35]. By using (38) and (39), CNOMA is given by: 

 

                      

                                  𝐶ேைெ஺ ൌ 𝑙𝑜𝑔ଶሺ1 ൅ 𝜔௥𝛾|ℎ௥|ଶሻ ൅ 𝑙𝑜𝑔ଶ ቀ1 ൅ ఠೞ|௛ೞ|మ

ఠೝ|௛ೞ|మାଵ ఊ⁄
ቁ                         (49) 

Equivalently, 

 

                     

                                       𝐶ேைெ஺ ൌ 𝑙𝑜𝑔ଶሺ1 ൅ 𝜔௥𝛾|ℎ௥|ଶሻ ൅ 𝑙𝑜𝑔ଶ ቀ ଵାఊ|௛ೞ|మ

ଵାఠೝఊ|௛ೞ|మቁ                           (50) 

 

It can be observed in (30) that ꞷrγ |hs|2 <= ꞷsγ |hr |2 as |hs|2 <= |hr |2, thus the sum-rate 

for NOMA monotonically increases with increasing !r . Furthermore, as ꞷr is an 

increasing function of μ2 and the maximum value of μ2 i.e. 1, maximizes the sum-rate 

of NOMA. 

The solution to the optimization problem defined by (40)-(43) is given by: 

 

                                           

                                                                   𝐶௠௔௫
ேைெ஺ ൌ 𝑙𝑜𝑔ଶ ቀ௭మା௭௬మ

௭ାଵ
ቁ                                                    (51) 
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CHAPTER 5 
 
 

5.  Simulation and Results 
 
 
5.1. Rate pairs 
 
 
We assume that there are two users in the network for the sake of discussion and 

analyse the boundaries of the achievable rate regions for these two users. We  

consider a symmetric downlink channel so that the users are at equal distance to the 

BS. SNR1 = SNR2 = 10dB. Figure 5.1 shows the boundaries of the achievable rate 

regions R1 and R1 for NOMA and OFDMA. As illustrated in Figure 5.1, NOMA 

achieves higher rate pairs than the OFDMA except at the corners points (where the 

rates are equal to the single user capacities). When the fairness is high, both users 

experience 1.6 bps/Hz throughputs with both NOMA and OFDMA. However, when the 

fairness is lower, both sum capacity and individual throughputs are higher with NOMA. 

Figure 5.2 shows rate pairs when the channel is asymmetric, that is,SNR1 = 20dB 

and SNR2 = 0dB . NOMA achieves much higher rate pairs than OFDMA, particularly 

for the farther user, UE2. 

 
                  

               .  

 

Figure 5.1. Rate pairs with OFDMA and NOMA for downlink NOMA, SNR1 = SNR2 = 10dB 
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Figure 5.2. Rate pairs with OFDMA and NOMA for downlink NOMA, SNR1 = 20dB and SNR2 
= 0dB. 
 
 
 

5.2. Impact of imperfect cancellation 
 
 
We repeat the same conditions for the asymmetric downlink channel in the previous 

section with imperfectness in SIC. The case for perfect cancellation is given as 

preference which is the same as the results in Figure 5.2. We then analyze the impact 

of imperfect cancellation by setting the cancellation error term (ε) at 1, 5 and 10%. For 

instance, when ε = 1%, UE1 cannot perfectly cancel the signal for UE2 in the first 

iteration, and 1% of the power of the second user’s signal still remains as interference. 

When ε = 1%, the individual rate pairs and accordingly overall capacity slightly reduce. 

When ε = 10%, on the other hand, the reduction is more distinct. 
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5.3. SE-EE trade-off with NOMA 
 
 
Here, we compare the EE and SE of NOMA with OFDMA. We again consider the 

downlink. The system bandwidth is taken as W = 5 MHz. The channel gains for UE1 

and UE2 are, respectively, taken as g1
2 = − 120dB and g2

2 = −140dB. Noise density 

N0 is taken as −150 dBW/Hz. We assume that the static power consumption at the BS 

is Pstatic = 100W . Figure 5.3 shows the obtained EE-SE curves for this setup. It is 

seen that NOMA achieves higher EE and SE than OFDMA system. The green-points 

occur for NOMA and OFDMA when PT is at 17 W and 18W, respectively. At these 

points, both systems achieve their maximum EE. NOMA clearly outperforms OFDMA 

at green point and beyond for both EE and SE. 

 
                          

 
 
                      Figure 5.3. EE-SE trade-off curves for NOMA and OFDMA. 
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5.4 Optimization of NOMA  
 
 
The simulations have been performed assuming urban, sub-urban and dense-urban 

environments with η = 2 for free-space path loss. The distance of the r th user for all 

simulations is given as Dr = 20 m, whereas the distance of s th cell-edge user, Ds = 

60 m, The parameters for the considered environment are listed in table 1 (unless 

otherwise stated) [23]. 

 

             Table 1. Simulation parameters for the considered environment. 
 

                         
 
 
 

 
 
Figure 5.4. Average sum-rate in Sub-urban region for Rc = 60 m. 
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Figure 5.5. Average sum-rate in Urban region for Rc = 60 m. 

 
 

 
Figure 5.6. Average sum-rate in Dense-urban region for Rc = 60 m. 
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As energy consumption of the UAV-BS is an increasing function of its altitude, 

increasing Δh represents the increasing energy efficiency of NOMA compared to 

OMA. The higher probability of NLOS links for some users in the dense-urban 

environment causes larger difference between user channel gains. This results in 

much larger energy gain for dense-urban areas than to those for other areas, which is 

attributed to better NOMA gains for a user pair exhibiting the best and worst channel 

conditions. The energy efficiency of the proposed scheme is further clarified by 

comparing UAV energy consumption between OMA and NOMA. The lower required 

altitude to cover a given sub-urban area as compared to urban and dense-urban 

allows achieving higher energy efficiency. We can clearly see NOMA has better results 

in all the three regions than OMA in terms of sum-rate. 
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CHAPTER 6 
 
 

6. Conclusion 
 

 
We have seen the fundamentals of NOMA and demonstrated its superior performance 

over conventional OFDMA in terms of sum capacity, energy efficiency and spectral 

efficiency. We have further mentioned the impact of imperfectness at the SIC receiver 

on the system performance. With its distinct features, NOMA stays as the strongest 

candidate for the future 5G networks. 

 

We also investigated an account of NOMA's applicability for UAV-assisted 

communication systems. The crucial need to transmit more bits per joule inspired the 

proposed scheme for sum-rate maximization with reduced energy consumption. 

Taken together, presented results manifests that NOMA performs better than OMA 

while fulfilling individual user rate constraint for both users. 
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