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Ah.\,troct-Rt'Ccntly, eommunicutinn u sin ~ unm anned aerial
w hich's (UAVs)as relay nodes has beenco nsideredb eneficial
fur a num ber uf application s. !\Ion -mer, non- orthogonal mul -
tipl ea ccess (l"O:\IA) with users bein ga ssigned differ ent signal
power lewis while s h a ri n~ the Slime tim e-frequency domain
has been found effectivet oe nhance spectrumu tilizationli nd
providep redictable access1 0 thec hannel. Thus, inIh is paper
\\'1,' consider an VAVc omm unlcatkm system with NOMA and
pmpnse aso lution tn lind the optimal values for the user's
power allocatiun cneffieientx WACs) needed to achieve the
requ ired levels nf communicatiunreli ahility. We present a
closed-term expression fur the "AC nf each user and alsu
propose an a l~ u r i t h m for ttndtng theop timal altitude ofth e
UAV required to satisfy the ralmes sc ondition fora ll users.
"'inally, we provid e numerical examples and compareth e
results for three types of communteauon environment s.

I. INTRODUCTION

Recently , commu nication supported by unma nneda erial
vehicles (DAVs) has been considered asa prom isingso lution
in both civil and military applicationsw hereU AVsca n
provide relayo pportunities inU AVass isted adh oc networks
or act as flyin g base stat ions to serve ground users in
disaster areas, batt le fields, traffic congest ions, sport eve nts,
agriculture, and so on (I), [2]. A UAV ca n cover a large
area d ue to its richl ine-of-sightt o the ground users,w hich
enablesmo re e fficie nt and rel iable wirelessc omm unication
[31. [4J .

Inord ert o increa se the numher of users which ca n he
served by a DAV and enable instantaneou sc han nel access,
sharing of theco mmunication bandwidthi s requ ired. One
way to make this possible is due to recenta dvances of non-
orthogona l multiple access (NOMA ) techniques [5] , where
multi ple usersa rc able tos hare the same bandwidth and
enhance their throughput hy utilizing the powerd omain.
Moreover, NOMAal so provides predictab lec hannela ccess
delay s, which isc rucia l for applicationsw ith strict timing
andr el iability requ irement s.A number ofr ecent studies
investigate the usc of NOMA toe nhance the performa nce
of UAV based communication [6J -[ IOJ . Mores pecifically,
in [6], Sharma et al. considered a sys tem in which the
UAV communicates witht wo ground users using NOMA.
The outage probability has been derived toex aminet he
performance oft hesys tem compared to orthogonal multiple
access (OMA). In [7],a DAV sys tem employing NOMA
techniqu e has been studiedwi th the goa l of optimizing the
powe r allocat ionpo licya ndt he DAV's alt itude to maximize

the sum-rate for two users. However, thea uthorsdi d not
co nsider thee ffectt hat the UAV's heigh ta ndt he power
allocation coe fficient (PAC) for each user haveo n fa irness
among users and comm unication reliability. In [8], the
authors proposed a method to find the opti mal he ight of the
DAV such that the transmit ted power of theU AV is mini-
mized while thecove rage reg ioni s maximized. Similart o
[7J, theco nstrains on communication reliabilitya ndf airness
among userswe re not taken intoacc ount, while theya rc
crucialf or, e.g., industri ala pplications where information
should be rcliahly andt imely del ivered toa llu sers. In (9] .
the authors studied the impacto f relay placeme nt on the
sys tem performance and showed that thea ltitude of the V AV
sig nificantlya ffects. c.g., powe r consumption andreli abil ity.

Inth isw ork, weco nsider fairnessa mong usersa nd study
VAV-bast.'{\ NOM Aco mmunica tion wheret he UAVm ust
adjust its parameters to makes ure thatthe served usersa rc
treatedf a ir,s uchth at reli ablec omm unication is provided.
We form ulate a closed- form expressio n toca lculate the opti-
mal power alloca tion for eachu ser and propose an algor ithm
for finding theU AV';; height and the PAC for eac h usert hat
satis fy the fairnessa nd reliab ility req uirementsse t by the
application.Th e pe rformance of the proposed algor ithm is
studied in urban,s ub-urban, andde nse-urbane nvironments
toe valuateth e e ffect thee nvironmental co nditions on the
calculatedop timum values.

The resto f this paperi s organizedas fo llows :S ection II
introduces the NOMA concept, Section III presen ts thec on-
sidered cha nnelm odela nd com municationp rotocol, while
Sec tion IV descr ibes the proposedo ptimization algorithm .
Nume rical resultsa rc d iscussedi n Sectio n V. and Section
VI providesco nclusio ns and d irect ions forfu turewo rk.

II . NOM A CONCEPT

Reso urces for tradi tionalw irelessc omm unication are typi-
ca llya llocate d in the time , freque ncy, or coded omain, which
ledt o the developm ent of various OMA schemes such as
orthogonal frequency- division multiple access (OfDM), or
time divis ionm ultiple access (TDMA ). The major draw-
backs of these methodsa re that theyare not able to support
a largenu mher of simu ltaneous connec tions andt hat they
require ace ntralized network. In ordert oove rcome these
drawbac ks and provide predic tablea nd reliable channel ac-
cesst o manys imulta neousu sers, NOMA has been proposed
as apr omi singso lution [I IJ, [12J. With NOMA , multiple
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Figurt' L S y~ lc m model.

users share the same lime-frequency resourcea nd by having
significant difference s in powerle vels oft he signals aimed
towards differentuse rs, it is poss ible 10 isolat e each signal
even when they have been sent simulta neously.For exam ple.
let usc onsi der the scenario shown in Fig. I. Here . we look
ata n autonomo us garbagec ollec tion applicatio n withon e
UAV isco mmunicating with twoa utonomous robots (VI.
Uz). TheUA V helps the robot s (0 lind the rubbish him
and alsoav oid obstacles 10 ensure safety. Without losso f
genera lity, weass ume that Uz is locate df urther from thc
UAV than VI . In this case, VI requi ress mallerp owe r of the
signal compared to V2 . Thes uperimposed transmitted signal
from UAVt o the users Vt and V2 is formul ated as [13]

(5 )

(6)

0) ,

Pi(NLoS) = 1 - 1';( LoS ).

1
1';( LoS ) = (.L!!!l

l + n e 13 w 0;

Taking thefir st differen tiationo f 1';(LoS) with respect to
OJ, we have

A. Channel model
In [14], thea uthors consideredc hannel model sassoc iated

with two indepe ndent groups. includi ng users havinga line
of sight (LoS) or ncar LoS cond ition. andu sers with no line
of sight (NLoS). In this paper, weu se thec hannel model
from [8],[ 14]-[ 16], i.e., the linkbe tween the users andt he
UAV can he co nsidered as either LoS or strongN LoS. The
probabilit yo foc currence for each group depend so nt he
e nvironment profile that is defined hy thea ltitude the density
of the buildings,a nd the elevation angle between the UAV
andt he users. Att hesa met ime , the probabilityo f having
e ither a strong NLoS or LoS link is much higher compared
to the prohahil ityo f theocc urrence of multi-path fading,
and thus. the effect of small-sca le fading can be neglected
int hisca se [141.1 16]. Conseq uently, the probabilityo fL oS
for each user is formu lated as[ 81

where n and {3 arc cons tantsd escribing the environme ntal
profileo f the coverag e area, c.g.. urban.s ub-urban . or dense
urban . Alsot he proba bility of theu sere xperienci ng aN LoS
link ca n he expressedas

(J )

AhiI Ol<!" uf
CAV

8,

,I,

It,

xo» Lin,-of
Sil';lOl link

FI'<,(, 'In" ....
1'", 11 ·1«",

Ex"", ~ i,· (·

1'''1 ),']'_

where 110 and 9 , arc the additive white Gaussian noisea nd
channel coe fficient, respectively.

where !'Tx. I £i . and X i arc the trans mittedp owcro f the UAV,
PACfor user Vi (1£1+ ll2 = 1). and signal o f V;. respect ively.
Accordi ngly, the received sig net at Vi ca n he g iven as

(7)

(8)
LoS link

NLoS link

d1';(LoS)
dO;

18 0 n {3 e -~ ( .J.;!lO,-a)
= > u. "'10;.

11" ( 1 + (l e - ~ ( ':"0;_0)):2

Clearly.P ;( LoS) isa n increas ing funct ion of theel evation
angle 8;. Th is mean st hat increasi nga ltitude of the UAV
leads to ani ncreasing elevation angleb etween U; and the
UAV, inw hich case the ground user has abett er LoS link.
Excess ive losses arc caused hy reflect ion of thet ransmitted
signals and shadowing due to prese nce of objects obs tructing
the paths in the cove rage area. Thu s, ac ombinati on of free
space propa gatio n lossa nd different excess ive path loss is
co nsidere d for strong NLoSan d LoS[8] . f urther . we can
express theave ragepa th loss between theUAVa nd ;-thu ser
ont he ground as[8 ]

L i{R ;, It) = P; (LoS)L;( LoS ) + Pi(NLoS)L ;(NLoS ). (9)

{
20 log " f,:rd '~ +"a'Li =
20 10g lO h{ (1. + ~ N Lo S

where c. Ie arc thes peed of light and theca rrierf req uency.
respect ively; ~ I.oS and ~N I.oS are theave rage addi tiona l losses
10thef rees pacep ropagation loss which depend 0 11 thee n-
vironment. Accordin g to [8], the mea np ath loss co nsideri ng
the prohabiliucs forL oS and NLoS ca n be formulated as(3)

(4)

(2).IIi = 9 i X + no ,

III. C HANNEL M O DEL A ND COMMU N ICA TI ON
P ROTO CO L

We consider the scenar ioi n f ig. l. The UAV isex pected
to send different co ntrol packets to d ifferent users atthe
same time to noto nly synchronize operat ions oft he users,
huta lsosa vet imea nd enhance spectrum utili zation . The
UAV is loca ted above the usersa t the height h. and the
vert ical project ion of the UAV on theg round is the () point.
Symbols d;. R ;, 8;, i E {l ,2} denote the d istance between
the UAVa ndt he user Vi, the distance betw een the project ion
po int 0a nd the user V;, and the elevationa nglebe tween
Vi and the UAV, respect ively. In thiscas e, d; and 0; are
calc ulated as follows:

d, = JRf + h2 ,

0; = art-tau (~ ; ) .
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Subst ituting( 6 ) into (9 ), we canr ewri te I i(R j , It) as where A ll , A IZ, A ZI> and A n arc defineda s fo llows :

I i(R j,lt) = Pj(LoS){ L j(LoS) - Li(NLoS)}
+ L,(NLoS). (10)

When considering the channe l model between usersa nd the
UAVt hat is based on probabilistic LoS and NLoS links
insteadof the fading channel [16), the channel coe fficient
between the UAV and t-th user on the ground ca n be
expressed as [17J

(17)

(2 1)

(19)

(22 )

(I")

~ L oS - ~ Nu>S
Au ~ ( ()) '1 + n e-f3 l~ "" rcta ll tr. - 0;

A l z = 2 0 l o ~ 1O (4rr! (" JRi+ ItZ ) ,

A _ ~ l. oS - ~ N I .o S
Zl- -f3 ( l.!!!! a rctan ( ") _ . ) 'l + a e w 1f2

AZ2 = 20 log lO ( 4:; (" JR ~ + ItZ ) . (20)

Subst ituting ( D }-(I6) into ( 12), the packet transmission
time T; isco mputed as follows:

(1I)1

) 1+ L,(R" h)

B. Communicationpro tocol

We looka t a scenario where the UAV transmits two
packets with diff erent information to users VI and Vz; and
both packetss hould be delivered to the users before their
correspondingd eadlines . If a packet has not arrived before
toul , iti s conside red lost. T; de notes the time to transmit
a packet from the UAVto user Vi [18)-[2 1). It can be
for mulated as positive with

L
W logz(1 + /'d

B
In(l + /'i)'

( 12 )

A l = 1 + A ll + A i2 + ~ N I .o S '

A 2 = 1 + A2 1 + A Z2 + ~ N I .oS.

Wec anse c that Al and Az arca lways
Y{h , R i , R2 } .

IV. OPTIMI ZATIONA LGOR ITHM FOR T HE UAV
ALTITUDE ANDU SERP AC

(23)

(24)

where PTX and Noa rc the transmittedp owero fth e UAVa nd
z 2noise power, respect ively. Here , 1911 and 19z1 arc chan nel

gains which can be ca lculated by substituting (3 ), (4),( 5),
(8), and(1 0) into(1 1), as

where B = l" i~ }L , 11" is the system handw idth , L is the
length oft he packet, and /' 1, "n arc signal-to-noise rat io
(SNR ) at VI, signal-to-interfere nee-plus-noisera tio( SINR)
at Un, respect ively.

InN OMA , Vz ca nd ecode Xz direct ly hy considering VI 's
signal as interference, while VIge ts X t by ca nceling X2

usings uccessive interferencecanc ellation (SIC). Therefore ,
the SNR at Vt andS INR at V2 arcobtain eda s

(25)

(29)

(26)

(27)

(2")

In this sec tion. we proposea n algorithm to determine the
optima l values of theU AV altitudea ndt he userP ACs to
achieve fairnessa mong all users . maki ng sure each user
receive its packet fromth e UAV before the dead linese t
by the particular application. Inoth er words. to make sure
that noro bot has a loss of connection, which may lead
to unpred ictablebe havior, theU AY needs to adjustit s
system parameterss uch as height, transmittedpo wer, ctc.,
to guarantee reliable commun ication and fairness between
the robots. Here. we considerth e fairness condition as
equal packettr ansmission time for all usersa nd define it
as JT = ITI - Tz1 = O. h om (2 1) and (22), weh ave

111"( (1 - 111),.
A I = JltI' + A 2 '

which after few mathem atical manipulations.c an herew rit-
ten as

It is easy to sec that this quadratice quation with variable
II I has II > 0 and - "(A I < 0, Yb , It, R ilR z}, i.c.,

zII = (Az + Ad + 4/'A I > O.
"((- Ad = - /, A I < 0,

- (A, + Ad ± JK
JI !, Z = 2 "((16)

(15)

( 13)

( 14)

1
1 + A I I + A l z + ';NI-oS'

1
1 + AZI + Azz + ';NI-oS '

19.1' ~ ,--;- ...,--,- ';- --;-;~

19, 1' ~ ,--;- ...,--,- ';- --;-;~
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V. NUM ERICAL R ESULTS

Int hissec tion wep rese ntn umerical res ults fromthe
evaluat ion of the protoco l co nsidered above . The follow ing

Hence , ith as tworo ots,a nd the one with po sitive valuei s
suitable forth e PAC var iable JI " givena s

- (A, + Ad + VX
II I = . (30)

21
Toac h ieve the fairnessco nditioni n thec onsidered system,
wen eed to lind the valueso f h and III which sa tisfy the
optimization problem as follo ws:

In ordert o determ ine the optim alv al ues of" and /11,

AlgorithmI is executed following two steps.
• Step 1: Calculate the value of PAC III fo llowi ng the

altitude of UAV h as in (30) . Taking into account the
heighto f buildings prese nti n different environments ,
wese lect ho = 10 m as the minimumh ight of UAV.
Ino rde r to fly to <I h ighe r altitude and maintainthe
halance inth ere, the UAV needs more powe r. Th us,
thes ma llest altitude of the UAV satisfying theo ther
constra ints isagoo d so lution to addr ess the power
consumption prohlem of the UAV.

• Step 2: C hec k theco nstraintsi n (3 1) with aco uple of
valueso f III and h in step one. If theseva lues of JI I

and h sa tisfy (3 1), theya re optim al values ; ifn ot, the
altitude of UAV " increases and thea lgorithm returns
tos tep one .

Paramete rs " " ~r A1s {"LoS
Urban 9.6 1 0.t6 I '0
Sub-urban U8 OA3 0.1 21
Dense-urban 12.08 O.t I 1.6 23

Table I
S IMULATION PA RA~ I ET E RS FO RSTU DIEDE NVIRO NMENTS

sys tem parametersa rc used: 11' = 1 MHz; L = 4096 hits;
Ie = 2 GHz; c = a .lO s m/s; tout = 10 ms; and other
para metersa re listed in Tahle I [ 151, (221.

fi rst, we fixt he simu lation parameters to R I = 80 m,
R2 = 150 m, h = 50 m, 1 = 14 d B, andl ind theo pt ima l
PAC o f each userb ya pp lying Algorithm I. It can bese en
from the graphin Fig. 2 thata n increase of PAC for U1

leadst o ar eductio n of the packet transmiss iont ime TI while
thep acket transm iss iont ime T2 goes up . Th is is because
TI is ad ecrea se funct io n follo wing II I whereas T2 is the
opposi te to TI • Further,wec an see aco uple of opt ima l
value so f It = 50 m and JI I = 0 .a:~6 4 tha t satisfythe fairness
condition.Si milarly, the optimalv alueso f PAC for UI can
he found for suh-urban and dense urhan environme nts, and
arc equa lt o 0 .35KO and 0.3747, respect ively. The PAC for
UI in the dense urhan environme nt is the highes tbe cause
all users experience also thes trongestN LoS here .

Next, we co nside r the effe ct o f changing the transmission
power of the UAV, 1, using theo pt imala ltitude and the
optimal PAC for each user with R I = 80 m, R2 = 150 m,
Fig. 3-4. hom Fig. 3, we make the fo llowi ng observations :
First, the solid line shows that when the height o f the
UAV decreases to the minimum altitude o f " 0 = 10m ,
the transm itted powers hou ld be increased to overcome
the effectso f higher proh ahilityo f strong NLoS. Second,
compar ing thet hree considered typeso f environ ments, we
can see tha t the dense urban environment req uires the most
power due to the prese nceo f multipleo bstacles and thus
higher chances of NLoS.

Furthermore , the results inFi g. 4 showth at: Firstly, when
thet ransmitt ing power of theUA Vi ncreases , the fac tor 11 1

also rais ess lightly until the altitude o f UAVr eac hes the
sma llest val ue o f Ito = 10 m. This is due to the increasing
proha hi lityo f the user toe xpe rience strongN LoS. Second ly,
whenth e height ofUAV does not change follow ing the
increasi ng 'Y, the PAC for VI decreases because U2 needs
morep ower to decode itss ign al.

Fig. 5-6s how the optimal heig ht ofth eU AV and the
optimal PAC for UI as funct io nso f vary ing d ista nce between
U2 andthe UAV (R I is fixed to 80 m, 'Y = 14.6 d B). It can
he see n from Fig . 5 thatw hen the distancebe twee n the
UAV and U2 grows,th e optimal altitude of UAV increases
in all three d ifferente nvironments. T hisca n heex plaine d
hy thefac tt hatthei ncreasi ng distance hetweenthe UAV
and U2 res ults in ani ncreas ing height o f the UAV needed
to obtain a coverage reg ion including U2 and to reduce the
probabilit y of the usert oex perience strong NLoS.S imilar
to the res ults in Fig. 3, Fig. 5 showsth at the altitude of the

(3 1)

8T ~ 0
h '!'l

subjec t to TI < tou / ,

T2 < tout>
a a19d 2: 19,1 ,

III < 0 .5.

iidxt--i ;
Rrcak;

end if
end for
re turn III (iidx) and h(iidx)

end fun ction

Algorilhm1 Algor ithm for determining Jtlopt <l nd hopt

Input : R I , R2 Ie' c, 6 .os, ( NI..oS, n , {J , 1 , L, If', t ou t·
O utput : Il l 0l't. hOI' / '

I : function main
2: Se tthein itial array : ht--ho :h", ,,,,,
3: Set thei nitial index : iidx t--O
-l: for if-I :length(h) do
5: Jtl( i)t-- f(h (i)) <l (30)
6: T Ii t--f(h (i ),II I (i» <l (2 1)
7: T2i t-- f(h (i )./I I (i ) -o (22)
8: 19d2t--f(h (i) ,Rd <l (15)
9: 19212t--f(h (i) ,R2) <l (16)

10: if Satisfy constraints in (3 1) then
11:
12:
13:
u .
15:
16:
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UAV in dense urban environmenti s the highest. while that
in sub-urban is the lowest. In addition, weca nob serve from
Fig, 6 thai III decreases when U2 movesf urther away from
the UAVas in thiscase U2 needs more power inord er to
deal with the increasingp robability of theu sere xperiencing
strongN LoS. In addition. the PACfo r UI declines slower
in rural environment compared with the other environments
due to the smaller chances of strong NLoS ins ub-urban
environments. This isa lso the reason why thehei ghto f the
UAV changes slightly ass hownin Pig. 5.

Wea lso look at howth e length of the packeta nd the
UAV's transmuti ng power affect theo ptimal height oft he
UAV andth eo ptimalP AC for UI satisfyingth e fairness
conditioni n urban environment with H I = 80 m. H2 = 200
m. It can he seen from Pig. 7 thatw hen thes ize of the
packetin creases, thea ltitude of the UAV also grows (while
thep ower allocation coefficient for UI decreases , Fig. 8).
Th is is becausea n increase in thes ize of the packet leads

"
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Inthi sw orkweinv est igated a UAV assisted wireless co m-
munication sys tem using NO MA and proposed an algorithm
forfindin g theo ptima l values ofthea ltitudeo fth e UAV
and the PAC for each user. We locked at the depe ndencie s
betweent he fairness among users andth e UAVa ltitudea nd
PAC for all users, and foundth e optimal values of the alti-
tudeo ftheU AVa ndthe users' PAC givendiff erent types of
communication environments. It can be concludedt hat UAV
assisted communications has many benefit s.e spec ially for ad
hoc co mmunicat ions in time sensitive applicati ons with high
reliability requ irements. In the future work , we will consider
a scen ariow ith a larger amou nt of communicating devices,
account for node mobility and multi-pathf ading .

L (bits)
Figure8 . Thee ffect of 1. ont he Ilplimal value of /1 \.

to largerp acket transmission lime, which might result in
varyingc hannel characteristics duri ng the transmission time
of one packet. In addit ion, when the transmtnln g powero f
the UAV increases , it can deal with an increasingN LoS,
thus, thev alueso fII and t il do not change for thecaseo f
"j = ld H.
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