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Aoty T RAS E3F, thE F8F7] 7)AF(UAV-BS) o] tigh 312l AAZ A% AALS dS £ 9o
o, Azte] Age wet #= 715 YEYA AUES 2218 £ vk, 7 43, ArdHE(lol) @ duA 58
Aok A slollA AE HH3 FAS azen AT £ de AF AMS 9 Aodw | F UEY=
(DQN, Deep Q Network)ell wh3h Ae], #= 3% 7 2D BAS YA oz MAAZG. w3k, ZFo o F
ELasts g, AdE o F UEYT Zde FY AN dEee FHS 83l B4 s FAFTY)
1A= (UAV-BS) o] 9112 =AstAA HAo Ax AAS FE3

Aotel FH 2dlS HggozH, vs FAFdF7] ZAF(UVAV-BS)o that aapaQd AAzE A= A AT
o] Aol wal B= JM5E YEYA AUS T3

upx] uf

3k AAe &3 Aol AAZS B3l &g Zdd & HoF7] 98 HAd A|xH
v/l E 2] 98] FHLE AJEE el A tid d9E redth. ode d3E xR, B YA
Aqkd dmAleld Zigo] 71Ee] AW HlE] g3t duA] a&3 doly HAAS EAdtE AS Ay
=
wel, B odtdo A s EA =] Y| Aol Aol &k, oA &3 ABAH(Aol) WEH (netric)E EF 1L
Hate AL XY FA(C00) NEEA S TAoR dydtt

2 I 2y, YA &3 FEAH(Aol) WEZH (metric)

Aol AF}, At A% F
SUAV-BS)®) A% Aol diste] AR Ed TARFS] AAFUA-BD Y AUA EEE Fo
= =

] | 171 918 =
5 AR E G FoFEe gF £33 7] 1A (UAV-BS) duAleldE ndste ¥ 3% 3Hs AAT
t}.
T, B g, AR A (AoD)ol ek, ey, AR A& FA(000) hEE|AelAS 98 FE7]

N

Foko] S1sh, wolgws] Z1A S (UAV-BS)SH A4 714F Abele] ]
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aFy B e golH (mnWave) F4 AFEHS AAFI

1A Z-(UAV-BS) 9] A28 AR duoE
£ (back-haul) E41& 7}ssH 3sl7] €3
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A=l R (201)E o BAE Alolsy] AT A 94 AA(202)5 EFFet=dl, A7 wholARA
SZEALRZELE 9 WINDOWS FGAA et Ee A Alz=g] W Re](201)E 2RO BE, ofEAeld &
o] e st ool AXES Y] ofEAoldE 2T £ Ut

AFY AT 244 54 EE %S A 5 A, dF Sol, AFY AAL Ay Uxd, B9 gaz,
Ei Hol sl g F/H delH AF X (00T EFE Ak, ol FH Aght olFH A%
H/Ee 28 AFA A du. HAFH #57bs A wiAls AFE #57bs JAAERA, deoly x,
Z2O RE, L 7)E volEet 22 AFARE 93 o] ey VYo Ry g 3o ng
WA, o8 2w WAE TFT 5 Ak A2 AR (20D, AFEQE BF AFE 55 A
F wjAe] gAY otk AFFE WE5Tbe A viAl= H(RAD, F(ROM), EEPROM, Z#HA] wlkeE e oE
dlze] 719, CD-ROM, DVD = vk 384 A, A7) gelx, 7] fza Ad4 e e 714 A%
A, Ee ek ARE AFea AFE AR (20000 of& A== = e dee] uE wAE 23S
sledl, olel @AsE e okt

AFY AAS 4 FA(205), AAY A=, vhe, A, 4 9 A, €A 98 FA, L vla b5
Y FAE TIT 5 dnh. Y FAQ06)E, AT daZdel, 27, g, 2 de 539 &9 3
17t £ 5% k. o5 FAE B /lERoklA de ed Aolmz A4d AP Yt

AR AAE dA B AFY BPelA MEAZ20), g, $70 MEQD, 94 92, 4B o
2, 2 MEDD, 2 Nwksd dAUES B 33 OE FNER BAFES Hese 54 A
Q0NE TFF FE Yk FA FAQDE BA A @A dxleln, A whAlE 1 ok AFE BE
M QzEYH, dold P&, TRIY WE, Ei e dolHE TFT 5 9
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aL, ToT tjupo]=gt HlimWave A~ EH S o] gate] AT 4 Q.
£

e 2] (140)= As FAdska, FA1&e7] 7IA=9] 74 748

AR (130) = W] H08 A9 olg3te] FAH, FAFFY] AT e FHYLAZ Afse] ¥
AFFINAT FE L B4 AP & Utk L el olstlA APshe FAGEI] /1A% 7t )
49 B4 Aojio] elste] Fau = Aolrt

MR (150 deld AggAA, FAFE/] /A5 the FHakelsl delgel ¢y w27 75
Ase 5 A,

olgtoll A, A= AH po] thE & (dXd, &4 IoT "ulolx) idlA A4 71#=(BS-MEC) b2 wlo]E He

A3-37] 71A = (VAV-BS) uel A7, &4 H vn[AeldE SAos Aty Eg [oT tHfolx
A= ARl A= FA&e7] 1A= (UAV-BS) Atele] ARgaE AZol disiA= 71 Hdl As o
o]z HIE(SINR) 719k WS 483,

A. ToT-to-UAV-BS Communication Model

AXZ AR pollAl, FAEF7] 7125 (VAV-BS) ush &4 ToT tulol2 i 7he] Fdix] A2 &4 & (air-to-
ground path loss probability)< ol#je] 4282 13} o] ALteETh.

(584 1]

1
1+ cxp(—é(%eu—

=
iL,p 1— 1
14+ exp(—a&( %(—)u—

5 LoS channel,

, NLoS channel.

e, oy O i o5 w0 Los Aael dlab 84 o) amelsr, oo = malazs] 7%
=7 (UAV-BS) u9] FEirzolt},

skl 1olA, LoS ¥ NLoS Ade] A= &4 5o thale], A
F18lg 7] 7)1 A = (UAV-BS) 3+ &4l 10T tlulo]lx Alole] lHa &
ste] WaElE 4 s 5AS Wi,

Lo e ¥
ot
1
e

GARB) B9S ARENE obgle] S5y 29} ol AdE At

P — { ‘2010g(%) + ¢, LoS channel,

20 log(ﬂ) + &, NLoS channel.

SEHEER Je ta9a Ad s, € 2 € A% Les @ NLos Al w4 Aol

F9H 28 olgstel, AE A pelAl B Lol thilelx | Z3E FAGF7) AAFUA-BS) u A 48
45 S9E ohelel ohq a3 el A,

Du

pu &

e &8
7oA, P dgoleE ¥dEry] AT (UAV-BS) uR SXEE3l7] $J8 [of tiupelx 9 HE
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AIZE toll A ToT Hubol2 i7h Al A3 pellA F1&s7] 7145 (UAV-BS) uell thall w2 SINR2 th&o] 5+3H4
48} ol ARtEH.

I
A7 A, BP = thE ReldEy] 71X F(UAV-BS) u'dl og F3F7] 71X (UAV-BS) uel Al 7HIS ¢
usty, g2 F3E7] 7125 (UAV-BS) u'es v AHAAY AXE A=AA p'el HA8H= ToT gnHlo]x
2

oA Az et 0 & woj= 412 ouan, Liv o = obef o] kA 4-18 RESdY

¢ 2’ -1

e (1) = B -log (1+18,(1), if 48,() > i,
P 0, otherwise.

© 24¥ ¥ mWave (non-mmWave) AH A A8 tHgFo=m, A% AF pollA IoT Hnfo]xEel

A F5sA BaEct, (= (o ubolze} UAV-BS 7hel AFAHQ ™A AES BS99 SR QA

13 7] 7145 (VAV-BS) u=5-8 8] A% 714 = (BS) bl 41 ¥ ofegje] 48424 63} o] At

~ &
Pb — tr | Gt:lT . C;rl‘,( _ )
U b.u u b 47r()b.ufcmmWave

tx N
SHEREN Pb-U—E o1y 7] 71 A S (UAV-BS) uRFEle] A4k 7]A 5 (BS) bzo] %41 #e, Ob, o gk
mmW ave )
7] 71AZ(UAV-BS) uxt A4 71X =(BS) b zte] Ag], = "o . Je = mmWave WM& =) uk

vt T
4} Fuba=(carrier frequency), Gd ( = 7}z £A17] UAV-BS u$} $=A17] BS be] oteL} o]5S <

s},

AR M, AT AATUA-BS) uRFEe A Z1AFBS) b 1k AEe WE §F(back-haul
capacity)< olge] F8h2] 73} o] AAbHET},
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ammW ave : pb_.u

f*jb,u 5 lOg (1 + ﬁgn;nW’avea.Q)-
lf Ou,b S df

0. otherwise.

pmmW ave . -~ 2
f71e A, b B omlave WE F, T = b sFolth. wek xe] neol FAFE) VAT

(UAV-BS)3} A4 7145(BS) b 7ke] A2 Oub 7 A Y ong gom, Belazs] 7145 (UV-BS) = WE

. 3mmWaLe
sk, mfave W& g E F, Tbu £ ol &3te] AR JUO|EE A 7IA=(BS)ol HF

7)ol A, Oub = olgfe] 4814 7-12 whEF}.

T 78 o] §3sto], At tolA WE HAE AESE EQF FA3E 7] 71X (UAV-BS) ud] AF oA of
el 5314 83 o] AAbHL),
[+ 8]
mmW ave t:c mmW ave
Eu (t)_ qu'bu (f)

C. UAV-BS Relay Network Energy Efficiency Metric Design

-Q13-g 7] 1A= (VAV-BS) ue v& $-93k37] 7IAF(UAV-BO)7F A2 b8 %S FAE 5 dE 34 o
T helAd 8oz #A= oS At
3, AIZF toll 4] UAV-BS A= the-o] 48k g-13 o] AojHr),

—

sa) 5-1]

ru(t) = [zu(®), yu(®)] T € RP

Gepd AA AE AAAA B AN AT L% hel A FHeD FALES] SAZONB) ola)
g5t A wg A Tult) and Gu(t) ) © qea 204 9a gl goan,

[4=5}4 9]

(5u(t) = \/hﬁ + [4Fu(t) - i‘u(t)]z + [yu(t) - gu(t)]Q'vu‘ €U,

AlZE toll A A ou% AWst7] 915k A7) 714 = (UAV-BS) uel F o5 oA Hl&L vhae] 314
103} o] Axkent,

(%314 10]
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A71el M, TEPTOP = 3 A9 awlEke) gdtelw, k1 B k2t FAFFI] 1A (UAV-BS) Ol whE AR E =
- o= e Eprop ool ses o )
fholaL, g w9 7kl = Ul ek 10-18 SR

) 2
Eprop = k1| 11H3+ ||kv2|| (1 + ”Z'ZH )

webd, AIRE A Tl whE Lol Hupelass Aulsshy] fls) A% AH PE Avsts FRlder] A=
(UAV-BS) u®] % oludx] E&2 thaol 84 119} o] geojdn.

|P] nmW ave IZ|
(rpmWave(t) + SV r2(2))
(P, u) = ZZ (EmmWave(t) 4+ E,(t))

D. Age of Information Model for Ground Station

ARAH(Aol) WEZ (metric)S F2A3-37] 7]%=(UAV-BS) o] IoT tlrlo]Xo] o] =t Has = P 4
T A HoA FAgg7] 7125 (UAV-BS) o] 3 HKr o HAAFE Syt o AFedr.

whebxd A 71415 (BS) bell A AIZE toll A e] Al po] ARAH (Aol)S vh5o] 842 129} o] AtAT

(534 12

A,(P,t) =t — Al (p,t),Vp e P.

o] 7] A Aulp:t) o A% 71A=(BS) bollA 718871 714 = (UAV-BS) uel kS| %
, = T uell ok A= A3 pellA 7HE

Aol 28 Hole AR A7t AuzE EAEG. (14, A% A4 priEel Au QuelEs g A

o Zolghar 7pgdeh, &g, AR oA AR ARA pet HEE AR AY oD 8 1201 s Folxl

o2 5, (12)°l ofsf AlIRE tell Mol A BRA psh wEE FR oA (Aol)7F FoxiTt.

A4 AAFES) b AT AA pEvE Ame dw qdees wa zae s, SuPit)y

P EP e N2k ol AgHom FrkaT. ol Aust BE ood 2
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o
v
Auj
=
vl

A NA=F(BS) b7 A= A
AL, 1) 5,y ALl t+

Ay(p, t+1)—AL(p, t)

A opEFEH AEE AR {JUolEE We FA], Y ARF 2RIZE

1) Z = Aqeo|EH AL(Pg t) 9 Vp e 'Pg,k

cto+ 1 A HAA FEAFE ] Z)ATF(UAV-BS) ol olated Ak 71A=(BS) bollA AR o] Erl wHalsla,
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Bu(P) = 7 S5 Ao,

t=1 peP

PROBLEM FORMULATION>

AET ARA A 2 SN UNV-BS dHACld AR BAE WA FASHI A, $HE 4 FART
7] 1A Z(UAV-BS) wh Foizl Ak TAA AE Aol B9 P BE 5 Arkn AT w3, AL A
doz FAR 72wl td AnAS Bgel £ 1318 HEHES 4G d

Pu € P, PunPy = 0 where u # u’.

A=, duA a8 FAFE7] 7125 (UAV- BS) v Aol HA st A0 524 ouA] B Aol Axe] HES
W= BldEy] 71A=r(UAV-BS) FAIS] & oluA a&S Sdissts FAd37] 71X=(UAV-BS) 9] =
T AR FHE e Aoz H4AS 4 ok, olyd HAg A T4 ol F82 14 X 3] 187

arg max Z n(P

{pu}uﬁll ueld

[

1o

F2l 15]

() Pu={b},Vuel,

Ab(lpu) S A£h~\\7,p € Pu\{b}

A7) 48k 15 UlA] 18 747t A%, oluA &S, Aol Aekz7de] THE Aolth. 43H4] 152 AW Jue]Es}
s A 7|A2BS) AR AFe A9, FAGEr] AAZUA-BS)S emHEA g ARE
Uehdoh, Feh 168 RE A% N Ho] AmoEHor ¥y Foldgwy] 7AF(IAV-BS)S F% A% T4
S UEhATE, 8 17 2182 oUX| E&T JRAY(Aol) WEZo] B puo] el oAbAA WM Pust
A, £ 17¢ A 2 ol% ouxst Ha qux 5g A o Aok sk wagRs] s|X =
(UAV-BS)®] % o« &S BAsth. 584 18 T4 Puol o8 Au duo]Ee] HF HAAo] Frady

A't.'h )
(Aol) AAIZE b - wgko]ojof &5 WA},

F3h2] 18] o3k =8kA] 149 AloF Aol olte], UAV-BSE olUA] && AloF AWk ol A A3k

_19_



[0188]

[0189]

[0191]

[0192]

[0193]

[0194]

[0195]

[0196]

[0197]

[0198]

[0199]

[0201]

[0202]

[0203]

[0204]

[0205]

[0206]

ZIHSd 10-2021-0069549
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2 08 Ax AFE T2 FA%8S & 5 .
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olgloll A, | F &5 (Deep Q learning) 71 AMg3sle], A&d 584 14 U#| 189 tlsle] Rt} As] A

< PROPOSED TRAJECTORY POLICY ALGORITHM BASED ON DEEP Q-LEARNING>
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Ty = [0. ‘X'u] o Yu [0 }7 ] -

olgakH, o7]A Mot "M 54 AYA 99 Ay Hmolth. EI 7+ FAFFY] A (UAV-BS) Q] &
= 2= S 1=874 Xe) 5 5 57 = 2 T} A
1= IoT tlufe]z=e] Fo} 3 Fap9)2 @ach. el FhlA A% e ¥ 9
ke AA Ax dolHeA A

N
f
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o s}

Folggr] 71A = (UAV-BS) 2] 3% &ZF(Action Space)e AE % =4 A (S B0, A& 354 14 U
A 182 HEHE AT 27)S FHEA she] A8 Jhed A =
o] Zreo] UAV-BSe] #alE Algst= Awtt. Z42he] F1837] 71X (UAV-BS) 2 =
StHA shuel A& 7k AdECA o dERe deElE dAYgste] de e AT F

A=tar - avy = {Pubuell g wagm A gagaen A4sw-e diAess) 3

A% 7NA=(BS)= el ol A HEo] Q1w 7] 7145 (UAV-BS) o] 2kt HAd Hae] &

ol AfAe FE oFE VITer BAS AT 5

ool thate], ojstell A Feeike] tArle]l A dAlE 5o Bt AdAlls] At

of

Zkell o8t

EXAMPLE OF THE ACTION SPACE DESIGN

olalel| A, &F 37H(Action Space) T/l tste] U dAE Eof A},

& B, 6709 A= AFAE P = {1, 2, 3, 4, 5, 6}3} F JH FAFE7] ZIAF(UAV-BS) w 2 w7t Ak

a PR, R, FAEE 7] Z1AS (UAV-BS) o] AR 2 Fabelol Bz u B we] AR 47 13} 2g2ka
7]

el e A=l

whepAl, 17 ZIA S (VAV-BS) wp B wel H3Ee 1A 60 A= vk, oA, A% FIF(Action
Space) AE P9l Alx X z3or Howr},

web AlZE t) 9 A% AFA 2 AEAAM, uy D wE £ W3 3% (combination set action) al = {1,
4, 6y 2 a2 = {2, 3, 6}A F QAE AYTd F g3, o= FH syolAe FF dE(joint action) ag o=
A Aol ARJISFATH up B ws, FE sl A AIRE 69 W BE agell diske] ARATE AHAA Fe S

T ATk o] AlHelA, e Afxde] futHA &= A9, AL AEH spold B agol tiete] RS

e

BH, AE s AT ol w2 weE 2 3% S (joint action) ap®EA al = {1, 4, 6} Z a2 = {2, 4,
6} Agdvta s, ARX7F AHXA Ak, weEbA, A2 3y 1S Ay .

B. Reward and Control Policy

(st, ar, sun¥ A
S244Q1 Bk (reward) R/t QA 7MY 85 do]HdER JuwlS Fi 2SS wHUtt S, 74 A" A
e, A A deldmt g T

A= A8 Z7+A ¢l B A (inmediate
revard) & WETH EFF AFES A8, AR Ao AL A FuUE HH Ao
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off

Aol AN AgETh Z2He e FAGFY) NAFUN-BS)] 7k oUA fg WEHe] o
Ha g o4 199 o] Aeld & o,

[=5F4) 19]

1

ol

A3}

a1n(az),if constraints (15)-(18) of (14) are true
Ri(a;) = —a, if constraints (15)-(17) of (14) are violatec
0, otherwise.

A7l M = oA mg el Fa AGoln ) ]

qgstie AgE F Ark. T 8 ? s, AE P
(trajectory way-points)e] FXE JHO|EZ}L AL A&H FA(COC) ofZAlAdel sl 2o =W (become
outdated), A|Z~ElE& WAL Wkx] E3lvh, = AR BAS W=

Wb T AT SRl o 14 St ololdEe] HxE tjgel S5t 203 ol Aol md wae 3y
shshe AU

[58t4) 20]

T

]A?(Sfa;t) = Z Y X Ri—go(ar),

Ao, VE o 2o was wa ware] Fa4 Afolel 4 %%wwr. WAk R(a)E T 717 5
b, A2 g& g &£3dA, el Alx Af-A (trajectory way-points)olA g ARAZ 71 TF olF
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(joint movement)-%&2t-oll &3k 218tz 7] 7] 2] =(UAV-BS) &l oA Eg Y| E 2 (energy efficiency metric)
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T2 20 WA RA, B Fs v T ARE 9A 713 S9F 13 7] Z1A 5 (UAV-BS) o @A A E
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wrEha], o] HET}Y Q- #te] HA s E T uf, YHel AE #he

[584 21-4]

V7™(s) = Z m(a | s)Q™(s,a).
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Qe (s, a) = Qi(s,a)+¥(R(s,a)+ [n}f,ixQz(s’.a-’)} —Q¢(s,a)),

A7), =t a'mand BEEAL, Q- FEE AT AAUSE st QolEsn Vi saEolt.

C. Training with Experience Replay
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D. Testing UAV-BS Trajectory Policy
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A SN (DN, deep neural network)S FAsH7] 34+ 100712 A =25 717 2719 3] AZ2H
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Algorithm 1: Training DQN with experience replay
for UAV-BS Trajectory Policy Optimization in Navi-

gation

1 Step 1: Initialization
2 Initialize Q(s,a:0). M. target DQN parameters 6~

and construct DQN

3 Step 2: Training DQN with experience replay
4 fore=1.--- ,F do

un

~ =

10

Initialize &
fori=1.---.T do

Calculate the energy efficinecy metric of the
UAV-BSs using (11)
Select action a; with given probability e and
calculate instant reward R, (a,) using (19)
Observe instant reward R, (a;) and next state
S

Store experience (s, sy, a;, Ry(a;)) in the
experience replay memory M

Randomly sample minibatch of experiences
from M

Adopt stochastic gradient descent (SGD) to
train the DQN using loss function in (24)

Update 0. 6=, Q(s,a;0). and Q™" (s,a;07)

the Q-network
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Algorithm 2: Testing DON with experience replay for
UAV-BS Trajectory Policy Optimization in Navigation

1 Load the stored Q-network of Alg. 1

2fort=1,---.T do

3 Retrieve R; of the UAV-BSs at time slot ¢
4 Retrieve and select joint UAV-BS action

@y = argmax, war (s¢,a56)

th

Update trajectory of UAV-BSs based on joint

action index and target values of DQN

EH7
Simulation Parameters Values
No. of UAV-BS 3
No. of MEC-BS 1
No. of IoT devices 100
No. of Trajectory points [6, 14]

Max UAV-BS heights

[140,250] (m)

Maximum UAV-BS velocity and

100 m/s and , 5 m/s”

acceleration
Radius of UAV-BS

300 (m)

mmWave
&

28 GHz [36]

gmm Wave
“hou

30 + 100 MHz[36]

No. of timeslots

_33_

Jev B 2 GHz, 20 MHz [36]
PIZ a2, ik 20 dBm [36], —100 dBm, 5 dB
For urban scenario, 9.61,0.16,1,20,9.26 x
o, &, 6,6 ky ko 10—, 2250 [36] [38]
Normalized Aol threshold A®, [0.3,09]. 1
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TABLE II: Effects of different discount factors over the average
energy efficiency (EE) of the proposed and the baseline DQN

approaches.
Discount factor ~ DOQN with replay Baseline DQN
memory (Average (Average EE)
EE)
0.4 0.483663 0.487285
0.5 0.492033 0.486141
0.6 0.489998 0.480957
0.7 0.4927502 0.489459
0.8 0.490233 0.486083
0.9 0.486811 0.484898

TABLE III: Trade-off analysis between normalized average reward
and normalized average Aol for different Aol thresholds.

Aol threshold A};h Normalized average | Normalized average
reward (Proposed) Aol (Proposed)
0.3 0.011284 0.449802
0.5 0.116763 0.420419
0.7 0.226587 0.385290
0.9 1.0 1.0

EH]I0

—e— DON with replay memory

—H- Greedy

1.2 4 ¥+ Baseline DON /;
f= P
& 3
=
L 1.1+
[}
=
=
=3
£
3 1.0
Q
o
o
2]
>
<

0.9 A

0.8 A

6 8 10 12 14

Number of Trajectory
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1.025 A

1.000 A

0.975 A

Average Aol

0.900 +

0.875 1

0.850 1

Average energy efficiency

0.950 4

0.925 4

—8— DOQON with replay memory
—ll- Greedy
¥« Baseline DQN

6 8 10 12
Number of Trajectory

14

—8— DQN with replay memory

0.56 1 =M= Greedy
--¥- Baseline DQN 1
) mTSP '/
0.54 1
0524—— [ A s X
0.50 A —_—
0.48 1
° 8 10 1 -

Number of Trajectory
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Average UAV resource utilization

0.7 1 +-¥=- Baseline DQN

0.6

0.5 1

0.4 4

0.3 A

w13
—8— DQN with replay memory

] s, —#- Greedy
3y 040 % ~¥- Baseline DQN
E '\:.'
e =
‘0 0.351
t "
]
= 0.30 ]
g A FINY
= AN “l-,.;
S 0.254 N 0.22
3 \ 9.9.0,00,
g S

{_
© 0.20 1 =
(] \,\’
2 >
0.15 A S
==
ES
6 7 8 9 0 11 12 13 14
Number of Trajectory

Hi4

== DON with replay memory

=ll- Greedy %/

T
6 8 10 12
Number of Trajectory
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