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MO PAU

Mang thiét bi bay khong nguoi lai dang ad-hoc (FANET)
gom cac UAV két ndi theo mo hinh ad-hoc va truyén dir
liéu vé tram diéu khién mat dat (GCS) cho cac nhiém vu
giam sat, tim kiém ctru nan va quan tric moi trudong [11],
[12], [13], [23], [24]. Pic trung di chuyén ba chiéu véi toc
do cao, mat d nut thuong thua va vung hoat dong rong lam
cau trac lién két bién dong nhanh, lién két v6 tuyén kém on
dinh va nguy co phan manh ting. Hé qua 1a tuyén truyén
dau-cudi dé gian doan, ti 16 mat goi ting va do tré 16n, anh
hudng truc tiép dén cac tng dung yéu cau chat luong dich
vu [5], [19], [23].

Céc nghién ctu dinh tuyén FANET thuong dugc phan
thanh ba huéng. Hudng dua trén t6-pd ké thira cac giao thirc
nhu AODV, OLSR, DSDV va b6 sung cac tiéu chi ETX,
SNR, thoi gian ton tai lién két, tai hang doi, nang lugng [2],
[19]. Tuy nhién, co ché thiét lap va duy tri tuyén khién chi
phi diéu khién ting khi t6-p6 thay d6i nhanh. Hudng dya
trén vi tri, tiéu biéu 1a GPSR, cho phép quyét dinh chuyén
tiép dua trén vi tri nat hién tai, lang giéng va dich [16].
Nhiéu bién thé nhu SF-GeoR, UF-GPSR, GPSR+ cai thién
bang cach dua thém hudng di chuyén, do 6n dinh lién két,
nang lugng va tai hang doi vao ham danh gia lang giéng [14],
[17], [18]. Du vay, cac han ché nhu thong tin Hello d&
lac hau, vung rong dinh tuyén trong khong gian 3D va mo
hinh chét lugng lién két chua gin chat v6i hanh vi truyén lai
va tdc do bit van 1a thach thac [19], [23]. Huéng hoc ting



cudng tng dung Q-learning dé ting kha ning thich nghi cta
chinh sach chon next-hop, nhung con cic bai toan mé vé
thiét ké trang thai, ham thudng gan véi chi bao thyc té va
co ché trao doi tri thire hoc du twoi ma khong lam ting dang
ké chi phi diéu khién [1], [3], [15].

Trong nhiéu ung dung, dir 1iéu co xu hué‘ng hoi ty vé
GCS, do d6 tuyén UAV vé GCS (U2G) la tuyen truyen chu
dao [12], [23]. Viéc chuyen biét hoa co ché dinh tuyén cho
tuyén U2G, két hop td chirc mang dé giam bién dong to-
pd va khai thac thong tin xuyén tang nham ti vu truyén lai
theo diéu kién lién két tire thoi, van can dugc nghién cru sdu
hon. Tu dé, luan an dat muc ti€u nghién ctru va dé xuét cac
giai phap dinh tuyén cho tuyén U2G trong FANET nham cai
thién céc chi ti€u hi€¢u ndng chinh nhu ti 1¢ chuyén g61, do
tré dau-cudi va thong lugng. Cac muc ti€u cu thé gém:

1. Pé xuat va danh gia mot giai phap dinh tuyén dya trén
vi tri cho tuyén U2G, ting cuong co ché chon next-hop
bang khai thac chat luong lién két va to chirc mang phu
hop nham nang cao d6 6n dinh két ni.

2. B¢ xuit va danh gia mot giai phap dinh tuyén dung
Q-learning cho tuyén U2G, trong d6 chinh sach chon
next-hop dugc diéu chinh theo phan héi truyén dir liéu
va thong tin chat luong kénh tir ting dudi nham ting
kha ning thich tmg voi sy thay doi t6-po.



Chwong 1 MANG FANET VA CAC GIAI PHAP PINH
TUYEN

1.1. Mang FANET va thach thirc dinh tuyén

Flying Ad-hoc Network (FANET) 1a mgt dang mang tuy
bién khong day, trong d6 cac phuong tién bay khong ngudi
1ai (UAV) két ndi v6i nhau theo mé hinh ad-hoc va it nhat
mot UAV duy tri lién lac véi tram diéu khién mat dat (GCS)
hodc vé tinh [4], [5]. Trong nhiéu tng dung nhu giam sat,
tim kiém ctru nan hay quan ly thlen tai, UAV vura thu thap
dir heu vira chuyén tiép dir liéu vé GCS dé phuc vu giam
sat gan thoi gian thuc [11], [13], [23], [24].

So vo1i MANET va VANET, FANET khac biét & moi
truong hoat dong ba chiéu, do co dong cao, mat do nut
thudng thua va lién két vo tuyén chi yéu theo dudng thang
(LoS). P cao, goc bay va diéu kién mdi truong 1am chat
luong lién két bién dong manh. UAV vira phai danh ning
luong cho bay, vira cho truyén thong nén tai nguyén nang
luong han ché. Thong tin vi tri can dugc cap nhat thuong
xuyén dé phuc vu quyét dinh dinh tuyén.

Céc dic diém trén dan ti nhiéu thach thirc cho dinh tuyén.
T6-pd thay d6i nhanh lam cic tuyén dau-cudi dé bi gian
doan. Mat do nut thap va pham vi hoat dong rong lam tang
nguy co phan manh mang, c6 thé khién mot s6 UAV mat
két ni tam thoi véi GCS Lién két kém 6n dinh 1am ting
16i g6i va sb 1an truyén lai, kéo theo d tré va chi phi bing
thong. Cac co ché duy tri bang dinh tuyén hoic trao doi tin
hiéu diéu khién thuong xuyén ciing lam ting ganh ning cho



kénh truyén va tiéu hao nang lugng. Trong nhiéu kich ban,
phan 16n luu lwong hoi tu vé GCS nén tuyén UAV-GCS co
vai tro trong yéu.

Hiéu ning dinh tuyén trong FANET thuong dugce danh
gia thong qua cac chi sb co ban 1a ty 1 chuyén géi thanh
cong (PDR), do tré dau-cudi va thong luong [23].

1.2. Céac hwéng tiép cin nang cao hiéu ning dinh tuyén

Tir cac dic diém va thach thirc néu trén, cac nghién ciru
vé dinh tuyén trong FANET chu yéu tap trung vao ba huéng
chinh [1], [2], [19], [23]: (i) cai tién c4c giao thirc dya trén
cau trac lién két, (ii) cai tién cac giao thirc dya trén vi tri va
(i11) tng dung hoc tang cuong trong dinh tuyen Mbi huéng
¢6 uu diém riéng nhung van con nhiéu han ché khi ap dung
cho méi trudng FANET c6 t6-pd bién dong nhanh va yéu
cau cao vé d6 6n dinh tuyén UAV-GCS.

1.2.1. Huwdng giao thirc dua trén ciu tric lién két

Nhom dinh tuyén dua trén cau tric lién két ké thira cac
giao thuc trong MANET nhu OLSR, AODV, DSDV [6], [8],
[25] v6i co ché xay dung va duy tri bang dinh tuyén tir trang
thai lién két. Khi 4p dung cho FANET, nhiéu céng trinh da
dé xuit cc giao thirc cai tién nham phan anh t6t hon chat
luong va do on dinh lién két.

Mot s6 nghién ctu tich hop thong tin chuyén dong dé
woc luong thoi gian ton tai lién két va két hop voi cac d6 do
nhu ETX, wu tién cac lién két vira co chat lugng tdt vira 6n
dinh hon [32], [33]. M6t s6 nghién ctru khac khai thac thong
tin tir tAng vat Iy va MAC nhu RSSI, SNR, tai hang doi dé
xay dung tiéu chi dinh tuyén da yéu td, qua d6 lya chon cac
tuyén it tic nghén va dang tin cdy hon [26], [29]. Ciing cb



cac giai phap tap trung t6i wu ning luong trén tuyén, cin
bang ning luong con lai va tranh sir dung cac nat ¢6 nguy
co can pin [22]. Trong [CT5], mot bién thé OLSR-Vr da
dugc dé xut, trong d6 cac tham sb thoi gian hiéu lyc gitt
thong tin lién két va t6-pd dugc diéu chinh dong theo dai
van toc UAV nham cai thién do tuoi thong tin, qua d6 nang
cao hiéu qua dinh tuyén ciia OLSR trong mt s kich ban
FANET. Nhin chung, cac cai tién dua trén cu tric lién két
d3 gop phan nang cao d6 6n dinh tuyén va chat luong truyén
thong trong mot s6 diéu kién. Tuy vay, chiing van phu thudc
vao co ché duy tri bang dinh tuyén nén kém hiéu qua khi to-
po thay doi qua nhanh hoac mang bi phan manh. Céc giai
phap chu yéu tap trung vao cai thién lién két cuc bd nhung
chua giai quyét triét dé viéc duy tri tuyén dau-cudi trong cac
kich ban UAV di chuyén nhanh, mat d6 nut thua hodc khong
gian hoat dong rong.

1.2.2. Hudng giao thirc dua trén vi tri

Dinh tuyén dya trén vi tri dugc danh gia 1a pha hop hon
v6i FANET nho co ché quyét dinh cuc b va chi phi diéu
khién thap [23]. Mbi nut dua trén vi tri ctia minh, cua cac
lang giéng va ciia nit dich dé chon nut chuyén tiép theo
cac ti€u chi cuc bd, thuong dua trén khoang cach tdi dich,
hudng di chuyén hodc mét s6 yéu td phu tro khac. GPSR
[16] 13 giao thirc dién hinh véi hai ché d6 chinh 1a chuyén
tiép tham lam va di vong khi gip ving trong dinh tuyén.
Trén nén GPSR, nhiéu giao thirc cai tién danh cho FANET
da duoc dé xuat nhu GPMOR [20], GPSR-PPU [27], SF-
GeoR [17], UF-GPSR [18], GPSR+ [14]. Cac giao thuc cai
tién ndy bo sung thém cac tiéu chi danh gia lang giéng nhu
vi tri dy doan, thoi gian ton tai lién két, nang luong con lai,



van toc va hudng bay, nham wu tién cac nat vira gitp goi tin
tién gan dich, vira c6 lién két 6n dinh va du ning luong.
Céc cai tién dya trén vi tri gitp giam d6 tré va ting PDR
trong nhiéu kich ban FANET. Tuy nhién, phan 16n van chu
yéu khai thac dic trung khong gian va dong hoc, trong khi
danh gia chat luong lién két thuong chi dua trén khoang
cach hodc cac chi bao turc thoi nhu RSSI va SNR. Téac dong
ctia tbe do bit, ty 16 151 goi va co ché truyén lai toi hiéu ning
dau-cudi chua duoc khai thac. Bén canh do6, ché do di vong
ciia GPSR kém phu hop trong méi truong ba chiéu véi di
dong cao. Céc giai phap hién tai cling chua chuyén biét hoa
cho tuyén UAV-GCS, luu lugng hoi tu vé mot dich ¢ dinh.

1.2.3. Hwdéng irng dung hoc ting cuwong

Gan ddy, nhiéu cong trinh dé& xuit tng dung hoc ting
cudng trong dinh tuyén FANET dé ting kha ning tu thich
nghi v&i moi truong mang [1], [28]. M6 hinh dinh tuyén
thuong duoc xdy dung twong tu dinh tuyén dua trén vi tri
nhung quyét dinh chon nait chuyén tiép duoc hoc théng qua
tuong tac gitra tac tr va moi truong.

Trong sb cac thuat toan hoc ting cudng, Q-learning [30]
dugc str dung pho bién. Mbi niit duy tri mot bang Q, trong
dé mdi gia tri Q biéu dién chit luong ude lugng cua viée
chon mot lang giéng 1am nat chuyén tiép. Q-value dugc
cap nhat dya trén phﬁn thuong nhan dugc sau khi truyén
g6i, phan anh cac muyc tiéu nhu giam d¢ tré, ting PDR hay
tiét kiém nang lugng. Cac giao thirc nhw QGeo [15], QMR
[21], Q-FANET [7] va QTAR [3] da khai thac co ché nay
thong qua thiét ké ham phan thuong da muc tiéu, mé rong
khong gian quan sat va diéu chinh linh hoat cc tham s hoc.

Cac két qua cong bd cho thiy dinh tuyén st dung hoc



ting cuong cd thé nang cao hiéu ning trong nhiéu kich ban
FANET so véi cac chién luge cd dinh. Tuy nhién, phan 16n
giai phap van dya nhiéu vao thong tin tir g6i dicu khién dinh
ky nén viéc cap nhat tri thuc co thé bi tré khi cAu trac mang
bién d6i nhanh. Van d& truyén lai goi va 16i lién két chua
dugc mo hinh hoa rd trong ham phan thudng. Viée gin két
trang thai va phan thuong véi cac chi bao nhu PER, tai hang
doi, tin hiéu cac lan truyén lai va chat luong kénh theo tde
d6 bit van 1a nhirmg van dé con chwa dugc giai quyét day du.

1.3. Giao thirc GPSR-RA Kkét hgp diéu chinh toc df bit

Bén canh phan tong quan, phan nay trinh bay giao thirc
GPSR-RA [CT4]. GPSR-RA duogc xay dung trén nén GPSR,
gilt nguyén nguyén 1y dinh tuyén dua trén vi tri va két hop
co ché diéu chinh toc d6 bit theo chat luong lién két do
bang SNIR. Muc tiéu 1a khai thac kha ning multi-bitrate
ctia chuan IEEE 802.11 dé cai thién PDR, thong luong, va
giam do tré.

GPSR-RA 4p dung mé hinh xuyén ting véi hai mo-dun
chinh. O tang mang, GPSRvar mé rong bang lang giéng cla
GPSR bang cach luu thém thong tin SNIR cua lién két toi
tirng lang giéng, thu thap tir ting vat 1y thong qua gbi Hello.
O ting MAC, MACSnir-RA nhan next-hop, 1dy SNIR tuong
ung va quyét dinh tdng hodc giam mot bac tde do bit trudce
khi truyén goi dir liéu. Cac ngudng SNIR cho timg mtc toc
do bit duoc xac dinh tir quan hé¢ PER-SNIR, bao dam PER
xap xi ngudng cho phép dbi véi mdi toe do.

Két qua mo phong trén cac kich ban FANET vi s6 luong
UAV, van tdc va mat d6 khac nhau cho thay GPSR-RA dat
PDR cao hon, d tré thap hon va thong luong tét hon so voi
GPSR trong nhiéu kich ban khao sat. Khi chét luong kénh



suy giam, co ché giam tdc do bit kip thoi gitip han ché 15i
g0i va 50 lan truyén lai. Khi kénh t5t, viéc tang toc do bit
cho phep khai thac bang thong hiéu qua hon ma khong can
thay d6i co ché dinh tuyén.

Chuwong 2 GIAI PHAP PINH TUYEN GPSR-CB DUA
TREN VI TRi

2.1. Pit van dé

Dinh tuyén dya trén vi tri cho phép mdi niit chuyén tiép
g61 tin theo tirng chang dya trén vi tri ciia chinh nd, cac lang
giéng va nut dich, khong can duy tri bang dinh tuyén end-
to-end nhu céc giao thirc dya trén to-po. [16], [23].

GPSR 14 giao thirc tiéu biéu ctia dinh tuyén vi tri, sir dung
ché do Greedy va Perimeter. Khi ap dung cho FANET, mét
s bién thé nhu SF-GeoR, UF-GPSR, GPSR+ da dugc dé
Xuat v6i cac tidu chi bd sung (nang lugng, xu huéng chuyén
dong, rui ro dut hen két, v.v.) [14], [17], [18]. Tuy nhién,
cac giao thirc ndy van chu yéu dua trén thong tin dong hoc
va cac udc luong glan tiép, it khai thac tryc tiép cac chi sb
chat luong lién két (PER/SNIR) va chua gin chit voi kién
tric mang nhiéu cap backbone UAV trén tuyén UAV-GCS.
Co ché hd tro truyén lai va khai thac thong tin xuyén ting
(tir MAC/vat Iy 1én ting mang) con han ché.

Trén co s¢ do, Chuong 2 xay dung giao thirc GPSR-CB,
mot bién thé cia GPSR danh cho tuyén UAV-GCS, két hop
(i) to chtrc mang theo kién trac nhiéu cip backbone UAV,
(i1) ham danh gla da tiéu chi cho ché do Greedy, va (111) cac
co ché xuyén tang hd trg cap nhat lang giéng va truyén lai
goi tin.



2.2. Phan tich mdt s giao thirc dinh tuyén cai tién GPSR

SF-GeoR [17] cai tién GPSR bang chi s6 6n dinh lién két,
két hop nang lugng con lai va xu hudng hoi ty/ly tan gitra
cac UAV, tir 6 uu tién cac lang giéng c6 lién két 6n dinh
hon. UF-GPSR [18] st dung ham lg¢1i ich da ti€u chi (ndng
luong, do gén dich, hudéng lang giéng, rai ro mat lién két,
tdc d6 trung binh) dé lya chon next-hop. Hai giao thic nay
cai thién hi¢u nang so voi GPSR géc trong mot s6 kich ban
FANET nhung céc tiéu chi van chil yéu phan anh dic tinh
dong hoc/vi tri, chét luong lién két duoc danh gia gian tiép
theo khoang cach hodc viing an toan, chua gan truc tiép véi
PER/SNIR hay phan hdi tir ting MAC.

2.3. Cai thi¢n hi¢u ning nho to chirc FANET véi nhiéu
cf'tp backbone UAV

Trong kién trac FANET co s¢ (Hinh 2.2a), mot UAV
backbone (BU;) dugc chon dé két ndi truc tiép voi GCS;
cac UAV nhiém vu truyén dit liéu vé GCS thong qua BU;.
Khi pham vi trién khai rong, van tdc 16n hodc mat do thua,
tuyén UAV-GCS thudng qua nhiéu nut trung gian, dé bi dit
do di dong nhanh hodc phan manh mang, lam gidm PDR va
ting do tré.

Lu4n 4n d& xuit mé rong kién tric co so nay thanh Kién
triic FANET nhiéu cdp backbone UAV (Hinh 2.2b) nham
khic phuc han ché nay. Theo d6, thay vi chi c6 mot BU, mot
day backbone UAV BUy, BUs, ..., BU, dugc bd tri doc theo
hudng tir GCS vao vung nhi¢ém vy, tao thanh truc backbone
GCS-BU;-----BU,. Co ché trién khai nay duoc thuc hién
nhd mé hinh di dong tham chiéu theo cac diém neo xac dinh
tur vi tri GCS va vung nhiém vu.



10

P 7!‘ Uo
Us S \}
L
l / /U7 b
/«;’ Us
AR \
= \-% \i\ 4 ({ l-nckbom, A
Ug\ /Uz = N UAV
\ 3’ ?Jl -a (BU)
- 7,
i )
LT %
¥ GCS
a. Kién trac FANET co s¢ b. Kién trac FANET véi nhiéu cip backbone UAV

Hinh 2.2: FANET co sé va FANET véi nhiéu cap backbone UAV

Sd lugng BU trén tryc dugc udce lugng boi:

M,
N Lo.g RbJ ! (26)

trong d6 M, la kich thudc mién theo truc X, R, la pham
vi giao tiép ctia BU, va hé sb 0.9 R, dam béo lién két on
dinh theo [31]. Cac BU duogc gia dinh 1a UAV chuyén trach,
ning luong va do 6n dinh cao hon, di chuyén tham chiéu
theo GCS, hinh thanh mdt ”hanh lang” c¢6 dd tin cady cao
cho tuyén UAV-GCS. Trong mé phong, ciu hinh 1-BU (kién
tric co sd) va 4-BU (multi-level backbone) dugce dung dé
danh gia GPSR-CB va tach bach dong gop cia to chirc mang
s0 v6i co ché dinh tuyén.

2.4. D@ xuit giao thirc dinh tuyén GPSR-CB
2.4.1. Y tuéng thiét ké

QPSR—CB duoc dé xuat nhu mot cai tién caa GPSR cho
t11~yén UAV-GCS trong FANET, v6i hai muc tiéu chinh: (1)
dan goi tin héi tu sém vé truc backbone UAV 6n dinh trudce
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khi d¢én GCS; (ii) Iywa chon next-hop dwa trén ham danh gia
da tiéu chi két hop thong tin vi tri, chat lugng lién két va
kha ning duy tri ché do Greedy. Giao thirc dong thoi tich
hop céac co ché xuyén ting dé cap nhat nhanh thong tin lang
giéng va hd tro truyén lai goi tin sém thanh cong.
2.4.2. Phuong phap chon niit ling giéng 1am next-hop
GPSR-CB dénh gia mdi lang giéng B cua nut hién tai A
d6i voi mot “dich a0” D (BU gan nhat hoic GCS) dua trén
ba tiéu chi: do gan dich 4o, kha nang tiép tuc Greedy va chat
luong lién két.

* D6 gan dich “do”
Do tién gan dich ao khi chuyén goi tir A sang B duoc
lugng hoa boi:

Lap—Lpp (2.10)

Prz =
B.D txRange

trong d6 L p va Lp p 1a khoang cach Euclid tr A va B
t6i dich 40 D, tzRange 1a pham vi giao tiép cuc dai cua
UAV. Gié tri Prap p cang 16n, B cang gitip géi tin tién gan
backbone/GCS.

* Ti 1¢ 161 gbi
PER giita mot nat A va lang giéng B c6 thé duge udc
luong tir BER theo cong thac [10]:
Peryp~1—(1—- BER), (2.11)

trong d6 L 1a kich thudc goi tin (tinh theo bit).
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* Kha néng tiép tuc ché dé Greedy
Kha ning tiép tuc Greedy cta lang giéng B duoc ky hiéu
Abi B

|Neighbors In_GR(B,D)|

Abip =
‘B |Neighbors Of(B)|

(2.12)

v6i Neighbors_In_GR(B, D) 1a tap lang giéng ctia B nam
trong vung Greedy d6i v6i dich D, Neighbors O f(B) 1a tap
toan bo lang giéng ciia B. Gid tri Abip cang 16n, kha ning
duy tri Greedy tit B cang cao, giam nguy co phai chuyén
sang Perimeter.

* Ham danh gid lang giéng

Chét luong lién két giita A va B dugc phan anh qua ti 18
16i gbi Per 4 p (u6c lugng tir BER/SNIR va kich thudce goi).
Ba tiéu chi dugc két hop thanh ham:

f(B, D)A = w1~Ppr7D+w2-AbiB+w3- (1—P€7”A73), (213)

VOi w1 + wy + wy = 1. Nt A loai bo cac lang giéng bi danh
dau khong tin cdy, tim dich 40 D (BU gan nhat hoic GCS),
tinh f(B, D) cho timg lang giéng B va chon next-hop 1a nut
coO gia tri lon nhéat. Néu A thudc backbone, next-hop dugc
wu tién 1a BU cap thap hon hoic truc tiép GCS, bao dam goi
tin di doc truc backbone vé phia dich.

* Quan 1y théng tin ldng giéng

GPSR-CB m¢ rong bang thong tin lang giéng thanh, luu
trir vi tri, Abig va Per 4 g cho tung lang giéng B. Thong tin
vi tri va Abi duoc quang ba qua gbi Hello dinh ky. Chi sd
Per 4 p dugc cap nhat xuyén téng khi nhan géi1 ¢ téng dudi.
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2.4.3. Co ché bo tro

bé giam d0 tré cap nhat Abip, GPSR-CB tan dung khung
ACK cua IEEE 802.11: truong Duration (mdc dinh khong
dung trong diéu khién truy nhap) duogc tai st dung dé mang
gia tri Abip moi nhat. Mdi khi mét goi dir liéu duoc truyén
thanh cong, nit gui trich xuat Abip tr ACK va cap nhat
NIT, gitp ham f(B, D) 4 dua trén thong tin tuoi hon so véi
chi dung Hello.

Doi voi cac lan truyén lai, GPSR-CB ép dung hai xt Iy
xuyén tang: (i) ting tam thoi cong suat phat trong cac lan
retransmission theo mot hé s nho, giéi han b0‘1 cong suét
cuc dai, nham cai thién SNIR va tang xac suit truyen lai
thanh cong; (ii) néu mot next-hop vuot qua ngudng sb 1an
truyén lai ma vin khong phan hoi ACK, lién két tuong tmg
duoc danh dau tam thoi (gan Abi = —1 trong NIT) dé khong
duogc chon & cac 1an dinh tuyén ké tiép. Khi lang giéng nay
xuét hién tro lai trong cac goi Hello, gia tr1 Abi dugc cap
nhat theo trang thai maoi.

2.5. Mo phéng va phén tich két qua
2.5.1. Tham sb va kich ban md phéng

GPSR-CB duoc cai dat trén OMNeT++ 6.0/INET 4 va so
sanh véi GPSR, UF-GPSR theo céc chi sb: ty 1é chuyén goi
thanh cong (PDR), thong lu:ong, tré dau-cudi (EED) va ning
luong tiéu thy. Hai bién thé duoc khao sat 1a GPSR-CB-0
(khong dleu chlnh cong suat) va GPSR-CB-1 (c6 diéu chinh
cong suat truyén lai, sau ddy goi 14 GPSR-CB). FANET
duoc trién khai trong khong gian 1000 x 1000 x 1000 m, v&i
50-100 UAV di chuyén theo RandomWaypoint 3D, pham vi
giao tiép 250 m. Cac kich ban xem xét hai kién tric 1-BU
va 4-BU, ba dai van tdc [5-10], [15-20], [25-30] m/s.
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2.5.2. Két qua va phan tich

Trén kién trac 1-BU, khi mat d6 UAV tang, PDR cua tat
ca giao thirc déu ting nhung GPSR-CB-0 va GPSR-CB-1
luén dat PDR va thong lugng cao hon GPSR va UF-GPSR
& moi mirc mat d. GPSR-CB két hop thong tin vi tri véi
PER va Ability nén uu ti€n duoc cac lién két co chat lugong
t6t va cac lang giéng c6 kha ning tiép tuc Greedy cao, giam
s6 1an phai chuyén sang Perimeter va giam s6 1an truyén lai
khong hiéu qua. Do tré dau-cubi cia GPSR-CB duy tri &
mirc thap va on dinh hon. Mtc tiéu thu ning lugng trung
binh thap hon hoic twong dwong vi UF-GPSR va GPSR,
do giam duoc s 1an truyén lai va do dai tuyén.

90 | E==81 FANET with 1-8U
52 FANET with 4-BU
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Giao thire

B-1

Hinh 2.13. Ti 1é chuyén goi thanh cong trén FANET c6 1-BU va 4-BU

Khi chuyén sang kién trtic 4-BU, truc backbone 6n dinh
giup cai thién hi€u nang cia cac giao thirc. Tuy nhién, murc
cai thién cia GPSR-CB 10 hon do giao thic khai thac dugc
tiéu chi dich 40 va co ché wu tién tuyén qua BU. Hinh 2.13
minh hoa su khac biét vé PDR gitra c4u hinh 1-BU va 4-BU.

Két qua & Hinh 2.13 cho thdy cAu hinh FANET véi nhiéu
cap backbone UAV giup cai thién 1d rét PDR so véi kién
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triic co s& 1-BU. GPSR-CB dat mc cdi thién 16n nhat, PDR
trung binh tang tir khoang 55-58% lén 80—-82%, tirc khoang
24%. Trong khi d6, GPSR va UF-GPSR chi tang khoang
10%. Diéu nay cho thdy GPSR-CB khai thac hiéu qua truc
backbone nhiéu cap dé duy tri tuyén U2G 6n dinh hon.
Trong céc kich ban thay doi van téc, PDR cua cac giao
thirc déu giam khi van toc UAV tang do lién két kém 6n dinh
hon, nhung GPSR-CB van duy tri két qua t6t hon GPSR va
UF-GPSR. Téng hop cac két qua cho thdy GPSR-CB cai
thién PDR, thong luong va EED trén ca kién trac 1-BU va
4-BU, trong khi d6 phirc tap xir Iy van tuyén tinh theo sd
lang giéng. Tuy nhién, giao thic st dung trong s6 ¢6 dinh
nén kha nang tu thich nghi theo diéu kién mang con han ché.

Chuong 3 GIAI PHAP PINH TUYEN QLR-FANET SU
DUNG HQC TANG CUONG

3.1. Gidi thiéu

Trén co s& mo hinh hoa bai toan dinh tuyén da ching
bang Q-learning (tac tir 1a gbi tin, trang thai 13 nat hién tai
dang giir go1, hanh dong 1a lya chon next-hop), chuong nay
truéc hét phan tich mot sb giao thirc tiéu biéu (QGeo, QMR,
Q-FANET), tir d6 chi ra cac han ché chung khi 4p dung hoc
ting cudng trong moi truong lién két bién dong nhanh. Tiép
theo, chuong trinh bay thiét ké giao thirc QLR-FANET véi
ham thuéng hai thanh phan, co ché lan truyén tri thiic theo
su kién qua goi D-ACK va co ché xuyén tang diéu chinh
bitrate. Cudi ciing 1a phan mé phong danh gia hiéu ning.
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3.2. Phan tich mjt so giao thirc dinh tuyén sir dung hoc
tang cuong

Mot sd giao thirc dinh tuyén cho FANET d3 tmg dung
Q- leaming trén nén dinh tuyén theo vi tri. QGeo [15] st
dung phan thuong dya trén téc do tién cua g01 tin vé phia
dich; moi nut chia sé vi tri, van toc, thong tin 16i va mamQY
qua gbi Hello, hé s6 chiét khau v duoc dit theo du doan duy
tri hay dut lién két, va next-hop duoc chon bang chién luge
e-greedy. QMR [21] mé rdng QGeo theo hudng da muc
tiéu: ham thuong két hop d6 tré mot chiang va niang luong
con lai, ti 1& hoc o duoc diéu chinh theo d6 bién dong tré trén
tirng lién két, hé sb chiét khau vy phan dnh mirc 6n dinh tap
lang giéng, va vi¢c chon next-hop dugc thuc hién qua hai
pha vé&i rang budc van tdc tién theo deadline. Q-FANET [7]
ap dung thuat toan QNoise+ [9] trong d6 gié tri Q duogc cap
nhét tir phan thu0'ng c6 trong s6 ctia nhidu budce gan nhit két
hop v6i thanh phan phu thuge SINR; ham thuong duoc thiét
ké voi ba mic (t6i dich, ving trong dinh tuyén, cac truong
hop con lai), va next-hop van dugc chon theo e-greedy trén
tap tng vién thod mén rang budc van tdc tién.

Céc giao thirc trén cho thiy hudng tiép can Q-learning co
tiém nang cai thién PDR, EED va tiéu thy ning luong trong
mot s6 kich ban FANET, nhung ciing chia sé mot s6 han ché
chung Tha nhat tri thirc hoc dugc (ddc biét 1a maxQ¥) chu
yéu lan truyén qua goi Hello dinh ky, nén d& lac hau hoic
bi mat khi lién két thay d6i nhanh hodc kénh nhiéu manh.
Thtr hai, ham thudng tap trung vao cac dai lugng cuc bo
trén mot ching (van tdc tién, tré, ning luong, d6 diy hang
do1), chua tach bach dong gop cua trang thai cuc bd véi kha
nang nhéan va tiép tuc chuyén goi t6i dich cta next-hop. Thix
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ba, co ché xur Iy truyén lai goi chi yéu nam & ting MAC,
chua tan dung su kién truyén lai (retry) nhu mét tin hiéu cho
qua trinh hoc, ciing nhu chura khai théc kha nang diéu chinh
bitrate xuyén ting dé ting x4c suit truyén lai thanh cong ma
khong can ting cong suit phat.

Nhitng han ché nay 1a co s& dé luan 4n dé xuét giao thirc
QLR-FANET, trong d6 ham thuong dugc thiét ké hai thanh
phan (phan thuéng cuc bd va phan thuéng hanh dong tir
next-hop), tri thitc hoc dugc chia sé theo sy kién qua goi
D-ACK gin véi goi dit liéu, va co ché xuyén ting diéu chinh
téc do bit dugc kich hoat khi phat sinh truyén lai goi.

3.3. Deé xuit giao thirc dinh tuyén QLR-FANET
3.3.1. Y tuéng thiét ké

QLR-FANET dugc xay dung nham khic phuc ba han ché
néu trén. Thr nhat, mé hinh RL str dung ham phan thudng
hai thanh phén, tach bach phan thuéng cuc bd (do nat giri
danh gia tir quan sét tai chd) va phan thuéng hanh dong (do
next-hop phan hoi, gan v6i kha nang chuyén tiép dén dich).
Cach tach nay gitip tac tir khong chi t6i wu budce chuyén tiép
hién tai ma con uu tién nhitng next-hop co tiém nang duy tri
tuyén 6n dinh trong cac ching ké tiép.

Thi hai, thay vi chi lan truyén tri thirc hoc qua Hello,
QLR-FANET b6 sung kénh phan hdi theo su kién thong qua
g6i D-ACK gan tryc tiép v6i goi dit liéu. Mdi khi mot géi
dugc chuyén tiép thanh cong, next-hop giii D-ACK chua
thong tin ActionReward va gia tri max ) hién thoi vé dich,
cho phép nut gui cap nhat Q-value bam sat trang thai lién
két hién tai hon.

Thit ba, QLR-FANET tich hop co ché xuyén tang sir dung
tin hiéu truyén lai (Retry) tir ting MAC. Céc lan truyén lai
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that bai dugc 4nh xa thanh phén thudéng am, déng thoi kich
hoat diéu chinh bitrate theo co ché multi-rate IEEE 802.11,
giam toc do bit tam thorl thay vi tang cong suat phat. Viéc
nay vira ting xac suat truyén lai thanh cong, vira han ché
gy nhidu va phu hop véi UAV ¢6 gi6i han phan cing.

3.3.2. M6 hinh dinh tuyén va dir liéu hoc tai nut

QLR-FANET mo hinh hoa tac tir theo tién trinh chuyén
tiép goi tin, trong d6 trang thai twong img v4i nit hién tai va
hanh dong 1a chon mot lang giéng 1am next-hop. Mbi nit
duy tri hai cdu trac dit liéu chinh. Thir nhét 13 bang quan
sat (Observation) thu thap tir Hello va tir cac do luong lién
két, phuc vu tinh thudng. Thu: hai la bang Q (Q- table) luu
cac Q-value theo tap lang giéng, nham hd trg ra quyét dinh
phan tan. Viéc cap nhat Q-value duoc kich hoat theo su kién
gin v6i truyén dit liéu, thong qua goéi D-ACK hoic tin hiéu
truyén lai.

QLR-FANET sir dung phan thuong hai 16p gém Local-
Reward L 4(B) va ActionReward N (B) cho mdi lang giéng
B clia nt hién tai A d6i véi dich D.

Hai thanh phén thudng dugc pha tron bdi hé s6 A:

Ra(B) =A-La(B)+ (1—A)-N(B), (3.21)

gid tri R 4(B) 1 phan thuong ding dé cap nhat Q-value theo
quy tic Q-learning.

LocalReward phan anh quan sat cuc b0 tai nut hién tai khi
xem xét mot lang giéng tmg vién, gdm bdn thanh phan: ti 16
161 g6i trén lién két (Peryn4.)), vAn toc twong doi (vp, a),
mic tién gan dich (d(B,4)) va mirc d9 day hang doi tai next-
hop (Loadp). Bén thanh phan déu dugc chuan hod vé mién
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[0, 1] va két hop tuyén tinh theo bo trong s& (A1, A2, A3, \4):

LA(B) =M - (1= Perygap)) + A2+ (1 —vp.a)

(3.22)
+ A3+ dp ayp + A - (1 — Loadp),

ActionReward phan anh phan hoi truc tiép tir next-hop vé
kha nang ti€p tuc chuyén goi vé dich, dua trén chi s6 Pp(D)
va chét lugng lién két ngugc Peryiyp 4). Cu thé:

—1, néu Pg(D) = 0,
N(B) =141, néu Py(D) > Py,
k — Perlink(B,A)v cac trlrdng hOp con 131,

(3.23)
trong d6 k 14 hang sb hiéu chinh va Py € (0,1) la ngudng
kha nang chuyén tiép.

3.3.3. Lua chon niit chuyén tiép next-hop

Viéc lya chon next-hop trong QLR-FANET dugc thuc
hién trén co sé két hop Q-value voi thong tin khong gian.
Tai mdi nut A, cac lang giéng thudc ba niit gan nhat ma goi
vira di qua va céc lang giéng c6 Pg(D) = 0 dugc loai khoi
tap ung vién dé tranh vong lip va loai bé sém cac huéng
bé tic. V&i mdi ung vién con lai, Q-value Q 4(B, D) duogc
nhan véi chi s0 d0 gan dich d(p 4)_,p d¢ thu duge Q-value
c6 trong sd, tir 46 xdy dung phan phdi xac suit chon hanh
dong theo chinh sach Softmax. Next-hop dugc chon la nat
c6 x4c suat 16n nhét trong phan phdi nay. Cach tiép can nay
cho phép wu tién cac nit vira c6 gia tri hoc cao, vira tién gan
dich, dong thoi van duy tri duoc thanh phan kham pha co
diéu hudng trong moi truong lién két bién dong.
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3.3.4. Cac co ché bb tro

QLR-FANET b6 sung hai co ché b6 trg gan voi tin hiéu
truyén lai tir ting MAC. Thir nhat, khi goi phai truyén lai,
tac tir ghi nhan day 12 mot quyét dinh chwa t6i vu va gan cho
lién két gay truyén lai mGt murc phat am ¢ dinh, qua do lam
giam dan xac sut chon lai lién két nay trong cac lan dinh
tuyén tiép theo ma khong loai bo ngay céc lang giéng van
con kha dung. Thu hai, giao thire tdn dung kha nang multi-
rate ctia IEEE 802.11 dé diéu chinh bitrate: néu khong nhan
dugc ACK sau lan truyén dau tién, nat giri ha téc do bit
xubng murc lién ké thip hon. Sau khi truyén lai thanh cong,
tdc d6 duoc khoi phuc vé gia tri mac dinh.

3.4. Mo phéng va danh gia hiéu ning

Hiéu ning cia QLR-FANET duoc danh gid bang mo phong
trén mo hinh FANET kich thudc 1500 m x 1500m x 120 m,
) luong UAV tur 25 dén 45, van toc di chuyén 1040 m/s
va mo hinh di dong MassMobility. Lién két vo tuyén st
dung IEEE 802.11g multi-rate v6i cong sut phat 10 dBm,
mo hinh nhiéu nén Thermal noise va ngudng SINR 4 dB.
Tan s6 phat Hello 1a 1Hz. Cac tham sé hoc ting cudng
g6m ti 1& hoc, hé s6 chiét khau va trong s6 trong ham thudng
duoc gitt ¢b dinh.

QLR-FANET dugc ddi sanh voi GPSR, AODV va xQ-
Geo. Trong do, GPSR dai dién cho nhém dinh tuyén dua
trén vi tri, AODV dai dién cho nhom dinh tuyén dya trén cau
trac lién két, con xQGeo 1a giao thirc ddi sanh theo huéng
dinh tuyén c6 str dung Q-learning. Cach lwa chon nay cho
phép danh gida QLR-FANET so véi ca cac giao thirc dinh
tuyén truyén thong va mot giao thirc co co ché hoc gan hon
vé ban chat.
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Két qua khao sat theo van toc cho thiy QLR-FANET duy
tri PDR cao hon so v&i GPSR, AODV va xQGeo trong toan
bo dai van tdc 10-40 m/s. Hinh 3.9 minh hoa két qua PDR
clia cac giao thuc khi van tbc UAV thay dbi.
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Hinh 3.9. Ti 1 chuyén g6i thanh cong theo van tbc

Két qua & Hinh 3.9 cho thdy tai van téc 30 m/s véi 25 nut,
PDR trung binh cia GPSR, AODV, xQGeo va QLR-FANET
lan luot 14 22.8%, 44.6%, 45.3% va 68.2%. Két qua nay
phan &4nh kha nang thich nghi cua QLR-FANET trong moi
truong FANET c¢6 t6-pd bién dong nhanh. Trong khi GPSR
va AODV chiu anh hudng boi thong tin dinh tuyén 13i thoi
hodc qua trinh tai thiét 1ap dudng di, xQGeo tuy c6 st dung
Q-learning nhung chwa khai thac day du phan hoi truyén di
lidu tir ting lién két. QLR-FANET cai thién PDR nho két
hop ham thudng hai thanh phan, phan hoi D-ACK, co ché
phat lién két kém va diéu chinh téc do bit khi truyén lai.

Trong khao sat theo mat d§ nat vaoi 25, 35 va 45 UAV &
van téc 30 m/s, PDR va thong luong cia QLR-FANET ting
theo méat do va luén cao hon cac giao thuc ddi sanh. Véi
45 nat, PDR cia GPSR, AODV, xQGeo va QLR-FANET
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lan luot khoang 31%, 60%, 67% va 93%; thong lugng trung
binh twong tng khoang 70, 135, 155 va 211 Kb/s. Sé lién két
bi gian doan trung binh trén toan mang dudi QLR-FANET
cling thip hon dang ké, phan anh kha ning lwa chon tuyén
6n dinh hon trong méi truong lién két bién dong nhanh.

3.5. So sanh QLR-FANET véi GPSR-CB

Dé dbi chiéu truc tiép hai giao thirc dé xut, luan 4n sir
dung lai kich ban mé phong ctia GPSR-CB trén kién tric
FANET co so (1-BU).

Trong kich ban khao sat anh hudng cua mat do UAV tai
dai van tdc 510 m/s, v6i ba mirc mat d6 50, 75 va 100 UAV,
PDR cuia ca hai giao thirc déu c6 xu hudng ting khi mat do
UAV ting do s6 lwong lang giéng kha dung va kha nang duy
tri két ndi da chang dugc cai thi¢n. Trong hau hét cac muc
mat do khao sat, QLR-FANET dat PDR trung binh cao hon
GPSR-CB. Cu thé, tai mat do 75 UAV, QLR-FANET dat
khoang 63%, cao hon GPSR-CB khoang 5%.

Khi ¢ dai van téc cao, PDR cta ca GPSR-CB va QLR
-FANET déu suy giam do lién két thay d6i nhanh va xac
suat dat tuyén ting. Chénh léch PDR giita hai giao thirc
c6 xu hudng thu hep, cho thay loi thé hoc thich nghi cua
QLR-FANET giam dan khi trang thal lién két bién dong qua
nhanh. ‘Trong khi d6, GPSR-CB van duy tri uu thé vé tré
dau-cudi thdp va c6 kha niang phat huy hiéu qua hon khi
khai thac kién trac backbone UAV nhiéu cap. Vi vay, hai
giao thirc thé hién hai huéng tiép can b6 sung: GPSR-CB
phu hop véi dinh tuyén U2G c6 t chirc backbone rd rang,
con QLR-FANET phu hop véi kich ban can kha ning hoc
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thich nghi tir phan héi truyén di liéu.

KET LUAN

Van d& nang cao hiéu ning dinh tuyén trén tuyén U2G trong
mang FANET 14 can thiét va c6 ¥ nghia thyc tién d6i voi
cac Gmg dung giam sat, tim kiém ctru nan va an ninh—quéc
phong Qua thot g1an nghién ctru, luan an da dé xuit va
kiém chimg mot so giai phap dinh tuyén méi, ddng thoi mo
ra mot s6 huéng phit trién tiép theo.

a) Két qua dat dwoc

Luan 4n tap trung nghién ctru co ché dinh tuyén thich tmg
cho FANET véi hai huéng chinh 1a dinh tuyén dua trén vi
tri va dinh tuyén st dung hoc ting cudng, gin voi dic thu
ludng dit liéu hoi tu vé GCS. Céc két qua dat dugc da dap
ung cac muc tiéu dé ra ban dau, cu thé luan an da:

(1) Bé xuét giao thirc dinh tuyén GPSR-CB, cai tién GPSR
danh cho tuyén U2G, dugc thiét ké dé khai thac kién
trac FANET nhiéu cép backbone UAV nhim tin dung
t6t hon cac lién két on dinh trén tuyén U2G. Cy thé
GPSR-CB cai tién cach danh gia lang giéng trong ché
d6 Greedy: nit chuyén tiép dugc chon bang mot ham
da tiéu chi, két h0’p d6 gan t6i “dich 40” (BU gﬁn nhit
hodc GCS) chi s6 Ability va chat lugng lién két lu:ong
hoa bang PER. GPSR-CB 4 ap dung co ché ti vu truyén
lai bang cach ting cong sudt phat mdi khi goi tin phai
truyén lai, nhdm nang xéc suat truyén thanh cong.

(2) Dé xuét giao thirc dinh tuyén QLR-FANET, ing dung
Q-learning tai bo chon next-hop. Trong giao thirc nay,
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g6i tin dugc xem nhu mot tac tir hoc tir phan hoi truyén
dir liéu, ham thuong dugc thiét ké két hop phan thudng
cuc bd va phan thuong hanh dong tir next-hop. Thong
tin max @ dugc chia sé qua goi D-ACK va gin véi co
ché phat khi truyén lai, diéu chinh téc do bit theo tin
hiéu tang dudi. Cach thiét ké nay cho phép chinh sach
dinh tuyén ty thich nghi dan theo diéu kién mang va ci
thién hiéu ning truyén thong.

(3) Bé xuit kién tric FANET nhiéu cip backbone UAV,
trong d6 cac backbone UAV dugc t6 chirc theo cip bac
doc theo hudng vé GCS, hinh thanh mdt truc chuyén
tiép 6n dinh hon. Két qua mo phong cho thiy kién
trac backbone UAV nhiéu cap gitp cai thién hiéu ning
mang.

(4) Pé xuat glao thirc GPSR-RA, ci tién GPSR theo hudng
xuyén tdng v6i co ché diéu chinh téc d6 bit dwa trén
cac ngudng SNIR. Bing cach giam tdc do bit khi chat
luong kénh suy gidm va tang khi kénh cai thién trude
mdi 1an truyén, GPSR-RA gdp phan nang cao do tin
cdy truyén dan va giam d tré dau—cudi.

Tom lai, ludn &n da dat dugc muc ti€éu nghién ctru 1a dé
xuat va kiém ching cac giai phap dinh tuyén méi nham
cai thién hiéu nang mang FANET trén tuyén U2G. Cac két
qua nay goép phan bd sung co sé khoa hoc cho dinh tuyén
FANET theo dinh hudéng U2G va chi ra loi ich cua viéc két
hop t6 chirc mang c6 chu dich, danh gia chét lugng lién két
theo PER va toc do bit v6i co ché hoc thich nghi phan tan.

Tuy vay, cac két qua va két luan trén duoc xay dung cho
bai toan dinh tuyén don dich trén tuyén U2G trong mang
FANET va khong xét riéng cac kich ban c6 yéu cau dic thu
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vé bao mat dinh tuyén, hd tro da dich hay phan biét nhiéu
16p dich vu.

b) Huwéng phat trién
Trén co s& cac két qua da dat dugc, luan an dinh hudéng
mot s6 hudng nghién ctru tiép theo nhu sau:

(1) Trong GPSR-CB va QLR-FANET, cac trong s trong
ham danh gid va ham thudng hién dang duoc lya chon
¢ dinh. Viéc phat trién cac co ché tuy diéu chinh céc
tham s nay 1a mot trong nhitng huéng nghién ctru tiép
theo can dugc xem xét.

(2) M¢ rong pham vi ap dung cac co ché dinh tuyén dé xuat
trong cac bdi canh c6 thém yéu cau vé bao mat dinh
tuyén, hd trg da dich hoic phan biét 16p dich vu. Viéc
két hop cac yéu cau nay véi kién tric FANET nhiéu
cap backbone UAV 1a mot hudng co thé dugc nghién
ctru nhim x4y dung céac giai phap phu hop hon cho cac
ung dung FANET phuec tap.
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INTRODUCTION

A Flying Ad-hoc Network (FANET) consists of UAVs
connected in an ad-hoc manner and transmitting data to
a Ground Control Station (GCS) for missions such as
surveillance, search and rescue, and environmental moni-
toring [11], [12], [13], [23], [24]. The 3D mobility of UAVs
at high speeds, together with typically sparse node density
and large operating areas, causes rapid topology changes,
unstable wireless links, and an increased risk of network
fragmentation. As a result, end-to-end routes are prone to
disruption, packet loss increases, and delay becomes larger,
directly affecting applications with QoS requirements [5],
[19], [23].

Routing studies in FANETs are commonly classified
into three main approaches. The topology-based approach
inherits protocols such as AODV, OLSR, and DSDV, and
further incorporates metrics such as ETX, SNR, link life-
time, queue load, and energy [2], [19]. However, route
establishment and maintenance mechanisms increase con-
trol overhead when the topology changes rapidly. The
position-based approach, represented by GPSR, enables
forwarding decisions based on the positions of the current
node, its neighbors, and the destination [16]. Several vari-
ants, such as SF-GeoR, UF-GPSR, and GPSR+, improve
neighbor evaluation by incorporating movement direction,
link stability, energy, and queue load into the evaluation
function [14], [17], [18]. Nevertheless, limitations such



as outdated Hello information, routing voids in three-
dimensional space, and link-quality models that are not
tightly coupled with retransmission behavior and bit rate
remain challenging issues [19], [23]. The reinforcement-
learning-based approach applies Q-learning to improve
the adaptability of the next-hop selection policy. How-
ever, open issues remain in state design, reward functions
associated with practical indicators, and mechanisms for
exchanging sufficiently fresh learning knowledge without
significantly increasing control overhead [1], [3], [15].

In many applications, data tends to converge toward
the GCS; therefore, the UAV-to-GCS (U2G) route is the
dominant data transmission route [12], [23]. Further re-
search is still needed on specializing routing mechanisms
for U2G transmission, combining network organization
to reduce topology fluctuation, and exploiting cross-layer
information to optimize retransmissions according to in-
stantaneous link conditions. Based on these considerations,
this thesis aims to study and propose routing solutions
for U2G transmission in FANETSs in order to improve key
performance indicators, including packet delivery ratio,
end-to-end delay, and throughput. The specific objectives
are as follows:

1. To propose and evaluate a position-based routing so-
lution for U2G transmission, enhancing the next-hop
selection mechanism by exploiting link quality and an
appropriate network organization to improve connec-
tion stability.

2. To propose and evaluate a Q-learning-based routing so-
lution for U2G transmission, in which the next-hop se-



lection policy is adjusted according to data transmis-
sion feedback and lower-layer channel-quality informa-
tion to improve adaptability to topology changes.

Chapter 1 FANET NETWORKS AND ROUTING
SOLUTIONS

1.1. FANET Networks and Routing Challenges

A Flying Ad-hoc Network (FANET) is a type of wireless
ad-hoc network in which unmanned aerial vehicles (UAVSs)
are interconnected in an ad-hoc manner and at least one
UAV maintains communication with a Ground Control Sta-
tion (GCS) or a satellite [4], [5]. In many applications, such
as surveillance, search and rescue, or disaster management,
UAVs both collect data and forward it to the GCS to support
near-real-time monitoring [11], [13], [23], [24].

Compared with MANETs and VANETs, FANETs are
characterized by three-dimensional operating environ-
ments, high mobility, typically sparse node density, and
wireless links that are mainly line-of-sight (LoS). Flight
altitude, flight angle, and environmental conditions cause
link quality to fluctuate significantly. UAVs must allocate
energy to both flight and communication, which makes
energy resources limited. Position information must also
be updated frequently to support routing decisions.

These characteristics lead to several routing challenges.
Rapid topology changes make end-to-end routes prone to
disruption. Low node density and large operating areas in-
crease the risk of network fragmentation, which may tem-



porarily disconnect some UAVs from the GCS. Unstable
links increase packet errors and retransmissions, thereby in-
creasing delay and bandwidth cost. Routing-table mainte-
nance mechanisms or frequent control signaling also impose
additional burden on the wireless channel and consume en-
ergy. In many scenarios, most traffic converges toward the
GCS; therefore, the UAV-to-GCS route plays a critical role.

Routing performance in FANETSs is commonly evaluated
using basic metrics, including packet delivery ratio (PDR),
end-to-end delay, and throughput [23].

1.2. Approaches to Improving Routing Performance

Based on the characteristics and challenges discussed
above, routing studies in FANETs mainly focus on three ap-
proaches [1], [2], [19], [23]: (1) improving topology-based
protocols, (ii) improving position-based protocols, and (iii)
applying reinforcement learning to routing. Each approach
has its own advantages, but limitations remain when applied
to FANET environments with rapidly changing topology
and high requirements for UAV-to-GCS route stability.

1.2.1. Topology-Based Protocol Approach

Topology-based routing inherits MANET protocols such
as OLSR, AODV, and DSDV [6], [8], [25], which construct
and maintain routing tables based on link-state information.
When applied to FANETSs, many studies have proposed im-
proved protocols to better reflect link quality and link stabil-
ity.

Some studies integrate mobility information to estimate
link lifetime and combine it with metrics such as ETX,
thereby prioritizing links that are both high-quality and
more stable [32], [33]. Other studies exploit physical-layer



and MAC-layer information such as RSSI, SNR, and queue
load to construct multi-factor routing criteria, thereby se-
lecting less congested and more reliable routes [26], [29].
There are also solutions that focus on energy optimization
along the route, balancing residual energy and avoiding
nodes at risk of battery depletion [22]. In [CT5], an OLSR-
Vr variant was proposed, in which the validity timers for
link and topology information are dynamically adjusted
according to UAV velocity ranges to improve information
freshness, thereby enhancing the routing performance of
OLSR in several FANET scenarios.

In general, topology-based improvements have con-
tributed to enhancing route stability and communication
quality under certain conditions. However, they still de-
pend on routing-table maintenance mechanisms and there-
fore become less effective when the topology changes too
rapidly or when the network is fragmented. Existing solu-
tions mainly focus on improving local links but have not
fully addressed the maintenance of end-to-end routes in
scenarios with fast UAV mobility, sparse node density, or
large operating areas.

1.2.2. Position-Based Protocol Approach
Position-based routing is considered more suitable for
FANETs because of its local decision-making mechanism
and low control overhead [23]. Each node uses its own
position, the positions of its neighbors, and the position
of the destination to select the forwarding node according
to local criteria, which are usually based on distance to
the destination, movement direction, or other auxiliary
factors. GPSR [16] is a representative protocol with two



main modes: greedy forwarding and perimeter forwarding
when encountering a routing void. Based on GPSR, several
improved protocols for FANETs have been proposed, such
as GPMOR [20], GPSR-PPU [27], SF-GeoR [17], UF-
GPSR [18], and GPSR+ [14]. These improved protocols
incorporate additional neighbor-evaluation criteria, such as
predicted position, link lifetime, residual energy, velocity,
and flight direction, to prioritize nodes that both advance
packets toward the destination and maintain stable links
with sufficient energy.

Position-based improvements help reduce delay and in-
crease PDR in many FANET scenarios. However, most of
them still mainly exploit spatial and mobility characteristics,
while link-quality evaluation is often based only on distance
or instantaneous indicators such as RSSI and SNR. The im-
pact of bit rate, packet error rate, and retransmission mecha-
nisms on end-to-end performance has not been sufficiently
exploited. In addition, the perimeter mode of GPSR is less
suitable for highly mobile three-dimensional environments.
Existing solutions are also not yet specialized for the UAV-
to-GCS route, where traffic converges toward a fixed desti-
nation.

1.2.3. Reinforcement-Learning-Based Approach
Recently, many studies have proposed applying rein-
forcement learning to FANET routing to improve the ability
to adapt to network environments [1], [28]. The routing
model is often constructed similarly to position-based rout-
ing, but the forwarding-node selection decision is learned
through interaction between the agent and the environment.
Among reinforcement learning algorithms, Q-learning



[30] is widely used. Each node maintains a Q-table, in
which each Q-value represents the estimated quality of se-
lecting a neighbor as the forwarding node. The Q-value is
updated based on the reward obtained after packet transmis-
sion, reflecting objectives such as reducing delay, increas-
ing PDR, or saving energy. Protocols such as QGeo [15],
QMR [21], Q-FANET [7], and QTAR [3] have exploited
this mechanism through multi-objective reward-function
design, expanded observation spaces, and flexible adjust-
ment of learning parameters.

Published results show that reinforcement-learning-
based routing can improve performance in many FANET
scenarios compared with fixed strategies. However, most
solutions still rely heavily on information from periodic
control packets, so knowledge updates may be delayed
when the network structure changes rapidly. Packet retrans-
mission and link errors have not been explicitly modeled
in the reward function. Coupling states and rewards with
indicators such as PER, queue load, retransmission sig-
nals, and channel quality under different bit rates remains
insufficiently addressed.

1.3. GPSR-RA Protocol with Bit-Rate Adaptation

In addition to the general review, this chapter presents the
GPSR-RA protocol [CT4]. GPSR-RA is developed based
on GPSR, preserving the principle of position-based routing
while incorporating a bit-rate adaptation mechanism accord-
ing to link quality measured by SNIR. The objective is to
exploit the multi-rate capability of IEEE 802.11 to improve
PDR and throughput while reducing end-to-end delay.

GPSR-RA adopts a cross-layer design with two main



modules. At the network layer, GPSRvar extends the
GPSR neighbor table by storing the SNIR information of
the link to each neighbor, obtained from the physical layer
through Hello packets. Atthe MAC layer, MACSnir-RA
receives the selected next-hop, retrieves the corresponding
SNIR value, and decides whether to increase or decrease
the bit rate by one level before transmitting the data packet.
The SNIR thresholds for different bit-rate levels are deter-
mined from the PER-SNIR relationship so that the PER
remains approximately within the allowable threshold for
each rate.

Simulation results under FANET scenarios with differ-
ent numbers of UAVs, velocities, and densities show that
GPSR-RA achieves higher PDR, lower delay, and better
throughput than GPSR in many surveyed cases. When chan-
nel quality degrades, timely bit-rate reduction helps limit
packet errors and retransmissions. This result clarifies the
effectiveness of coordinating position-based routing with
bit-rate adaptation according to link quality.

Chapter 2 POSITION-BASED GPSR-CB ROUTING
SOLUTION

2.1. Problem Statement

Position-based routing allows each node to forward pack-
ets hop by hop based on its own position, the positions of
its neighbors, and the destination position, without maintain-
ing end-to-end routing tables as in topology-based protocols
[16], [23].

GPSR is a representative position-based routing proto-



col, using the Greedy and Perimeter modes. When applied
to FANETSs, several variants such as SF-GeoR, UF-GPSR,
and GPSR+ have been proposed with additional criteria,
including energy, movement tendency, link-breakage risk,
and other factors [14], [17], [18]. However, these proto-
cols still rely mainly on mobility-related information and
indirect estimations, while making limited use of direct
link-quality indicators such as PER/SNIR. They are also
not tightly coupled with a multi-level backbone UAV net-
work architecture for the UAV-GCS route. Mechanisms
for supporting retransmission and exploiting cross-layer
information from the MAC/physical layers to the network
layer remain limited.

Based on these observations, Chapter 2 develops GPSR-
CB, a GPSR variant designed for the UAV-GCS route,
which combines: (i) network organization based on a
multi-level backbone UAV architecture, (ii) a multi-criteria
evaluation function for the Greedy mode, and (iii) cross-
layer mechanisms to support neighbor-information updates
and packet retransmission.

2.2. Analysis of Some Improved GPSR-Based Routing

Protocols

SF-GeoR [17] improves GPSR by using a link-stability
metric that combines residual energy and the conver-
gence/divergence tendency among UAVs, thereby prior-
itizing neighbors with more stable links. UF-GPSR [18]
uses a multi-criteria utility function, including energy,
closeness to the destination, neighbor direction, link-loss
risk, and average speed, to select the next-hop. These two
protocols improve performance compared with the original
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GPSR in several FANET scenarios. However, their crite-
ria still mainly reflect mobility and position characteristics,
while link quality is evaluated indirectly through distance or
safety regions and is not directly associated with PER/SNIR
or feedback from the MAC layer.

2.3. Improving Performance by Organizing FANETSs

with Multi-Level Backbone UAVs

In the basic FANET architecture (Figure 2.2a), one back-
bone UAV (BU) is selected to connect directly to the GCS;
mission UAVs transmit data to the GCS through BU;. When
the deployment area is large, UAV velocity is high, or node
density is sparse, the UAV-GCS route often passes through
multiple intermediate nodes and is prone to disruption due
to rapid mobility or network fragmentation, leading to re-
duced PDR and increased delay.

This thesis proposes extending the basic architecture into
a multi-level backbone UAV FANET architecture (Figure
2.2b) to overcome this limitation. Accordingly, instead
of using only one BU, a sequence of backbone UAVs
BUy, BUs,...,BU, is arranged along the direction from
the GCS to the mission area, forming the backbone axis
GCS-BU;- - - -BU,. This deployment mechanism is imple-
mented using a mobility model referenced to anchor points
determined from the GCS position and the mission area.

The number of BUs along the backbone axis is estimated

as:
n = { Ma J 2.6)

0.9 Ry

where M, is the size of the area along the X axis, R, is the
communication range of a BU, and the factor 0.9 R;, is used
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Figure 2.2: Basic FANET and FANET with multi-level backbone UAVs

to ensure link stability according to [31]. The BUs are as-
sumed to be dedicated UAVs with higher energy availability
and stability, moving with reference to the GCS and forming
a reliable “corridor” for the UAV-GCS route. In the simula-
tions, the 1-BU configuration, representing the basic archi-
tecture, and the 4-BU configuration, representing the multi-
level backbone architecture, are used to evaluate GPSR-CB
and to distinguish the contribution of network organization
from that of the routing mechanism.

2.4. Proposed GPSR-CB Routing Protocol

2.4.1. Design Rationale

GPSR-CB is proposed as an improvement of GPSR for
the UAV-GCS route in FANETs, with two main objectives:
(1) to guide packets to converge early toward the stable back-
bone UAV axis before reaching the GCS; and (ii) to select
the next-hop based on a multi-criteria evaluation function
that combines position information, link quality, and the
ability to maintain the Greedy mode. The protocol also in-
tegrates cross-layer mechanisms to rapidly update neighbor



12

information and support early successful packet retransmis-
sion.

2.4.2. Method for Selecting a Neighbor as the Next-Hop

GPSR-CB evaluates each neighbor B of the current node
A with respect to a “virtual destination” D (the nearest BU
or the GCS) based on three criteria: closeness to the virtual
destination, the ability to continue the Greedy mode, and
link quality.

* Closeness to the “virtual” destination
The progress toward the virtual destination when for-
warding a packet from A to B is quantified as:

Lap—LBp (2.10)

Prx = ,
B.D trRange

where Ly p and Lp p are the Euclidean distances from
A and B to the virtual destination D, respectively, and
tzRange 1s the maximum communication range of a UAV.
A larger value of Prxp p indicates that B helps the packet
move closer to the backbone/GCS.

* Packet error rate
The PER between a node A and its neighbor B can be
estimated from the BER using [10]:

Perap=~1—(1— BER)", (2.11)

where L is the packet size in bits.
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* Ability to continue the Greedy mode
The ability of neighbor B to continue the Greedy mode
is denoted by Abipg:

, |Neighbors_In_GR(B, D)|
AbZB = - )
|Neighbors_O f(B)]

(2.12)

where Neighbors In_GR(B, D) is the set of neighbors of
B located in the Greedy region with respect to destination
D, and Neighbors_Of(B) is the set of all neighbors of B.
A larger value of Abip indicates a higher ability to main-
tain Greedy forwarding from B, thereby reducing the risk
of switching to the Perimeter mode.

* Neighbor evaluation function

The link quality between A and B is reflected by
the packet error rate Per, p, which is estimated from
BER/SNIR and packet size. The three criteria are com-
bined into the following function:

f(B,D)4 = wi-Prop p+wa-Abip+ws- (1—P6TA7B), (2.13)

where w; + w2 + w3 = 1. Node A removes neighbors marked
as unreliable, determines the virtual destination D (the near-
est BU or the GCS), computes f(B, D)4 for each neighbor
B, and selects the node with the highest value as the next-
hop. If A belongs to the backbone, the next-hop is priori-
tized as a lower-level BU or directly the GCS, ensuring that
packets are forwarded along the backbone axis toward the
destination.
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* Neighbor information management

GPSR-CB extends the Neighbor Information Table (NIT)
to store the position, Abig, and Per, p for each neighbor
B. Position information and Abi are advertised through
periodic Hello packets. The metric Per4 p is updated in
a cross-layer manner when packets are received from the
lower layer.

2.4.3. Supporting Mechanisms

To reduce the update delay of Abip, GPSR-CB exploits
the IEEE 802.11 ACK frame: the Duration field, which
1s not used by default for access control in this context, is
reused to carry the latest value of Abig. Whenever a data
packet is successfully transmitted, the sender extracts Abig
from the ACK and updates the NIT, allowing the function
f(B, D)4 to rely on fresher information than when using
only Hello packets.

For retransmissions, GPSR-CB applies two cross-layer
operations: (i) temporarily increasing the transmit power
during retransmission attempts by a small factor, bounded
by the maximum transmit power, in order to improve SNIR
and increase the probability of successful retransmission;
and (i1) if a next-hop exceeds the retransmission threshold
without returning an ACK, the corresponding link is tem-
porarily marked by assigning Abi = —1 in the NIT so that it
will not be selected in subsequent routing decisions. When
this neighbor reappears in Hello packets, its Abi value is
updated according to the new state.
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2.5. Simulation and Result Analysis

2.5.1. Simulation Parameters and Scenarios

GPSR-CB is implemented on OMNeT++ 6.0/INET 4
and compared with GPSR and UF-GPSR in terms of
packet delivery ratio (PDR), throughput, end-to-end delay
(EED), and energy consumption. Two variants are eval-
uated: GPSR-CB-0, without transmit-power adjustment,
and GPSR-CB-1, with retransmission power adjustment,
hereafter referred to as GPSR-CB. The FANET is deployed
ina 1000 x 1000 x 1000 m space, with 50-100 UAVs moving
according to the 3D RandomWaypoint model and a com-
munication range of 250 m. The scenarios consider two
architectures, 1-BU and 4-BU, and three velocity ranges:
[5-10], [15-20], and [25-30] m/s.

2.5.2. Results and Analysis

In the 1-BU architecture, as UAV density increases, the
PDR of all protocols increases; however, GPSR-CB-0 and
GPSR-CB-1 consistently achieve higher PDR and through-
put than GPSR and UF-GPSR at all density levels. By com-
bining position information with PER and Ability, GPSR-
CB prioritizes links with better quality and neighbors with
a higher ability to continue Greedy forwarding, thereby re-
ducing the number of transitions to the Perimeter mode and
avoiding ineffective retransmissions. The end-to-end delay
of GPSR-CB remains low and more stable. The average en-
ergy consumption is lower than or comparable to that of UF-
GPSR and GPSR, due to the reduction in retransmissions
and route length.

When moving to the 4-BU architecture, the stable back-
bone axis improves the performance of all protocols. How-
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Figure 2.13. Packet delivery ratio in FANETs with 1-BU and 4-BU

ever, the improvement of GPSR-CB is more pronounced be-
cause the protocol exploits the virtual-destination criterion
and the route-prioritization mechanism through BUs. Fig-
ure 2.13 illustrates the difference in PDR between the 1-BU
and 4-BU configurations.

The results in Figure 2.13 show that the FANET con-
figuration with multi-level backbone UAVs significantly
improves PDR compared with the basic 1-BU architec-
ture. GPSR-CB achieves the largest improvement, with
the average PDR increasing from approximately 55-58%
to 80-82%, corresponding to an increase of about 24%.
In contrast, GPSR and UF-GPSR increase by only about
10%. This indicates that GPSR-CB effectively exploits the
multi-level backbone axis to maintain a more stable U2G
route.

In the velocity-varying scenarios, the PDR of all proto-
cols decreases as UAV velocity increases because the links
become less stable. Nevertheless, GPSR-CB still maintains
better results than GPSR and UF-GPSR. Overall, the results
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show that GPSR-CB improves PDR, throughput, and EED
in both the 1-BU and 4-BU architectures, while its process-
ing complexity remains linear with the number of neighbors.
However, the protocol uses fixed weights, and therefore its
ability to adapt to network conditions remains limited.

Chapter 3 QLR-FANET ROUTING SOLUTION USING
REINFORCEMENT LEARNING

3.1. Introduction

Based on the modeling of the multi-hop routing prob-
lem using Q-learning, where the agent is a packet, the
state is the current node holding the packet, and the action
is the selection of a next-hop, this chapter first analyzes
several representative protocols, including QGeo, QMR,
and Q-FANET. From this analysis, common limitations
in applying reinforcement learning to environments with
rapidly varying links are identified. The chapter then
presents the design of the QLR-FANET protocol, including
a two-component reward function, an event-driven knowl-
edge propagation mechanism through D-ACK packets,
and a cross-layer bit-rate adaptation mechanism. Finally,
simulation-based performance evaluation is presented.

3.2. Analysis of Some Reinforcement-Learning-Based

Routing Protocols
Several FANET routing protocols have applied Q-learning
on top of position-based routing. QGeo [15] uses a reward
based on the packet progress speed toward the destination.
Each node shares its position, velocity, error informa-
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tion, and marQ¥ through Hello packets. The discount
factor « 1s set according to the predicted maintenance or
breakage of the link, and the next-hop is selected using
an e-greedy strategy. QMR [21] extends QGeo toward
a multi-objective design: the reward function combines
one-hop delay and residual energy, the learning rate «
1s adjusted according to the delay variation on each link,
the discount factor vy reflects the stability of the neigh-
bor set, and next-hop selection is performed through two
phases with a progress-velocity constraint under a deadline.
Q-FANET [7] applies the QNoise+ algorithm [9], in which
Q-values are updated from a weighted reward of several
most recent steps combined with an SINR-dependent com-
ponent. Its reward function is designed with three levels,
corresponding to reaching the destination, encountering a
routing void, and the remaining cases, while the next-hop 1s
still selected using e-greedy over the candidate set satisfying
the progress-velocity constraint.

These protocols show that the Q-learning approach has
the potential to improve PDR, EED, and energy consump-
tion in several FANET scenarios. However, they also share
several limitations. First, learned knowledge, especially
mazQPY, is mainly propagated through periodic Hello
packets, and therefore may become outdated or lost when
links change rapidly or when the channel is strongly af-
fected by noise. Second, the reward functions mainly focus
on local one-hop metrics, such as progress speed, delay, en-
ergy, and queue occupancy, without clearly separating the
contribution of the local state from the ability of the next-
hop to receive and continue forwarding packets toward
the destination. Third, packet retransmission is mainly
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handled at the MAC layer, while retransmission events, or
Retry events, have not been exploited as learning signals.
In addition, cross-layer bit-rate adaptation has not been
sufficiently used to increase the probability of successful
retransmission without increasing transmit power.

These limitations form the basis for proposing the QLR-
FANET protocol, in which the reward function is designed
with two components, namely the local reward and the
action reward from the next-hop. Learned knowledge is
shared in an event-driven manner through D-ACK packets
associated with data packets, and the cross-layer bit-rate
adaptation mechanism is triggered when packet retransmis-
sions occur.

3.3. Proposed QLR-FANET Routing Protocol

3.3.1. Design Rationale

QLR-FANET is developed to address the three limita-
tions discussed above. First, the RL model uses a two-
component reward function, separating the local reward,
which is evaluated by the sender from its local observation,
from the action reward, which is fed back by the next-hop
and associated with its ability to forward packets toward
the destination. This separation allows the agent not only to
optimize the current forwarding step, but also to prioritize
next-hop nodes that have the potential to maintain stable
routes in subsequent hops.

Second, instead of propagating learned knowledge only
through Hello packets, QLR-FANET introduces an event-
driven feedback channel through D-ACK packets directly
associated with data packets. Whenever a packet is success-
fully forwarded, the next-hop sends a D-ACK containing
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the ActionReward and the current max () value toward the
destination, enabling the sender to update its Q-value more
closely according to the current link state.

Third, QLR-FANET integrates a cross-layer mecha-
nism that uses Retry signals from the MAC layer. Failed
retransmission attempts are mapped to negative rewards,
while also triggering bit-rate adaptation according to the
IEEE 802.11 multi-rate mechanism, temporarily reducing
the bit rate instead of increasing transmit power. This both
increases the probability of successful retransmission and
limits interference, making the mechanism suitable for
UAVs with hardware constraints.

3.3.2. Routing Model and Learning Data at Each Node

QLR-FANET models the packet forwarding process as
an RL problem, in which the state corresponds to the current
node and the action is to select one neighbor as the next-hop.
Each node maintains two main data structures. The first is
the Observation table, which is collected from Hello pack-
ets and link measurements and is used for reward calcula-
tion. The second is the O-table, which stores Q-values over
the neighbor set to support distributed decision-making. Q-
value updates are triggered by events associated with data
transmission, through D-ACK packets or retransmission sig-
nals.

QLR-FANET uses a two-layer reward consisting of Lo-
calReward L o(B) and ActionReward N (B) for each neigh-
bor B of the current node A with respect to destination D.

The two reward components are combined using the co-
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efficient A:
Ra(B)=A-LA(B)+ (1—-A)-N(B), (3.21)

where R 4(B) is the reward used to update the Q-value ac-
cording to the Q-learning rule.

LocalReward reflects the local observation at the current
node when considering a candidate neighbor, and con-
sists of four components: the packet error rate on the link
(Perjink(a,p))> the relative velocity (vp a), the progress to-
ward the destination (d(p 4)-,p), and the queue occupancy
at the next-hop (Loadp). These four components are nor-
malized to the range [0, 1] and linearly combined using the
weight vector (A1, A2, A3, \g):

LA(B) = - (1= Perjngap) + A2 (1—vp,.a)

(3.22)
+ A3 d(p,a)ysp + A (1 — LOCLdB),

ActionReward reflects direct feedback from the next-hop
regarding its ability to continue forwarding packets toward
the destination, based on the metric Pz(D) and the reverse-
link quality Peryni(p,4)- Specifically:

—1, if Pg(D) =0,
N(B) =<1, if Pg(D) > Py, (3.23)
k — Perink(p,a), otherwise,

where £ is an adjustment constant and Py € (0,1) is the
forwarding-capability threshold.
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3.3.3. Next-Hop Selection

The selection of the next-hop in QLR-FANET is per-
formed by combining the Q-value with spatial information.
At each node A, the neighbors belonging to the three most
recent nodes traversed by the packet and the neighbors with
Pp(D) = 0 are removed from the candidate set to avoid
loops and eliminate blocked forwarding directions early.
For each remaining candidate, the Q-value Q4(B, D) is
multiplied by the progress-to-destination metric d(g 4)—p
to obtain a weighted Q-value, from which the action-
selection probability distribution is constructed using the
Softmax policy. The next-hop is selected as the node with
the highest probability in this distribution. This approach
enables the protocol to prioritize nodes that both have high
learned values and make progress toward the destination,
while still maintaining a directed exploration component in
an environment with fluctuating links.

3.3.4. Supporting Mechanisms

QLR-FANET introduces two supporting mechanisms as-
sociated with retransmission signals from the MAC layer.
First, when a packet must be retransmitted, the agent records
this as a suboptimal decision and assigns a fixed negative
penalty to the link causing the retransmission. This gradu-
ally reduces the probability of selecting that link again in
subsequent routing decisions without immediately remov-
ing neighbors that are still available. Second, the protocol
exploits the multi-rate capability of IEEE 802.11 to adapt
the bit rate: if no ACK is received after the first transmis-
sion, the sender reduces the bit rate to the next lower level.
After a successful retransmission, the bit rate is restored to
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the default value.

3.4. Simulation and Performance Evaluation

The performance of QLR-FANET is evaluated through
simulation on a FANET model with a size of 1500m x
1500m x 120m, 25 to 45 UAVs, a mobility speed of 10—
40 m/s, and the MassMobility model. The wireless links
use IEEE 802.11g multi-rate with a transmit power of
10 dBm, the Thermal Noise model, and an SINR threshold
of 4dB. The Hello transmission frequency is 1 Hz. The
reinforcement learning parameters, including the learning
rate, discount factor, and reward-function weights, are kept
fixed.

QLR-FANET is compared with GPSR, AODYV, and xQ-
Geo. GPSR represents the group of position-based routing
protocols, AODV represents the group of topology-based
routing protocols, while xQGeo is used as a comparison pro-
tocol in the direction of Q-learning-based routing. This se-
lection enables QLR-FANET to be evaluated against both
traditional routing protocols and a protocol with a learning
mechanism that is closer in nature.

The velocity-based evaluation results show that QLR-F-
ANET maintains a higher PDR than GPSR, AODYV, and xQ-
Geo over the entire velocity range of 1040 m/s. Figure 3.9
illustrates the PDR results of the protocols as UAV velocity
varies.

The results in Figure 3.9 show that at a velocity of 30 m/s
with 25 nodes, the average PDR values of GPSR, AODV,
xQGeo, and QLR-FANET are 22.8%, 44.6%, 45.3%, and
68.2%, respectively. This result reflects the adaptability
of QLR-FANET in a FANET environment with rapidly
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Figure 3.9. Packet delivery ratio with respect to velocity

changing topology. While GPSR and AODYV are affected
by outdated routing information or route re-establishment
processes, xQGeo, although using Q-learning, does not
fully exploit data transmission feedback from the link
layer. QLR-FANET improves PDR by combining a two-
component reward function, D-ACK feedback, a penalty
mechanism for poor links, and bit-rate adjustment during
retransmission.

In the node-density evaluation with 25, 35, and 45
UAVs at a velocity of 30 m/s, the PDR and throughput of
QLR-FANET increase with node density and remain higher
than those of the comparison protocols. With 45 nodes, the
PDR values of GPSR, AODV, xQGeo, and QLR-FANET
are approximately 31%, 60%, 67%, and 93%, respectively.
The corresponding average throughputs are approximately
70, 135, 155, and 211 Kb/s. The average number of broken
links across the network under QLR-FANET is also sig-
nificantly lower, reflecting its ability to select more stable
routes in an environment with rapidly varying links.
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3.5. Comparison between QLR-FANET and GPSR-CB

To directly compare the two proposed protocols, the the-
sis reuses the simulation scenario of GPSR-CB under the
basic FANET architecture, namely the 1-BU configuration.

In the scenario evaluating the effect of UAV density
within the velocity range of 5-10m/s, with three density
levels of 50, 75, and 100 UAVs, the PDR of both protocols
tends to increase as UAV density increases, since the num-
ber of available neighbors and the capability to maintain
multi-hop connectivity are improved. At most surveyed
density levels, QLR-FANET achieves a higher average
PDR than GPSR-CB. Specifically, at the density of 75
UAVs, QLR-FANET achieves approximately 63%, about
5% higher than GPSR-CB.

At high velocity ranges, the PDR of both GPSR-CB
and QLR-FANET decreases because links change rapidly
and the probability of route breakage increases. The PDR
gap between the two protocols tends to narrow, indicat-
ing that the adaptive learning advantage of QLR-FANET
gradually decreases when link states fluctuate too rapidly.
Meanwhile, GPSR-CB still maintains an advantage in
lower end-to-end delay and can achieve better effectiveness
when exploiting a multi-level backbone UAV architecture.
Therefore, the two protocols represent two complementary
approaches: GPSR-CB is suitable for U2G routing with a
clearly organized backbone, while QLR-FANET is suitable
for scenarios that require adaptive learning capability from
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data transmission feedback.

CONCLUSION

Improving routing performance on the U2G route in
FANETSs is necessary and has practical significance for
applications such as surveillance, search and rescue, and
security—defense. Through the research process, this thesis
has proposed and validated several new routing solutions,
while also identifying a number of directions for future
development.

a) Achieved Results

The thesis focuses on adaptive routing mechanisms for
FANETs along two main directions: position-based routing
and reinforcement-learning-based routing, both associated
with the specific characteristic of data flows converging to-
ward the GCS. The achieved results have fulfilled the ini-
tially defined objectives. Specifically, the thesis has:

(1) Proposed the GPSR-CB routing protocol, an improved
GPSR variant for the U2G route, designed to exploit
the multi-level backbone UAV FANET architecture in
order to better utilize stable links along the U2G route.
Specifically, GPSR-CB improves neighbor evaluation
in the Greedy mode: the forwarding node is selected
using a multi-criteria function that combines closeness
to the “virtual destination” (the nearest BU or the
GCS), the Ability metric, and link quality quantified by
PER. GPSR-CB applies a retransmission optimization
mechanism by increasing the transmit power whenever
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a packet needs to be retransmitted, thereby improving
the probability of successful transmission.

(2) Proposed the QLR-FANET routing protocol, which ap-
plies Q-learning to the next-hop selector. In this proto-
col, a packet is regarded as an agent that learns from
data transmission feedback, and the reward function is
designed by combining a local reward and an action
reward from the next-hop. The max ) information is
shared through D-ACK packets and is associated with a
retransmission penalty mechanism and bit-rate adjust-
ment based on lower-layer signals. This design enables
the routing policy to gradually adapt to network condi-
tions and improve communication performance.

(3) Proposed a multi-level backbone UAV FANET archi-
tecture, in which backbone UAVs are hierarchically
organized along the direction toward the GCS, form-
ing a more stable forwarding axis. Simulation results
show that the multi-level backbone UAV architecture
improves network performance.

(4) Proposed the GPSR-RA protocol, an improved GPSR
variant following a cross-layer approach with a bit-rate
adjustment mechanism based on SNIR thresholds. By
reducing the bit rate when channel quality degrades
and increasing it when the channel improves before
each transmission, GPSR-RA contributes to improving
transmission reliability and reducing end-to-end delay.

In summary, the thesis has achieved its research objective
of proposing and validating new routing solutions to im-
prove FANET performance on the U2G route. These re-
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sults contribute to strengthening the scientific foundation
for U2G-oriented FANET routing and demonstrate the ben-
efits of combining purposeful network organization, link-
quality evaluation based on PER and bit rate, and distributed
adaptive learning mechanisms.

Nevertheless, the above results and conclusions are es-
tablished for the single-destination routing problem on the
U2G route in FANETSs, and do not separately consider sce-
narios with specific requirements for routing security, multi-
destination support, or differentiated service classes.

b) Future Research Directions
Based on the achieved results, the thesis identifies several
future research directions as follows:

(1) In GPSR-CB and QLR-FANET, the weights in the eval-
uation function and reward function are currently se-
lected as fixed parameters. Developing mechanisms to
automatically adjust these parameters is one of the fu-
ture research directions that should be considered.

(2) Extending the applicability of the proposed routing
mechanisms to contexts with additional requirements
for routing security, multi-destination support, or dif-
ferentiated service classes. Integrating these require-
ments with the multi-level backbone UAV FANET
architecture is a potential research direction toward de-
veloping solutions more suitable for complex FANET
applications.
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