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NHUNG PE XUAT NGHIEN CUU CUA LUAN AN

Dé xuét 1:

Céc cong trinh trudc dy ciia nghién ctru sinh déu cho thdy hiéu ning mang
da ching thir cAp (MUCRN) bi anh huong 16n tir yéu t6 PUs cua mang so cip.
Dua trén két qua do, nghién ctru sinh dé xuat giai phap trang bi nhiéu anten
trong mang so cdp v6i mong muén t6i uu hi¢u ning mang so cap. Tir do, cac
tram phat thtr cip c6 co hdi nang cao cong sudt phat, cai thién hiéu ning mang.
Do céc tram thu phat c¢6 kha nang tinh toan han ché, k¥ thuat phan tap TAS/SC
dugc dé xuét sir dung trong mang so cdp c6 nhiéu anten. Két qua di duoc
nghién ctu sinh cong bd trén tap chi SCIE (International Journal of
Communication Systems - 1JCS):

P. M. Nam, T. T. Duy, and P. V. Ca, "End-to-end security-reliability
analysis of multi-hop cognitive relaying protocol with TAS/SC-based
primary communication, total interference constraint and asymmetric
fading channels," International Journal of Communication Systems, vol.
32, no. 2, pp. 1-16, 2019.

Dé xuit 2:

K§ thuat thu hoach ning lugng v tuyén dé truyén tin (SWIPT) 1a giai phap
tt dé tang tinh linh dong, thich nghi voi ha ting co sd truyén thong. Tiép tuc ké
thira két qua tir & xuét 1, nghién ciru sinh dé xudt nghién ctru giai phép trang bi
nhiéu anten trong mang da ching MUCRN ding phén tap thu/phat 1a TAS/SC.
Két hop v6i ky thuat SWIPT, cac anten sé& khong nhimng nang cao dugc higu
ning truyén thong ma con ting mic thu hoach ning lugng, gop phan cai thién
hon nita hiéu ning mang. Hai théng sb hiéu niang bao mat can duoc quan tam la
SOP va PNSC. Cac két qua nghién ctru dd dwoc nghién ctru sinh va mot dong
tac gia chinh cong b trén tap chi SCIE (Sensors):

P. T. Tin, P. M. Nam, T. T. Duy, P. T. Tran, and M. VVoznak, "Secrecy
Performance of TAS/SC-Based Multi-Hop Harvest-to-Transmit Cognitive
WSNs Under Joint Constraint of Interference and Hardware Imperfection,”
Sensors, vol. 19, no. 5, p. 1160, 2019.



Dé xujt 3:

Trong thuc té, cac nit mang dugc bd tri theo dang ludi. Vi vay, khi thiét lap
mdt mang MUCRN trong mot mang ludi s€ cod truong hop hai tram trung gian
gan vé khoang cach dia 1y (gan vé cu ly truyén thong) nhung c6 thé xa khi xét
theo su sap xép theo thtr tu truyén tin (cich nhau qua nhiéu ching). Dé xuat 3
nghién ctru giao thirc cong tac giita cac tram dé chi tram thu duoc gan dich nhat
phét chuyén tiép thong tin & khe thoi gian ké tiép, rat ngan quing dudng thong
tin di dén dich. Cac tram thu phat déu c6 kha ning thu hoach ning luong vo
tuyén truyén tin va bi han ché cong suat phat. Nghién ctru tim dwoc gia tri toi
vu hé s6 phan chia thoi gian a* cia ki thuat SWIPT trong ca truong hop truyén
tin tudn ty thong thuong va truyén tin cong tac. Cac két qua nghién ciru cia dé
xut dugc nghién ciru sinh céng bd tap chi SCIE (Electronics):

P. M. Nam, T. T. Duy, P. V. Ca, P. N. Son, and N. H. An, "Outage
Performance of Power Beacon-Aided Multi-Hop Cooperative Cognitive
Radio Protocol Under Constraint of Interference and Hardware Noises,"
Electronics, vol. 9, no. 6, p. 1054, 2020.

Dé xut 4:

Céac mo hinh dé xuat trudc chi dat bdi canh khi c6 mot tuyén MUCRN duy nhét
truyén tin tir nguon dén dich trong diéu kién han ché coéng suat phat. Trong
truong hop xuét hién nhiéu mang da ching (tuyén da ching) c6 thé truyén
thong tin tir ngudn dén dich, dé xuat 4 danh gia ba giao thirc chon dudng di la
BEST, MAXV, va RAND, st dung trong mang ludi gém nhiéu mang MUCRN.
Nghién ctru cling dong thoi so sanh wu nhuoc diém cia ba giao thic trén dya
trén yéu cau vé CSI khac nhau cua ting giao thirc. K&t qua nghién ctru da duoc
nghién ciru sinh cong bd trong hoi nghi INISCOM2019, dwoc xuat ban trong
Lecture Notes of the Institute for Computer Sciences, Social Informatics and
Telecommunications Engineering (SCOPUS).

P. M. Nam, P. V. Ca, T. T. Duy, and K. N. Le, "Secrecy Performance
Enhancement Using Path Selection over Cluster-Based Cognitive Radio
Networks," in INISCOM2019, Lecture Notes of the Institute for Computer
Sciences, Social Informatics and Telecommunications Engineering, 2019,
vol. 293, pp. 65-80: Springer Nature Switzerland AG



NHUNG PONG GOP CUA LUAN AN

Luan 4n nghién ctru va dé xuat nhiing gidi phap nang cao hiéu ning truyén
thong cia mang MUCRN (Multi-hop Underlay Cognitive Radio Networks) bi
rang budc cong suat phat. Bén canh d6, luan an ciing nghién ciru k¥ thuét thu
hoach ning lugng v6 tuyén va bao mat 16p vat 1y.

Dau tién, ludn 4n dua ra cac md hinh chuyén tiép da ching hiéu qua nham
nang cao hiéu ning cia mang thir cip véi didu kién rang budc cong suat phat va
su anh hudng cua nhiéu déng kénh tir mang so cép. Cu thé, luan 4an dé xuét cac
moé hinh chon dudng, chuyén tiép phéan tap, chuyén tiép cong tic va cac ky
thuat chon Iva nut chuyén tiép hiéu qua. Hon nira, luan an ciing nghién ciru cac
mo hinh téng quat trong d6 mang so cap sir dung cac k¥ thuat thu/phat c6 phan
tap dé nang cao hiéu ning cho mang so cap, dong thoi cling nang cao kha ning
st dung phé tan cho mang tha cép. Bén canh d6, cac bai toan toi wu sd chang,
s6 anten ciing dd duoc nghién ciru trong luan &n.

Thir hai, bai vi cac thiét bi vo tuyén thir cp bi han ché vé kich thudc va ning
luong, k¥ thuat thu thap ning luong song vo tuyén di duoc sir dung dé cung
cap niang lugng cho cac thiét bi nay. Luan an ciing d& xuat cac mo hinh thu thap
nang luong hiéu qua tir cac tram phat ning luong duoc dat trong mang thir cip.
Vé mit thiét ké, luan an thiét ké khoang thoi gian thu thap ning lugng tdi wu
cho mang chuyén tiép da ching thir cép.

Ké tiép, bao mat thong tin cho mang chuyén tiép da ching 1a mot trong nhiing
véAn dé then chét. Do d6, luan an nghién ctru van dé bao mat 16p vat 1y cho cac
mo6 hinh d& xuat. Cu thé, luan an nghién curu cac hiéu nang bao mat va sy danh
ddi gitra do tin cdy cua viéc truyén dir li€u va bao mat thong tin. béi voi mang
da ching da anten, phan tip phat/thu theo dang TAS/SC, d& xuit trang bj sb
lugng anten nhiéu hon dé giam xac suét dung bao mit. Dac biét, luan an dé
xudt giai phap chon tuyén thong tin da ching theo ba giao thic BEST, MAXV,
va RAND c6 tinh thyc tién cao. Hon nita, luan 4n ciing d xuat mo hinh chuyén
tiép da chéng cong tac dé dat duoc hiéu nang cao hon cho cac mang chuyén
tiép da chiang vé6i cac nit thir cip don anten.

Cudi cling, hiéu ning ctia tat ca cic md hinh déu dugc danh gia bang cac biéu
thirc toan hoc va kiém chung su chinh xac théng qua mé phong Monte Carlo.
Boi vi hau hét cac biéu thirc duoc dua ra dudi dang tuong minh, nén ching co



thé duoc su dung hi¢u qua trong viéc danh gia va thiét ké hé théng. Hon nira,
nhitng mo hinh dé xut cua ludn an cho thay viéc thiét ké mang truyén thong da
ching hoat dong trong diéu kién han ché cong suét phat 1a hoan toan kha thi.
Nhing dé xuit trong luan an néu dugc trién khai hoan toan co thé nang cao
hiéu ning truyén thong ciing nhu bao mat thong tin.

GIOI THIEU

1. Ly do chon d? tai:

Gan day, viéc giai quyét su khan hiém phd tan phuc vu trong thong tin vo
tuyén ngdy cang cdp bach. Cic mang thé hé méi nhu WSNs, VANETS,
MANET déu hoat dong dan xen véi cac ha ting mang sin c6. Mang truyén
thong thir cap hoat dong & ché do nén ciia vo tuyén nhéan thirc (UCRN) 1a mot
giai phap tiét kiém dai tin hiéu qua do khong can cap phat tan s6 méi. Hon nita,
mdi truong thong tin thay doi lién tuc sé& rat khé khan dé duy tri mot két ndi 6n
dinh, hiéu qua tir ngudn dén dich. Chinh vi viy, mang vo tuyén da ching thir
cdp (MUCRN) 1a mot giai phéap truyén tin hiéu qua hon so v&i truyén tryc tiép.
Bén canh d0, giai phap cung cdp ning luong va truyén tin dong thoi (SWIPT)
nén duoc trang bi nham duy tri su két ndi, kéo dai thoi gian séng cia mang &
nhing noi khéng c6 ngudn cung cip. Dé bao mat thong tin, bao mat 16p vat ly
(PLS) 1a mot giai phap thich hop timg dung cho cac mang c6 cac phan tir ¢ kha
nang xr Iy thip. Vi muc dich nghién ctru nhitng giai phap phuc vu cho nhiing
yéu cau thyc tién o trén, dé tai luan an “Nghién citu hiéu ning mang truyén
théng vé tuyén da ching trong diéu kign cong sudt phdt han ché” duoc
nghién ctru sinh lya chon dé thuc hién nghién ctru.

2. Muc tiéu nghién ciru:

a) Nang cao hiéu suit sit dung phd tan bang cach chia sé phd tan ciia mang
so cap (PN) cho mang da ching thir cip (MUCRN).

b) Dé xuit cac giai phap nang cao hiéu ning truyén thong mang da ching
muc tiéu nhim dam bao chét lugng dich vu (QoS: Quality of Service).

¢) Pua ra giai phap nang cao kha ning bao mat truyén thong trong MUCRN
bang phuong phap bao mat 16p vat Iy nhim thich nghi v&i cac tram thu phat c6
kha nang xir 1 han ché.

d) Ap dung kha ning thu thip ning luong vo tuyen O céc tram phat trong

MUCRN nham da dang hoa kha ning cung cip ngudn, nang cao hiéu qua st
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dung ning lugng, kéo dai thoi gian sdng ciia mang, ting tinh thyc tién khi trién
khai xay dung mang.

CHUONG 1 TONG QUAN VE VAN PE NGHIEN CUU

Dé cap dén céc phan tich chi tiét ciia nghién ctru sinh vé& cac cong trinh trudc
d6 trong cung linh vuc, bao gdm cac nghién ciru qudc té va trong nude. Tur do
phat trién hudng nghién ctru méi phuc vu muc tiéu luan an. Chi tiét dugc trinh
bay tir trang 10 dén trang 27 trong toan vin ludn an.

CHUONG 2 CO SO LY THUYET

Dé cap ngin gon vé nén tang 1y thuyét cac kénh truyén vo tuyén, cac mo hinh
va giao thirc mang da ching cing véi giao thirc bao hiéu MAC. Ly thuyét vé
ché d6 han ché cong suat phat, khiém khuyét phan cimg, bao mat 16p vay ly hay
thu hoach ning lugng v6 tuyén va truyén tin dugc trinh bay trong phan nay. Chi
tiét noi dung tir trang 28 dén trang 40 ctia ban toan van ludn an.

CHUONG 3 MANG PA CHANG THU CAP GOM CAC TRAM THU
PHAT BO TRI THEO TAM NHIN THANG

3.1 Giéi thiéu

Céc cong trinh trudc dy cua nghién ctru sinh [C2, J9] déu cho thiy hiéu ning
mang da chang thir cap (MUCRN) bi anh huong 16n tir yéu té PUs clia mang so
cap. Duya trén két qua do, nghién ctru sinh dé xuat giai phap trang bi nhiéu anten
trong mang so cip voi mong mudn nang cao hiéu ning mang so cip. Tir d6 cai
thién hiéu ning mang thir cap.

3.2 MO0 hinh @é xuat

/TAS N\

Hinh 3.1: M6 hinh mang chuyén

tiep da chang voi tdm nhin

2 X -
thang = Data link Interference link
—_—> ——imn—e>



Mang so cap (PN) c6 nhiéu anten va phan tip TAS/SC (Transmit Anten
Selection / Selection Combining). Mang thir cdip MUCRN c6 thong tin duoc
truyén tir Sy dén Sk qua K chiang, sir dung giao thirc Half-duplex (HD). Tam
nhin tir tram thir cap dén tram ké tiép hay tram nghe 1én 1a LOS. Tam nhin tir
mang so cip 1a NLOS. Tram nghe 1én E danh chan thong tin trén timg ching.

3.3 Phén tich hi¢u niing

3.3.1 X4c sudat ding ciia mang so' cap

. oo (1, +1) Mt
T6i wu: O =| 1=8XP| ~fpp ——— @320), | -

A In SRR Y EP TN
iPPO.P 1—(SOP)NTNR
3.3.2 X4c sudat dirng cua mang da chang thit cdp

Truong hop Rician fading:

pix+ B, By
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Truong hop Rayleigh fading:
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3.3.3 X&c sudt nghe lén trong mang muc tiéu
Truong hop Rician fading:
IP=1- B [t ( Ha J —JoexX)dx |,.(3.32
D e
£ HsX _ Hy _
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Truong hop Rayleigh fading:
a1
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3.4 Céc két qua dat dwoc:

3.4.1 Anh hwong cua ti s6 SNR phat 1én mac xuyén nhiéu ¢ tram thu so cap
Nghién ciru cho thay gia tri ngudng lp ting cing vdi gop.

3.4.2 X4c suat dirng mang da chang thiz cap

* P Hinh 3.3 cho thdy véi mién cong suat
. v phét (A) da 16n, dic tuyén OPw, s& din
hoi tu vé gia tri tiém can khi A > 20dB.
%“:: Hiéu nang cai ‘thién vuot troi khi b tri
o cac tram theo tam nhin thang LOS (Kp #
\ 0) so véi NLOS (Ko = 0). Gi4 trj Kp
. S cang 16n, hiéu nang cang dugc cai thién

0.1

5 10 20 25 30

15
A (dB)

Hinh 3.3: OP, V€ theo A.
3.4.3 X&c suat nghe Ién trong mang da chdng

0.8

07 Trong Hinh 3.4, khi tram nghe Ién
06 F TR ST T s g ey » cang cach xa mang da ching thu cép (Ve
L S A G e = 0.4) kha nang nghe 1én cang giam

0.4

P

hon so véi duoc bd tri gin mang nay
(yE = 03)

0.3 % Sim(yge =03)

0.2% ® Sim (ySE =0.35)
m Sim (yg. =04)

0.1¢

Exact
—-—-— Asymptotic

0

5 10 15 20 25 30 35
A (dB)

Hinh 3.4: IP v& theo A.
3.4.4 Anh hwong cia sé chang thiz cap |1én hiéu nang hé thong

NI Trong Hinh 3.5, s chang K = 3 1a t6i
PRSI, wu nhét khi dat muc tiéu xac suit ding

07 m Sim(N, =2,N =3)
A Sm(N =2,N =2)

OPge th?ip nhat. Hon nita, mang da
chang (3 chang) hiéu qua hon mang
dual-hop (2 chang) trong truong hop
dang khao sat. Nghién ciru két ludn viéc
trang bi nhiéu anten thu phat trong mang

Exact

" so cAp sé cai thién dang ké hiéu ning
Hinh 3.5: OPg, vé theo s6 chiang K mang da chang.



3.4.5 Anh hwéng cua phan bé anten phat va thu 1én higu nang mang da chang

- Hinh 3.7 khao sat truong hop thay
. Smr-s d6i s6 luong anten tai ddu phat trong
khi van giit nguyén tong s6 anten ciia
tuyén so cdp 1a Ny + Ng = 10. Két qua
cho thiy chiing ta c6 thé Iya chon sd
lugng anten phat t0i wu sao cho OPe
thip nhat. Nghia 1a cing mét luong
- anten nhung néu phan phdi hop 1y sb
lugng gitta thu va phat sé cai thién

= SimK=6

Hinh 3.7: OPy. theo s6 anten Nr. hiéu ning t5t hon,

1

0.9

Hinh 3.8 cho thay IP giam 16n nhit
6% khi Kg giam tir 15 xudng 0. Do dé,
dé giam IP ma khong anh huéng nhiéu
dén hiéu nang truyén thong, can thiét
ké tuyén thong tin sao cho hé sd Keg
nho.

0.8

07
o
06

05
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0.3

1 2 3 4 5 6 7 8 9
Ny
7
A

Hinh 3.8: IP theo s6 ang ten phat Ny.

3.5 Két luan cia chwong

SNR phat cta tram so cép chi anh hudng dén OPp mang thir cép khi nh6 hon
20dB. Ngoai mién trén, hiéu ning mang da ching thir cdp hau nhu khong thay
doi.

Nhiéu anten s& cai thién OPg ciia mang da ching nhung lam ting IP. Tuy
nhién, néu ¢ cing téng sd anten thi viéc phan phéi hop 1y anten ¢ tram
phat/thu trong mang so cép s€ dat dugc hiéu nang mang da chang tot hon.

Tang ) chang K 16n s€ cai thién IP nhung lam tang OPg. Nguoc lai, néu K
nho, ton tai mot gia tri sd ching tdi wu K* dé OPg nho nhét. Két qua mo phong
cho thiy mang da ching (3 ching) duoc tdi uvu t6t hon mang dual-hop vé hiéu
ning OP,,, trong cling diéu kién truyén tin.

OP.;, thap hon khi hé sé Rician K-factor giita cac tram trong mang da ching
thir cdp 16n hon. Nguoc lai, IP giam néu gia tri Rician K-factor thip hon & cac
kénh nghe 1én.



CHUONG 4 MANG PA CHANG THU CAP GOM CAC TRAM THU
PHAT PUQC TRANG BI NHIEU ANTEN VA THU HOACH NANG
LUQNG VO TUYEN

4.1 Giéithiéu

Trong chuong trudc, luan 4an di nghién ctru giai phap trang bi nhidu anten
trong mang so cap dé tang hiéu ning mang va da dat dugc két qua kha quan.
Tiép tuc phat trién mo hinh, nghién ctru sinh dé xuét nghién ctru giai phap trang
bi nhiéu anten trong mang da chang MUCRN. Két hop véi ki thuat SWIPT,
cac anten s& khong nhing ning cao dugc hi¢u ning truyén thong ma con ting
mirc thu hoach ning lugng, gop phan cai thién hon nita hiéu ning mang. Van
dé duoc quan tdm nghién ctru tiép theo 1a xac suat dimg bao mat (SOP) va xéc
sudt dung luong bao mat khac khong (PNSC) trong mang da ching da anten.

4.2 M0 hinh @ xuat

Mang MUCRN c¢6 cac tram thir cAp duoc trang bi Np anten, phan tap TAS/SC
nhu Chuong 3, thuc hién truyén tin 1an luot tir Sy dén Sk theo giao thuc HD.
Ngoai ra, cac tram trén con thu hoach ning lugng v6 tuyén tir tram phat ning
lugng PB (Power Beacon). Tram nghe 1én dugc trang bi Ng anten va phan tap
thu SC dé nghe 1én thong tin trong mang thir cép.

DA &
So Jj TAS l S: Sk
Np . :__'/ SC ,> E No Np
Ant j &l Ant Ant

Ng Ant

Hinh 4.1: M6 hinh mang da ching két hop thu hoach ning lugng vo tuyén.



4.3 Phén tich hi¢u niing

4.3.1 Cong sudt trung binh cia tram thi cdp

w-1 V41 v
EPRy = |Fminl—|=Fmin | ||=Ps+ 1-F, i, 1 P.(4.15
ko VZ_;[ Z&“‘”[ w ] A [W]]W zZp (4.19)

4.3.2 X&c suat dirng bao mdt

tw, <0:SOP, Q, =1

N3 Ng—1

twp>0&wy,>0:S0P, Q, =1+ Y —1"" 5 fo “exp By exp[—ﬁ]dy.(4.22)
n=1 m=0 y
Ne
Ps/Ng—-+o0o
RN, —+oo: SOP, Q,  ~ 1-|1-exp|-Ae ]] (4.24)
“3yv
Np Nel 1 M +00 3
twy>0&wy,<0:SOP, Q, =1+ Z 50f exp By exp[ 2]dy (4.25)
n=1 m= “o
Py/Ng—-+00 o N
R, /N, —+o00: SOPR, Q, ~  |l—expl-As s  —2|| .(4.26)
k=k-+1 wyy
N3 Ng-1 C” cr .N
T wy>0 & w,,=0:SOP, Q, =1+ZZ —mm 6 Net E)\S = exp[—n/\sksmwl'v ].(4.27)
' n=1 m= 1w,
1= ML Ag E+n/\sksmw °

s’
P. /N +o00: SOP R~ 1+ 4.28
se T < Q z—jlmz: m+1)‘SE+n/\SS Wz/Wo (428)
4.3.3 X&c suat dung lirong bao mdt khac khong
Né et n+m+1 2 2
> (- s _[ exp( ,uly)exp( ]dy, K>
n=l m=0 y
W E, et n+m+1
PNSC, =Y Pr(R,=Q,)x Z;)( ~1)" ™ J' exp My)exp[ jdy, k% <K? (4.30)
v=1 n=1l m=
N'% NEil( 1)n+mcn Cm EXSkE K'2 _ KZ
2 — ’ - .
n=1l m=0 No Ne l(m +1) ASKE+ nﬂSkSkﬁ ? -

10



4.4 Céc két qua dat dwoc

4.4.1 Céc yéu té anh hwong dén cdng suat phét trung binh

[} TD (Sim)

= T, (Sim)
v T,(sim)

Exact

Average Transmit Power (dB)

Hinh 4.3: Cong suat phat trung
binh cda tram thur cép theo vi tri
PB, PU.

Cong suét trung binh cua tram thir
cap phu thudc vao cong suat ti da
danh dinh cta tram phat d6 va vi tri
twrong quan cuia chung voéi tram
phat nang luong (PB) hay tram thu
so cap (PU).

4.4.2 C&c yéu to anh hwéng den xac sudt ding bao mat

10°

End-to-end SOP

Y ® Sim(42=0,42=0)
= Sim (3 = 1/9, 42 = 0.25)
v Sim(s3 =02, 2 =05)

Exact

End-to-end SOP

10
Pg (dB)

Hinh 4.6: SOP khi w;>0& w;,=0

15 20 25

11

10°

End-to-end SOP

10'10
5

20
Pg (dB)

Hinh 4.5: SOP khi w,>0& w; ,<0

15 25 30 35

Cac Hinh 4.4, Hinh 4.5 va Hinh 4.6
v& v6i cac thong s6 2,2 khac nhau
kiém chung tinh ding dén cia SOP
trong muc 4.3.

Trong hinh 4.7, SOP c6 xu hudng
tang khi ting gia tri hé s6 phan chia
thoi gian thu hoach nang lugng vo
tuyén o. Vi vdy, dé xuét thiét ké hé
sO a trong ving gia tri thap s& c6 hiéu
ning bao mat tot hon. Ngoai ra, muc



khiém khuyét phan cting cia kénh chinh 2 nho hon kénh nghe 1én «? s& lam
giam SOP. V& anh huong cua sd anten, Hinh 4.8 cho thdy sb luong anten
trang bi trong cac tram thir cip cang nhiéu thi SOP c¢6 xu hudng giam hon mic
du tram nghe 1én ciing duoc trang bi s6 anten tuong duong.

10° T T T T 10°
v Y
>
o 107!
G -
o @
G 2
g g 102
2 °
w w o Sim(Ny=N.=1)
103F = Sim(Ny =N =2)
" v Eim (=001, 42 =0) v z;':;(ND:NE:S)
xact
0 005 01 015 02 025 03 o 2 3 4 5 6
o K
Hinh 4.7: Anh huong cua o [én SOP Hinh 4.8: SOP theo K va s anten.

4.4.3 CAc yéu to anh hwdng dén xac sudt dung heong bao mat khac khong

1 1 - -
® Sim(K=2)
0.9 09 . s _
Sim (K = 3)
08 038 v Sim(K=4)
1%} © o Exact
<N 07 n
P4 z
o g os
T 06 T
5 G os
508 2.,
: ;
2 04t e smi =0 g 2
[im} 1 03
03 = Sim s =0.05 o2
v sim2 =0.1
02 o
- 0.1
Exact |
01 i i i i o H H H H H H
5 0 5 10 15 20 01 015 02 025 03, 035 04 045 05
P, (dB) p

D

Hinh 4.9: PNSC theo cong suat phat ~ Hinh 4.10: PNSC theo K va sb anten

Hinh 4.9 v& dic tuyén PNSC theo cong suit Ps v6i twong quan muc khiém
khuyét phan cimg «2, x2 khéc nhau. Khi x2 =x2, gia tri PNSC khong phu
thuoc Ps. Khi x2<rZ, c6 su gia ting PNSC néu tang Ps. Nguoc lai, trong
truong hop 2 > k2, PNSC giam khi Ps 16n. Quan sat PNSC mot 1an nita trong
Hinh 4.10 cho thdy PNSC suy giam rat nhanh khi K2 vugt qua gid tri mbc
ke =0.2. Diéu nay cang khang dinh dugc tam quan trong khi thiét ké mang c6
ki< rg s& cai thién duge thong s6 hiéu ning bao mat PNSC trong mang da

chéang da anten.
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45 Kétluan caa chwong

Gia tri SOP thap khi mirc khiém khuyét phan ctimg (HI) trén kénh chinh K
thép. Dic biét, néu HI ¢ tuyén chinh thdp hon tuyén nghe 1én «?2 thi hi¢u ning
cai thién hon trong ca SOP va PNSC.

SOP khi Ps 16n hon 20 (dB) s& gan vé dic tinh tiém can. Trong mién nho hon,
c6 thé tim dugc cong suat phat téi uvu dé SOP thap nhat trong timg truong hop
cu thé.

SOP ting khi tram nghe 1én ting sd lugng anten Ng trong khi cac tram thu
phét chinh giir nguyén sé luong anten Np. O chiéu nguoc lai, SOP s& thap néu
tram thir cip duoc trang bi nhidu anten (Np 16n) cho dU tram nghe 1én ciing
dugc trang bi giéng nhu vay (Np = Ng). Ngoai ra, thiét ké K 16n nang cao hiéu
nang nho kéo gidm SOP trong truong hop Np = NE.

SOP giam nhanh khi o thap, tuy nhién nghién ctru chua tim dugc mirc tdi uu
o*. Viée tim kiém gi4 tri t6i wu ndy ndm & phén sau cta luan an.

CHUONG 5 TRUYEN TIN CONG TAC TRONG MANG PA CHANG
THU CAP CO THU HOACH NANG LUQNG VO TUYEN

5.1 Gigithiéu

Trong hai chuong trudc, luan 4n da sir dung giao thirc cac tram trung gian bat
budc chuyén tiép thong tin theo thu tu sip xép lan luot tir ngudn dén dich
(thong tin s& bat budc di qua tit ca cac tram trung gian trude khi dén tram dich).
Van d& dit ra 1a néu thong tin truyén di dugc phép bé qua mot sd tram trung
gian chuyén tiép thi hiéu ning mang duoc du doan s& nang cao hon thay vi phai
di qua hét tit ca cac tram trung gian. Trong chuong nay, luan an dé xuét nghién
ctru giao thirc cong tac truyén tin méi giira cac tram thu phat chinh trén tuyén
thong tin mang MUCRN. Cac tram thu phat déu c6 kha ning thu hoach ning
lwong vo tuyén truyén tin va bi han ché cong suit phat. Tiép theo chuong 4,
luan an da nghién ctru va tim duogc gia tri t6i wu hé sb phan chia thoi gian o*
ctia ky thuat SWIPT trong ca truong hop truyén tin tuan ty thong thuong
(DIRECT) va truyén tin cong tac (COOP).

13



5.2 Md hinh dé xuat

Hinh 5.1: M6 hinh mang da ching cong tac c6 thu hoach ning lugng vo tuyén.

Mo hinh hoat dong cia mang don anten MUCRN tuong tu nhu nhitng chuong
trude. Piém khac biét 1a thong tin tir S, phat dén Sy c6 thé dugce nhan va
chuyén tiép boi Sy (i>k) thay vi mic dinh 14 Sy.,. Ngoai ra, tat ca cac tram
trong mang MUCRN déu thu hoach ning luong vo tuyén dé truyén tin theo
giao thic HD.

5.3 Phén tich hi¢u nang

5.3.1 COng sudt tram phét thiz cap
Cong suat dwoc rt ra trong cong thie (5.10) va (5.12) cia toan van luén an.

5.3.2 Truyén thong diém — diém S, — S,

Ng—1

OPss, =1~ ; %(%B&ﬂ&sr“’)T Koy (24 es 255, @)

NEJZL: (-1)**2ct

re ! (/IPBS‘ C‘))% ﬂs‘s, (M)p%l Kip (Z\MPBSI Oy ),(5-17)

+

5.3.3 Truyén thong diém — da diém
Truong hop H = {@} : OP trong cong thirc (5.21).

Ne<l o P Ng-1 L (_1)‘4*1 2C} LES LE!
OPSt{H.G} - pzzga(ﬂvsstﬂz) ’ Kp—l(zvﬂPB&ﬂZ )_ p=0 ;T(%BS‘) " k) ? Kp-l(z\l }“PBSV%)
Ng—1 m m (-1 r+1 P
- Z Z ; Z(iPBSl:HA) : Kp—l(z /‘LPBSt/UA)
p=0 rLh=l==l=1,  P:
l<ly<..<l,
Ng-1 L m m -1 r*ﬁch P+l Pt
333 3 ) i)™ Ky (2o
p=0 g=1 r=1l=l=..=1 =1, :

<ly<...<ly

Truong hop H = {@}: OP trong cong thurc (5.24).
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i i _‘(_1)_+ Z(APB&ﬂs)pTﬂ'Kp-l(Z\/ﬂsz[ﬂa)

I<ly<.<lp

mo(-1)"2c] L5 LS}
()—L(APBSI) L (,u7) :

Kp—l(z\,ﬂ"PBSI:u7 ),

p=0 gL 1L h=h, 521, p!

5.3.4 Truyén thong tir nguon dén dich
Giao thizc truyén théng tuan ty qua tieng chang DIRECT:

Ngl o Pl
K Z p|(}“pBSk lﬂsk 1Skw) ’ Kl’p(z\lﬁpBSk—l/lSk—lskw)

DIRECT _
OP =1- H Ng-1 L _l)q+1 p+l

. pZ:: Z:: ZCQ(APBSK—lw)T/lSdek('ul)pTA Kl—p(Z\MPBSk,le )

Giao thuc truyén théng cong tac COOP:
PCOOP z OPCOOP

So{H,.G,}
H1,Gy

S6 ching gi6i han tdi da tir ngudn dén dich:
o =| @=a)Rlog, (1+1/K3) IR, |
5.4 Nhirng két qua dat dwoc
5.4.1 Anh hweng cua sé leong tram phdt ndng lwong Va so tram so cdp

Trong cac gia tri Ng va L da

ve, xac suat dimg OP cua
1 COOP lubn thap hon cua
107 A N o \
DIRECT, dac biét la & vung A
8 ¢ 16n. Bo doc cua cac dac tuyén
2 % DIRECT-SIM (N, =4,L=1) E| A A . A A 3
g 0|l * orecra: e cho thay do lgi phan tip cua
% DIRECT-SIM (Ng =3, L =2) COOP cao hon han DIRECT.
. m  COOP-SIM (N =3,L =2) N , y, A \
0%« DIREGT.SIM (N, =2, L =3) 4 Bén canh d6, xac suat dung
v COOP-sIM (NB =2,L=3) ” 9 . . I A * 2
DIRECT-THEORY y cua ca hai glao thire déu glam
COOP-THEORY - r \ 9
104! : : - " o khi Ng 16n hon va L nho6 hon.

A (dB)

Hinh 5.4: Anh huéng ctia Ng va L.
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5.4.2 Anh hwéng cua sé chang trong mang thi cdp

10°%

10°

* DIRECT-SIM (K = 2)
® COOP-SIM (K =2)
* DIRECT-SIM (K = 4)
= COOP-SIM (K = 4)
X DIRECT-SIM (K =7)
¥ COOP-SIM (K =7)
DIRECT-THEORY
——— COOP-THEORY

15

107"

PER X TS

DIRECT-SIM (a = 0.05)
COOP-SIM (a = 0.05) /

DIRECT-SIM (a = 0.1) / /
COOP-SIM ( = 0.1) / /
DIRECT-SIM (a = 0.2) / / /

COOP-SIM (a = 0.2)
/ /
friy

DIRECT-THEORY
COOP-THEORY

E2e OP

10

5
A (dB)

Hinh 5.5: OPP'RECT ya OPCO°® v,
cac gia tri K khac nhau

2 3

5
K

4

Hinh 5.6: Anh huong cua K,a 1én

r

41

dic tuyén OP.

Hinh 5.5 cho gia tri tot nhit cua OP dat dugce véi K = 4 trong ca hai giao thtrc
DIRECT va COOP. Nghia 1 khi K = 4 thi hiéu ning mang tSt hon so véi khi
giam K = 2 hay tang 1én K = 7. Vi vay, két qua cho thiy co ton tai mot gia tri s6
ching t6i wu K* dé OP thap nhit trong ca DIRECT va COOP. Hinh 5.6 lai cho
thdy K* phu thudc vao o va khac nhau giita hai giao thac. Hon nita, khi

K>K,,, thi OP=L.
5.4.3 Anh hweng cua hé s6 phan chia thoi gian thu hoach nang heong

oot I

H3¢

E2e OP

4X m®o ¥

DIRECT-SIM (K = K‘)
COOP-SIM (K =K')
DIRECT-SIM (K = 2)
COOP-SIM (K = 2)
DIRECT-SIM (K = 8)
COOP-SIM (K = 8)
DIRECT-THEORY
COOP-THEORY

25

20

10
5

10 15

A (dB)

Hinh 5.7: OP v& khi o =0.05 va so

sanh K* voi K=2,K =8.

107!

* DIRECT-SIM (s} = 0.01)
= COOP-SIM (13 = 0.01)
® DIRECT-SIM (s = 0.1)
v COOP-SIM (x2 =0.1)

sl

DIRECT-THEORY
COOP-THEORY

v v
ol

vV
\\——Hff*' T.

T
\\.\,Hf.—r**' R
0.1 0.15

—»
=
.

0.2

10
0

16

0.05
«

Hinh 5.8: Anh huéng cua o 1én OP



DIRECT (+3 = 0.01)
COOP (13 = 0.01)
DIRECT (2 = 0.04)
COOP (13 = 0.04)
¢ DIRECT (52 = 0.07)

COOP (13 = 0.07)

]
o * DIRECT-SIM (L = 1)
10960 ® COOP-SIM(L=1)
¥ DIRECT-SIM (L =3)
= COOP-SIM (L =3)
DIRECT-THEORY
COOP-THEORY
0.01 104
1 2 3 4 5 6 7 002 0.04 006 008 01,012 014 016 0.18 02
K Kp
N ~ ., . N 2 o 2 A~
Hinh 5.9: V& gia tri a* theo K. Hinh 5.10: Anh huéng ~; [én OP.

Hinh 5.7 cho thz"iy wu diém vuot troi ciia OP khi chon s6 chang thiét ké tbi uu
K* so véi cac gia tri K khong t6i wu véi cing mot hé sb thoi gian thu hoach
ning lugng a = 0.05. Do d6, dé xuat can tdi wu K khi khong thé thay doi a.
Nguoc lai, Hinh 5.9 dua ra cac gia tri toi wu vé hé sb thoi gian o* tuy theo sb
chiang K. Dya vao s6 lidu trén, chung ta co thé t6i wu hé sd o khi sb chang K
trong mang khong thay d6i. Trong hinh Hinh 5.10, xac suét ding cua ca hai
giao thirc 1a 1 khi x4 > K2 ..

5.5 Két luan cia chwong

Xac suit dirng OP°%" nhé hon OPP'RECT. Pg loi phan tap cua giao thic
COOP cao hon DIRECT. Ngoai ra, khi s6 tram phat nang luong Ng Ién thi OP
cai thién. Nguoc lai, khi sb tram so cdp nhiéu (L 16n) thi OP giam trong ca
COOP va DIRECT.

Véi mot gid tri a, co thé tim thay sb chang thiét ké téi wu K* dé OP la tét nhat.
Nghién ciru cho thdy K*(COOP) thuong Ién hon K*(DIRECT). O chiéu ngugc
lai, voi mdi K thi gia tri toi wu o* c6 xu hudng thap hon khi K 16n hon du giao
thuc DIRECT hay COOP. Tuy nhién gia tri a* trong COOP luon cao hon
DIRECT trong cing diéu kién khao sét.

Ngoai ra, mic khiém khuyét phan ctng (HI) it anh huéng dén gié tri o* nhung
HI thap sé& cai thién hiéu nang tt hon. Néu HI vuot qué gié tri gidi han Iié'max
hay K > K, thi OP = 1.
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CHUONG 6 PHUONG THUC CHQN PUONG PI TRONG MANG PA
CHANG THU CAP DANG CUM

6.1 Gidi thiéu

Trong ciu triic mang vo tuyén MANETS, WSNs, V2V, cac nit mang (cac
tram thu phat) dugc bb tri sip xép theo hinh ludi. Vi vay, s& c6 dong thoi nhidu
tuyén thong tin MUCRN trong mang ludi c6 thé thyc hién chuyén thong tin tir
ngudn dén dich. Ngoai giai phap di tit qua cac tram thu phat trong ciing mot
tuyén MUCRN c¢6 dinh d4 nghién ctru ¢ chuong 5, van dé can nghién ctru 1a ¢6
thé chon dugc mot tuyén da ching phu hop nhit trong M tuyén MUCRN sin
sang truyén tin?. Néu c6 mot giai phap chon duge mot tuyén MUCRN tdt nhat
theo mot tidu chi cho trudce ciing dong nghia voi giai phap do cai thién hiéu
ning ciia mang ludi. Noi dung Chuong 6 dugc trinh bay sau day dé cap dén ba
giao thirc chon dudng di 1a BEST, MAXV, RAND trong mang lugi gdm nhiéu
tuyén MUCRN ddng thoi so sanh uu nhuoc diém cua ba giao thirc trén.

6.2 Mo hinh dé xuat

p . . ‘ / X # |
/ N\ / \ . \ { b ' \
' —_— —_— ‘leoe! ; ‘ ;
k 4 S , N / " ) . )
Sm,1 Sm,z Sm,l(,,,
N1 relays N2 relays Nk, relays

®

C6 M tuyén MUCRN trong mang lu6i. Gia dinh tuyén tht m dugc chon c6

Hinh 6.2: Tuyén da ching tha m.

Ko+l cum gom cum ngudn (S), cum dich (D) va céc cum chuyén tiép Sni) -
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Modi cum c6 Ny tram thu phat. Trong cum phat thi c6 tram phat tin goi 1a
Tpy_1- Trong cum thu thi ¢6 tram thu T _,.va tram phat jamming goila J .
6.3 Phén tich hi¢u niing

6.3.1 X4c sudt ding mang so cdp
OPm: 1_exp[_(Km+l)/‘tPTPRO'P Jlﬁ j"1'm’k71PR Pp ﬂ«Jm'kPR PP (610)
R k=1 ﬂ'rm’kflpR B+ Aorer PTmyk,lo-P A’vakPR Pt Aorer PJ,“'k Op
6.3.2 Cdp phdt céng sudt trong mang thir cdp

+

1

0 W{[(l—gop)em(wwnw—l (6.14)

k=
" Ap1pROP R

6.3.3 X&c sudt dung lwong bao mdt khac khdng ciza MUCRN thi m

K+l Nmx
+1
PNSC,, = H [ Z (_1)V Cl\ilmyk/uo,k,vvk ( Il,k,v_ Iz,k,v+ I3,k,v_ I4,k,v )]-(6-16_6-18)

k=1 v=l
6.3.4 Cac giao thizc chon mgng MUCRN
Giao thuc BEST: pnsc, =1_1M[(1_PNSCm).
Giao thirc MAXV: "
PNSCyjaey = Max (PNSC,)).
Giao thirc RAND:

M
PNSCpu :ﬁZ PNSC,,.

m=1L

6.4 Cac két qua dat dwogc

6.4.1 Anh huong cong sudt phdt so cdp dén mirc han ché cong sudt thiz cap

A Hinh 6.3: Anh hudong P, dén Qi
4 trén tuyen thong tin 3 chang.

Két qua cho thay su twong quan vi
tri gita cac cum trung gian S;x SO
—— Transmitter T | L. . B R ; R
—o—Transmiter T, véi PR 1a khac nhau nén muc céng
T suat bi han ché 1a khac nhau

Transmit Power 01 X (dB)
°

—w— Transmitter T

15 20 25
P (dB)
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6.4.2 Anh hwéng ciia cong suat phét tram so cap 1én PNSC ciia mang thir cap

1

= Hinh 6.4: Anh huong Pp Ién
® RAND-Sim ) ,
09 RAND-Ana PNSC trong ba giao thte.
m MAXV-Sim
0.85 MAXV-Ana . , . ,
o 08 v sestsim Nhin chung, c4d ba giao thic
2o ddu cai thién khi ting Pp. Tuy
0.7 . n , A - v A N N
oss » nhién, muc d6 cai thién chi &
ving Pp thip. Khi Pp du 1om,
PNSC it thay doi.
05 o o o )
P(dB)

6.4.3 Anh huong cua vi tri tram nghe 1én 1&n xéc sudt bao mdt khac khéng

PNSC thip nhit trong ca ba
1 giao thirc déu tai (0.5, 0) khi thuc
hién di chuyén tram nghe Ién
theo truc Xg = 0.5. Do khi tram

1 v

O 07 - . !
Z nghe 1én & diém trén s€ cd vi tri
0.6 - € g !

* o gin cic tram phat thir cAp nhét
0.5 ! K ~ ) . ) X
e trén quy dao dich chuyén. Vi vay,
04 . 2 ! . : X4
v, trong thiét ké mang can co giai
03 ) N N A A
04 03 02 01 0 01 02 03 04 phap phal’l 1u0ng tuyen de thay

Ye : N p " ’
Hinh 6.5: Anh huéng cta vi tri tram the CPO nhiing tuyén thong tin
nghe 1én 1én PNSC. qua gan tram nghe lén.

6.5 Két luan cia chwong

Cong suat phét so cap P, anh huong dén PNSC mang MUCRN khi ¢c6 gia tri
nho hon 20 (dB) nhung gan nhu khéng thay doi khi ¢ ving gia tri 16n hon.

Giao thirc BEST dat hi€u nang cao nhét, giao thuc MAXV dat th hai, trong
khi giao thitc RAND thép nhét. Tuy nhién dé sir dung giao thirc ¢6 hiéu ning
cang cao doi héi mic tinh toan, ude lwong CSI cang 16n vén khong thich hop
Vi cac tram c6 nang luc xir Iy thip.

Vi tri ctia tram nghe 1én anh hudéng l6n dén bao mat. Vi vay, luan an dé xuét
khi thiét k& mang méi hay thuc hién dinh tuyén trong mang da ching can c6
giai phap phan ludng tuyén hop 1y dé tranh sir dung nhiing tuyén thong tin qua
gin tram nghe 1én, khong dam bao vé hiéu ning bao mat.

20



CHUONG 7 KET LUAN

7.1 Két luan va nhirng déng gép ciia luin an

V61 muc dich nang cao hi¢u suét sir dung phé tan, toan bd cac mé hinh mang
trong ludn 4n déu 13 cic mang vo tuyén da ching bi han ché cong suat phat.
Trong md hinh thir nhét (tir chuong 3), nghién ctru cho thiy trong truong hop
khi tram thu phat so cép va tram thu phat thir cp c6 xay ra can nhidu 1dn nhau
thi mirc cong sudt phat tram so cip c6 anh hudng dén hiéu ning mang da ching
thir cap. Tuy nhién, mirc d6 anh huong chi dang ké khi cong suat nhé hon 20
(dB). Khi cong suat 16n hon gia tri nay, hiéu ning mang da ching hau nhu giir
nguyén. Diéu nay ciing duoc khing dinh lai ¢ két luan Chuong 6. Trong truong
hop céc tram da ching thir cdp khong duge cap ngudn va dit cach xa tram phat
SO cép, ludn an dé xuét st dung k¥ thuat thu hoach nang luong vo tuyén tao
cong sudt phat tai mdi tram. Két qua nghién ctru (tr Chuong 4 va 5) két luan
rang cong suét tram thi cip phu thudc nhiéu vao sb lwong tram thu so cip
(PU), tram phat nang luong (PB) cung véi vi tri tuong quan ctia chinh tram phat
d6 so v6i tram PU hay PB. Tir d6, luan an két luan viéc han ché cong suét phat
dé thyc hién truyén théng trong mang da ching 1a hoan toan kha thi va tin cay,
g6p phan nang cao hiéu suat sir dung pho tan sb, ké ca trong truong hop khong
dugc cip ning luong tir ngudn dién truc tiép.

Pé nghién ciru vé& hidu ning truyén théng ctia mang vo tuyén da ching
MUCRN, luan 4n quan tdm dén thong s6 hiéu ning xac suat dimg tir ngudn dén
dich (OP) va dua ra nhiu giai phap dé nang cao hiéu ning mang. Giai phap thtr
nhit 14 xay dyng mang da ching c6 cac tram thu phat lién ké nam trong tam
nhin thang LOS. Nghién ctru (trong Chuong 3) cho thiy xéac suit dimg OP cua
mang c6 tim nhin thing thdp hon hin so véi trudng hop nguoc lai (NLOS). Sy
chénh léch vé& OP phu thudc vao hé sé K-factor ctia kénh truyén Rician. Mirc do
cai thién hiéu nang cang 16n khi thiét ké gia tri Rician K-factor ciia kénh truyén
chinh cang 16n. Cu thé nhu Kp = 10 ¢ OP = 0.17, so sanh v&i Kp= 0 ¢6 OP =
0.6. Giai phap tiép theo 13 sir dung ky thuat da anten v6i phan tap TAS/SC
trong mang so cip. Két qua nghién ctru cho thiy ddy 1a giai phap hiéu qua dé
giam OP clia mang da ching thir cdp néu s6 lugng anten dugc trang bi nhiéu.
Trong truong hop khong thé ting sb lugng anten thi viéc phan chia hop 1y sé
luong anten dang c6 giita tram phat va tram thu so cp ciing c6 tic dung céi
thi€n hon hi€u nang mang da chang muc ti€u. Giai phap thir ba (trinh bay trong
Chuong 5) 1a ding k¥ thuat truyén thong cong tac dé nang cao hiéu ning mang.
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Cu thé, trong giao thirc truyén thong cong tic COOP duoc dé xuat, thong tin co
thé di tit dé vé tram dich sém hon. Két qua nghién ctru da cho thay do loi phan
tap cla giao thuc truyén thong cong tac COOP duogc dé xuét vuot troi hon so
v6i giao thirc truyén tuan ty thong thuong DIRECT, gop phan ching minh
dugc hiéu qué cta dé xuit trong viéc nang cao hiéu niang truyén thong. Dya vio
két qua thu dugc, luan an dé xuét thiét ké s chang ti wu trong mang MUCRN
dé giam duoc xac suit dimg. Céc kich ban nghién ctru déu cho thiy mang da
ching duogc thiét ké voi sd ching tdi wu co hiéu nang tdt hon mang hai ching
trong cling diéu kién truyén tin.

Tiép tuc nghién ciru vé hiéu ning bao mat thong tin bang phuwong phéap bao
mat 16p vat 1y, ludn an da tap trung dénh gia va dua ra nhidu dé xuét dé cai
thién hiéu ning bao mat. Pa sb cac giai phap cai thién OP déu dan dén ting xéac
sudt nghe 1én thong tin (IP) trong mang da ching. Do d6, dé xuat dau tién 1a can
can bang giita yéu td truyén thong va yéu t6 bao mat trong thiét ké mang da
ching. Két qua trong Chuong 3 cho thiy mot giai phap khac khong can danh
d6i OP nhung van giam duoc mot phan IP. D6 1a thiét ké mang co gia tri Rician
K-factor thap & cac kénh nghe 1én (IP giam 16n nhét 6% khi K tir 15 xubng 0).
Giai phap tiép theo 1a str dung k¥ thuat da anten véi phan tap TAS/SC ngay
trong mang da ching (trinh bay trong chuong 4). Qua nghién ctru, ludn an d&
xuit trang bi s6 lugng anten nhiéu hon dé giam xac sut ding bao mat SOP.
Ngoai ra, giai phap trén s& ting hiéu qua hon nira néu két hop véi ting sd ching
trong mang muc tiéu, ngay ca khi tram nghe 1én ciing duoc ting s6 anten bang
tram chinh. Xét vé thong s6 hiéu ning xac suat dung lugng bao mat khac khong
(PNSC), luan 4n dé xuét sir dung cong nghé c6 mirc khiém khuyét phan cing
(HI) thap trong mang da ching dé ting PNSC. Cu thé hon, HI trong tram thu
phét da chang ludn thip hon tram nghe 1én. Giai phap thir ba nham nang cao
hiéu ning bao mat 1a dwa vao PNSC dé chon tuyén thong tin da ching (trinh
bay trong Chwong 6). Luan an nghién ciru va so sanh ba giao thirc dé xuat la
BEST, MAXV, RAND phu hop cac tinh trang mang khac nhau. Giao thiic
BEST dat hi€u nang bao mat cao nhét, giao thirc MAXYV dat thir hai, trong khi
giao thitc RAND thap nhat. Tuy nhién, giao thirc BEST doi héi mirc tinh toan,
wdc luong CSI day du, vbén khong thich hop véi cac tram co ning luc xtr Iy
thép. Ngoai ra, hi¢u nang bao mat phu thude rat 16n vao vi tri tram nghe 1én, vi
vay luan an dé xut giai phap thi tu 1a khi thiét ké mang méi hay thyuc hién
dinh tuyén trong mang da ching cin c6 kich ban phan ludng tuyén hop ly dé
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tranh sir dung nhing tuyén thong tin qua gan tram nghe 1én, khong dam bao an
toan théng tin.

Cubi cung, luan an nghién ciru anh hudng cua viéc thu thap niang lugng vo
tuyén truyén tin (SWIPT) 1én hiéu ning mang da ching. Twong ty nhu d& cap
trude do, viée ting s6 lwong anten trong tram thu phat chinh sé& ting ning luong
thu hoach duoc, gop phan ting cong sudt phat & mang thir cap, giam dugc SOP
(trinh bay & Chuong 4). Vi viy, luan an dé xuat thiét ké hé s thoi gian thu
hoach (o) nho dé danh nhiéu thoi gian truyén tin, cai thién hiéu ning mang da
ching da anten. D6i voi mang da chang don anten (trinh bay trong Chuong 5),
két qua nghién ciru cho thdy c6 ton tai gid tri a toi uu (o*) dé hiéu ning t6t nhat,
phu hop vé6i két qua nhimng cong trinh trude day vé dual-hop [44, 79] hay multi-
hop [138]. Pic biét hon, luan 4n d dwa ra dugc mdi lién hé ciia a* véi cac
thong s thiét ké mang khac nhu sb ching K hay giao thic truyén tin duoc ding
trong mang. Giai phap t6i uvu hiéu ning mang duoc dua ra 13 trong trudng hop
mang st dung mdt giao thirc ¢6 gia tri a khong thé thay doi, luan an dé xuat
thiét ké t6i wu s6 chang K = K*. Nguoc lai, khi mang c6 sin va khong thé thay
ddi sb chang K, ludn an dé xuét st dung hé s6 thoi gian thu hoach o = a* tly
theo K dé tang hiéu ning.

Toan bd nhiing két luan trén day cua luan an cho théy viéc thiét ké mang
truyén thong da ching hoat dong trong diéu kién han ché cong suit phat 1a hoan
toan kha thi. D& mang hoat dong hiéu qua, nghién ctru da ching minh dugc giai
phap ngudn thay thé tir song vo tuyén dé truyén tin. Hon nita, luan an da dua ra
nhiéu dé xudt c6 gia tri nham dat dugc hiéu nang truyén thong ciing nhu hiéu
ning bao mat mang tot nhat.

7.2 Hwéng phat trién cia luan an

Mic du c6 nhimg déng gop cu thé nhung luan an chua thé nghién ctru hét
nhing giai phap dé dat dugc muc tiéu ban dau. Mot sb huéng nghién ciru phat
trién mo rong trong thoi gian t6i nhu sau:

- Sir dung cac dic ta kénh truyén & dang téng quat nhu Nakagami-m,
Generalized-K cho cac kénh truyén vé tuyén lién quan.

- Ung dung céc k¥ thuat truyén thong méi vao mang da ching nhu NOMA,
Massive MIMO.

- Nghién ctru hiéu ning cua mang da ching hai chiéu (two-way) hay mang da
chang song cong (full-duplex).
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- Phét trién cac giao thirc méi hiéu qua hon trong viéc chon dudng di, giao
thtrc truy nhap 16p MAC thich hgp hon trong méi truong mang ludi.

--- 000 ---
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PROPOSALS OF DISSERTATION

Research 1:

My previous works showed that the multi-hop underlay cognitive radio
network (MUCRN) is substantially influenced by primary users (PUs).
Therefore, the author proposes that PUs should be equipped with multi-antenna
for gaining high performance of the multi-hop secondary network. As a result,
the secondary users (SUs) can transmit with a higher power in order to enhance
their performance. Because of the low complexity of the computation, the thesis
proposes exploiting the TAS/SC technique on the multi-antenna PUs. This
research was published in the International Journal of Communication Systems
— 1JCS journal, recorded in the SCIE list.

P. M. Nam, T. T. Duy, and P. V. Ca, "End-to-end security-reliability
analysis of multi-hop cognitive relaying protocol with TAS/SC-based
primary communication, total interference constraint and asymmetric
fading channels," International Journal of Communication Systems, vol.
32, no. 2, pp. 1-16, 2019.

Research 2:

Simultaneous Wireless Information and Power Transfer (SWIPT) is the new
solution to increase the flexibility and adaptability of the communication
environment varying. Inherited from the first, the authors continue researching
the multi-antenna equipment proposal on the MUCRN, using TAS/SC diversity
technique. Furthermore, the multi-antenna technique on SWIPT improves not
only the network performance but also the energy accumulation. Both
contribute to enhancing a higher MUCRN performance. The authors focus on
SOP and PNSC, which were reflected the secure communication. The work was
published in Sensors, one of the SCIE categories, and the author is a co-author.

P. T. Tin, P. M. Nam, T. T. Duy, P. T. Tran, and M. Voznak, "Secrecy
Performance of TAS/SC-Based Multi-Hop Harvest-to-Transmit Cognitive

WSNs Under Joint Constraint of Interference and Hardware Imperfection,"
Sensors, vol. 19, no. 5, p. 1160, 2019.



Research 3:

Practically, the stations in MUCRN are located in the form of mesh. In that
case, two neighbor stations with a short geographical distance might have a
further logical arrangement (much more hop inline). The study proposes a
cooperative protocol installed on in-route stations allowing the nearest
receiving station to decode and forward information to the next hop. It leads to
reducing the number of hops on the logical arrangement. The SU stations can
harvest energy and receive/transmit information in terms of limited transmit
power simultaneously to increase flexibility. My study found the optimal time
fraction (a*) in the SWIPT technique in both cases: cooperative protocol
(COOP) and sequential protocol (DIRECT). My research was published in the
SCIE journal list (Electronics).

P. M. Nam, T. T. Duy, P. V. Ca, P. N. Son, and N. H. An, "Outage
Performance of Power Beacon-Aided Multi-Hop Cooperative Cognitive
Radio Protocol Under Constraint of Interference and Hardware Noises,"
Electronics, vol. 9, no. 6, p. 1054, 2020.

Research 4:

On the three models were investigated above, the system has a unique path
(unique MUCRN), which can transfer information from a source to its
destination under the constrained transmit power. In the studied situation
below, many MUCRNSs coexist in a mesh network, and there are some ways to
transfer information via several MUCRNSs. The research proposes three
methods to select the relevant MUCRN: BEST, MAXYV, and RAND. Also, the
study gives pros and cons among them based on the different CSI requirements.
The contribution of this work was presented in the INISCOM2019, an IEEE
conference. Afterward, this research is selected to publish in the Lecture Notes
of the Institute for Computer Sciences, Social Informatics and
Telecommunications Engineering.

P. M. Nam, P. V. Ca, T. T. Duy, and K. N. Le, "Secrecy Performance
Enhancement Using Path Selection over Cluster-Based Cognitive Radio
Networks," in INISCOM2019, Lecture Notes of the Institute for Computer
Sciences, Social Informatics and Telecommunications Engineering, 2019,
vol. 293, pp. 65-80: Springer Nature Switzerland AG.



LIST OF CONTRIBUTIONS

This thesis proposes and researches the new methods to improve the multi-
hop underlay cognitive radio networks (MUCRN) under the limitation of
transmit power at the secondary stations. Furthermore, the contents concentrate
on harvesting energy for transmitting and transferring information in secure
communication.

First, the thesis presents a variety of efficient MUCRNSs aimed to enhance the
performance of the multi-hop secondary network under the limitation of
transmit power and the impact of Co-Channel Interference (CCI) from the PUs.
Significantly, the researches of the path selection on the station mesh, the multi-
antenna diversity on PUs and SUs, the cooperative communication inside the
MUCRN, and exploiting energy from radio have been investigated.
Furthermore, the thesis also studies the generic models where the primary
network employs the transmit/receive diversity technique in order to increase
its performance and exploit the primary-licensed band for the secondary
network. Besides, the optimal number of hops and antennas are investigated.

Secondly, the wireless device has typically limited the size, shape, and energy
consumption. It is why the energy harvesting technique from the radio needs
employing to provide enough energy for themselves. This thesis presents the
methods to efficiently harvest energy from a power beacon, a part of the
secondary network. In network building, this thesis proposes to design the
optimal harvesting time for a MUCRN.

Thirdly, information needs to protect in communication. Hence, this thesis
concentrates on secure communication by applying physical-layer security in
the studied models. Mainly, it presents the studies of confidental performance
and the trade-off between transmission efficiency and security of information.
In a multi-hop multi-antenna underlay cognitive radio network with the
TAS/SC transmit/receive diversity, this document claims that the stations need
more antennas to decrease the Secrecy Outage Probability (SOP). Besides, the
thesis also proposes to select the best MUCRN based on three reliable BEST,
MAXYV, and RAND protocols. Moreover, it shows that the cooperative network
has a higher performance than a conventional model, where both are equipped
with a single antenna at each secondary transceiver.



Finally, the studied MUCRNs were evaluated by precise mathematical
expressions and verified by Monte Carlo simulation. Most of the given
formulas have a close-form that can efficiently use on the performance
evaluation and the system design. Moreover, these prove that designing a
MUCRN operating in the limited transmit power is practical and reliable.
Proposals in the thesis are possible to apply in real networks that enhance
transmission performance and secure performance.

INTRODUCTION

1. Wireless network perspective

Recently, humans have been tackling the shortage of radio frequency bands
employing wireless communication. Emerging networks such as WSNs,
VANETSs, and MANET are operated simultaneously on the same coverage as
some previous ones. Underlay cognitive radio network (UCRN) is an efficient
solution to saving spectrum without requiring a new license band. Furthermore,
the varying wireless channel characteristics are a significant obstacle to
maintaining a sustainable connection and high efficiency. As a result, the multi-
hop underlay cognitive radio networks (MUCRN) is a much more efficient way
when compared to direct transmission. Also, the self-powered and transmitting
by simultaneous wireless information and power transfer (SWIPT) technique
should encourage to employ that maintain the connection, last the lifetime of
these networks in the unpowered places. Besides, physical-layer security (PLS)
is dedicated to protecting the information in low computational MUCRNs. My
target resolves the issues above and proposes relevant solutions. That is why the
“Performance evaluation of multi-hop wireless relaying networks under the
impact of limited transmit power” is studied in my thesis.

2. Goals:
a) Improve the spectrum efficiency by sharing the spectrum of the primary
network (PN) for the multi-hop secondary network.

b) Propose various methods to increase the transmission performance of the
MUCRN to ensure its quality of service (QoS).

¢) Give novel solutions to enhance the possibility of secure communication
in MUCRN by exploiting physical-layer security (PLS), appropriate for low
computation of transceivers.



d) Apply the harvesting energy from radiofrequency at each station to
increase the variety of power supply, the energy efficiency, last the lifetime of
the network, reliable when designing and installing a new MUCRN.

Chapter 1 OVERVIEW OF THE RESEARCH

This section summarizes many investigations on over one hundred wireless
relay network articles published in domestic or international journals.
Afterward, goals are built to start research. It is presented from the 10th page to
the 27th page in the full thesis.

Chapter 2 FUNDAMENTAL THEORY

This chapter presents some fundamental theories of the wireless channel,
models, transmission protocols, MAC handshaking protocol in a MUCRN.
Next, the basis of limited power scheme, hardware imperfection, physical-layer
security, and energy harvesting or simultaneous wireless information and power
transfer technique is given shortly and clearly. Detailed content is from the 28th
to the 40th page of the thesis.

Chapter 3 RESEARCH OF THE MULTI-HOP  UNDERLAY
COGNITIVE RADIO NETWORK LOCATED ON THE LINE OF SIGHT

3.1 Brief of works

My previous projects [C2, J9] claim that the multi-hop underlay cognitive
radio network (MUCRN) performance is considerably subject to primary users.
In that situation, the author proposes many antennas equipped at the primary
users to enhance its performance. As a result, the performance of MUCRN
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In this study, the primary network equips with many antennas, uses TAS/SC
diversity. The MUCRN transfers information from S, to Sk via K hops
belonging to the half-duplex protocol. The vision of a multi-hop station to an
adjacent one or the eavesdropper is assumed transparent, or LOS. Conversely,
the one from the primary users to the MUCRN is non-LOS.

3.3 Performance evaluation

3.3.1 Primary outage probability
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3.3.2 Outage probability of the MUCRN

Case 1: Rician fading
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3.3.3 Intercept probability
Case 1: Rician fading
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3.4 Simulation and discussion

3.4.1 Impact of SNR on the primary interference threshold
The Ip has a higher value when SNR, ¢pp increases.
3.4.2 Outage probability of the MUCRN
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Fig. 3.3 shows that a high SNR range
results in OPy,. converging to
asymptotic value as A > 20dB.
Especially, the MUCRN performance
significantly improves when its stations
are located by the LOS scheme (Kp # 0),

compared to NLOS (Kp = 0).

In Fig. 3.4, while the eavesdropper
moves far away from yg = 0.3 to yg =
0.4, the intercept probability diminishes
gradually. In other words, the security
is higher.

3.4.4 Impact of the number of hops and antennas
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In Fig. 3.5, K = 3 is the best number of
hops because of achieving the lowest
OP.. In other words, the triple-hop
network even has a higher performance
than the dual-hop one. Moreover, many
antennas in the primary network result
in improving transmission efficiency
considerably.



3.4.5 Impact of the antenna distribution

o In Fig. 3.7, assumed the number of
o amkes antennas is ten (Np + Ng = 10), the

= SimK=6

study varies Nt from one to nine, it is
shown that we can find the optimal Nt
on the target of the lowest OP..
Consequently, it is recommended to
distribute an appropriate antenna
100 number at the transmit and receive
sides that enhance better the higher
performance.

Fig 3.7: OP. according to Nt
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3.5 Summary

SNR of the PUs impacts OP.,. when its value is lower 20dB range. If it is
greater, the performance of MUCRN approximates a constant.

More equipped antennas result in not only higher OP,. but also higher IP.
However, if the primary users have a constant number of antennas, delivering
these antennas between transmitter and receiver improves performance.

Increasing the hop number in MUCRN improves the OP,,. but still gets a
higher IP. In contrast, in the range of low K, the optimal number of hops (K*)
can be found by the target of the lowest OP.y.. In a similar fashion, a triple-hop
UCRN has a better performance than a dual-hop one, compared to the same
network parameters.

OP.,. is lower if the Rician K-factor of the relevant channel among multi-hop
transceivers is higher. Also, IP and the Rician K-factor of the eavesdropping
channel decrease together.



Chapter 4 RESEARCH OF THE MULTI-HOP UNDERLAY
COGNITIVE RADIO NETWORK EQUIPPED MULTI-ANTENNA
HARVEST ENERGY FROM RADIO FREQUENCY

4.1 Brief of works

In chapter 3, the thesis gave out the multi-antenna technique equipped with
the primary network to have many expected results. The author employs the
multi-antenna  technique equipped with the MUCRN. Furthermore,
simultaneous wireless information and power transfer (SWIPT) are
concurrently used in its transceivers. Therefore, a large number of antennas get
more energy from the surroundings and increase the transmission efficiency.
Secrecy outage probability (SOP) and probability of non-zero secrecy capacity
(PNSC) are represented secure performance in MUCRN.

4.2 Network model

Differ from the previous, the secondary transceivers equip Np antennas and
exploit TAS/SC. They forward information by transmitting step-by-step on
each hop from S, to S with HD protocol. Besides, they have the capability of
self-powered from harvesting energy from a Beacon. An eavesdropper,
equipped with Ng antennas and TAS/SC diversity technique, is assumed to try
to catch information on MUCRN illegally.

Y 7 Y .7
So —Y imasi. s S Y _itasi. T s
M| i SS/sC ’> No No E<‘,/SC ;‘9 No
Ant j K &l Ant Ant j R &L Ant

Fig. 4.1: MUCRN with multi-antennas and SWIPT techniques.



4.3 Performance evaluation

4.3.1 The average transmit power of the secondary transmitter

IS v+l V)|V
E PRy =D P o | = F o |||+ 1=F 0 1 P45
kb vz—;[ Zpin [ W ] Zpmin [W ]]W s+ Zpmin S ( )

4.3.2 Secrecy outage probability

tw,<0:SOP, Q, =

N3 Ng-1

T wy>0 & w, ,>0:SOP, Q, 1+Z Z —1™M g, fowoexp By exP[_E]dy.m.zz)
’ y

n=1 m=0
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Ng
/\SE ]] (4.24)
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4.3.3 Probability of non-zero secrecy capacity
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v=l n=1 m=0 1
2 N
N5 Ng 1(_1)n+m nz ’T ] NE/’{‘SkE K.2 _ K2
— > D E*
n=l m=0 No T (m o+ DA g+ s,
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4.4 Simulation and discussion

4.4.1 Conditions impact the average transmit power

[} TD (Sim)

= T, (Sim)

v T,(sim)

Exact

Average Transmit Power (dB)
&

10°

End-to-end SOP

i o Sm(N =1)
" Sim(No=2)
/ A Sim(Ng=3)

I Exact

A ® Sim(s3=0,4Z=0)
= Sim (43 = 1/9, 5% = 0.25)

E
v Sim (s} =02, 42 =05)

Exact

End-to-end SOP
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P (dB)

Fig 4.6: SOP when w>0& w; ,=0

25

11

Fig 4.3: The average transmit
power of PB, PU according to their
locations.

The average transmit power of
secondary transmitters depends on
the maximum power level (Ps) and
the distance between themselves to
the beacon or the primary user.

End-to-end SOP

1040 L i 1
5 20 25 30
P, (dB)

15 35

Fig. 4.5: SOP when wy>0& w;,<0

Figs. 4.4, 4.5, and 4.6 are performed
with various r],k; parameters to

the  closed-form  SOP
expressions in section 4.3.

Primarily, SOP tends to the high
value when the time fraction (o)
increases in Fig. 4.7. Therefore, the
future design should select o in the
low range to achieve high-security
performance.

verify



Besides, the SOP diminishes if the hardware impairment of the main channel
(k;) has a higher value than one (k; ) on the eavesdropper channel. To study

the impact of the multi-antennas, Fig. 4.8 shows that more antennas equipped
with MUCRN result in the lower SOP despite the same number on the
eavesdropper.

100 T T T : 10°

y
>
% ; 107!
o S
kel 2]
5 ®
I © 102
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T 102 5
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w o sim(2=0,42=001) w o o Sm(Ny=Ng=1)
B Sim (k2 =0, 2 =0) 10 = Sim(Np=Ng=2)
" 2 _ 2 _ v Sim(ND=NE=3)
109 v ?m (tAD 0.01, 52 =0) ot
; i xacl 1074 : : H ;
0 0.05 0.1 0.15 02 0.25 0.3 1 2 3 4 5 6
o K
Fig 4.7: SOP according to a. Fig. 4.8: SOP according to K, Np.

4.4.3 Conditions impact the probability of non-zero secrecy capacity

1 1
® Sim(k=2)
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£ Z oo
o 06f st
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Exact L o1
o1 OD 0.1 0.2 0.2 0.3, 0.3 04 0.4 0
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Fig 4.9: PNSC according to Ps Fig 4.10: PNSC according to K, Np.

Fig. 4.9 plots some PNSCs according to various schemes of the r;,x;. For
instance, when increasing Pg in the case of m[z) :mé, PNSC is a constant,
Ky <ty then PNSC grows up, and others lead to a lower PNSC value. As seen
in Fig. 4.10, the second verification shows the PNSC rapidly decreases when
ki is greater than x; =0.2. We should choose a low hardware impairment
level to improve the PNSC in the multi-antenna MUCRN.
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4.5 Summary

Low SOP value occurs as low hardware impairment level (HI) on the
MUCRN. Especially if the HI on the main channel (7)) is smaller than the HI

of the eavesdropping channel (x; ), both SOP and PNSC are better.

When Pg is greater than 20dB, SOP nearly achieves the asymptotic value in
theory. On the contrary range, the optimum SOP can be found in some
particular conditions.

Higher SOP if the eavesdropper has more antennas (Ng) in terms of not
changing the number of antennas (Np) on MUCRN. In contrast, SOP decreases
when the MUCRN is equipped with more antennas despite the number of
antennas at the eavesdropper being the same as legal transceivers (Np = Ng). In
this case, more hops (K) are better for secure performance.

At last, SOP is significantly low when the energy harvesting time fraction is
nearly zero. Nevertheless, the study in this section did not find the optimal
value (a*) that forces SOP lowest. It is appealed to research in the next of the
thesis.

Chapter 5 RESEARCH ON COOPERATIVE COMMUNICATION OF
THE MULTI-HOP UNDERLAY COGNITIVE RADIO NETWORK
HARVEST ENERGY FROM RADIO FREQUENCY

5.1 Brief of works

The two sections above employ the conventional transmission protocol where
the legal transceivers are arranged to forward in the sequential order from
source to the destination. (The information must pass over all of the stations in
a planned route). Still, it is predicted that the transmission performance
enhances well if there is a method to eliminate un-essential relays before going
to the destination instead of passing through all stations. In the following, the
author proposes and studies the novel cooperative protocol installed in the
MUCRN. Moreover, all the stations in MUCRN have the capability of self-
powered by harvesting energy and transmitting concurrently.
Continued Chapter 4, this section also studies the optimum time fraction a* of
the SWIPT technique in both cases: sequentially conventional communication
(DIRECT) and cooperative communication (COOP).

13



5.2 Network model

Fig 5.1: MUCRN with cooperative communication and harvesting energy.

The single-antenna MUCRN can decode and forward information from Sy to
Sk+1 in the same manner as before. The significant difference is when Sy

transmits, Sy;; and some following stations can receive. Afterward, one of them
(assumed Sy, (i>k)) is probably selected for the next hop. Apart from that, the
MUCRN transceivers apply the SWIPT to self-powered for transmitting.

5.3 Performance evaluation

5.3.1 The secondary transmit power
It is given at (5.10) and (5.12) in the full report.

5.3.2 Point-to-point transmission S, — S,

OFgg = Z (ﬂ’PBS(ﬂ‘SIS ) i Ki p(leﬂsz,ﬂs,s )
N - ZL:( )™ 2c? (%BS‘ )p+l Joe (M)p%l Kl_p(zm),(i”)

p=0 g=I p!

5.3.3 Point-to-multipoint transmission
Case 1: H # {J} : showed OP in (5.21).

Ng-1 2 p Np-1 L g+1 2Cq an -1
OPSt{H,G} = Z p,(ﬂ‘PBSVuz) Ky (Z\MPBst:uz) Z Z( ) PBSt) VK
p=0 p=0 g=1

m
>

Np
p=0 r=1l=h=.=l =1,

-1 m p+l

-1 r+l P
( p), z(iPBSI:uA) ’ Kp—l(z'\,A’PBSl:uAt)
i<l <.l

Ng-1 L m m ( l)l’+q2Cq 1 o

+ Z ' ZI (%Bgl) Hy(p) Kp—l(z‘\,ﬂ’PBSl/Jﬁ)
p=0 g=1 r=1 h=h="=I,=1,
<l <..<lp

Case 2: H ={J} : showed OP in (5.24).
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5.3.4 End-to-end communication

DIRECT (Hop—by—hop sequentially communication protocol)

Pl
K z (ﬂ’PBSk]ﬂS S? )2 Kl—p(z\,ﬂ’PBSk,lﬂSk,ISka))
OPPRECT_ | _
I1 ",

p=0

Bl p+l1

Mr—

p!

e}
I

COOP (Cooperative communication protocol)
COooP __
OP™ = > OP{" |

H,,G,
End-to-end maximum number of hops
Ko =| (1= )N log, (1+1/x3) / R,, |.
5.4 Simulation and discussion

5.4.1 Impact of the number of beacons and primary users
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@ 1021 % DIRECTSM (N =4 L=1) ¥ SNR range. The high ramps
o ® COOP-SIM(Ng=4,L=1) .
% DIRECTSM (¥, =3, L=2) present in the COOP protocol
Ll = coorsmng=3.L=2) are overwhelming diverse than
10 X DIRECT-SIM (N =2, L =3) :
v COOP-SIM (Ng =2, L =3) the DIRECT. Furthermore, the
J . ..
) 2§§§TT,I:§§$Y | OP of both diminishes when
o 5 10 15 20 s greater Ng and smaller L.

A (dB)
Fig 5.4: Impact of Ng and L.



5.4.2 Impact of the hop number
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Fig 5.6: OP according to K, a.

various K.

Fig. 5.5 presents the best OP occurred K = 4 in both DIRECT and COOP. In
other words, K = 4 results in the OP value having a lower value than K =2 or K
= 7. It is in meaning to the optimal number of hops (K* = 2) that make the

lowest OP in DIRECT mode and COOP mode. Also, Fig. 5.6 displays that the
K* depends on the energy harvesting time fraction of the SWIPT technique.

Moreover, the transmission is discontinuous when K > K ...

5.4.3 Impact of energy harvesting time fraction
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Fig 5.7: OP as a = 0.05, compared to
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Fig 5.8: OP according to a.
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Fig 5.9: a* according to K. Fig 5.10: Effect of x. on OP.

As seen in Fig. 5.7, OP's overwhelming characteristic exhibits when compared
in terms of various K. Apparently, the MUCRN designed with the optimum K*
value has the best OP. It proposes that we could choose an appropriate K if the
MUCRN can not change the time fraction. In contrast, Fig. 5.9 displays some
optimum time fraction values (a*) according to the number of hops. Based on
this figure, it recommends that we should use the a* in the fixed-hop MUCRN.
Aside from, Fig. 5.10 confirms the OP = 1 when the hop number is over than its

limitation (xp > k7 ).

D,max
5.5 Summary

The importance of this research is that the OP°°" is lower than OPP'*"T,
Apparently, the diversity gain of COOP protocol is higher than DIRECT.
Aside, the OP of both diminishes when a greater number of beacons and little
PUs existence.

In the case of unvaried o, we could be found K* in order to get the best OP. The
research also finds that the K*(COOP) is a higher value than K*(DIRECT).
Conversely, when increasing K and finding o* respectively, the optimum
energy harvesting time fraction gets higher as more hops despite COOP or
DIRECT.

Aside, the hardware impairment slightly effects on a*. The lower HI level leads
to higher performance. The transmission is unsuccessful when the number of
hops is greater than K.
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Chapter 6 RESEARCH ON PATH-SELECTION OF THE CLUSTER-
BASED MULTI-HOP UNDERLAY COGNITIVE RADIO NETWORK

6.1 Brief of works

In some practical wireless networks such as MANETs, WSNs, and V2V, their
stations (transceivers) are arranged as a mesh. Hence, there exist many paths
(MUCRNS) which can carry end to end the information. Shortening the number
of hops on a particular MUCRN has been studied above. Is there more
efficiency if we can choose the best appropriate MUCRN among M paths.
Indeed, it is still in meaning to improve the performance. In this section, the
research presents three methods: BEST, MAXV, RAND, and selecting an
appropriate protocol. Furthermore, it also evaluates the pros and cons of each
path-selection protocol according to the CSI cost.

6.2 Network model

l’ \\ l’ \\ \ ll \\ ll ‘\
/ \ ! \ 4 3 ' ) H e )
i —_— —> leee! ; ' ;
Sm,1 Smz2 Smk,
N1 relays N2 relays N, relays

®

Fig 6.2: m-th MUCRN in the mesh network.

Generally, there are M paths (equivalent M MUCRNS) in a mesh network. It is
assumed that the mth MUCRN has Ky+1 cluster-based stations, including a
source (S), a destination (D), and some relays (Spx). Each station has Npy
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transceivers. One of Ny is appointed to a data transmission node (Tp), and
another transceiver of N is assigned to transmit jamming signal (Jp k).
6.3 Performance evaluation

6.3.1 Primary outage probability
K PR PP A PR PP
OPm: 1- exp[_ ( Km+1);1PTPRO-P JH{ ﬂlr /lrm,k—l Jm,k J-(6 10)

P k=1 mk_1PR PP+/1PTPR PTm»k,lo-P ﬂ'Jm.kPR PP+A'PTPR PJm,ka"

6.3.2 Transmit power allocation

+

B 1
Qux :M ((1_gop)exp£(Km+l)ﬂ1’TPRUf’B 2AKm+1)_, (6.14)

Ap1prOp R

6.3.3 PNSC of the m-th MUCRN
K+l

Nm,k
v+l
PNSC, =] | { (-0 CKlm’k/uo,k,vvk(ll,k,v_ Lot bl kv)‘ (6.16-6.18)

k=1 v=l

6.3.4 Path-selection protocols

. M
BEST: PNSC,.e; =1-] [(1-PNSC,,
:]

BEST
m

MAXV:
PNSCyy = max (PNSC,,).
RAND:
1 M
PNSCyap =— 2 PNSC, .
M =

6.4 Simulation and discussion

6.3.1 Impact of the primary transmit power to the secondary transmit power

L Fig. 6.3: Impact of Pp on Q;x in a
1 triple-hop scheme.

The communication distances
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6.4.2 Impact of the primary transmit power on the PNSC

1

095 e Fig 6.4: Impact of Pp on the
® RAND-Sim
09 RAND-Ana PNSC of three methods.
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o 08 v sestsim At a glance, three proposals
2o improve the secure performance
0.7 .
oo p when increases Pp. Nevertheless,
06 when in the high range of Pp, the
055 PNSCs of three approximate the
05— e P};E;B) .............. e . constant, especially as PP i
’ greater than 20dB in this
investigation.

6.4.3 Impact of the location of the eavesdropper on the PNSC

When the eavesdropper moves
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with fixed xg = 0.5, the lowest
PNSC of the three protocols
occurs at (0.5, 0). It gives the
explanation the eavesdropper’s
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Consequently,
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suggested in the network design.

Fig. 6.5: Impact of eavesdropper’s its

place on the PNSC.
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6.5 Summary

The primary transmit power (Pp) impacts the PNSC of the MUCRN when it is
less than 20dB in the studied scheme. Out of this range, the PNSC
approximates a constant.
The BEST is the highest secure performance, the MAXYV is the second, and the
RAND is the worst. By contrast, a protocol with better performance requires a
large number of CSI and a greater capacity for complex computation. Both are
not appropriate with the low computing transceivers.
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The location of the eavesdropper is very crucial for secure communication. As a
result, when designing a new MUCRN mesh, the thesis proposes splitting or
routing appropriately to ignore the adjacent MUCRNs to the eavesdropper
because of low secure performance.

Chapter 7 CONCLUSION

7.1 Summary of thesis’ results

Four proposed models in this thesis are the wireless multi-hop network under
the transmit power constraint at their stations to enhance the spectrum
efficiency. In the first model, the Chapter studies the case of the primary and
secondary stations influencing each other and claims this affects the
transmission performance. It is believed that a considerable effect occurs when
the standardized power is less than 20dB. The outage performance is almost
steady when the power is out of this range. This characteristic is one again
reminded in Chapter 6. Also, in a situation of not being supplied power, this
thesis proposes to design the SWIPT technique at every secondary multi-hop
transceiver. The results from Chapter 4 and Chapter 5 indicate that secondary
transmit power considerably depends on the number of primary users, beacons,
and their distances to the secondary transceivers. Therefore, this thesis
concludes that communicating by MUCRNSs under the limited transmit power
condition is realizable, practical, and reliable. It also contributes to increasing
the spectrum efficiency despite the missing power supply from the grid.

Research on the transmission performance of the MUCRN, the thesis
evaluates the representative performance via the end-to-end outage probability
(OP) and gives several solutions to improve it. The first one is to build the
MUCRN that its adjacent transceivers are placed on a line of sight vision
(LOS). According to Chapter 3, the OP of the MUCRN with LOS is
significantly lower than the one without LOS. The differentiation of OPs relies
on the K-factor channel parameter. In particular, MUCRN is designed with a
higher Rician K-factor of the main channels results in more improving
performance. For instance, Kp =10 has OP = 0.17 compared to Kp= 0 with OP
= 0.6. The second solution employs the multi-antenna technique and TAS/SC
diversity at the primary network. The research proves that the proposal is
efficient at decreasing the OP of the MUCRN when it is equipped with a large
of antennas. In some cases, the number of antennas is small by the constraint of
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size, shape, or weight. The study proposes appropriately distributing the
antennas between transmitter and receiver to improve the transmission
performance of the MUCRN. The third solution (presented in Chapter 5)
exploits the cooperative communication technique for higher performance of
the MUCRN. In the novel method, the information may transfer from the
source to the destination via fewer hop than usual. It causes the information
early reaches to the target. The research claims that the diversity gain of the
new cooperative protocol (COOP) is overwhelming than the one of the
conventional protocol (DIRECT). That result contributes to proving the logic of
the solution to ensure transmission. Based on the study, the thesis proposes to
design the optimal number of hops in the MUCRNS to achieve the best outage
performance. Also, the investigation of the simulated scheme shows that the
MUCRN with optimum hops has better performance than the dual-hop
underlay cognitive radio network in the same coverage.

Next, research on the secure performance by the physical-layer security
(PLS), the thesis focuses on evaluating and giving out the numerous proposals
to enhance secure communication. Most of the methods can raise OP cause
increasing the intercept probability (IP) as well. Therefore, the first solution is
the trade-off between the transmission and secure performance in the MUCRN.
Chapter 3 concludes that there exists a method that the OP can be steady when
diminishing the IP. That is, the MUCRN needs to be designed with the low
eavesdropping Rician K-factor. For example, IP loses the greatest as 6% when
Kg downs froml5 to zero. The following solution, the multi-antenna technique
with the TAS/SC diversity, can be directly used in the MUCRN instead of only
the primary in the first model (Chapter 3). The study in Chapter 4 suggests the
MUCRN should be equipped with more antennas to decrease its secrecy outage
probability (SOP). Also, this method achieves better security if the MUCRN
has more hops despite the eavesdropper having the same antenna number as
legal transceivers. About the probability of non-zero secrecy capacity (PNSC),
selecting the low hardware impairment (HI) level technique can raise the
PNSC, especially when the HI parameter of the MUCRN is smaller than the HI
level on the eavesdropper. The third solution presents the method to select a
MUCRN path among the numerous equivalent paths that can carry the
information from the source to the destination. It proposes three novel
protocols, namely BEST, MAXV, RAND, and evaluates them according to
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various network conditions. After investigating, the BEST protocol is the best
secure performance. Still, it requires full CSI and complex processing that are
not appropriate to install at the low computational transceivers. Because of the
significant impact of the eavesdropper location on the MUCRN performance,
the fourth recommends choosing the MUCRN located far away from the
eavesdropper when designing or routing the wireless mesh networks.

At last, the research on the effect of the simultaneous wireless information
and power transfer (SWIPT) on the performance of MUCRN is performed.
Continue above, the higher antenna number raises the harvested energy,
contributes to releasing the secondary transmit power, and loses the SOP. As
presented in Chapter 4, the thesis suggests designing the low value of energy
harvested time fraction (o) to reserve more remaining time in the block for
transmission in the multi-antenna MUCRN that is an essential solution to
improve the performance. Conversely, when evaluating the single-antenna
MUCRN with SWIPT, the result shows the optimal value of energy harvested
time fraction (a*) to achieve the best transmission performance. This claim is
similar to previous dual-hop UCRNSs [44, 79] or MUCRN [138]. The research
also presents the relationship between o* and the number of hops, the
communication protocols used in the MUCRN. If MUCRN has an unchanged o
value, it is optimal to design the number of hops K = K*. Contrastly, when
MUCRN exists before and can not reconfigure the hops, we apply the time
fraction o = a* according to the available K to enhance the transmission
performance.

All of the conclusions above present the design of a MUCRN operating in a
spectrum sharing environment by limited transmit power is reliable. This thesis
proves the method to alter the energy supply by harvesting energy from the
radio frequency for efficient network operation. Moreover, it also gives out
many valuable proposals to improve the information's transmission and
security.

7.2 Future work
Although the thesis has many valuable contributions, the study has not
covered all of the solutions. Some of the future studies can develop as follows:
- Apply the appropriate channels models, especially in a general form such as
Nakagami-m, Generalized-K for the relevant channels.
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- Exploit new communicating techniques to employ in the MUCRN. For
instance, non-orthogonal multiple access (NOMA) or massive MIMO.

- Develop the researches on the two-way communication scheme, wireless
multi-hop network with full-duplex.

- Propose the novel protocols that are more efficient in the path-selection, and
study the new MAC protocols applied for ones.

--- 000 ---
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