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ABSTRACT

Radio frequency energy harvesting offers a promising solution to provide low power
Internet of Things (IoT) devices with convenient and perpetual energy supply. This
research investigated the reliable performance of an energy-constrained transmitter
communicating with a receiver over Nakagami-m channel, where the effects of
transceiver hardware impairments and finite blocklength coding were jointly
considered. Specifically, the communication link between the transmitter and receiver
operated within the coverage of an existing wireless system, with radio frequency
signal from the existing system serving as an energy signal for the transmitter while
acting as an interference signal for the receiver. By utilizing the finite-blocklength
information theory, we first derived average block error rate (BLER) and asymptotic
average BLER in closed-form expressions, which enabled us to quantify the extent of
reliability loss. Then, we analyzed effective throughput of the system and determine
the optimal blocklength that maximized the effective throughput. Computer simulation
analysis results confirm the outage threshold caused by hardware impairments. If this
threshold is exceeded, reliable communication cannot be achieved regardless of the
signal-to-noise ratio (SNR).

TOM TAT:

Thu néing lwong tir tan s6 vé tuyén mang dén mét gidi phdp tiém nang dé cung cap
nang luong lién tuc va tién loi cho cac thiét bi Internet van vdt (IoT) tiéu thy it nang
lirong. Trong bai bdo nay, tdc gia nghién ciru hiéu sudt tin cdy ciia mgt mdy phdt bi
han ché nang leong khi giao tiép véi mét may thu qua kénh Nakagami-m, trong dé
cdc anh hiong cia 16i phan ciing ciia bo thu phat va mé héa @ dai khoi hitu han
e xem xét dong thoi. Cu thé, lién két truyén théng giira mdy phat va may thu hoat
déng trong pham vi phii séng ciia mét hé thong khong ddy hién c6, véi tin hiéu tan
S0 V6 tuyén tir hé thong ndy dong vai tro nhie mt tin hiéu ndang lwong cho mdy phat,
vira déng vai tro nhw mét tin hiéu nhiéu cho mdy thu. Bang cach sir dung Iy thuyét
théng tin véi do dai khoi hitu han, tac gid trude tién dwa ra cdc biéu thire dang déng
cho 1y 1¢ 16i khoi trung binh (BLER) va BLER trung binh tiém cdn, cho phép tdc gia
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Tir khéa: Truyén thong
g6i tin ngan; Thu ndng
leong; Loi phan cimg;
Ty ¢ 16i khoi (BLER);

Thong lwong hiéu qua.  bao nhiéu.

dinh lvong murc do mat mat vé dé tin c@y. Sau do, tac gia phdn tich thong lwong hiéu
qua ciia hé thong va xdc dinh dé dai khéi t6i wu dé t6i da héa théng heong hiéu quad.
Két qud phdn tich mé phong may tinh xdc nhdn nguwéng ngimg do khiém khuyét phan
cing gdy ra. Néu vuot ngudng nay, truyén théng tin khong dang tin cdy dit SNR la

1. Giéi thiéu

Su xuét hién cua céc ung dung Internet xtc
giac va céc thiét bj IoT quan trong da dan dén
viéc d& xuit cac giao tiép siéu tin ciy va do tré
thap (URLLC) la mot trong ba trudng hop st
dung chinh trong hé thong khong day thé hé
thr nam (5G) va cac h¢ théng khoéng day sau
5G (C. Yue, V. Miloslavskaya, M. Shirvani-
moghaddam, B. Vucetic, Y. Li, 2023), (H. Ji, S
Park, J. Yeo, Y. Kim, J. Lee, B. Shim, 2018), (J.
Sachs, G. Wikstrom, T. Dudda, R. Baldemair,
K. Kittichokechai, 2018). Vi du, trong mdt moi
truong san xuat thong minh noi cac thiét bj IoT
chiu trach nhiém diéu khién cac canh tay robot
trén day chuyén san xuét, giao tiép v6i do tré
thap 1a rdt quan trong dé dam bao réng cac 1énh
tir hé thong diéu khién trung tdm duogc thuc hién
boi cac canh tay robot  trong thoi gian thyc. Giao
tlep siéu tin cdy 1a can thiét dé ngan chén céc
16i hodc do tré co thé anh huong dén do chinh
xéac va hiéu qua cua qua trinh san xuit. Yéu cu
vé URLLC muén néi rang viéc truyén thong tin
gilra cac thiét bi IoT phai duoc thuc hién voi
cac goi tin ngan, thuong chi chira vai trim bit
(H. Lee, Y. Ko, 2021), (Z. Xiang, W. Yang,
Y. Cai, Z. Ding, Y. Song, Y. Zou, 2020). Khi
cac goi tin ngin duoc sir dung cho viéc truyén
tai, cong suat Shannon c6 dién khong con phu
hop dé mé ta téc do tdi da co thé dat duoc (G.
Durisi, T. Koch, P. Popovski, 2016), (J. Farhat,
G. Brante, R.D. Souza, J.P. Vilela, 2021). Piéu
nay 1a do cong suat Shannon c6 dién gia dinh
rang do dai khéi tién gan dén vo han. Dya trén
(Y. Polyanskiy, H.V. Poor, S. Verdu, 2010) da
nghién ctru toc do truyén téi da thong qua ma
hoa d6 dai khéi hiru han khi ma héa thong tin
va chi ra rang 15i goi tin 1a khong thé tranh khoi
trong ché do d6 dai khdi hiru han. Sau do, cac
két qua trong tai ligu tham khao (Y. Polyanskiy,
H.V. Poor, S. Verdu, 2010) da dugc ap dung
vao thiét ké cac kénh nhiéu tring Gaussian cong
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(AWGN) (J.-H. Park, D.-J. Park, 2012) va cac
kénh fading véi da dau vao da dau ra (MIMO)
(W. Yang, G. Durisi, T. Koch, Y. Polyanskiy,
2014).

Mot thach thirc quan trong khac lién quan
dén IoT 1a sy han ché cta pin trong cac nut thong
minh (S. Bi, C.K. Ho, R. Zhang, 2015). Sy han
ché nay tr& nén dic biét rd rang trong cac tinh
hudng ma viéc thay thé hodc sac lai pin 1 khong
tién 1oi hodc tén kém dang ké. Vi duy, trong co SO
ha tang thanh phd thong minh, cac thiét bi IoT
duoc st dung cho cac nhiém vu nhu giam sat
luu luo‘ng giao thong hodc diéu kién méi truong.
Tan sut thay pm trén nhiéu thiét bi trai rong
khip thanh ph c6 thé din dén nhig thach thirc
16n vé mat hau cin va ting chi phi bao tri. Do
do, cac ky thuat thu nang luong da thu hut duoc
su chu y dang ké nhu mét giai phap tiém niang
(A.A. Benbuk, N. Kouzayha, J. Costantine, Z.
Dawy, 2023) Tan dung dac tlnh cua tin hi¢u
tan s6 vo tuyen trong viéc cung cap ca thong tin
va nang luong, cac hé théng SWIPT (truyén tai
th6ng tin va ning luong khong day dong théri)
c6 thé dat dugc thong qua cac giao thirc chuyen
dbi thoi glan chia cong suit, chuyen dbi ang-
ten, va chuyén doi khong gian. Dbi véi cac hé
théng SWIPT, céc biéu thirc dang dong cho hi¢u
suat ngat két nbi da dugc nghién ciru va dua ra
céch tiép cﬁn don gian dé giam thiéu hiéu suét
ngit két ndi bang ty 18 chia cong suat toi wu.
Xem xét giao thirc chuyén dbi thoi gian, cac tac
gia da dac trung hoa thong lugng ctia mot h¢
thdng truy cap da ngudi dung khong truc giao
(NOMA) dudi cac ché d6 nang lugng pin tinh
va nang luong pin dong.

Chién lugc thuc hién duoc dé xuat trong
nghién ctru nay co tiém ning cung cAp cac giai
phép hép dan va than thién véi méi trudng cho
nhiéu ng dung cam bién khic nhau. N6 dic
bigt co y nghia trong bbi canh tai nguyén phd
ngay cang khan hiém. Hon nita, viéc truyén tai



tir may phat bi han ché ning lugng s& giy ra
nhiu rit han ché cho cac hé thong khong day
hién c6 do cong suét truyén thap va thoi gian
truyén ngin. Nhimg dong gop chinh cua bai bao
nay bao gém:

e Xem xét cac 16i phan cung, tac gia dac
trung hoa mot hé thong giao tiép goi tin ngin
thu ning luong tir nhiéu qua kénh Nakagami-m,
va sau do dua ra cac biéu thuc dang dong va
tiém can cho ty 18 15i khdi trung binh (BLER).

e Tac gia trinh bay biéu thuc dang dong
moi cho thong lugng hiéu qua dé do ludong hidu
qué cua cac giao tiép goi tin ngén, va sau d6 xac
dinh d6 dai khéi t6i uu dé toi da hoa thong luong
hiéu qua.

e Cac mo phong trén may tinh xac nhan
tinh chinh xac cua két qua phén tich cua tac gia,
cho thay c6 ton tai mot ngudng ngat két ndi chi
do 131 phan cung gy ra. Hon nita, bat ké ty 1&
tin hiéu trén nhidu (SNR) truyén di 14 bao nhiéu,
néu téc do truyén vuot qua ngudng ngit két ndi
duogc xac dinh boi mac do 16i phﬁn cung, viéc
giao tiép tin cdy cua hé théng dang xét khong
thé dat dugc.

B cuc phan con lai ciia bai bao nhu sau:
Phan 2 mb ta tong quan vé mang truyén thong
dang duoc xem xét. Phan 3 trinh bay sy dan xudt
clia cac biéu thirc dang dong cho BLER trung
binh, BLER trung binh ti¢m can va thong lugng
hiéu qua, ciing véi viéc xay dung bai toan nham
t6i da hoa thong lwong hiéu qua. Phan 4 dua ra
céc két qua s6 va thao ludn, phan 5 cung cap cac
nhén xét két luan.

2. M6 hinh hé théng

Tac gia xem xét mot hé thong truyén thong
g6i tin ngén thu nang luong tir nhidu nhu trong
Hinh 1, trong d6 mot may phat bi han ché ning
luong ¢ gang truyén dir liéu dén mot may thu
mong mudn trong pham vi phu séng ciia mot
hé théng khong day hién c6. Tai ddy, hé thong
khong day hién c6 dugc dai dién nhu mét nguf‘m
nhiéu, véi tin hidu tin s6 vo tuyén tir ngudn
nhiéu déng vai tro 1a tin hiéu ning luong cho
may phat trong khi dong vai tro 13 tin hiéu nhiéu
cho may thu. Kich ban nay dac biét phu hop voi

cac hé thong IoT, trong d6 ca may phat va may
thu déu hoat dong nhu cac cam bién dugc trién
khai trong pham vi phu séng cua hé thong di
dong, phat song truyén hinh hoic wifi. Tac gia
ciing gia dinh rang lién két nang lugng tir ngudn
nhidu dén may phat, lién két giao tiép tir may
phat dén may thu va lién két nhiéu tir ngudn
nhidu dén may thu dwgc mo hinh héa nhu cac
kénh Nakagami-m tinh doc 1ap. Hon nira, nguén
nhiu, may phat va may thu déu c6 mot ang-
ten duy nhat. TAc gia gia dinh réng méy phat sur
dung chién luoc thu ning lu’ong r0i truyén tai dé
thuc hién giao tiép goi tin ngan.

Hinh 1. H¢ thong truyén thong géi tin ngin
vé6i thu niing lwgng hd trg béi nhiéu.

P | ﬁ May thu
7~
~
-~
e
ﬁ ‘ /

hs .
May phat h,

Ngudn nhiéu

Chién Iuoc nay chia mdi lan truyén géi tin
ngan, bao gom L lan sir dung kénh, thanh hai
giai doan: mot giai doan thu ning lugng voi L,
lan su dung kénh, va mot giai doan truyén dir
ligu vi L, = L - L, lan st dung kénh (P. Raut,
P.K. Sharma, T.A. Tsiftsis, Y. Zou, 2020). Doi
v6i chién luge thu nang lugng rdi truyén tai,
nang lugng thu duoc tai may phat co thé duoc
biéu dién nhu sau:

E, =nLT.Plh| )

trong d6 0 <7< 1 1a hiéu sudt chuyén doi

nang luong, 7, 1a thoi gian ciia mot lan s dung
kénh, P la cong suat truyén cia ngudn nhieu,

vah 1a hé sd kénh gitra nguon nhicu va may

phat v61 tham s6 muc do fading m, va cong suat
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fading trung binhQ),. Tac gid gia dinh rang
cong sudt tiéu thu boi mach thu/phat tai may
phat duogc bd qua trong nghién ctru nay vi cong
suét str dung cho viéc truyén tai thong tin 1a yéu
t chinh trong viéc tiéu thu ning luong. Do do,
cong suét truyén tai may phat duoc cho bai:
2
P= nLpP |h1|
Ld

Khi may phat truyén thong tin duoc chuén
hoéa x, tin hi¢u nhan duoc tai may thu dugc cho
boi:

v, =PI (x+7,)+VPh(z+7,)+7, +n, (3)

trong d6z1a tin hiéu nhifu chuin hoa
tir nguon nhidu, 4,12 hé sé kénh giita ngudn
nhicu va may thu véi tham so mic d6 fading
m,va coéng suat fading trung binhQ,,%,
la h¢ so kénh gilta may phat va may thu
v6i tham sé mirc do fading myva cong suét
fading trung binh Q;, 7,0 CN (0,k}) va

7,00 CN (0,k?)1an luot 1a céc nhiéu bién dang
do 16i phan cimg tai may phat va nguén nhiéu,

z 0 CN (0,k22 (PInf +P|h2|2)) la nhidu bién
dang do 15i phan cing tai may thu, va n, 1a
nhiéu Gaussian trang cong tinh (AWGN) tai
may thu voi trung binh bang 0 va phuong sai
o’. Luu y ring k, vak, lan luot dai dién cho
muirc d¢ 16i phan ctmg tai may phat va may thu.

Dua vao (G. Durisi, T. Koch, P. Popovski,
2016), ty 1¢ tin hiéu trén nhiéu (SNR) nhan dugc
tai may thu dugc tinh nhu sau:

nLAJR[ [
W R+ 2+ AL || (4R 4R+ L,

}/ =
nL,A

“4)

trong d6 A = iz biéu thi ti s6 SNR truyén
di. g
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Xét dén truyén thong goi tin ngén gitta may
phat va may thu, tbe do ti da co thé dat duge
v6i d6 dai khdi L, > 100 c6 thé dugc tinh xép xi
mot cach chinh xac nhu (Y. Polyanskiy, H.V.

Poor, S. Verdu, (2010).

trong d6 ¢ 1a ty 1¢ 18i khéi tirc thoi (BLER),
C(y)=log,(1+y)1a dung luong Shannon,
Viy)=1-(1+%)* va O'(x) 1a ham nguoc

. 1 o =2
cua ham Gaussian Q(x) = 2—-[ e 2 dt. Chung
7Z' X

t6i gia dinh rdng may phat va may thu trao
doi N bits thong tin trong giai doan truyén dit
liéu, do @6 toc do truyen co theé dat dugc duogc

biéudiénla R = ﬁ.

d
Tur (5), BLER tuc thoi ciia hé thong giao

g=Q£ln2—lOg2(l+7)_RJ. (6)

VNI L,

tiép goi tin ngan thu nang lwong tir nhiéu c6 thé
duoc viét lai nhu sau:
3. Phan tich hé thong

Trong phin nay, tic gia nghién ctru BLER
trung binh va BLER ti¢m can trung binh cta h¢
thong truyén thong géi ngan hd tro thu hoach
ning luong véi su tro gitip cua nhiu, nhim
dinh lugng mac @6 mat mat ve do tin cady. Sau
do6, thong luong hi¢u dung cua truyén thong goi
ngan, va do dai khoi t6i uu duoc xac dinh nham
toi da hoa thong lugng hi€u dung.

Hinh 2. BLER trung binh so véi SNR
phat A véi N =400, L, =200, L,= 150, k, =

0.05, k,=0.05, 7 =0.5, Q, =10 (dB), Q, =0
(dB), va Q, =20 (dB).



| % Simulation
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3.1 Phan co sé&

Tir phuong trinh (4), ham phan phdi tich
lity (CDF) cua ty 1¢ tin hiéu trén nhiéu () c6
thé duoc biéu dién nhu sau:

1
F!(x) X< —
e > k2+k2’
F ()= TR o
1, xX>—,
kl+k;

trong d6 F (x) 6 thé duoc biéu dién nhu
sau:

Fl(x) ~1 _ml_l mz_l((ﬂ’l2 - 1))[”’1177’139193 ] 2
’ =0 j=0 J my 2,

myCy

1
“ile ™ T (my)T(m,)

xI'(m, + j+ DG+ j+1)Q,Q,

xW(—m3+i+2j+1

j(2mlm3q§22m2§21§l3 )

2 T
my+i+2 j+1
e Q) — 2
X4mlm3 eZm2Q|Q3 m2
QZCI

L 7re; ca(1+¢7)
— — 1_ 2@ 2N o1 A 8
;u 5 ( 5 ®)

my+i+2 j

17[), O(z)=z 2 e ™

myz

2] —
Vi = CO0S
S [ 2L

K, . (2 MJ, L 1a mot tham s cho su
’ IQB

danh doi giita do phirc tap va do chinh xéac, T'())

la ham gamma, va W, ,(-) 1a ham Whittaker,

K, () 1a ham Bessel stra d6i bac v cua loai thir

hai. Ngoai ra, ¢, va ¢, dugc dinh nghia trong
Phu luc A.

3.2 BLER trung binh

Tt phuong trinh (6), BLER trung binh &
¢6 thé duoc biéu dién nhu sau:

_ 7 log,(1+y)—R
g—{Q(an—m ]fy(x)dx, 9)

trong do f,(x) la ham mét d¢ xac suat
(PDF) cua y. Dé dua ra biéu thiuc dang dong
ctia BLER trung binh, tic gia sir dung xédp xi
tuyén tinh cia ham Q, dugc biéu dién nhu sau:

1, y < A,
1
Hy) = E—g@(y—h), A<y<B, (10)
0, 7y 2B,
trong d6 g=———h=2"-1 A—h—#
(2 -1 ’ 20\L,

1 .
va B =h+——, thay thé (10) vao (9), BLER
2g.L,
trung binh c6 thé duoc viét lai nhu sau:
£ = [8(f, (x)dx. (11)
0

Do pham vi cua y nam trong khoang tir 0
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den chung ta can xem xét ba truong

K2+ k2’
hop khéc nhau dé thu duoc biéu thirc dang dong

cho ¢

Truong hop 1: Khi —< A, dyavao

k' +k,
(10) va (11), ching ta co6:
o
z= jokf+k% £ (x)dx=1. (12)

Trwong hop 2: Khi A<

k? +k2<B’

BLER trung binh £ c6 thé duoc biéu dién nhur
sau:

1
k, +k?

If(x)dx+ I (——g\/—(x h))/ (x)dx

1

]+ g\/ik1 thz F) (x)dx
_hj+ﬂ
2T

1,

™|
Q

1- Fx
2T,1*/ ¢ F,(x)
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1 1 gL, 1 1
——g,/L —h|+ - F A<
vt (k2 e j o KA XZ b)) A<

t=1

1 4 3
X[karkf_Ajz l—gtFy(Q[) (13)
Trong d6, (a) tinh bang phuong phap

tich phan ting phan, (b) dugc tinh bang
phuong phéap cau phuong Gaussian Chebysheyv,

2t-1 1
=cos| —7 |, M=% y
3 ( % j f [k2+k2 ]+

+l[;+‘4j vi T 1a tham sb dai
k2 + k2 ’

dién cho sy danh dbi gitra d§ phuc tap va do

chinh xac.

Trwong hop 3: Khi —2 B, ching ta

co: k' +ky
B r
p— 7[ ¥
& :g\/ajF;(x)dszZ\ll_ng;}(x[) (14)
y =1
trong d6 X, _&(B- A) B+A
2 2

Duya theo (12), (13), va (14), biéu thirc dang

dong cua £ duogc suy ra la:

1
<A
ki +k;

E <B (15)

1

>B
kP +k;




Chu thich 1:

Biéu thtc dang dong cua (15) c6 thé duoc
sir dung dé dinh lugng tac dong cua khiém
khuyét phan cimg dbi véi hidu suat truyén tai
dang tin cdy cta hé théng dang dugc xem xét.
Luu ¥ rang khiém khuyét phan cing dat ra
mot gioi han khong mong muén 1én &, diéu
nay ngin can qua trinh truyén thong tin tir may

phét t6i may thu khi & +k; vuot qua mot gia
tri nhét dinh, tic 13 &2 + &2 > Hon nita, tic
y

gia nhan thdy rang 4 chi duoc xac dinh boi toc
do truyén tai va 1a mot ham sb tang theo toc do
truyén tai. Do do, tic gia lam rd rang 0 mot mure
d6 khiém khuyet phan ctng cu thé, ton tai mot
ngudng ngat két ndi hoan toan do khiém khuyét
phan cimg gy ra. Ngoai ra, néu téc do truyén tai
vuot qua ngudng ngat két ndi nay, thi viéc lién
lac dang tin cdy khong thé dat dwoc di SNR co
la bao nhiéu di ntra. Thém vao d6, BLER cuia hé
thong truyén thong goi tin ngin st dung ning
lugng hd trg tr nhidu s& giam khi y ting. Vi
vay, BLER thép hon ¢6 thé dat dugc khi L, va
n tang.
3.3 BLER trung binh tiém cin

Phan tich tiém can dugc thuc hi¢n trong
truong hop SNR cao, tirc 1a 4 — o0, va biéu

thirc tiém can cho F ) (x) duogc rit ra nhu sau:

1,

™
u

1
k31+k§’ (16)

2 27
kM +k,

1,00
F"(x), x <
Fr(x)=
1, x>

trong d6 F, dugc cho boi:

lﬂl l Q %
Floo X _1 ml 3
) Z[QJ [msglj

1 2
x(kl + k)L,

['(m, +1)
ilr'(m,)

xm, Q" m, Q" o La (ki +k2) (

2 93
XL (m, +m,) BT (my)e” 72

2
XW, . {2ﬂ sz
m,

(17)
2 2
Vé’l ﬂ =\/ xmlmSZLd(lj kl +k2) , Vél
(A=x(k’ +k3))nL,QQ,
l-m,—i-2 .
U= e 2l ! . Do @0, biéu thirc tiém can

cho £ ¢6 thé dugc xap xi nhu sau:

F“"x
2T”\/ —¢, F" (X))

1 1 gL, (1
“xl gL | ———h |+
gﬁ[ku/ﬁ j 2T

ki +k;

—A]xi\/l—ng;’”(&) (18)
t=1
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Chu thich 2: Dya vao phuong trinh (18),
rd rang rang BLER trung binh trong hé thong
truyén thong gbi tin ngén thu ning luong hd tro
boi nhidu khong c6 xu hudng vé 0, ngay ca khi
cong sudt phat tang Ién v6 han. Hi¢n tugng nay
xay ra do cac khiém khuyet phan cung va tin
hiéu nhiéu tr thanh cac yéu t6 gidi han cho viée
cai thién hiéu suat hé thdng trong trudng hop
SNR cao. Hon nita, phan tich tiém cén cung cap
mot phuong phép linh hoat dé danh gia va thiét
ké hiéu suat ciia hé thong truyén thong goi tin
ngan thu ning luong hd trg bai nhidu.

3.4 Thong lwgng hi¢u dung

Thong lwong hiéu dung, tic 1a sé lugng bit
duoc truyén thanh cong trén mdi lan st dung
kénh, dugc danh gia theo cong thuc:
(19)
Tur (19), co thé thiy rang khi gid tri L,

T =ﬁ(1—§).
Ld

tang 1én thi ty 16 V. giam, din dén giam thong
Ld

luong hiéu dung. Nguoc lai, gia tri L, 16n hon
tang cudng do tin cdy, dan dén tang thong lucmg
hiéu dung. Vi vy, tac gia nhim xac dinh gia
trj t6i uu cua L, dé toi da hoa thong luong hi¢u
dung. V& mit toan hoc, van dé nay co thé duoc

trinh bay nhu sau:

max 7
Lt (20)
st. L,<L, 1)

trong d6, 0 * 1a tap hop cac sb nguyén khong
am, L la gidi han d6 tre truyén tai cua h¢ thong
duogc xem xét.

Tiép theo, chung ta s& xéac dinh rang 7 1a
mot ham quasi-concave cua L, B¢ dat dugc
dicu nay, trudc tién ching ta lay dao ham bac
hai cua & theo L, dugc cho boi:

0’c  O’¢|( Op ’ +6_882(p
oL:  o¢* | oL, op oL}’

(22)
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N
log,(1+y)——
g, (A+y) L,

NZ
1
kl+k;

A<#<B
kI +k;

trong do, @p=1In2 . Pé dam

>
kl+k;

bao d6 tin cdy cia viéc truyén dir liéu, thong
thuong nguoi ta dat gia tri cua & ¢ muc rat
nho, thuong duoi 0,5 [39]. Do d6, ching ta co

2

p=0"'(e)>025___L 5 _o va
op N2 ’

o’ @

op* B N27

kiém tra dau cua

2

i 3
e 2 >0. Sau do, chung ta can

2
0 (20 . B¢ thuéan tién cho viéc

d
phéan tich, tac gia dua ra cac xap xi V(y)=1

va log,(1+y) ~log, 7, diéu nay rét chinh x4c
trong ché d6 SNR cao. Khi do, @ co thé dugc

xapx1nhu¢ \/_[

lay dao ham bac hai ctia ¢ theo L » chung ta c6:

Nln2

j Bang cach

d

Py 1n7 a,a, 3N1n2
oL, 4\/L_3 L Layra)  4JE

trong d6, a,= P|lf12|2 (I+kl +k)+0> va

a, =nL,P|h| || (k? +k2). Tir phuong trinh
~ s N 82(0 f LA LA
(23), 0 rang rang —— < 0. Do d06, c6 the ket
oL

luan rang & 1a mot ham 16i cua L . St dung quy
tac tich phan Leibniz, suy rardng £ ciing la mot
ham 16i cta L, Két qua 13, 7 1a mot ham quasi-
concave cua L Duya trén nhitng thao luan trén,
16 rang rang gia tri t6i wu cla L, dé t6i da hoa
thong lugng hi¢u dung la:



L, L<|L, |,

r2fz,]. @Y

argmax, iy’

4. Két qua md phéng va thio luin

Trong phan nay, tac gia trinh bay cac két
qua s6 hoc cia BLER trung binh va hiéu sut
thong lwong hiéu dung cho hé thdng truyén
thong goi ngan thu hoach ning luong hd trg bai
nhiéu. BLER trung binh va thong lugng hiéu
dung dugc tinh toan cho céc gia tri khac nhau
ctia SNR truyén, cac tham sb fading, d¢ dai thu
hoach ning lugng va do dai khéi. Trong tat ca
cac truong hop, cac tham sb cho sy danh dbi
gitra d§ phuc tap va do chinh xac dugc thiét 1ap
véi gia tri 7= 50 va L = 5000.

Hinh 2 v& d6 thi BLER trung binh so véi
SNR truyén A cho cac gia tri khac nhau cua cac
tham s6 fading. R& rang rang dir liéu mo phong
Monte Carlo khop chat ché véi cac duong cong
phan tich, cho thay do chinh xac ctia phan tich
cua tac gia.

Hinh 3. P6 thi biéu dién BLER trung
binh theo chiéu dai thu thip niing luong L,
v6i A =20 dB, N =400, L, =200, k, = 0.05, k,
=0.05,7=0.5,Q, =10 (dB), Q,=0 (dB) va
Q=10 (dB).

BLER trung binh

Hinh 4. Do thi biéu dién BLER trung
binh theo chiéu dai khoi L, véil =20 dB, N=

400, L =200, k, = 0.05, k, = 0.05, 7= 0.5, Q,
=0 (dB), va Q,=10 (dB).

BLER trung binh

L L i .
50 100 150 200 250 300

Hon nita, tac gia quan sat thdy raing BLER
trung binh giam khi SNR truyén ting, cudi cling
dat ¢én mot gidi han. Hién twong nay xay ra khi
BLER trung binh dat dén diém tic nghén trong
cac ché do SNR cao do anh hudng két hop cua
nhiéu tir cdc b nhidu va cac 16i phan cimg.

Hinh 3 trinh bay BLER trung binh so véi

d¢ dai thu hoach nang lugng L, cho cac gia tri
khéac nhau cua cac tham so fading. Trudc hét,
tac gia quan sat thay rang BLER trung binh la
mot ham giam theo L, . Diéu nay xay ra vi cong

suat dau ra cua bo phat ting cing véi L, din
dén sy gia tang SNR nhan duogc tai bo thu. Hon
nira, cac tham so6 fading tot hon c6 the giam
dang ké BLER trung binh. Vi dy, khi nham dén
mot BLER trung binh cu thé, d§ dai thu hoach
nang luong s€ ngan hon vdi cac tham so fading
m =3, m,=2 va m;=3 so véi cac tham sb
fading m, =m, =m; =1.

Hinh 5. D6 thj biéu dién BLER trung
binh theo hi¢u suat chuyén doi ning lwgng
n véi A=30dB, N=200, L, =100, k, = 0.05,

k,=0.05, 7=0.5, Q=10 dB, va Q,=10 dB.
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Hinh 8. Thong luwgng hiéu qua so véi do
dai khdi L, véi L =20 dB, N=400,m, =3, m,
=1,m,=1,k =005,k =0.057=05Q =
10 dB, Q,=0dB, va Q, =10 dB.

BLER trung binh

o 0.2 0.4 0.6 0.8 1

Hinh 6. Po thi biéu dién BLER trung
binh theo mirc d9 suy hao phan cirng k,, voi

A =30 dB, N =400, L =100,k =k, , k, =

aved "2

k., n=09, Q=20 dB, Q,=0dBva Q,

a

=10dB

BLER trung binh

0.7 0.8

Hinh 7. BLER trung binh so véi SNR
phat A v6i N=200, L, =150, m, =1, m,= 1,

m, =2,k =0.05,k,=0.057 =05, Q =10
dB, Q, =0dB,va Q, =20 dB.

m"’ct&%‘—‘—f—;\j:— e
©

| x Simulation
O R =10 Khéng nhitu
R=1
R=2
R=10
10 with &, 0and ky =0

-
o

BLER trung binh

1072 =
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= 300 with &y = 0 and k; =0
5r | —#— L. =300 Khéng nhifu |
O Optimal iy

BLER trung binh

oo L L N ' J
0 50 100 150 200 250 300

Hinh 4 hién thi BLER trung binh so voi do
dai khoi L, cho céc gia trj khac nhau cta Q,. C6
the thay rd rang BLER trung binh giam khi gia
tri L, tang. Diéu nay 1a do voi mot lugng thong
tin truyén c0 dinh, vi¢c tdng gia tri L, dan dén
téc d6 truyén thip hon nhung do tin cdy cia hé
thdng cao hon. Tuy nhién, khi gia tri L , tang, do
tré truyén ctia hé thong ciing ting theo. Do do,
c6 mot sy danh ddi gitta d6 tré truyén va do tin
ciy trong hé thong truyén thong géi ngin thu
hoach ning lugng hd trg bdi nhidu. Hon nira,
vigc tang Q tir 10 dB 1én 30 dB cdi thi¢n hi¢u
suat BLER trung binh. Diéu nay xdy ra vi cong
suét phat cia bo phat tang khi Q , tang.

Hinh 5 m6 td& BLER trung binh so vdi
hiéu suat chuyén ddi nang luong # cho cac gia
tri khac nhau cta €2. R0 rang ring viéc ting
hiéu suat chuyén d6i nang luong tir 0 dén 1 dan
dén giam BLER trung binh. Hién tuong nay c6
thé duoc giai thich boi viéc ting cuong sir dung
ning luong thu hoach cho viée truyén cac goi
ngan khi # ting, do d6 cai thién SNR nhan duoc
tai b thu. Hon nira, viéc tang Q, tr -10 dB Ién
5 dB dan dén viéc giam hiéu suat BLER trung
binh. Diéu nay xay ra vi nhidu tir bo nhiu dén
bd thu tang khi €, tang.



Hinh 6 cho thdy BLER trung binh so véi

mirc d6 suy giam phan cﬁng k,, cho cac gia tri
khéc nhau cua L p Hiéu suat BLER trung binh
duogc quan sat théy suy giam déng ke khi mirc
do suy glam phan cting ting. Cu thé, dudi toc do
truyén cd dinh, néu mirc d6 suy giam phan cimg

vuot qua mot ngudng nhét dinh, duoc ky hi¢u
boi k> fﬁ, viéc truyén tai dang tin cy tir
bd phét dén bo thu s& khong thé dat duoc.

Hinh 7 v& dd thi BLER trung binh so v&i

SNR truyén A cho cac gia tri khac nhau cua R.
Trong tinh hudng nay, tic gia gia dinh mot gia
tri ¢b dinh cho N va diéu chinh toc do truyén
R bing cach thay dbi L - Dbi véi truong hop

k, =k, =0.5, ngudng mét tin hiéu duoc dé cap
trong chu thich 1 duoc udc tinh xap xi bang 8.
Do do, khi R =10, BLER trung binh tir by phat
dén b thu van giit nguyén & muc 1, bat ké gia
tri cia SNR. Trong truong hop R = 10 khong
c¢6 nhidu, diéu nay c6 nghia 1a bo thu khong bi
anh huong boi cac tin hiéu nhiéu, va mang dugc
dé xuat bi suy giam thanh mot hé théng truyén
ning luong truyén thdng hd trg beacon. R3 rang
rang BLER trung binh véi R = 10 khong co
nhiéu ciing giit nguyén & muc 1, bat ké gia tri
ctia SNR. Do d6, tac gia 1am rd rang ngudng mat
tin hiéu chi lién quan dén suy giam phan cing.

Déi véi truong hop &, =k, =0, viéc truyén dan
dang tin cdy van c6 thé dat dugc ngay ca khi R
vuot qua ngudng mét tin hiéu. Hinh 6 va 7 cung
cap nhiing thong tin hitu ich cho viéc thiét ké
mang dang xem xét, co tinh dén cac suy giam
phan cing.

Hinh 8 minh hoa thong lugng hi¢u dung so
véi do dai khéi L , ¢ho céc gia tri khac nhau cua
L,. Quan sat thdy rang thong luong hiéu dung
tang dan khi L, tang. Tuy nhién, khi L, vuot
qua mot gla tri ngu’ong cu thé, thong lufO’ng hiéu
Qung bat dau g}am khi L, :uep tuc tang. Do do,
ton tai mot L, ‘E()i uu gitp tQi da hoa thong luong
hiéu dung. Di€u nay co6 thé dugc giai thich bdi
thyc té rang khi L , nho, BLER trung binh cua

hé théng 16n hon, nhu dugec mo ta trong Hinh
4, dn dén théng lugng nho hon. Nguoc lai, khi
L, 16n hon, téc d6 cua hé théng nho hon, do do
cling din dén thong lwong nhod hon. Ngoai ra, 13

rang rang viéc ting L, cai thién dang ké thong
luong hi¢u dung. Hon nira, L, dat dugc thong

luong hiéu dung tbi da giam khi L, ting. Diéu
nay c6 thé duoc giai thich boi thuc té rang BLER

trung binh glam khi L, ting, va L, t6i wu giam
dé giam do tré truyén tir bo phat den bd thu. Tac
gia ciing quan sat thay rang thong luong hiéu
dung cao hon trong truong hop khong c6 nhiéu
so v6i khi c6 nhidu. Tuy nhién, dé dat duoc kich
ban khong nhidu doi hoi phai phan bo thém tai
nguyén phd so véi cac kich ban c6 nhiéu.
5. Két luin

Trong bai bao nay, tac gid da nghién clru
hiéu sudt tin cdy cia cac hé thdng truyén thong
g6i ngin thu hoach nang lugng hd trg bai nhidu
trén cac kénh fading Nakagami-m. Cu thé, tac
gia da xay dung cac biéu thuc dang déng cho
BLER va BLER trung binh tiém cén, cung cap
mot phuong phap hidu qua va tién loi dé dic
trung cho d9 tin cay. Bén canh do, tac gia da tap
trung vao phan tich thong lugng hiéu dung dat
dugc boi hé thdng va xac dinh d6 dai khéi tbi
vu dé t6i da hoa thong lugng hiéu dung. Két qua
cua tac gia minh hoa su t6n tai cia mot ngudng
mt tin hiéu chi do cac suy giam phan cung gay
ra. Hon nira, mot khi toc do truyen vuot qua
ngudng nay, viéc dat dugc truyen thong tin cdy
tré nén 1a khong thé, bat ké SNR.
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PHU LUC A

Giasit Z =|i| ||, khi dé ta co

my ,
_mzZ myy

© m -1 d 1 © 4 mZ myy
F,(2)=Prn[ b <2=[ F,. (5] Fp0dy=1-2 (%ZJ (gj b e e
i= 1 3 : 3

(21_’"‘2":1 my | my mQ, | 2 2 Zm32+iK |, [mmz
~la)la ) \ma ) irtm "l aq

Trong d6 (a) dat duoc bang cach sir dung (I. S. Gradshteyn, .M. Ryzhik 2007, 3.471.9). Theo
(4), ham phan phdi tich lity (CDF) cta » c6 thé duoc biéu dién nhu sau:

L
F(x)=Pr BLAZ <x
nLAZK: +k2)+ AL, || (1+ k2 +k2)+ L,

= Pr((1- x(k} + k2L AZ< XAL, || (1+ K2 +k2) +xL,)

Sau d0, can thao luan hai truong hop dé suy ra biéu thirc dang dong cho F,(x).

1
Trudng hep 1: Khi x>———, ching tacd F,(x)=1.

ki +k;

Truong hep 2: Khi x <———, ching ta co:

1 2

2 2, 72 s
Fy(x)zPr[z<x;tLd |h2| (I+k; +k2)+deJ=J‘O Fz(xﬂLd(l+kl +k2)y+xL,

(1= + )AL, (1=x(6 + )AL, jf )y

= QQ, Q, ) i'T(m)C(m,)’
trong d6 A, dugc cho boi

my+i my
0 3 R mm
A= .[0 (ey+e,) 2 ym=le ™ K, (2\/9193 (cly+c2)} )

1==3

Véi o = xL,(1+kl +k3) Vi e = xL, .
b (-x(kE+ kDML, P (l-x(k + k)AL,

dinh ly nhi thic, chung ta c6 thé tinh A, nhu sau:

bat y=c,y+c, va st dung
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m,—1 _ my—l=j Ml omy+it2) _my
Al — (le—l)( Cz) eQZqI )~) 2 e ch,szi(z glzl; y}dj}

my c
=0 J ¢ 2 1543

my-1 my-l-j Mo my+it2j My my+it2j My

m, =1\ (=¢,)™ o _ mm, .| ,. (°. mm, .| .
=z 2 Legzq I joroe®K |27 d)’_.[ ek |25 dy
=\ J o" 0 ’ QQ, 0 ’

J=

A, Ay

Sau do, voi sy trg gitp cua (I. S. Gradshteyn, .M. Ryzhik 2007, 6.643.3), ta co6 thé suyra A,
nhu sau:

my+i+2 j+1
QQ, Siag B +i+2j+1 2 Q
By =Ty + j+ DTG+ j+1) [ gma | T W(‘u””f"j mm,cQ,
4m,m, Q. 2 mQ.Q,

Bing cach tan dung phuong phap tich phan Gaussian-Chebyshev, ta ¢ thé xap xi A, nhu sau:

L e c
A3zz 2 l—gf@(;z(l+g,2)).

Do d6, biéu thirc dang dong cho F,(x) trong truong hop nay co thé dwoc biéu dién nhu sau:

my+i m&

my—1my—1 2 my—1-j E
F(x)~1- (mz_‘l)[_ml’%j ’ (&J 2=¢)" e

e A Q,Q; Q, ) ileI(my)'(m,)
o my+i+2 j+1
QQ, 2 2 +it+2j+1 Logcr 1
Xy +j + DTG+ 1) |2 e [ W(m—f j N
4m,m, Qy 2 o 2L ¢
I+==
Oc;,
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