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TOM TAT

Bai bao dé xuat bo can bing ghép lai FFE-VNLE cho bai todn cin bang tin hiéu tng
dung vao hé théng thong tin quang cu ly ngén toc d6 truyén dan 100 Gbps. Hiéu
ndng ctia by can bang ghép lai dugc danh gia trong nhiéu diéu kién truyén dan va
thudt toan thich nghi khac nhau. Muc tiéu huéng dén la han ché cac yéu td gdy méo
tuyén tinh 1an phi tuyén tir cdc thiét bi thu phat va dac tinh kénh truyén, gitp giam
ty 18 16i Bit (BER) va cai thién hiéu sudt truyén dan. Bén canh d6, nghién ctru da tim
cach t6i wu cac siéu tham s6, phan tich tdc dong ctia chiéu dai ngd vao (taps) va ti 1é
tap dit liéu hudn luyén anh hudng dén hiéu ning can bing thong qua ba kich ban
mo phong. Két qua cho thay cac thuét toan thich nghi déu dat duwoc BER thap hon
dang ké so voi bd can béng FFE. Thuat toan RLS va Batch-LS cho thdy t6c d¢ hdi tu

on dinh hon, nhanh hon va it phu thudc vao luong di liéu huan luyén.

Tw khéa: Batch-LS, FFE, LMS, PAM-4, RLS.

1. MO PAU

Nhu cau vé truyén dan thong tin voi téc do cao la tién dé thuc ddy su tién b vé
cac ky thuat diéu ché va xt 1y tin hiéu nham trong nhitng ndm gan day. Trong xu huéng
hién tai, hé thdng thong tin quang cu ly ngan stt dung ky thuat diéu ché ceong do/tach
song truc tiép IM/DD (Intensity Modulation/Direct Detection) véi dinh dang PAM-4
(Pulse Amplitude Modulation 4-level) duoc xem la giai phap t6i wu nho vao tinh don
gian va chi phi thdp [1], [2]. Tuy nhién, hé thong IM/DD chiu anh hwong 16n tir méo phi
tuyén do cac thiét bi quang nhu bo diéu ché Mach—Zehnder Modulator (MZM), by phat
Laser, bo thu PIN va ddc tinh kénh truyén. Céac yéu t0 trén tac dong lén tin hiéu gay ra
1éch pha, méo tin hiéu, tir d6 dan dén tang ty 1é 15i bit BER (Bit Error Rate) [3], [4]. D4 c6
nhiéu nghién ctru d€ gitip han ché cac yéu t6 trén nhu b can bang truyén thong FFE hay
bd can bang phan hoi quyét dinh DFE. Nhung do déc tinh tuyén tinh, cac bo can bang
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trén kho loai bo hoan toan cac hiéu ting gdy méo nay, do d6 can dén cac ky thuat can
bang phi tuyén cao cap hon hd tro trong qua trinh xtr Iy va cai thién chat luong tin hiéu
0 phia thu.

Chudi Volterra 1a k§ thuat manh d&€ mo hinh héa cac yéu t6 méo phi tuyén bac
cao. Cac nghién cttu truedc day [5], [6] da cho thdy tiém nang ctia bd can bang phi tuyén
VNLE (Volterra Nonlinear Equalizer) trong viéc xt ly méo tuyén tinh 1an phi tuyén. Tuy
nhién, cac cong trinh cht yéu hudng dén st dung VNLE bac ba (3¢ order) hodc cao hon,

lam s6 lwgng hé so tinh toan tang manh va khoé 4p dung VNLE vao thuc t€. Cu thé, VNLE

bac mot (tuyén tinh) chi c6 N hé s6; trong khi bac hai co N + w va bac ba s luong

N(I\;+1) + N(N+16)(N+2). Do do,
lam tdng nhanh khdi lwgong tinh toan ctia hé thong. Khién cho viéc trién khai trén phan

hé s6 1én dén N + viéc st dung mo6 hinh VNLE bac cao sé
cting thue t& khé khan hon. Ngoai ra, trong hé thng thong tin quang cu ly ngéan thi
phén 16n méo phi tuyén xudt phat tir thanh phan bac hai, do d6 viéc st dung VNLE bac
hai hop ly c6 kha ning du dé€ xt ly tin hiéu trong khi van gitt d6 phtrc tap hop ly.

Trén co so do, chung t6i dé xudt cau truc ghép lai két hop FFE va VNLE bac hai.
Véi co s6, FFE xtt ly thanh phan méo tuyén tinh con VNLE sé gép phan loai bo méo phi
tuyén con lai. Cau tric nay huwéng dén giam tai xt ly cho VNLE, cai thién t6c d6 hdi tu
va nang cao hiéu suét tong thé. Bai bao cling so sanh ba thuéat toan thich nghi pho bién
cho VNLE la Least Mean Squares (LMS), Recursive Least Squares (RLS) va Batch Least
Squares (Batch-LS). C4c md phong trén nhiéu mitc nhiéu (SNR) khéc nhau dwoc thuc
hién d& danh gia BER, phan tich sy danh d6i gitta hiéu sut can bang, toc d6 hdi tu va
chi phi tinh toan va kha nang tong quat hoa tir d6 dé xuat giai phap phu hop cho truyén
thong quang cu ly ngan.

2. CO SO LY THUYET
2.1. Hé thong truyén dan IM/DD va tin hiéu PAM-4

Trong cac hé thdng quang cu ly ngan, kién triac IM/DD duoc tng dung rong rai
nho phan ciing don gian, chi phi thdp va tiéu thu nang lwong nho, phtt hop véi cac boi
canh yéu cau bang thong 16n nhu trung tam dit liéu va mang truy cap [1, 2]. Nguyén ly
cua IM/DD dua trén viéc diéu bién cdng suat quang phat ra tir nguén quang theo tin
hiéu dién dau vao; tai phia thu, photodetector chuyén ddi truc ti€p tin hiéu quang sang
dién dua trén hiéu tng quang dién [3]. Bén canh cac vu diém, IM/DD tdng tai mot sd
nhuoc diém ¢d hitu, vi don gian nén chiu anh hwong 16n tir cac bién dang tir nhiéu
ngudn, cu thé nhu gidi han bang thong va nhiéu trén cac thiét thu phat gia ré, tén sac
(CD) trén duong truyén, hay chinh tir ban than ky thuat tach séng truc tiép dua trén luat
binh phwong cling gay ra méo tin hiéu [2, 4, 7]. D€ cai thién hiéu nang ctia hé thong, dac
biét khi tdc d6 truyén dan dat ngudng 100 Gbps, viéc ap dung cac ki thuat xi ly tin hiéu
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s6 (DSP) nham bu tuyén tinh va phi tuyén 1a mot phuong phap cuc ky can thiét va tdi
wu nhat cho hé théng cu ly ngan [5].

Cac mic biéu dién PAM-4 Gian d6 mat - PAM-4

XX

Hinh 1. Minh hoa vé cac muc tin hiéu PAM-4 va gian d6 mat ctia né.

Vé ly thuyét, IM/DD c6 thé€ trién khai nhiéu dang diéu ché nhu NRZ, QAM hay
PAM... Nhung néu xét vé do phtic tap ky thuat hay tiéu thu nang lwong, PAM-4 van la
mot lwra chon t6i wu hon [2]. Hinh 1 m6 ta vé cac muc biéu dién PAM-4 ciing nhw gian
d6 mat ctia no.

2.2 Chubi Volterra va cac thuit toan thich nghi

Chubi Volterra 1a mot md hinh toan hoc, st dung cac ham tich chap bac cao dé
biéu dién c4c hé théng phi tuyén. Trong bai b4o nay, chiing t6i stt dung chudi Volterra
bac hai cho tin hiéu thuc, dwgc mo ta nhw sau:

N-1 N-

N-1 1
y(n) = Z hy ()x(n — k) + Z Z hy (k, Dx(n — k)x(n — [) (1)
k=0 k=0 =0

trong do6 x(n) va y(n) la tin hiéu dau vao va dau ra; hy (k) la hé s6 tuyén tinh bac mot;
hy(k,1) la hé s8 phi tuyén bac hai; N 1a d¢ dai bd nhé (s6 tap). Co thé thdy, cac thanh
phén tuyén tinh va cac tich chdp bac hai cua tin hiéu dugc tinh toan va dua vao ma tran
dau vao ctia by can bang Volterra. Cac vector dic trung phi tuyén nay gitip md hinh
VNLE c6 thé hoc va khic phuc bién dang phi tuyén hiéu qua hon [2, 5].

2.2.1 Thuat toan Least Mean Squares (LMS)

Thuét toan LMS la mot ky thuat hd tro cap nhat hé s6 cho bd can b??mg don gian
bang cach st dung "gradient descent" dé t6i uu hoa hé s8. Cong thikc cap nhat trong sd
w tai thoi diém n dwoc cho boi:

w(n+1) =w(n) + pe(n)x(n) 2)

trong do: p 1a hé so téc d6 hoc (learning rate), e(n) = d(n) — w’ (n)x(n) 1a sai s0 gitra tin
hiéu muc tiéu d(n) va tin hiéu dy doan, x(n) la vector dau vao Volterra tai thoi diém n.
LMS tuy ndi bat vé don gian nhung han ché 1a t6c d6 hoi tu cham va dé bi anh hudng
boi hé s6 hoc u [9].
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2.2.2 Thuat toan Recursive Least Squares (RLS)

Thuat toan RLS dua trén nguyén ly t8i vu binh phuwong nhé nhét st dung dé
quy, tir d6 cho phép nd cap nhat hé s6 véi do hoi tu nhanh hon LMS. RLS st dung ma
tran nghich dao woc lugng tw dong P(n) va hé s6 quén (forgetting factor) A d€ cap nhat:

Bét dau voi: P(0) =671, w(0)=0 (3)
Sau d6, d6i v6i modi mau n:

P(n—1)x(n) (4)
A+xT(n)P(n—1)x(n)

em)=dn) —wi(n—-1)xn)
wn) =wn —1) + k(n)e(n)

k(n) =

()

©)
1
P() =2 [P(r— 1) = k() x(W) P(n = 1)) ”

RLS c6 wu diém la tdc d6 hoi tu nhanh va hiéu nang 6n dinh nhung d¢ phtic tap
tinh toan cao hon LMS [10].

2.2.3 Thuat toan Batch Least Squares (Batch LS)

Thuét toan Batch LS stt dung phwong phap binh phwong t6i thiéu (Least Squares)
toan bd dit liéu hudn luyén mot lan dé tim vector hé s8 can bang t6i wu w:

w=XTX)"1xTd (8)

trong d6 X 1a ma tran dau vao Volterra cua toan b tap huan luyén, d 1a vector tin hiéu
muc tiéu. Phuong phap nay dat hiéu nang toi wu trén tap huan luyén nhung ton nhiéu
bo nhé va khong phu hop xtt ly trong thoi gian thiec va chi st dung trong cac khao sat
dé doi chiéu thém [11].

3. THIET LAP MO PHONG
3.1 M6 hinh hé thong

Hinh 2 mo6 ta cdu trac md phdéng cua mot hé thong thong tin quang st dung
IM/DD véi dinh dang diéu ché PAM-4, day la hé thong duwoc xay dung nham danh gia
hiéu ndng cac bo can béng ghép lai FFE-VNLE. Dau tién, ¢ B) phat, di liéu gdc duoc
khoi tao ngau nhién gom 21° bit nhi phan. Sau &6 chudi bit nay dwoc énh xa thanh 218
ky tt PAM-4 thong qua bd Anh xa PAM-4, trong d6 mdi ky tuw PAM-4 sé biéu dién 2 bit
(2 bit/ky tw). Va duoc xt ly 1lay mau véi 8 mgu/k}'f tee trede khi duge dinh dang xung
bf“mg bd loc Raised Cosine (c6 hé s6 cudn g = 0.1) giap cai thién hiéu suat pho va giam
nhiéu lién ky tw ISI. Tin hiéu dién nay sau d6 duoc diéu ché 1én séng mang quang A =
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1550 nm bang bd diéu ché Mach-Zehnder (MZM), day ciing 1a mot ngudn chinh gay
méo phi tuyén cho tin hiéu.
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f e a - A 2 ¥
Nl B phat , ! BUA DO LIEU VAO MO HINH CAN BANG VNLE ]
Qo .
] ¥ £ Mach lai ' ! :
1 o - O va
2 % = Piguché || ! Ngé vao !
e = Mach- '—‘ i I
I - o | 1 1
1 E x © | 1 1
N = = Zehnder | 1
| £ £ : 1 1
LI EILLE ! ! !
| 1
N m— I !
1 1
1 1
—————— ! Y |
i 1 !
Nl \ VNLE |_k1T 1
1 1
1 | 1
! =1 E 1 1
1 4 1 1
1 g @ I 1
. o 1 !
1 o 'E 1 1
1 =4 1 1
1 1 1
1 | 1
1 v 1

Hinh 2. So &6 hé thdng IM/DD st dung PAM-4 va c&u triic bo can bang ghép lai FFE-VNLE.

Tin hiéu quang sau d6 duoc ghép va truyén qua kénh truyén dung soi don mode
(SMF) c6 tdng tén sac xap xi 100 ps/nm. Luu y rang, & cac hé théng cu ly ngan, ngudn
tén sic bac hai (8,) déng vai tro chti dao va tan sac bac ba (83) c6 thé bo qua do cw ly
truyén dan bé. O B) thu, tin hiéu dwoc tach song truc tiép br?mg bo PIN+TIA, tai day tin
hiéu tiép tuc bi anh hudng boi méo phi tuyén do qua trinh tach séng truc tiép va nhiéu
dién tr (shot noise, thermal noise). Sau d6, tin hiéu duoc sd héa boi ADC va dua vao
khoéi can bé“mg dé thyc hién bu tin hiéu. Ca bd thu va bd phat c6 bang thong 3-dB 1a 25
GHz.

K& dén, chiing toi dé xudt khdi can bang gom mot cdu tric ghép lai, trong d6: Bo
can bang truyén thdng FFE (c6 chiéu dai 15 tap) cd vai tro b1 cho cc yéu t& méo tuyén
tinh nhu tan sac hay gi¢i han bang thong. Trong khi d6, bd can bang VNLE bac 2 sé nhan
dit liéu tir FFE thong qua cac b tré va xay dung ma tran ngd vao. Cac thanh phan méo
phi tuyén ma FFE khong thé xtt ly dwoc xtt ly bang khdi VNLE k& can. Cau trac két hop
nay cho phép khai thac vu diém cua ca 2 ky thuat FFE va VNLE. Dong thoi huéng dén
cdi thién BER ma khong tang do phtic tap tinh toan qud 16n nhu trong cac treong hop
st dung bo can béng VNLE bac cao (Bac 3, Bac 4 va Bac 5) don 1é. Nhiéu AWGN dwoc
chen truede bd thu dé€ khao sat hiéu nang trén dai SNR 20-30 dB gitp ting d6 tong quat
hoa cho m6 hinh.

3.2 Cac kich ban khao sat

Nham danh gi4 toan dién hiéu ning va cic yéu t6 anh hudng dén bo can bang
Volterra phi tuyén (VNLE), ching t6i thuc hién khao sat theo ba kich ban. Trong do, ty
18 18i bit (BER) trén tap kiém tra dwoc st dung dé xac dinh hié¢u qua can bang:
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NETT‘OT

BER = )

N total
VOi Ngpror 12 86 bit 101 va Nyoeq; 1a tong sd bit da truyén.

Cu thé, kich ban 1 thwe hién cac khao sat nhdm tim céc siéu tham sd phu hop cho
ting thuat toan, day la cac tham s6 ma md hinh khong thé hoc tir di liéu ma can phai
duoc thiét 1ap thu cong dé€ diéu khién qua trinh hoc duoc tdi wu. Cu thé, khao sat nay
giup xac dinh gia tri t6i wu ctia t6c d9 hoc u (cho thuéat toan LMS) va hé s6 quén A (cho
thuat toan RLS). M6 phong dwgc thyce hién véi SNR tir 20 dB dén 30 dB (budce 2 dB), gitr
nguyén cau hinh chiéu dai ngd vao Nrg,s = 8 va kich thudchuan luyén S; = 0.7 (twong
tng voi 70% dit liéu duoc st dung cho huadn luyén va 30% con lai cho kiém tra. Voi moi
muc SNR, thuc hién quét dai gia tri u hodc A dé€ tim BER nho nhat.

O kich ban 2, sau khi xé4c dinh dwoc céc siéu tham s8 giup t6i vu thuat toan caa
VNLE, thuc hién dénh gid tdc dong cua s6 luong dit liéu ngd vao bd can bang Ny, Day
la yéu t6 quan trong anh hudng dén kha nang mé hinh hoa cting nhw chi phi tinh toan
cta b can bﬁing. Khao sat duwgc xét tai gia tri SNR 26 dB va kich thuwdc dix liéu huan
luyén S; = 0.7. Chiéu dai ngd vao Ny = [1, 2,4, 6, 8] sé dugc khao sat [an lugt voi ca ba
thuat toan LMS, RLS va Batch LS.

Ngoai ra, kich ban 3 cling dua ra phan tich tac dong cta kich thudc dix liéu huan
luyén St dén hiéu qua can b.:?mg va toc do hoi tu cua mo hinh. Véi thiét 1ap cac siéu tham
s0 t01 wu tir cac khao sat truwde, xét tai SNR 26 dB. Thay do6i kich thuwdc huédn luyén Sy &
cac muc 10%, 30%, 50%, 70%; phan dir liéu con lai dung d€ kiém tra trén tap chwa huan
luyén.

4. KET QUA VA THAO LUAN
4.1. Phén tich hiéu ning cai thién BER va t6i wu cic siéu tham s6 hudn luyén

Trong kich ban 1 nay, chtiing t6i thuc hién danh gia hiéu suét ctaa cac thuat toan
can bang tin hiéu dya trén ty 1& BER va tim cach t&i wu siéu tham s6 chinh ctia chiing.
Cac khao sat duoc thuc hién trong nhiéu diéu kién nhiéu khac nhau (véi SNR trong
khoang 20 — 30 dB).
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Hinh 3. Danh gia d6 cai thién BER ctia bo can bang ghép lai véi cac thuat toan khac nhau.

K&t qua Hinh 3 cho thay tat ca cac phwong phap can bang c6 xu huéng gidm
dang k& BER khi SNR ting 1én. Diéu nay cho thdy rang, khi cong suat nhiéu thap, kha
nang khoi phuc dit liéu cua bd can bﬁmg v0i cac thuat todn sé duoc cai thién ro rét. Trong
s0 cac phuong phap trén, FFE duoc sit dung d€ d6i sanh véi cac ky thuat khac. Trén toan
bd dai SNR xét, bd ghép lai cho két qua cai thién BER t6t hon so véi phuong phép truyén
thong voi ca ba thuat toan LMS, RLS va Batch-LS. Dac biét, & SNR =22 dB, ca ba bo ghép
lai LMS, RLS va Batch-LS déu cho két qua vugt qua ngudng stra 16i HD-FEC
(3.80 X 1073), cai thién dwoc han ché ctia FFE. O c4c mitc SNR cao (28-30 dB), cac bd can
bang ghép lai véi cac thuat toan khéc nhau (sau khi da t6i wu) déu cho két qua xap xi
nhau.

bi vao chi tiét tirng thuét toan, Hinh 4 thé hién khao sat thuat toan LMS véi cac
gia tri toc do hoc p khac nhau. Co thé thdy, toc dd hoc anh hudng 16n dén hiéu suat ctaa
bd can béng stt dung thuat toan thich nghi LMS. Cu thé, voéi gia tri u nho (0.001), thuat
toan hoc cham va khong thé hoi tu, dan dén tang BER cao. Nguoc lai, khi u qua 16n (1),
thuat toan c6 xu hudng khong on dinh, BER dao dong nhiéu. Két qua ctng chi ra, dé
VNLE v6i LMS dat hiéu qua can bang t5t nhat thi gia tri 4 can ndm trong khoang 0.01
dén 0.1. Trong d6 véi p = 0.01 thi mod hinh cho két qua BER t8i wu nhét trong toan bd
cac treong hop xét. Viéc lwa chon ding gid tri u 6 thé gitip giam dd nhay thu lén dén 1
dB 6 ngudong HD-FEC va xap xi 2 dB khi xét & ngudng BER 1073.
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Hinh 4. Danh gia vé siéu tham s6 toc d0 hoc p véi thuat toan LMS.

Twong tu, khi xét thuat toan RLS, viéc thiét 1ap hé s6 quén A ciing dong mot vai
tro cuc ky quan trong d€ hé thdng hoat dong hiéu qua, thyc t€ thi gia tri nay thuong
duoc thiét 1ap gan vaéi 1. Cac két qua trong Hinh 5 cho thdy, truong hop sit dung hé sd
quén 16n A = 0.9, hé thong c6 BER cao trong toan dai SNR xét do thuéat toan loai bo dix
liéu hoc qua nhanh. Vi thiét 1ap 1 = 0.99, nhan thay BER da giam dang ké xudng (dat
dinh 7.25 x 10™*tai SNR 30 dB) nhung van chua t6i wu. Va RLS dat hiéu suat tot nhat
khi cac gia tri A nay dat 0.999 va gan nhu bao hoa ¢ cac mtc sau d6. Khao sat cho thay
duwoc d€ RLS 6n dinh va dat hiéu suat t6i cao thi can phai duy tri thong tin qua khut.

—e— FFE
10714 #— A=0.9
— —— A=0.99
—— A=0.999
—+— A=0.9999
102 A=0.99999
&
M e e T g gy s N gus a n S S S S S S S S S S NGNS SIS S N0 N A G G G G e W
i e e

20 22 24 26 28 30
SNR [dB]

Hinh 5. Tac dong ctia tham s quén A dén kha nang can bang tin hiéu ctia bo ghép lai.

Nhu vay, viéc chon cac siéu tham s6 (4 =0.01 cho LMS va 1 =0.9999 cho RLS) cho
cac thuat toan hoc thich nghi cé thé gitip md hinh can bang hoat dong t&i wu hon. Va c6
thé cai thién d¢ nhay thu 1én dén 1~2 dB, tham chi cao hon nta trong cac diéu kién
truyén dan tt.
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4.2. Danh gia hiéu nang va dg phiec tap theo chiéu dai tap ngé vao

Trong kich ban nay, hiéu suat ctia cac thuat todn can bang duoc danh gia khi thay
d6i chiéu dai ngd vao Nigyp tir 1 dén 8. Hé thong thiét 1ap tai mizc OSNR 26 dB, véi siéu
tham s6 t6i wu trong kich ban 1.

Thuat todn
—e— FFE
——————————————————————————————— LMS
—4— RLS
—— BatchlLS
==+ HD-FEC

BER

1073

4
o] #

1 2 3 4 5 6 7
Chiéu dai ngo vao

Hinh 6. Khao sét tac dong cua chiéu dai ngd vao dén hoat dong ctia bd ghép lai.

Két qua duoc thé hién trong Hinh 6 cho thay, néu chi st dung 1 ngd vao, Negp =
1, thi bo ghép lai cho két qua phéan loai thap hon so v6i FFE don thuan. S6 lwgng tap
quad it 1am cho m6 hinh khong thé mé hinh hoa hiéu qua, dan dén viéc phan loai sai &
ngd ra. Khi ting s6 lugng tap 1én 2, BER giam manh xudng 1.00 x 1073 va tiép tuc gidm
vé 5.15 X 10™* khi stt dung 8 tap ddi v6i LMS, hiéu sudt dat gan ngang bang véi RLS va
Batch-LS. RLS méc du thé hién wu thé so véi LMS khi s8 tap thap (1 tap), tuy nhién van
chwa béng FFE don thuan. Diéu nay cho thdy tim quan trong ctia viéc wéc luong dix liéu
thong tin tlr qua khit dén hiéu suat can bang ctia mo hinh. Khi ting chiéu dai ngé vao
1én 2, chat luong tin hiéu dwgc cai thién ro rét. Khi so tap dat tir 4 tro 1én, LMS gan nhuw
bao hoa hiéu sudt, trong khi RLS va Batch-LS c6 xu hudng tuong tu & 6 tap va bao hoa
sau do.

Qua két qua nay c6 thé thay, trong treong hop nay Ny, = 6 cho két qua t6i vu
hon ca d6i véi ca 3 thuat toan. Cling nhan thdy N4, quyét dinh kha nang m6 hinh héa
toan bd dap ting kénh. Néu qua ngan, méo va nhiéu khong dugc khir hét; néu qua dai,
BER bao hoa nhung d¢ phtic tap tang khong can thiét. Nhu vay, viéc tang s6 luong tap
gitp cd thé cai thién kha ndng mo hinh héa dap tmg kénh va giam nhiéu lién ky tw (ISI)
ddi véi cac thuat toan thich tng, déc biét khi bat dau tit cau hinh tap thap. Tuy nhién,
viéc tang s6 luong tap sé lam chi phi tinh toan va do tré, do d6 trudc khi trién khai thue
t& cAn can nhéc trong viéc lya chon cau hinh t8i vu.

4.3. Anh huéng cua ti 18 dir liéu huin luyén
Trong khao sat nay, chung toi thuc hién danh gia hiéu sudt cta cac thuat toan

can bang dua trén kich thudc dit liéu huan luyén. Kich thudce tap dit liu huén luyén Sy
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duoc thay doi véi cac mike [an luot ttr 10%, 30%, 50% dén 70% (twong tng 25000, 75000,
125000 va 175000 mau), phan con lai dwoc dung cho muc dich kiém tra. Hé thong duoc
dénh gi& voi SNR 8 26 dB, v6i p (0.01), 1 (0.9999) va Ny, (6) duoc dit & mitc t8i uu
trong cac kich ban khao sat truede.

Hinh 7 minh hoa vé két qua khao sat vdi cac kich thudc tap di liéu khac nhau.
Trong khi d6, thuat toan LMS bi phu thudc kha nhiéu vao kich thudc dit liéu huédn luyén,
viéc khong cung cap du dit liéu huan luyén cé thé lam giam hiéu nang cua mo hinh. Tuy
nhién, khi kich thuwdc dix liéu ting 1én 30% nd nhanh chong dat trang thai 6n dinh. Trai
lai, RLS va Batch-LS cho két qua kha tot ¢ tat ca cac ngudng xét, ngay ca khi kich thwdc
huén luyén Sy thap. Cu thé, véi 10% tap dix liéu, BER da muc 5.45 x 107%, thap hon
nhiéu so véi LMS so véi cung diéu kién. Sy 6n dinh nay c6 thé xuat phat tir viéc khai
thac tot thong tin thong ké qua ma tran twong quan va vector chéo, giup RLS va Batch-
LS wdc lwgng hé s6 chinh xac va hoi tu nhanh hon, ngay ca khi d@ liéu hudn luyén han
ché.

4 % 1073 e e e e -
Thuat toan
3 x 10—3 —e— FFE
LMS
—+— RLS
2x1073? —— BatchLS
—=- HD-FEC
&
1073
6x 1074
— + g
10% 30% 50% 70%

Kich thudc tap huan luyén
Hinh 7. Thay d6i kich thudc tap di liéu huan luyén.

Nhu vay, tang kich thwdc dit liéu huan luyén S; cd thé gitip LMS cai thién hiéu
suat dang ké, nhung tac dong nay khong dang ké d6i voi RLS va Batch-LS. Do d6, voi
cac thuat toan nhu RLS va Batch-LS, ¢6 thé sit dung ti 1€ dit liéu hudn luyén thap dé giam
khdi lugng tinh toan va thoi gian xt Iy nhung van dam bao hiéu néng cai thién BER gan
to1 uu.

5. KET LUAN

Bai bdo nay da khao sat va danh gia hiéu nang ctia b can bang ghép lai khi két
hop bo can bang tuyén tinh FFE va mo hinh Volterra bac hai. Két qua khao st trong hé
théng cu ly ngan st dung IM/DD véi diéu ché PAM-4 da cho thay tiém ning ctia cdu
tric ghép lai. Cau trtc nay cho phép tan dung wu diém vé kha nang han ché cac yéu to
méo tuyén tinh 1an phi tuyén ctia ca hai bd can bing, tir d6 cai thién chat lwong ctia toan
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hé thdng. Phan tich hiéu nang cho thay: (1) Néu duoc t3i uu t6t, bd can bang cho muc
dd cai thién kha tSt khi so sanh véi phrrong phép can bang truyén théng; (2) D&i véi
LMS, toc¢ d6 hoc p quyét dinh t6c do hoi tu va do on dinh; p qué nho lam hoi tu cham, p
qua I6n gay dao dong hé sg, voi khoang t6i wu 0.01 trong hé thong duoc trién khai. (3)
V6i RLS, hé s6 quén A can duoc chon gan 1 (=0.9999) d€ duy tri thong tin qué khu, giup
dat BER thap. (4) SO dit liéu ngd vao Ni.p anh huong truc tiép dén kha nang mo hinh
hoa dap tng kénh/hé thdng, BER dat t6i vu khi st dung 6 tap, day la diém can bang
gitra hiéu suat va d6 phtec tap. (5) Thuat toan LMS kha phu thudc vao kich thude di liéu
hudn luyén Sy, trong khi RLS va Batch-LS c6 thé duy tri sy 6n dinh ngay ca khi S nho.

Tt cac phat hién trén, khi trién khai bd can bang ghép lai c6 thé xem RLS 1a lya
chon t8i wu cho VNLE néu hé thong yéu cau héi tu nhanh, di liéu huén luyén it; trong
khi d6, thuat todan LMS sé phtt hop hon cho cac kich ban can phan ciing don gian va chi
phi tinh toan thdp. Trong tuong lai, nhém cling hudéng dén nghién ctru mo rong cdu tric
ghép lai sang cac bd can bang dua trén hoc sau (CNN/LSTM/GRU), nham téng kha nang
mo hinh hoéa phi tuyén va khai thac dic trung tin hiéu. Bong thoi, cac phuong phap toi
uwu hoa trong so theo thoi gian thuc hodc giam do phtic tap tinh toan ciing sé€ duoc xem
xét d€ phu hop vdi diéu kién kénh truyén thay déi lién tuc trong thuc té.

LOI CAM ON
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HYBRID FFE - SECOND-ORDER VNLE EQUALIZER FOR HIGH-SPEED SHORT-
REACH OPTICAL COMMUNICATION SYSTEMS USING PAM-4 MODULATION
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ABSTRACT

The paper presents a hybrid equalizer, using FFE and VNLE, for signal equalization
in 100 Gbps short-reach optical communication systems. The performance of the
proposed equalizers is evaluated under various transmission scenarios and adaptive
algorithms. Our goal is to reduce linear and nonlinear distortions caused by
transceiver devices and transmission channel characteristics, thereby lowering the
Bit Error Rate (BER) and improving transmission efficiency. Furthermore, the
research also focuses on tuning the hyperparameters of the algorithms, the input
length (taps), and the training dataset size across three simulation scenarios. The
results show that all adaptive approaches have significantly lower BER than FFE
equalization. The RLS and Batch-LS algorithms achieve faster, more reliable

convergence with less reliance on the amount of training data.

Keywords: Batch-LS, FFE, LMS, PAM-4, RLS.
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