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BO CAN BANG TiN HIEU DUA TREN MANG NO-RON TiCH
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Tém tit. Cac hé théng théng tin quang cu ly ngén stt dung diéu ch& cuong d6 két hop tach
song tryee tiép (IM/DD) v6i dinh dang PAM-4 duoc xem la lya chon t6i wu nho kién trac don
gian va chi phi thap. Tuy nhién, gi¢i han bang thong, tan sac, phi tuyén trén thiét bj thu phét
gy ra méo tin hiéu nghiém trong va lam suy giam chét luong hé théng. Trong bai bdo nay,
nhim khic phuc cac han ché trén, ching t6i dé xudt bo can bf“mg dua trén mang no-ron tich
chép 1 chiéu (1D-CNN) nhdm khic phuc mot s6 thiéu s6t ma bd can bz\?mg tuyén tinh (FFE)
khong thé thyc hién duoc. BO can béng duoc thiét k&€ véi mo hinh CNN kién tric nhe, vira
dam bao tinh don gian nhung van c6 kha nang khai thac thong tin hiéu qua tir chudi ky tu
dau vao. Két qua mé phong cho thay, b can bémg 1D-CNN c6 thé taing d6 nhay may thu gan
2.5 dB so vé6i bo can bang truyén thong FFE va xap xi 1 dB khi so véi bd can bang st dung
ANN tai cing mtic BER. Bén canh d6, anh hudng ctua d6 siu va s6 lugng déc trung cia md
hinh cling duoc ching t6i khao sat, nham xdc dinh cau hinh t8i vu hon, hd tro dinh huéng
trién khai thuec té.

Tir khéa: Thong tin quang cu ly ngén, Didu ché PAM-4, K thuat can bang, B can bang FFE,
Mang no-ron tich chap, Kién trtc nhe
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Abstract. Short-reach optical communication systems that use intensity modulation and
direct detection (IM/DD) with PAM-4 signaling are considered as a desirable option due to its
simple architecture and lower cost. However, bandwidth limitations, chromatic dispersion
and device nonlinearities cause serious signal distortions, which degrade overall system
performance. In this paper, we present a one-dimensional convolutional neural network (1D-
CNN)-based equalizer to address the challenges of traditional feed-forward equalizers (FFE),
which are fundamentally limited to linear impairment compensation. The proposed equalizer
is designed with a lightweight CNN architecture that maintains structural simplicity while
effectively exploiting temporal features from the received symbol sequences. Simulation
results demonstrate that the 1D-CNN equalizer can improve receiver sensitivity by nearly 2.5
dB compared to the conventional FFE and by around 1 dB compared to the artificial neural
network (ANN)-based equalizer, at the same BER level. Furthermore, we investigate the
impact of network depth and feature map size on equalization performance, providing
practical insights for real-world deployment.

Keywords: Short-reach optical communications, PAM-4 modulation, Equalization
techniques, FFE equalizer, Convolutional neural networks, Lightweight architecture

1 Giéi thiéu

Trong moét thap ky vira qua, ching ta da ching kién sy phat trién manh mé ctia cudc cach
mang thong tin, ddc biét 1a cac tng dung yéu cau bang thong 16n nhu: dién todn dam may, tri tué
nhan tao, mang di dong 5G/6G va Internet van vat (IoT). Nhu cau vé t5c d6 cao, dd tré thap tir
cac dich vu nay da tao ra 4p luc dang ké 1én ha tang mang truyén dan hién tai. Trong d6, phan
16n lvu luong dir liéu xudt phét tir cac hé thong dién hinh nhu mang két néi trung tam di liéu
hay mang fronthaul. Theo sy dich chuyén vé nhu cau luu luong d6, hé thong thong tin quang cu
ly ngan da thu hut duoc sy quan tam tr lai thay vi cac hé théng truyén duong dai hodc cac tuyén
xuyén bién nhu giai doan trude. Trong cac hé thdng cu ly ngéan nay, ki thuat diéu ché cuong do
va tach song truc tiép (IM/DD) két hop voéi dinh dang tin hiéu PAM-4 [1, 2] duoc xem 14 lwa chon
phd bién hon do c6 kha nang truyén dan tdc d6 cao nhung van dam bao don gian vé mat phan
ctng, chi phi trién khai va kha nang tich hop trén thiét bi quang thu dong [3, 4] khi so sanh véi
hé théng stt dung thu coherent. Tuy nhién, khi truyén dan ¢ tc do cao cac thiét bi thu/phat va
duong truyén thuong dat gidi han va lam suy giam chat luong tin hiéu nghiém trong, dac biét
khi tdc do truyén dan dat dén 100 Gb/s [5]. Nhu da duoc trinh bay trong [4], bén canh cac méo
tuyén tinh do gidi han bang thong ctia thiét bi thu/phat chi phi thap va tén sac trén kénh truyén,
hé thong IM/DD PAM-4 con chiu tadc dong tir nhiéu dang méo phi tuyén khac nhau. Cu thé, hién
tuong suy giam cong suat (power fading), phat sinh do su tuong tac gitta tan sac (CD) va qua
trinh tach song truc tiép (DD) tai bd thu, lam bién dang phd tin hiéu va giam khoang cach truyén
dan. Ngoai ra, d4c tinh phi tuyén ctia bo diéu ché Mach-Zehnder (MZM), chét lwong ctia thiét bi
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thu phat gid ré c6 thé gay ra nhiéu va sai 1éch muic bién do tin hiéu, khién tin hiéu nhan dwoc bi
dich khoi cac miecc PAM-4 chuan. Vi vay viéc nhan dang dung mtc tin hiéu ¢ phia thu trd nén
kho hon, 1am tang ty 1& 16i bit (BER) va giam hiéu suat hé thong di dang k&, dac biét trong diéu

kién cong sudt nhan thép [6].

Dé€ cai thién chét luong tin hiéu thu, cac hé thong thuong mai hoa truyén thong thuong st
dung cac bo can bang tuyén tinh nhu FFE (Feed-Forward Equalizer) nham bu méo tin hiéu bang
céch dao nguoc mot s8 tac dong xau 1én tin hiéu truyén dan. Tuy nhién, vé ban chat FFE 1a bd loc
tuyén tinh FIR, do d6 né chi xt ly dwoc thanh phan méo tuyén tinh. Vi vay, méo phi tuyén van
con ton tai va day chinh la thach thiec 16n trong cac hé thong PAM-4 td¢ d6 cao. Gay ra gidi han
vé hiéu nang cta hé théng, dac biét khi hé thong hoat dong ¢ téc do truyén 100 Gb/s véi do tin
cay cao. Theo d9, cac phuong phap dua trén hoc sau, noi bat la CNN, da duoc dé xuat giup thay
thé cho cac ky thuat DSP truyén thong. Cu thé, cong trinh [7] da cho thay CNN c6 kha nang bu
dugc ca méo tuyén tinh va phi tuyén trong hé théng quang cw ly ngan & toc d6 truyén 64 Gb/s,
cho thay kha nang vuot trdi hon so véi FFE. Tuy nhién, nghién cttu nay chua mo rong lén tdc do
100 Gb/s va chua phan tich hiéu ning trong nhiéu diéu kién nhiéu khac nhau. Trong khi d9, [8]
da tng dung trién khai mang no-ron sau cho hé thdong coherent DP-16QAM, cho thay ky thuat
hoc sau c¢6 thé vuot trdi hon cac giai phép cd dién trude day trong bu méo phi tuyén. Nhung hé
thdng coherent von khac biét vé cau tric va yéu cau ky thuat phiec tap hon so véi hé thong IM/DD
do d6 chua that sw phu hgp véi dédc thu ctia hé thong cu ly ngén khi trién khai thuc té. Bén canh
d¢, bai khao sat tong quat [9] da cho thdy duoc xu hudng tiém nang ctia hoc mdy trong viéc nang
cao chat lwong truyén dan nho kha néng thich tng véi nhiéu dang méo tin hiéu khac nhau, song
nghién cttu méi ding ¢ mikc phan tich tong quat, chwa dé xuat cdu hinh cu thé cho hé thong
IM/DD PAM-4. Trén nén tang ly thuyét duoc trinh bay ¢ [10, 11], CNN ndi bat so véi mang no-
ron nhan tao (ANN) nho kha nang trich xudt ddc trung cuc bd thong qua phép tich chap va co
ché chia sé trong s6, dong thoi giam s6 lwgng tham s6 hudn luyén dang ké. Nhing vu diém nay
gitip cau tric bo can bang gon nhe, phi1 hop véi yéu cau xit ly tdc d6 cao va gidi han phan ciing
trong hé thong IM/DD. Trén co s& d6, nghién cttu nay tap trung vao viéc tng dung mang CNN
1 chigu véi kién triic nhe (lightweight 1D-CNN) dé phat trién b can bang, vira dam bao kha nang
bt méo tuyén tinh va phi tuyén, vira ddp ting yéu cau xtr ly t6c do cao va gidi han phan cting
trong hé thong IM/DD PAM-4 100 Gb/s.

Phan con lai ¢6 bS cuc nhw sau: Muc 2 trinh bay tong quan m6 hinh hé théng truyén dan
va mo ta kién triic bo can béng stt dung CNN. Muc 3 trinh bay két qua mo phong, phan tich va
danh gia hiéu nang md hinh trong cac diéu kién khac nhau. Cudi cung, két luan va dinh hudéng

phat trién dwoc trinh bay ¢ Muc 4.

129



Vwong Quang Phuéc va CS. Tép 134, S6 24, 2025

2 Mo hinh hé thong va dé xut cau tric cin bang dwa trén CNN
21 Mo hinh hé théng IM/DD

Hé thdng duoc khao sat 1a tuyén truyén quang cu ly ngan st dung ky thuat IM/DD két
hop dinh dang diéu ché PAM-4 véi t6c d truyén dan 50 Gbaud (100 Gb/s), hoat dong tai budc
séng A = 1.55 pum thudc bang C. Kién trtic ndy dwoc lwa chon d& mé phong hé thong truyén dan
t8c d6 cao cho cac tuyén cue ly ngén véi thiét bi phan ctiing gia ré. Hé thong ciing md phong cac
suy giam trén dueong truyén va thiét bi thuwong gép trong trién khai thuee t&€ nhue tan sic, phi tuyén
tai bo thu phat, nhidu pha tir laser hay nhiéu trang trén duong truyén duoc diéu chinh qua tham
sO SNR.

Phia phat Phia thu

g s
< c w 2
e
QO > = = = wl € 2| [ =
o | w0 Diéu ché < I’ O |2
> (0 o) ©
oMl © & Mach- aMe e X
= x ° c S 2 [<
=] < < Zehnder < | |a 2| |
o ] c Ol 18 = <
<L — el "
[a} 1~}

Hinh 1. So d6 khéi minh hoa m6 hinh ctia mot hé théng IM/DD st dung dinh dang diéu ché PAM-4.

Hinh 1 mé ta vé so d6 ctia hé théng IM/DD st dung PAM-4, véi cac tham s6 thiét lap duoc
trinh bay cu thé trong Bang 1.

Bang 1. Thong s6 hé thong thong tin quang cu ly ngén stt dung diéu ché PAM-4

Thanh phan Tham s6 / Gia tri
Buoc séng hoat dong A =155 um (bang C)
Toc do tin hidu 50 Gbaud (twong tng 100 Gb/s véi PAM-4)
Chudi bit ddu vio 21 bit nhi phan ngau nhién
Dinh dang xung Raised Cosine (v6i hé s6 cudn = 0.1)
Soi quang Don mode - SMF (Single-Mode Fiber)
Tén sdc soi quang D =17.6 ps/nm/km
Bé thu quang PIN Photodiode
H¢ s6"chuyén d6i quang/dién R=07A/W
Bing thong 3-dB (B§ thu/phit) 25 GHz
B§ cdn bang tuyén tinh FFE (b6 loc FIR vdi chiéu dai 15 tap [2])

Dau tién, dix liéu dau vao duoc khoi tao dudi dang mot chudi bit nhi phéan ngfm nhién. D@
liéu nay k& dén duoc anh xa thanh cac ky tuw PAM-4 (2 bit/ky tu sit dung ma Gray) véi bdn miic
tin hiéu {-3, -1, +1, +3}. Sau qua trinh 4nh xa, cac ky tw PAM-4 nay duoc lay mau véi 8 méu/k}'f
tw va dinh dang xung bang bo loc RC (Raised Cosine) gitip t8i wu phd va giam thiéu nhiéu lién
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ky tw IS Tin hiéu s6 sau d6 dugc chuyén sang mién tuwong tu thong qua bd DAC, ké dén sau khi
qua mach 14i tin hiéu dwoc diéu ché 1én séng mang quang bang bo diéu ché Mach-Zehnder
(MZM). Tin hiéu quang nay duoc ghép va truyén qua soi quang don mode (SMF). Tai phia thu,
tin hiéu chuyén tir mién quang sang mién dién bang photodiode PIN. Sau d¢, tin hiéu dién di
qua bd khuéch dai bang TIA va chuyén ddi sang tin hiéu s8 boi bd chuyén di ADC. Tiép tuc, tin
hiéu dwoc 1dy mau lai véi tdc dd 1 mau/ky tw, chuan bi cho qud trinh can bf“ing tin hiéu. Chudi tin
hiéu s dau ra duoc xtt ly boi bo can bang ghép lai bao gom: bo can bang tuyén tinh FFE nham
xtt ly cac yéu td méo tuyén tinh va mot mang no-ron tich chap mot chiéu (1ID-CNN [12]) d€ han
ché cac thanh phan méo phi tuyén va cac yéu t6 gay bién dang khac con sét lai cua hé thong. Tin
hiéu sau can bang dwoc chuyén lai vé chudi bit dit liéu thong qua bo anh xa, BER ciing dugc tinh

todn tai day va dugc stt dung nhu la mét tham sd gitup danh gia vé chat lwong cua hé thong.

2.2 D@ xuit bj can bang ting dung mang no-ron tich chap 1 chiéu

Céc bo can bang truyén théng nhu FFE [13], thuong st dung thuat toan LMS hoic RLS, da
duoc ting dung dé€ bu méo tin hiéu nhung chi xtt ly dwoc thanh phan tuyén tinh do déc tinh cta
bd loc FIR. BO can bang phan hdi quyét dinh (DFE) [13, 14] c6 thé cai thién hién twong suy giam
cong sudt bang cach chén cuc tai cac vi tri ranh tan s, song dé gip 15i lan truyén trong diéu kién
nhiéu 16n hoéc khi méo phi tuyén manh, khién viéc trién khai thuc t& thiéu on dinh. Gan day,
mang no-ron nhan tao (ANN) cho thay tiém nang nho kha ndng hoc quan hé phi tuyén gitra tin
hiéu thu va nhan dau ra. Tuy nhién, do kién trac két ndi day du, ANN doi hoi s6 tham s6 16n va
thuong chi trién khai ¢ dang hoc néong. Hon niva, ANN khong tan dung dwoc cdu tric cuc bo cua
chudi PAM-4 va dé gdp van dé lan truyén gradient, dan dén hiéu ning con han ché trong hé

thong truyén dan quang toc d6 cao [11].

D€ khic phuc cac nhuoc diém ctia bo can bang truyén thdng, cling nhw cac md hinh hoc
nong nhu mang no-ron nhan tao ANN, ching t6i dé xuat mang no-ron tich chdp mot chiéu (1D-
CNN) nhu mot giai phap can bang phtt hop, nho kha ning hoc cac déc trung cuc b trong chudi
ky tw dau vao véi do phtic tap tinh toan thap so véi cac mang tich chap hai chiéu (2D-CNN) va
ba chiéu (3D-CNN) [15].

Vé nguyén ly, mang 1D-CNN st dung cac bd loc hay kernel nhu cac ctra s6 trugt theo
chudi ky tu lién tiép & ngd vao, cho phép khai thac thong tin vé m&i quan hé ngan han gitra cac
ky tw lan can trong chudi tin hiéu nay. Qua trinh nay hd tro mo hinh hoc duoc cac dic trung va
md hinh hoa dwoc cac hién teong méo cuc bo tac dong lén tin hiéu ma bd can bféng tuyén tinh
khong thé xt ly. Ngoai ra, do st dung co ché chia sé trong sd va gop (pooling), CNN c6 thé st
dung md hinh cau trac don gian va st dung it tham sd hon trong qua trinh hoc sau. Tao diéu
kién cho CNN c¢6 thé duoc ting dung trong thuec t€ trén cac nén tang phan ciing toc d6 cao vdi tai

nguyén han ché.
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Hinh 2. (a) BO can béng dwta trén mang CNN nhan dit liéu ttt bo can bf‘ang FFE thong qua cac bo tré; (b)
Kién tric md hinh can bﬁmg stt dung CNN véi 2 khéi tich cap, mdi khdi tich chap gém 1 16p tich chap
(Conv 1D) va 1 16p gop cuc dai (Max Pooling 1D).

Dua trén muc tiéu thiét ké kién triac 1D-CNN nhe cho can b:lfmg tin hiéu, Hinh 2 (a) mo ta
kién triic chi tiét ctia bo can bang dwoc dé xuét. Trong dé dau vao la chudi tin hiéu da dwoc xtt ly
mot phan bang bo can bang tuyén tinh FFE. Chudi cac khéi tré Z~! dugc st dung véi muc dich
dua cac tin hiéu tai thoi diém hién tai x;, cung v6i cac ky tw lan can trede dé vao mo hinh hoc
sau. Chubi nay tao thanh mdt vector dau vao cé chiéu dai n, gobm n ky tw 1an can nham giup cung
cap thong tin theo trinh ty thoi gian cho md hinh. Va thong qua viéc khai thac thong tin gitta cac
ky tu trong chudi dit liéu lién tiép nay, mo hinh duoc ky vong c6 thé dwa du doan chinh xac vé
muc ky tit PAM-4 tuong tng vdi ky ti x;, & ngd vao.

Nham t5i vu héa qua trinh hudn luyén, dau ra ctia bai toan phan loai da 16p dugc trinh
bay trong bai bao nay da dwoc xtt ly bang cach xt ly dudi dang ma hoéa one-hot coding, véi 4
nhan tuong tng véi 4 mic tin hiéu {—3, -1, +1, +3}. Ham mat mat duoc sit dung 1a categorical

cross-entropy.
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Trong céc thiét 1ap vé mo hinh, ching t6i st dung cdu truc tuan ty, dau tién 1a 16p tich
chap 1 chiéu (ConvlD) véi s lugng bd loc N thay ddi tuy vao cac muc dich khao sat sé truot
theo chiéu dai n chudi ky tw vao va tao ra cdc ban @6 dic trung tuong ting. O day, cac 16p tich
chap st dung ham kich hoat ReLU vira dam bao tinh don gian trong khi van dam bao mo hinh
c6 thé hoc cac quan hé phi tuyén cua tin hiéu xét. Ky thuat Batch Normalization cting duoc ap
dung d€ chuan hoa dau ra 16p trudce, giup 6n dinh va tang tdc qua trinh huan luyén. K& dén la
mot 16p gop cuc dai 1 chiéu (MaxPooling1D), 16p nay ¢6 vai tro giup giam kich thwde dix liéu va
khdi lugng tinh todn cho md hinh nhung van giit lai cac dic trung ndi bat. Cudi cing, dé han ché
hién twong qué khép (overfitting), mot s& trong sd sé bi loai bo ngau nhién bang cach st dung ky
thuat Drop Out. Sau khi qua 16p lam phéng, dit liéu lam phang dwoc dua vao 16p Dense (FC) véi
s0 luong no-ron béng dung s6 bo loc da chon Ng. Sau d6, md hinh thuee hién x4c dinh ky ngo ra

thong qua 4 dau ra, twong tng v6i 4 muc tin hiéu PAM-4, véi ham SoftMax.

Bang 2. Bang thiét lap cau tric va cac siéu tham s6 cho md hinh CNN

Thanh phin Mo ta

Diiu vio Chudi n ky tw PAM-4, Xy, X _1, Xi—2, ) Xk—n—1

Lép tich chdp Conv 1D, kich thudc bd loc = 2; s6 lwong b loc Ny € {8,16,32,64,128}

Chudn hod Batch Normalization
Lép gdp Max Pooling 1D, kich thudc =2
Dropout Ty 1€ 0.05
Flatten Lam phang dit liéu
Dense (FC) Np no-ron

Output 4 no-ron, dwoc méa hoa one-hot: [1000],[0100],[0010], [000 1], SoftMax

D& huén luyén m6 hinh can bang dya trén 1D-CNN, chung tdi xay dung mdt co s dit liéu
gom khoang 260000 mau dit lidu (tir 28 ky tu PAM-4). Trong d6, mdi mau di liéu bao gom hai
phan, ngd vao véi chudi 8 ky tu lién tiép duoc nhan tir dau ra ctia bo FFE va nhan cta ky tu duoc
ma hoa theo dang one-hot coding ¢ ngd ra nhu da trinh bay ¢ trén. D€ dam bao khach quan trong
qua trinh danh gia, co s& dit liéu nay dugc chia thanh 2 tap riéng biét (tranh bi chong 14n dix liéu
gitta 2 tap), voi 75% dit liéu dwoc dung cho qua trinh huan luyén va 25% con lai danh cho kiém
tra. Ngoai ra, dit liéu dau vao dugc chuan hoa gitip tat ca cac dic trung déu c6 trung binh bang
0 va dd 1éch chuan béng 1 trude khi dwa vao mo hinh nham tang d6 on dinh cua qua trinh huén
luyén. M6 hinh st dung bd t6i wu Adam v6i tdc dd hoc (learning rate) khoi tao 1a 1073 va ct sau
mdi 10 epoch ké tir epoch 30, tdc d6 hoc duoc giam di 10 [an d€ gitp mo hinh héi tu nhanh hon.

Batch size duoc dung cho qua trinh hudn luyén c6 kich thude la 100.
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3 K&t qua va thao luan

D¢ lam rd vé vai tro va tic dong ctia bd can bang dugc dé xuat, chung t6i danh gia hiéu
nang b can béng CNN theo nhiéu kich ban khao sat khac nhau. Cu thé, mtrc d6 hiéu qua caa moé
hinh duwgc thé hién thong qua ty 1é 16i bit (BER). Cac két qua BER theo SNR trong bai bdo nay
dugc thu thap thong qua qua trinh md phong théng ké va duoc xac dinh bang cach so sanh truc
tiép chudi bit dau ra sau can bang véi chudi bit gdc tai phia phét trén tap dit liéu kiém tra:

BER = Nerror 1)

total
trong d6 N;ro,1a sO bit 10i va Ny, la tong so bit duoc truyeén.

Ndi dung khao sét gom: (1) So sanh bd can bang dwoc dé xuat véi hai ki thuat phd bién
khac (bd can bang tuyén tinh FFE va m6 hinh hoc nong dua trén ANN) dé danh gia mic do cai
thién chat lwong hé thdng (thong qua ty 1é 16i bit BER). Muc tiéu nham kiém tra kha ning thich
nghi va hiéu qua cua kién tric CNN trong bdi canh tin hiéu bi suy hao boi nhiéu yéu t8 thuc t€
nhu gidi han bang thong, tén sdc va méo phi tuyén; (2) Thuc hién danh gia tac dong ctia s6 luong
déc trung twong ting voi s6 bd loc (Ni) st dung trong 16p tich chap ciia mang CNN dé€ tdi wu kha
ning giam BER ctia hé thong can bang dwoc dé xuét. S6 lwong bo loc (Ni) trong mdi 16p tich chap
laliy thtractia 2, véin € {3,4,5,6,7, 8}, tuong ting vai cac gia tri N = [8,16, 32, 64,128, 256]; (3)
Danh gid anh huong cua d6 sau kién tric mang CNN, duoc x4c dinh boi s6 lugng 16p tich chap
Conv1D, dén hiéu ning can bang BER. Cac md hinh nay cé cdu tric gidng nhu trong cac nghién
ctru trede do; tuy nhién, ching toi chi st dung 2 khdi tich chap ndi tiép dé€ tranh mat thong tin
qua nhiéu khi tang thém d¢ sau cho mo hinh. Kién trac nay dwoc minh hoa trong Hinh 2b véi
moi 16p tich chap sit dung N = [8,16, 32,64, 128] b loc. Cac két qua chi tiét duoc trinh bay dudi
day.

3.1  Vai tro ctia by cin bang st dung 1D-CNN

Vé cdu hinh, t4t ca cac m6 hinh déu sit dung Feed-Forward Equalizer (FFE) vé6i chiéu dai
15 tap nhu mot khoi xi 1y tuyén tinh so cdp. Sau FFE, cac m6 hinh hoc may nhan di liéu vao
gom 8 ky twe. M6 hinh ANN st dung mot 16p an gom 32 no-ron, trong khi mo6 hinh CNN st dung
mot 16p tich chap ConvlD véi 32 dac trung va cdu trac nhu duoc trinh bay trong Hinh 2 (a). Két
qua so sanh dugc danh gia theo ty 1€ 16i bit BER nhan duoc sau khi hé thong dat bao hoa va khong
con cai thién, hé thong duoc xét dudi nhiéu diéu kién nhiéu SNR thay doi trong khoang 20-30 dB.

Hinh 3 minh hoa hiéu suét cai thién BER trong mot s& diéu kién nhiéu SNR khac nhau gitra
ba phuong phép can bang: chi st dung bo can bang truyén thdng FFE, md hinh b can bang st
dung ANN va mo hinh can bﬁ“mg dé xudt st dung CNN (1D-CNN). Tt d6 thi, nhan thay trén

toan dai SNR dwoc xét, bo can bﬁ“mg CNN cho hiéu suét cai thién chat luong tin hiéu t6t hon so
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vGi cac ky thuat khac. Cu thé, tai SNR = 20 dB, m6 hinh st dung CNN dat BER =3.44 x 1073
trong khi BER ctia FFE 12 9.18 x 1072 va ANN la 5.13 x 1073. Nhw vy, tai SNR = 20 dB thi chi c6
duy nhat CNN dat dwoc ngudng stra 16i HD-FEC. Ngoai ra, md hinh can bang stt dung CNN
ciing gitp hé thdng ting d6 nhay dang ké. Cu thé, CNN ¢ thé dat mirc ngudng HD-FEC & mtc
chat lwgng tin hiéu SNR = 20 dB, trong khi ANN can xap xi nguong 21 dB va FFE can dén gan
22.5 dB. Diéu nay c6 nghia la tai cing mot mtc ngudng BER 3.8 X 1073, bd can bang CNN c6 thé
tang do nhay thu lén dén géan 2.5 dB so véi FFE va xdp xi 1 dB khi so v6i mo hinh stt dung ANN.
Tai mire BER = 1073, m6 hinh CNN gitip hé thong dat dwoc do 1¢i hon 1 dB khi so sanh véi md
hinh st dung ANN va 1én dén gan 4 dB khi so sénh v6i bd can bang truyén thong FFE. Dic biét,
tai BER = 107%, bo can bang truyén théng FFE khong thé dat dugc ngudng BER nay trong khoang
khao sat, trong khi CNN c6 thé dat ngudng nay tai SNR khoang 28 dB, thdp hon gan 1.5 dB so
v6i ANN. Cac két qua trén cho thdy tiém ning ctia 1D-CNN trong k§ thuat can bang, né khong
chi gitip giam déang ké BER so v6i by can bang st dung ANN hay FFE, ma con c¢6 xu hwdng cai

thién tin hiéu t8t hon trong cac diéu kién nhiéu it.

= = =HD-FEC threshold
—=—B0 cén bang FFE

B& cén bang dung ANN
—6—B0 can bdng dung CNN

107 ! !
20 22 24 26 28 30
SNR (dB)
SNR 20dB | 22dB | 24dB | 26dB | 28dB | 30dB
B0 can bsng FFE 9.18E-03 | 4.34E-03 | 2.14E-03 | 1.15E-03 | 7.02E-04 | 4.92E-04

Bo can béng dung ANN | 5.13E-03 | 2.37E-03 | 7.48E-04 | 3.13E-04 | 1.83E-04 | 8.39E-05
Bo can b@'mg dung CNN |3.44E-03 [ 1.11E-03 | 4.50E-04 | 1.91E-04 | 9.16E-05 | 2.29E-05

Hinh 3. Biéu d6 so sanh ty 1& 15i bit giita bd can bang dé xuat dwa trén CNN véi bd can béang chi dung FFE
va ANN theo cdc mitc SNR khac nhau

3.2 Anh huéng caa sd lwgng dic trung dén BER

Hinh 4 thé hién anh hwong cta s6 lwong dac trung trong 16p ConvlD dén hiéu suat BER
cuia bd can béng st dung CNN. Tt két qua c6 thé nhan réng, khi s6 luong ddc trung st dung cho
16p tich chap tang lén thi ty 1& 16i BER c¢6 xu huwéng duoc cai thién rd rét. Tuy nhién, trong hau
hét cac khao sat, néu mo hinh qua don gian (chi c6 8 ddc trung/1dp tich chap) thi tin hiéu sau can
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bang khong thé dat ngudng FEC 3.8 x 1073, do m6 hinh CNN khong thé hoc cac déc trung can
thiét tir dix liéu. Khi ching t6i ting s8 lwong déc trung 1én 16, nhan thdy rang ty 1é BER bat dau
giam ro rét nhung van chua that sy hiéu qua. Tt 32 dac trung trd di, chét lugng ctua hé thong
duoc cai thién dang ké. Cu thé, & cing mic BER = 1073, d nhay thu c6 thé dat dén xap xi 2 dB
khi so sanh v6i treong hop chi stt dung 16 ddc trung. Mdt khac, Hinh 4 cling chi ra cac cdu hinh
stt dung 64, 128 va 256 dac trung c6 cac duong két qua BER c6 dao ddng it va gan nhu trung

nhau, thé hién xu huéng bao hoa ctia md hinh hoc.

= = =Ngué&ng HD-FEC
—6— 8 dac trwng

16 dac trung
—0— 32 dic trung
=64 dic trung

128 dac truwng
== 256 dac trung

L L L L

20 22 24 26 28 30
SNR (dB)

SNR 20 dB 22 dB 24 dB 26 dB 28 dB 30 dB

8 dac trung 5.97E-03 8.10E-03 7.13E-03 4.78E-03 2.64E-03 3.11E-03
16 ddc trung 3.61E-03 2.75E-03 1.09E-03 4.65E-04 5.95E-04 2.44E-04
32 dac trung 3.44E-03 1.11E-03 4.50E-04 1.91E-04 9.16E-05 2.29E-05
64 dic trung 3.02E-03 1.03E-03 3.51E-04 7.63E-05 5.34E-05 1.53E-05
128 dac trung | 3.01E-03 9.61E-04 3.97E-04 7.63E-05 6.10E-05 1.53E-05
256 dac trung | 3.17E-03 8.85E-04 3.97E-04 6.10E-05 8.39E-05 7.63E-06

Hinh 4. Bi€u d6 so sanh ty 18 15i bit theo cac mtic SNR véi s8 luong déc trung khéc nhau stt dung trong
m6 hinh CNN

Ngoai ra, khao sat nay cling phan tich d6 chénh 1éch gitta d6 chinh xac hudn luyén va kiém
tra nhdm danh gid nguy co qua khép (overfitting) trong nhiéu diéu kién nhiéu khéc nhau. Cac
khao sat & Hinh 5 cho thdy, véi s6 luong dac trung con nho (8-16 dac trung), dd chinh xac trén
tap huan luyén va kiém tra déu thap hon dang k&, dan dén BER cao. Khi s6 lwong dic trung ting
1én 32-64, d6 chinh xac huén luyén va kiém tra déu cai thién, dong thoi chénh 1éch gitra hai tap
gitt & muc rat nho (~0.1%), cho thady mo hinh dat trang thai tong quat héa t6t. Tuy nhién, khi s&
luwong ddc trung tiép tuc tdng (128-256), nhu trong Bang 3, d6 chinh xac huan luyén tiép tuc tang
(ttr 99.241% & 32 déac trung 1én 99.671% 6 256 ddc trung) nhung d6 chinh xac kiém tra khong con
cai thién dang ké (tir 99.312% 0 32 ddc trung lén 99.365% & 256 ddc trung), dan dén hién tuong
bao hoa hiéu nang. Day chinh la dau hiéu ctua nguy co overfitting, mdc du do chénh léch chinh
xac nay tuy nho, nhung trong hé thong quang tdc d6 cao, v6i yéu cau BER <1073, sai 1éch 0.3-0.4%
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c6 thé dan dén BER chénh léch t6i mot bac 6 1on. Pidu nay cho thay rang ting d6 phtic tap mang
c6 thé khong tang hiéu qua, ma con lam gia tang chi phi tinh toan va dd tré trién khai.

Bang 3. Ty 1é chinh xac trén tap hudn luyén va ki€m tra khi khao sat tai SNR =20 dB

S6 lwong dic trung 8 16 32 64 128 256

D¢ chinh xdc —hudn luyén  98.556%  99.089%  99.241%  99.508%  99.678%  99.671%
D¢ chinh xdic — kiém tra 98.807%  99.278%  99.312%  99.396% 99.397%  99.365%
BER 597E-03 3.61E-03 3.44E-03 3.02E-03 3.01E-03 3.17E-03

100.0% LE+00 100.0% 1E+00 100.0% LE+00

LE-01 1.E-01

1.E-01 98.0%
LE-02 97.0% 1.E-02

AR 96.0%

LE-03  1LE)

5.0% 7
1LE-04 94.0% l

8 16 32 64 128 256

LE-03 94.0% LE-04

64 8

' Train aceuracy 7 Test accuracy s Train accuracy 7 Test accuracy  ==BER . Train accuracy  72Test accuracy ==BER

SNR=20dB SNR=22dB SNR =24 dB

100.0% 1.E+00 100.0% LE+00 100.0% LE+00

99.0% 1LE01 LE-01 99.0% LE0L

LE-02
7 LE-02 LE-02 98.0%
LE-03
1LE03 LE-03 97.0%
LE-04

LE-04 LE-04 96.0%

LE-05

LE-05 96.0% 1L.E-05 95.0% LE-06

SNR =26 dB SNR =28 dB SNR =30dB
Hinh 5. Khao sat hién tuong qué khop (overfitting) dwdi nhidu diéu kién nhidu SNR va do phtic tap mo
hinh khac nhau.
C6 thé nhan thay r::fmg, mo hinh véi 32 hodc 64 ddc trung cho su can béng vé hiéu nang va
dd phtic tap tinh todn tdt trong nhiéu kich ban véi mtic nhiéu khac nhau trén hé thdng IM/DD
duoc trién khai. Cling can lvu y, cac mo hinh qua don gian véi s6 luong dac trung dudi 16 thuong

khong dam bao hiéu qua can bang, ddc biét trong cac diéu kién nhiéu 16n.

3.3 Tac dong caa s6 16p tich chap dén kha ning biéu dién

D9 phtic tap ctia bd can bang dya trén 1D-CNN duoc danh gia thong qua s& luong tham
s0 hudn luyén (trainable parameters). V6i kién truc dé xudt, trong dé Ny la s6 dac trung thi do
phtic tap c6 thé udc luong thong qua Bang 4.
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Bang 4. Cong thtic tinh todn s6 lugng tham s& hudn luyén P ctia m6 hinh CNN trong hai trieong hop: (a)
chi c6 mét khéi tich chép va (b) c6 hai khéi tich chép

Truong hop S6 tham s6 hudn luyén
a. Mo hinh chi c6 mot khoi tich chdp (Hinh 2(a)) Picony = 4N + 10N + 4
b. Mo hinh v6i hai khoi tich chdp (Hinh 2(b)) Pycony = 4NZ + 13Ny + 4

Cé mot diém tha vi & day, viéc b6 sung thém mot 16p tich chdp thi hai chi lam téng s6
lwong tham s6 huédn luyén & mtec rat nho (khoang 1-3% so véi mo hinh moét 16p — Hinh 6), nho
s két hop caa céc 16p MaxPooling (kich thwdc 2) sau mdi khdi tich chap giup giam dan kich
thude dit liéu dau vao (tir 8 xudng 4 roi 2). Nho do, sé tham s6 tai 16p két ndi hoan toan (FC) dugc
han ché, khién d¢ phtic tap ctia hai md hinh gan nhu twong dong trong khi kién truc 2 16p CNN
van mang lai cai thién dang k& vé hiéu nang can bang. Diéu nay cho thay cdu trtic 2 16p CNN vira

dap ting dinh hudng gon nhe vira phtt hop véi hé thdng IM/DD t6c d6 cao ¢6 gidi han phan cing.

Hinh 6 biéu dién mtrc d6 cai thién BER ctia cdc md hinh dwoc khao sat ctia céc tai mitc SNR
=26 dB. Két qua cho thay khi s6 luong ddc trung nho (8 dac trung/I6p tich chdp), mé hinh st
dung 2 16p van chua khic phuc dugc nhuge diém ctia md hinh 1 16p do chua dat ngudong HD-
FEC. Tuy nhién, ti 1é BER giam manh v6i 16 dac trung/lép tich chap, dac biét tai miec 32 dac
trung/16p tich chap, mo hinh hai 16p cho két qua t6t hon rd rét so véi mo hinh mét 16p. Diéu nay
cho thay mo hinh st dung hai 16p tich chap c6 xu hudng khai thac thong tin hiéu qua hon so véi
kién trac mot 16p trong qua trinh hoc biéu dién va can bfing tin hiéu. Tuy nhién, khi s6 luong déc
trung tang dén 64 hodc 128, hiéu nang cua mo hinh 1 16p c6 xu hudng ting cham trong khi mo
hinh 2 16p van cho thay xu hudng tiép tuc ting. Nhung can luu y, chi phi tinh todn tding manh
theo s6 lugng b loc/16p tich chap, nén néu xét theo muc tiéu xay dung md hinh theo dinh hwéng
kién trtic nhe, thi cdu hinh st dung 32 hodc 64 dic trung cho mobi 16p tich chap c6 thé xem la lya
chon t8i wu hon, dam bao sy can bang gitta d6 tin ciy ctia qud trinh can bang tin hiéu va d¢ phic
tap tinh toan, ddc biét phu hop cho cac hé thdng yéu cau trién khai thuc t€ véi tai nguyén phan

cting han ché.
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10_2 I T T T
| = = =Nguéng HD-FEC
=——©— 1 Lép tich chap
________________ 2 Lop tich chap
10° 1
o
w
A
104 .
O
8 16 32 64 1é8
Sé lugng dac tinh/I&p tich chap
S8 dic trung/16p tich chap Nr 8 16 32 64 128
BER 1 16p tich chap 4.78E-03 | 4.65E-04 | 1.91E-04 | 7.63E-05 | 7.63E-05
S6 tham s6_1 16p tich chap 340 1188 4420 17028 66820
BER _2 16p tich chap 8.67E-03 | 6.26E-04 [ 9.16E-05 | 6.87E-05 | 4.58E-05
S6 tham sd_2 16p tich chap 364 1236 4516 17220 67204

Hinh 6. Biéu d6 so sénh ty 18 15i bit & SNR 26 dB khi thay d&i s8 luong 16p

4  Kétluan

Bai bdo nay da dé xuat va danh gid mot kién tric bd can bang dua trén mang no-ron tich
chap (1D-CNN) véi kién tric nhe cho hé théng truyén dan quang cw ly ngén st dung ky thuat
diéu ché ceong dd va tach séng truc tiép (IM/DD) véi dinh dang PAM-4. M6 hinh can béng st
dung CNN duoc trién khai bang cach két hop véi by can bang tuyén tinh FFE nham khai thac wu
diém ctia bd can bang truyén thong trong viéc bit méo tuyén tinh, dong thoi giam dugc sy phitc
tap cho m6 hinh mang CNN. B can bf?mg dung CNN ciling da thé hién su vuot trdi trong viéc
giam BER, ddc biét & cac ngudng BER nhw FEC, 1073 va 10~*. Diéu nay da duwgc minh ching
thong qua cac khao sat md phong cu thé nhu: so sanh véi by can bang truyén théng (FFE) va
mang no-ron ndng (ANN); phan tich anh hudng cta sd lwong dac trung hay khao sat d6 sau kién
tric. Dong thoi, chiing t6i cling dé xudt phat trién kién trtc chi sit dung 1 hodc 2 16p Conv1D véi
32 hodc 64 déc trung mdi 16p. Véi kién tric don gian nay, md hinh van dat hiéu suat t5i uu trong
khi d6 phtic tap khong tang qua 16n, phu hop véi yéu cau trién khai thyc t€ trong moéi truong
phan cting han ché tai nguyén. Tuy nhién, nghién cttu nay dang ditng lai & m6 phong va chua

duoc kiém ching trén nén tang phan cing, do d6 can duoc danh gid thém trong cac thir nghiém
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thuc t&€ d€ xem xét anh huong tir phéan ctiing va cac yéu to khong ly tuong khac. Trong twong lai,
nhom sé hudng dén hién thiec héa mod hinh trén FPGA/ASIC dé kiém chiing tinh kha thi phan

cting; khao sat véi cac kién tric RNN/LSTM nham tan dung méi quan hé chudi thoi gian trong

tin hiéu PAM-4 va nghién cttu cac kién trtic Transformer nhe hodc hybrid CNN-LSTM nham tiép

tuc nang cao hiéu nang can bang cho hé théng IM/DD t8c d6 cao.
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