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B6 thu ¢6 chirc ning nhan tin hiéu quang, chuyén tin hiéu quang thanh dién, xt ly va
khdi phuc dang tin hiéu. Trong chuong nay sé trinh nay cAu trdc tong quét cua bd
thu quang s, cdc mach tién khuéch dai, khao sat nhidu trong bd thu quang, va
danh gia chét lugng ciia hé thong quang.

4.1. CAC KHAI NIEM CO BAN

4.1.1. bo dap ung phz‘ln tir chuyén doi quang - dién

Photodiode can phai co toc 6 dap Gmg nhanh dé c6 thé hoat dong véi tin hidu téc do
cao. Néu ngd ra cua photodiode khong theo kip v6i su thay doi cta dang tin hiu quang
ngd vao thi dang xung ngo ra s€ bi méo. Piéu ndy s& anh huong dén chét luong cia
tuyén do 13i bit. Téc d6 dap tng ciia photodiode c6 thé do theo thdi gian 1én cua tin hiéu
ngd ra, tir 10% dén 90% gia tri dinh tin hi¢u ngd ra khi ngd vao cua photodiode chuyén
sang vira chuyén trang thdi on. Twong ty nhu véy khi tin hiu ngd ra chuyén xuong tur
90% dén 10% gia tri dinh, goi la thoi giang xudng. Thoi gian 1én va thoi gian xudng
duoc minh hoa ¢ hinh 4.1.

Thoi gian 1én va thoi gian xudng phu thudc vao cac nhan té nhu mirc d6 hap thu anh
sang & mot song nao do, dd rong vung hiém, sy thay d6i gia tri dién dung, sy thay
ddi gia tri dién tré cta photodiode
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Hinh 4.1. Pap tmg cua photodiode véi xung 4nh sang biéu dién thoi gian
1&n 10 % dén 90% va thoi gian xudng 90% dén 10%.

t: thoi gian lén
t: thoi gian xudng
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4.1.2. Thoi gian dap &ng phén tir chuyén ddi quang - dién

Téc d6 dap tng hay bang thong cua photodiode phu thudc vao ba yéu t6: thoi gian vuot
ra khoi ving hiém (got la thot gian tr6i) cua cac hat mang dién tao ra tir cac photon t6i
vung nay, dap mg tan s6 dugc xéac dinh boi thoi hing RC (phu thudc vao dién dung cua
diode), va sy khuéch tan cac hat mang dién ra khoi ving hiém.

TI}c‘yi gian hat mang dién vuot khéi viung hiém c6 chiéu dai w duogc xac dinh theo
bi€u thuc sau:
W
Tt =
Va (4.1)

Vi vd 13 van tde troi ctia hat mang dién. w cang nhé thi 7t cang nho va sé cang it bi
gidi han dén thoi gian troi. Nguoc lai, w nho s€ lam gidi han hi€u suat lugng ti.
Chung ta xét vi du doi véi photodiode PIN Si c¢6 do rong 16p I 1a 20um, van toc trdi

cua cac hat electron la 10°m/s. Do d6, thoi gian dé vuot qua vung | 1a 200ps. Con
néu vat liéu ché tao PIN 1a InGaAs c6 d6 rong 16p | 1a 5pm thi thoi gian troi 1a 50ps.
Céc gia tri tinh dugc o trén tuong tng vai thoi gian chuyén Ién cua photodiode.
Bén canh d6, dién dung ctia photodiode ciing déng vai tro dang ké. Néu dién tich cua
diode 14 A va viing hiém c6 d6 rong la w thi dién dung méi ndi 1a:

cA

C, = —
“Tw

Trong d6 ¢ 1a hang sé dién moi cua chat ban dan. Trong mach hinh 4.1, tbc do dap
ung duoc xac dinh badi thoi hang RC. Do d6 thoi gian 1én (10%-90%) la:

t, = 2,19R,C 2,19R; —
r L L d W (42)

Trong cdng thtc trén, giam w dé gidm thoi gian troi thi s€ lam tang thoi gian 1én
do dién dung. Chlng ta cé thé can bang hai dai lugng nay bang cach giam dién tro
tai RL. Bang théng ctia photodiode duoc xac dinh bdi RL va Cd nhu sau:

1

 2mR,C, (4.3)

R& rang dé cd duoc thoi gian 18n nho, photodiode phai c6 dién tich A nho, do rong
vung hiém w 16n va dién tro tai RL nho.

4.2. CAC PHAN TU CHUYEN POI QUANG - PIEN BAN DAN

4.2.1. Photodiodep-n

Photodiode P-N & méi ndi P-N hoat dong ¢ ché do dong phan cuc nguoc, duge
minh hoa nhu hinh 4.1. Anh sang t&i phai lot vao vung hiém ctia mbi ndi P-N. Anh
sang nay s€ duoc hap thu trong ving hiém va phan ph01 nang lugng cho vat liéu.
Néu nang luong héap thy di 16n. mot cap dién tir -15 tréng duoc tao ra. Su phan cuc
nguoc moi noi P-N tao ra mot dién truong lon trén ving hiém, dién trudng nay sé
lam cho cap dién tir-15 tréng nay di chuyén ra khoi ving hiém va ra mach ngoai tao
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thanh dong dién. Dong dién nay say khi qua dién trd tai RL dé chuyén thanh dién ap
Vout. Tin hiéu ndy s& duoc qua cac tan tiép theo dé xir Iy. S6 luong cap dién tir-1
trong duoc tao ra trong mot gidy phu thudc tuyén tinh voi cdng suét truong anh
sang t6i, do d6 cudng do dong dién & mach ngoai ti 1& v6i cong suat &nh sang téi.

Anh sang vao

____________________________ Viung
«— hiém

----------------------------

A P A i

> ‘\-"out

Hinh 4.2. So d6 photodiode P-N

4.2.2. Photodiode PIN

Céu tao ctia diode PIN gém ba 16p ban dan, trong d6 16p I (Intrinsic) 12 16p ban dan
khong pha tap chat hoac pha tap chat rat it nén khong c6 dién tir tr do nén co dién tré
rat lon. Va 16p nay nam gitra hai 16p P va N. Lop I dong vai tro giong ving hiém trong
mdi ndi P-N nhung c6 chiéu dai 16n hon nham tang hi¢u sut hap thy photon téi.

[
L

Truong dién E
P
Vung hiém hay
Vs —L I con goi ving
4 hap thu
N
MMM | v X

Rp
Hinh 4.3. Suphan bd ning luong dién truong trong cac 16p ban dan ciia PIN

Boi Vi 16p | rat rong nén xac suét tiép nhan photon & 16p nay cao hon va do d6 sy
hép thu photon & 16p nay nhieu hon so v6i hai 16p P va N. Nhu vay khi 16p | cang
day thi hiéu suat lugng tir cang cao. Tuy nhién khi d6 thoi gian trdi cta dién tir 16n
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nén lam giam kha ning hoat dong tdc d6 cao ciia PIN.

Kha ning thAm nhap anh sang phu thudc vao bé day 16p P. Anh sang c6 budc song
cang dai cang dé tham nhap vao ban dan.

Vi du: Hiy xac dinh cong sut nho nhit c6 thé phat hién duoc cua PIN diode, c6 R =
20hm va lp =1nA.

Gia sir chung ta c6 thé phan biét dugc sy hién dién cta cong suat quang khi dong tin
hiéu tao ra bang véi dong tbi.

Do d6: P =1?p.R = 2nW.

4.2.3. Photodiode APD N
APD la bd tdch song moi noi ban dan, c6 do loi ndi (internal gain) va do loi ndi nay
lam tang dap ung so vadi PN photodiode hay PIN photodiode.

Ngudi ta ché tao ADP gdm bén 16p: PT P N*
P* N* 1a hai 16p ban din c6 nong dd tap chat cao, nén dién tré cta hai ving nay
nho, do do6 ap roi ratnho.

IT 12 viing c6 ndng d6 tap chat rat it va gan nhu tinh khiét. N6 giéng nhu 16p I cua
PIN. Hau nhu tat ca cac photon bi hap thu trong viung nay, va tao ra cac cap 10 trong
- dién tur tu do.

E.il

B

Hinh 4.4 Su phan b ning luong dién truong trong cac 16p ban dan

Su nhan dong theo co ché thac 1i dién ra nhu sau:

Dudi tdc dung cua nguon phan cuc nguoc, sy phan bo cuong d dién truong trong
cac 16p ban dan nhu hinh 4.4. Trong d6 truong viing tiép giap PNT cao nhét, qua
trinh nhan dién tir xay ra ¢ vung nay. VVung nay con dugc goi la vang “thac 1a”.

Khi c6 &nh sang chiéu vao, cac photon bi hap thu trong 16p w, tao cac cap e-p
(electron-16 trong). Dudi su dinh hudng cua dién truong ngoai, cac 16 trong di
chuyén vé phia P* (ndi cuc am cua ngudn) con cac dién tu di chuyén vé phia tiép
giap PNT. Pién trudng cao trong ving tiép giap PNY s& tang toc cho dién tir. Khi
nhitng dién tir nay dap vao cac nguyén tur tinh thé ban dan tao ra thém cac cap dién
tr va 10 trong mai. Nhitng hat mang dién méi nay dugc goi 1a nhitng hat mang dién
thtr cap (secondary charge). Nhitng hat mang dién thir cap nay ban than n6 duogc
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tang tdc va tao ra nhiéu han mang dién tha cép khac. Qua trinh ctr tiép dién va s
luong hat mang dién dugc tao ra rat nhiéu. Qua trinh nay dugc goi la qua trinh nhan
thac 1a.

4.3. NHIEU TRONG BQ THU QUANG

Trong dac tinh ky thuat vé chat lugng nhidu cia bo thu quang, ngudi ta thuong str dung
ti sO tin hi¢u trén nh1eu SNR (signal-to-noise). Tin hiéu ¢ day 1a cong suit tin hiéu,
nhidu & day 1a cong suit nhidu, ca hai dai luong nay gia sir dong cuia chung cing chay
trén gia tri dién trd chuén. SNR ¢6 thé duoc biéu dién nhu sau:

E_ PSignaI

N P!\-‘oise (4.4)

4.3.1. Nhiéu né

Nhiéu nd duoc tao ra do thyc té 1a dong photon dugc tao ra bao gdm cac hat mang dién
dugc tao ra mot cach ngiu nhién theo thoi gian. Tinh théng ké cta qua trinh ngau nhién
nay tuan theo luat phan bd Poisson. Nhu vdy, khi cong suat quang dén bo thu 13 khong
d6i thi dong photo tao ra s& nhu sau:

I(t) = I, + i,(¢)

Véi Ip=RPin la dong trung binh va is(t) 1a thang giang vé dong do nhidu n6 giy ra. Vé
mit toan hoc, is(t) 12 qué trinh ngau nhién dirng tuan theo luat théng ké Poisson (thuong
duogc x4p xi bang luat thong ké Gauss). Ham tu twong quan cia is(t) va mat do phd cong
sudt Ss(f) quan hé véi nhau theo dinh 1y Weiner-Khinchin nhu sau:

(1,1, (€ + 1)) = f 5.(F) exp(i2nfo) df

Mat do phé cong sudt ctia nhidu nd Ss(f) 1a hang s6 va Ss(f) qlp Luu y rang, Ss(f) la
mot do phd cong suat 2 phia (bao gdm ca cac thanh phan tan s6 4m). Néu chi xét dén
cac thanh phan tan sé duong, mat do phd cong suit mot phia s& 1a 2qlp.

Thay =0 vao phuong trinh ta s& c6 phuong sai nhidu né dugc tinh theo cong thic sau:

o2 = (i2()) = f S.(f)df = 2aL,Af

Véi Af 1a bang tan nhiéu hiéu dung cua bd thu. Gia tri chinh xéac cia Af phu thudc vao
thiét ké cua bd thu.

Vi dong t6i Id ciing tao ra nhidu nd. Nén néu ta thay Ip bang Ip+Id thi phuong sai nhiéu
nd tong s& duoc tinh theo cdng thic sau:
of =2q(I, + I)Af (4.5)

Gia tri nay chinh 1a gi4 tri hiéu dung (rms) ciia dong nhiéu tao ra bai nhiéu nd.
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4.3.2. Nhiéu nhiét
Nhiéu nhiét sinh ra do chuyén dong nhiét ngau nhién ciia cac dién tir bén trong dién tro
tai gay nén su thang giang vé dong. Nhiéu nay con duoc goi la nhicu Nyquist hay nhicu
Johnson. Véi sy dong gop cua nhicu nhiét, phuong trinh dugc viét lai nhu sau:

I(t) = I, +i,(t) + ip(t)

V6i iT(t) 1a su thing giang vé dong do nhidu nhiét gay ra.Vé mit toan hoc, nhiéu nhiét
cling c6 thé duoc coi 1a mot qua trinh ngau nhién ding tuan theo luat phan bd Gauss voi
mat d6 pho khong phu thudc vao tan s6 f1én dén 1THz (gan giong nhiéu trang) va duoc

tinh theo cong thac sau:

STU] = ZkHTfRL
V6i kB 1a hiang s6 Bolzman, T 1a nhiét d6 tuyét ddi, RL 1a dién tro tai. Ciing gidng nhu
nhiéu n6, ST(f) 1a mat d6 phd hai phia. Ham ty twong quan cua iT(t) ciing dugc tinh
theo cdng thirc, néu ta thay is(t) trong cong thiec nay bing iT(t). Thay T=0 vao phuong
trinh ta s& c6 phwong sai nhiéu nhiét duoc tinh theo cong thirc sau:

ot =)= [ sinar = () ar

V6i Af la bang tﬁnNnhiéu hiéu dung cta bo thu. Luu y rang, khac véi phuong sai nhidu
no, phuong sai nhiéu nhiét khdng phu thugc vao dong trung binh Ip.

Phuong trinh méi chi tinh dén nhiéu nhiét tao ra trén dién tro tai. Mach thu, trong thuc
té con gom rat nhiéu phan tir dién khac. Cac thanh phan nay ciing gop phan tao ra nhiéu.
Dé don gian, ngudi ta dua thém vao cong thic, hé s6 nhidu khuéch dai, khi d6 dugc viét
lai nhu sau:

gz =

(4kﬁr

Rﬁ)ﬁﬂf

(4.6)
Vi is(t)va iT(t) 1a cac qua trinh ngdu nhién doc 1ap va déu co thé gan dung bing qua
trinh ngau nhién Gauss nén phuong sai nhiéu tong (bao gdm nhiu nd va nhiéu nhiét)

duogc tinh theo cong thirc sau:

4kgT
ﬁ=ﬂmﬁ=ag+ﬁ=zﬂ@+@ﬁﬂ%}2)y

4.7)

BAI TAP CHUONG 4

Cau 1: Cac dic tinh vé do dap ung va thoi gian dap tmg anh huong dén tinh ning cua

b thu quang nhu thé nao?

Cau 2: Trinh bay ciu tric clia cac phan tir thu quang Photodiode P-N.
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Cau 3: Trinh bay céu trac ciia cac phan tir thu quang Photodiode PIN va APD.

Cau 4: Hay so sanh dic tinh chuyén doi quang-dién cua cac Photodiode str dung trong

bd thu quang?
Cau 5: Nhiéu c6 tic dong nhu thé nao trong bo thu quang?
Cau 6: So sanh tac dong giira cac loai nhiéu nd va nhiéu nhiét.

Cau 7: Hay xac dinh cong suét nho nhit c6 thé phat hién dugc cua PIN diode, c6 R =
10hm va Ip =3nA.

Cau 8: Hay xé4c dinh cong suat nho nhét c6 thé phat hién dugc cua APD diode, c6 R =
0.50hm va Ip =2nA..

Cau 9: Hay xac dinh dong c6 thé phat hién duoc cua PIN diode, c6 R = 10hm va Pp
=10nW.

Cau 10: Cho Vér} tbe troi Vd=10° m/s, do rong W=200ps. Xac dinh thoi gian
vuot qua vung hiém.
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CHUONG 5
KHUYECH PAI QUANG

Trang bi cho sinh vién: Kién thirc co ban vé bo khuéch dai quang.

5.1. CAC KHAI NIEM CO BAN

5.1.1. Phd va d¢ rong bing tan khuéch dai quang

Phd d6 loi cia EDFA duoc trinh bay trong hinh 5.1 1a tinh chit quan trong nhat
ctia EDFA khi x4c dinh cac kénh tin hiéu dugc khuéch dai trong hé thong WDM. Hinh
dang cua phé) khuéch dai phu thudc vao ban chét cua soi quang, loai tap chét (Ge, Al)
va nong do tap chat duogc pha trong 1i ctia soi quang.

Hinh 5.1 cho théy phé do loi cua EDFA c6 161 pha Ge kha rdng. Tuy nhién, phé do loi
nay khong bang phang. Piéu ndy s& dan dén viéc hé s6 khuéch dai khac nhau dbi voi
c4c budc song khac nhau. Néu do loi cua cac kénh tin hiéu khdng dong nhat, nhat
la sau khi qua nhiéu taing EDFA, sai s do loi nay sé tich luy tuyén tinh dén mirc khi
t6i dau thu kénh budc song ¢ do 1oi cao lam cho dau vao may thu qué tai. Nguoc lai,
kénh tin hiéu c6 do6 loi nho thi ti sé SNR khong dat yéu cau. Sy 1am phang do loi 1a
c?ln thiét dé loai bo sy khuéch dai méo céc tin hiéu qua cac EDFA duong truyén ghép
tang.

m)

>
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un (diz/
(.

'
'3

Loss of

Cross sechon

Wavelength (um)

Hinh 5.1 Pho hap thu (absorption spectrum)
va phé d6 loi (gain spectrum) ciia EDFA ¢ 16i pha Ge.

Mot sb bién phap duoc str dung dé khéc phuc su khong bang phang caa phd d6 loi:
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+ Chon Iya cac budc s6ng c6 do loi gan bang nhau. WDM lam viéc & dai séng
bang C (1530 - 1565 nm). Trong dai budc song nay chon 40 budc song lam budc song
cong tac cia WDM. Cac budce song nay co do 1gi gan bang nhau

+ COng nghé can bang do loi: ding bd can bang (equalizer) hap thu b6t cdng
sudt & budc song c6 do loi 16n va bo khuéch dai dé ting cong sut cia budc song co
do loi nho.

+ Thay d6i thanh phan tron trong soi quang: ding soi quang tron thém nhom,
photpho nhém hay flo cung voi erbium s€ tao nén bo khuéch dai c6 bang tan dugec mo
rong va pho khuéch dai bang phang hon.

Ngoai ra, pho do loi cua EDFA con phy thudc vao chiéu dai cia soi EDF. Ly do la
Vi trang thai nghich dao ndéng do thay doi doc theo chiéu dai cta soi quang khi cong
suat bom thay doi.

Bo khuéch dai EDFA hoat dong ¢ bang C (1530-1565 nm). Tuy nhién, do loi cta soi
pha tap ¢6 dudi trai rong dén khoang 1605 nm. Piéu nay kich thich su phat trién cua
cac hé thong hoat dong & bang L tir 1565 dén 1625 nm. Nguyén ly hoat dong cua
EDFA bang L giéng nhu EDFA bang C. Tuy nhién, c6 su khac nhau trong viéc thiét
ké EDFA cho biang C va bang L. Cac phan tir bén trong bo khuéch dai quang nhu bd
cach ly (isolator) va bd ghép (coupler) phu thudc vao budc song nén chung s€ khac
nhau trong bang C va bang L. Sy so sanh cic tinh chat cia EDFA trong bang C va bang
L duoc thé hién trong bang 5.1.

Béng 5.1. Bang so sainh EDFA hoat dong trong bang C va bang L

Tinh chat Bang C Bang L
D6 loi Pho d6 loi Cao hon Nho hon khoang 3 lan
hiéu ASE e 2 3 2
Nhicu AS It bang phang hon Béang phang hon
Thap hon Cao hon
Optical "Bulktype WDM | Optical ' Bulktype WDM  Bulk-type WDM ' Optical
[solator Coupler Isolator : Coupler Coupler Isolator
— >
{5+ >} ES
Signal | | | Signal
In | | | Out
| | |
| 098 pm | I I [ 1.48um]| |.48 pm
| ip | Er**-Doped I 1p |Er*-Doped LD
| Fiber | ' Fiber ‘
" First \—m— Unit Second ‘\]—X]p: Unit

Hinh 5.2 Céu hinh cia mot bd khuéch bing L 1am bang phang do loi
trong khoang budc séng 1570nm - 1610nm véi thiét ké hai tang
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Hinh 5.2 trinh bay céu triic ciia mot bd khuéch dai bing L 1am béng phéng d6 loi trong
khoang budc séng 1570nm - 1610nm véi thiét ké hai tang [3]- Tang dau tién dugc bom
0 bude song 980nm va hoat dong nhu mot b6 EDFA truyén théng (soi quang dai 20 -
30nm) c6 khaning cung cap do loi trong khoang budc séng 1530 - 1570 nm. Nguoc lai,
tang thir hai c6 soi quang dai 200m va dugc bom hai chiéu sir dung laser 1430nm. Mot
b0 isolator duoc dat gitra hai tang nay cho phep nhiéu ASE truyen tir tang thir 1 sang
tang thir 2 nhung ngan ASE truyen nguoc ve tang thir nhat. Vi céu tric ndi tiép nhu
vay, khuéch dai hai ting c6 thé cung cip d6 loi phang trén mot ving bing thong rong
trong khi van duy tri mirc nhiéu thép.

5.1.2. Nhiéu trong b khuéch dai quang
Gidng nhu cac bo khuéch dai dién, cac bo khuéch dai quang déu tao ra nhiu. Ngudn
nhiéu chinh trong cac bo khuéch dai quang la do phéat xa tu phat. Vi su phat xa tu phat
1a cac sy kién ngau nhién, pha cua cac photon phat xa ty phét ciing ngau nhién. Néu
photon phat xa tu phat c6 hudng gan vdi hudng truyén ciia cic photon tin hiéu, chung
s& twong tac vai cac photon tin hiéu gdy nén sy dao dong vé pha va bién do. Bén canh
do, nang luong do phat xa tu phét tao ra cling s€ dugc khuéch dai khi chung truyén qua
bo khuéch dai vé phia ngd ra. Do d9, tai ngd ra cua b khuéch dai cong suat quang thu
duoc Pout bao gé)m ca cong suét tin hiéu duoc khuéch dai va cong suét nhiéu phat xa tu
phat dugc khuéch dai ASE (Amplified Spontaneous Emission).

Pout = G.Pin + Pase (5 1)
Anh huong cua nhidu d6i v6i bo khuech quang dugc biéu dién boi hé sé nhiéu NF
(NOISe Figure), md ta sy suy giam ty sb tin hi¢u trén nhiéu SNR (Signal to Noise Ratio)
do nhiéu cua bo khuéch dai thém vao. Hé sd NF duoc cho boi cong thirc sau:

NF — SNR,,
SNRout (5.2)

Trong d6, SNRin, SNRout 14 ty sd tin hidu trén nhidu tai ngd vao va ngd ra ciia bd
khuéch dai.

Hé s6 nhidu NF cta bo khuéch dai cang nho thi cang tét. Gia tri nho nhat cua NF ¢d
thé dat duoc 1a 3dB. Nhiing b khuéch dai thoa man hé sé nhiéu tbi thiéu nay dugc
goi la dang hoat dong ¢ gioi han lugng tur.

Ngoai bon théng sb ky thuat chlnh dugc néu & trén, cac bd khuéch dai quang con
duoc danh gia dya trén cac thong sb sau:

+ D0 nhay phan cuc (Polarization sensitivity) la sy phu thudc cia do lgi cia bd
khuéch dai vao phan cyc cua tin hi¢u.

+ Anh hudng cua nhiét do ddi véi do6 loi va bang thong do loi.

+ Xuyén nhiéu (crosstalk).
5.1.3. Ung dung ciia b khuéch dai quang
Khuéch dai quang duogc ung dung trong cac cac hé thong truyén dan quang nhu cac bo
khuéch dai nhim lam ting cong suét cua tin hiéu quang trén duong truyén, khic phuc

suy hao do s¢i quang va cac moi han, ndi xay ra trén duong truyén. Tuy theo vi tri 1ap
dat, cac bo khuéch dai trén tuyen truyen dan quang dugc chia lam ba loai:
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