EE16.468/16.568 Optical Amplifier Lecture 6

Topics:

e Introduction to Optical Amplifier — types and applications
 Erbium-doped fiber amplifier (EDFA)
 External pumping and amplifier gain

« Power-conversion efficiency and gain profile



EE16.468/16.568 Optical Amplifier Lecture 6

Some basic concepts

e Power in dBm

P(dBm) = 1Olog[P((mW))

],

« Examples:

P=1(mW)=10 log[z(rTVV\y))](dBm) =0(dBm),

P =2(mW)=3(dBm), P =10(mW)=10(dBm), P =1(;V)=—30(dBm),

 Noise figure (NF): SNR degradation

NF | . (S / N )lnput
near (S / N )output
S/N)

NF |,.=10log (5/N ) =10109(S / N )., —10109(S / N ) o0

(S /N )output
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Introduction to optical amplifier
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Applications:
e in-line amplifier
* input —25 to -20dBm dBm
e output ~ 0 to 5dBm
e Gain ~ 20dB
* Noise figure <4dB

* Preamplifier
* input —35 to -30dBm dBm

e output ~ -15 to -10dBm
» Gain ~ 20dB, Noise figure <5dB

e Power (booster) amplifier

e input -5 to -0dBm dBm
e output ~ 10 to 20dBm
» Gain ~ 15dB, Noise figure <4dB

 LAN-booster

* input -25 to -20dBm dBm
e output ~ 5 to 15dBm
» Gain ~ 30dBm, Noise figure <4dB
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Types of Optical Amplifiers
 Erbium doped fiber amplifier

« Raman amplifier
« Semiconductor amplifier

Fiber-to-amplifier
/ it s, | ‘ I l  Erbium doped fiber amplifier
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Fiber nonlinearity
Filter Filter needed
s // W
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Fiber coupler
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Erbium doped fiber amplifier
 Optical pumping, 980nm or 1480nm laser
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Amplifier architecture

External
control
Detector
980 pump EDF
/ Output

)
WDM 5%Tap
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Er-doped Glass Pump Bands

ABSORPTION AND EMISSION SPECTRA
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Spectral Gain Dependence on

Pump Wavelength
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Optical Gain versus Pump Povyer
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Spectral Gain versus Pump Power

EDFA Gain:
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Power conversion efficiency

lp
I:)s,out = I:)s,in T I:)p in?
Ps out Ps in Ps out A
PCE =— Ny S < P :
p,in Ps,in ﬂ‘s
P < (/?‘p //ls)Pp,in
s,in G_1 1

Consider an EDFA being pumped at 980nm with a 30-mW pump. If the gain at 1550nm is
20dB, then what’s the maximum input power?

(/1 //IS)P in
p <P PP =1904W =—7.2dBm,

s,in
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Einstein’s A and B coefficients

Assuming a two-level system:
Spontaneous emission rate:

2 N,
Rsp = A21N2’
1 N, Stimulated emission rate:
Ry = BxN,P(hv),
Absorption rate:
R = BN, P(hv),
Steady state:
Rsb = Rst + Rsp

A21N2 + BZJ_NZP(h V) = Bllep(h V) A21N2 = BlZNlp(h V) - 821N2P(h V)
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Einstein’s A and B coefficients

Assuming a two-level system:

E-& E-E
2 N, A21N1e kT =N2P(hv)dV[Blze kT _821j

8zhv®  dv
3 el _q

1 Ny P(hv)dv =

E,—E E,—E 3 E.—E
BB B & gy, dv BB
AZlNle T = Nle T o3 pholkT _l(Blze T - leJ
le - BlZ
8zhv?
A21 = BlZ —3d
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Photon energy density

Assuming a blackbody cavity:
mz

sink L, =0 k, =+—
LX

L, L, L

X y z

Volume of each mode at k-space
L, L, L

Volume between k to k+dk

2 x 47k *dk

# of modes between k to k+dk

87k’dk  8k’dk

[27z 27 27zJ (2

L L, L,

Vv

Lecture 6
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Photon energy density

# of modes between k to k+dk per volume

87k *dk
(2z)
_ 2w 27V
E and k relation K=—=
A C

# of modes between v to v+dv per volume

dv

87 (27zvj2 2 8V

d =
2z ¢c ) c s

Photon energy density for hv:

(87zv2 dvjhv N _8zhv’  dv

3 hoton/mode 3 hv/kT
C P ¢’ e -1

Lecture 6

dv

P(hv)dv =

/KT _q
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Photon energy density

3
P(hv)dv = S”th hv/ckly - For blackbody
c° e =
le — BlZ
. Einstein’s A and B coefficients for Blackbody
8hv
A21 — BlZ —3dV
C
le — BlZ

Einstein’s A and B coefficients for general cases

A21 — Blz N modehv
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For a two-level amplifier

N(2) 5
dN
dZm = (Nz ~ Nl)Pm(hV)dVle + AN, |Nm’
A21 = I\Imode821hV’ P(hV)dV = |\|modthNm

Assuming only one mode

ddNZm — (N, = N,)B,hvN_ +B,,N,hv,

(N, =N)Ng, +N,

Lecture 6
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Noise Power
dN
mN - 821hV(N2 - Nl)d21
N_+ .
(Nz o Nl)
dN, B,.hv(N, — N,)dz ng, = N, IS the spontaneous factor
Nptng 0 T N =N |

In(Nm + nsp) |I6: BZth(NZ o Nl)L’

N, (L)+ng, -
N,(©)+n,

e =G,

Nm(L) - Nm(O)G + nsp (G _1)’

Pase =Ny, (G —D)hv, Power spectral density
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Optical Amplifier

Amplified spontaneous noise
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Noise Power spectral density:

S(v) = (G -1)ny,hv,

Total ASE power:
Puse = S(V)AvV = (G -1)ng hvAy,

Total power:

= GPs,in

P=P

sigha

I + I:)ASE + SASEAV’



EE16.468/16.568 Optical Amplifier Lecture 6

Total amplifier gain

P g 1 dP,. (2)
G = s,out _ eXp[(l-*g —CZ) L], g(Z) _ 0 _ 5,in |
I:)S,in sm(z)/ s,sat Ps,in(z) dZ
R (@) | Pin(2) P —P P G
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Amplifier Example

For an optical amplifier, when the input signal is 2.0mW, the output signal is 40mW. When the

input is —28dBm, the output power is -10dBm. What’s the maximum power can be extracted
from the amplifier?

Solution:

P —P.
G, =18dB =63=exp(g,L), InG=InG, + > T

s,sat

40-2

g,L=4.14, InG= In(4—20) =InG, +
s,sat

P

s, sat

=33.2mW /cm?,

I:)max — gO LPS

,sat !
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Recelver noise

Total photo-detector current:

-total oC (E + E ) P P | + F)ASE _GP +SASEAV

signa s,in

=2 2 2 2 2 2
<|total,noise> - GT + O-shot—S + Gshot—ASE + O-S—ASE + O-ASE—ASE !

. AKT

o7 = , R is the resistance of the detector load resistor.

‘R

ol e = 4R°P.n_hvG(G -1)B_,

in sp

ol .« =2eRGP, B

in"—"e’

(Ej _ Iih . SRI:)s,in G S _ ERPs,in
N out ir?oise 2eBe 1+2nsp (G _1)’ W in - 2689 ,
_(S/N),, 1+2n,(G-1) o
(S/N),, G Sp’

Lecture 6
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Recelver noise

Total photo-detector current:

-80 - 30
-100 —
g
o -120-
v 72
% Z
S £ I . o
Z 140 .7 ‘ ,’ total noise
e - - -~ s-sp noise - 10
a0 shot noise
1604 & == Sp-spnoise |- §
160 ¢ - = = thermal noise
-+=- SNR
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Gain and Noise Figure

Total photo-detector current:

15 m fiber
1480 nm pump

8 m fiber
980 nm pump

Noise figure (dB)

I | ! I 1 I
0 5 10 15 20 25

Gain (dB)
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Amplifier System Noise figure (NF)

External
control
Detector
980 pump EDF
—- /_> Output
Input 5% Tap

WDM

|\”:total (dB) - I\”:OAP (dB) + I—OSSinput (dB),



