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Global telecommunications relies on optical fiber. 

Although optical fiber is an excellent transmission medium (lower 

loss and larger bandwidth compared to coaxial cable, for example), it 

is not perfect. 
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Impact of attenuation 

3 

Consider a fiber with an attenuation factor of 0.25 dB/km: 

A light signal that is traveling along an optical fiber over a long 

distance suffers marked attenuation.  
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Optical Signal Regeneration 

4 

 It is necessary to re-amplify and reshape the pulses at regular 

intervals using regeneration: 

 Advantages: 

Clock recovery 

Pulse reshaping 

Disadvantages: 

O/E & E/O conversion needed 

Bit rate is “locked in” – no upgrades 

Single wavelength only 

It becomes necessary to regenerate the light signal at regular intervals 

for long-haul communications over several thousand kilometers.  

Regenerate signal by Optical-Electrical-Optical. 
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Optical Amplification 

5 

Instead of regenerating the optical signal by photodetection, 

conversion to an electrical signal, amplification, and then 

conversion back from electrical to light energy by a laser diode, it 

becomes practical to amplify the signal directly by using an optical 

amplifier. 

Amplify optical signal directly  => optical amplifier 

One practical optical amplifier is based on the erbium (Er3+ ion)-

doped fiber amplifier (EDFA).  
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Absorption 

6 

An electron in an atom can be excited from an energy level 𝐸1 

(ground state) to a higher energy level 𝐸2 by the absorption of a 

photon of energy ℎ𝑣 = 𝐸2 − 𝐸1.  

The energy now acquired by the electron is  ℎ𝑣 = 𝐸2 − 𝐸1.     

E1 

E2 

Electron 

E2 

Initial state 
E1 

Incoming 

photon 
𝒉𝒗   

Excited electron 

final state  

E1 

E2 

When an electron at a higher energy level transits down in energy 

to an unoccupied energy level, it emits a photon.  

There are two possibilities for the emission process: 

1. Spontaneous emission, or  

2. Stimulated emission. 
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Spontaneous Emission 

7 

In spontaneous emission, the electron can undergo the downward 

transition from level 𝐸2 to 𝐸1 by itself quite spontaneously. 

The emitted photon has: 

– energy ℎ𝑣 = 𝐸2 − 𝐸1. 

– a random direction.  

The transition is spontaneous provided that the state with energy 𝐸1 

is empty.  

E1 

E2 E2 

Initial state 
E1 

ℎ𝑣   

Photon 
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Stimulated Emission 

8 

Basis for photon amplification since one incoming photon results in 

two outgoing photons which are in phase.  

How does one achieve a practical light amplifying device based on 

this phenomenon? 

In stimulated emission, an incoming photon of energy ℎ𝜈 = 𝐸2
− 𝐸1  stimulates the whole emission process by inducing the 

electron at 𝐸2 to transit down to 𝐸1.  

The two photons are: 

– have the same energy, i.e., ℎ𝜈 = 𝐸2 − 𝐸1 

– are in phase,  

– are in the same direction, and  

– have the same polarization.  

Requirement:   <0                 Light amplification:  I(x) = I0exp(-x) 

E1 

E2 

Coherent light 

E1 

E2 

𝒉𝒗   𝒉𝒗   

𝒉𝒗   

𝒉𝒗   

But before the occurrence of this spontaneous emission   process, 

if external stimulation (photon) is used to strike the excited atom 

then, it will stimulate the electron to return to the lower state 

level.  

By doing so it releases its energy as a new photon. The generated 

photon(s) is in phase and have the same frequency as the incident 

photon. 

The result is generation of a coherent light composed of two or 

more photons.  

In quantum mechanic – Two process: Absorption and Stimulated 

emission 

1. it can be induced to do so by another 
photon. 
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Population Inversion 

9 

To obtain stimulated emission, the incoming photon should not be 

absorbed by another atom at 𝐸1.  

We must therefore have the majority of the atoms at the energy 

level 𝐸2. If this were not the case, the incoming photons would be 

absorbed by the atoms at 𝐸1.  

When there are more atoms at 𝐸2 than at 𝐸1, we have what is 

called a population inversion.  

Under normal equilibrium conditions, as a result of Boltzmann 

statistics, most of the atoms would be at 𝐸1, and very few at 𝐸2.  

We therefore need to excite the atoms, cause population inversion, 

to obtain stimulated emission.  

Two energy levels is not enough to create population inversion!! 

Since in the steady state, the incoming photon flux will cause as 

many upward excitations as downward stimulated emissions.  

We need at least 3 energy levels!!! 

It should be apparent that with only 2 energy levels, we 

can never achieve population at 𝐸2 greater than that at 𝐸1 

because, in the steady state, the incoming photon flux will 

cause as many upward excitations as downward stimulated 

emissions.  

Fig. 26.2 (a) A larger number of atoms in the 
lower state 
result in the attenuation of the beam. (b) A 
larger 
number of atoms in the upper state (which is 
known as population inversion) result in the 
amplification of the beam. 
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Absorption Cross Section 

10 

Total optical power absorbed per unit volume   

=  Light intensity × Absorption cross section of ion  

           × Number of ions per unit volume 

      =  IsabN1  

s 



 1ab N

xI

I

For the collection of 𝑁1 ions per 

unit volume, the total power 

absorbed per unit volume is 

𝐼𝜎𝑎𝑏𝑁1. 

Consider a small volume 𝐴∆𝑥  of the 

medium, where 𝐴 is the cross-sectional area 

and the radiation propagates along 𝑥.  

The total optical power ∆𝑃𝑜 absorbed in this volume is then 

∆𝑃𝑜 = (𝐼𝜎𝑎𝑏𝑁1)(𝐴∆𝑥) 

Suppose that ∆𝐼 is the change (negative if absorption) in the intensity of 

the propagating radiation over the distance ∆𝑥. Then 

where the left-hand side is the 

fractional change in the light 

intensity per unit distance, and 

therefore represents 𝛼 , the 

absorption coefficient of the 

medium, due to the absorption of 

radiation by ions at 𝐸1 , which 

reach 𝐸2 . Clearly, 𝛼 = 𝜎𝑎𝑏𝑁1 . 

We could have easily used the 

latter as the definition of sab and 

derived Eq. (4.2.13) instead. 

fractional change in the light intensity per unit 

distance, and therefore represents 𝛼, the 

absorption coefficient of the medium 
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Emission Cross Section 

11 

Stimulated optical power emitted by an ion per unit 

volume    

=  Light intensity × Emission cross section of ion 

   × Number of ions per unit volume 

 =  IsemN2     

2em N
x

s




I

I

The stimulated emission case is similar.  

We can define an emission cross-section 

𝝈em  such that if an incident photon 

crosses the area 𝝈em, it stimulates the ion 

to emit a photon as shown in Figure.  

As the radiation propagates along 𝑥 , its intensity I increases due to 

stimulated emissions from 𝐸2 to 𝐸1.  

Since only ions at 𝐸2 with a concentration 𝑁2 can be stimulated to emit, 

the fractional increase in the intensity per unit distance is 

Irradiance is power per unit area.  
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Optical Gain Coefficient 

12 

net














xI

I
g

g = semN2  sabN1  

g() = sem()N2  sab()N1  

G = exp(gL) Optical gain is 

Definition 

Gain coefficient 𝒈 of the medium: the net 

fractional increase in the intensity I  per 

unit distance, so that, in the presence of 

stimulated emission and absorption  

In many practical cases, the two energy levels are actually two manifolds 

of energies, that is, each manifold consists of narrowly spaced sublevels, 

as illustrated in the figure. For manifolds energy levels, we can consider other photon energies 

besides ℎ𝑣𝑜, and hence consider 𝜎𝑎𝑏 and 𝜎𝑒𝑚 at other frequencies 

(wavelengths).  

When the net gain in Eq. (4.2.18) 

is zero, the medium becomes 

transparent to the incoming 

radiation, which is neither 

absorbed nor amplified. The 

transparency condition is 

 

To find the overall optical power 

(or intensity) gain 𝐺 through a 

medium that has been pumped or 

excited, we need to integrate Eq. 

(4.2.17) along the length of the 

medium, from 𝑥 = 0 to 𝑥 = 𝐿. 

If 𝑁2 and 𝑁1 remain the same 

over 𝐿 and hence 𝒈 is constant 

along 𝐿, then 𝐺 = 𝐼(𝐿)/𝐼(0) is 

given by 
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Light Amplification by Er3+ ion in 

the Glass Fiber 

13 

Thus, the energies of the Er3+ ion in the glass actually fall into manifolds of 

energy levels, which are shown as 1, 2, and 3.  

The Er3+ ions are optically pumped, usually from a laser diode, to excite them 

from the ground energy manifold 1 to 3.  

The wavelength for this pumping is about 980 nm.  

 

Dashed arrows indicate 

radiationless transitions 

(energy emission by 

lattice vibrations in the 

form of  phonons). 

(a) Energy diagram for the Er3+ ion in the glass fiber medium and light amplification by 

stimulated emission from E2 to E1. (Features are highly exaggerated.) Dashed arrows 

indicate radiationless transitions (energy emission by lattice vibrations). The pump is a 980 

nm laser diode (b) EDFA can also be pumped with a 1480 nm laser diode.  

Medium causes Stark Effect in silica-aluminate(SiO3-Al2O3) or silica-germania (SiO3-

GeO2) 

Energy bands occurs: 

E1-E0 (30-40meV) population ratio 1 to 4. E3 is narrow. E2 is long-lived energy 

level (10ms) 

Energy diagram for the Er3+ ion in the 

glass fiber medium and light amplification 

by Stimulated emission from E2 to E1. 

 

Dashed arrows indicate radiationless 

transitions (energy emission by lattice 

vibrations). 

A common type of an optical 

amplifier is an erbium ion (Er+𝟑) 

doped fiber amplifier (EDFA) 

Er3+ ion implanted in the host 

glass material is a 3-level system 

(actually mimics a pseudo 4-

level system). 

Medium causes Stark Effect: 

energy levels become bands due 

to doped (not pure) material. 

𝝉~𝟏 μS  

Stark splitting: Energy levels become bands due to doped (not pure) material. 

Allows optical amplification of ≈ 40 nm of wavelength band. 
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14 

Signal photons around 1550 nm have an energy of 0.80 eV, or 𝐸2 − 𝐸1, and give 

rise to stimulated transitions of Er3+ ions from 𝐸2 to 𝐸1.  

Without pumping, Er3+ ions at 𝐸1 that will absorb the incoming 1550 nm photons 

and reach 𝐸2.  

To achieve light amplification we must therefore have stimulated emission 

exceeding absorption. This is only possible if there are more Er3+ ions at 𝐸2 than 

at 𝐸1; i.e., population inversion. 

The Er3+ ions then rapidly (∼ 1 

μs) and nonradiatively decay 

(by the emission of phonons) 

from 𝐸3 to a long-lived (∼ 10 

ms) energy level 𝐸2.  

Thus, more and more Er3+ ions 

accumulate at 𝐸2 ⟹ leads to a 

population inversion between 

𝐸2 and 𝐸1. 

 

Light Amplification by Er3+ ion in 

the Glass Fiber 

𝝉~𝟏 μS  
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15 

The Er3+ ions decays rapidly by emitting phonons to 𝐸2, and then 

by stimulated emission down to 𝐸1.  

Pumping at 980 nm is more efficient than pumping at 1480 nm. 

since it produces less noise and achieves larger population 

inversions than pumping at 1480 nm 

 

Light Amplification by Er3+ ion in 

the Glass Fiber 
In addition, pumping at 980 nm 

is preferred,  since it produces 

less noise and achieves larger 

population inversions than 

pumping at 1480 nm 

It is also possible to pump the 

Er3+ ions to the top of the 

manifold 2.  

The top of manifold 2 now acts 

like a 𝐸3-level, and is labeled 𝐸3
′ .  

The pump wavelength is 1480 

nm.  
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EDFAs (LambdaDriver®-Optical Amplifier 
Modules) with low noise figure and flat gain 
(to within ±1 dB) for use in DWDM over 1528 
- 1563 nm. These amplifiers can be used for 
booster, in-line and preamplifier applications. 
(Courtesy of MRV Communications, Inc) 

EDFA (Strand Mounted Optical 
Amplifier, Prisma 1550) for optical 
amplification at 1550 nm. This 
model can be used underground to 
extend the reach of networks; and 
operates over -40 C to +65 C. The 
output can be as high as 24 dBm 
(Courtesy of Cisco). 

Erbium Doped Fiber Amplifier 

16 
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Erbium Doped Fiber Amplifier 

17 

An EDFA:- consists of a silica fiber doped by Erbium ions (𝐸𝑟3+). 

Erbium has 𝐸2  −  𝐸1  ≈  1530 nm (in the 1550-nm low-loss window). 

Pump laser at 1480 nm or 980 nm (moving up to 𝐸3 with short lifetimes in falling back to 𝐸2) 

 

Input 

Output 

980 nm 

signal 

1550 nm 

data signal 

P
o

w
e

r 
le

v
e

l   

980 nm 

signal 

1550 nm 

data signal 

P
o

w
e

r 
le

v
e

l  Based on Er+-doped fibers 

 Erbium well-suited for 3rd optical window around 1550 nm 

 Erbium leads to very efficient amplifier design 

 Traveling-Wave Laser amplifier 

 Pump Laser needed for energy supply (980 nm, 1480 nm) 

Pump Laser Diode 

Er+-Fiber 

Frequency 

P
o

w
er

 

Frequency 

P
o

w
er

 

Input Spectrum Output Spectrum 

EDFAs have revolutionized optical 
communications 
 
All optical and fiber compatible 
 
Wide bandwidth-20-70 nm 
 
High Gain, 20-40 dB 
 
High Power output >200 mW 
 
Bit rate, modulation format, power and  
wavelength insensitive 
 
Low distortion and low noise (NF<5dB) 
 
Low coupling loss 

A simplified schematic illustration of an EDFA (optical amplifier). The erbium-

ion doped fiber is pumped by feeding the light from a laser pump diode, through 

a coupler, into the erbium ion doped fiber 

• An optical amplifier is 

basically a laser without 

feedback 
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18 

Erbium (Er3+ ion)-doped fiber amplifier (EDFA).  

The core region of an optical fiber is doped with Er3+ ions.  

The host fiber core material is a glass based on silica-aluminate 

(SiO3-Al2O3) or silica-germania (SiO3-GeO2), or both.  

It is fused to a single-mode long-distance optical fiber by 

splicing. 

It is pumped from a laser diode through a coupling fiber 

arrangement which allows only the pumping wavelength to be 

coupled; it is a wavelength-selective coupler.  

Optical isolators at the entry and exit end of the amplifier:  

allow only the optical signals at 1550 nm to pass in one direction  

prevent the 980 pump light from propagating back or forward into the 

communication system. 

A photodetector system coupled to monitor the pump power or the 

EDFA output power (not shown).  

Some of the Er3+ ions at 𝐸2 will decay spontaneously from 

𝐸2 to 𝐸1, which will give rise to unwanted noise in the 

amplified light signal. 

Further, if the EDFA is not pumped at any time, it will act as 

an attenuator as the 1550 nm photons will be absorbed by 

Er3+ ions, which will become excited from the ground 

energy manifold 1 to the 𝐸2-manifold.  

In returning back to ground energy by spontaneous emission, 

they will emit 1550 nm photons randomly, which generates 

noise in the optical link.  

Erbium Doped Fiber Amplifier 

One practical optical amplifier is based on the erbium (Er3+ 

ion)-doped fiber amplifier (EDFA).  

The core region of an optical fiber is doped with Er3+ ions.  

The host fiber core material is a glass based on silica-

aluminate (SiO3-Al2O3) or silica-germania (SiO3-GeO2), 

or both.  

It is easily fused to a single-mode long-distance optical 

fiber by a technique called splicing. 
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Erbium Doped Fiber Amplifier 

19 

(a) Typical absorption and emission cross sections, sab and sem respectively, for Er3+ in a 

silica glass fiber doped with alumina (SiO2-Al2O3). (Cross section values for the plots were 

extracted from B. Pedersen et al, J. Light. Wave Technol. 9, 1105, 1991.) (b) The spectral 

characteristics of gain, G in dB, for a typical commercial EDF, available from Fibercore as 

IsoGainTM fiber.Forward pumped at 115 mW and at 977 nm. The insertion losses are 0.45 

dB for the isolator, 0.9 dB for the pump coupler and splices. 

Typical absorption and emission cross 

sections, sab and sem respectively, for Er3+ 

in a silica glass fiber doped with alumina 

(SiO2-Al2O3).  

g() = sem()N2  sab()N1  

Under strong pumping, 𝑁2 ≫ 𝑁1: 

𝑔 𝜆 ≈ 𝜎𝑒𝑚 𝜆 𝑁2 ≈ 𝜎𝑒𝑚 𝜆 𝑁0  

where 𝑁0 is the Er3+ concentration in the core of the fiber.  

The absolute maximum gain with nearly full inversion would be  

𝐺 = exp(𝜎𝑒𝑚𝑁0𝐿) 

Thus, 𝜎𝑒𝑚 vs. 𝜆 also represents the spectral dependence of the gain 

coefficient under strong pumping. 

Under strong pumping, there will be 

more Er3+ in the 𝐸2-manifold than 

in the 𝐸1 -manifold, the emission 

term 𝜎𝑒𝑚𝑁2  will dominate over 

𝜎𝑎𝑏𝑁1(𝑁2 ≫ 𝑁1). 

• The spectral shapes of 𝜎𝑎𝑏  and 

𝜎𝑒𝑚 in Figure 4.8 (a) depend on 

the host glass composition and 

vary significantly between host 

glasses. It is possible to broaden 

the bandwidth of the gain curve 

(i.e., 𝜎𝑒𝑚 vs. 𝜆) by appropriately 

choosing the glass composition.  

depend on the host 

glass composition 
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20 

The spectral characteristics of gain, G in dB, for a typical commercial EDF, available from 

Fibercore as IsoGainTM fiber. Forward pumped at 115 mW and at 977 nm.  

High gain over a wide spectral bandwidth. 

The gain spectrum is not “flat”; there is a peak around 1530 nm.  

The gain is normally flattened to obtain uniform gain over the band 

of wavelengths used in multi channel communications. 

EDFA Gain Spectrum 

The figure shows typical spectral 

characteristics of gain, 𝐺 in dB, 

for a commercial erbium-doped 

fiber that has been pumped with 

a laser diode at 980 nm with 115 

mW.  

� Erbium can provide about 40-50 nm of 
bandwidth, from 1520 to 1570 nm 
� Gain spectrum depends on the glass used, 
eg. silica or zblan glass 
� Gain spectrum is not flat, significant gain 
variations (basically because of 
different population levels in different bands). 

𝐺 = exp(𝜎𝑒𝑚𝑁0𝐿) 
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EDFA Gain-Flattening 

21 
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(a) The gain spectrum of one type of commercial gain flattened EDFA. 

The gain variation is very small over the spectrum, but the gain 

decreases as the input power increases due to saturation effects (Note, 

the corresponding power levels are 0.031, 0.13 and 0.32 mW).  

(b) Schematic illustration of gain equalization by using long fiber Bragg 

grating filters in series that attenuate the high gain regions to equalize the 

gain over the spectrum. (An idealized example.) 

EDFA Gain-Flattening 

22 
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EDFA Configurations 
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Codirectional/Forward Pumping 

24 

The pump light is feed at A. 

The pump light and the signal travel in the same direction. 

lower noise but lower output power  
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Counterdirectional/backward pumping 

25 

The pump light is feed at B, in which the pump light propagates in 

the opposite direction to the signal.  

higher output power but higher noise 
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Bidirectional/Dual Pumping 

26 

In bidirectional pumping, also called dual pumping, there are two 

pump diodes coupled to the EDF at A and B as shown in the figure. 

Population inversion relatively uniform along amplifier length. 
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EDFA Applications 
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28 

The EDFA is placed after the transmitter to boost the signal power 

fed into the optical network.  

Quite often the signal from a transmitter needs to be boosted if the 

signal is to be split into 𝑁 channels through an optical splitter.  

Booster EDFAs are designed so that the output signal does not 

easily saturate for large input signals.  

 

Power Booster  

Star coupler: splits into N fibres; has insertion 
and splitting loss 

Application 4: As booster amplifiers in 
distribution networks (e.g. local access) 
to compensate for losses in a fibre splitter: 

 Important that the amplifier is not saturated 
by the transmitter 
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The EDFA is placed within the optical transmission link, where the 
signal has become weak and needs to be amplified.  

The in-line EDFA should have a large gain and add very little noise 
into the fiber.  

 

In-line Amplifier 

Optical amplifiers boost the 
signal at regular intervals (e.g. 
between 30 km to 80 km) to 
make sure power level in link 
does not drop below the 
required receiver sensitivity 
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30 

Optical amplifier is placed immediately before the optical receiver 

in order to improve sensitivity. 

At this point the signal is weak, so good gain is required, but even 

more important is the fact that the amplifier must not add a lot of 

noise, so a low noise figure is required (typically less than 5 dB). 

 

Preamplifier 
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EDFA Gain vs Launched Pump Power  

31 

As more pump power is fed into the core of the EDFA, 𝑁2 increases and 

𝑁1 decreases given that 𝑁1 + 𝑁2 = 𝑁0, the Er3+ concentration in the fiber. 

The gain of an EDFA depends on the launched pump power from the 

pump diode.   

From the figure, as expected, 𝐺  first increases sharply with 𝑃𝑝.  

At high pump powers, further increases in 𝑁2 and hence 𝐺 become 

constrained due to the diminishing population 𝑁1 with increasing pump 

power.  

Typical characteristics of EDFA small signal 

gain in dB vs launched pump power for two 

different types of fibers pumped at 980 nm. 

The fibers have different core compositions 

and core diameter, and different lengths (L1 

= 19.9 m, and L2 = 13.6 m) 

The gain 𝐺 shown in Figure 4.12 (a) is for small 

signals, that is, for signal optical powers that do 

not themselves significantly depopulate 𝑁2  by 

encouraging stimulated emissions, and hence 

decrease 𝐺.  

g= semN2  sabN1  
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Gain as a function of length of EDF 

32 

Initially 𝐺 increases with 𝐿 but then drops with 𝐿 for long fiber lengths. i.e., there 

is an optimum fiber length or pump length that maximizes the gain at a given 

launched pump power.  

Beyond this optimum length, the pump power in the core decreases with length 

so much that the gain disappears and the fiber attenuates the signal, which is 

highly undesirable. 

Thus, it is important to design the EDFA with a length that is not longer than the 

optimum length.  

The optimum fiber length is longer for higher launched pump powers. 

 

Typical dependence of small signal gain G on the fiber length L at different launched 

pump powers. There is an optimum fiber length Lp. (Figures were constructed by using 

typical data from C.R. Jiles et al, IEEE Photon. Technol. Letts. 3, 363, 1991 and C.R. 

Jiles et al, J. Light Wave Technol. 9, 271, 1991) 

G = exp(gL) 
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EDFA Pump Length 

33 

The absorbed pump power is primarily taken by those excited ions 
that have spontaneously decayed from 𝐸2 to 𝐸1, because these have 
to be pumped back up to 𝐸3 and hence 𝐸2.  

This equation essentially determines the maximum fiber length 

allowed for a given amount of pumping.  

Under strong pumping, i.e., 𝑁2 ≈ 𝑁0, the absorbed pump power 𝑃𝑝: 

 𝐴 is the cross-sectional area of the fiber core that has the Er3+ 

dopants, and 𝐿𝑝 is the length of fiber needed to absorb the necessary 

pump radiation, 𝑣𝑝 is the pump frequency, 𝜏𝑠𝑝 spontaneous emission 

lifetime.  
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Pp  AN0hupLp / tsp  

GPp  ANhupLp / tsp Confinement 

factor 

EDFA Pump Length 

Hence, the actual 𝐿  is usually 

less than 𝐿𝑝 in Eq. (4.3.5).  

Further, not all the pump 

radiation will be confined to the 

fiber core, whereas we assumed 

it was.  

Only some fraction Γ, called the 

confinement factor, of the pump 

radiation will be guided within 

the core and hence pump the Er3+ 

ions.  

Γ is typically 0.6–0.8. Thus, we 

need to use Γ𝑃𝑝 instead of 𝑃𝑝 in 

Eq. (4.3.5), i.e., 

g = semN2  sabN1  

G = exp(gL) 

Not all the pump radiation will be confined to the fiber core. Only 

some fraction Γ (0.6–0.8), called the confinement factor, of the 

pump radiation will be guided within the core and hence pump the 

Er3+ ions.  
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EDFA Gain Saturation 

35 

One very important characteristic of an EDFA is the saturation of its 
output signal power, that is, the fall in the gain, under large signals.  

As the signal is amplified, the optical power at 1550 nm in the fiber core 
increases, which itself encourages further stimulated emission and 
thereby depopulates the population 𝑁2; and hence the gain drops.  

The saturated output power, (the power at which gain saturation 
occurs) is defined as the output signal at which the gain drops by 3 dB 
below its constant small signal value. 

It is simply called the maximum output power and is quoted in dBm.  

Typical dependence of gain on the output 

signal strength for different launched pump 

powers. At high output powers, the output 

signal saturates, i.e. the gain drops.  

The gain shown in Figures 4.12 

(a) and (b) is for small signals, 

that is, the signal power is much 

less than the pump power in the 

core.  
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EDFA Power-Conversion Efficiency and Gain  

36 

The power conversion efficiency (PCE), 𝜂𝑃𝐶𝐸 : represents the 
efficiency with which the amplifier is able to convert power from 
the pump to the signal.  

Suppose that the flux of photons from the pump is Φ𝑝,in and the 

signal input and output photon fluxes are Φ𝑠,in andΦ𝑠,out.  

Since optical power is proportional to photon flux × ℎ𝑐/𝜆 where 

ℎ𝑐/𝜆  is the photon energy, then where 𝜆𝑝  and 𝜆𝑠 are the pump and signal wavelengths. Equation (4.3.2) shows that 𝜂PCE has 

a maximum value of 𝜆𝑝 𝜆𝑠, which corresponds to each pump photon yielding one additional 

signal output photon. Thus, maximum PCE is 63% for 980 nm pumping.  

in,

out,

in,

in,out,

PCE

p

s

p

ss

P

P

P

PP





s

p

p

s




 






in,

out,

PCE

 The maximum theoretical value of the PCE is p/s. 
  

 For absolute reference purposes, it is helpful to use 
the quantum conversion efficiency (QCE), which is 
wavelength-independent and is defined by 
 

     QCE = (s/p)PCE                                 (11-18) 
 

 The maximum value of QCE is unity, in which case all 
the pump photons are converted to signal photons.  

pump power 

into the EDFA  

input and output powers 
Photon flux density 

Light Intensity (Irradiance):  the amount of energy 

flowing through a unit area per unit time 

pump and signal 

wavelengths maximum PCE (= 𝝀𝒑 𝝀𝒔 )  is 63% for 980 nm pumping 
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37 

The maximum gain 𝐺max is for 𝜂
𝑃𝐶𝐸

= 𝜆𝑝 𝜆𝑠  so that 𝐺 ≤ 𝐺max implies 

Rearranging, the input signal is 

The gain can be defined and written as 

The importance of this equation is that it specifies the range of input signals, that is, 

the maximum input signal power, beyond which the output signal power begins to 

saturate as indicated in Figure (b). Consequently, the gain drops with the input 

signal power as in Figure  (c). 

This phenomenon is called gain saturation or compression 
















in,

in,

PCE

in,

out,
1

s

p

s

s

P

P

P

P
G 

Ps,in < (p/s)Pp,in / (G1) 

The input and output powers of an EDFA can be expressed 

in terms of the principle of energy conservational: 

 

              Ps,out < Ps,in + (lp/ls)Pp,in                   (11-16) 

 

     where Pp,in is the input pump power, and lp and ls are 

the pump and signal wavelengths, respectively.   

 

The inequality in Eq. (11-16) reflects the possibility of 

effects such as pump photons being lost due to various 

causes (such as interactions with impurities) or pump 

energy lost due to spontaneous emission.  

From Eq. (11- 16), we see that for the pumping scheme to 

work, we need to have lp < ls, and, to have an appropriate 

gain, it is necessary that Ps,in << Pp,in .  

 

Thus, the power conversion efficiency (PCE), defined as 

 

                                                                       (11-17) 

 

      is less than unity.  

 We can also rewrite Eq. (11- 16) in terms of the 
amplifier gain G. Assuming there is no spontaneous 
emission, then 
 

             G = Ps,out/Ps,in  

                      < 1 + (p/s)(Pp,in/Ps,in)              (11-19) 
 

 This shows an important relationship between signal 
input power and gain.  

  

 When the input signal power is very large so that Ps,in 
>> (p/s)Pp,in, then the maximum amplifier gain is 
unity.  

EDFA Power-Conversion Efficiency and Gain  

in which we used Eq. (4.3.1) to substitute for 𝑃𝑠out. The maximum gain 𝐺max is for 
𝜂𝑃𝐶𝐸 = 𝜆𝑝 𝜆𝑠 so that 𝐺 < 𝐺max implies 
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EXAMPLE: An erbium doped fiber amplifier 
Consider a 3 m EDFA that has a core diameter of 5 mm, Er3+ doping concentration of 1×1019 cm-3 and 

tsp (the spontaneous decay time from E2 to E1) is 10 ms. The fiber is pumped at 980 nm from a laser 

diode. The pump power coupled into the EDFA fiber is 25 mW. Assuming that the confinement factor 

G is 70%, what is the fiber length that will absorb the pump radiation? Find the small signal gain at 

1550 nm for two cases corresponding to full population inversion and 90% inversion. 

Solution 

The pump photon energy hu = hc/ = (6.626×10-34)(3×108)/(980×10-9) = 

2.03×10-19 J (or 1.27 eV) 

 Rearranging Eq. (4.3.6), we get 

   Lp  GPptsp / ANhup 
i.e.  
 Lp  (0.70)(25×10-3 W)(10×10-3 s) 

  / [p(2.5×10-4 cm)2(1×1019 cm-3)(2.03×10-19 J)] = 4.4 m 

which is the maximum allowed length. The small signal gain can be rewritten as 

 

 g = semN2  sabN1 = [sem (N2/N0)  sab(N1/N0)]N0   

 
where N1  N2 = N0 is the total Er3+ concentration. Let x = N2 /N 0, then 1  x = N1/N0 

where x represents the extent of pumping from 0 to 1, 1 being 100%.  
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Solution (continued) 

 g = [semx  sab (1x)]N0 

  
For 100% pumping, x = 1,  

 g = [(3.2×10-21 cm2)(1)  0](1×1019 cm-3) = 3.2 m-1 
and   

 G = exp(gL) = exp[(3.2 m-1)(3m)] = 14,765 or 41.7 dB 

  

For x = 0.9 (90% pumping), we have 

 g = [(3.2×10-21 cm2)(0.9)  (2.4×10-21 cm2)(0.1)](1×1019 cm-3)  

  = 2.64 m-1  

and   
 G = exp(gL) = exp[(2.64 m-1)(3m)] = 2,751 or 34.4 dB 

 

Even at 90% pumping the gain is significantly reduced. At 70% pumping, the gain is 

19.8 dB. In actual operation, it is unlikely that 100% population inversion can be 

achieved; 41.7 dB is a good indicator of the upper ceiling to the gain. 

Thus, the above equation becomes 
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EDFA Noise 

40 

Like all amplifiers, EDFAs also generate noise in addition to the 

amplification they provide.  

The noise in an EDFA arises from amplified spontaneous emission 

(ASE), which is the amplification of randomly emitted photons 

from the upper 𝐸2-manifold to the lower 𝐸1-manifold. 

This spontaneous emission generates random photons, and as these 

photos travel along the fiber, they become amplified.  

Thus, the output from an EDFA not only has the signal but also 

noise from the ASE as shown in Figure (a). 
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EDFA Noise 

41 

(a) Amplified spontaneous emission (ASE) noise in the output spectrum 

and the amplified signal. (b) The dependence of NF and gain (G) on the 

input signal power level (Psin) for an EDFA under forward 

(codirectional) pumping. Data for the plots were selectively extracted 

from G.R. Walker et al, J. Light Wave Technol, 9, 182, 1991. 

For a noiseless amplifier, NF = 0 dB (or 1).  

As shown in the Figure, the NF is initially independent of the input 

signal power 𝑃𝑠,in level, but at sufficiently high 𝑃𝑠,in, it increases 

with 𝑃𝑠,in; or put differently, NF increases with falling gain. 

Some of the Er3+ ions at 𝐸2 will decay spontaneously from 

𝐸2 to 𝐸1, which will give rise to unwanted noise in the 

amplified light signal. 

Further, if the EDFA is not pumped at any time, it will act as 

an attenuator as the 1550 nm photons will be absorbed by 

Er3+ ions, which will become excited from the ground 

energy manifold 1 to the 𝐸2-manifold.  

In returning back to ground energy by spontaneous emission, 

they will emit 1550 nm photons randomly, which generates 

noise in the optical link.  

out

in

SNR

SNR
NF 
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


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The noise in the EDFA comes 

from the amplification of 

spontaneously (and randomly) 

emitted photons in the direction 

of the fiber.  

Noise characteristics of amplifiers 

are generally quantified by their 

noise figure (NF), defined by 
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Thank you 


