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Lecture 19 Outline 

• Semiconductor Optical Amplifiers 

• Integrated Optics Simulation Approaches 

• Transmission Matrix Method 
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Semiconductor Optical 
Amplifier (SOA) 



Basic Characteristics of SOA 
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• SOAs are typically optical active regions in a 
semiconductor that are used without any optical 
feedback. 
 

• An optical signal input experiences gain through 
stimulated emission. 
 

• Spontaneous emission is added to the signal and 
then amplified through stimulated amplification 
while propagating in the structure. 
 



Basic Characteristics of SOA 
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• Noise is added by spontaneous emission and 
amplified spontaneous emission 
 

• Carrier density and gain are nor clamped if 
there is no feedback in the cavity.  Larger 
fraction of carriers recombine through 
spontaneous emission, compared to a laser. 
 

•  SOAs are use mainly for photonic integration, 
but discrete SOAs also exist. 
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https://www.thorlabs.us/images/TabImages/SOA-LD-Comparison.jpg 
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https://www.thorlabs.us 
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SOA 

Four important parameters characterize the performance of SOA: 
• Signal gain 
• Frequency bandwidth 
• Saturation output power 
• Noise figure 

 

The measured signal gain of an SOA, in decibels, is given by 

If it refers to a single light path from input to output (Travelling 
Wave Amplifier, TWA) the resulting gain is known as “single pass 
gain” 𝐺 = 𝐺𝑠.  If positive feedback is provided by reflections from 
end-facets (Fabry-Pérot amplifier) 

𝐹𝐵 = proportion of output signal 
fed back to the input 
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SOA 

The signal gain of an optical amplifier is limited by a finite range of 
input and output power.  Experimentally, once the input power is 
increased to a certain level, the gain starts to drop. 

output light intensity 

saturation output intensity 

unsaturated value of 𝑔𝑚 material gain coefficient 

The pumping source creates a fixed amount of population inversion. 
As we increase the input power, as some point the rate of draining 
due to amplification is greater than the rate of pumping and the 
population inversion level starts to fall. 
 

Gain saturation simply arises because of conservation of energy.  
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SOA Gain (Section 8.2.5  in Coldren, Corzine and Mašanović) 
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SOA Gain 

differential 
gain 

[QW  SCH] 
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SOA Amplifier Response 

large signal gain 
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SOA Amplifier Response 
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SOA Amplifier Response 

ln 2 = − ln
1

2
≈ 0.693 



15 

(Neglecting facets feedback) 

• For photonic integrated circuits including optical receivers, SOAs 
should not have polarization dependence.  Structures needs to 
be designed for gain and optical confinement factors are similar 
for TE and TM modes.   

• Inclusion of strain in the active region is an approach commonly 
used to achieve this.  
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Famous application of optical amplifiers: Erbium-doped fiber 

https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html 
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Erbium-doped fiber example 
400 mW pump power at 980 nm from each side 
1 mW input signal power.  Amplified Spontaneous Emission is included 

https://www.rp-photonics.com/fiberpower_edfa.html 
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Erbium-doped fiber example 
Backward ASE is significantly stronger at short wavelengths. This is the usual 
case for erbium doped fiber amplifiers (quasi-three-level gain medium). 

https://www.rp-photonics.com/fiberpower_edfa.html 



19 

Erbium-doped fiber example 
In the quasi-three-level gain medium the lower laser level is so close to the 
ground state that there is always a population in thermal equilibrium.  The 
unpumped gain medium causes some reabsorption loss at the laser 
wavelength, so that transparency is reached only for some finite pump 
intensity  

https://www.rp-photonics.com/four_level_and_three_level_gain_media.html 

3-level 4-level quasi-3-level 
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Erbium-doped fiber example 

https://www.rp-photonics.com/four_level_and_three_level_gain_media.html 
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Erbium-doped fiber example 
The amplifier gain is reduced for high input power levels.  Curves are shown for 
pump powers of 100 mW  to 500mW from each side. 

https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html 

pump power 
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Erbium-doped fiber example 
Dependence of amplifier output signal power on fiber length, which appears not 
to be a critical parameter for the power efficiency. 

https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html 
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Erbium-doped fiber example 

https://www.rp-photonics.com/erbium_doped_fiber_amplifiers.html 
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Most popular numerical simulation approaches 
for optical waveguide devices 

 
 
- Full solution of Maxwell’s equations:  
 Finite-Differences Time-Domain (FDTD) Method 
 
- Approximate EM solution techniques for light propagation in 

slowly varying waveguides 
 Beam Propagation Method 

 
- Scattering formalism (Transmission Line) 
 Transmission Matrix Method 
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Maxwell’s Equation 

Simple case of linear, isotropic, and non-dispersive medium 
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Finite Differences Time Dependent (FDTD) 

The Yee grid in 3D – Uniform mesh  
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Finite Differences Time Dependent (FDTD) 

• Components of the electric fields are defined in the middle of 
the edges of the cube  

 

• Components of the magnetic field are defined in the centers 
of the cube faces 
 

• Time discretization: leapfrog scheme with time step 𝜹𝒕  

Electric Field 
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Finite Differences Time Dependent (FDTD) 

Magnetic Field 
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Finite Differences Time Dependent (FDTD) 

Example of discretization 

Similar discretization for 𝑦 and 𝑧 

Similar discretization for 𝑦 and 𝑧 
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Finite Differences Time Dependent (FDTD) 

Uniform mesh  Scaling 
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Beam Propagation Method (BPM) 

Approximate simulation technique for light propagation in slowly 
varying optical waveguides 

Electric Field 

slowly varying term 

Helmholtz equation 

rapidly varying term 

cladding index 
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Beam Propagation Method (BPM) 

Assuming weakly guiding condition 

free-light 
propagation term 

guidance term 
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Beam Propagation Method (BPM) 

The two terms are applied separately 

• The electric field 𝜑(𝑥, 𝑧) is first propagated freely in index  𝑛0 over a distance ℎ 2 .  
• Phase retardation of the entire length ℎ is taken into account at the center of the interval 
• The resulting electric field is propagated again freely in index 𝑛0 for another distance ℎ 2  

to obtain 𝜑(𝑥, 𝑧 + ℎ)  

Approximation with BPM step 



34 

Beam Propagation Method (BPM) 

An extensive theoretical reference for BPM is Chapter 7 of  
 

K. Okamoto, “Fundamentals of Optical Waveguides” 
Elsevier (2006) 
 
(Available for download from the digital library) 
 
 
 
 
Some representative examples follow 
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Beam Propagation Method (BPM) - Examples 
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Beam Propagation Method (BPM) - Examples 
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Beam Propagation Method (BPM) - Examples 
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Beam Propagation Method (BPM) - Examples 
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Beam Propagation Method (BPM) - Examples 
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Beam Propagation Method (BPM) - Examples 

https://www.rp-photonics.com/passive_fiber_optics8.html 
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Beam Propagation Method (BPM) - Examples 

https://www.rp-photonics.com/passive_fiber_optics8.html 



Transfer Matrix Method 

 
Sections 3.1-3.5  in Coldren, Corzine and Mašanović 
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Definition of the Scattering Matrix 
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Definition of the Transmission Matrix 
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Application to Gratings (Distributed Bragg Reflectors) 

• At the Bragg frequency, the period of the grating is half of 
the average optical wavelength in the medium. 

• For each period, multiply 4 simple T-Matrices together 
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Reading Assignments: 
 

 
• Section 10.5 of Chuang’s book 

 
 

• Sections 3.1-3.5  in Coldren, Corzine and Mašanović 
• Section 8.2.5  in Coldren, Corzine and Mašanović 

 
 


