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SLAB   WAVEGUIDE  GEOMETRY 
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SLAB   WAVEGUIDE  SELF-CONSISTENCY  CONDITION 
(waveguiding condition) 
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SLAB   WAVEGUIDE  SELF-CONSISTENCY  CONDITION 
(graphical interpretation) 
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SLAB   WAVEGUIDE  ELECTROMAGNETIC  APPROACH 

Helmholtz Equation: 
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TM Modes 
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Dispersion Equation 
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TM Modes 

Dispersion Equation 
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SLAB   WAVEGUIDE  ELECTROMAGNETIC  APPROACH 
TE, TM Modes Graphical Solution 

Neff for TE Modes:  2.1700, 2.0783, 1.9190, 1.6831  

Neff for TM Modes: 2.1642, 2.0542, 1.8636, 1.5968  
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SLAB   WAVEGUIDES  MODES 

TE0 

TE1 
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SLAB   WAVEGUIDES  MODES 

TE0 TE1 

H.A. Haus, Waves and Fields in Optoelectronics, Prentice-Hall 1984 
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TM0 

TM1 

H.A. Haus, Waves and Fields in Optoelectronics, Prentice-Hall 1984 
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SLAB   WAVEGUIDES  SUBSTRATE  MODES 

TE Substrate Modes 

TM Substrate Modes 
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TE Radiation Modes 

TM Radiation Modes 

Prof. Elias N. Glytsis, School of ECE, NTUA 21 



SLAB   WAVEGUIDES  RADIATION  MODES 
TE/TM Radiation Modes Example (nc= 1, nf =2.2, ns=1.5, h=1.2μm, λ0=1.0μm 

Prof. Elias N. Glytsis, School of ECE, NTUA 22 



SLAB   WAVEGUIDES  UNPHYSICAL  MODES 
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SLAB   WAVEGUIDES  SUBSTRATE AND  RADIATION  MODES 

G. Lifante, Integrated  Photonics  Fundamentals, Wiley 2003 
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SLAB   WAVEGUIDES  EVANESCENT  MODES 

TE Forward Evanescent Modes 

TM Forward Evanescent Modes 
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SLAB   WAVEGUIDES  EVANESCENT  MODES 

TE/TM Forward Evanescent Modes Example  
(nc= 1, nf =2.2, ns=1.5, h=1.2μm, λ0=1.0μm) 
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SLAB   WAVEGUIDE  MODE  DIAGRAM 
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SLAB   WAVEGUIDE  NORMALIZED  PARAMETERS 

Dispersion for TE Guided Modes 

Dispersion for TM Guided Modes 
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SLAB   WAVEGUIDE  NORMALIZED  DIAGRAM 
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POWER  CONSIDERATIONS  FOR  SLAB   WAVEGUIDES 

TE Modes 
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MULTILAYERED  SLAB  WAVEGUIDES 

Range of propagation constant β possible values for guided modes 
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TE Modes 

Prof. Elias N. Glytsis, School of ECE, NTUA 41 



MULTILAYERED  SLAB  WAVEGUIDES 

TE Modes 

Boundary Conditions 
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TE Guided Modes Example 
 nc= 1.45, n1 =1.56, n2 =1.45, n3 =1.56 ns=1.45,  

h1=0.75 μm, h2=0.50, h3=0.75 μm λ0=1.0μm 

MULTILAYERED  SLAB  WAVEGUIDES 
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MULTILAYERED  SLAB  WAVEGUIDES 

TM Modes 
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MULTILAYERED  SLAB  WAVEGUIDES 

TM Modes 

Boundary Conditions 

Dispersion  Equation 
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TM Guided Modes Example 
 nc= 1.45, n1 =1.56, n2 =1.45, n3 =1.56 ns=1.45,  

h1=0.75 μm, h2=0.50, h3=0.75 μm λ0=1.0μm 
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ANALYSIS OF SLAB WAVEGUIDES 
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Helmholtz Equations 
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ANALYSIS OF SLAB WAVEGUIDES 

TE Modes 

Normalized Distance: 
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Example:   nc= 1.0, nf =3.4, ns=3.1, h =1.0 μm, λ0=1.3μm 
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD) 
ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  

(Solving  Maxwell’s Equations) 

TE Modes 

Normalized Magnetic Field 

R. C. Rumpf, PIERS B, vol. 36, 221-248 (2012) 
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TE Modes 
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD) 
ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  

(Solving  Maxwell’s Equations) 



TE Modes – Permittivity Averaging 
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Example:   nc= 1.0, nf =3.4, ns=3.1, h =1.0 μm, λ0=1.3μm 
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ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  

(Solving  Maxwell’s Equations) 



TM Modes 

Prof. Elias N. Glytsis, School of ECE, NTUA 58 
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ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  

(Solving  Maxwell’s Equations) 

R. C. Rumpf, PIERS B, vol. 36, 221-248 (2012) 



TM Modes 
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TM Modes 
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD) 
ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  

(Solving  Maxwell’s Equations) 



Example:   nc= 1.0, nf =3.4, ns=3.1, h =1.0 μm, λ0=1.3μm 
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(Solving  Maxwell’s Equations) 
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ANALYSIS OF SLAB WAVEGUIDES  USING  YEE’s  CELL  
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example of 
Graded-index 
Slab Waveguide 
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GRADED-INDEX  SLAB  WAVEGUIDES 

WKB Method (Wentzel-Kramers-Brillouin)     Ey = ψ(x) 
 

For TE Modes: 
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GRADED-INDEX  SLAB  WAVEGUIDES 

WKB solution  in general 

WKB for the profile shown 
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GRADED-INDEX  SLAB  WAVEGUIDES 
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GRADED-INDEX  SLAB  WAVEGUIDES 
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GRADED-INDEX  SLAB  WAVEGUIDES 

WKB - Dispersion  Equation for Graded Index Slab Waveguide 
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example Case 1: εs=4.80, Δε=0.045, x0 = 8μm, w0 = 2μm, λ0 = 0.6328μm 
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example Case 2: εs=4.80, Δε=0.045, w0 = 4μm, λ0 = 0.6328μm 
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example Case 2: εs=4.80, Δε=0.045, w0 = 4μm, λ0 = 0.6328μm 

WKB Modified Dispersion Equation 
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example Case 2: εs=4.80, Δε=0.045, w0 = 4μm, λ0 = 0.6328μm 

Finite-Difference Frequency-Domain Results 
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GRADED-INDEX  SLAB  WAVEGUIDES 

Example Case 2: εs=4.80, Δε=0.045, w0 = 4μm, λ0 = 0.6328μm 

Multilayer Approximation Results (N=40) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

•  Some materials could have loss or gain.  Their corresponding refractive 
      Indices will be in general complex. 
•  Then the propagation constant β will be complex for guided modes. 
•  Leaky modes is an approximation of radiation field and will have 
     complex propagation constants. 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Analysis Methods Summarized 

•  Argument Principle Method (APM). 
•  Abd-ellal, Delves, Reid  Method (ADR). 
•  Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Argument Principle Method (APM) 

E. Anemogiannis and E. N. Glytsis, JLT  vol. 10, 1344-1352 (1992) 

Müller’s Refinement Process 
is used with guess the polynomial roots  
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Argument Principle Method (APM) - Example 

C. J. Gillan et al.,,Comp. Phys. Commun., 175 (,304-313), 2006 

σ0 = Nz = 6 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Argument Principle Method (APM) - Waveguides 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Argument Principle Method (APM) - Waveguides 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Abd-ellal, Delves, Reid  Method (ADR) 

L. F. Abd-ellal, L. M. Delves, and J. K. Reid, Numerical Methods for Nonlinear Algebraic Equations, ch. 3, (47-59), Gordon & Breach Ltd. (1970) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Abd-ellal, Delves, Reid  Method (ADR) 

Generalized Eigenvalue Problem 

C. J. Gillan et al.,,Comp. Phys. Commun., 175 (,304-313), 2006 

Müller’s Refinement Process 
is used with guess the polynomial roots  
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Abd-ellal, Delves, Reid  Method (ADR) - Example 

Nz = 6 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Abd-ellal, Delves, Reid  Method (ADR) - Example 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Abd-ellal, Delves, Reid  Method (ADR) - Waveguides 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE) 

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE) 

• Define M 
• Subdivide ABCD into 4 equal sub-rectangles 
• Check Nz in each sub-rectangle (adjust dividers) 
• If Nz = 0 �  Disregard sub-rectangle 
• If Nz  > 0 �  Continue subdivision process while 
 “width” > wx and “height” > wy  
• Use converged sub-rectangles centers as estimates 
 in the Müller’s (with deflation) refinement 

DFZEPE Algorithm 

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
DFZEPE - Example 

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
DFZEPE - Example 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
DFZEPE - Waveguides 

Guided Modes:  Re{ γc } > 0 and Re{ γs } > 0  
Leaky Modes:  Re{ γc } > 0 and Im{ γs } > 0 (substrate radiation/cover confinement)  
            Im{ γc } > 0 and Im{ γs } > 0 (substrate and cover radiation)  

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted) 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
Lossless Waveguide 

Effective indices of guided and leaky modes of a multilayer lossless waveguide 
from Chilwell λ0 = 0.6328 μm, nc = 1.0, ns = 1.45, n1 = 1.66, n2 = 1.53, n3 = 1.60, 
n4 = 1.66, h1 = h2 = h3 = h4 = 0.5 μm. 

J. Chilwell and I. Hodhkinson.   JOSA A, 1 (742-753), 1984 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
Lossless Waveguide 

Distribution of effective indices of leaky modes of a multilayer lossless 
waveguide from Chilwell λ0 = 0.6328 μm, nc = 1.0, ns = 1.45, n1 = 1.66, n2 = 
1.53, n3 = 1.60, n4 = 1.66, h1 = h2 = h3 = h4 = 0.5 μm. 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
First TE and first TM leaky modes profiles of a multilayer lossless waveguide from Chilwell λ0 = 0.6328 
μm, nc = 1.0, ns = 1.45, n1 = 1.66, n2 = 1.53, n3 = 1.60, n4 = 1.66, h1 = h2 = h3 = h4 = 0.5 μm. 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
Lossy Waveguide 

Effective indices of guided and leaky modes of a multilayer lossy waveguide from Chilwell 
λ0 = 0.6328 μm, nc = 1.0, ns = 1.45, n1 = 1.66 − j1.66 × 10−4, n2 = 1.53 − j1.53 × 10−4, n3 = 
1.60, n4 = 1.66, h1 = h2 = h3 = h4 = 0.5 μm. 

J. Chilwell and I. Hodhkinson.   JOSA A, 1 (742-753), 1984 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 
Active Semiconductor Waveguide 

Effective indices of guided modes and first leaky mode of a multilayer active waveguide from Visser  
λ0 = 1.30 μm, nc = 1.0, ns = 3.16, n1 = 0.18 − j10.2, n2 = 3.16 − j0.0001, n3 = 3.6 + j0.002, n4 = 3.16 − 
j0.0001, h1 = 0.04 μm, h2 = 1.0 μm, h3 = 0.15 μm, h4 = 3 μm. 

T. D. Visser et al., IEEE J. Quantum Eletron., 31 (1803-1810), 1995 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Effective indices of guided modes and first leaky mode of a multilayer active waveguide from Visser  
λ0 = 1.30 μm, nc = 1.0, ns = 3.16, n1 = 0.18 − j10.2, n2 = 3.16 − j0.0001, n3 = 3.6 + j0.002, n4 = 3.16 − 
j0.0001, h1 = 0.04 μm, h2 = 1.0 μm, h3 = 0.15 μm, h4 = 3 μm. 

Active Semiconductor Waveguide 

T. D. Visser et al., IEEE J. Quantum Eletron., 31 (1803-1810), 1995 
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LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Antiresonant Reflecting Optical Waveguide (ARROW) 

Effective indices of leaky modes of a multilayer ARROW waveguide from Semwal λ0 = 0.6328 
μm, nc = 1.0, ns = 3.50, n1 = 1.46, n2 = 1.50, n3 = 1.46, n4 = 1.50, n5 = 1.46, n6 = 1.50, n7 = 
1.46, n8 = 1.50, n9 = 1.46, h1 = 2.00 μm, h2 = 0.448 μm, h3 = 4.00 μm, h4 = 0.448 μm, h5 = 2.00 
μm, h6 = 0.448 μm, h7 = 4.00 μm, h8 = 0.448 μm h9 = 2.00 μm. 

G. Semwal and V. Rastogi , Opt. & Quantum Eletron., 46 (423-438), 2014 
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Antiresonant Reflecting Optical Waveguide (ARROW) 

Distribution of effective indices of leaky modes of a multilayer ARROW waveguide from Semwal 
λ0 = 0.6328 μm, nc = 1.0, ns = 3.50, n1 = 1.46, n2 = 1.50, n3 = 1.46, n4 = 1.50, n5 = 1.46, n6 = 
1.50, n7 = 1.46, n8 = 1.50, n9 = 1.46, h1 = 2.00 μm, h2 = 0.448 μm, h3 = 4.00 μm, h4 = 0.448 μm, 
h5 = 2.00 μm, h6 = 0.448 μm, h7 = 4.00 μm, h8 = 0.448 μm h9 = 2.00 μm. 



Prof. Elias N. Glytsis, School of ECE, NTUA 100 

LOSSY/ACTIVE  and  LEAKY  SLAB  WAVEGUIDES 

Antiresonant Reflecting Optical Waveguide (ARROW) 
Modal profiles of leaky modes of a multilayer ARROW waveguide from Semwal λ0 = 0.6328 μm, nc = 1.0, ns = 
3.50, n1 = 1.46, n2 = 1.50, n3 = 1.46, n4 = 1.50, n5 = 1.46, n6 = 1.50, n7 = 1.46, n8 = 1.50, n9 = 1.46, h1 = 2.00 
μm, h2 = 0.448 μm, h3 = 4.00 μm, h4 = 0.448 μm, h5 = 2.00 μm, h6 = 0.448 μm, h7 = 4.00 μm, h8 = 0.448 μm 
h9 = 2.00 μm. 
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