2
Electromagnetics of planar surface waves
Figuresand tables

2.2 Topicsin electromagnetic theory
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Fig. 2.1. A wave packet, E(t,z), consisting of a superposition of scalar plane-parallel harmonic
waves propagating in the z-direction that has a Gaussian envelope.
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2.3 Media type notation

2.3.1 Material- and geometry-dependent € and u

CCCC
CCCC
CCCC
CCCC

Fig. 2.2. (left) A conducting unit with the shape of a miniature split ring has an electromag-
netic response at high enough frequencies that exhibits both inductive and capacitive charac-
teristics. The curved part of this split ring acts as an inductor (L) while the gap acts as a
capacitor (C). (right) A two-dimensional array of 16 split-rings.

Type Term | sign(e) | Sign(u,’)
Double positive | DPS + +
€' negative ENG - +
Double negative | DNG - -
' negative | MNG + -

Table 2.1. A medium can be regarded as an entity composed of a combination of moiety and

form that can be specified by its unique set (¢ ',u;").

2.3.3 Characterization of DPS-, ENG-, DNG- and MNG-type media

Type |sign(e) | sign(u,") | sign(n')
DPS + + +
ENG - + -
DNG - - -
MNG + - -

Table 2.2. The four media types, DPS, ENG, DNG and MNG, together with their respective

sign of n'.




2.3.4 DPS-, ENG-, DNG- and MNG-type media presented in an €,'-u," parameter

space
Type | dops | Penc | PonG | PMNG
Angle| ¢ |7n—¢ | n+¢ |2n—¢
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Table 2.3. To form ENG-, DNG- and MNG-type media based on a DPS-type medium, we
arbitrarily choose the corresponding angles ¢eng, pneg @and dune-

HMr

r=3

€
r=3
4'ENG DPS]
2,
0,
—2F &
—4{DNG = MNG]
—4-20 2 4
€'

r=3

FENG

€
r=3
4'ENG  DPS|
2,
O,
-2 f)
—4{DNG = MNG]
~4-20 2 4
€'

Fig. 2.3. A chosen DPS-type medium with r = 3 and ¢ = 30 deg, generates ENG-, DNG- and
MNG-type media. Each medium is represented by an arrow residing in one of the four
guadrants of an ¢ '-u,' parameter space.
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2.4 Mode and symmetry notation

241 TE and TM modes

Property | Notation | Even TE |Odd TE | Even TM | Odd TM
Mode m 0 0 1 1
Symmetry S 1 -1 1 -1

Table 2.4. The parameter m denotes a TE mode if it equals 0 and a TM mode if it equals 1.
The parameter s denotes an even profile of the field along the x-direction if it equals -1 and

an odd profile if it equals +1.

2.5 Wave vector notation

2.5.1 Wave vectorsin single- and double-interface structures

>>

Cover

Substrate

Fig. 2.4. Single-interface (left) and double-interface (right) structures showing the direction of
the propagation constant, 8, Note that in both cases the bottom surface of the cover is at x =

x>

Cover
0
Guide
—dg
Substrate

0 and that for the double-interface structure dy denotes the thickness of the guide.
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2.6 Single-interface TE modefields

2.6.1 Schematic diagram

%, —Hyx 4
Cover
O— 7, Hy,
J, El,)y/ Substrate

Fig. 2.5. Schematic diagram of a single-interface structure composed of a substrate and
cover supporting a TE mode propagating along the z-direction with a propagation constant .
For the TE mode, the electric field has one component, E, , and the magnetic field has the

two components, Hy x and Hy ;.
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2.7 Single-interface TM modefields

2.7.1 Schematic diagram

% E1x A
Cover
O— 2,E,
JH 1:,/ Substrate

Fig. 2.6. Schematic diagrams of a single-interface structure composed of a substrate and
cover supporting a TM mode propagating along the z-direction with a propagation constant .
For the TM mode, the magnetic field has one component, H, y, and the electric field has the

two components, E; x and E; ;.
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2.9 Double-interface TE modefields

2.9.1 Schematic diagram

s\(y _HZ,X A
Cover
O > 21 H2,Z
/ Guide
y, E2,y —dg
Substrate

Fig. 2.7. Schematic diagrams of a double-interface structure composed of a substrate, a
guide with thickness dq and cover supporting a TE mode propagating along the z-direction

with a propagation constant 5. For the TE mode, the electric field has one component, E, ,
and the magnetic field has the two components, H, , and H, ,.
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2.10 Double-interface TM modefields

2.10.1 Schematic diagram
S\(1 EZ,X A
Cover
O > 21 E2,Z
/ Guide
91 H2,y —dg
Substrate

Fig. 2.8. Schematic diagrams of a double-interface structure composed of a substrate, a
guide with thickness dy and cover supporting a TM mode propagating along the z-direction

with a propagation constant 8. For the TM mode, the magnetic field has one component,
H,y, and the electric field has the two components, E; x and E; ,.

2.14 Double-inter face mode solution

2.14.3 Summary of mode solutions of a symmetric guide structure

1/ Even| Odd
s=1|s=-1
TE |m=0| 22 | _fex
Hc K Hg 6
™ |m=1| 90 | _&x
€cK €30

Table 2.5. The four even- and odd-symmetry TE and TM mode equations of a symmetric
guide structure in terms of .
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0 Even| Odd
s=1|s=-1

— HeK _ K

TE |m=0 ﬂgw Hg ¥
— &K _ &K

™ =1 6g¢/ "

Table 2.6. The four even- and odd-symmetry TE and TM mode equations of a symmetric
guide structure in terms of §.

2.15 Poynting vector

2.15.3 Local power flow in a single-interface mode

>
x>

Cover: sz~ Sx !

zp 0

Cover: s, = Sxd

A

zp

0

Substrate: s5,— Substrate: « ss,

Fig. 2.9. Schematic diagram showing two possible directions of the local power flow in a
single-interface mode, s., and sg. (left) The case where the local power in the cover has

components along the —x- and +z-directions, and in the substrate it flows along the z- direc-
tion. (right) The case where the local power flow in the cover is similar to that case on the left,
but the local power in the substrate flows along the -z- direction.
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2.15.4 Local power flow in a double-interface modes

X X
Cover: 57— Sxd Cover: sz~ Sxd
0 7B 0 z B
Guide: 5, Guide: « sy,
—dg —dy
Substrate: s;; - Sex T Substrate: s;; > Scx T

Fig. 2.10. Schematic diagram showing two possible directions of the local power flow of
double interface modes, ss,, Sy, and scy, in the substrate, guide and cover, respectively,

along the +x- and +z-directions. (left) The case where the local power in the cover has
components along the +z- and —x-directions, the local power in the substrate has compo-
nents along the +z and +x-directions, and the local power in the guide flows along the +z-
direction. (right) The case where the local power flow in the cover and substrate are similar to
those shown in the figure on the left, but the local power in the guide flows along the -z-
direction.
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2.16 Prism coupling

2.16.2 Schematic diagram of the prism coupler

General configuration

de Cover - DPS

| GuidesMM -

Substrate - DPS

Fig. 2.11. Schematic diagram of a general configuration of a prism coupler in contact with a
double-interface structure composed of a substrate, guide and cover. The prism, substrate
and cover consist of DPS-type media while the guide is composed of a DPS-, ENG-, DNG-,
or MNG-type medium. The arrows represent the rays of the incident and reflected beams off
the prism-cover interface, k; and k;, respectively, with the angle in the prism between these
two denoted by 26,. The thickness of the cover and guide are denoted by d. and dg, respec-

tively, and the arrow on the right depicts the direction of the propagation constant, 8. Note
that MM denotes metamaterial.
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Otto configuration

d. Cover - DPS

Kretschmann configuration

dn Cover - MM

Fig. 2.12. Schematic diagrams showing prism coupling to two single-interface structured.
(left) The Otto configuration where the cover is a DPS-type medium and the substrate an
ENG- DNG- or MNG-type medium. (right) The Kretschmann configuration refers to the case
where the cover is an ENG- DNG- or MNG-type medium and the substrate is a DPS-type
medium. Note that for the Kretschmann configuration the thickness of the cover is denoted

by d,.

2.16.5 k-vectorsin the cover, guide and substrate

k—vector

Wave vector

3

kO\/(Ec He—€p Hp Sin0p2)

ikgd

kg kO‘/(Gg Mg — Epﬂpgngpz)

Kok

Ks | Ko/ (€s s — €p f1p SiNGp?)

—iKgy

Table 2.7. Transverse k-vectors in the cover, guide and substrate and their respective

representation as wavevectors used in the solution of the mode equation.
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2.17 Reflectivity and Goos-Hanchen shift

2.17.1 Reflectivity from a single-interface structure: Fresnel equations

TE-polarization TM-polarization

Roc | (e kp (Op) — up Ke Op) / (e kp Op)+ | (& kp (Bp) — €p Ke (Op) / (e kp (Op) +
pp ke (0p)) epke (0p))

Reg | (g Ke (0p) — Mc kg Op) [ (ug Ke (Bp) + (&g Ke Op) -
HcKg (6p)) €cKg (0p)) / (eg Ke (Bp) + €c Ky

(6p))

Rgs (us kg (Op) — ug Ks Op) / (us kg (Bp) + (€g Ke (Op) — € kg Op) / (gg Ke (Op)

Mg Ks Op) + € kg (0p))

Table 2.8. Fresnel equations for the amplitude reflectance, R, of a single-interface structure
for TE and TM polarizations as a function of the angle of incidence inside the prism, 6.

2.17.2 Reflectance and reflectivity from three- and a four-interface structures

TE—polarization TM—polarization
Regs (RCgTE + Ry (ezrzkgdg)/(l + (RCgTM + Rye™ eiZkgdg)/(l +
RTECg RTEgS o' 2kg dg ) RTMCg RTMgS o' 2kg dg )
Rocgs (RTEpC + RTE e 2l (RTMpC + R™ g (eichdc) /(1
) /(1 + RTERTE, eichdc) + R™M R en’chdc)

Table 2.9. Cover-guide-substrate reflectance, Rcgs, and prism-cover-guide-substrate
reflectance, Rpcgs, in terms of the Fresnel equations for the TE and TM polarizations.
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2.18 Summary

Item Topic Chapter 3 Chapter 4 Chapter 5 Chapter 6 | Chapter 7
1 Interfaces 1 1 2 1 2
2 Types ENG,DNG | DPSENG,DNG, | DPSENG,DNG, ENG ENG

MNG MNG

3 €r Ly complex real real complex | complex
4 Dispersion yes no no no no
5 Free g yes yes yes yes yes
6 Loaded 8 yes no no yes yes
7 | Configuration OK free free OK G
8 Rr yes no no yes yes
9 G-H yes no no no no
10 EandH no yes yes yes yes
11 S, no yes yes yes yes
12 Sx no no no yes yes
13 n yes no no yes yes
14 | Vph and Vgroyp yes no no no no
15 | Charge density no no no yes yes

Table 2.10. A list of the 15 topics that will be explored in chapters 3-7.

Exercises

(1) Discuss structures that give rise to the electromagnetic response of DNG-type
media.

(2) Review the meaning of the refractiveindex in terms of Eq. (2.63) for lossy media.

(3) Derive EqQ. (2.64) that givesthe critical thickness, d,, of a DNG-type waveguide and
discuss its peculiar meaning.

(4) Derive Eq. (2.212) that gives the Goos-Hanchen shift and discuss its meaning in
terms of the four possible mediatypes.
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