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Transmitted wave

Medium 3 (air)
Mo

. Line2 !
Line 1
Zoy=ny Zpy—= Zyp=n, Zp=ng
z=-d z=0
)ZI(\.\':?H (b)

Figure 8-6: (a) Planar section of the radome of Fig. 8-5 at
an expanded scale and (b) its transmission-line equivalent
model (Example 8-1).

CHAPTER 8 WAVE REFLECTION AND TRANSMISSION, AND GEOMETR]C OPTIGy
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Requiring the radome to “appear” transparent to the
incident wave simply means that the reflection coefficient
must be zero at z = -, thereby achieving total
transmission of the incident power into medium 3. Since
ZL = ng in Fig. 8-6(b), no reflection will take place
at z = —d if Zy, = o, which can be realized by
choosing d = niy/2 [see Section 2-7.4], where 1, is
the wavelength in medium 2 and » Is a positive integer.
At 10 GHz, the wavelength in air is Ay = ¢/f =3cm,
and in the radome material

A.o 3cm

=—=—=1cm.

>

1)

i)

oz

-
¥ G

v

< g A

;o )
\,)?! : 3 3) = “\.2 :’)):
F :

o

Hence, if we choose d — SA/2 =
satisfy both the no-reflection and the me
requirements. W

25 Cm' we ‘,m
chanicalimcgm

| Eﬁ(ample 8-2  Yellow Light Incident

upon a Glass Surface

A beam of yellow light with wavelength of (g um
is normally incident in air upon a glass surface, If the
surface is situated in the plane z = 0 and the relative
permittivity of glass is 2.25, determine:

(a) thelocations of the electric field maximain medium |
(air),

(b) the standing-wave ratio, and

(¢) the fraction of the incident power transmitted into the
glass medium.

Solution: (a) We begin by determining the valye of m,
n2, and I[":

m= /2 = 50~ 1207 (@,
&1 £p

_ M2 fuo 1 1207 — 807 (@)
PVea Ve BT /s i@
r

_Mh—m _807’(-—12071’__
T m4m 807 + 1207

Hence, || = 0.2 and 6 = 7. From Eq. (8.16), the
electric-field magnitude is a maximum at

I erll nA-l
T 4 2
A A
‘—zl"f'n? (n——0,1,2, )
with 1) = 0.6 um

1+ 14+0.2
G 14D 1+

— = = 1.5.
1—1I 1-0.2

A: m5 o () The fraction of the incident power transmitted into

the glass medium is equal to the ratio of the transmitted

3345 e e
15\( ; | Bl 22 h—“};\% not-

; \%')-“’-14\1L“L‘£1&" el
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power density, given by Eq. (8.20), to the incident power
“nsity, Sk, = |EL[2/21,: ‘

Sav, 2 JE(i)lz []E(l)[z] 2M

—_— =T — V| =T1"—.

Sav 2m 2m 2
Inview of Eq. (8.21),

%i =1-IF=1-(0.2)2=0.96, or 9%6%. m
av

8-1.4 Boundary between Lossy Media

InSection 8-1.1 we considered a plane wave in a lossless
medium incident normally on a planar boundary of
another lossless medium. We wil] now generalize our
expressions to lossy media. In a medium with constitu-
tive parameters (g, u, o), the propagation parameters of
interest are the Propagation constant y = o + JB and the
complex intrinsic impedance Ne- The general expressions
for @, B, and 7. are given by Egs. (7.66a), (7.66b),

and (7.70), respectively, and approximate expressions are
given in Table 7-1 for the special cases of low-loss media
and good conducting media. If medium 1 is characterized

by (e1, 11, o) and medium 2 by (g, M2, 03), as shown

1Fig. 8-7, the expressions for the electric and magnetic

fields in media 1 and 2 can be obtained from Egqs. (8.1 la)

through (8.14a) of Table 8-1 by replacing jk with y and

1 with 7, everywhere. Thus,

Medium |

Ei(2) = REi (e Fen?), (8.22a)
i

. E,
Hi(z) = §=2(e~nz _ Ten?), (8.22b)

€1

Vediym 2

Ez (z) =%t E(i,e_m, (8.23a)

~ Ei

Hy(z) =7 0 g2z, (8.23b)
ncz

. Medium 1 (¢4, 1, o7)

v
(a) Boundary between dielectric media

" e L
ZOI-_-UC]-“ ks ]

5, 2
i_;
I

I
z=0

(b) Transmission-line analogue

Figure 8-7: Normal incidence at a planar boundary

i
i

i
|
|

uetween two lossy media.
]

where | = o, + JBL, o =ay + JjB>, and

- -7
r=Jte~" 7 (8.24a)
r]cz + ]]C[ .
2
T=14F=—Ta (8.24b)
qcz + nC[

Because N, and 7, are, in general, complex, I" and
may be complex as well.

‘_l;'xamplg 8-3  Normal Incidence on a Metal Surface

A 1-GHz x-polarized TEM wave traveling in the +z-
direction is incident in air upon a metal surface coincident
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with the x—y plane at z = 0. If the amplitude of
the electric field of the incident wave is 12 (mV/m)
and the metal surface is made of copper with ur =1,
& = 1, and o = 5.8 x 107 (S/m), obtain expressions
for the instantaneous electric and magnetic fields in the
air medium. Assume the metal surface to be several skin
depths deep.

Solution: In medium 1 (air), @ = 0,

o 27 x10° 207
—_ = = d/; s
c T 3x108 - 3 (adm

2
A=—=03m.
k: o

At f = 1 GHz, copper is an excellent conductor because
g o 5.8 x 107

& wegg 27 x 10° x (10-9/367)
Use of Eq. (7.77c) gives

B=k =

m =no =377 (),

=1x10">1.

=fu

Ne, = (14 j)

(14 [FX10° x 4x x 107712
- 5.8 x 107
=825(1+/) (mQ).

Since 7c, is so small compared to n, = 377 (§2) for
air, the copper surface acts, in effect, like a short circuit.
Hence,
r= Ne;, — No ~
e, + Mo
UponsettingI" = —1in Egs. (8.11a) and (8.12a) of Table
8-1, we have

Ei(2) =REj(e~/h12 — ki)

-1

= —%j2E} sinkz, (8.252)
~ > - ik
H|(2) =§ = (e7/h7 4 o2y
m
Ei
= §2 2 cos k;z. (8.25b)

m

With E} = 12 (mV/m), the instantaneous fie

1ds COrTe.
sponding to these phasors are

Ei(z, 1) = Re[E1 (2) /']

=R2E} sink,zsinwt

=X245in(207z/3) sin(27 x 10°) (mVim),
Hi(z, 1) = Re[H) (2) /']

1

. E
=§2-9 cosk;z cos wt
m

=64 cos(20mz/3) cos(2m x 10°1) (uAm).

Plots of the magnitude of E; (z, ¢) and H, (z, 1) are shown
in Fig. 8-8 as a function of negative z at various valyes
of wt. The standing-wave patterns exhibit a repetition
period of 1/2, and E and H are in phase quadrature
(90° phase shift) in both space and time. This behavior
is identical with that of the standing-wave patterns for
voltage and current on a shorted transmission line. ®

REVIEW QUESTIONS

Q8.1 What boundary conditions were used in the deri-
vations of the expressions for I" and 7?2

Q8.2 Inthe radar radome design of Example 8-1, all the
incident energy in medium 1 ends up getting transmitted
into medium 3, and vice versa. Does this imply that no
reflections take place within medium 2? Explain.

Q8.3 Explain on the basis of boundary conditions why
it is necessary that I’ = —1 at the boundary between a
dielectric and a perfect conductor.

EXERCISE 8.1 To eliminate wave reflections, a dielectric
slab of thickness 4 and relative permittivity &, is to be
inserted between two semi-infinite media with relative
permittivities &, = 1and¢,; = 16. Use the quarter-wave
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through consideration of the ray path traversed by the
incident, reflected, and transmitted wavefronts,

In view of Eq. (8.54), the boundary conditions given
by Egs. (8.51) and (8.53) reduce to

Ely+E,=E,, (8.57a)

cos6; cos 6,

(—Elp+El)=—

E',. (8.57b)
m

These two equations can be solved simultaneously to
yield the following expressions for the reflection and

transmission coefficients in the perpendicular polariza-
tion case:

E%, __ m2c0s6; — n; cos b,

' =
= E\, mcosf+ ncosb,

, (8.58a)

. E%, _ 21, cos 6;
T Eily 120086+ cos6,

(8.58b)

These two coefficients, which formally are known as
the Fresnel reflection and transmission coefficients for
perpendicular polarization, are related by

. =1+4+T,. (8.59)

If medium 2 is a perfect conductor (m2 = 0), Egs. (8.582a)
and (8.58b)reducetoI’) = —landr 1 = 0, respectively,
which means that the incident wave is totally reflected by
the conducting medium.

For nonmagnetic dielectrics with KUy = p2 = g and
with the help of Eq. (8.56), the expression for I'; can be
written as ‘

cos6; — /(e2/21) — sin? 6,
cos@; + ‘/ (2/€1) — sin® g,

L (for g = wy).

(8.60)

Since (e2/e1) = (nz/ny)?, this expression can also be
written in terms of the indices of refraction ny and n,,

Example 8-6  Wave Incident Obliquely
on a Soil Surface
Using the coordinate system of Fig. 8-15, a plane way
radiated by a distant antenna is incident in air upona plan

soil surface at z = 0. The electric field of the incide;
wave is given by

E' = §100cos(wt — 7x — 1.7377) (V/m), @861

and the soil medium may be assumed to be a losslesc

dielectric with a relative permittivity of 4,

(a) Determine k, k5, and the incidence angle 4,

(b) Obtain expressions for the total electric fields in ai
and in the soil medium.

(¢) Determine the average power density carried
wave traveling in the soil medium.

Solution: (a) We begin by converting Eq. (8.61) in«
phasor form, akin to the expression given by Eq. (8.46a)

Ei — ilooe—jn'x—jl.'ﬂn'z
= §100e~/M1%5  (v/m), (8.62

where x; is the axis along which the wave is traveling
and

kixi =mx + 1.737z. (8.63
Using Eq. (8.47a), we have
kix; = kyx sin6; + k;z cos 6;. (8.64
Hence,
kisin@; =,
kycosb; = 1.73x,
which together give
ky = \/m =2  (rad/m),

6, = tan™! ( ) = 30°.

1.737
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The wavelength in medium 1 (air) is

and the corresponding instantaneous electric field in
2 medium | is

E| (x,z,1) = Qe [Eiej“"]
= ¥[100 cos(wt — 7x — 1.737z)

A
M=—X=_"_ _05m ~ 38cos(wr — mx + 17374, (V/m).
€r, 4 '
The corresponding wave number i medium 2 is In medium 2, using Eq. (8.49¢) with El)=1 Eio gives : ;
by = 2% 47 (rad/m) :
=— =4r rad/m). = Sr i —jky(xsi .

2 lz Eﬂ. =yTE_]Loe sz(.rsmﬁt-kzcosﬁ) 'g
. =, Ao A . ~ . — "628—j(!f.r+3.8'brz) !
Since E! is along ¥, it is perpendicularly polarized (¥ is =Y i
erpendicular to the plane of incidence containing the B
urface normal  and the Propagation direction g;). and, correspondingly, _. I
b) Corresponding to 6; = 30°, the transmission angle 6, i S
obtained with the help of Eq. (3.56): ELG 2 0) =R [BY /o] :

=¥62 cos(wt — 7y — 3.87r12) (V/m).

B T R
il

k
sind, = L sing, = 2% G 300 _ 0.25
k2 4

e L prosga¥ T [PACET | 8
s #igdl $5Y

(©Inmedium2, n, = 5,/ [y = 120m//4 = 607 (),
and the average pPower density carried by the wave is

9[ = 14.50.
L2 2
ithe; = g and €2 = &r,60 = 4egy, the reflection and Sy, = ]—l-;i“.f_ = -—(§2-_ =10.2 (W/m?), m
nission coefficients for perpendicular polarization 2 2 x 60

termined with the help of Egs. (8.59) and (8.60),

cos 6 — /(82/8])_Sin29i 8-4.2 Parallel Polarizatign
—_ U

= = —0.38,
cos6; + 1/ (e2/e;) — sin2 6 If we interchange E and H of the perpendicular polariza-
=141, = 0.6, tion situation, while keeping in mind the requirement

Ganss iy,

5
o
-~
=
L
)
-
9
w
=
[¢]
=
=
8
S
=}
w
=
=
g
(=}
o
5]
5
@
=]
@
o}
=g
o
3

ng Eqs. (8.48a) and (8.49a) with Ej_o = 100 V/m and of propagation for each of the incident, reflected,
* 0, the total electric fie]q phasor in medium 1 js and transmitted waves, we end up with the geometry

I i r
1=E| +E}
— S,Eioe—jk[(xsin Bi+zcos )

214

173
_
g
=
5
e
1<}
oo
)
—
(=)}
—
S
o)
g
=
o
2
5
(=
o
=
g
=
5
l¢']

FTEL o=ikixsing—zcoss) of incidence. With reference to the directions indicated g

=§100¢™/ rx+1.737z) _ y38e™/(xx-173x2) transmitted waves are given by
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Reflectivity Ry and
Transmissivity Ty,
o
wn

f 6; (degrees)

Figure 8-19: Angular plots for (Ry, T}) for an air-glass
. interface.

Example 8-7 Beam of Light

A 5-W beam of light with circular cross section is
incident in air upon a plane boundary of a dielectric
medium with an index of refraction of 5. If the angle
of incidence is 60° and the incident wave is parallel
polarized, determine the transmission angle and the
powers contained in the reflected and transmitted beams.

Solution: From Egq. (8.56),

. ny . 1 .
sinfy = —sinf; = —sin60° = 0.17
na 5

or
91 = 100.

With e,/e; = n.f,/nf = (5)> = 25, the reflection
coefficients for parallel polarization can be computed by
applying Eq. (8.68) as follows:

B —(e2/€1) cos 6; + \/(92/5‘]) —sin® g,

M=
(e2/21) cos 6; + \/(52/31) — sin? 6;

_ 25005 60° + /25 — sin® 60°

= —0.435.

25c0560° + v/25 — sin2 60°

The reflected and transmitted powers are then
P = P{|IT}|* = 5(0.435)% = 0.95 W,
Pi=P/—P[=5-095=405W. ®

8-6 Geometric Optics

In the foregoing material, we examined the reflection and
refraction behavior of uniform, plane electromagnetic
waves when incident upon planar boundaries between
dissimilar materials. In practice, wave interaction with
matter may involve waves that are neither uniform nor
plane. Also, the objects that the waves interact with may
be of any shape and size. How then do we put the results
we obtained in the preceding sections to use when dealing
with practical situations? The answer depends in large
part on the size of the object and the degree of curvature
of its surfaces relative to the wavelength of the incident
wave. Wehaveavailabletoustwofundamental approaches
for describing wave interaction with matter; these are the
physical-optics method and the geometric-optics method.
In physical optics, also known as wave optics, a wave
is characterized mathematically by all its attributes: its
amplitude, phase factor, and polarization vector. In
contrast, in geomeltric optics, otherwise known as ray
optics, a wave is represented by a ray denoting the
direction of travel of the wave’s energy. Neither the
phase nor the polarization of the wave is accounted for
explicitly in geometric optics. Thus, geometric optics is
a ray approximation of physical optics. Although it is
mathematically superior and its formulation is traceable
back to Maxwell’s equations, the physical-optics method
is mathematically more complicated to apply than the
geometric-optics method, and therefore physical opticsis
used whenever geometric optics is inapplicable or when
a greater degree of accuracy is desired than that used
in geometric optics. In general, the geometric-optics
method provides fairly accurate results whenever the size
of the object illuminated by an electromagnetic wave is
much larger than the wavelength . There is also the

AR i Ry o
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Substituting Eq. (8.33) into Eq. (8.34) gives

sinf3 = (E) (?—l—) sinf; = sin#,.
n na

Hence, 63 = 6,. The slab displaces the beam’s position,
but the beam’s direction remains unchanged. m

EXERCISE 8.4 In the visible part of the electromagnetic
spectrum, the index of refraction of water is 1.33. Whatis
the critical angle for light waves generated by an upward-
looking underwater light source?

Ans. 6. = 48.8°.

EXERCISE 8.5 Ifthelightsource of Exercise8.4issituated
at a depth of 1 m below the water surface and if its beam
is isotropic (radiates in all directions), how large a circle
would it illuminate when observed from above?

Ans. Circle’s diameter = 2.28 m.

8-3 Fiber Optics

By successive total internal reflections, as indicated in
Fig. 8-12(a), light can be guided through thin dielectric
rods made of glass or transparent plastic, known as
optical fibers. Because the light is confined to traveling
within the rod, the only loss in power is due to reflections
at the sending and receiving ends of the fiber and
absorption by the fiber material (because it is not a perfect
dielectric). Fiber optics is useful for the transmission of
wide-bandwidth signals and in a wide range of imaging
applications.

An optical fiber usually consists of a cylindrical fiber
core with an index of refraction ny, surrounded by
another cylinder of lower index of refraction, n, called
a cladding, as shown in Fig. 8-12(b). The cladding
layer serves to optically isolate the fiber from adjacent
fibers when a large number of fibers are packed in close

proximity, thereby avoiding the leakage of light from o,
fiber to another. To satisfy the condition of total iper-,
reflection, the incident angle &5 in the fiber core myy -
equal to or greater than the critical angle 6, for a ws,
in the fiber medium (with ny) incident upon the cladg.-
medium (with n¢). From Eq. (8.32a), we have

sinf, = i . (82

ng

To meet the total-reflection requirement that 6; > §,
is then necessary that sin 63 > n¢/ns. The angle 6 is:
complement of angle 83, and cos &> = sin f3. Hence."
necessary condition may be written as

e
cosfy > — . (8.
ng

Moreover, 6, is related to the incidence angle onthe |
of the fiber, 6;, by Snell’s law:

. LV
sinf, = — siné;, (8
ng

where ng is the index of refraction of the mec
surrounding the fiber (np = 1 for air and ny =
if the fiber is in water), or {21

2 1/2
cos ) = l:l - (E) sin? 9{] . (¢
ng

Using Eq. (8.38) in the left-hand side of Eq. (8.36
then solving for sin 6; gives

. 1
sinf; < — (n% - nf)l/z. (
no
The acceptance angle 6, is defined as the maximum
of 6; for which the condition of total internal refle
remains satisfied:

1
% sinf, & —(nf —nd)'2. (8.40)

) Mo
A

h

Ne=hny (clag)- |

cy »-\ (m« > 5""\%“‘

,.Q(N‘)h%
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Acceptance cone

Fiber cérc
Cladding

Fizure 8-12: Waves can be
| internal reflection.

N (o - I~
L - It . = " !
! Cladding\ _ i

{ (a) Optical fiber
|
l‘

The angle 4, is equal to half the angle of the acceptance
one of the fiber. Any ray of light incident upon the
ace of the core fiber at an incidence angle within the
‘Ceptance cone can propagate down the core. This

digital data. When a rectangular pulse of light incident
upon the face of the fiber gets broken up into many
modes and the different modes do not arrive at the other

end of the fiber at the Same time, the pulse shape gets
‘¢ans that there can be g larger number of ray paths, distorted, both in shape and length. Inthe €xample shown
I by which light energy can travel in the in Fig. 8-13

, the narrow Tectangular pulses at the input

Ore. Higher—angle fays travel longer paths than rays side of the optical fiber are of width 7; separated by a

At propagate along the axis of the fiber, as illustrated

0 ends of the fiber, This property of optical fibers is
lled 13104, “Ispersion and has the undesirable effect of
anging the shape of pulses used for the transmission of

the output pulses spread out so much that 7 > T, the
output signals will smear out, making it impossible to
read the transmitted message. Hence, to ensure that the

—{ s
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transmitted pulses remain distinguishable at the output
side of the fiber, it is necessary that T be shorter than 7.
As a safety margin, it is common practice to require that
T > 21,

The spread-out width 7 is equal to the time delay Ar
between the arrival of the slowest ray and the fastest ray.
The slowest ray is the one traveling the longest distance
and corresponds to the ray incident upon the input face of
the fiber at the acceptance angle 6,. From the geometry
of Fig. 8-12(b) and Eq. (8.36), this ray corresponds to
cos6, = n¢/ng. For an optical fiber of length /, the
length of the path traveled by such a ray is

!
g&nm = Iy e (8.41)
) cos 6, Ne

and its travel time in the fiber at the velocity u, = c/ns
is

(max ==, (8.42)

The minimum time of travel is realized by the axial ray
and is given by

) I
— = - ny. (8.43)
C.

0

Imin =
Up

The total time delay is therefore

‘.:-_,‘ " 'l =
l('*-—-r\(., —":3’ 1&/

| Ing [ ng
Ly ___,vlzfﬂ: = Al = tmax — tmin = Tf (— — 1) (s). (8.44)

ne

As we stated before, to retrieve the desired information
from the transmitted signals, it is advisable that T, the
interpulse period of the input train of pulses, be no shorter
than 27. This, in turn, means that the data rate (in bits per
second), or equivalently the number of pulses per second,
that can be transmitted through the fiber is limited to

1 1 Che
== (bitsks).  (8.45
fo T 2t  2ng(ng—ne) GiE G

r,‘\;- (? I — ’l \!L'
Qu sr
1

/ Example 8-5 Transmission Data Rate
on Optical Fibers

A 1-km-long optical fiber (in air) is made of a fiber core
with an index of refraction of 1.52 and a cladding wiy
an index of refraction of 1.49. Determine
(a) the acceptance angle 6,, and
(b) the maximum usable data rate that can be transmitted

through the fiber.

Solution: (a) From Eq. (8.40),
I p Ipl
sing, = n—(n}* —nd)? = [(1.52)* = (1.49)2)'2 = 03,
0

which corresponds to 8, = 17.5°.

(b) From Egq. (8.45),
cne
fo= 2Ing(ng — ne)

3 x10% x 1.49

T 2% 10° x 1.52(1.52 — 1.49)

=49 (Mb/s). 2

EXERCISE 8.6 If the index of refraction of the cladding
material in Example 8-5 is increased to 1.50, what would
be the new maximum usable data rate?

Ans. 7.4 (Mb/s).

8-4 Wave Reflection and Transmission 1t
Oblique Incidence

For normal incidence, the reflection coefficient I' and
transmission coefficient v of a boundary between two
different media is independent of the polarization of the
incident wave, because the electric and magnetic fields of
anormally incident plane wave are both always tangential
to the boundary regardless of the wave polarization.
This is not the case for oblique incidence at an angle
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