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Wave reflection and transmission at interfaces

Incident wave .
Transmitted wave
Reflected wave >

Medium 2
)

Medium 1
m

(a) Normal incidence

Reflected
wave

Incident
wave

Medium 1

m

Transmitted
wave

Medium 2
M

(b) Ray representation of
oblique incidence

Medium 1
M

ng

Medium 2
U3

(c) Wavefront representation of
oblique incidence



Normal incidence — analogy with transmission
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Normal incidence wave reflection/transmission
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Wave reflection/transmission

2 media are lossless, homogeneous, dielectrics

: . o . E'*  JE, .
Incident wave: E'(z) = XEYe %1z HY(z)=2x—= e~ Jk1z
M M
i agr 5 i _yEB LeY4
Reflected wave: E"(2) = RET ek H (z)=(-2)x—= el
0 M M

E'(z) 9E%
Uy, N2

e_ijZ

Transmitted wave: Et(2) = X‘E%e‘fkﬂ Hi(z) = 2 %
i

L, EY, EY — amplitudes

ki = w161 ka2 = w\lz€;

_ M _ M2
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Apply boundary conditions atz=0

Medium 1 Incident + Reflected Medium 2  Transmitted

El (z) = E‘i(z) + E7(2) Ez (z) = Et(2) = fE%e‘ijz
» — (Rl ,—Jjk1Z r ,jkq1z St

B () = 2(Epe ™07 + Bpelt) A, 2) = Bt(z) = 20 et

Hy (z) = H'(2) + H"(2) 2

Hy (2) = 9 (Ehe /7 — Epelha)

Boundary conditions at z = 0:  Tangential components of E, H continuous
E, (0) =E,(0) » Ey+Ey = E}
Ey Ej _ E%

n m Uy,

— 2 . .
e L
2 1

H, (0) = H,(0) -
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Normal Incidence

ET —
[ = °—<n2 n1> Reflecti fficient
- P clicClion cociricien . .
EY, \mx+m Similar form as for
Et on, transmission lines
T=—= ( > Transmission coefficient
E, N2+ 1M

I', T may be complex for conductive media

t=14+T (normal incidence)

Mo Mo < Free space impedance

For non-magnetic media n = Ny =
& ’ VEri VEr2

JErn — J¢
=" = (nonmagnetic media).
Ve T /e




Transmission Line Analogue

201 Zo2 I

Infinite line

z=1)

(b) Transmission-line analogue

ZL — 2o

FromTL: I =
Z; + 72,

For infinite line lossless TL input impedance is the characteristic impedance:




Transmission Line Analogue — normal incidence
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z=0

f1 = o\/ll1 €1 L2 = 0\/Uz€;
E,(z) = RE} (e /*17 4 Telk12)

Hy(2) = 92 (e 7 — T eflo7)

E,(2) = R1ELe /K22
El

H,(2) =9t —e
N2

—jkyz

Infinite line

V;_(Z) — VO+(e_jﬁlz + FejBlZ)

+

Vo .
[1(2) __Eiaj( —1312 Fe]ﬁlz)
Vz (z) = 1V, * (e 7F2%)

+

(e —1.322)

L@ =22
2 s
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Transmission Line Analogue

Zo Zo2 S

' Infinite line

z=1

(b) Transmission-line analogue

S = |E1 |max _

: N 1+ |
Standing wave ratio: incident + reflected waves = — = IT|
|E1 | 1 —T|

min

If 2 media have equal n; = 1, =0S5=1

If medium #2 1s perfect conductor: 7, =0 [=—-1,8=0



Transmission Line Analogue - summary

A E\
l'li ®_> kl Hl( 1 >_> f(t
E'
(-)y—» z
IA(I' 4—()9 HI'
Medium 1 (g1, u1) Medium 2 (&2, 12)

z=0

—

Infinite line

Plane Wave [Fig. 8-4(a)]

Transmission Line [Fig. 8-4(h)]

EI (z) = iE(i](e_fklz + lelk12)
~ El . -
Hi(z) =¥ T0e—ikiz _peikizy
nl
EE(Z) = iTEbg_jkEZ
i

~ E "
Hy(z) = §7 —2 ¢~ /R27

I'=(—m)/(m2+mn1)

t=1+47T
ki =o/p1er. k=o/ue
N = ~/K1/€1 - n2 = &/ [42/€2

(8.5a)

(8.6a)

(8.7a)

(8.8a)

Vi(z) = Vd"(e‘fﬁlz + TelP17)
~ vt , .
I1(z) = L(e_a’ﬁ'lz _ rgjﬁw}
Zp1
?2(2) = TVJE’_-}.‘?EZ
~ v
202) =1 Zon e
I'=(Zoa — Zo1)/(Zop + Zo1)
r=1+T
Bl = /8, Br=oJune5

Zy1 and Zg depend on
transmission-line parameters

(8.5b)

(8.6b)

(8.7b)

(8.8b)
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Power Flow

Incident wave

Reflected wave

N 1 - ~
Medium 1: S, (2) = ERe[E1 (z) x H; (2)]
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Power Flow

Medium 2:
T=1+4+T ' - real for lossless, can be complex for conducting
. o EY . |EL |2
S — —_Re |%7E? —]kzzxA*_O jkoz| — 51412 120
av, (Z) 5 Re |xtEqe VT 0 e Z|7| 2

= n |El0|2 2
Savl(z) = Z 21,4 (1—T%)

2 1-T7? |

= (lossless media),
n2 N1
leads to

Savl — Sa\,fg .



Radar Radome Design

™\ Antenna beam

Radar

Antenna Dielectric
radume

Aircraft uses 10 GHz radar — narrow beam scanning (or gimbal glass)
— behind dielectric radome

Assume radome is planar

Design thickness of radome so that it is completely transparent to radar




Radar Radome Design

Incident wave Radome

Transmitted wave

‘ i Medium 1 = air, n,

. Medium 2 = radome, 7,- (thickness d)

Medium 3 = air, 1,
Medium 1 (air) Medium 2

Medium 3 (air)
'?0 '?r

Mo

z=l—d z=.0

z=0 - at back surface of radome

£ =09 _ 1 needs to be d > 2.3cm to
r = b be structurally sound



Radar Radome Design

Incident wave Radome Transmitted wave

Medium 1 (air) Medium 2 Medium 3 (air)
Mo My Mo

z=l—d z=.0

€r =9 U =1

z=0 = at back surface of radome

Equivalent TL model

Line 2

I
I
Line 1 |

I
I
Zoy=ny Zin— Zgpp=n, %ZLz’TO
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Radar Radome Design

To achieve “transparent” to radar,needI' = 0 at z = —d
i i
. Line?2 .
Line 1
Z;, =MNo Why?
Zor=1My ZLin— ZLop= 2y =1

Because medium 3 is air

|
-

z=—d z

How do we get ' = 07

if Zin(atz=—d)= ng
How do we get Z;,, = 1,

: : : . A
When radome thickness is an integer multiple of 5



Radar Radome Design

From transmission lines, since Media 1 and 3 are the same (air), no net

. i . . . i . A
reflection will occur at z=—d if the radome thickness is an integer multiple of 5

A
Need half-wave % transformer: Z;, of line,length [ = nE ,(n=0,12,..)

Zin =12 L
' me '

Wavelength in

d = l(ha]fwave) = n72 medium 2 Zor=No ZLin— Zpp=W Zy =1y
z=—d z=0
_ < _ Ao _ 3cm
AthGHZ,/lo—f—ch Az—\/e_r— 3 = 1cm

Ay needs to be d > 2.3cm to
We choose:  d =5 2 - 2.5cm be structurally sound

Radome is non-reflecting, transparent and structurally stable



Boundary between lossy media

Ei x . Lossy medium: (€, u, 0)=> constitutive parameters
4)* cL» y=a+jB
H' Ri Ht k[ 1/2
E' G i ,UE, e 2
’_$ jy a=wi—" 1+<?> -1
;<0 e
He, fe,
Medium 1 (g1, 41, 61) | Medium 2 (&2, 42, 02) . 1/2
z= [} ME, 14)
(a) Boundary between dielectric media ,B = W T \/ 1+ <?) +1

|
Z v Zo _— ~1/2
01 = e, L L0 e o e - E_” /
! Infinite line e = e, € J o

z=0

Transmission-line analogue . .
®) & —> With special cases — low loss, good conductors
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Boundary between lossy media

Fields in medium 1 jk =y, n-n

i

. ~ E
El(Z) — X\Elb(e_ylz _|_ l"e]/lz) Hl(Z) = 5;_0(6_)/12 _ FeY1Z)

C1

Medium 2

~ . i
E,(z) = XtE e 72* f,(2) =91 ﬂe—yzz
C2

Y1=a1 +jB Y2 =ay+jB;

— 2
['= <M> T=1+T= <L> I', T = complex
TICZ + nC]_ 7762 + T’C1



Normal incidence on metal

1 GHz, X polarized plane wave, travelling in +Z direction from air to copper surface

o+ Copper
Sl s Gl s
oo = 8'-8)6!07- S/m
|
20

Incident electric field amplitude = 12 mV/m

copper: €, = 1,u, = 1,0 = 5.8 X 10’S/m

Obtain instantaneous E;(z, t), H;(z, t) in the air medium.

Assume copper is several §; deep



Normal incidence on metal

1 GHz, X polarized plane wave, travelling in +Z direction from air to copper surface
o Copper e, =1,u =1,0=58x107S/m

—_— Ge~1 ) /u r-=) . .
Electric field amplitude = 12 mV/m
< o = S'.axw?- S/m P

=20

0

L _@_2mx10°_20m
B=ki=-=33708 =3 rad/m

In medium 1 (air): «

2T
N1 =ne = 3774 /1=k—=0.3m

1

Medium 2 (copper): o = 5.8 x 107S/m f=1GHz e =1

" 5.8 x 107
€ o =1 x 102 > 1 - excellent conductor

e wee, (2m x 109)(10-9/367)
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Normal incidence on metal

a =.nfuc

p=a= nfuo Good conductor approximation
a

ne=1+j)~

— (1) nf,u_(1+_) 7TX109X47TX10_7_825(1+_) Q
nCZ - _] o - .] 5.8 X 107 - . .] [m ]

This is very small compared to 7., (air)= 377()

—> Copper acts like short circuit

F: <77C2 _nO) ~ _1
nC2+n0




Normal incidence on metal

We can approximate I' = —1 (like short circuit)

E (z) = REY (e T*17 — gJk12) E,(z) = —®j2E}sin(k,2)
_ El . . _ 2EL
Hi(z) = yn—(’(e-fklz +effi?y  Hi(2) =9 . > cos(ky7)

1 1

th B = 12 (™
With EL = 12 (m)
Ei(z,t) = Re|E,(2)e/®t| = 22E", sin(k,z) sin(wt)
=~ 20m mV
Ei(z,t) = X24 sin (T z) sin(2m x 10°t) [F]

E

~ ~ - 2

Hl(Z) = Re[Hl(Z)e]“)t] = y COS(k1Z) COS((A)t)
c

=~ ~ 2077: ' MA

H,(z) = 64 cos TZ cos(2m X 109t) [E]



Normal incidence on metal

E\z 1 Hy(z 1)
o=z Al 4
K - 24 (mV/m) - 64 (uA/m)
N\ / oi=5u4 o a
z g
-z 0 E“ 0 E'
o} (=]
: :
( =24 (mV/m) 64 (UA/m)
' ol =‘|;rf2

Ei(z,t) and H{(z,t) = 90 degrees phase shift
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Course Project

Wed April 23 - Class will be Projects Workshop

Part 3: Monday May 5: Final Project Presentations (40%)

Each team will have a slot for presentation on their projects, each member
must speak for 5min. An additional 3min at the beginning of the presentation
should be dedicated to the introduction of the topic and sub-topics. An
additional 3min at the end will be used for questions and discussion.

Part 4: DUE Friday May 9 (30%)

Submit paper on the specific task, including quantitative analysis. The papers
will be prepared and submitted individually by every student, however team
discussion is appropriate. Papers are limited to 6 pages inclusive of figures
(references are not counted in the 6 pages).
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