
I .  Transmission l ines and

(introduction) antennas

1. Transmission 1ines, s inusoidal  waveforms

Transmission l ines are used to t ransmit  e l -ectr ic energy and signals
rrnm ^hê najn. l  to another.  The basic t ransmission l ine connects aI /vrrr

source to a 1oad. This may be a t ransmit ter  and a antenna, a shi f t

register and the memory in a digi ta l  computer,  a hydro-

electr ic generat ing plant and a substat ion severa1 hundred mi les away,

a te l -evis ion antenna and a receiver r  or  one channel  of  a stereo

turntable and one input of  the preampl i f ier

ïn c lassic networktheory we assume that the physical  d imensions of  a

network are smal- I  enough with regard to the wavelength À, so no

standing wave patterns do appear.  ïh is j -sn' t  the case with long l ines
nr Èr in l - r  f ranrr-ncies!  Between start-  and endpoint  of  the l_ ine there iS a! !v\ase

distance amount to some (or a part  of  a)  wavelength(s).

The l i -ne is now a network wl th distr ibuted oarameters and has a

characterrstr  c impedance 2".

The important fact  ís that  forward and backward waves can be sustained.

The presence of  backward as wel l  as forward waves evident ly af fects

such things as t ransmit ted power,  d istr ibut ion of  e l -ectr ic f ie ld,  and

losses in a t ransmj-ssion l ine.  In t ransmission- l - ine theory,  techniques

are developed for convient ly studyÍng such ef fects,  and the resul ts are

appl icable to any form of one-dimensional-  wave motíon

We start  by invest igat ing the appropiate descr ipt ion of  a uni form l ine

l -n c l_rcul_E terms.

b

F 1 d |  -  |  .  t  hê

+--^*^*- i  ^ , - . . i  ^-LId. I ] ) I t t IJ>I(JI I ,

geometry of  the (a)
' l  inp.s -  T-íomooeneous

coaxial ,  (b)

diel-ectr ics

1

l - r^rn-r^r i  ro :nd / r - )
,  qrrs \v/

^^^, ,*^ l

^t  -*--Pr qrra!



1.1 Voltaoe and current ecruations

Analogous with the propagat ion of  a plane electromagnet ic wave 1n a
homogeneous medlum we can consider a length of uniform two-conductor
l ine connected between a source and a load. wi th in any short  length we
can d' iscern both energy storage and enerqy dissipat ion:  the lat ter
occurs both in the conductors and in the dielectr ic,  and the former as
both magnet lc and electrostat ic energy.  A c i rcui t  d isplaying these
propert ies is shown in f ig. l -2.  The parameters g,c,r ,g wi l l -  be
measured per unit length ó:r.

The stored energries are Lzg.í2 -6x, Lz0vz.6x, and the enerqy
(r iz + qvz) -ó2, which are compat ibr-e wi th ideas of  enerqv
along the l ine.

_+ iq4

dissipat ion

distr ibuted

l*G.a*t

With Ohm's law, and ser ies- impedance z:r+jr , lg

shunt-admittance y=g+ j r, lC,

v(x+óx) -y(x)  = -2.  j  (x)  óx

r  (x)  - :  (x+óx) = +y.y(x)  èx

we have

(1.1)

(1.2)

( r  .4)

Now we get two part ia l

ótz
- : -  = -z '+
OX

óx2

O-r

ó- '

di f  f  erent ia l -equat ions :

t i  
- \  

6 i
[ r -J = -V.V

óx

Deriv ing wi th respect to x gives:

62v ói= -z_ = tzv.
óx

órz= -Y--  -  +zY.
OX

v=y2-v (1.s)

__-_--,- L(x+ dx_)

",, 
ï

.x- a_+<l)c

Eig-7-2:  Circui t  equivalent to elementary length of  t ransmissj-on ]- ine.

(1.6)



We can wri te the solut ion of  those 2"d order di f f .eq.  as:

rz(x)  = Arê"* *  Bre-""  (1.7)

r  (x)  = Azê"* *  Bre -Y^ (1 .  B )

With propaqat ion constant

t r  
-  

+, lzrz = ry+- i f l  (1 O\
Y -  'yL_y -  u,JP \L.J l

By subst i tut ion in (1.7) or (1.8) we get the solut ions

{eo*,  e jF^,  e-o*,  g- jpx} (1.10)

Interpretat íon of  those terms:

o gox: magnitudefactor,  which indicates that the magnitude

takes off from higher to l-ower x values ( so in -x

direct ion) .
o s i9x:  or  a s inusoidal  waveform with respect to {xr t } :

s j  (Êx+ot) ,  represent ing a waveform travet l ing in -x

direct ion wÍth speed a/9.

a €-qx :  conform to e*o*,  but  +x direct ion.
a e- jÊx -  conform to e* j9*,  but  +x direct lon.

Now we have to determine constants Arr? 'z,Bl  and Br.

Subst i tut ing (1.3) in Q.1) gives

3t = yA.ev"+(-y)  Bre-Yx = -z. j  -  -z.AreY*-z.Bre-Yx (1.11)
èx

Equal izat ion of  the exponents

So we can wri- te the solut ion as

v(x) = Are"* *  Bre-Yx (1.14)

: (x)  =nl  { ( -À:_e"**Bre-Y") (1.15)
lz

Consi-der ing an inf in i te t ransmission l - ine wi th a source at  x:0,  there

wi l l  only be a vol tage (current)  waveform in +x direct j -on.

Now the eq. (L. I4)  and (1.15) convert  to



tz (x)  = B, e -Y*

Ratio of  (1.16) and (1

. lw
r  (x)  = nl  {8,  e-"*

lz

(1.18)

( r .20)

(7 .2r)

(L.22)

\ t -25)

attenuat ion constant
propagat ion constant

or,@c

tr
\a

by

(1 .  16)

17' |  n i rzocz' t  Y4vvu

(1.17)

z (x)  = Y!"1
f  (x l

=,1?
The input impedance of an inf inite long l ine is the characterist ic
impedance! So Z" = \  (z/y)  (1.19)

Z" is independent of  x,  and we may therefore interprete th is equat ion
by saying that an impedance Z" is presented to the l ine on the lef t  of
xt  equal  to the r ight  of  x.  We may in c l rcui t  terms consider the
possibl l i ty  of  providing a sui table component wl th impedance Z" and
using i t  to terminate a l ine.  The part  of  the l ine between source and
this load wi l1 then behave as though i t  were extending to inf in i ty.  The
signi f icance of  the character ist ic impedance Z" is that  i t  can replace
an inf in i te length of  l ine.  A l ine terminated in the character ist ic
i  

- -^J 
. i  ^l r !+JsuarrL.c r-  said to be matChed.

We can suppose o a lossy l ine

Now we have to take into consideration r, g, C,
neglect ing g,  so we get

v * y'-(?;Jr,r9fjr^re = cx +J Ê

ï# 
= q'/*i ' lZ" =

with

a lossless l ine
q^ 

- , -A

Hence

(nepers per metre)
R.

Y=j

ry-u
C

The phase-speed is determined

1

1fit . / t t  
' .1/  Fr-  r

( r .24)



and because

The same i-s

Also val id

prr r r  21,  the propagat ion speed i^  
-  ^^1^r^

. . .ovo|L.

i  ^  ^ t , ,^ . ,^rD d.rwd.y5

val id for  the wavelength L:vr / f

for  a lossless l - ine

rro2nf2n
lv l  =__l_==----k

vrvrÀ
( r  .25)

1 .2 Reflections , impedance and VSï{R

Let 's consider a lossless,  f iní te t ransmission l ine terminated in 2, .
( load impedance).

1.2.1 Ref lect ion coeff j -c ient  (K, prI )

-L 
(c)

E
0

Flq.1-3:  L ine terminated in ZL.

whe consider a l - ine terminated at  x:L in an impedance zL.
l r i th l ly lFt< we can wri te (7.L4) as

L

v(L) = Z". i (L)  = Arêrxt '+Bts-txr"  = +(-Àre 
rxt '+Bre- l .kr , )  e.26)

zt
c

This equat ion can be wri t ten as

Are2ixr '  (L+2")  = Br (2"- I )  so A, = Bre-zjkL
z 
"-L-_-

z 
"*L

(L .27 )

and call  Z'L=ZL/2" the normalised load impedance (to the characterist ic

impedance) .

The term (Z'r-L) /  (Z ' "*1) is def ined as the rcf  ' l  ar- i -  i  nn .oeff ic ient  for
the vol taqe at  the l -oad, cal led K (or l ,  p1 .
For the current at  the l -oad the ref l_ect ion coeff ic ient  j s  -K.
The term e-2jkr '  is  the phase factor,  onry depending of  the length L.



L.2.2 ImPedanee

Take again (1.14) and

get

(1.15) in which we subst i tute & by 0.21) ,  we

B, .  K.  e-2ikL ei tcx*]ra- ikx (1 -  2I  )

( -Bt .K.e-2jkLetx*+Bts- ikx) (1-29)

j -s cal led the J.ocaf impedance at the point x,

y(x)

j  (x)  =

The rat io z (x) :v (x)

resul t ing in

=

t-
v

/ í (x l

z(x)  = z"

We can wri te the normal ised loca1 imPedance as:

t ,  z(x)  -  l+K(x) t1 ?1 \
z '  \x)  =

z" l -K(x)

with K(x) = Ke-zjktL-x) ( I  -32)

K(x) is the vol tage ref lect ing coeff ic ient  at  the point  x '  between the

ref lected (backward) wave Arej t*  and the forward wave Bte- jkx '

subst i tut ing K by (z ' t -L)  /  Q' , r ,+ l )  in ( I .32) and af ter  subst i tut ion of

(1.30) we can f ind for  z '  (x)

zt(x)  =
Z 

"* 
j  tqk (L- x)

t1 ??\

L+j Zt  .  tgk (  I -x)

Fi l l ing in X:or we can f ind the (normal ised) input impedance of  a

transmission l ine wi th load Zt at  x:L

Ke-2jkLeikx*"- ikx

_Ke-2jkLejkxn"- ikx

( r .30)

(1.34)7t  = zt(o\  = 
t" l . j 'nu="=

o in L+ j  z r , tgkL

wirh (1.34)

. input

o input

we can examine some special  cases:

impedance of

Zrn : zL

impedance if

Zt tn 
:  ZL/ Z" --

ry-V
DU ai-n -  uc

a short  l ine (L<<À)

7.-

I (normal ised)



o terminatÍon in an open-circui t

6
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ated in

. l ' /otrce the pattern is per iodic wi th À/2 !

The vol tage ref lect ion coeff ic ient  K:1.  So at  the point

x:L the vol- tagie doubles and the current wi l l  be 0.

.  Terminat ion in a short-c i rcui t
.7r  nuL-v

Z'rn:  j . tg(kL)

as shown in the previous f igure.

The input impedance is again imaginery, voltagre refl .

coeff .  K:-1,  so at  the point  x:L the current doubles

and the vol tage wi l l  be 0.

o input imr:edance of a x/2 l ine
9l v l
a in-aL (1.37)

so the impedance measured at j-ntenrals of a half-wave

length from the termination has the same value as ZL !

I t  seems that t lne ) ' /2 l ine has no ef fect  on the conf ig-

gurat ion.

The same for L :  À,  3L/2,  2L,  5b,/2t  . . .

o input impedance of  a X/4 l ine

(1.36)

.  Zz
L--

L.  \ )v
In 

- l  

tn V
L UL

nr-o.)  i  s
-^vv/

- l  
i

.{ ;n l*'

(1.38)



The l ine thus acts as an impedance inverter,  we cal l  i t
the quarter-wave transformer. The same for L : 3À,/4, 5^/4,

L.2.3 VSï{R - Voltage Standingr Wave Ratio

Thus the fract ion of  the incident vol tage wave that is ref lected bv
o l ine wi th a di f ferênt character ist ic impedance

o load impedance, di f ferent f rom character ist ic imncrtance,

is K (x)  :  (z '  (x)  - r )  /  (z '  (x)  +1) ,  der ived from (1 .  31)

Let 's examine K with regard to x,  f rom

v(x) = Àr€ ikx + B.,e- ik. i . (1

z ^ ikx
and K(x) = l l r l l  e-2ikt t ' -*)  = ^t ï -

R a- jkx

?q\

(1.40)

(K(x) is a per iodical  funct j -on wi th ampl i tude l lx l í  and per j_od L/2)
we get

iz(x)  = Br€ -  jk*  (1+K(x) ) (1.41)

Now we can interpretev(x) as
.  one wave propaggt ing in +x dlrect ion
.  but wi th var iable magnitude lBr.  (1+K(x) )1.

The maximum ampl i tude along the l ine is Br.  ( r+lhdl)  , the minlmum i_s 8. .  ( r_
lE{ l )  ,  wi th lhdl<f  for  passive l -oads.I t  wi l_ l_ i -n g,eneral  be complex,  hence

K = l l rCl la ie
i l - ' l t  -

(7.42)

so, analysis or l l t+x(x) l l  g ives us the max and min ampl i tude at  the l ine,
with a period 

^/2, 
for what concerns the absorute value.

4/3

zl  J

x

-t-

I

Fig.  1-5 :  Standing-wave patt .ern.



Knowinq the ref l -ect ion coeff ic ient ,  we may f ind the standing-wave rat io

v
= VSWR = (1.43)

Vm1n

Further,  we not ice that  the power,  avai lable
lossl-ess l ine is def ined as

in every point  of  a

So the power ref lect ion coef f ic ient  . j  s

IlALll2= llKllz (7.46)
Ib-  I '

The relat ive power dissipated in

)  (1, .44)

( -Ar* e- 
jkx*"*  g j tx;

(1.4s)

the load can be wri t ten

(1.47)

1
P(x) = :Re (rz(x)  . r .  (x)

2
1 . .  1= +[(À' ,eJ{x+8rê-Jxxl  (  ' )*
z -  -  Zc.

= 
1 1 r t tn t? rn r?i

z 411111i l - - l lAl l l -  
j

1 -ll Trll2r  l r l l l

1.3 Voltage and current standing wave patterns
Examples wi and

Letrs examj-ne the wave pattern and the input impedance with some
examples
o exampfe 7 : input impedance

ZT, 7., = Za

o exampLe .' termination in

L-I
o

2.2",  Iength L=À

vB I 
% 

fvr,r

L

Zt= 2.2.



v(*)  -  l1+x(x) |  = l t -+ s-)zx{r , -x)  |
= l1+ !coszt<(r-x)  

-  j !s inzk(r-x)  I

1* 1 coszzk(r-x)  *1sin22k(r-x)  *?cos2k(r-x)

cas2k(I-x)  -  - I ,  so
y = r_ (2n+1) À

(2) 2

mi-nimum:

The corresponding minimum is 2/3.
maximum:

cosZk ( I -x)  = ! ,
X

xru.* = I-ni
z

with maximum 4/3.
The max, 4/3,  corresponds with E,
The min,  2/3,  corresponds with E/2.
The voltage pattern becomes

QA

I

7t-

L
t . / \| ,,-
r.:
I

L-À YP
I

L-)/z t ) >/,,

s\lE
re

^/t ^/L 3.\/+ 7The current pattern i-s minimum when the voltage pattern is max, and.

À/zo
^/,

?

when the vol tagre pattern is min.
I {on ca fnr {-  l r  

^'Earvs ! \Jr_ Lrrc CUrfent we Can WOfk with _K

max

=*;  cos?k(L-x)
Y5

10



o exampl-e 3 . '  termi-nation i-n open/short circuit

Standing-wave pattern for  open-circui t :

7-
l l  \  r /

\1,

Standing-wave pattern for  short-c i rcui t :

--)---/- \----+-----
t / , /

\  
t . /  

|

--Zt-- i-
/  i '
- - t - -

2
7l

'-T"
,- l\

t \

I

-T

L-

1.4 Smith-chart

An important addit ion to our analyt ical and desi-gn tool wil l-  be the use

of a graphical- technique for solving refl-ection and matching problems.

Probably the most widely used one is the Smith-chart .

Basical Iy,  th is diagram shows curves of  constant resistance and

constant reactance; these may represent either an input impedance or a

l-oad impedance.

: ._____L__--
t .  

,  /

11



1- 4 Srnith-chart

An important addi t ion to our analyt ical  and design tool  wi l l  be

the use of  graphical  technique for solv ing ref lect ion and nratching

problems. Probably the most widely used one is the Smith-chart .

Basi-cal Iy,  th is diagram shows curves of  constant resistance and

constant reactance; these may represent ei ther an input impedance

or a load impedance.
We already studied

v_7uL uc

Zr,*2.

and

I{(x) = Krê-"ik(L-x) with X" = l lK)lei6 and l lK"l l<1 (1,4B)

Fig.1-6:  Po1ar coordinates of  the Srni th chart .

The diagram is constructed within a c i rc le of  uni t  radius,  usingt

polar coordinates.  Pecul iar ly enougth,  the ref lect ion coeff ic ient

i tsel f  wi l l  not  be plot ted on the f inal  chart ,  for  these addi t io-

na1 contours would make the chart  very di f f icul t  to read.

The impedances which we plot on the chart wiII be normalized

with respect to the characteristic impedance.
Consider inq

zl (x) = +5!*J = rTLrrTta.l- ised impedance
r  -K(x)

= pt+jXt (1 .49 )

11



K(x) is complex,  represented by u+j .v,  g ives

zt (x)

1--uz -v2

(1-u) 2 +v2

1+tt+i t r
'q /

r -u-J v
vl  -  

av ta

(1-u) 2 +v2

After several  l_ ines of  e lernentary algebra,  wê may
(1.50) in forms which readiJ_y display the nature
u (K")  and y (Kr)  axes,

50)

wri te (L.49) and
of the curves on

^l
(u- K'  

, )2+v2 =
1-+R'

(  u-1) ' *  (v-  ! l '
vt

A

1
( l  

-pI \2
1

=_
vP

I  a r .  \(J_.  ) rJ

\r_. fz l

The f i rst  equat ion descr ibes a fami ly of  c i rc les,  where each
circre is associated with a speci f ic  val-ue of  resistance r .
The second equat ion represents a fani ly of  c i rc les def ined by a
part icular value of  x.  See f íq. t -7.

Fig.7-7:  r  and x c i rc les on Smith chart .

rt  is no$, evident that i f  we are given 2", we may divide by z" to
obtain z '  ,  locate the appropiate r  and x c i rc l -es,  and deternine K
by the intersect ion of  the two circ les.  The anqle of  K is the
counterclockwise angle f rom the K" axis.  À straight l ine f rom the
or ig in through the intersect ion nay be extended to the per imeter
of  the chart .

exampTe - '  i f  z" :25*35oí l  on a Soo-I ine,  zr :0,5* j1,  and point  A on
f ig.1-8 shows the intersect ion of  the r :0.5 and x=1 circ les.  The
ref lect ion coeff ic ient  is  O.62 at  an anql_e of  83".

r=-0.5 /  z=-2

L2



The normalized input impedance pro-

duced by a normalized load impedance

z :0.5 + j \  on a l ine 0.31 long is

zrn = 0.28 -10.40'

Fiq.1-8:  see example above.

The Smith chart  is  thus completed by the addi t ion of  a scale

showing a change of  O.5l  for  one circumnavigat ion of  the uni t

c j - rc}e.  For convience, two scales are usual ly given, one showing

an increase in distance for c lockwise movement and the other an

increase for counterclockwise travel- .  Note that  the one marked

nwavelength toward generatortr  (wtg) shows increasing values of  I / ) ,

for  c lockwj.se t ravel ,  ês descr ibed above. The zero point  of  the

wtg scale is rather arbi t rar ly located to the lef t .  This corres-

ponds to input j -mpedances having phase angl-es of 0" and Rr(Zo'  We

have also seen that vol tage minima are always l -ocated here'

. exampTe



'  Àt  the bottom of the chart  we can f ind some extra scales.  Letrs
i l lustrate thenr wi th the point  zt :2.  we can read on the scales on
the r ight  r rvol tage ref  Iect ion coef f  ic ient t t :  I  Xl  =0.33 r  ' rpower
ref  lect ion coef f  i -c ient t t :  I  r l  2=0.11, rrreturn loss in dBr :  -1o1og
lx l  '=g-54d8
Àt the left l / ' le can read the VSWR in voltage or dB and some extra
scales f  or  lossy l - ines.

. What about admittances? líe know Z'r :2"/2.  and Y,r :2. /2":Yr/Y.,  so

(1.s3)1+ f  - r t (v\1

r -  I - Í í (x)  l

with -K(x) we can read Y'(x)  and we can f ind -K(x) by refrect ion
of K(x) wi th respect to the point  (0,0).  so by ref lect ion of  z ' (x)
wi th respect to (0,0) we get immediately y,(x) .

The (pract ical)
' -A t -+i1a-f(4/,

l rse of the Smith chart is shown in the fol lowinq

Y' (x) = +#*

7+



2. Transmission l ines, pulse waweforms

We have been consi-der ingr the t ransmission ef fects f rom the point  of
v iew of  s ignals restr icted to narrow bands of  f requency. Dlgi ta l
s ignals consist  of  a sequence of  pulses.

Now we're going to study the temporary t ransi t ion-phenomena of
t ransmission l ines when appl ied wi th impuls vol tages (step-funct ion,

Dirac,  impuls waveforms, . . . ) .

The same phenomena appear when we consider digi ta l  ( logic)  s ignals and
send them with high datarate over a l_ong distance.

2.L voIÈage and curuent equatÍons for complex charged rj_nes
with an ideal step-function source (t"r"":O)

consider 
"" Tt?1trenta1 

tt"n:l.:t u 
""^t::.t*

tr(re)

t . ransmissi-on
--+

' l  i  
-^rr l lg. , \

L(?{- tct tc /

n(

l*'**o-'
x_ f,<+ J{

x_

F:-q.2-L:  Circui t  equivalent to elementary length of  t ransmission l íne.

v(x+dx) -rr(x)  = -r i (x+dx) dx-9 ja4" e.L)ór
r  (x+dx) - :  (x)  = -qv(x) ax-C 9Yax e.2)ór

Rewrite i-t  as

hlhen we suppose

ótz

ó"
ói
-v^

a lossless

ótz -"  ó i
-  = -Y-
èx ót
Á t  Árz

d vv

-  = - tL.-
óx ót

À;
- r i -c-9 

u-

ór
x..

-qv-C "  "-  ór

q1-rrrnl-rr ra
us4vt

or 6 'u =
èxz
èzjor
ox'

( )  ?\

(2 .4)

+1.^- *---n.Lrrsr l  r -g-v.

^- 
i t

ann v v tasu-:  (2-s)
èr '
- ,  '

cl f  v L tao------  , - .6)
ór '

these di f ferent ia lThe solut ion of equat ions are can be wri t ten as



f  (x-vr .  t )  and g (x+vr.  t )

With f  a forward wave (+x-direct ion)

(-x-direct ion) ,  so we can wrj- te

with vr=

^- ld.rrul  I  d

(2. t )

we get

a-

Ar.f  (u)  +Br.q(w)
-  .1.  IAr.f  ' (u)  +Bz.g'(w)

with t f  = x-vr . t
and w = x+vr. t

(2.8)

(2.e)

ï Íhen we use these solutions in the wave-equations

-  óf  ós óf t  óq!
A. -=-+Ë. ==- 

= - l  (  At-- j -  \ -Vr)  +bc* .  Vr)
-èu *ów -  Ou ót ' /

ur$-"rY'_ = -c(Àr:{  ( -vr)*Br*9.  r ' r )
óu '  6w 'óu '  'óIn/  L

(2

( )

10)

l_ 1)

After some algebra and íntegrat ion ( to u and w) we f Índ

- tAt  [ - í .  ^  , .  B, .  [e ^f  ' ; t r l  l *ct  and g = g ' ( -+ )  i l  Ë*c,  (2 -L2)
Az\u Ei  \ \ ,

,/W

backward wave

Because nor vo1tage nor current can' t  be zero al-one ( for  each wave-

front) ,  we have with C, and Cz:0 that  vol tage and current pattern are
^*. :  1--
D.LttJ- -L ctJ- r b (J

f  =f t  and g=gt (2.13)

GI;
a-=a-.1!  and a^=-8.^19 (2.1-4\

' -1\  
E 

-2 -1\  g 
\ - '+r /

I[e
with nl  *  the character istrc impedance.

\ \ -

For a resist ive load we can def ine a ref lect ion coeff ic ient  as in the

previous chapter.

For an impuls the input rimpedancef of a transmission line is always

the character ist ic impedance! So Í t rs di f ferent f rom sinusoidal  waves.

o exampl,e 7 : Line with switched input for surqe calculatÍon.
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v (tr ,*1) = vf + I(-rr/, + IllK,rv, + r-;rfv, + rc;2rfv, = 15 v
T- r
- ( t r , :<1) = r f  + Kir t  + KiKirr  + * r izr<fr, = a,161 A

This process may be conveni-entry represented on a lat t ice diagram asshown in exampr-e 2. The init ial surge LzE is travell ing from the input.At the terminat ion th is surge is totar ly refr-ected and travers backarong the l ine to the input.  Thus at  point  zr  the vol tage wi l l  varv
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with t ime as shown in the f igure be1ow. Since the ref lected surge sees

a correcr rerminat ion at  the input of  the l ine,  there is no further

ref lect ion,  and the l ine remains charged Lo the vol t .age E.

r  - f+ i  -^ ^ i  -nr1p5 can be USed fOr more cOmpl icated prOblems On losslesS!d.  L Lruc L-À-Lct9!  c

l ines involv inq mult ip le ref lect ions.

.  exampLe 2 :  example 1 wi th lat t ice diagram

.circui t  wi th lat t ice diaqram

zo

E

tal q2

0

(h') El2

E

(c) EI?

(d)

(e)

(  r l

1o ' íA



Z=Zr
I

I
I

z:L
l=0

, r
| = li.'
l2

t  = 2l lc

What about a non-ïesist ive

Consider f í9.2-2,  assuming:

arr ives at  the load.

l2

(ó)

load, temporary-transient

the line is long and t=0

phenomena?

when the pulse

(o)

Fiq.2-2:  L ine with induct ive load.

We can always write

with

But,

f,

we

v= f+g

j= +.(r-s)  (2.1s)
z_

the forward hrave and gr, the backward wave.

need a 3.n equatj-on with regard to our load. Here 1t is

u = g.4 e. t6)
dc

First we search g and then add f, so we have the voltage at the load.

--r 1,

zv



_t

g(t)  = C.e - .u( t )  +a.u(t)  +9.ó(t)

-^ 
a 

-  
a

v dT dfr
Frn-4

- ' \ rzoxox
A1-g dd v dr

nt4vY--F+a ....:- -
-  

1,

ZOEZOX
CC

êo
<^.í+Í  lz  = í )  -  d+nl  r t  = Orv Y |  ,  

' " .J

ox
1

_l

wjth D = _ j_ (D_operator)
T

. t

+ n(f \  = Í  ê r  r r í f  ' l
'  

\ ,  \  L/  v.  u .  u \  L/

f - t t l f \
4 q \  u/

àtt I f \vs\s/  -  x/+\  /n;--^\
---- - : - : -  -  u\Ll  \ rJJ-Ld.\- l

êo-Af
Y - r  -  t .ox ox

-  A=-Lr B=0, C=2

so q ( t )  becomes

_t

q(t)  = (2.e . ) .u( t )

so the vol tage at  the load becomes v: f+g[

- t

v=2.e - .u( t )

indeod- the rro ' l ] -aoe f i rst  sees an open circuí t  (v doubles) and then! r rvv vs t

gets short  (v:0) .

The current at  the load becomes

,1
a = _. I I -O)

v Í

2.u( i l  +.
= ---_-------__-_- { l -ê I

indeed, the current f i rst  sees an open circui t  ( i :0)  and then gets

2I



short  (2u/2")  .

z. u(L)

Fig.2-32 Vol tage and current at  the load ( t :0)  .

2.2 Voltage and current equations for complex charged lines

wiLh a oractical step-function source (t-.--.cO)

0
with t , i , "*0.  Possible c i rcui t .

o
I
I

J
I
I

I

b.

2. u Lb)
7c

v;

Fig.2-4:  Impuls
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we suppose that t. i""*07 so we can associaÈe a maximal frequency with
i-t. Say t,r=" j-s large enough (or g smalL enough) so og<<Z^
over the complete frequency spectrum.
The refi-ection coefficient at the inductance g is

=j"9=
2. Z"+ jag

= Jog
2.2

for every frequency component must be

q = 1ia9- 22"

(2) in (1) gives n = 6f  1 Jor9 ' ,- -  = ót '  zL '

v
Í7

50urce

-9

f

So

The waveform f (applied source) contains a f inite number of fre-
quencies, and (1) contains the variable al. Because

jaf  = 4r e)
ac

with f  = v.neir t  wi th vrn= amp.zrtude of  f

(1)

Because the peak of the reflected wave g has
the maxj-mum slope of the t.r"" we have

góf

22" 6t

to be proport ional with

1=
ja

(,  xr
,  vÁ 1

U -  - t_ l-  cry 'x+tmax
ouC \ , ,L

-  ÁrÊ V.
with (" ' )  -  - in

_ 
ót .  max 

tr
(0 v.-

SOq _ é r .n
-  . ) t7 

fao" L,
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The ampl i tude of  the ref lected wave gets reduced because of  the f in i te

t r ise '

Further the _^€i  ^^+^À i -^r-1^ . r  ̂  - . :d OUtreI IeuLe(r  -L lLLlrul-D rD èI , !EdLrÈ

ó.r
U

Yi*

Fig.  2-5 = t , i=" F 0

Whi le an ideal  step-funct io

I - io.7-6:  t  :  0
"rase

2 .3 Non-Iinear loads - Berqer-on method

So far the l -oad was supposed to be 1inear.

can also work wi th non-I inear loads. To

fol lowing example

With the Bergeron method we

i l lustrate th is we give the

ZB

-+le
l r

I

J-

il
t l
T

ZLZc

Eíq.2-7 :  Tïansmission l ine wi th non- l inear load.

We draw the load-Ltne Zs, de load-caracter ist ic Z" and the (straight)

l ine wi th s lope Zc.

d 1 \ /a <

. j i
LA



The current ir starts to

i t=
z"*2"

These co-ordinates are found on the point of intersection of the load_line Z" and. 2".

Fig.2-B :  v/ i -p lot  wi th

The (ef fect ive) vol tage

ÍÍhen the (forward)

ref l_ect ion,  so at  ZL
i r t

Constructing a (straight) l_ine with
gives the intersection between those
(e",  i t t ;  .

Bergeron method.

on the l ine 1s e '

,Z
e'= e.  "

Z"*2"

f low

wave arr ives at  the 1oad, there wi lL be a
therers a vortagfe e", comesponding with a current

êi l  = (1+61 .et  = 0-:#).et  = 
f f i . " ,

slope -2. in the
Line and the l ine

point  êt ,  then

of Z, the point
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TncJeecl  -  the \zaIue e" in

t l  I
e,,= e.+Zc\t

EO

,  i l  -  ' t lana e" = zL.7 '

2e'Z 
"zr*z,

z"*2"

is  ncr resnpr-1- tO t ime.

and/ or load-caracter ist i -cs

SO

f  ha n- l  n l -

I  l t ,- J_ ) WJ_tr.n

^l.  t t
a=_

Z"*2,

i  q arrrr :  I

l - le = zc.a '

and. el l  =

When the (ref lected) wave arr ives back at  the source, werf l  have
the vortage e" '  .  so drawing a (straight)  r ine wi th srope *2,  f rom
€",  we can f ind errr  as the intersect ion between this l ine and the
source-caracter ist ic ZB (1oad-I ine) .
V{he can interpret  th is as:  the ref lected. wave e" (direct ion of  the
souïce) acts as a 'souïce'  wi th j -nternal  resistor 2".
But the direct ion of  the current is opposS-te to these one of  the
convent ion as load-caracter ist ic,  so whe have a s lope *Zc.
When whe consider a sequence of  ref lect ions,  whe not ice that  there
is a convergent ion to the point  À.  This is normal,  because when
the transi t ion-phenomena are passed, whe have a DC-source (wi th
internal  resistor Z) and load 2".  The vol tage and current wi l l  be

Z,
V-=e i - -

^ z"*zt  A

The disadvantage of  th is method is there
The advantage is that  non- l inear source
can be worked out.

example :  TTl-c i rcui t  wi th 0-1 t ransi t ion

nnnrÈ 1
I /VV! L I s-'

rngang

nnnr1- )
lJvv!  u 4

r.  i  È^-n^Lrr u9 q,rrg

exampJe :  TTl-c i rcui t  wl th 1*0 t ransi t ion

r r  i  *ar*aur L9 o.rr9

poort  t  
É-o

zo

Zc nnnrf  ' )
I /VV! L 4



0*1 transi t ion

-ZC _

1-0 t ransi t ion

.f

. . . . i  ! -^-^ \ r^, . -  /Tn,r f  h i  i  hnno niVeaUur L9a1r9 v\JLlL, /  rvLrL !aJ rrvvY

l l Zc

Tnrr:nn \ / in/ t in hi- i  Iocr is.h 
' r^^-  

- - ' ; - -^-"
- - I  UL )  r \ . . rvrJUat Iddy 1.1.r  v Eo'Lr

A (VH, rH)

^r 
. ;  I

E ,L

Zc

a^ ^[w 
. . i  t t l t

v f - +zc

^rr  
f  . i  r r  r

99 tL

^Í Í  - ;  r Í

-2nuv

vout ' /  1Outr
ur Ly arry r  lvvï

a 

-À---  

)v _LJ-I l  r_ J_1r _Lrr9 drr .9 L
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The coupl ing of  semi-conductors on long l ines i -s a cr i t ical  work.

The output stage of  TTL/ECL technology is always an emit ter- fo l lo-

wer or totem-pole output (possíble open-col lector)  .

Totem-po1e outputs give a low-impedant 'source'  at  1 (Qr and Dr

conduct) ,  So Zout-0 and parasi t ic  capaci tors have low inf luence
(avoid open-col lector!) .  Also ECL with emit ter- fo l l -ower gives low

output- impedance. We can bui l t  h igh datarate-circui- ts.

We have to match the l i -ne but to restr ict  losses we avoid the

fol lowJ-ng circui t .

z. Zè

Eí9.2*92 Matched l ine wi th Zc resistor

Ro :  5à7 Ohn.

Ro

-VEE=- 5,2V

Fig.2-1-0:  Direct-coupl ing on l ine wi th (wanted) ref lect ions ECL.

t ' -n.rn]  ' i  n^ 
^F 

;v! J ig i ta l  systems prefers ECl-c i rcuí ts because of  have

h ' i  oh i  nnrr l -  - ' i  moedance .

+
l 'r '

(-BA

Zc

H] - ' r  F:(  ' l  ,  I  q (1è"*)
beschouwen een
1-r ís1- i - icr f i - id)

Y LrJ u/

1/n
v4

Lv/ 2
Lv /2

\/í'

zwaaL 0r9V (-0r9V: r '1"  , '  -1rBV :  "0") .  VÍe
1-0 crerrol  od r loor een 0-1 t ransi t ie.  Verder is

0, 9V=AV AV

TM

AV/2
Av/2

AV

t1t l

waveforms

28
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3. Examples of transmission l ines

3 - 1 i{icrosi,rip and stripline

These structures act  as t ransmission I ines,  the caracter ist i -c
i -mpedance is funct ion of  the dimensions (width of  the str ip,
th ickness of  the dielectr icum).
The development of  sol id-state microwave devices has led to very
considerable use of  t ransmission l ines based on plane paral let
conductors.  These consist  of  a substrate which supports th in
copper electrodes on ei ther s ide,  wi th the substrate th ickness of
the order of  1 mm. Some di f ferent forms of  construct ion are shown
in f iq.3-3.

Fig.3-3:  Forms of  microstr ip l ine.  (a)
(c)Slot  l ine.  (d)coplanar waveguide.

3.1-1 Str ip l ine

Str ip l ine .  (  b )  Microstr ip

See f ig.3-3(a).  This is the most di f f icul t  to fabr icate,  s ince i t
involves a sandwich of two planar substrates. I t  is however a true
shielded transmission l ine using the outer planes as the shield
and the middl-e str ip as the inner.  The inter ior  is  f i l led wi th
dielectr ic.

ln í (1.  r  \

(ó)

(d)

60

J%
ac-

4b

(m)

aE1 n

rn9

3 . 336 fy'%

f

óf- , ,

w

l=

zó

\J .  Z )



F+'r-}lt:1' t
I

(.r )

tv lt)

(à)

Fig.3-4:  Character is i ics of  str ip l ine.  (a)Dimensions. (b)2"

3.1.2 Fí icrostr ip

The microstr ip l ine of  f ig.3-3(b) is much easier
al though i t  is  more lossy and is also dispersive.
This can be understood from the conf igurat ion of
electr ic force as indicated in f ig.3-5.

to f  abr j -cate,

the l ines of

(h l

Fig.3-5:  The ef fect  of  substrate
tr ic.  (b)High-perrni t t iv i ty substrate.

29

permit t iv i ty.  (  a )  Single-dielec-



The former shows the si tuat ion in s ingle-dielectr ic,  the Iat ter

the s i tuat ion wi th a high-permit t iv i ty dielectr ic substrate.

In calculat ing the character ist ic impedance, i t  is  customary to

introduce an ef fect ive permit t iv i ty,  €," ,  which wi l l  be between the

permit t iv i ty of  the substrate and the surrounding air .  The charac-

ter ist ic impedance and phase veloci ty of  the actual  l - ine have the

val-ues which would be found for the conductor geometry immersed in

an inf in i te dielectr ic of  permit t iv i ty €="-

+.
ln
Y

Fig.3-6:  Dimensions of  mj-crostr ip l ine

For O -7
t r  ooh. l - /  Jr lur /  \

IaI t --..- /'0 .8w+t '

10e

-c 
-

. r -

(3.3)

(3.4)

For t/w

on the width of

3 .336

we can apply the Wheeler formules-graphs. Depending

the str ip,  w€ have

1_88
J

_
Vsr

( f ,*o.e4) +L.4s1)

(  ! ) , -  t  
" - t  

(O.n'  h '  2 e,+L

these formules,  there are a 1ot of

.w/ h>2 z" 0.092 (e,-1)e-+r '  -À 
^n 

,  L I  l^
+1Lr -  \  -LI I2ne,

,  ón,  r
I  tn {  -  I  +-

w' 32

({

€r'

o )41 -51+ " ' - - - ,
er

(J.o/.w/ h<2
e -r-1
-T ----^

Because of  the comPlexi tY of

graphs avai labl-e l ike f  íq-3-7.
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!Ít

tix)

T,-
I
f;*"
E
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.Xl
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Fig.  3-7 :  Wheel-er-graph for Z"(w/h) .

How creating a str ip (w/h) with a wanted Z"?
Determine €r of  your substrate and read w/h.  In
are formules (Hammerstádt) which gives noh/
6,"  lZ,  (  er)  ,w /h) .  Calculate €, .  ,  which is usef ul
actual wavelensth on the str ip

l i terature there

to determine the

rC
h=-

la.- f
V -re-

Read again w/h on the Wheeler-graph.

For the determinat j-on of 6"" whe use the fol lowing Hammerstádt
f  ormul-es
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w-;
n

w-;  ( I :  e,^
n

1i,

_i_
2

ía -r- ' l  \\ " Í  * / (e,-1) [
1

TL\^( - - - ;+c.04

(3.7)

r r - l ) \  (3.8)

\  ëzr]  / ,\ el

h

w

1
ï -

z

1
=-

z

1ï-
2

h
1 t1l  Lt
LÍ IZ,-

Some common substrates may be mentioned:
al-umina, a ceramic substrate €.È9.5 to 10
epoxy (PCB) e"=5 to 6
polyguide, copper-cIad i r radiated plast ic (polyolef in)e,s2.3.

The other types of  str ip r ine i ] lustrated in f ig.3-3 have proper-
t ies s imi lar  to those discussed for microstr ip r ine,  and are
covered in the l i terature.

3-1.3 Use of str ipl ine and nicrostr ip

A very important th ing we can do with these str ips is the creat ion
of components ( inductance, capaci tor ,  5O0-1ine,. . .  )  for  h iqh
frequencies.
In the f i rst  chapter we have seen

<.t fL

Fig.3-72 Zrn of  t ransmission l - ine.

Z*j  .2".  tgkL

Z.+j . Z. tgtkL

ïNDUCTANCE Z=O

suppose L<L/I2 so tgkLpkt

i f  Z:O, and/or Z11Z".kL and Z.kL<<Z.,  then

i .z^.kL 1 +
Zin = Zc. t -  = i .Zc.kL = j .Z.  (2: : )  . t , t

ac vf

= j ,2nf  .9 wi th g = z" 'L 
-  

z ' 'L ' íe" t t  
(3.9)

V.C

Now we have 2 parameters:  L( length) and 2. .
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I^le alsc knorv

4f -

so we wil l  chose always Z. high-impedant for inductances,
with respect to the system-impedance 5On,
for example Z":100O (high to 50n) and 1et i t  terminate in
a low-impedant load, for  example <1On ( Iow to 50ft) .
The length L of  the l ine now determines g.

X= wL

7 >>7

(o )

Fig.  3-8 :
created

CAPACÏTOR Z:O

suppose L<), /Lz
i f  Z=@, and/or

JL
d (c l

ExampJ-es of  ser ies and paral l -e l  inductances,
with microstr ip t ransmission 1ines.

so tgkI-=kl,

Z)>Z..kL and

-q p-
17
aÈ - -';'--;-="  J,RL

L
t /=-=

2". vt

z. lKL>>z.,

V 17uc, r f
-=
J.ZIÍLL
7 ll-
u. t / . " f  f- ;^

Lc'e

then

l_
---'----'=
J.( , ) .U

(3.  t -0)

We wi l l  chose always Z" low-impedant for  capaci tors,
for  example ZC:LOí|  and let  i t  terminate in high- inpedant
loads, for  example >100n. The length of  the l ine now
determines C.

|  ' . t '  Z.<< 2. .
t  ,  t  .  . . t .2

Fig.3-9:  Example of  para1IeI  capaci tor ' .
The creation of a series capacitor is impossible I I  I  I

c!

7

JJ



ExampJ-es of some f i l - ters:
7'
-c

r  l r

I z. | 2"., z,
l -1[-1-z

zc

Fig.3-10: Resonant and ant i - resonant c i rcuj- ts shunt ing the pr inci-
pa1 l ine.

The di f f icul ty just  ment ioned means that the only resonant c i r -
cui ts that  can be produced from l ine sect ions are resonant or
ant i - resonant c i rcui ts shunt ing the pr incipal  l - ine.
The only way of  p lacing one of  these types of  c i rcui t  in ser ies
with the principal l ine is to use the impedance-invert ing property
of  a quarter-wave l - ine.  À wel l -known resul t  f rom transmission l ine
theory is that the input impedance Zrn of a quarter-Ír/ave l ine of
characterist ic impedance Z" with a Load ZL is gj-ven by Zrn=2.' /2".

A I . .  C'
c>.--il'o-o.rru0r----l

I
I
7=a

Fig.3-11: À paral le l  resonant c i rcui t  p laced
two quarter-wave sections is equivalent to a
cui t  p laced along the pr incipal  I ine.

across a l ine between
ser ies resonant c i r -

\z=o
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s29C+l-

w - s29C+1.1, || - ---sg-

o2
4F7t7v

L2, load- 
Z 

È(r  rz,J.oad- 

" ,
4C

Y (at  Point  C) = Yt+Yz

Zin.  n c izcui ,  = Z'c.y = z+, s2{Q+r 
)  .z ' "

,sE
2.,  - . - - . . :F = z+ 

L 
,+sg. l- fn,  seÍres carcuLË -  

s:CI 
* ,

Now Zrn of  the ser ies-circui t  has to be

lel--c i rcui t .  We obtain

equal  to Zrn of  the paral-

g/
.72

2C

(3.1-1_)

c.0l - Í-
4 -  V'

Ftg
v

-2Zg

q2
arc c=

v2 r l
4C. v

Simi larJ-y,  a ser ies resonant c i rcui t  shunt ing the pr incipal  l ine
between two quarter-wave l ines ( f iq.3- l -2)  ,  is  equivalent to a
paral le l  res,onant c. i rcui t  p laced along the pr incipal  l ine.

-  

^  :B'.  z 2v I, ,J I
--<--È-

Fig.3-I2:  Ser ies c i rcui t 'equivalence with para1le1 circui t .

.  example:  Low-pass f i l ter  5" ord.er,  fo:5O0MHz, Butterworth
implementat ion,  in-output- impedance 5On.

After some Butterworth-calculations we get

{q

Rs = So'rl

Fiq.3-13: LPF with Butterworth,  d iscreet components.

D
TZ

n--v-- 
r r ",, r' l_

c1 =9,1\pí i (, =g[s-*[ )Cs =,tt,HrF i& =ëë^il jCr= 3,9kpF

J5



After some microstr ip-calculat ions we get

inductances: chose 2":1000, (substrate epoxy. €r:5,  h: l .55mm)
after some hammerstàdt-calculat ion and Wheeler-graphs we have
w/h:O.4,  str ip- le.ngth calculat ion gives 1:42mm (vaIue for g)

capaci tors :  chose Z": IOí1,  wê get f  or  C.,u a w /h: IS and str ip-
length 1=5,6mm; C, a w/h:Lj  and l :18mm.

For the 50n input-output-I ines Í,.re gei- w/lt :L.75.

C3 csC,i

f" V
Z<:5o JL

H

2

lriE-Ás[RrfË[tl
LEYEL : Á

rlFF
ut l

1,l
IorfstTl

OFF
M

OFF
m
2dB

1 ,400
2 500.000
3 1 000,000
4 1 5!0.000
5 2 000,000
5 2 500,000

ItjmrfiHill
Í

800.000 00
-1l.05 dBm

CH-À
luR
vt lJ

IlJ-R

t1 t50

SIÁRI 100.000 l'1Hz SI0P B0 0 . 000 llHz

microstr ip wi th Bode-plot .! " ' ia '7-1 À. TDF l-n

JO



3"2 Electrornagmetic Waveguides

For 1ow frequencies (max. 2 GHz) coax or

transmission l ine.  For higher f requencies
radar- tubes).  In th is chapter we're only

rectangular waveguides.

microstr ip sat isf ies as

hre use wave-guides ( or
going to examine the

t-___._

Fig.  3-15: Rectangular waveguide.

The propagat ing waves are referred to as Lransverse electr ic and

magnet ic Í r raves: TEM waves f  or  short .  We can dist inguish between 3

components for  the electr ic and magnet ic f ie lds!  E*rErrE" i  H*,H"rH,.

Now there are 3 di f ferent modes possible,  TEM, TE, TM. In the TEM

mode E and H are perpendicular to the propagat ion-direct ion z,  so

there are only the E*rE"rH,rHv components (so no E and H in the pro-

pagat ion-direct ion).  In the TE mode only the E-f ie1d is perpendi-

cular to the z-direct ion,  so we have E*,E"rH"7H",H".  And for TM v/e

have H,,  H" ,E,  1E.y rE" exist ing.

I t  wit l-  be shown that .TE and TM waves can exist inside hollow
conduct ing tubes, and so are usual ly associated with waveguides.

3-2.1- Dimensions of wavegruides

Fig.3-L7: Wave propagat ing in guide
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t / ,  = C. COS0

vs = c. sinO , so vs<c
Àrr. cosO = ,1. + 

^" 
= 

=;!u-
Ln. s in0 = L )ro = -- !  t^  á  ̂ \

-  srng \r  '  tz)

on which distance do we have to prace the second prate wi th res-
pect to the wavelength .1."? There has to be one or an integer number
of hal- f -waverengths between the two prates,  ês indicated in f ig. :_
18.
Let a be the distance between the plates,  then

Fig-3-18: Distance a between the 2 plates of  a hravegfuide.

L^
a=m, "

az

re-arangements we get

L

' ,  - r  f r l  ,z,E '

after some

L_

So not al l  s ignals wi1l  propagate because
zero (:no propagating wave in the direction

the denominator can
of the guide).

(3.1-3)

be

)"-= n 
wi ! -h7 = 2d

JÍ- . -_c__l l -

À , ,
i - t

m

so L. is a cri t icaL waveTength, the waveguide
Íi7ter

À

acts as a high-pass

. exampJ,e: f:6 GHz, ê:3 c[, domj_nant mode m:1

There wi l l_ be propagat ion i f  )u<)" . ,  or  f l f " ,  wi th
L":2a/m:6 cm, and )r :c/ f :3 .L0' /6.  1O':5 cm.
So a signal of 6 GHz wil l  propagate through the
wave-guide.

Fig.3-2O: Modes m:1 and m=2.
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Suppose fr:2, now ^L":3 cm and À:5 c[, no propag-

at ion of  a 6 GHz-signal  occurs

Now we,re going to expand formule (3.13) for  a distance a and b in

a two-dimensional  structure,  shown in f iq-3-2L-

f
b

t_
o l<-4---+l

Fig.3-2I :  Rectangular waveguide with length and width a,b.

We get

_Ztt  € _ t , )

vr-vf
c t  Í f  t )a+ I  -  I  -

l -  |  r  mfr tz,  r  Í lTCtz
.^ l  \ - t  =\----- ' l

, /p.e \  a D

- - : ,L-  - -wlut l  vf  -L"=

2) Z.  = zo'

3.2-2 Wave-patterns

Helmholtz-equat ions :

frequency-range

TUI-MODUS - Zc<377{2 (3,1-6)

n--=
VP't !

I  - l

a

+o"= (3.14)

hr i th propagat ion-condi t ion 0)0".  Coeff ic ients f r , f r  indicate the

numbers of  hal f -wavelengths wi th respect to wa1ls a and b.

Very important is to know the caracterist ic impedance of a wave

guide, knowing the free-space impedance : 377n'

í \  e
Ll  Lc -

ry '
2o

TE-MODUS - Zc>377{2 (3.15)

t  t  À t ,
- \ t

Lc

t t  l " \
\1

.  Ac

in wave-guides

consider the
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VAs = -japr{

_1"= 
iaeE (3. i -7)

we haveVl ' tvAe = - j6lr .  fV^gf = *<,r2peF (3.18)

This reduces to

VE*o2peE=oYVn*kzE=0

ana Víkzi = o
A2 A2 A2

withV = Lapl-acian = 
;?-#-;F 

= V.V

2 Modes: TE.oo. -+ E*. i*+Ey. iy (standing v/ave in the sect ion)

TM.o6. --+ H*.  i *+Hy. iy (  t t  t t  
)

.  example: TE-modus

E = .(E*(*,y)  .  i *+8"(* ,y)  .  i )  .Q(z) (3 .19)

/ \
standing-wave paÈtern propagat ion-condi t ion eq.
(x-y)  sect ion

div is ion of  eq(3.r0)by E*(X,y).p(z) [ for  ease we
wri te E*(xry):E*1, gives

VE*(x,  y)  .ó+k2 .  E*(x,Jr)  .0 = o
(eq. for  x-direct ion)

,  0,  E,  À2n A2Á (  ot
t - ; : í*#).0(z)+E*(x,y)  +k2.8*.0(e) = Q

ox- ov' oz

1 , ( 
ê'E* 

* 
ê'u*) 

+--1- . ê'ó(z) +fr2 = o
Ex êx2 êy'  Q(z) ê22

e+. 
u!^ ' :  )  +A. E* = 0 az{.(g) + (kz-a) .ó (z) = 0

ox' oy' oz'

Itr
( I ) :  d j -str ibut ion of  the f le ld in the (x,y)-plane
(f f ) :  d istr ibut ion along the z-axis

Solut ion of  ( I ) :  condi t ion:  E"(xry)  :  s in(rn 'x) .cos(n'y)  -  o

Sor i f  x:0 -+ s in0:O
X:ê. -+ the condi t ions f  or  E*=O are:

m, .  a:m. ?.  _r  I I I  t : (Wf 
)  /a

i f  Y:g -  
s ino:g

y:b *  the condi t ions for  Er=O are:
nr.b:n.Zf  *  nr=(nt f  ) /b
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4,"  = c. .s in (ry)  .cos (ry)  .L *  cz.cos(ry)  .s in {  nTv) . i ,
audt)

I f  we f i l l  in the solut ion of  the equat ion in ( ï ) ,  we f ind

À :  m, '+n, '  -  k. '  (3.2o )  (ALI/ iÀys posi t ive)

with k.2 (=2n/)")  the cr i t ical  v/ave-number.

(3.22)

(3.20)

By giv ing some speci f ic  values to m and n we can create di f ferent
modes.

SoLut ion of  ( ï I ) :

ó(z)  = Al .  e- i ' \F ' : t=" ' '  + Bt.  
"* i ' r / t . , :F. ' "

k '>k" '  the / -  gets posi t ive and there wi l l  be propagat ion,
k '<k" '  the Fis negat ive and there wi l - I  not  be propagat ion.

o-=nff i
- \ab

-  tn. f .  so f>f-  (3.21-)
v

3.3.3 The dominant mode

r f  we assume that a and b are unequal ,  and in part icular dlb,
form. (3.2: . . )  shows that the lowest cut-of f  f requency corresponds to
the case [ :1,  n:0,  when

cV
L.^ = -

-^zd

The next l-owest freguency wil l  be either f"o or f. ,  d.epending on the
relative magnitudes of a and b. There is thus a range of frequen-
cies for  which only one mode can propagate.  This is cal Ied the
dominant mode. ï t  i -s instruct ive to express the cutt -of f  condi t ion
in terms of  wavelengrth.  Since v is the veloci ty of  a TEM rrrave in
the medium, the waveJ-ength of a TEM hrave of frequency f,.o i-s given
by )u:v/f ,o.
Eq.(3.22) then shows that

ï=2a

The cut-off frequency corresponds with the wavelength for which
the wiOth of the waveguide is one half-wavelength.
When a source of any sort is used to generate waves in a waveguide
i t ,  wi l l  in general  produce a1r modes in varying proport ions.

4I



However i t  is  desired that only propagat ion in the lowest mode is

possible.  In cases where the f requency is such that propaoat ion is

possible at  several  modes, special  precaut ions are needed, s ince

departures f rom ideal  quides wi l t  lead to one mode generat ing

another,  and mode coupTinq takes place-

For f requencies less than f . .  the

attenuat ion coeff ic ient  d nepers per

2n
d=-

v

3-3-4 TE modes

Fig.3-22: Transverse f ie ld patterns

waveguide. Sol id l ines shows E-f ie ld,

f ie lds are at tenuated, wi th

metre given by

(3 .23 )

of TE modes

pecked l ines

in rectangular
H-f ie lds.

Fig.3-23: Transverse f ie ld patterns of  TM modes in rectanqular

waveguide.

I ' . \ l t l

\ L\-+++1 ,/';itlÍlv /
iNryj"t{Nf,ua-
t7tnl **YT,at\NA
,'//+f\\\:,/itI-l\\\

! .v- l
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.  exampl-e:

Sonte standard rectangLtlat guides

Ínside

dimensions TErc
cut-oft Range

Type ( in) (mm) (GHz) (CHz)

WC I0 2.840x 1.340 72.14x34.04 2.080 2.60-3.95
WG 12 1.872x0.872 47.55x22.15 3.155 3.95-5.85
V/C 14 1.372x0.622 34.8s x 15.80 4.285 5.85-8.20
V/c 16 0.900 x 0.400 22.86 x 10.16 6.56 8.20-12.4
Wc 18 0.622x0.311 15.80x7.90 9.49 12.4-18.0
WG22 0.280x0.140 7.11x3.5ó 21.10 26.5-40.0

WG i6 has internal  d imensións 22.9mmx10.2mm and is air- f i l led.  Find the
five lowest cut-off frequencies. I t  is recommended for use in the dominant mode
for frequencies between 8.20 and 12.40 GHz. Find the phase.velocity and guide
wavelength at these extreme frequencies in terms of free-space TEM values.

a:0.0229 m

, b:  0.0102 m

D:c:3x108ms-r

We f ind /ro:  6.55 GHz

fzo: 13.1GHz

for: I4"7 GHz

.- f i1:16.0.GH2

fzr:19.7 GHz

rffe have

Hence

At 1,2.40 G}lz

At 8,20 GHz

urc/c=f l ( f ' - f?àà

À": urc/f = c/(f '-  f lo)l

^"/ ̂  
: f/ (f'- fio)'

uto/c :  À"/À :7.178

orclc:^; f^:1.662

3.3.5 Resonant cavi ty

We consider a length d of rectangular waveguide of cross-section

axb which is closed at the two ends by conducting plaLes, ês shoÍ' in

in f ig.3-24.
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Fig.3-242 A

Hence

resonator in rectangul-ar waveguÍde.

wc-

,/jt . e.

The 'box'  resonates at  d iscrete f requencies,  and not in a cont inu-
ous range as a $C-resonator c i rcui t .
wi th a real  cavi ty,  losses occur in the wal ls and also in the
connecti-on used to couple the cavity to source and load. These
losses produce a range about each resonant frequency over which
the cavi ty can be exci ted,  ês i -s t rue for resonant c i rcui ts.

3.3.5 Waveguide systens and circuits

Fig.3-25: Junct ion between two di f ferent waveguides.

ï t  is  desirable to match waveguides in the same way as i t  is
desirable to match transmission Tines; for example, êt high power
the VSWR should be near uni ty to avoid excessÍve locl  stresses, or
a receiving aerial should be matched to the waveguide feed to
abtain maximum received signal .  Às wi th t ransmission l ine,  wê need
to introduce admittances in shunt at points along the waveguide.
such admittances can convientry be produced by posts and by thin
diaphragms. Some examples are shown on the next page.

H
. t l  (a)2*( : j ) r*(4),

\á.od
\3 .24)

Junct ion
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Fig.3-26: I r ises in waveguide as
capaci t ive.  (b)Asyrnrnetr ical  capaci t ive.
Asymmetr ical  induct ive.  (e)Resonant.

X-a
4- i ; tan2 lrrdlZal

.  L , r^,

I  *  cosec2 @dl7a)z" À..

(e)

admit tances.
( c ) Symnetrj-ca1

( a )  Symmetr ical
induct ive.  (d)
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Coaxial  l ine

.  
: t . l

TM11 mode TM2t nrode

Fiq.3-27: Methods of  exci t ing var ious modes in rectangular wave-
guides.

À refLect ionless terminat ion is made by arranging for the gradual-
absorpt ion of  the incident wave. A resist ive sheet forms a gradual
taper in a plane containing the el-ectr ic f ie ld.

Fig.3-28: Ref lect ionl-ess load for rectangular waveguide.

It is often necessary to couple smal1 amounts of energy between
two waveguÍdes or parts of  the same guide. Sometimes the coupl ing
may be into free space. Such coupling may be done by smal-I holes
or s l -ots in correct ly chosen parts of  the waveguide wal1,  or  by
placing an i r is  wi th a smal l  window across the guide.

+o

Antenna probe

Fig.3-29: Disposi t ion of  s lots.



Connect ions are useful  in many ways: as a
nents for rnatching purposes or for poh/er

1oads.

means of adding compo-

sharing between several

Pressure gasket

Fiq.3-30: Choke coupler.

A magic tee (Fig.3-31) is commonly used for mixing, duplexing, and
impedance measurements.  À magic tee may be used to couple the two
transmitters to the antenna in such a v/ay that the transmitÈers do
not load each other. The two transmitters should be connected to
ports 3 and 4,  respect ively.  Transmit ter  L t  connected to port  3,
causes a wave to emanate from port 1 and another to emanate from
port  2 i  these r / íaves are equal  in magnitude but opposi tq. . in phase.
Sinr i lary,  Èransmit ter  2,  connected to port  4t  g ives r ise to a wave
at port 1 and another at port 2, both equal in magnitude and in
phase. At port l-  the two opposite waves cancel each other. At port
2 the two in-phase htaves add together; so double output power at
port  2 is obtained for the antenna.
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Port 3

Port I

To antenna

Transmitter

Transmitter 2

Fig.3-31: The magic-T.

Ànother junct ion is the hybr id-r ing.  I f  i t  is  remebered that one
harf-wavelength of  l ine has the ef fect '  of  changing the sign of
voltage and current between input and output, i t  wil l  be seen that
the four ports are symmetrical save for a phase inversion between
1 and 4.
Feeding from port  1 wi l l  therefore cause in a Load on port  3
currents through the two paths which are equal and opposite, so
that no coupling takes place to port 3. Using the impedance-j-nver-
t ing property of a guarter-waverength l- ine, wê can see that oppo-
si te ports are not coupled.

4

ií-\
\U
;V:

Fig.3-32: The hybr id-r ing.

48



Some other possibl i t ies :

A-

4+4
i --:- 

|
l i l t t l

l l

f a ++<--b ---*F- a *1
i r - - l i  lT-- l i
r - r  r -  t

(b)(a)

Secondary
waveguide

(c) (ol

Different directional couplers. (a) Two-hole directional coupler' (b)

Four-hole directional coupler. (c) Schwinger coupler. (d) Bethe-hole directional

coupler.

Primary waveguide

Secondary waveguidr

Two-hole directional coupler.

Coupling holes

Primary waveguide

Rotated
secondary

7:12n+t)
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An opt ical  f iber t ransmission l ink comprises the elements shown in
f ig-3-33- The key sect ions are a t ransmit ter  consist ing of  a l iqht
source and i ts associated dr ive c i rcui tery,  à cable of fer ing mechanica.1
and environmental  protect ion to the opt ical  f ibers contai-ned inside,
and a receiver consist ing of  a photodetector plus ampl i f icat ion and
signal-restor ing c i rcui t ry.  A pract ical  opt ical  f iber general ly
contai-ns several  cyl indr icar-  hair- th ln glass f ibers,  each of  which is
an independqnt communi_cation channel.

ElcctÍic
input
: i  gn r l

I
r
I

TÍrntmittct
Optical
si jnr l Ekstric

ti lnrl out

I  '  '  '  ' l  Opt ical f ibcr I
LL_-------J

Fig-3-33: Basj-c elements of  an opt j -ca1 f iber t ransmissi-on l ink.

A fundamental optical parameter of a material- is the refractive index
(or rndex of refraction) . rn f,ree space a l ight wave travel-s at a speed

c:3'108m/s.  The speed of  l iqht  is  re l -ated to the f requency f  and. the
wavelength À by c=fÀ. The rat Ío of  the speed of  l ight  in a vacuum to
that in matter is the i -ndex of  refract ion n of  the mater ia l  and is
given by

(  3.2s)

Arnplif icr I
J

C
t I  -  -

f

Typical  val_ues are
diamond.

The rel-at ionship at
by

n=1 for al- r ,  1 .33 for  water,

the interface is know as Snel ] '

1.5 glass ,  2.42

Iaw and is gi_ven

nlsLngl  = nrsing.- (3.26)

al



Fig.3-34: Refract ion and ref lect ion of  a l ight  ray at

boudary.

material

As the angle of incidence g, in an optical ly denser material (higher

refractj-ve index) becomes smaller, the refracted anqle gz approaches

zero. Beyond this point no refractj-on i-s possible and the l ight rays

become totaTTy internalTy reflected.

This point is known as the crit ical angle of j-ncidenc€ 9"-

n^
9" = arc cos '  (3 -27)n-

Fig.3-35: Representat ion

ref lect ion at  a glass-air

of the cr i t ical
interface.
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! BuÍt'.r.onring

Fig.3-36: Schematic of  a s ingl-e-f iber structure.  A c i rcular sol id core

of refract ive index n,  Ís surrounded by a c ladding having a refract ive

index n,(n. .

Var iat ion in the mater ia l  composi t ion of  the core give r ise to the two

commonly used f iber types shown in f iq.3-37. In the f i rst  case the

refractive index of the core is uniform throughout and underqoes an

abrupt change (or step) at  the c ladding boundary.  ThÍs is cal led a

step-index f iber. In the second case the core refractive index j-s made

to vary as a function of the radial distance from the center of the

fiber. This type is a graded-index f iber-

Fig.3-31: Comparison

graded-index optical

Fibcr Cross Scction rnd Rry Prthr

)lononrulc :tcp-inrJcr l ibcr
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f ibers.
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The step- index f ibers can be further div ided into s inglemode and

mult imode classes. As the name impl ies,  a s ingle-mode f lber sustains

only one mode of propagation, whereas mul-t imode f ibers contain many

hundreds of  modes. The advantaqes of  mult imode are
.  easier to l -aunch opt ical  power into the f iber

o so easier to connect s imi lar  f ibers

.  use of  LED, whereas single-mode requires laser diodes.

The disadvantage compared to single-mode f ibers is the intermodaL

drspersron. When an opt ical  pulse is l -aunched into the f iber,  the

opt ical  power in the pulse is distr ibuted over al- l  of  the modes, (so

each over a s l iqht ly di f ferent veloci ty)  thus causing the pulse to

spread out in t ime at  the output.

From Snel-l- |  s l-aw the minimum angle g*. that supports total- j-nternal-

ref lect ion for  the meridional-  ray is

sin (gr:r , )  = 
n,
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'  I  Z '
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Equation (3.28) defj-nes the numericaT aperture NA

for meridional  ravs.

(3.28)

of a step-index f i-ber

Fig.3-38: Meridional  ray opt ics representat j -on of  the propagat ion

mechanism i-n an ideal  step- index f íber.

When the NA-value is high, the f iber col lects more radiat ion f rom the

l ight-source.
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