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Figure 2-7 Convert the frequency-domain spectrum into the time-
domain waveform by adding up each sine-wave component.
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Figure 2-17 Diagram of a wire-bond loop between two pads, with a re-
turn path about 10 mils beneath the wire bond.

9 e e e T =8
» T i [ ,,,rheasu t:m-ﬁg
£ 1Es: ; : ;
= LR, e BRI 1
O “ Atorder model | T — J e
g ik | g=mb 31
g = = d
. |
8
g; 1E1-
= =
; I
1E8 Freq, Hz 1E® 1E10
3E4 I|!!“ ] ] }l||l|l 1 ] 1t
" 1E4-{d . InEan
£ -
& 1E3—: =
=
&,
S B2
=
8 .
‘_g '1E1j: :
1

Figure 2-18 Top: Comparison of the measured impedance and the simulation
based on the first-order model. The agreement is good up to a bandwidth of about
2 GHz. Bottom: Comparison of the measured impedance and the simulation based
on the second-order model. The agreement is good up to a bandwidth of about 4
GHz. The bandwidth of the measurement is 10 GHz, measured with a GigaTest

Labs Probe Station.
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77«; /5’ IND; & i[; A e donnde o )5 <¥}\f(r/+/‘/
W‘\t\ﬂ;’yh w2 P
\¥4

re /37‘ 7ji’@/ 7{9 %!"‘f"—r Z T O~ )\Y\',\Q( conN VuLchJF" ca v\

/Al
5 k But” !“(\T:"\Q—Jh }i\ /;r‘\smr d 7

?D 2. A j’f ool o .2 Dvitg

77.1 /{?: ";7“” é,X!\ “g\)\g an \H’\+e_r conprect ca v\

WAoo Z "“}“‘";ﬁ 2 Jo - 59@) /(7 ] o’f[\ f'l_& e ;9; W S ¢;j .

/ZMT:?; = Jo - ?’Q /fw ?{\ 74’ Z,g_w ,«:\mjﬁ, y{'f';”é“— 5‘,5 ‘

P
)?; /‘;;,; (!# € P o :-” " /ﬁ = ji‘i:) . ? £ 7 !_)ivf,, A1 E R e 202 |

E}(\ A é/)‘m /Q&;/ ,NTFer ¢ e nne }'\05 aw ;\y\)':»u”}' 5—,5_ Lu/
E\ﬂ?“\;}'\ - 5’”‘@“’ »‘;‘?C d_‘ Q\ B L“)\ " oA - 2 QHZ"“ :??} ﬁzmj’l:ﬂ?lﬂfvwﬂh: igmnvgﬂyjn»j

Nl




255490 « 100 sheets
IE520 - 200 sheets

=Tops.

Ll

"—'AS e r‘u,w“"@'ﬁ”‘ 1
05 //
O 08
f%ubﬂ A/ ven e “:j“"f . A,/
‘r)o" 0.6 1 '\nnf/ ottt
S T 111\4»// otrptt
‘IQ( o ZT o ~ 0.5 iy/i
ED 04 /
= 03
%La, .5‘;‘5 na / ?lD Agﬁ « 0.2
0.1
V4
fAc cea 5»4%»6/ /f:(y .?é(é{g; ~0.(i
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
.;;7?{‘4 ¢ €A f‘% 'L{[‘f f?{x\ » Time’ nsec
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: based on the measured bandwidth of the interconnect. Measured with a
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1.0.1. Non-ideal capacitors

If current flows through a real conductor, then we are guaranteed to have inductance and
resistance. If we have more than one conductor at different potentials, we are guaranteed to have
capacitance. With this in mind, we will investigate non-ideal components. The first is the capacitor.
The impedance of a non-ideal capacitor is shown in Fig. 1. We can see that the “real” (non-ideal)
capacitor behaves similar to an ideal capacitor up to a resonant point. Then the inductance of the

component begins to dominant. This behavior leads to the equivalent circuit in Fig. 2. If Ry is

neglected, then Z = R+ j(wL — 1/(wC)). This then gives f, = __——2m}175’

|Zel

A

\‘(\20 dB/decade looks like
; ( an inductor

looks like \_
a capacitor \’

5 > f
fo
Figure 1. Impedance of a non-ideal capacitor.
Leakage resistance
(often neglected)
Rz
VAY,
L Ri y
LU A% 1] o

Due to conductors on leads

Figure 2. Equivalent circuit of a non-ideal capacitor.




\
ConSider:

Real physical Equivalent electrical circuit
component model of ideal circuit elements:
R L Cc

Topology:  —~AMW—TB0—]|—

C=0.67nF
Parasitic values: R=050 Q
a0 ' L=1.78 nd
FAE J2E £A%
A Figure 3-3 - The two worldviews of a component, in this case a 1206 de-
e coupling capacitor mounted to a circuit board and an equivalent circuit
we model composed of combinations of ideal circuit elements.
~ 04 %
D S
SR R

2 - 1EZ | |
ocelar g Lired impedance
~% .C
A O 1ET ] second-order
wanda 8 RLC model
co—— §
0 1 first-order
E ] apacitor-model
1E-1 \\
1E7 1E8 1EY 5EQ

Frequency, Hz

Figure 3-8 Comparison of the measured impedance of a real decou-
pling capacitor and the predicted impedance of a simple first-order model
using a single C element and a second-order model using an RLC circuit
model. Measured with a GigaTest Labs Probe Station.




1.0.2. Non-ideal resistors
There are three different types of resistors:
1) Composition - the inductance is very small.
2) Film type - the inductance is moderate - has some effect.
3) Wirewound - the inductance is very significant but can dissipate several Watts of power.
The impedance of a typical non-ideal resistor is shown in Fig. 3. The equivalent circuit is

shown in Fig. 4.

|Z4
A

Y
-

fo

Figure 3. Impedance of a non-ideal resistor.

@

L R

Figure 4. Equivalent circuit of a non-ideal resistor.

1.0.3. Non-ideal inductors
There are four types of inductors:
1) Wound on an open core (Fig. 5 a)):

a) permeable core - iron, etc.




b) non-permeable material as core (wood, air, .etc)
2) Wound on a closed core (Fig. 5 b)):

a) permeable core - iron, etc.

b) non-permeable material as core (wood, air, .etc)

We summarize the behavior of open- and closed-core inductors in the following table (1 is the worst

and 4 is the best):

AIR cause of radiated emissions | susceptible to radiated fields
open core 1 2
close core 3 4
MAGNETIC
open core 2 1
closed core 4 3
I [
a) b)

Figure 5. a) Open core inductor and b) closed core inductor.

One other aspect to consider is don’t pass to much current such that the inductor saturates.
The impedance of a typical non-ideal inductor is shown in Fig. 6. The equivalent circuit is shown

in Fig. 7.




|Z1]
A

Figure 6. Impedance of a non-ideal inductor.

@)

L

Y

— QL

Figure 7. Equivalent circuit of a non-ideal inductor.
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Figure 3-14 Measured impedance of a 1-inch-long microstrip trace and
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Figure 6-10 Total inductance of one 100-mil-long wire bond when an
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rents in the same direction and in opposite directions. The wires are

pulled apart, comparing the total inductances with the partial self- and
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sy < via length.
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CHAPTER 1. TRANSMISSION LINES

Transmission lines (TL) are used to deliver power from a source to a load. This can be done
by using coaxial lines or conductors made out of wire. When distances are large enough between
the source and the load, we use TL theory to find the voltage (V) and current (I) along the TL-line.
These TLs are usually categorized as electrically small or electrically large structures. This then
results in the following two methods to analyze the propagation of a wave along a TL:

Lumped Elements - if the time delay between the source and load is negligible (L << X/10).
Distributed Elements - if the time delay between the source and load is not negligible (L>A/10).

Lossless Transmission Line

—
- ——

Si 1t I

Sz
s >
Vo :V+=vo R

I™ | <—Represents wave front
(propagating along the TL)

a)

Equivalent ciruit of the lossless TL

I
- ——

S It Li L: LS

S pai i}
Ve To To —l-cs?“

‘I._
b)
Figure 1. a) Propagation of a wave along a TL; the equivalent circuit of the lossless TL.

1.1. Transmission Line Propagation

First, consider the lossless TL shown in Fig. 1 a). If switch S; is closed, a wave travels down
the TL. If switch S, is closed right before the wave arrives at the load R, a wave will be reflected
back towards the source. The amount reflected back depends on R (or if Sy is open or closed). The
equivalent circuit for the TL in Fig. 1 a) is shown in Fig. 1 b). When S} is closed, the current in
L1 begins to build. This then charges C;. C; then begins to supply current to L as it approaches

max voltage...etc. This then leads to a wave propagating down the TL towards the load R.
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1.1.1. Transmission Line Equations

Next, consider the per-unit equivalent (lumped element model) circuit of a short TL shown
in Fig. 2. R represents the conductor loss, L represents the line inductance, C' represents the line
capacitance and G represents the loss in the dielectric between the conductors. Now we want to

derive expressions for V() and I(2) on the TL shown in Fig. 2 in terms of R, L, C' and G.

1/2RAz  1/2LAz KCL 1/2LAz 1/2RAz

Figure 2. Per-unit equivalent circuit of a TL.

First, using KVL on the circuit shown in Fig. 2:

I 0
V=—RA I+ LAzg + LAza (I+A+ - RAz(I+AI)+V+AV (1.1)
=
Vv 1 1. 0I oI O0AI vV AV
—A—z—éRI+2Lat+ L(8t+ at)—l- R(I—i—AI)-l———“f—Z— (1.2)
=
AV or 1 1_0AI
~ = —RI — LE — §RAI —L—— T (1.3)
Next, evaluating the limit Az — 0 (i.e., lima,—0) we have I + Al — I, AT — 0 and AV — %‘ZI
This then reduces 1.3 to the following:
ov oI
i (RI+ L8t> (1.4)

10




Next, using KCL on the circuit shown in Fig. 2:

I = Ig+IC+I—I-AI

_ GAz(V+ A—V> +onl (V+ éZ) 4T+ AL (1.5)
2 ot 2
N
_AIZ:G<V+%K)+C%<V+%‘—/)+ZIZ+%‘ (1.6)
N
%-i:-c:(wr%)—o%(xw%). | (1.7)

Next, evaluating the limit Az — 0 (i.e., lima,—0) we have V + AV — I, AV — 0 and —ﬁ—é — %

This then reduces 1.7 to the following:

oI av
o (ov o) as

Equations 1.4 and 1.8 are referred to as the telegraphist’s equations. Their solutions lead to the

wave equations on the TL. Next, differentiating (1.4) w.r.t. z and (1.8) w.r.t. ¢ we get:

9%V oI PRI _

P Bir e L5s (1.9)
and

21 ov v

20 S Y (1.10)

Next, substituting (1.8) and (1.10) into (1.9) gives

0%V % ov
7 MLCE%Q—+(LG+RO)—(-9—{ + RGV. (1.11)

11




Similar substitutions result in the following expression:

01 oI oI
— = LC——= + (LG + RC)—; L. 12
57 at2+( + )8t+RG (1.12)
Equations (1.11) and (1.12) represent the general wave equations for the TL in Fig. 2.
1.2. Lossless Propagation
1.2.1. Wave velocity and characteristic impedance

For lossless propagation we have R = G' = 0 in Fig. 2. This then simplifies (1.11) and (1.12)

to the following:

A% o’V
and
021 9?1
ke Lcéﬁ. (1.14)

Solving the second order partial differential equations in (1.13) and (1.14) results in the following

assumed solutions:

V(z,t)= filt—z/v) + falt + 2/v) = VT + V™ (1.15)

where v represents the wave velocity, V* represents the forward traveling wave and V™~ represents
the backward traveling wave. The t — z/v represents the forward traveling wave. As ¢ increases, z
must also increase to sustain f(0) (the wave front). To solve for the wave velocity we consider the
solution of V(z,t) to % = LC%QZ‘;. With out loss of generality we consider only fj.

N
V(zt) Of  0fi Ot—zfv) -1, ‘
0z Oz O{t—=z/v) Oz w h (1.16) 7

where f; is the partial derivative w.r.t. the argument. Similarly we have

Vizt) O0fi _  Ofi O(t—z/v) .
ot ot  Ot—z/v) Ot =/ (117)
% f 1
—gzyl = ﬁf1 (1-18)

12




and
82 1 1"
O h_ . (1.19)

oz 12
Notice that (1.18) and (1.19) are simply derivatives of f; w.r.t. z and ¢, respectively. Substituting
(1.18) and (1.19) into (1.13) results in the following expression:

" 1 82‘/

ov_1
922 12

or

l 1" 7
I = LCF,. (1.21)

Canceling f; results in the following expression for the wave velocity v:

1
V= —, 1.22
e (1.22)
Similarly for (1.14) we have the following solution:
1 P
I(z,t) = — | filt — z/v) — ot + 2/v)| =TT + 1 = —-V(z,1) (1.23)
LI/ ZO
where
L
Zy=+4]=- .
0 c (1.24)

Zy is referred to as the characteristic impedance of the TL. Notice the expressions for the wave
velocity and characteristic impedance are written entirely in terms of L and C. This indicates
that v and Z, are dependent only on the dimensions of the physical structure and not time and
frequency.
1.2.2. Phase constant, phase velocity and wavelength

In this section we derive the expressions for the voltage and current along the TL when a
steady-state sinusoidal source is used to drive the TL. Start by defining fi = fo = Vjcos(wt + ¢).

From the previous section we have t =t & z/v, where v, is referred to as the phase velocity.

13




V(z,t) = |Vo|cosfw(t + 2/1p) + ¢

= |V cos[wt & Bz + 4. (1.25)
=
V't =Vi(z,t) = |Vo| cos|wt + Bz + ¢] (1.26)
and
V™ = Vi(z,t) = |Vo| coslwt — Bz + @] (1.27)
where |
w
B = o (1.28)

B is called the phase constant of the TL. If ¢ = 0 (i.e., fix time and look at the spatial variation)
then we have V;(z,0) = |Vo|cos[Bz]. Vj(z,0) represents a periodic function that repeats w.r.t. a
value of z. Denote this value as A and call it the wavelength of the wave. This then gives S\ = 27.
=

_ ,2£ _ Y

\=F =7 (1.29)

Now, if z = 0 (fix position and look at time variation) then we have V(0,t) = [Vo| cosjwt]. This is
illustrated in Fig. 3. Notice that the sinusoid repeats every 2.
=

T = (1.30)

L

F

where T is the period of the sinusoid.

1.2.3. Voltage and current along the transmission line
Here we want to represent the voltage along the TL as complex functions. Using Euler’s

identity we have e*® = cos(z) + j sin(z).

14




V(0,0

2 ot
T
Figure 3. Sinusoidal voltage along the TL.
=
. 1 ,
cos(z) = Re [eiﬂ] =3 [e” + e’”} (1.31)
and
sin(z) = £Im [eiﬂ} = :l:gj {e’w — e“”] (1.32)
=

V(z,t) = |Vo|cos[wt = Bz+ ¢
_ %lVol [eﬁ'(wtiﬁz+¢) n e~j(wtiﬁz+¢)]

T | R

— %Vb |:ej(wt:i:ﬂz) + e"j(‘*)titﬁz)] . (133)

Note that V was used to represent the complex voltage magnitude %IV{)| [ej‘i’ + e‘j¢] in (1.33).
Next, define the following
Ve(z,t) = V,yetifzeiwt (1.34)

and

Vi(2) = Voetih? (1.35)

where V,(z,t) is the complex instantaneous voltage and V,(z) is the phasor voltage. Again, from

15




the general wave equation (1.11) we have

A % ov
S = L0 + (LG + RC) 5 + RGV. (1.36)

In the phasor domain we also have the relation —g—t & Jw.

=
d*v

—— = —w’LCOV, + jw(LG + RC)V; + RGV,. (1.37)
dz?

d?v
5 = (B4 jwl)(G + jwO)V, = Vs (1.38)

where v = /(R + jwL)(G + jwC) = a -+ jB is the propagation constant along the TL. Now
assume that Vy(z) = Vyte™* + Vet for a solution to % = y?V,. Similarly, assume I;(z) =
Ife™* + Iyet7*. Substituting the assumed voltage and current solutions into the transformed

expressions of (1.4) and (1.8) gives the following expressions:

dvs

Y - (Rt oD, (1.39)
and
‘flis — (G + jwC)V,. (1.40)

= Ve Ve = -2 [L}F e+ 1y e”’z} where Z; = R+ jwl. Equating the coeflicients

of €77 and €% gives —yV;" = —ZI and vVy = —ZI;. Therefore, the characteristic impedance

16




ZO is

_Z_
VZY
Z
= /? (1.41)

where Y = G + jwC.

=

| R+ jwL ”
Zo = | =———— = |Zple". .
0 Gt joC | Zole (1.42)

1.3. Examples: Transmission Lines
1.3.1. Example 1

Consider an 80 cm long lossless TL with a source connected to one end operating at 600 MHz.
The lumped element values of the TL are L = 0.25pH/m and C = 100pF/m. Find Z,, B and v,

Solution: Using (1.42) we have

jwL 0+ jw.25 x 10-3
ZOZ\/RJrjw _\/ + jw.25 x 10 500,

G+ jwC  \/ 0+ jwl00 x 1012

Also from (1.38) we have v = /(R + jwL)(G + jwC) = /(0 + jwL)(0 + jwC) = 0+3jB = jwV'LC.
= B = 2x(600 x 10°)y/LC = 18.85rad/m. Finally, we have v, = w/B = 2 x 108m/s.
1.3.2. Example 2

A transmission line constructed of two parallel wires in air has a conductance of G = 0£2. The
two parallel wires are made of good conductors, therefore it is assumed that R = 0Q. If Zy = 5042,
B =20 rad/m and f = 700 MHz, find the per-unit inductance and capacitance of the TL.

Solution:

17




Since R =G =0, f = wVLC =40 = 27700M HzV LC and Zy = 4/% = 50. Then the ratio

of B and Zj results in the following;:

b _
7 wC.
Solving for C' then gives:
p
¢ = —
L()Z()
. 20
~ 2m % 7T00M Hz * 50
= 90.9pF/m.
Finally, solving for L gives:
L = ZiC

= 50%%90.9 x 10712

= 22TnH/m.

P

I
/ )
Wt ¢

. A "
s [— =" o ,,x Ty o I / yi
1.4. Wave Reflections / A /A &, A2 .
1.4.1. Reflection coefficient and transmission coefficient

Next, expressions for describing the reflections of wave along the TL are derived. To do this,

consider the TL load in Fig. 4. Next, denote

Vi(2) = Vo e 99 (1.43)
and
Vi(2) = Vopetozetibz, (1.44)
=
Vi(0) = Vi(2) + Vi(2) = Voi + Vor (1.45)

18




and

1
IL(O) == IOi + I()r = 7[‘/02 - %r] (146)
0
Now define the reflection coefficient at the load as

Ve Zi— %

I S — Jjér
Voo 7+ 70 |F|6 . (1.47)

Now using I' we can write the voltage at the load in terms of the reflection coefficient and the

incident wave in the following manner:

Vi = Voi + I'Vai. (1.48)

:| Zi=Ri+XL

z=0
Figure 4. Voltage reflection at the load of a TL.
Now define the transmission coefficient as
Vi 27y, ,
r=-—2=14+T=—"0 = |rle?, 1.49
Voi Zy+ 21, I (1.49)
1.4.2. Reflected power
The time averaged power can be written as
. 1 *\ 1 —az ,—jBz V(-)* —az +jipz | __ 1 |%|2 —2az
< P>= §Re(VsIS) = ERe (V()e e We e = EWB cos 8. (1.50)

Note that # in (1.50) refers to the angle on the characteristic impedance Zo. Then for z = L we

19




have the following expression for the incident power:

_1_|V6|2 —2alL

< P, >= e cos 6.
2 |2y

To find the reflected power substitute in the reflected wave in (1.48):

<P.> = %Re(I‘Vbe“aze_jﬂ(r—%—)—e_“zejﬂ’:>

Z()@je
LPPYOL

cos 0.
2 | Zo|

This then leads to the following expression for the reflected power

<P >
T =TT* =T
P> IT|
Similarly, for the transmitted power:
< F> 9
=111
B> T

1.5. Examples: Reflection Along the Transmission Line
1.5.1. Example 1

a) Zr, =2y =500=T=0and 7= 1.

b) Z;, =0, Zy =500 =T =—1and 7=0.

¢c) Zr, — oo (open), Zy =502 = I'=1and 7 = 2.

(1.51)

(1.52)

(1.53)

(1.54)

Notice from the previous derivations and examples that we have —1 < I' < 1 (R, > 0) and

0<7<2(R>0).
1.5.2. Example 2

A TL with Z; = 1009 is loaded with a series connected 50 € resistor and a 10 pF capacitor.

Find the reflection coefficient at the load at 100 MHz.

Solution:
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The load impedance at 100 MHz is Z;, = 50 — j159Q2. Using (1.47) gives

_ Zp—2Zy 50— 7159 —100

= = = 0.762/ — 60.78.
75+ Zo 50— 7159 + 100 7

r

1.5.3. Example 3
Show that |I'| =1 for a purely reactive load.

Solution:

For this example let Z;, = 0+ jX1. From (1.47) the reflection coefficient at the load is

po =2y iX— 2y _ —(%0—3X1) _—v Z§ + Xie ™ _ i,
Zr+ 2y 3Xp+ Zg Zy+ 3 X1, \JZ2E+ XZelt

This then gives || = | — e™9%| = 1.
1.6. The Coaxial Transmission Line

1.6.1. High frequency analysis

A cross-section of a coaxial TL is shown in Fig. 5. The radius of the inner conductor is a, the
radius of the inner wall on the outer conductor is b and the radius of the outer wall on the outer

conductor is ¢. It can be shown that the per unit values of the coaxial TL are:

i <E) (1.55)

In(2) \m
oo () (1.56)

(2 (2
e (t) (%), wsn
1 1 1 Q
= 2méo, (5 + 5) (E) ’ (1.58)

and

21




o = \/? _ %\/EE In <g) @ (1.59)

where o is the conductivity of the TL, € is the permittivity of the TL and p is the permeability of

the TL.
outer
conductor
(o¢)
&‘ dielectric

inner (o)

conductor

(o0)

Figure 5. Cross-section of a coaxial TL.

1.6.2. Low frequency analysis

Also for the LF analysis of the coaxial TL we have the following expressions:

o= 2 (—F—> (1.60)

G = 210 (§> (1.61)

In(2) \m
1 /1 1
f= TO, <a2 + 62—62)’ (1.62)
and
] b 1 1 9 9 4ct c
L=— )+ | b — — . .
27 [ln (a) Tyt 4(c? + b?) ( sert c? —b? In b (1.63)

1.7. Two-wire Transmission Line
1.7.1. High frequency analysis

A cross section of the two-wire TL is shown in Fig. 6. The radius of each wire is denoted as

22




a and the center of each wire is separated by a distance d. It is assumed that the two wires are
emersed in a material with properties (o, p, €'). It can be shown that the per unit values of the

two-wire TL are:

C= “g/ <E> (1.64)

G=—"120 _ (S> (1.65)

L= %m (g) (g) » (1.66)

R= (1.67)

and

Zo = \/g (1.68)

dielectric
(c&mw)

Ce¢

[ d |
[ I
Figure 6. Cross-section of a two-wire TL.

O¢

1.7.2. Low frequency analysis

Also for the LT analysis of the two-wire TL we have the following expressions:

©= Coshﬁil(i) (%) (69

2a
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and

L=

¢-—Z ().
cosh™"(5-) \m

1
= 4+ cosh™! (i)} (-Ii> ,
T 2a m

=
| aeumeuna |
fIaNg

1.8. Voltage Standing Wave Ratio (VSWR)

For the voltage standing wave ratio (VSWR) we start with the following:

Ver(z) =

Voe—jﬁz € F%ejﬁz

Ve [e—jﬁ’z + ‘F,ej(EZ-Hﬁ)]

Vo(L — [T[)e 9% + 2Vo|T|e’®/? cos(B2 + ¢/2)

(1.70)

(1.71)

(1.72)

(1.73)

where ¢ is the angle on the reflection coefficient. Converting (6.17) to the time domain we get:

V(z,t)

Re [VsT(z)ea'wt]
Vo(1 — |T')) cos(wt — Bz)

+2V4|T'| cos(Bz + ¢/2) cos(wt + ¢/2).

(1.74)

The first term in the last expression in (6.18) describes the traveling wave and the second term

in the last expression describes the standing wave along the TL. An example of a standing wave

is illustrated in Fig. 7.

trigonometric terms in (6.18).

The oscillations of the standing wave in Fig. 7 are described by the

We can also derive expressions for the position of the voltage

maximums and minimums along the TL. The position of the voltage maximum is denoted as Zpaq
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(1-T')Vo
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ANV4

1 ) 1 >z
T(g5m) | —o043m) | —(g) 0

1 2 T 2B 0

%(¢+6Tﬁ) %(¢+4ﬂ) %(Mzﬂ) 2B

Figure 7. Standing wave along a TL. Note that ¢ in this figure is the phase of the reflection coefficient
I' = |T|e’?.

and the position of the voltage minimum is denoted as zpg,. Thus it can be shown that

1

Zmin = —Q—B[gb + (2m + )7 (1.75)
and
Zmaz = —%[d) + 2mm] (1.76)

where m = 0,1,2.... Next, we define the VSWR, (denoted as s) in the following manner:

VTST(zmaa:) . 1 + IF[

Vir(zmm)  1—|T| (1.77)

A few examples of a standing wave are illustrated in Fig. 8. To understand the maximum

and minimum values of the voltage along the TL we start with the following expression:

Vir(2) = Vo (e_jﬁz + |F|eﬂ'<ﬁz+¢>> : (1.78)
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We have a voltage minimum when 8z = 0 and ¢ = 7. This then reduces (6.28) to Vir(Zmin) =
Vo(1 — |T']). Similarly, we have a voltage maximum when 8z = 0 and ¢ = 0. This then reduces
(6.28) to Ver(#maz) = Vo(1 + |T'|). Then, if the TL is matched (ie., Zp = Zr) then I' = 0 and
Vo(1 + 7)) = Vo(1 — |T|) = Vob. This results in the constant voltage along the TL shown in Fig.
8 a). If Z;, = 0 (i.e., short circuit), then |I'| = —1. This then gives a maximum and minimum
voltage of (14 1)V = 2V, and (1 — 1)V = 0, respectively. This is illustrated in Fig. 8 b). Finally,
if Z;, = oo (i.e., open circuit) then |I'| = 1. This then gives a maximum and minimum voltage of
(1+ 1)V, =2V and (1 — 1)V, = 0, respectively. This is illustrated in Fig. 8 c).

We can also see that the standing waves in Fig. 8 b) and ¢) have a period of \/2. For example,
to calculate the position of the first minimums and maximums we use the expressions in (6.19) and
(6.20), respectively. First, if ¢ = , then (6.19) and (6.20) reduce to —X/2 and —X/4, respectively.
These computations are illustrated in Fig. 8 b). Second, if ¢ = 0, then (6.19) and (6.20) reduce to

—)\/4 and 0, respectively. These computations are illustrated in Fig. 8 c).

V(z)
Matched line |V3r[
T T T T z
= 2 = =3 ’
4 2 4 -
N Vo)
Shortcircuit ___ __ e 2[VJ5|
1 T T T z
- 3 =3 =S ‘
4 2 4 _
b) V(@)
O ircuit
%/ "
T I T 1 >z
“» ) = =y °
4 2 4

Figure 8. a) Standing wave along the TL for Zj, = Zy; b) standing wave along the TL for Zy, = 0; c)
standing wave along the TL for Zj, = co.
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1.9. Examples: Standing Wave Examples
1.9.1. Example 1

A 50 Q transmission line is terminated with a load of Z;, = 100 + 550 Q. Find the voltage
reflection coeficient and the voltage standing wave ration (VSWR).

Solution: From (1.47) we have

Zr—Zy 100+ j50 — 50
r— - = 45/26.6.
7o+ Zo 100+ 750 + 50

Next, using (6.27) we get
140 14045

= - = 2.6.
ST10 T 1-045

1.9.2. Example 2
A 140 Q lossless transmission line is terminated with a load impedance of Z7, = 280 4- 5182 (.
If A =172 cm, find (a) ', (b) s and (c) the first Zpim and Zpee-

Solution: From (1.47) we have

~Z 182 —
Zn—Zy _ 28044182140 .o

= = —
Zr+ Zo 280+ 7182 + 140

Next, using (6.27) we get
J_ LIl 1405 _
T 1-T 1-05

3.0.

Finally, 8 = 27/ = 8.72 m. Using (6.19) and (6.20) gives zmimn = 5375(29 * 155 + 7) = 20.9 cm
and Zmas = 5375 (29 * 155) = 2.9 cm.
1.10. Transmission Line of Finite Length

Now we need to analyze the TL while including the numerous forward and backward reflected

waves. To do this consider the TL in Fig. 9. From before, we have Vir(z) = Vgte 9%+ e?P* which

represents the total voltage along the TL. We also have I,r(2) = Ife77%? + I €% which represents
P 0 0
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the total current along the TL. Using these two expressions, we define the wave impedance as

Vir(z) _ Vo'e " + Vg el
Io(z)  Ife 97 4 I b=

Z]/V(Z)

Zrcos Bz — jZgsin Bz
= 7 . 1.
0 [ZO cos Bz — jZy sin Bz (1.79)
Evaluating (6.29) at z = —[ gives
Zy,cos Bl + 34y sin Bl
Zim = Zw(=l) = 2 —— . 1.
w(=0) O[ZO cos Bl -+ § 2y sin Sl (1.80)

Next, if Bl = Qf% = mm where m = 0,1, ... then Z;,,(l = m\/2) = Zy. Also, if fl = 2{(2771—#1)5} =
(2m + 1)7/2 where m = 0,1, ... then Zy,(I = A\/4) = Z§/Z1. The last expression is used for the
design of quarter wave transformers.

Lossless Transmission Line

e
- o
Zyg
1
{ | o e
Vs Vin Zo Vi ¢ V43
T 1
Zn ,— g4 z=0

Figure 9. General lossless TL in steady state.

1.11. Examples: Finite Length Transmission Lines
1.11.1. Example 1

Z=40 Q

[ o= 7o
Vs Via Zy=60+j40 Q Vi Z1=20+j50 Q
T '
Zo ]

in

z=-{=2m Z

Figure 10. TL for example 1.

A TL operating at w = 10° rad/s has the following constants: @ = 8 dB/m, # = 1 rad/m,
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Zo=60+j40 € and is 2m long. If V; = 10£0, Z, = 40 Q and Z;, = 20 -+ 550 Q2 find:
a) Zin
b) I;

Solution: Neglecting « gives

a)

7y, cos Bl + jZy sin Bl
Zpcos Bl + 775, sin ﬂl]

(20 + 750) cos(2) + 7(60 + 740) sin(2)
(60 + 540) cos(2) -+ 7(20 4 550) sin(2)
= 57.28 —j2.11

Zin = Zw (1) = Zo[

= (60 + 540) [

b)

V.

10 = 737,
i g

10£0

40 + 757.28 — j2.11
= 102.7/1.24mA.

1.11.2. Example 2

Now consider the TL with Z; = 300€2. The load is two 300 2 resistors and one capacitor with
Z, = —3300€2 all connected in parallel. Calculate Z;,, s, I' and Py, for [ = 2m, v, = 2.5 X 108m/ s,
[ =100MHz, Zyz = 300 and V,=60V.
Solution: Z;, = 300|]300]|(—7300) = 150}|(—7300) = 120 — j60Q. =

 Zy—Zy 120~ j60 — 300
T Zn+ 72, 120 — j60 + 300

T = 447/ — 153 4,

and
141

= = 2.616.
I

Since the TL is lossless, A = v,/ f = 2.5 x 108/100M Hz = 2.56m. = = 2rx/X = 2.51rad/m. =
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Bl = 5.02rad = 287.6deg. Solving for Z;, gives

77, c08 287.6 + j Zysin 287.6
1 Zo cos 287.6 + j Zy, sin 287.6

= 760.1 — j127.69).

Z in =

Vs
Zg+ Zin
60
300 + Z;,
= 56.1£6.86mA.

Since the TL is lossless,

1
]Dz'n = _Iz
. 3 R
1
5(56.177114)2760
= 1.199W.

= Py~ 1.2W.
1.12. The Smith Chart

1.12.1. Introduction
To introduce the Smith chart we start with the reflection coefficient I' = (Z1, + Zo)/(Z1, + Zo).

All impedance values on the Smith chart are normalized and have the following notation:

. Zp  Rpt+jXp
zL—7+jrc—Z0_ Zo (1.81)
=
po Al (1.82)
_ZL+1 '

30




| |

5¢ SHEETS
100 SHEETS
00 SHEETS

2}/\/‘/‘@161’1 7‘/}) / /?Q i s & gjj; %‘:/;‘/éh o, g / ”:?igiﬁ & va/tz -

p/ \f[\[‘? ren ta / .ng"haa/ai) ,4;4.;: Fe f@ /,é, wﬁ:? a Q/vaw\ %é(}e £

- /@5}‘ Vﬁ’)[ﬁ@/{ 4%@,,;“,,4@/ /(3,\/ ea//j/gu_g - éw/}’?f,

- }7/57,@ r J asa (i)/cf\%}/;if?ﬁ Aoa o /?“p/?ﬁ«f .

o

_ foé..,z;‘?’“ /DmyDv«a ?L/aﬂ O ey Zémgjé“f&‘éy K‘;@jf}) /2«:‘;/

Lhas,

i
142
22-144

;
4 4
(S R4

s

‘ IaVa ; Y /
~ Cost atitee 74“fv»c bt el /@/\f' casn Lo wdeo”

/@ﬁJ @/{43 Ha g ee s .

[ A

- D/ /f/;/ ena / f/jma //(}7 /s ) 4",‘,4/@ pe o é// Hoe

Sty Jo anAed  wo /%"fg ’

E
&

< on d/z/i’ '7/@3@ 5. ’_—-‘%\\\ e

o
o
o

O e - Ve a MF l@ g,a"t € Q;r‘?‘@.ﬂ@m%m

- TVt

y;/p/ e Fy 7o o LS oo

4
f‘;, l\vb'—-@, a;)

- e i
L > ] RE
st 3 L P g
; F A
r $V\ . TV, | e
o A R IR T L e T R R A e e gl ¢
&

St g /o /w at = o / Te g

‘*«':V’e/\%ff;r@m Fia / 5{;’#”!& /3 / L VD,ﬁ) . = Hle Q/{ 757[{”,\?!‘@ !

\/“ Cayvere s ) !:a/ ey @ e ey
We ales Lane

)3

Vo /fa,j( ;s \\/i;v/, e ul - V;*“lg.

C & pen b B ;%;;f M / , 7%// 5 P Lo average vo It a e

eae h 1 e W@Mm = »L (/ L"i t l/;> .
Vs Ve 0 Ve ¢

.

\/ﬁ) = \/ [ N i’:;‘* \/@,I ',' )( :{f )

a2




TS

160 SHEETS

00 SHEETS

50 SH

Under  Joleal concy hon |

V0/7L¢j< s ¢ on sHen .
VOH‘OS\:

\v4
ﬁ/gwa,w%f, ,‘/ %L/pq:?‘% ;s

~ = , J
Nod ; Q\j@q / ) 71, . W‘?@?/y e 7 - ] ] ) L__ I
Varbs

(3]

€
€ et e

""l«f@'f‘/ﬂj M/wvsryw‘l}‘”‘» L/,‘ of Vﬁﬁo . :
EZE/ V;@m,‘._ j@’%& too A ‘3 4,& e alae ® 7 Sa #o g te 7l

pﬂ/;w 7 of  an A m f«-*’«'g'?/;’lc - of e avie {a sz.://%}:z + oA
D,//; con il Say,

- Tuisted )' klﬁ o ef@/::)/ww( aclje,;QO\_,Iplaﬂc/

/P@H" T
"/'/Wav” @ @ S - sen Do Fan (g™ /¢ s %;r r;i/cgw;/,f;ﬂ/;n
/ SO

)> /Pé S ;m @/ A & e :/M P e m @/; .- ?zee; ¢ EV 5SS o San Fien i
/M/f;ﬁ/;swk‘ @ £ ;/f\/eﬁp ;’/’*Z/g;gﬁ f)
Q) /M o teh #l. P o Zie c:/{z /l;}f s 2n P //: pe

&

3 ) 7L / ne S 5 /4&3 " /:/

G ~ [
s Sy maa e
& &

D

yz) /T;;) & /\ /i/ vy g //d’ of / Ca/ X @ ve ,;L}lig., Eary f/w? #1 ;"’“,/‘;i:

d

Al

S;> // a «\ff;i,m Ve ?}Ad £ & y? /4 ‘;%7 ) / 2y ¥ !rl) w5 o /ﬁ i"‘\é’» B
| Q/ '

A Fleye n?L;a/ ﬂ“‘f\f""{} L




|

s

, p(;»[é’.re:n?!w;z/ wzu;n/paa@m@
. o ; ] ‘

o, | . 5
= This s very d‘fjﬁﬁ@ﬂ“w b Sor @//?Z\?Z .57)‘0/7@/3.

- D/\#pd{gw\ 7’ p\Q[
AS SV s

,‘M/j; o Sone e
¢ )

7+

Flo

L)/ Nno C‘@uf/i\j L
4{@741«/«»?@#’\ Hues @//ﬁ"?@ /,;&:-,

€o op /;Q? S5 mhemrze o

ATEAD

EEs 'S Large envweh 2
Y W U
“s8 [/
e €4 r/
> . ety s y .
op ::;5 . f = p— Iy 42
5 T én/m [ ,,,4 /

¢
\ ‘
Prto @ Poo /’%.

‘Sj/jma/

/\c/@sm 74/‘(‘ Q/

Sdpd T -

T

_wf,m o e 7 éw?’f

/ J e {mf'f?’//;j -
As

P A %J;?/v:? c;:*v/ aép,/z Y,

2

C://\v[/é:rw\ ?Z(‘l:a / TZ»“ \

o N )
e / v v
& & £ /[ Zae J»\ Pal @/f/ w s t’fb‘/ L /

s/

A
Anet tnere e8¢ 5,

cfflj .%“w@ /'l:‘wf

V:rﬁ = o) \/,\
vy,

by &=

. /Vw *é}*_p

3“} Ak / / tad )ma Ve

)Dﬁ Lo o T /_w

Fise b e

=

Vil va,)  0s 7k

Sl

/\J et;/p*rwe,q"f

4+ ow’ [)f“} reteen

TF e
W\ 4
=V

a s

2
-

\*ijt\c e 7I/Z‘~

) @wf - e
L ufz,{?;wm(! 5"”,}
o =2 9 7 S

Vz/g (73] l/\ “/’ o,,,\»)

_,,,,Z;_:/ ‘N/L" Z:w; .

/\‘7L /:5‘ c;d/f; SO Z /é' 7[0 & LJ/D /c:,-

.
,«j/

IR ar Sy

f;;}/g:,;» @, e 7

Bre v a7, Fhey

b/e  Fl

Cia
-

mcéa

“r
w)

c/r';’v e N
o AT

T4 mﬂu?"’w@/ 6’3/9‘

A

us b

\j\‘ 3 |“ 4 "ftﬂn %A&.

vl -

o l#s 22

s 7 05)

51‘3.««;’ -
= ‘Sj::% o Y Vo - m/ L»/f;)> ~
= T s VRTC TG ) e,




(39

Z;} f VN 4

W)\//

Alj Zm ¢ ¢ cz/),.".’?‘

- Y (c,+ 2c.) s

o

N E g S 71” /\ s / /e O s
/ an
Ewvrcend Ao v e e

/ /
L S / Y
/ o S g /e e nce o ey
¢

& -

35590 - 1
35520 - 2

bPS.

(j:/%{u (SN

Fle Jihe

- /Z/Z;{ ‘Z// 5 7)/90 gL oy

e

Ceo mﬁdr/\:\j

Can

Se e

\ ‘ )
s Qre Q///V*“’ “ lfﬂ/ @/?@ Sy Ae

DD

Y

T s

K / 5a pa

- 54‘1/

A gt

Mo
;? 2 ? )

‘:/}//’5(5/‘

/ﬂa@ Ore.

-y

- Vil 00

= M C!/

ey S 9 122

//\
e

[aRy S F\&Y €5

/ A TSy .
e e B e f/(/s»” 3
4 K

) R Y
L g o - A
Py g T /A w /‘ e T e LT 5 ‘{:!}A ¢ Gomnry 0 0

[N :\ e‘/ b il
e 4

Ay
T 0 / At VAT S
Chac . doe 7 o 7 e AT Freed,

] - 2 7 7
9, ///?!Z kal ///{ S A p jﬁ” 77 Sj’

@ /
#




|

"4‘% 744/‘_5 /jD’\/l»%/ 35 @D )’L/ @ b &S e /”J/kf ?r‘DUJ(/’/

& L%, o Py /C;u /cz ‘74/';)
7 &

s f

@«Q{j o - c&g,s;?//@ = /M “57“/7?? ef an él(”é’é’ ) «//7

\ — 2 /

= 100 sheets

25520 « 200 sheets

510

5

Y

Y

o

Tt

il

=lops.

s
;o V4 vy
L\ /'f:f"u) 6n  peaSupe &Y f?/kj@? ;

'Z;’ . 2 i"t/ j e — co “j/:\;] f/ e e{‘bf‘ yé{ - g4 i,,!};‘ = 0N f”jr /é? ?j

¢

o Jo—- o § = - =,

s

S/ ; /é" Aie

Y ) s 7l C«ZQ/ g

ks e bl ke 3T s

~
K
N
n
\1
2
SN
3
3
3
3

fro

- \ . I o2 ? E ' 4
v x@_,, o o < /5 ] a @ m/g & - To e goie S L ey, ) s 7

- Z,é /s + Z@W Q/' e / . 7%/?{ e // ra sy, b

— Show. A ))-15 en P 4I5S

o Lz(@ = Z@ /\; ‘?Z’Azf [ jq. ‘. //V\/ﬁ . @/j~ a. n (st & e f/) /@,@/




3510 - 100 sheets
520 - 200 sheets

o

Wj’ . /i . 2, ! 7
7 &S FN@ e SI3E LD et Fda Mt e S ,./

~_Zn 7l S Lo /d , f7 arameders are < a //QQ/

/‘éé/' Z\Q VQ\LDI Q. / PV f“r‘/é’ /( ¢

| ) \ ]
- A A»@ Alo e oe e / WP@O& / O/s <. N w $ i%@ [ Qe 2El Trer @ ompeg it

h |
Inteqae 7 S

!
N L\J/ A lf\ e fﬁ’é’ﬁ 7 e J/{Zl‘ e

- /Lz”n r?/ao MO A /“cz //‘(’; ?/”& S f3 2 Fa e ,i % ¢ 8 (3»/&,5 € F ’!7(‘ /{a g
VA

/!‘»
/?r’@ el s e 5/@ ve e b f // / Srle syl Sen £74y PP pea,
& o 4 )

A1 el o /

- ‘TK‘AM@‘/ 7/6‘ ¢ £ <ﬂw{ /ﬁﬂ v N—%’/ g § /\5 & f”'7/ e € /'I ’ /Z ¢

Seea /‘"}f/‘ & ¢y ‘,,7 2@y ;\gg@’ Y

= ‘%/23 A /\ S /> aro pa 7/6 e / = ¥4 s/f’ VA A & 74) 7A le

& o "7/‘/,";;) wt 57 PLe LI e 7 b Ny
LAt /

outpul e v

/\,‘f W ’Q/ S / ‘;f\_wt, bt b v &

é;//} - Do, e / /s / ) o far e _5;/5 s Pk

él/g l/qitme., Q‘y[: /(j/.

4 A -/7’ e
- /V@ e ' /[v v /41:; e S B SR~ R el Th a. 7




' ®

— Zens ;Ao( : Po(’r AN i PQ( + A

Pocd 3 Pact -

wSR 7 \é\,e@ asave: ww /:)af ?’l lé:\

IS

IR - o
/ 55;4 a2 bt A 4 A //@c? i ll
[ 4 12

s

@L!(%”V'Iay ”’!" e ;%},,» ¢

- \;ZQA~ " Se r k} J @ ,/gp 7-";. “) /\f) @ flw@ @ S & ,’4[. (»Af"%@ }'j‘ 7 ) g

oo \ . = N o i
/6,9 s 7 /( Ll / f}”” " ,&,? N / - J\ﬂ s ’ l! [«“_ 2 f‘ L N e

s nsecded bo e en FL Feso / st o F a

/\@x‘i&f@ ¢ /\i Qo /y e .

#
rd

- T e e tuen // 055 S W // a F— ) So Tvvna oL o Fle

s
ts

{

) . b (o ,,
(AN O/Q ~ 1 /3‘3 (/-\" '(lk C-os # /l) & /4’ ;{(4 For S ¢ 72_51(2, o

shieet

200 shee

4
: 4
‘iﬁ ,(:;m(‘)? ~a ! 0
£ 8y
# L]

— Shew Aiy . 2=l s Ve S8 Ay s0er

- ZI’L 7/7‘{/ ZZ/‘,L»«/ (){9;7\ 9. " j/[ /\\ 5 Ve e e«(:»/ a s =

- A - - . N t
S ﬁ@/’;z Fe 5 Pen se | 7 e S, /5 Ve v e q/ Q s an ((:;yf:f/ﬁ)
- e

: . oA o A
& v}./!(}/(’ e .j\(? < e A,ﬁ , o N A@ ot 7 L, f/i&, a1 y o

o

/ﬂ //fg 2 (‘/3 """ /\5 < /';5 74@ y "Zc? <‘/ /«g/ %é/*—ri ,3“/”‘/’7 Pav] /‘




10 « 100 sheets

358520 - 200 sheets

T

G

= 1ops.

e N Y .
Fres . S e C/ @ ¥oery S erea AR § Fee @ om
/ /
p . \ ¢ Vi
j}’ Fle s1& @ oS/ // a ¢ Naaf S goere brate o

¢

= P =

5@3,5\;@,,,, w’é:"’ y '
~ ,’I
- 77‘ rs hta e //ch o s 7{ o i &N e / fee ¥ 4.4 ?{[; L.

) f;) //} Fa @t AF T o2 ‘?6\"’ whole. 7/ )’?%%‘ [ o ‘7" 74(; j,»esfgu

- 7ze% resv It /s /aw 7/’4_ /,‘/‘%C/Cor‘)l'\ﬁi,@vgm A/éﬁu/d
74/3;@“7!”" =3 tnsa. (/6”{;/ ey vz‘ Q//j/ﬁ/ﬁ/a/‘:/ a5 a N

‘?’79'_ Q/I(I/ffam‘

- c,s Zl [ e ;l

g, 12 ve T 2= en p. eI LIT erp,
, // / P

D Otsel D Lot u.\\;;,\,; L AJ etuunl l‘ (P D /V)

T
e

@ t l thos e ,

\/4 9 2 a\ﬁi L. PhHhAM Comsighe .

; e . /
. - / ¥ e L 'v Vo “‘/’; { - { S {4 Lo IZ o

AT ALY e o
o

/DQC./$ o n F e c 4 &D ‘

- 7 L/ﬂ pee o ary o "{’ © //% /‘!4
Vi ‘, J

. s A
0. Con s Ao o 7 T ph S [ " |40 /‘ Fa i e @ p Eaw 1
¢ 7 7 £ \7/ / 7 Ve 5’ e

y
/;;ﬂ & ,{4/ ) b ;‘j’j é{,;:f) o -V 710 e Z(a/zka/l((’ .
£

- Sﬂ@ coom g;xé //h/ . 73V Zﬁ‘,w < a e /f)xij AL Ved! CL/ /7 ro bW e}/ 4

g P a
/mnf dan e (e Fvrnm /M SE P Q«/J .
[

AY
¢ /*f\/f,? e

=




/

= S/in¢ e % Le. PD //l/ /7 @ S =N / ;/‘7{3 o "7'?"/4'1 Fre & y
VUEY = T /) 2 /)

éJZe 0 e %4 7[) /S F e ve Jaye. a V/t,ﬂ yn Fle /fﬂg o gna

y

> p . p . - ; 7 2
Z{ 2L ) )5 Fle. Ces s 0 EA T T e fumn Y Vet s 5
y :

5

25510 - 100 sheets
485520 - 200 sheets

Tors.

ZZ‘{ [f' !

ZF ) N 17A pe clan. < /D o /\/ e o8  Ale

rd

oA/ aAs seen Zy rar AN ,4;/\”3 /“?)/a s '

?lo g an e e %(«:.7 q/ro/9 ;[/ © %ylm/ /‘)/)/2//

Q{_,Z/;/h hust /3 Pras p e e . /{; I o e Aa, n
[y v4

4 ~, 7
N L \ . . 7/) ;/ : )
FI/ 7) / <, foiged e Jenre e Ve b o

VA

‘I

e > Vo = T A & /r)

PPt

\/\M\FP le

= 2 oy = (F) /| =S

‘/a rjtzzf"

U/Lr < 7 //r,/\'/?/?/e /s A e o/ Fope. P s e %ﬂ/ﬁ el e /

on ;[e/"* /\(«\ l/ﬁ /71 S

~ r
\/ is A [ ,»' 71 Q4 5 ¢ s S
SO T g Y . n SRS Fa
P Jue Aoile. ¢ :J/J

P“/)/V ,\ﬂ ?!‘é’,.' (‘93"?/\&@’/‘! 5 ,4:".‘\w Vc”)/li‘j '

- Z: [14\’) / A?’ . /w, [T P A ] ’”} i/? e ,/”/""/",f,« Lt g/&’ [ W //; \/,a

e
p

/

- Z/;/) ), Is Fhe /\/\’/2 & {)/; e 2 /f) fuwﬁj /{z 07A' 7/’7,»@,

-




PIDA/I a s Se e n ,/37: }”’('({ - ’4){? //f" e 0'5}5 /:f“\ Q;?/V‘w\ <

S \ /
. Z{ /3 %Zev g Xi \rv\ U A a.. /// O wse g,/;," //eri 1Zaay S 27
ar g ¢

N > % VP PNy (.

23
i /
® e‘ 7#/’4 7"4,!;’[,@/@% e d ;/ M' Q/:':y /’ //\ (’»/ A@ r’{,/}? C?f

« 35510 - 100 sheets
FS. 35520 - 200 sheets

T
==

7L/~‘<_, C/?:Saj'ﬂ * ot PZ;/@/ /s e /(4 a0 Al

K . te
/\/473’? é’»rz/f’)é/\ ‘e & / F’Llf @w{yﬁ 2,5 4! 73 /Mf‘? % e,

D 7!;:% 7‘/” Y. e s 7 / \/170 e f‘;‘/tr" 7 j M/\c;/ //l"\ﬁ 3
/\/\ n/ 25 ",f n /(y / )/)/L/ﬁ o e :

K
) Use pun o gnd plhees en adicent  Jayers,

J
j

s N
l\)/‘f'/l\ (=] 7["A/f"l 7.\ Q'// &/é@ f s o2 /rﬂf&“/ '[;:‘/Q \'7L Zr/%}
%’Zﬂ;' 1 a 3 a r/ o s ,&2,.' #o . 7/”’««::_“ S /; . o A 7&'“ng~

Aep af C/ S % e tfe - (j/a " / T / /{'f‘ ff( / [ap 2y 4 ”/4 # e
A’)Q C}‘{// ) B

ot

AN
) o tor e , Y r 7/
2 JE.  a s S A e 7 o 3 /f@ssf’;» I A TEa

2
e ¢

£y /., a

74‘/ a¢ e ,-’f;é’% Wk 2 oy %/ e O/@ £t ‘f/f/“ /o //\! & o /’r—) . / Q O/ = \/

/’Z&M pea S /’ca Al /—“’u v 2 t’?/ /”) fas €. V[ Sflf}ggj .
c~’/

C 4
d PR
cave i Y
,/)'

3> Us & ,%/59/ \c e 74:» @’/ e ‘:f’ PN e 7 le ?&7 7J7 Py g

\
s

L .
A v A@K o p C Q/f) Ros Fpe ¢ v f/::;g Vs L2 ,’/ié’ oy o

s Y 8 /

fif f\:f; . / Lo f\’ e ?/ﬂ 2 LR yeds e)/‘/ff /z:’ % e A&«/ 7%’4\,“ 'az“a r e g

V‘l IU@’, \




; 6D

5510 « 100 sheets
358520 « 200 sheets

¢

T

a

W. gv

- L\/Aer\ evel /,)@) ny E if(é/‘ 74/,Z@~ /Pn*. a /. il/a? Assen T
current Sheou A:{‘ ]‘;sc, v S&Q/ 74—_; es Ao ’/<i ;fle’
Zécg Vj & ﬂ/ / ;V‘ e Wi no Ot y ° 7”’%»@ Mot e P2 /) O &Ly &2 n {r‘

/ y

. > x / SN
= A Jee 4. A @ Fe a/{:r Z fansien s Cviveand 25

A }
ot f Fam gy @ q %

g
>
s
-
5
i
RN
«
%
.
N
.
o~
S
2
=y,
-~

Vd@] < fcz,\/ Lo /7‘chj€ /)«\ (/0 /7!)‘ ‘

> 2 UE L ungple %o o 2 W ppte 20l

’é\a"‘jpﬂ,?"

o

wzaz?’f"far\ .‘i‘eez;w)éf” /7”\ @ X

///,, ST, fe Secged

/ >/V\/ '40/& A ) c’,l,p_iZ/I/ }’"é&g{ /’/( :') Ov / X e

§/Uu /Ajf /7'/5% SN /ﬁ’h Z@;?




6.1. Coupling Between Transmission Lines
6.1.1. General Problem
To investigate the coupling between two TLs we start with the general problem defined in

Fig. 69. The problem insists of two parallel TLs above a common ground plane. The TL with

the source is called the generator conductor and the TL with the two resistive loads is called the
receptor conductor. R, is the source resistance, Ry, is the load resistance, Ryg is the near-end load
on the receptor conductor and Rpp is the far-end load on the receptor conductor. The receptor

conductor has a length L.

Receptor conductor

Generator conductor \'
Ro Ree

length L ’

Rs R i

Vs

Ground plane

Figure 69. General TL coupling problem.

Next, we can derive an equivalent circuit of the coupled TLs. By looking at one small section
of the coupled TLs we will be able to describe the interaction between the two TLs. The equivalent
circuit for one section of coupled TLs is shown in Figs. 70. We want to simplify the analysis of the
coupling between the two TLs in Fig. 70 to the following two cases: |

1) capacitive coupling (occurs in high impedance circuits)

2) inductive coupling (occurs in low impedance circuits)
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Lg2  Rg2 Rg/2 Lg/2

I Qs YA, g — WV QL
Le2l LCer [
Bl N T gL Y
® W .-L ? ‘/\, ®
Rs L/2 Ri2 Ri2 L SR
Cr =C
Vs RNE & RrE

v

Figure 70. Equivalent circuit of the coupled transmission lines.

6.1.2. Capacitive coupling (low frequencies)

For this analysis, we assume that we have high impedance loads on the coupled TLs in Fig.
69. If this is the case, then the coupling between the TLs is mostly capacitive. This reduces the
equivalent circuit in Fig. 70 to the equivalent circuits shown in Figs. 71 a) and b).

Receptor conductor

Generator conductor

T +
Ce
Re G y3R G AR=RelRe v v

Ground plane

a) b)
Figure 71. a) Capacitive coupling between the coupled transmission lines and b) the equivalent circuit of
the capacitively coupled transmission lines.

Next, we want to write the voltages induced on Ry and Rpg by V. Evaluating the equivalent

circuit in Fig. 71 b) gives

Vcap = Vcap = V (__Lljwlc’r )
NE FE R|| jwlcr + ; wégr
Cor

jw__L
= Vi, <_M__> (6.1)

. 1
W+ w0
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Next, for low frequencies we have the following assumption:

1

R(G, + G (62

w <<

This then simplifies (6.1) to
Vye =Vip = jwCypVinR. (6.3)

Note again that (6.3) is for high impedance circuits. We can also write

Vi =V, <——§—> (6.4)

Zin+ R
Al (JwC )] (65)

Zn = (5o ) 1Rall | o

But, for low frequencies we can approximate a capacitor as an open. This then gives

and

R
Vin & g(DC)~V<R fR) (6.6)

6.1.3. Inductive coupling (low frequencies)

In this section we want to look at the low frequency inductive coupling between the TLs. For
this case we simply open all capacitors in Fig. 70. This then results in the equivalent circuit shown
in Fig. 72. The near-end voltage can be written as Vﬁgf = —I.Ryg and the far—end voltage can be
written as V¢ = I, Rpp. Next, KVL for the receptor gives I, Ryz +jwL, I, +Rppl.+jwlgl, = 0.

=
~jwLg I,
(Rng + Rrg) + jwL;

I = (6.7)
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Vre

d
Generator conductor % Receptor conductor
+ .
ind

Ground plane

Figure 72. The equivalent circuit of the inductively coupled transmission lines.

Next, KVL around the generator gives —V; + Ryl + jwL,I, + IRy + jwl,Lgr =0. =

Vi —JwLg, —ijngg
I, = A—— . .
g (Rs+ Rp) + jwLy = (Rs+ Rp) + jwLy (Ryg + Reg) + jwly
—jwlL
- Ve b ele (6.8)

(Rs+ Rp) + jwLy  (Rs+ Rr) + jwL, ™

Next, if we assume that wL, << Ryg + Rrg, wLy << (Rs+ Rp) and a weak coupling condition of

(WLgr)2 << (Rs + RL) (RNE -+ RFE) then

Ve
I~ —"=](D .
o~ = L(D0) (6:9)
and
o~ e pey. (6.10)
Rye + Rrg
Then
: R
ind o Gl g 1 (D 11
Vil oL 25— 1,(DC) (6:11)
and
Vind & —jwly, Rre__; (DC). (6.12)

Ryg + Rpg ?
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6.1.4. Equations for both inductive and capacitive coupling

Noting that both V¢ and V°*® are proportional to jw and V, we can write the results as

e _ g, (M;'{:g + Mﬁ;)

Vs
and
V . 3 ca;
‘};E = Jw <M1%1 + MFé))
where
agind . Bwe Lor
NE ™ Rng+ Rpp Rs + R’
Mind _ —Rrp Lgr
FE ™ Rng+ Rrg Rs + Ry,
and
R Cy

Myh = Mpg = (RNEHRFE)m-

This then results in the inductive/capacitive model shown in Fig. 73 where

Rp
DO) =V,
Vy(DC) =V, 7T R
and
V.
I(DC) = ——.
.9( C) Rs +RL
_](DLngg(DC)
G
+ v +
VNE & Rux QD Rre o Ve
]COCngg(DC)
- - b -

Figure 73. The equivalent inductive/capacitive model of the coupled transmission lines.
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(6.16)

(6.17)

(6.18)

(6.19)




Note that the equivalent circuit model shown in Fig. 73 breaks down for TL lengths longer
than ~ 0.2)\. Therefore, if the frequency is high enough then a smaller segment of the TL should
be analyzed or a more accurate distributive model of the coupled TL should be used.

Next, we consider the problem in Fig. 69 for the case when the ground plane has finite
conductivity. We represent the loss with a lumped resistor R, = r,l where [ is the length of the
TL and 7, is the per-unit loss of the ground plane. The problem with R, defined is shown in Fig.
74. R, is called the common impedance and V, is called the common impedance voltage where
Vo =Tolres. = Lep = I + I, = I,(DC) at low frequencies. =

R,
Vv, ~V, <m). (6.20)

This voltage appears on the receptor circuit also. Therefore, this contributes to the near- and

far-end noise voltages at low frequencies. This then gives:

V‘JZE = Mgp (6.21)
and '
—%ﬁ = Mg, (6.22)
where
My = RN}f fiQFE R, f—ORL (6.23)
and
Mis = -.RNJ_fJ j‘ERFE R, iDRL' (6.24)

With this notation, we have the following final coupling equations that include the common impedance

noise voltages:

1% . .
gE = jw (M;yg + Mf;‘ﬁ) + Mg, (6.25)
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and

7 . 4 ca; ci
‘I;E = Jw <va7fg + M[Fﬁg) + Mgy (6.26)

This results in the equivalent circuit show in Fig. 75.

I
+ Ir
R Vre < Ree Re
' Vo +
W - Imf
RO

Figure 74. Coupled transmission lines with a lossy reference conductor.

joLgdg(DC) Rolg(DC)
+ .(\. m +
—/ N

VNE ¢ Rue Ree 2 Ver
j COCngg(D C)

Figure 75. The equivalent inductive/capacitive model of the coupled transmission lines with a lossy
reference conductor.

6.2. Shielding
6.2.1. Reducing capacitive coupling

In this section we investigate the use of shielding to reduce the coupling between the TLs in
Fig. 69. From (6.3) we can see that we can reduce the capacitive coupling by :

1) reducing frequency

2) reducing Ryp and/or Rpg

3) reducing V,(DC) by reducing V,

4) reducing C,, by increasing the spacing between the traces and shielding

For this section we will focus on using a shield around the receptor to reduce the capacitive
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coupling. This problem is defined in Fig. 76 where V; is the generator (source) open circuit voltage,
Vs,0 is the output voltage of the source, C is the capacitance from the generator to the reference
conductor, Cy, is the capacitance from the generator to the shield, C,, is the capacitance from
the generator to the reference conductor, C, is the capacitance from the shield to the reference
conductor, U, is the capacitance from the receptor conductor to the shield, C, is the capacitance

from the receptor to the reference conductor and Vg, is the voltage between the shield and reference

conductor. If we ground the shield on the receptor conductor (at both ends), then we have the

equivalent circuit shown in Fig. 77.

Generator conductor

Ground plane

Figure 76. Capacitively coupled transmission lines with a shielded receptor.

[l
+
Il
* Ce
R v Cg== :, Re Cgs== Cr== Cus== :>R=RNE“RPE V;'a}ls) = Vvl-‘c;P
Vi '
6 -

Figure 77. The equivalent circuit of the coupled transmission lines with a shielded receptor.

Using circuit analysis, the following expression can be evaluated from the circuit in Fig. 77:

Rl (s5e)
Ve v, jw(CrstCr) (6.27)
NE , <RH (jw(crls+or)) + jU)égr

or

122




. Cor

I\ Gt

o 2 ) o
Wt BT

At low frequencies we have V,, ~ V,R/(Rr + Rs) = Vy(DC) and w << 1/(R(Cyr + Cr + Chs)).

This then simplifies (6.28) down to

Vak =Vep = jwRC,V,(DC). (6.29)

Equation (6.29) is similar to (6.3), except in (6.29) Cj, is much less than C,, in (6.3).
6.2.2. Reducing inductive coupling
When looking at shielding for inductive coupling, we need to first consider the expressions in
(6.11) and (6.12). We can see that we can reduce the inductive coupling by :
1) reducing frequency
2) reducing I,(DC)
3) reducing Ly, by
i) reducing the area between the trace and ground plane
ii) orientation |
iii) a choke

Generator conductor

Receptor conductor

Figure 78. Inductively coupled transmission lines with a shielded receptor.

To understand the best method of shielding for inductive coupling we need to consider the

problem in Fig. 78. We want to write the voltages across the near- and far-end resistors in
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terms of the inductive coupling and the source voltage. First, KVL around the shield loop gives:
IsnRsp + (JwLgsn) Iy + (jwLgn) Iy + (jwLsh,) I, = 0. Solving for I, gives

_jw(Lg,shIg + Lsh,rIr)

6.30
Rsh + jWLsh ( )

Ish -

Next, KVL around the receptor loop gives: I Ryg+(jwLg) I+ (jwLshy) I+ (jwLy) [+ I, Rpg = 0

where Viid = —I, Ryg and V¢ = —I,Rppg. Solving for I, gives:
_ _jw(Lngg + Lsh,rjsh) (6 31)
" Rng+ Rpp+ jwL, '
Next, substituting (6.30) into (6.31) gives
— —jw Lngg(Rsh + jWLsh) - jWLsh,r (Lg,sh[g + Lsh,rIr) (6 32)
" Ryp+ Rpp+jwL, Rsp + jwLg, ' .
Rearranging then gives:
— _jw Ig(LyrRsh + jWLsthr - jWLsh,rLg,sh) - jw(Lsh,r)ZIr (6 33)
" Ryg+ Rpg + jwl, Rgp + jwLsp ‘ '

Now assume we have a uniform current distribution along the conductors in Fig. ?7. This then
gives Ly, & Lg s and Ly, & Lg,,. Rearranging (6.33) and substituting in the above assumptions

gives:

(WLSh 7‘)2 _jWLgrRsh
L1+ — . =1, : , . (6.34)
[Bne + Rpg + jwL,][Rsh + jwLgp) [Bve + Rpg + jwL,|[Rep, + jwLg)

Solving for I, gives

L —jwI, Ly Ra | 635
" [Rwg + Rrg + jwL,]|[Re + JwLsp) 4+ (wLgp )2

Next, if we denote the denominator of (6.35) at DEN = [Rng+Rpe+jwl,][Ren+jw L) +(w L, )?
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and assume that L, & L, & Lg, then DEN simplifies to DEN = (Ryg+ Rrp)Rsp+jwLap[Rys+

Rpg + Rgp). Next, if we assume that Ryg + Rrpe >> Rg, then (6.35) simplifies to

_jWIngrRsh
I ~ , . 6.36
(Fove + Fors) (Run -+ 0Lt (6:39)
Using I, = I,(DC) = RszL. This then gives the following expressions for the near- and far-end
voltages in Fig, 77:
; Rve . ) [ Rsn J
Vg = —Rypl, ® | o————(jwLe 1,(DC)) | | o— v 6.37
N NE [RNE+RFE (o Lor Ty ))J Ron + jwLsp (6:7)
and
. -R i R
ind _ I =~ FE (s Lo 1,(DC —sh . 6.38
Vi = Rsl, ~ | (L 1,(DO)| [ (6.9)
The
Rsh
S 6.39
l:Rsh + jWLsh} (6:39)

term in (6.38) is referred to as the Shield Factor (SF). This term is the same in both (6.37) and

(6.38). Also note that

SF—— T _ ! —. (6.40)
Rop + jwLsy 1+ JwR
This then implies:
1 if w<< Rg/L,
SF = 4 W/ L (6.41)

Rsh/jWLsh Zf w >> Rsh/Lsh

What we see from (6.41) is that the shield has no effect on the coupling caused by the mutual
inductance at low frequencies. The voltage w.r.t. frequency caused by mutual inductance is
plotted in Fig. 79. We can see that the shield for the inductive coupling starts to reduce V¢ at
approximately R,p,/Lg,. Therefore, the shield grounded at one end does not improve the inductive
crosétalk. To do this we need to ground the shield at both ends. However, shields grounded at both

ends are susceptible to ground loop problems.
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v

INDI

Low frequency .

20 dB/decade

® = Rsh/Lsh

Figure 79. Induced voltage caused by inductive coupling.

6.2.3. Summary of transmission line coupling equations
Without a shield

For capacitive coupling without a shield we have the following equations:
Vg = Vig = jwCeVinR. V (6.42)

For inductive coupling without a shield we have the following equations:

; 4 ByE
Vi jwLp——r I (DC 6.43
NE JngNE+RFEg( ) (6.43)
and
Vind ijgr——RLJQ(DC) (6.44)
Ryg + Rrg

where I,(DC) =V, /(Rs + Ry).
Then to compute both the inductive and capacitive coupling between TLs without a shield we use

the following expressions:
Ve
Vs

iy (M;&gw;“;) (6.45)
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and

)
where
Mind By Lygr
NE™ Ryg+ Reg R+ Ry’
Mind — —RrE Lg?‘
FE ™ Ryg+ Ry Rs + Ry,
and
R1Cy,

Myh = Mpg = (RNEHRFE)R R,

(6.46)

(6.47)

(6.48)

(6.49)

Next, if we include the common impedance noise voltage (these expressions are valid with or without

a shield) we have:

Vi . i cq; ci
= Jw <M}$§ + MN}5> + Mgy

8

and
VF E Mind Mcap Mci
v, ~ I\ Mz + Mpg | + Mpg
where
i RNE Ro
M, =
NE ™ Rng+ Rpg Ry + Ry
and
M = — RrE R,
FE Ryg+ Rrg Rs+ RL,’

With a shield

For capacitive coupling with a shield we have the following equations:
Ve =Vpg & jwRC,V,(DC).
For inductive coupling with a shield we have the following equations:
vind — _ B jwLyI,(DC)|SF

Ry + Rrg
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(6.51)

(6.52)

(6.53)

(6.54)

(6.55)




and

; —Rpg .
yid = (% 5L L(DC)|SF 6.56
FE RNE+RFij orlg(DC) ( )
where
Sp— Tt ! (6.57)

R+ jwLon 1+ joke

This then implies:

1 if w<< Rg/L,
SF = /L (6.58)
Rsh/jWLsh Zf w>> Rsh/Lsh

Then to compute both the inductive and capacitive coupling between TLs with a shield we use the

following expressions:

VSE = jw (M}'V’fg + Mﬁﬁ) (6.59)
and
K’;E = jw (M% + M;“é’) (6.60)
where
; RnE Ly,
My = I_—SF. 6.61
NE T Rng+Rrp R+ Ry (6.61)
: _RFE L
]\/jznd — gr SF 6.62
Y Rng + Rrg R+ Ry, (6.62)
and
(8¢5 ca; RLC
MEE = MEP = (RNE“RFE)R_J}—gRTZ' (6.63)

6.3. Twisted pair

The next TL coupling problem investigated is the twisted pair problem shown in Fig. 80. The
problem consists of two conductors twisted together in the presence of a single conductor carrying a
current ING_ In this problem there exist capacitive and inductive coupling between the twisted pair
and the single conductor. To represent this coupling, we define the equivalent circuit shown in Fig.
81. We will evaluate this equivalent circuit to understand how the twisted affect of the wire can

reduce the inductive coupling. For this investigation we have two possible loading configurations:
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Coupling
magnetic

fields \

To
Figure 80. Twisted pair coupling problem.
LHT

i |
O O
Ei= jolgnLutl, Ei= jolgnLil,

RNE? Ree

Bz = jolgaLetly B2 = jolgeLul,
A

O

—/

7 T =j0)Cgr1LHTVg -~ T = joCgnLurV; + T = jocgnLnrVy
L =jocgnLnrV,

Ground reference /

Figure 81. Equivalent circuit of the twisted pair coupling problem.

1) Balanced configuration - both wires have the same impedance to ground.

2) Unbalanced configuration - both wires do not have the same impedance to ground.

The ind./cap. model used to investigate the crosstalk in the twisted pair will depend on how
the ground is connected (i.e., if a balanced or unbalanced system is used). First, if we assume
an unbalanced system we get the equivalent circuits in Figs. 82 and 83. The model in Fig. 82
represents the inductive coupling and the model in Fig. 83 represents the capacitive coupling.
6.3.1. Inductive coupling - unbalanced

When evaluating the equivalent circuit in Fig. 82 using KVL we get the following equation:

El + Ez — El - Eg = 0. This shows that for each unit of twisted wires along the twisted pair cable,

129




we have a zero-sum value for the KVL analysis of each twist. This indicates that the inductive
coupling between the single wire and the twisted pair in Fig. 80 is almost zero or negligible. This

then tells us that twisted pair is useful when it is desired to reduce the crosstalk due to inductive

coupling.
. () g ma—
+ w
. Ei = jolgnLul, B2 = jolgeLul,
Rue Ve ? R
E; =jC01gr2LHTIg = jmlgnLHTIg

I —

Figure 82. Equivalent circuit for the inductive coupling in the twisted pair coupling problem.

6.3.2. Capacitive coupling - unbalanced

Next, for the capacitive coupling we consider the equivalent circuit in Fig. 83. If we assume
that the twisted pair is tight, then we can assume the the following: ¢4 & cgpe. This assumption
states that the capacitive between the generator in Fig. 80 and both of the conductors in the twisted
pair are the same. This then reduces the circuit in Fig. 83 to the circuit in Fig. 84. We can then

write the near-end and far-end voltage as

VNg' & jwee LrNeVy(DC)Ryp|| Res (6.64)

or

Viia" & jwCyn Vy(DC) Ryg|| R (6.65)

where Lt is the length of the full-twist, Ny is the number of twists and Cyr1 = €gr1 LT Ny. Therefore,
using a twisted pair with unbalanced grounding reduces VNP but not VCAP, Finally, in general

we have

R 4 .
Vivg & [l — lgr2) Lirr ) I(DC) + jwClyp1 V,(DC) Ryg|| R (6.66)
Ryg+ Rrg
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RNE§ Vi § Ree

g

-~ . T = jocgnLinV, -
i = jocgnLurVe ~ Ii = jocegnLurV,
I = jocgnLurV,

v

Figure 83. Equivalent circuit for the capacitive coupling in the twisted pair coupling problem.

R.\usé VS;;P 2h § Ree

Figure 84. Reduced equivalent circuit for the capacitive coupling in the twisted pair coupling problem.

6.3.3. Balanced case

For this section we look at the balanced case (Fig. 85). The equivalent circuit for capacitive
coupling for this case is shown in Fig. 86. The inductive coupling is the same as for the unbalanced
case. We can see that the near-end voltage is zero for an even number of twists and close to zero
for an odd number of twists. Therefore, for the balance case the capacitive coupling is essential
zero. In summary, if possible it is best to use the twisted pair in a balanced case because both the

inductive and capacitive coupling is minimized.

Ruw/2 Rre/2
Ruw/2 Ree/2

v

Pigure 85. The twisted pair coupling problem with a balanced load.
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for an even number of twists

/ { Ei-E:  for an odd number of twists
3 -
Ree/2

Ree/2

L ]

Rue/2
CAP
NE

Rxe/2

N(T] +T2) N(T1+Tz)

Figure 86. The equivalent circuit for the capacitive coupling in the twisted pair coupling problem with a

balanced load.
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