Engi neering El ectronagnetics and Waves 2nd Edition I nan Sol utions Manual

Solutions to Addendum C

Cylindrical Waveguides

C.1 Frequency range of the dominant mode.

(a) The cutoff frequency of the dominant TE;y mode in an air-filled hollow WR-10 rectangular
waveguide with @ = 0.254 cm and b = 0.127 c¢m is given by

cm 3x10"
- T 2X Y L 591GH
Jen =500 = 200254) z

(b) Since a = 2b, the next higher-order modes are TE;|, TE5p, and TMy;. The cutoff frequency of
these three modes is

an :fL’zo = zfcm ~ 118 GHz

(c) Therefore, the frequency band over which only the dominant TEo mode can propagate is fc,, —
Jero = 59.1 GHz.

C.2 AM waves through a tunnel?

The minimum tunnel dimension api, needed for the dominant TE g mode to propagate at 1 MHz
can be calculated as

3 x 108

20min

=10 = app = 150 m!

Jero =

As long as a > amin = 150 m, TE ¢ will propagate regardless of the value of the other dimension
b. In practice, since there is no tunnel which has such a large dimension, AM transmission through
a tunnel is not feasible.
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10 Addendum C/ Cylindrical Waveguides

C.3 Propagation experiment in a road tunnel.

(a) For the rectangular railway tunnel under consideration (¢ = 17 m and b = 4.9 m), the cutoff
frequencies of the TE ¢ and TE(y; modes are given by

c  3x10®
LAY ~ 8.82 MH
Jeo = 54 = 317 z
c  3x10®
LN ~ 30.6 MH
Jon = 25 = 34.9) “

(b) Using (C.17), the lowest-order modes that do not propagate at the 100 MHz FM frequency are
TEg; and TMy; since the cutoff frequency of these two modes is given by

3x 108 [/27\? /97)\?
o= Y (Y < w0

C.4 Radio-wave propagation in railway tunnels.

For tunnel 1 (¢ = 8 m and b = 4 m), the total number of propagating modes at 100 MHz is 26.
These modes are TEl(), TEOl, (TE and TM)02, (TE and TM)U, (TE and TM)12, (TE and TM)Z(),
(TE and TM)21 , (TE and TM)ZQ, (TE and TM)30, (TE and TM)31, (TE and TM)32, (TE and TM)40,
(TE and TM)y4;, and (TE and TM)5y. For tunnel 2 (¢ = 6 m and b = 4 m), the total number of
propagating modes at 100 MHz is 18. Unlike tunnel 1, (TE and TM)s;, (TE and TM)40, (TE and
TM)41, and (TE and TM)sg modes do not propagate.

C.5 Rectangular waveguide modes.

(a) For the WR-137 rectangular air waveguide (a = 3.484 cm, b = 1.58 cm), the cutoff frequencies
of the four lowest-order modes TE g, TE»o (and TM»g), TEq;, and TE{; (and TM ) are respectively
calculated from (C.17) as f,, ~ 4.31 GHz, f.,, ~ 8.61 GHz f,,, ~ 9.49 GHz, and f.,, ~ 10.4
GHz.

(b) For the dominant TE o mode, the phase velocity v, and the guide wavelength ) at the two end
frequencies (i.e., 5.85 GHz and 8.20 GHz) of the specified frequency range can be calculated using
(C.20) and (C.21) as

_ 3 x 108 s
Vpio |f:5,35 GHz = ﬁ ~ 4.43 x 10° m-s

_ 3 x 108 s
Vpio ’f:g.zo GHz = 7431 ~ 352 x 10° m-s

— (§30)
S 3 x 10%/(5.85 x 10%)
Alo‘fZS_gs GHy = - ~ 7.57 cm
- ()
5.85
3 3 x 10%/(8.20 x 10%)
)‘lo‘f:&ZO GHz — ~ 4.30 cm
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C.6 Dominant mode in a rectangular waveguide.

(a) The cutoff frequency of the dominant TE|g mode in the WR-137 rectangular air waveguide
(a = 3.484 cm, b = 1.58 cm) can be calculated from (C.17) as

c 3 x 1010
- 2% Y 431GH
Jen = 54 = 2388 = 431 OH2

Using this value, the propagation constant 7, and wave impedance Ztg,, at 3.5 GHz can be found
using (C.16) and (C.28) as

o foo )’ 27(3.5 x 10%) [ /431> .
Yo =auo = < f 3 % 10 35 np-m

Nair 377

ZTE) = ~
V1= (e /N)? 1—(4.31/3.5)°

Note that the dominant TE ¢ mode is not propagating at 3.5 GHz as expected since f,, ~ 4.31 GHz >
f=3.5GHz.

(b) Repeating the same calculations as in part (a) at 7 GHz, we have

2 9 2
Y0 =JjB4/ 1 — <fc“’> :J’M 1— <4731) ~ j115.6 rad-m~!

~ j526.3€2

f 3% 108
377
Zrg;, ~ 478Q)
1—(431/7)°

Note that the dominant TE ;g mode is a propagating mode at 7 GHz since ~ 4.31 GHz < 7 GHz.

C.7 Waveguide wavelength.

(a) Using (C.21), the guide wavelength of the dominant TE o mode propagating in a rectangular
air waveguide with a = 2b = 7.214 cm can be written as

< c/f 30
Ao = ~
V1= Goo/? \JIAGHZ)P — (2.08)?

where ¢ ~ 3 X 10" cm-s ! and f.,, = ¢/(2a) ~ 2.08 GHz are used. Note that the expression
found for A, above is only valid for />~ 2.08 GHz (i.e., propagating case). This expression (i.e.,
A10) is plotted as a function of frequency f as shown in Figure C.1.
(b) If the same waveguide is filled with water (assume €, ~ 81), then, f,, >~ 2.08/v/81 ~ 0.231
GHz. Therefore, the guide wavelength for this case is given by

T 30/v81

Ao =~ / cm

VIAGHZ) — (0.231)?

cm
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12 Addendum C/ Cylindrical Waveguides
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Figure C.1 Figllre for Problem C.7. Right panel: A10 and Ay versus ffor air-filled waveg-
uide. Left panel: A\ versus f for water-filled waveguide (i.e., €, ~ 81).

which is valid for f >~ 0.231 GHz. This expression is plotted in Figure C.1 as a function of the
frequency f.

(c) For the propagating TE»; mode in the air waveguide of part (a), the Ay expression is the same as
the A1 expression except 2.08 should be replaced by 4.16 (i.e., f-,, = 2f:,,)- This expression is valid
for f >~ 4.16 GHz and is plotted as a function of fin Figure C.1. For the propagating TE;y mode
in the water-filled waveguide of part (b), Ao expression is the same as the Ao expression found
in part (b) except that 0.231 should be replaced by 0.462. This expression is valid for f >~ 0.462
GHz and is plotted in Figure C.1.

C.8 Rectangular waveguide modes.

(a) For the WR-42 rectangular air waveguide (@ = 1.067 cm, b = 0.432 cm), the cutoff frequencies
of the TE10, TEq;, TE{;, TEyp, and TEg; modes are given by

3 x 10'°
o~ 2 14.06 GHz < 40 GH
Jeo = 31 .067) 4 ‘
3 x 1010
~ 277 3472 GHz < 40 GH
Jon = 500.432) “s ‘
3 x 100 - -
oy XT\/ (1.067) 2 + (0.432) "2 ~ 37.46 GHz < 40 GHz
foo X 10 28,12 GHz < 40 GH
Y — . VA Z
7 (1.607)
fo o 3X 10% _ 69.44 GHz > 40 GH
Y — . VA Z
02 7(0.432)

Note that all these modes except the TE(, mode are propagating at 40 GHz. The propagation
constants and the wave impedances of these modes can be calculated using (C.18) and (C.19) as

27(4 x 10'0) 14.06 2 4
1o~ jot Z = - (222~ j784.3 rad-m
0= 08 40 J e
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~ 402.792

377
ZTE10 ~ —2
V1= (5%

27(4 x 1010 34.72\ 2
sy 24X 0T) (3TN 5.9 radim!
40
377
Zpy, ~ —————— ~ 759.4()
/1 — 34.72 2
2m(4 x 10'9) 4
~ ~ j293.8 rad-m ™!
Y11 T3x 108 < 20 =J

Zrg,, ~ —2 ~ 10750
37.46
V1-(%%)

_ 27(4 % 1019 28.1 > i
Y20 ZJW 1 - W 2]5959 rad-m

ZTEZO >~ 2 ~ 53002
(4 x 1010 69.44\? .
Vo2 = < 0 ) —1~1189 np-m™
~ j265.6512

“TE 69.44\2
V1= (T)

(b) For the TEy mode, we have from (C.20) and (C.21)

3 x 108
Vpio = \/7~320>< 10% m-s~!
14.06
3><1012
Ao~ —10  ~0.801 cm

Similarly, for the TEy; mode, we have

3 x 108
Voo = X—2 ~ 6.04 x 10® m-s~!
/ 34.72
1 - ( 40 )
3><1013
5\01 o~ 4x10 ~ 1.51 cm

In a similar fashion, for the TE;; mode, we obtain v, ~ 8.§6 x 108 m-s~!, \;; ~ 2.14 cm, and
for the TEp mode, we obtain v,,, ~ 4.22 X 108 m-s—!, and \;; ~ 1.054 cm respectively.

© 2015 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



14 Addendum C/ Cylindrical Waveguides

C.9 Dielectric-filled waveguide.
(a) For the WR-22 rectangular waveguide (a = 0.569 cm, b = 0.284 cm) filled with a dielectric
material having ¢,, the phase shift experienced by the dominant propagating TE;y mode over a
length of 1 cm at 13.2 GHz can be written as

Brol = 354.6° x — B ~ 618.9 rad-m™!

T
180°
But, from (C.18), we have

2 2m(132 % 10°
T (3% 108/ &)

where f.,, = 30,/€,/(2 x 0.569) in GHz. Substituting, we have

Bio =~ 276.5\/e;/1 —3.99/¢, ~ 618.9

from which solving, we find €, ~ 9.

(b) Note that f.,, ~ 8.78 GHz. Since a ~ 2b, the next higher mode is TE>o (or TE;;) which has a
cutoff frequency f.,, >~ 17.6 GHz > 13.2 GHz. Therefore, no mode other than TE;o propagates at
13.2 GHz.

(c) If the dielectric filling is replaced with air, then, f.,, ~ 3 x 10'°/(2 x 0.569) ~ 26.4 GHz >
13.2 GHz. Therefore, in this case, no propagation occurs down the guide.

\/1 — (foo(GHz)/13.2)* ~ 618.9

C.10 Rectangular waveguide modes.

(a) For the WR-1500 air waveguide (a = 2b = 38.1 cm), the cutoff wavelength of the dominant
TE ;o mode can be found from (C.19) as A\, = 2a = 76.2 cm.

(b) The phase velocity, guide wavelength, and the wave impedance for the dominant TE;¢ mode at
Aair = 0.8, can be calculated from (C.20), (C.21) and (C.28) as

3 x 108
\71,2 —_— 25 X 108 l‘l’l—S_1

1 —(0.8)*

_ . 2
Mo~ 28XT02 01 6em~1.02m

1—(0.8)°
377
ZrE, ~ —— ~ 628.30)
1—(0.8)*

(c) At \yir = 40 cm, only the dominant TE |y mode propagates since the next higher mode TEjq
(or TE ;) has A Aepp/2 = 38.1 cm < 40 cm.

(d) At Ayir = 30 cm, the propagating modes are TE o, TE>y and TMyg (A¢,, = 38.1 cm), TEo,
(Ae; = 38.1 cm), and TEy; and TMy; (\.,, = 2ab/Va* + b* ~ 34.1 cm).

0
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C.11 Polyethylene-filled waveguide.

(a) For the WR-1500 polyethylene-filled waveguide (a = 2b = 38.1 cm), the cutoff wavelength of
the dominant TE;y mode can be found from (C.19) as A\.,, = 2a = 76.2 cm.

(b) The phase velocity, guide wavelength, and the wave impedance for the dominant TE ¢ mode at
Aair = 0.8, can be calculated from (C.20), (C.21) and (C.28) as

. 3x10%/v225

€10

~ 333 x 108 m-s!

Vp
1—(0.8)
- . 2
Ao =~ M ~101.6cm ~ 1.02m
1—(0.8)*
377/v2.25
ZTE]() ~ /7 ~ 4189Q
1—(0.8)

(c) At \yir = 40 cm, only the dominant TE;y mode propagates since the next higher mode TEjq
(or TEq1) has Aeyy = A¢yy/2 = 38.1 cm < 40 cm.

(d) At Ayir = 30 cm, the propagating modes are TE o, TE>p and TM»g (A, = 38.1 cm), TE(;
(Ae; = 38.1 cm), and TE; and TMy; (\.,, = 2ab/Va*> + b* ~ 34.1 cm).

C.12 Unknown rectangular waveguide mode.

(a) Since the y component of the electric field phasor is oriented in the guiding direction of the
rectangular waveguide, this mode can neither be TEM or TE,,,,, therefore, it must be a TM,,,, mode.
Using the waveguide dimensions a = 4 cm (in the z direction) and ¥ = 2 cm (in the x direction)
and comparing the E, expression given in the problem with the E; expression given by (C.15), we

have S
%:5077 S n=1

Therefore, this is a TM;; mode. It is an evanescent wave because of the attenuation term e~

(b) Using (C.16), the operating frequency can be evaluated from the attenuation constant &v;; as

o £\ 27f(GHz) 8.39 17 1
= = — | =1~ —1~41 -

i =ay =p ( 7 03 7(GHz) T np-m

0.3 x 41

2
5 ) —  f~5.70GHz

—  (8.39)% — [f(GHz))* = <

where we replaced 8 = 27f/c, ¢ ~ 3 x 108 m-s~!, and £, = 0.5¢vVa=2 + b~2 ~ 8.39 GHz.

(c) Note that the cutoff frequencies of the two lower-order TE o and TE¢; modes aref,,, = ¢/(2a) ~
3.75 GHz <~ 5.7 GHz and f,,, = ¢/(2b) ~ 7.5 GHz >~ 5.7 GHz. Therefore, only TE;y mode
propagates at ~ 5.7 GHz.

© 2015 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



16 Addendum C/ Cylindrical Waveguides

C.13 A large waveguide for deep hyperthermia.

(a) For the large waveguide (¢ = 6 m, b = 30 cm) designed to be used for deep hyperthermia, since
a >> b, the cutoff frequency of the lower-order modes is determined by the larger dimension a.
Assuming the waveguide to be air-filled, the cutoff frequencies of the five lowest-order TE,,o are

given by
mv,

Teo =24

(where v, = ¢ ~ 3 X 108 m-s~ 1) yielding Jers,, = 25 MHz, fo;,, - = 50 MHz, for,, - = 75 MHz,
fers,, = 100 MHz, and f.;, = 125 MHz respectively. Note that the cutoff frequencies of the
TM,,,0 modes with m = 2,3, 4,5 are exactly the same as the cutoff frequencies of their TE,,,0 mode
counterparts with m = 2,3, 4, 5.

(b) If the waveguide is filled with water (assume ¢, ~ 81), then v, = ¢/\/€; = ¢/9. Therefore,
The cutoff frequencies for the water-filled waveguide are 1/9 times the cutoff frequencies of the air-
filled waveguide yielding the cutoff frequencies for the five lowest-order TE,,o modes as fer, =~~~
218 MHz, fer,, ~ 5.56 MHz, fe,,, ~~ 8.33 MHz, fo;  ~ 11.1 MHz, and fe,, ~ ~ 13.9 MHz
respectively.

(c) For the water-filled waveguide with new dimensions ¢ = 70 cm and b = 30 cm, the cutoff
frequencies of the five lowest-order TE,,, modes are found to be fo, = = 3 x 108/12(0.7)(v/81)] ~
23.8 MHz,fcTE20 = zchEm ~ 47.6 MHZ,ﬁTE30 ~71.4 MHz,fCTEm ~ 3x 108/[2(0.3)(\/81)] ~ 55.6

MHz, and fer, |~ 3 x 108 \/(0.7)72 +(0.3)72%/ (2v/81) =~ 60.4 MHz respectively. Note that the
TM;g, TM3p, and TM;; modes have exactly the same cutoff frequencies as their TE,,,, counterparts.

C.14 Square waveguide modes.

(a) For the square air waveguide (¢ = b = 3 cm) at 8 GHz, the cutoff frequencies of all the
propagating TE,,,, and TM,,, modes at 8 GHz are given by
Vp

Jore,y oy, = % ~ 5 GHz

v
fCTEll :chM” = ﬁ ~ 7.07 GHz

where v, = ¢ ~ 3 X 108 m-s—! is used. Note that all of these values cutoff frequency values are
< 8 GHz and therefore these modes (i.e., TE1g, TEg;, TE;;, and TM;) are the only propagating
modes at 8 GHz.

1

(b) If the same square waveguide is filled with polystyrene (e, ~ 2.56), then, we recalculate the
cutoff frequencies of the propagating modes as f.,, = fo,, = ¢/(2a\/€;) ~ 3.13 GHz, f.,, =

c/(av/2€,) ~ 442 GHz, fopy = for, = 21y =~ 6.25GHz, fo), = for, = [c/(z\/a)]\/(z/:s)2 +(1/3)* ~

6.99 GHz, and f,,, = [c/(2\/6)]\/(2/3)2 + (2/3)* ~ 8.84 GHz respectively. Note that the next
higher mode (TE3( or TE3) has a cutoff frequency which is f.,, = 3f,,, ~ 9.38 GHz > 8 GHz and
so this is not a propagating mode. Therefore, TE g, TEo;, TE{;. TM1, TE2p, TM20, TEq2, TMqpo,
TE;;, TM»;, TE, and TM, are the only propagating modes on the polystyrene-filled square
waveguide at 8 GHz.
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C.15 SAR calibration using a rectangular waveguide.

(a) For the specially designed nonstandard air-filled waveguide with dimensions a = 19 cm and
b = 14 cm, the only mode that is excited at 900 MHz is the dominant TE;o mode which has a
cutoff frequency £, =~ 3 x 10'°/[2(19)] ~ 789.5 MHz < 900 MHz.

(b) The cutoff frequency of the next higher mode which is the TEg; mode is given by f.,, ~
3 x 10'9/[2(14)] ~ 1.07 GHz, so, the frequency range over which only the dominant mode can
propagate can be found as f.,, — f,, ~ 282 MHz.

(c) If the TE(y; mode does not exist, then, the cutoff frequency of the next higher mode which is the
TE;; mode (and the TM;; mode) is calculated as

3 x 100
for = %« [a=2 1 b2 ~ XT\/(19)*2 + (14)™% ~ 1.33 GHz

Therefore, the frequency range in which only the dominant mode propagates (ignoring the existence
of the weak TEq; mode) is given by f,,, — f¢,, ~ 541 MHz.

C.16 Millimeter-wave rectangular waveguide.

(a) For the W-band rectangular air waveguide with dimensions @ = 2.54 mm and » = 0.7 mm, the
cutoff frequencies of the three lowest-order modes are given by

N 3% 10" mm-s—!

~ ~ 59.1 GH
2(2.54 mm) ‘

C
‘fCTEIO - 2a
fCTE20 :fCTMm = ZfCTElo ~ 118 GHz
fCTE30 :fCTM30 = 3fCTE10 ~ 177 GHz

(b) The frequency range over which only the dominant TE o mode can propagate is given by

fCTEZO _‘fCTEIO ~ 59.1 GHz

C.17 TE;; mode in a rectangular waveguide.
(a) Using (C.25), we have

mrad oo adim=! o @~ 0.1083 m = 10.83 em

a

and since a = 2b is given, b = a/2 ~ 5.4165 cm. The operating frequency can be found from
Bro ~ 42.3 rad-m~! value as

2
=2 2T 2
O () - = 2
where substituting the value of the cutoff frequency f.,, = ¢/(2a) ~ 3 x 101°/(2 x 10.83) ~ 1.385

GHz yields f ~ 2.449 GHz.
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18 Addendum C/ Cylindrical Waveguides

(b) Note that the time-average power carried by the dominant TE;y mode along the rectangular
waveguide is given by
_ BrowpeC? (g)2@

P
a 2 ) 2

where C is the amplitude of the axial magnetic field component H, given by C ~ 26 A-m~!.
Substituting 39 ~ 42.3 rad-m~!, w = 27(2.449 x 10°) rad-s~!, pg = 47 x 1077 H-m™!,
a ~ 0.1083 m, and b ~ 0.054165 m along with the value of C in the above expression, we find
Py = 9644 W.

C.18 Dominant mode in a rectangular waveguide design.

(a) The three design criteria for the rectangular waveguide under consideration are

1.25f,,, < 15 GHz

1.25 x 18.5 GHz S f;'next higher

and P,, of the dominant TE;p mode is to be maximized. Assuming a = 2b and using f.,, =
¢/(2a) where ¢ ~ 3 x 10'% cm-s~!, the first design criteria yields @i, = 1.25 cm. Next, using
Serext higher = Jeo = 2fery = ¢/a, the second design criteria yields amax =~ 1.2973 cm. Therefore,
the longer transverse dimension a must lie in the range 1.25 < a <~ 1.2973 cm. However, since
the third design criteria is to maximize power transfer, we choose the largest possible value of
a = amax ~ 1.2973 cm. For this value of a, the cutoff frequency of the dominant TE ¢y mode can
be calculated as £, =~ 3 x 10'9/(2 x 1.2973) = 11.56 GHz.

(b) The cutoff frequency of the next higher TEyq (or TE¢;) mode is f;,, = 2f¢,, ~ 23.13 GHz >
22 GHz.

(c) Using (C.30) at 15 GHz, the time-average power carried by the dominant TE ¢y mode with peak
electric field value Ep = 1.5 x 10° V-m~! can be calculated as

b (15 106)% (1.297 x 1072)(0.64865 x 1072) L [3x10/(15 x 10%) 2
" 377 4 2(1.2973)

~ 80 kW

C.19 Rectangular waveguide design.

(a) Using the cutoff frequency of the dominant mode, we have
fon = 2i =258GHz — a~>58l4cm
a

To maximize the frequency range over which no other mode but the dominant TE;y mode can
propagate, we choose b = 0.5a ~ 2.907 cm so that f.,, = f.,, = 2fc,, = 5.16 GHz.

(b) The next higher modes are TE(; and TE,y (and TMy). For these modes, the cutoff frequency
is 5.16 GHz.
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(c) Using (C.25), the peak electric field value in the air waveguide with a ~ 5.814 cm at 4 GHz
can be written as

2 C
|Ey|max = Wf”%a = 2(4 x 10%) (47 x 1077)(0.05814)C = 1.5 x 10°

from which we can solve for the maximum peak value C of the axial component of the magnetic
field corresponding to the breakdown strength of air with a safety factor of 2 at sea level as C ~
2.57 kA-m~!. Substituting this value, the maximum time-average power carrying capacity of the
waveguide can be calculated as

(64.02)(27 x 4 x 10°) (47 x 1077)(2,566)°(0.05814)° (0.02907)

aVmax — 47T2 ~ 1927 MW

where

_ 2m(4 % 10%) 2.58) 2 .
~ 02 1 (222) ~ 64.02 rad-m
B1o 3% 10° < 1 ) 64.02 ra

is used.

C.20 Maximum field in a rectangular waveguide.

(a) For the WR-650 rectangular air waveguide (a = 2b = 16.51 cm), the cutoff frequency of the
dominant TE ;o mode is given by

c  3x100

—~ T~ 108 Hz = 908.5 MH
2 = 2(16.51) 9.085 x 10® Hz = 908.5 MHz

Jew =

Therefore, since the next higher TE>o mode (or the TEg; mode) has a cutoff frequency of f.,, =
2f¢,o =~ 1.82 GHz > 1.1 GHz, only the dominant TE;( mode propagates on the WR-650 waveguide
at 1.1 GHz. For the WR-975 rectangular air waveguide (a = 2b = 24.765 cm), the cutoff frequency
of the dominant TE ¢ mode is given by

£ g 10"
0 2q T 2(24.765)
Therefore, since the next higher TE>p mode (or the TEy; mode) has a cutoff frequency of f.,, =

2fe,, =~ 1.21 GHz > 1.1 GHz, similar to the case of WR-650 waveguide, only the dominant TE
mode propagates on the WR-975 waveguide at 1.1 GHz.

~ 6.057 x 10% Hz = 605.7 MHz

(b) For the WR-650 waveguide, the peak electric field corresponding to the peak power of 2 GW
can be calculated from

2 -2 -2 ?
E (1651 x1072)(8.255 x 1072) [ ( 27.27 \" ., o
377 2 2 x 16.51

P peak =~

as Ey ~ 14 MV-m~! where we used A\ = ¢/f~ 3 x 10'9/(1.1 x 10°) ~ 27.27 cm. Similarly, for
the WR-975 waveguide, we have

Ej (24.765 x 107%)(12.383 x 1072) 2721 \* _ 2 % 10°
377 2 2x24.765)

P, peak =~

yielding Ey ~ 7.675 MV-m~!.
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20 Addendum C/ Cylindrical Waveguides

(c) WR-975 waveguide should be chosen for higher power capacity since it has a wider cross-
sectional area and as a result can handle more power than the WR-650 waveguide before dielectric
breakdown occurs.

C.21 Power capacity of a rectangular waveguide.

(a) For the WR-284 rectangular air waveguide (a = 7.214 cm, b = 3.404 cm), the cutoff frequency
of the dominant TEy mode is given by f,.,, = ¢/(2a) ~ 2.079 GHz. >From (C.25), the maximum
allowable peak electric field can be written as

27fuoaC
T

Ey|max = =1.5x10° V-m™!

Substituting f = 2.45 GHz, a = 7.214 cm, and po = 47 X 10~7 H-m~!, we can solve for the
allowable peak value of the axial magnetic field component as C ~ 3,377 A-m~'. The phase
constant 3¢ corresponding to the dominant TE ¢ mode can be found from (C.25) as

s 2f fcm 7(2.45 x 10° 2 079
= 1— “—") ~27.14rad-
Do="2y T ax 108 245 rad-m -

Using the values of C and f319, we can calculate the maximum time-average power that can be
carried by the dominant TE;o mode along the WR-284 rectangular air waveguide as

(27.14)(27 x 2.45 x 107) (47 x 1077)(3,377)%(7.214 x 1072)(3.404 x 1072)
AVmax ~ 47T

~ 1.938 MW

(b) Repeating the same calculations in part (a) for the WR-430 rectangular air waveguide (a =
10.922 cm, b = 5.461 cm), we find f,,, ~ 1.37 GHz, C ~ 2.23 x 10°> A-m~!, Bjp ~ 42.49
rad-m~!, and Py, ~ 7.37 MW. Therefore, comparing the maximum power values obtained in
parts (a) and (b), one can conclude that the maximum power capacity of the WR-430 waveguide is
about 4 times higher than the maximum power capacity of the WR-284 waveguide.

C.22 TE|; mode in a rectangular waveguide.

(a) Comparing the given H, expression for TE;; with (C.23), the waveguide dimension can be
found as

mr 0w 1 nTo T 1
507['—7—5 —>a—%—2cm and IOOW—?—Z %b—ﬁ—lcm

The operating frequency can be obtained using the phase constant given by (C.18) as

) RNC)
B = %f 1— (fll) W\/ﬁ = 1007
_ 3 2
4= AN o _ (20T 10992 ~ 225 GHE
27 i 27

where the value of the cutoff frequency f,,, is calculated from (C.17) as

c / 3x10' 1010 /1
fc” = 5 ﬁ 22 + —= 12 ~ 1677 GHZ
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(b) Using the field components given in (C.23), the time-average Poynting vector for the TE;; mode
can be written as

Re{E x H*} = z; |E.H; — E\H]
53 [0 o (i () # (D) () o ()

where h; = mva—2 + b—2. The total time-average power carried by the TE11 mode can be found
by integrating S,y over the cross-sectional area of the waveguide as

w C? ab
av - / / Sav : ZdXdy #2[21{1 4

Sav

l\.)\H

N)

Using the given parameter values, P,y = 10 kW, 3,; = 1007 rad-m~!, w ~ 27(22.5 x 10%)
rad-s~!, and hy; = 7/(0.02)~1 + (0.01)~2, we can solve for C as

27(22.5 x 10%) (47 x 1077)(1007)C%(0.02)(0.01)

C ~ 940 A-m~!
8(351.2)2 m

10* ~

(c) The other nonzero components of the TE;; mode can be written from (C.23) as

H, ~ j376sin(507mx) cos(100my) ¢ /1007 A-m~!

Hy ~ j 752 cos(507x) sin(1007y) e 7/'%™ A-m~!

E, ~ j4.25 x 10’ cos(507x) sin(1007y) e 71907 yom~!
E, =~ —j2.13 x 10’ sin(50mx) cos(1007y) e 1% vom~!

(d) Using the breakdown value of the electric field, we can calculate the new value of C as

T 2m(2256 x 10%)(4n77) . 7w 6 .
T C-l —Epr=15x100 — C~3316A
2, b (351.2)2 0.01 _ BRT IV oA

The maximum time-average power corresponding to this new value of C is found to be P,, ~ 124
kW.

C.23 No TMy; or TM |y modes in a rectangular waveguide.

To have one of the indices zero means that the field quantity does not vary in the corresponding
direction across the cross section of the guide. For a TM mode, the magnetic field lines are by
definition entirely transverse, and both components (9, and ,) must be nonzero since the magnetic
field lines must always close on themselves. However, each component must then vary in its own
direction (i.e., #, must vary in x and %, must vary in y) in order to not be perpendicular to the
walls as required by the boundary condition. Thus, neither m nor n can be zero.

© 2015 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



22 Addendum C/ Cylindrical Waveguides

C.24 No TEM wave in a single-conductor waveguide.

Having a TEM mode would mean that there is neither an €, or #, component. However, since
the magnetic field lines must always close on themselves, ¥, and 7, must both be nonzero, and
their closed loops must then generate (through (7.21c¢)) displacement current (i.e., 0D /0¢) in the z
direction, contradicting our original premise of no ¢, component.

C.25 Power capacity of a rectangular waveguide.

(a) Using the time-average power expression of the dominant TE;y mode as

2
(ﬁ) Db 100 kW
T 2

_ Bro27fioC?

Pyy >

where a = 2.591 cm, b = 1.295 cm, 19 = 47 x 107 H-m~!, f = 9 GHz, and

2 9 2

_ . 2 1 i _

Bio = F1/1 — <ff10> ~ 7r3(9><108()) 1 - <599> ~ 144.3 rad-m~!
X

where the cutoff frequency of the dominant mode is replaced by f.,, = ¢/(2a) ~ 5.79 GHz,
we solve for the amplitude C of the axial magnetic field component to be C ~ 1,307 A-m~.
Therefore, using (C.25), the peak value of the electric field in the waveguide can be calculated as

2nfuoaC_ 2m(9 x 10°)(4xw x 1077)(0.02591)(1, 307)
—

™

|Ey|max = ~ 766 kV-m~!

(b) Since power is proportional to the square of the peak value of the electric field, the maximum
time-average power carrying capacity of the TE;o mode under the |Ey|max = 1500 kV-m~! criteria
can be calculated from basic ratio as

10%)(1500)*
o, L)(—z) ~3.83 x 10° W = 383 kW
(766)
C.26 Cutoff frequency for a circular waveguide.

The cutoff frequency of the dominant TE|; mode in a 7 cm diameter circular air waveguide is given

by

1.8412¢  1.8412 x 3 X 1010
2ra 27(3.5)

or ~2.51 GHz. Therefore, no waves can be transmitted along this waveguide below ~ 2.51 GHz.

for, ~2.51 x 10° Hz

C.27 TE;; mode in a circular waveguide.

(a) Using the cutoff frequency of the dominant TE;; mode as

1.8412¢

2T Amin

=40 x 10° Hz

fcllmax =

we find the smallest diameter of the circular air waveguide that will allow the propagation of the
dominant mode at 40 MHz to be 2a;, ~ 4.396 m.
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(b) Repeating part (a) for 40 GHz yields 2a,i, ~ 4.396 mm. In other words, when the frequency
increases by a factor of 1000, the diameter of the waveguide is reduced by a factor of 1000 for the
same mode operation to hold.

C.28 Square-to-circular waveguide.

(a) For the square air waveguide with dimensions a = b = 2.4 cm, the cutoff frequency of the
dominant TE o and TEy; modes is given by

c N3><1010

fClo :me = ?

>2x AV 91y, _
S x4 6.25 x 10° Hz = 6.25 GHz

Therefore, only the dominant TEy and TE(y; modes can propagate at 7 GHz.

(b) Conserving the perimeter, we have 2ma = 4 x 2.4 cm from which we find the radius a of the
circular air waveguide as a ~ 1.528 cm. Using this value, the cutoff frequency of the dominant
TE|; mode is given by

1.8412¢  1.8412 1010
foy imcg 8 >9<2>< 0 575 x 10° Hz = 5.75 GHz < 7 GHz

The cutoff frequency of the next higher TMy; mode can be calculated as

2.4049¢
9.6

ooy = ~ 7.515 x 10° Hz = 7.515 GHz > 7 GHz

Therefore, only the dominant TE;; mode propagates at 7 GHz.

C.29 Southworth's experiments.

(a) For an air-filled waveguide, the minimum diameter dp,;, required to allow any propagation at
Aair = 1 m can be calculated from the cutoff wavelength of the lowest-order TE{; mode as

Tdm;
)\CTE” = 1.8211112 =Xdair=1m —  dyp>~58.6cm

Similarly, for a water-filled waveguide (¢, ~ 81), we have

Tdmin Aair -~ l
-9

~

)\CTE” 1.8412 = Awater = ﬁ

m —  dpip >~ 6.51 cm

(b) Repeating part (a) for an air-filled waveguide at A,y = 15 cm, we find dpyin =~ 8.79 cm.
(c) Using 2a = 12.7 cm and A\, = 15 cm, the cutoff wavelength is given by

2 12.7
Acn[ = md = ( Cm)ﬂ- Z )\air =15cm
(snl or tn[) (Snl or tnl)

resulting in (s,; or #,;) < 2.660. Therefore, using Tables C.2 and C.3, only TE;; and TMy; modes
propagate at A\, = 15 cm.
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24 Addendum C/ Cylindrical Waveguides

C.30 Barrow's experiments.

For a \yiy = 50 cm signal source, f = ¢/Ayir =~ 600 MHz. Professor Barrow used a hollow
cylindrical waveguide with radius a = 2.25 cm. The cutoff frequency of the lowest-order TE;
mode for this waveguide is given by

1.8412¢  1.8412(3 x 10'0)

~ ~3.91 x 10° Hz = 3.91 GH MH
5o 2m(225) 3.91 x 10° Hz = 3.91 GHz > 600 MHz

.fCTE” =

Therefore, the experiment was unsuccessful because no propagation mode exists on this waveguide
at 600 MHz.

(b) \air = 40 cm — f~ 750 MHz. Using a = 22.85 cm, the cutoff frequency of the lowest-order
TE; mode in this guide is given by

1.8412(3 x 10'%)
T T 27(22.85)

~ 3.85 x 10% Hz = 385 MHz > 750 MHz

Therefore, TE;; mode propagates at 750 MHz and as a result, the experiment in this case was
successful. Did Professor Barrow observe any other propagating modes in this experiment?

C.31 The Channel Tunnel.
(a) Equating the cutoff frequency of a mode to the highest AM frequency, we have

(Sn[ or l‘nl)c

=1.605x 10° Hz —  (sy or ) =~ 0.128!
2ma

.ny,[ =

Therefore, AM radio waves do not propagate along the 7.6 m diameter tunnel.

(b) Using 108 MHz and following a similar approach as in part (a), we find (s,; or (z,;) ~ 8.595.
Therefore, using a source such as Beattie (see footnote 22 in Chapter 5), the maximum number of
propagating modes at 108 MHz FM frequency is found to be 21.

(c) Following a similar approach as in part (a), again, we find out that AM does not propagate.
Using 108 MHz, we find (s,; or (,;) ~ 5.429 and as a result, maximum of 9 different modes can
propagate.

C.32 Unknown circular waveguide mode.
(a) Comparing the Hy expression with (C.48) and (C.50), we conclude that this mode is a TM,;
mode and that n = 0. To find the value of / ,we use

@ _ Tl
a 0.04

~ 138 — t—nl>~5520

Comparing with the roots provided in Table C.2, this mode is identified as the TMg, mode. This
is a propagating mode, as is evident from the ¢/*37 term.

(b) Using (C.46), we can write

ol (2nf)? 2 2 ¢
Prvg = g — (138 = (487 — = g\/ (487)2 + (138)2 ~ 9.760 GHz
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(c) From (C.48), we have

Jwea

; Co~C; — Cy~j254.3C
nl

Therefore, the other nonzero field components of this TMg, mode can be written as

E. ~ j254.3 C; Jo(138r) /487
E, = 277.9 C; Jj(138r) /3™

(d) From the cutoff frequency expression we have

(l,,[ or Snl) c
2ma

fon = <~9.760GHz — (1 or s,) <~ 8.176

Using Tables C.2 and C.3, the total number of propagating modes possible at ~9.760 GHz is found
to be 18 (i.e., 7 TM,; and 11 TE,;) modes.

C.33 Unknown circular waveguide mode.

(a) To find the unknown TE,;; mode propagating in the circular air waveguide with a = 3.5 cm, we
use (C.50) which yields n = 3 and s,,;/(0.035 m) = 120 — s3; ~ 4.200 and from Table C.3, we
find that [ = 1. Therefore, this is the TE3; mode. It is a propagating mode because of the ¢ /116-92
term in the H; phasor expression.

(b) The operation frequency can be calculated from the phase constant expression given by

B o (2m)2f2 L (573 10°
T (3 x 10%)° f?

where we used f.,, = 4.201¢/(2ma) ~ 5.73 GHz. Solving the operating frequency f from the
above equation, we find f ~ 8.00 GHz.

2
) ] ~ (116.9)

(c) To find the highest-order propagating mode at ~ 8 GHz, we have

(Snl or tnl)c

fo = ~8x10° —  (syorty) ~5.864

21a
Therefore, the highest-order propagating mode at ~ 8 GHz is the TM; mode.

(d) For the TMg, mode propagating in the z direction, H, = 0. Using fgp ~ 5.5201 from Table
C.2, the E, phasor expression can be written as

5.5201 . i
E, ~ CyJy < 0.035 r> e Pt ~ CaJop(158r)e /1872
where 0
_ 27f >, 2m(8 x 10 5
502:7\/1—(]‘602/]() :W 1 —(7.53/8)" ~ 18«
and 5.5201
. c
~ ~ 7.53 GH
Jew = T0.07) z
are used.
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26 Addendum C/ Cylindrical Waveguides

C.34 Smallest circular waveguide dimension.
(a) From Table C.2, the cutoff frequency of the TM—21 mode in a circular air-filled waveguide is
given by

5.135¢ 5136 x 3 x 1010

2ma wd
from which the smallest diameter d,;, can be obtained as

fory, = —25GHz
dmin = 2amin ~ 0.510 cm

(b) The cutoff frequency of the TM, mode is given by
__ 1.016¢c

CTM21 -

=25GH
2ma g

from which dyin = 2ami, ~ 0.373 cm.

C.35 Circular waveguide modes.
(a) Since the WC-80 (a = 1.012 cm) circular air waveguide (i.e., v, = ¢ ~ 3 X 108 m-s—") is
operated at 16 GHz, the cutoff frequencies of all the propagating modes must satisfy the inequality

(8p1 0T tyy)c
ﬂTE or TM = - .

<16 GHz = — (Snl or tnl) <~ 3.391
2ma

Therefore, using Tables C.2 and C.3 (#p; == 2.405, s;1 =~ 1.841 and s5; ~ 3.054), we find that the
only modes that will propagate in this waveguide at 16 GHz are TE;|, TMy; and TE; respectively.

(b) The cutoff frequencies of the propagating modes are given by

1.8412¢

fCTE“ ~ " ~ 8.69 GHz
2.4048¢

cing, - ~ 11.35 GHz
3.054¢

Using these values, the phase velocity, guide wavelength, and the wave impedance of these propa-
gating modes at 16 GHz can be calculated as

Vp C

NN T

~ 1.19¢

Vo =

vor =~ 1.42¢, vp1 ~ 2.30c,
5 vo/f 3 x 108/(16 x 10%)
1= =
\/1 — (for, JN)* \/1 — (8.69/16)

o1 ~ 2.66 cm, Ay ~ 4.31 cm,
Nair 377

1= (e /JN? N 1 — (8.69/16)*

~(0.0223 m = 2.23 cm

Z1g,, =

~ 1.19(3779) ~ 4490
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ZTE21 ~ 8679, and

Z1My, = Tair \V 1 - (fcu/f)z

respectively.

C.36 Low-loss TE(;; mode in a circular waveguide.

(a) For an air-filled circular waveguide with radius a = 5 cm, the cutoff frequency of the low-loss
TE(; mode is given by

_ soic _ 3.832(3 x 10')

= ~ ~ 3. 10° Hz = 3.66 GH
ferey = 5 2703) 3.66 x 10° Hz = 3.66 GHz

(b) If the same circular waveguide is filled with water (assume ¢, ~ 81), then, the new cutoff
frequency of the TEy; mode is

3.832(3 x 10'%)

~ 4.07 x 108 Hz = 407 MHz
27(5)v/81

f;ﬁTEOl =

C.37 Low-loss TE(;; mode in a highly overmoded waveguide.

(a) Using the E4 expression in (C.50) along with the root so; ~ 3.8317 from Table C.3, we can
calculate the diameter d of the air-filled waveguide as
so1  3.8317

~ ~238  — d=2a~322cm
a a

Using the phase constant expression given by

Bor = 277Tf\/ 1= (fo, /f)* ~ 7167

— (7167)* ~ <2C7T>2[f2 —fczm]

where f.,, = soic/(2ma) ~ 11.36 GHz and ¢ ~ 3 x 10'” cm-s~!, we can calculate the operating
frequency to be f ~ 108 GHz.

(b) Using the cutoff frequency expression

(Sn[ or l‘nl)C

~ 108 x 10° Hz
2ma

ﬂnl =
from which we find (s, or t,;),,, =~ 36.42. Therefore, using a reference such as Beattie (see

footnote 21 in Addendum C), the total number of propagating modes in this waveguide operating
at ~ 108 GHz is found to be 339!
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C.38 A highly overmoded circular waveguide.

(a) The radii of the two circular waveguides are a; = 3.175 cm and ap = 1.39 cm. Assuming air-
filled waveguide, the cutoff frequencies of the propagating modes in the 6.35 cm diameter guide
must satisfy the inequality

(Snl or tnl)c
2may

fe = <60GHz —  ($y0rty) ., <~ 39.90

Therefore, using a reference such as Beattie (see footnote 21 in Addendum C), the total number of
modes propagating in the 6.35 cm diameter air waveguide at 60 GHz is found to be 409.

(b) Repeating part (a) for the 2.78 cm diameter waveguide, we have

(Sn] or lnl)C
271'612

Jeu = <60GHz — (syor t"l)max <~ 17.46

Therefore, using Beattie, the total number of propagating modes in the 2.78 cm diameter air waveg-
uide at 60 GHz is 80.

C.39 TE;; to TM;; mode converter.

(a) For the input air waveguide with radius a; ~ 1.19 cm, the cutoff frequency of any propagating
mode at 9.94 GHz must satisfy

(81 OF tar)c

<9.94 x 10°
27‘('611

j;:nl =

yielding (s, or t,;) <~ 2.477. Therefore, using the values of s,; and #,; provided in Tables C.2 and
C.3, the only modes that can propagate on the inner waveguide at 9.94 GHz are TE;; and TMy,
respectively.

(b) Repeating part (a) for the output air waveguide with radius a, ~ 2.06 cm, we find
(snl or tnl) <~ 4.289

from which we determine the propagating modes on the outer waveguide at 9.94 GHz as TE;,
TMo1, TE>1, TM|1, TEg(, and TE3; respectively.

C.40 Circular waveguide modes.

(a) Using Tables C.2 and C.3, the cutoff frequencies of the dominant TE;; mode and the next higher
TMp; mode on a 1 cm inner diameter circular air waveguide are given by

suc _ (1.8412)(3 x 10°)

— e ~ 17.58 GH

Jere, 2ma (1) ‘
forc  (2.4049)(3 x 10'9)

o, = o ~22.97 GH

Jeru 27a 7(1) “

Therefore, the frequency range over which only the dominant TE|; mode can propagate can be
found as fery,  — fers,, =~ 5.383 GHz.
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(b) The cutoff frequency of the TEy; and TE3; mode are

S01€C .y (3832)(3 X 1010)

— ~ ~ 36.59 GH
2ma (1) ?

I CTEy

_ saic  (4201)(3 x 10"
- 2ma (1)

Therefore, excluding the possibility of the TMyp; and TE;; modes, the frequency range over which
only the TE|; and TEy; (and TM;) modes can propagate can be found as chEﬂ — fCTEO] ~ 3.52 GHz.

~ 40.12 GHz

f CTE3;

C.41 Circular waveguide design.

(a) Using the first design criteria, we have

1.8412¢
2ma

Jorg,, = <0.8(6.4GHz) — ampn~1.717 cm

1

where ¢ ~ 3 x 10'% cm-s~! is used. Using the second design criteria, we have

3.832¢
2ma

Jerey, = > 1.1(6.4GHz) — amax ~2.599 cm

Therefore, the waveguide radius must lie in the range ~ 1.717 < a <~ 2.599 cm. But, since the
third design criteria is to maximize the power delivering capability of the waveguide, we choose
a = Qmax =~ 2.599 cm.

(b) The three possible modes that can propagate at 6.4 GHz are TE;;, TMy;, and TEj;, since the
cutoff frequencies of these three modes are

1.8412¢

~ — — _ ~338GH
Jereyi = 3:(3.599) z
2.4049c¢
~ — — _ ~442GH
Jerun = 3273 599) z
3.0542¢
. ~————~56]GH
Jerea = 37(2.599) z
The next higher modes are TE(; and TM, both of which have the same cutoff frequencies given
by
3.832¢
Jereg, = Jerw,, = 27(2.599) ~ 7.04 GHz > 6.4 GHz

and therefore, these two modes do not propagate at 6.4 GHz.

(c) Similar to part (b), the possible propagating modes at 9.6 GHz can be found as TE;, TMo;,
TEz1, TEo1, TMyy, TE3; (with for, =~ 7.72 GHz), and TMy; (with fery,, =~ 9.44 GHz).
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C.42 Circular waveguide modes.

(a) For the WC-109 circular polystyrene-filled waveguide with diameter 2a = 2.779 cm, the modes
that can propagate at 10 GHz can be are TE; |, TMy;, TE;1, TEg;, TM11, and TE3; which have cutoff
frequencies given by

1.8412(3 x 10'9)

7(2.779)V/2.56
P 2.4049(3 x 10'7)
Mot ™ 7(2.779)1/2.56
P 3.0542(3 x 10'0)
T T 1(2.779)v/2.56
3.832(3 x 10'9)

~ 3.954 GHz

fCTEu =

l

~ 5.165 GHz

~ 6.559 GHz

fCTEm :fCTM” = 7_((2‘779)\/2‘% ~ 8.23 GHz
4.201(3 x 10"
forg, = BN g 35 G
0 r(2.779)v2.56

Note that the next higher mode (in this case TM;;) does not propagate since its cutoff frequency is
~ 11.03 GHz >~ 10 GHz.

(b) The phase velocity, the guide wavelength, and the wave impedance of the dominant TE;; mode
at 10 GHz can be calculated as

_(3x10°m-s")/V2.56

Vp,, o ~2.04 x 10® m-s™!
V1= (3.954/10)

A Bem)/V256 o4 em
\/1 (3.954/10)>
Q)/v2.

b \/1 — (3.954/10)*

C.43 A circular waveguide used for microwave telecommunications.

At 4 GHz, the cutoff frequencies of all propagating modes on the WC--281 circular air waveguide
(d = 2a ~ 7.14 cm) must satisfy

(tnl or Snl)

4 GH " " ~ 2.991
7T(7.14) <4GHz — (l‘[OI‘S[)< 99

Using Tables C.2 and C.3, we find that only TE11 and TMy; modes can propagate at 4 GHz.

At 6 GHz, we find (t,; or s,;) <~ 4.486, which means that only six modes (TE;;, TMy;, TE;;,
TEo;, TM11, and TE3;) can propagate.

At 8 GHz, we find (#,; or s,;) <~ 5.982, which means that only ten modes (TE;;, TMy;, TE,;,
TEOl, TMU, TE31, TM21, TE41, TE12 and TM()Q) can propagate.
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At 11 GHz, we find (t,; or s,;) <~ 8.225, which means that only 18 modes (up to the TE3; mode)
can propagate.

C.44 Orthogonally polarized TE; modes.
(a) We have
S11 S11 1.841
— =80 =—=—=23
a 9T %07 80 cm
By =47 =lwue — (s11/a)?] — f= zi[(47)2 + (80)%]"/? ~ 4.43 GHz
s
(b) Next lowest cutoff for TM modes is TMg;, with f, ~ 5 GHz, while for TE modes is TE;;, with
fe ~ 6.3 GHz. Thus, the TE{; mode at 4.43 GHz is indeed dominant.

(c) From (C.8) we have

_ _ gl
Hn- = Hr + H¢ = —thrHZ (C6CZ)
Ey=E +E, =2 H, <2 (C.6b)
7

where 3 = [w2pe — (su/a)?]"/2, and 5 = jB. Since ¢ x Z = £, we have from the above

c
Hy =25, = DG 50nsin o+ cos gje
Wit wp r
— (134 x 1073 €L 7, (807 sin ¢ + cos gle -
r

The H, component can be found by noting that

e (2
g 10
Ve =To, 450

and integrating (C.8a):

b — Sn_ljg / Hoyrdes — -S"I/" C1J1 (80r) =47 / [sin ¢ + cos ¢l

=j (S"UIJ/;) C1J1(80r) e #*7%[cos ¢ — sin ¢] = j(0.183)Cy J1(80r) e 7*7*[cos ¢ — sin ¢

and from (C.6a) we have

_JB aHz
(s —nl/a)? Or
= 0.107 C; J;(80r) e #*"*[cos ¢ — sin ¢]

whereas from (C.6a) we have

H, = = Bwp Cy J}(80r) e #*7%(80)[cos ¢ — sin ¢

Ey = % =80 C, J}(80r)e " [cos ¢ — sin ¢]
J
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32 Addendum C/ Cylindrical Waveguides

(d)The form a choice of sines and cosines in the rectangular case are due to the boundary conditions,
while in the circular case they are due to an arbitrary selection of the origin of ¢.

C.45 Circular waveguide-to-microstrip transition.

The cutoff frequency of all the propagating modes on the 2.1 cm diameter circular air waveguide
must satisfy

7(2.1)(10.66 x 10%)
3 x 1010

(21 OF Spp)cC
2ra

< 10.66 GHz —  (t or sp) < ~ 2.344

Using Tables C.2 and C.3, we find that only the TE;; mode can propagate in this waveguide, for
the frequency range specified.

C.46 Circular versus rectangular waveguides.

We separately consider parallel-plate, rectangular, and circular waveguides. For parallel-plate,
examination of Figure 10.11 indicates that possible low loss modes are TEM and TE,. For TEM,
we have f, = 0, and q¢rp,, = Ry/(na). From the given sheet size we can choose b = & = 3.15cm,
and select a value of a small enough so that fringing fields can be negligible, e.g., a < b/(10) =

0.315 cm. The attenuation constant is then
1 R, Ry
iy = ——————-317.46— = 317.46—
Qv = 315 % 102 na na

For TE,, we have

fo =~ <25GHz —

C
> ¢ _06
(2a) 4= 225 % 100 cm

since we must have a < 0.315 cm to minimize fringing fields, it appears that any parallel-plate
guide we can make from the given material would not be suitable for propagating the TE; mode.

For rectangular waveguide, we see from Figure C.8 that the best mode to consider is the TE g mode.

We have
fcmzzigzs GHz — a>06cm
a
6.3 3.15
Also a > b and a—l—b:—2 =3.15cm — aZ—Z = 1.5757 cm

and a < 3.15cm whereas b =3.15—-acm

The attenuation constant is

Qo = R; [1 + (2b/a)(f010/f)2] _ Ry L+((63 — 2a)/allc/ nf))” ~ 372.91 Ry
TEo me K (3‘15 - a) x 1072y/1 — [C/(Zﬂ'f)]z 1

for f=25GHz,and a = b = 1.575 cm.
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For circular waveguide, we note from Figure C.13 that possible modes are TE;; and TEy;. We
consider these separately:

s 3.832 3.8232¢
_ <25GH S >822
SBCHz = a2 e )

TEo; : fCTEO1 = =0.73 cm

- 2may/ie  2ma
Also 2ra < 63cm — a<1.00cm

R 1 fCTE(,1 212 fCTEm 2 1 Ry
T T ] oot

Qeye . = —
TEOl 7] a

forf=25GHzand a = 1 cm.

S11 1.841c 3.8232¢
= >

<25GHz — it N T
= z 4= (25 % 10°) om

TEn : Jerey, = 2ra/e  2ma

Also 2ra<63cm — a<1.00cm

Fors, 2172 [ o N2 I R,
1_(f> ( 7 ) Flsanz 1| =N

Comparison of the a, values for the three different waveguides indicates that circular waveguide
is the best from the point of view of minimizing attenuation due to conductive losses.

R 1
n a

CQerg,, =

C.47 Attenuation in a coaxial line.

The expression for the attenuation constant for a coaxial line is
R, [ 1 1

=——2 |24+ 2| =0.003 np-m~! at 300 MH
e 2nn(b/a) a+b} np-m A z

where Ry = /wpo/(20) is the only frequency dependent term, for a nonmagnetic conductor such
as copper, and assuming that n = \/m is not frequency dependent, which for an air-filled line is
simply 7,ir = \/0/€0. We are told that the line is made of “thick' walls, which at 300 MHz must
definitely be much larger than the skin depth (§ ~ 3.82 um for copper at 300 MHz). Thus, the wall
thickness does not explicitly appear in the expression for o, and doubling it does not significantly
change the attenuation constant.

(a) At 600 MHz, the value of Ry is higher by a factor of V2, thus we have o, ~ 0.003v/2 ~
0.0042 np-m~!.

(b) As mentioned above, doubling the thickness of the copper walls has no significant effect. When
the conductor radii are 2a and 2b, we have

R, 1171 1 R[1 1
= oy = S 1 L 0,0015 np-m!
@ = 22/ (2a)] [Za * Zb] 2 {2nln(b/a) [a - b]} np-m

o, at 300 MHz
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34 Addendum C/ Cylindrical Waveguides

(c) The attenuation rate due to dielectric losses for the TEM mode in a coaxial line filled with
nonmagnetic material is given by (C.57), namely

we” /Ty
2V

where ¢’ = ¢ tan 0. Using the values given for 300 MHz we find

Qg =~

_ (2m)(300 x 10%)(2€)[(15/7) x 10~4]
e 2v2¢

so that the total attenuation rate is

~ 6.36 x 10°,/6p ~ 1.89 np-m~!

Qotal = e + g = 0.003 +1.89 ~ 1.90 np-m~!
It thus appears that the dielectric losses are clearly dominant.

(d) At 600 MHz, o is twice as large, since it is proportional to frequency. Thus we have

otal = 0.0042 + (2)(1.89) = 3.78 np-m™!

C.48 Optimum coaxial lines.

There is a typo in the statement of this problem. As should be obvious from the wording, the
condition for minimum «,. for a given outer conductor radius b is b = 3.6a, rather than a = 3.6b.

(a) The expression for a,. for TEM mode in a coaxial line is given by (C.56), namely

R 11
" 2nin(b/a) |la b

For a given value of b, we can differentiate v, with respect to a and equate to zero

1
Oae Ry a b - 1 0
da 27 ) alln(b/a)]> a2In(b/a)
which reduces to
al—&-l =In(b/a) — 1—|—i—ln(b/a) o (= T o C—2N3591
a b| bla a Ca

(b) The characteristic impedance is given by (C.58)

Zo ~ 6Olné ~ 601n@ ~ 76.7Q)
a a
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(c) The answer is no. If we start with a fixed value of the inner conductor radius a, then the larger
the value of b the better, since the average power transmitted (P,,) goes up proportional to the
cross-sectional area while the wall losses (P)oss) are determined by the perimeter, thus ., which
is determined by the ratio of Pjogs to P,y can be made arbitrarily small by choosing an arbitrarily
large value of b.

C.49 Power capacity of a coaxial line.

Our answer must be based on the expressions from Section C.2.2 for the electric and magnetic
fields and the average power transmitted for a coaxial line. We have

H= (T)Ee*j’gZ ;. E= f‘@e*fﬂz i Py = 7T7’]H% In <b>
r r a
The surface current density J; = fi x H, so that |J;| = |H|. We note that both the electric field and
the surface current density are maximum at the lowest radius, i.e., at » = a. Thus, we only need to
pay attention to their values at r = a. For the given value of a = 0.5 mm, the maximum electric
field and surface current conditions dictate the following:

Hy

-1 3
Hy(377
|E| < 10kV-mm~' — _Ho377) <10x 105 —  Hy<13.26
0.5 x 1073

Thus, it appears that the surface current criteria is the one that limits the maximum power handling
capacity. For Hy = 5 we have

2.
P,y = mnH31n <Z> = 7(377)(5) In (02) =9.53kW

C.50 Higher-order modes on a coaxial line.

(a) For the air-filled coaxial line with a >~ 1.49 cm and b ~ 3.429 cm, the mode with the lowest
nonzero cutoff frequency is the TE;; mode with cutoff frequency approximately given by (C.59)

as
c 3 x 10'°
P ~ ~ 1.941 GH
Jen = by = w(149 4 3.429) ?

Thus, TE|; mode can propagate on the coaxial line only at frequencies above 1.941 GHz.

(b) Repeating part (a) for the same coaxial line filled with Noryl EN265 material (¢, ~ 2.65), we

find
3 x 10'°/4/2.65
m(1.49 + 3.429)
(c) Based on the cutoff frequency calculated in part (b), it is clear that the TEM approximation is

not valid for frequencies above ~1.2 GHz, since the higher-order modes such as the TE;; can also
propagate on the line and can contribute to the results obtained in the measurements.

fen =~ ~ 1.193 GHz
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C.51 Group velocity for the TE ;) mode.

The field expressions for the TE;p mode in a rectangular waveguide are:

e

H? = Ccos (—)
a

HC = jﬂj:c sin <%x)

E; = _jw,uaC sin (72)
T a
E} = H;’ =0

5 9\ 2 112
=yl (7= (5)- @]
a A a
Following an analysis similar to that in Section 10.3.3, we can consider a unit length (1 m) of

waveguide. The time average energy stored in a volume V = (a)(b)(1), including both electric and
magnetic parts, is

e 1 a rb rl
Wer = — / / / [€E - E* 4 pH - H*|dzdydx
4 0o Jo JO

_ pw? peab
 4(r/a)?
The time average power transmitted can be found as
b ra )
1 wpBioab
Py = ~Re{E x H" }dxdy = ———-
o=y Jy 3metm By = S

so that the velocity of energy travel is given by

Sav wﬁl 0 v[27 1 fc 2
Yo =y T 2 pe Vv, \JHE f Ven = Ve

Thus we see that the group velocity is indeed the velocity of energy transport for the TE o mode.
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Transient Response of Transmission Lines

2.1 Lumped or distributed circuit element?

(a) Using (2.9),
L 4 % 10-9 H-cm™!
Zo=1/= = = 500
*~ Ve \/1.6 x 10~12 F-em™!

Using (2.7),

1 1
vy = =
VIC (4% 109 Heem ™) (1.6 x 10-12 F-em ™)
=1.25x 10" cm-s™"

=12.5 cm-(ns) !

Hence the one-way time delay #, is given by

l 5
PR L
Vp 12.5 cm-(ns)

(b) The ratio between the step source rise-time and the one-way time delay is

t,  0.1ns
— = =025<25
ty 0.4ns

From (1.1), it is not appropriate to model the transmission line in this circuit as a lumped element.

2.2 Lumped- or distributed-circuit element?
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2 Chapter 2/ Transient Response of Transmission Lines

(a) Using (2.7) and (2.9), we have

2
Vp = :?C:ZXIOS m-s~!

Zy = = 500

s -

Multiplying the above two equations yields

1
vwZy = - = (2x10® m-s~1)(500)
— C~107""Fm™' =1 pF-(cm)™'

Dividing the above two equations into one another results in

Vp 1 N 2x 108 m-s—!

Zo L 509

—L~25x10"7Hm"! = 25nH-(cm)”!

(b)
; 1 1m 5
= ~ ~Jns
¢ 2¢/3 2% 108 ms!
(©)
2 2% 108 m-s~!
S ¢/3 _ 2x10°m-s —02m

f 10°Hz
Using (1.6), we have

[=1m>0.01A =0.002 m
Therefore, this transmission line should not be treated as a lumped element.

2.3 Open-circuited line.
Since we have an ideal unit step source, R, = 0. As a result, the source-end reflection coefficient
is

R —2Zy 0—-Z2p |

R +Zy 0+4+Zy

At the load end (open circuit, i.e., Ry, = 00), the reflection coeflicient is

N

_RL—Z()_OO—Z()_

I, = — -
Ry + 7y 00 + 2y

+1
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) '7td
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Figure 2.1 Figure for Problem 2.3

At ¢t = 0, an incident voltage of amplitude

Z 50
V= Vo= —(1V)=1V
'SRtz T ors Y
is launched at the source end of the line. Using these values, we have the bounce diagram shown.

The load end voltage V'1.(r) shown is sketched in Figure 2.1 using the bounce diagram.

2.4 Step and pulse excitation of a lossless line.

(a) We first calculate the reflection coefficients at the source and load, and the amplitude of the °Vfr
voltage wave that is launched at ¢ = 07

r_ R~z _10-90 _

— — - 0.8
" Ri+Zy 10490
R —Zy 630 —190
— — —0.75
LT RO+ 20 630+ 90
gt Yoz (10)00) _ o

' " R+Zy 10490

Using these values, we can sketch the bounce diagram in Figure 2.2a. The successive ¥~ and ¥
step amplitudes are calculated using the load and source reflection coefficients. For example, V'
and °l/;r are found from ‘VT as:

VT =TV =(0.75)(9) =6.75V

V5 =TV =(-0.8)(6.75) = -5.4V

The bounce diagram can be used to sketch the load- and source-end voltages, as shown in
Figure 2.2b.
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4 Chapter 2/ Transient Response of Transmission Lines

I=-08 I =075 V(@) (V) 1035
5 \ .
V=9V - t 9 9.54
. L—
V,=9V
1.8
V=675V
Y =1575V
36 .
Vy=-54V
V,=1035V .
54 0 1.8 36 5.4 72 9.0 1(ns)
Vy=-4.05V V() (V
’ V=63V Lf)( ) 1575
72 .
V3=324V I 11.97
V,=9.54V
9.0
V=243V 6.3
Y =1197V
0 18 36 54 72 9.0 (ns)
v 0 . . . . .0 t(ns
t (ns) (a) (b)

Figure 2.2 Figure for Problem 2.4(a). (a) Bounce diagram. (b) Vs and 'y, versus time ¢.

(b) We can derive the sketches for V'¢and V1. from the sketches in part (a) by delaying the plots by
0.3 ns and subtracting the result. The resulting sketches are shown in Figure 2.3.

2.5 Resistive loads.
Since Ry = 0,1’y = —1.
(a) For R, = 25%2, we have
r _RL-Zy 25-50 1
"“R.+2Z 25+50 3
Att = 0, an incident voltage of amplitude given by

Z 50
v = Vo=—12-3V)=3V
VTRt 2 0 T 04500 Y
is launched at the source end of the line. Using these values, the bounce diagram and the load

voltage V' (7) versus ¢ are as shown in Figure 2.4.

(b) For Ry, = 509, 't = 0. The bounce diagram and the sketch of the load voltage for this case
are as shown in Figure 2.5.

(c) For Ry, = 100X, the load reflection coefficient is

- 100—50_+1
S 100+50 '3

Again, the bounce diagram and ¥ (¢) versus ¢ are as shown in Figure 2.6.

L
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V(1) (V) M 505
0 \ .
5.67
0 5.4
1.8 3.6 72 9.0 (ns)
135
0 72
1.8 3.6 5.4 U 9.0 ¢(ns 94
01 (ns) 9.45
Figure 2.3 Figure for Problem 2.4(b). Vs and 9| versus time .
= L8 0
Vo ¥=0 31 W) 267V ~2.89V
- 0.5ns
: - | 2+ : !
ns —1-1= |
N |
| 14+ |
1.5ns | )
-1BY | = : o : r(:ns)
2ns =741-1/3=
v : ¥ =2+1-1/3=8/3V 1 2 3
“19V I 2.5ns
3ns VoV : Y, =8/3+1/3-1/9=26/9V
-~ ~ I
[
A .
Figure 2.4 Figure for Problem 2.5a. R = 25 ()
Vi (1)
pes ;=0 L
higeel L e 31 W _———-
Vo ¥=0
0.5ns 2
[
| V=3V ni
| #(ns)
! : : >
Y 1 2 3

Figure 2.5 Figure for Problem 2.5b. Ry, = 50 2
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r=1 Iy=+13
I
3v | °VL=0
0.5
W | ns L o
Ins |V, =4V gl
-1V l L 2.67V ~3.11V
1.5ns
-1/3V | 24 I |
2ns | ¥ =8/3V | I
L
13V [ I #(ns)
2. 1 1 1 >
19V e 1 2 3
3ns —1/9V : ¥, =28/9V
~ T I
|
t V '

Figure 2.6 Figure for Problem 2.5¢c. Ry, = 100 Q2

2.6 Ringing.
Using (2.7) and (2.9), we have

| |
VvV, = =
" VLC  \J05x10-6 H-m % 02x10-9 Fom !

L S5x10=¢ H-m™!
7, — /L _ [05%10 leSOQ
C 0.2x10~2F-m~

The one-way time delay can be found as

=10 m-s™!

|

|

|
—
n
2

tg=—=

The incident voltage wave launched at the source-end at t+ = 0 can be found using the voltage
divider principle as

e VoZo _ (50)(3.6)
""" Ry+Zy  10+50
The load-end and source-end reflection coefficients can be found using (2.12) and (2.14):

=3V

_ RL—-Z%
a RL + ZO Ry —00
_R—Zy 10-50 2
" R+Z 10+50 3
Next, we draw a bounce diagram up to t+ = 10 ns, shown in Figure 2.7a. Using the load-end
voltage values on the bounce diagram, we can sketch the load-end voltage [ (¢) versus time, as
shown in Figure 2.7b.

L =+1
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0 15 45 75 9.0 t(ns)
) 7.5
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=467V
9.0 Vi =—(8/9) V

¢ (ns) (a) ' (b)

Figure 2.7 Figure for Problem 2.6. (a) Bounce diagram. (b) % versus time .

2.7 Discharging of a charged line.

Att = 0~ (i.e., immediately before-the switch opens when steady-state conditions are in effect),
the source end current $g is given by $(07) = Vo/RL = 3/Rp. Att = 07 (i.e., immediately after
the switch opens), the source end current is suddenly forced to go to zero, i.e., $,(07) = 0. We can
represent this change in $,as.a new disturbance launched from the source end of the line starting
at t = 0. The amplitude of this new current wave and its accompanying voltage wave are given
respectively by ;" = $(07) — $,(07) = =3 /Ry and V| = Zy$| = —3Zy/Ry. This disturbance
will not affect the value of the load end voltage until 7 = z; = 0.5 ns. So, for t < 15, V1.(t) =3V,
regardless of the value of R. Using the reflection coefficient values calculated in Problem 2.5,
we draw the bounce diagram and sketch °/1 (7) as a function of 7 for each value of Ry, as shown in
Figures 2.8, 2.9, and 2.10.

2.8 Two step voltage sources.

The reflection coefficients at source 1 and source 2 ends are, respectively,

_Ra—2y %—Zo
_Rsl+ZO B %—FZO
Ro—Z20 Zo—Z2y
Ro+2Zy Zo+Zp

7 =

At t = 07, the system is at a steady state, and so
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T=t Iy =-13 il
: > 2 V)
-6V | V=3V 3

0.5ns 24

2V |

Ins W 41, 1+
- :“VL-a 6+2=-1V as)

1.5ns
=213V | 14

2ns | ¥, =-142-2/3=
28V ‘ ¥ =-1+2-2/3=1/3V

2.5ns

———
o
w

29V |

Sns 2V : ¥ =13-2/34209=-119V
|
|

Figure 2.8 Figure for Problem 2.7a. Bounce diagram and 9 (¢) versus ¢ for R, = 25 ().

=+l IrL=0 V() (V)
>3V V=3V 3
0.5 ns 51
V=0
1 -
v t (ns)
t (ns) '1 2' é

Figure 2.9 Figure for Problem 2.7b. Bounce diagram and /'y (¢) versus ¢ for R, = 50 €.

=+l Ip=+1/3 V@) (V)
-1.5V V=3V
3

05V 0.5 s
1.0 ns 05V V=1V 51

_ 1.5ns

0.5/3V N RY
2.0 ns _ V=13V
0.5/3V L 13V
1/99V__ t(ns)
—-0.5/9V 25ns ' ' '
20 V=19V 1 2 3
v

t (ns)

Figure 2.10 Figure for Problem 2.7c. Bounce diagram and V' (r) versus ¢ for R, =
100 2.
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R Z
V(07) =92(07) = =2 Vo = -V = 0.75V}
Rsl + RsZ ?0 + ZO

Atr =0, Vou(—t) turns off and 2Vpu(z) turns on. As a result, we have the bounce diagram shown
in Figure 2.11a. Note that °V1+A is a voltage wave launched due to source Vou(—t) turning off at
t = 0. Similarly, V|, is a voltage wave launched due to 2Vou(r) turning on at t = 0.

Calculating the voltage wave amplitudes, we have

Zy

Yo — — 2y =075V,
1A Rs1 + 7y 0 0
o, = 20 (2Vp) = V,
A Ro + Zo 0= 70

V5, =TV, = (—0.5)(Vo) = —0.5V;

Using these values, we have

0.75Vp, 1< 0
Vi(t) =1 0, 0<t<ty
0.5Vy, t>ty

and

0.75Vy, t<0
1.75Vy, 0<t<ty

Vo, tg <t<2ty

0.5Vy, t> 2t

The voltage sketches are shown in Figure 2.11b.

2.9 Pulse excitation.

The one-way time delay and the reflection coefficients at the ends of the line are t; = /v, =
(10 cm) /(20 cm-ns~!) = 0.5 ns,

R —Z) 25-75

= = =—-0.5
Ri+7Zy 25475

S

_RL-Zy 0-75
CRL+Zy 0+75

respectively. At r = 0, an incident voltage is launched at the source end of the line given by

L

LT
L 725475

(1V)=0.75V
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V1(t) IV
1)1V 075
__ r,=0
Fl 0.5 N 2 05
Via
Via
ty . lq
Vv
2A V(1) IVO 0 75 1 2 thty
2ty
1.0
v I 0.75
| 0.5
(a) |
0 1 2 tlt,

(®)

Figure 2.11 Figure for Problem 2.8. (a) Bounce diagram. (b) ¥'; and /', versus time z.

(a) The input voltage has a pulse width of 7, = 10 ns, that is the input voltage turns off at t =
t, = 10 ns. We represent this change in the input voltage as a new incident voltage of amplitude
°Vfr* = —°V1+ = —0.75 V launched at the source end of the line-at #,, = 10 ns. The bounce diagram
and the variation of the source voltage V() versus  are as shown in Figure 2.12a.

(b) For the case of t,, = 1 ns, the source end voltage ¥(¢) can easily be obtained by shifting the
second-half of the V'4(#) sketched in part (a) by 9 ns to the left and adding it with the first half. The
final plot for V() versus ¢ is as shown in Figure 2.12b.

2.10 Pulse excitation.
The reflection coeflicients at the two ends of the line are (using (2.12) and (2.14))

_RS—Z()_Z()—Z()_O
_Rs—l-Zo_Zo—i-Zo_

S

CRL—Zy 1002y —Zy _
C RL+Zy 100Zy+Zy

At ¢t = 0, an incident voltage of amplitude

+1

L

Z Z, , A

+
OVI

R+ 7y Zo+ 2y 2
is launched at the source end of the line. When the input pulse turns off at r = ¢,,, this change can
be represented as a new voltage disturbance

A

+x ot
ViT==V] = —5
launched at the source end of the line at t = 7,. One by one, the new voltage cancels out the
existing voltage disturbances °V;r, Vi °V§r , V5, etc. along the line. The bounce diagram and the
load voltage V'L (¢) versus ¢ are provided in Figures 2.13, 2.14, and 2.15. for each case corresponding

to a different input pulse lengths.
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-0.75V | '
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0.375V : (@
Vs=0.375V 1.5ns Vs (1)
2ns | 1T
0.1875V |
Vs=0.1875V 2.5ns 1 First half
-0.1875 | 0.5 ‘
3ns | ) I__|
0.094v l 7, L 1 I 1 1 1 L
22 X T T T T T T T T T 71
i : 1 4 5 6 7 8 9 10 fns)
: : Vs (1)
P(V)l 2 3 4 5 6 7 8 9 10
t + ——— 4 } } —>
V5=-0.75V - __,——'_r (ns)
11ns -05 T Second half shifted by 9ns
DV5=—0.375V 11.5ns 14+
12ns
. ‘oVs(t)
1™
V5=-0.1875V 12.5ns 11
Aony 05+ Superposition
¢ 3 4 5 6 7 8 9 10
l 1 1 1 L L 1 - L
V 1 | T r 1 1 L 1 T (V)
l_' t(ns
(a)
05+ (b)

Figure 2.12 Figure for Problem 2.9. (a) Bounce diagram and V(¢) versus z. (b) V's(z)
versus ¢, obtained via superposition.
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Ig= r;;l z
a2 :VL= R
d \'
A2 : ad V)
2t "
4 —an | A
AR el
41 4 | °VL= tt 4
! - -
1 2 3
A
Figure 2.13 Figure for Problem 2.10a. (a) Bounce diagram and V' (¢) versus ¢ for z,, =
2t4, where t; is the one-way time delay along the line.
r‘s= r:‘:;l Z
Al2 -
|V =0 Vo ()
t —A2 t A
)
I ¥ =A AT
th Al2 2t
| d
3t, -Al2 [ V=0
|
| 't 4
| + -
Y 1 2 3

Figure2.14 Figure for Problem 2.10b. (a) Bounce diagram and V" (¢) versus  forz,, = 1,.

=0 r]_,::] #
a2 !
0.5¢, 2 | V= L VL
= Y V)
s A atl
2R iy
2.5t ? —-A/2 I Y =0
!
! 4
| 1
|

Figure 2.15 Figure for Problem 2.10c. (a) Bounce diagram and 1 (¢) versus . for t,, =
tq / 2.
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Vew (V)
0.8 J
05+
03+
05 1 15 2 25 3 35 t/ta

Figure 2.16 Figure for Problem 2.11.

2.11 Observer on the line.

(a) Using the sketch of V¢ versus ¢ provided, the initial voltage launched on the line is given by

Z Z
V= 0 yy=_N0
R + 7y 100 + Zy

(1V)=05V — Zy=100

The reflected voltage is given by

_ R — 7 R — 100
V=T = Vi e S
! L T R+ Zo ! T RLT 100

Solving for Ry, we have Ry = 40012.

(05V) =03V

(b) Superimposing the direct and reflected pulses, the voltage V() is as drawn in Figure 2.16.

2.12 Cascaded transmission lines.
The reflection coeflicients are T'g¢ =0 (since Ry = 5012),

Zoy — Zp1 . 75— 50

= =102
Zoo +Zo1 75+ 50 +

I'p=-Iy =

and 'L = +1 (since R, = oo) respectively. The bounce diagram and the sketches of voltages V(¢)
and V() are as shown in Figure 2.17.

2.13 Time-domain reflectometry (TDR).

The initial voltage °Vfr launched from the source end of the line is given by

Z Z
OV?— _ 01 Vo = 01
Ry 4 Zp; 50 4 Zo;

(1V>:05V — Z()]ZRSZSOQ

The source end voltage V's(¢) changes from 0.5 V to 0.375 V when the voltage wave reflected
from the junction point between the two lines reaches the source end of the line, i.e., at time
2ty1 = I nsorty = 0.5 ns. The length of the first line /; can then be found as [} = vty =
(20 cm-(ns)~')(0.5 ns) = 10 cm. The voltage V| reflected from the junction point can be ex-
pressed in terms of °{/’fr as
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r=0 Iy=-T,=-0.2 T =+1 .
T e
0.5V
| ] A Y (1) (mV) 1080
Vs=0.5V 6.9 | V=0 1000 & 984 10032
; i 06V 1 60
ns
1as ' oev ! Y R
o ¥, =12V
Vel 0.48V : -0.12V : - g : ; : G
2ns | 2ns 1 2 3 4
| 012V |
= | =
Visl 05y ~0.096V. , 0024v , V1096V V() (mV)
1200
3ns : . 3ns 1000 960 1008  998.4
|
¥5=0.984V 0.0192V | -0.0048v | 7V =1.008V
' s
4ns y | 4ns #(ns)
& ®) 2 3 4
"

Figure 2.17 Figure for Problem 2.12. (a) Bounce diagram for the cascaded lines. (b) V'
and V', versus t.

°VR1 (1)
V)
0375+ === 0 [r———teeeteeiiee e o e - -

05 1 1.5

Figure 2.18 Figure for Problem 2.13. /'y, versus .

Ry || Zoa) — Z R Z,
V= (R || Zo) Uyt where R || Zop = o
(R1 || Zo2) + Zon Ry + Zp>
When the reflected voltage V| reaches the source end of the line, no reflection takes places since
I's = 0. Thus, we have °Vfr +¥, =0375V — ¥ = —0.125 V. Using this value in the above
expression with °VfL = 0.5V and Zy; = 5092, we find R || Zo, = 30€2. Since Zy, = 7552, we have

R; = 50€. The voltage Vg (¢) versus ¢ is plotted as shown in Figure 2.18.

2.14 Time-domain reflectometry (TDR).
(a) The initial voltage launched at the source end of the transmission line system is given by

__Zn Vo = Zo1

Ry + Zo1 100 + Zy;
The one-way time delay of the two transmission lines can be found as #;; = 3 ns/2 = 1.5 ns and
tn = (7.5ns — 3 ns)/2 = 2.25 ns. Since I'y = 0, the source end voltage V' at t = 2tj1 can be
written as

v (B3V)=15V — Zy =R, =1009Q
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r,=0 r=%1/3 I =+0.1875 ¢
1
1.5V : 1
¥ =1.5v 1.5ns
s s |
0.5V 1 i l
3ns | |
| 3.75ns
| |
¥ =1y | 01875y !
(0.1875%4/3V) ;
=0.25V o] 0.1875/3V=0.0625V |
7.5ns | |
|
| (0.1875)%3V (4008
& by | =0.0117V |
s (0.1875)2x (4/9)V | e |
~0.0156V . 0187929V
10.5ns = (0.0039V |
12ns |
| 12.75ns
|

%

Figure 2.19 Figure for Problem 2.14. Bounce diagram.

1
Vs2h) =V (1 +T12) =(15V)(1+Tp) =1V — T = -3

where

Zoo =201 Zop — 100

& = — Zpn =500
Zop +Zot  Zop + 100 02

I'p

Att = 7.5 ns, the source end voltage ¥ is given by

Vs(t=75T) =V (1 +Ti)1 +IL(1+Ta)] =125V
where

Zo1 — Z 1 Ry — Z
0L—202 _ 0 nd Ty = oL~ 20

[y — — gy = 0L 7202
2! 2 Zo1 + Zn 3 Ry + Zp»

Substituting ¥ = 1.5V, Zyp; = 1002 and Zp, = 5082, we find
_ RL—50
~ RL+50

(b) From the bounce diagram shown we note that the source end voltage V' changes again at t = 12
ns, increasing by an amount of about ~ 15.6 mV.

L =0.1875 — RL273.IQ

2.15 Time-domain reflectometry (TDR).

© 2015 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



16 Chapter 2/ Transient Response of Transmission Lines

The initial voltage launched on the line is given by
Z Z
OVT _ 01 VO _ 01
Ry + Zo) 50 + Zo:

(5V)Z3V —)Z()1:75Q

Since v, = 15 cm-(ns)~! and the one-way time delay of each line is z; = 5 ns/2 = 2.5 ns, the
length of each line is [ = v,t; = (15 cm-(ns)~')(2.5 ns) = 37.5 cm.
Attt = 2tj, the source end voltage can be expressed as

V(t=26) =V] +TpV] + Tl =V [1+Tp(1+1)] =36V
where
_ Zop — Zo1 _ Zop — 15
Zop +Zot  Zop+75

. R —Zy  S50-75
" Ri+Zy1 50+75

'

—-0.2

Substituting, we have

BV)1+T1(1-02)]=36V = T'j3=025 — Zp=125Q

Attt = 4t;, the source end voltage is given by
V(@) =3.6 V+THLT (1 +To)¥ 4 (1 + Ti)TL(1 + Do) (1 + TV} =582V

— VL0 + (14 T)TL(1 +Top)](1 +Ty) =222V

where I'y; = —I'1, = —0.25.-Substituting numerical values, we have

(3 V)[(0:25)%(—0.2) + (1.25)['L(0.75)](0.8) = 2.22 V

from which we solve for I'L = +1, and Ry, = oo (i.e., open circuit).
The bounce diagram for this problem is shown in Figure 2.20.

2.16 Multiple lines.
We start by calculating the reflection coefficients at the source, resistor loads, and at the junction.

Ry—Zy  50-100 1

T, = — _ !
ST Re+Zo S0+100 3
Ry — _
T L1 — Zo2 _ 150 — 50 _ 1 05
Ry +Zp 150+50 2
Iy — R, —Zp3 100 —100
M RLa+Z5  100+100
_ (Zo2 || Zo3) — Zo1  100/3 — 100
Fj1~>23 - = =—-0.5
* (Zoo || Zo3) +Zor  100/3 + 100
_ (Zoy || Zo3) — Zo2 _50-50
Ly = = =0
P (Zo || Zo3) + Zoa 50 + 50
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T, T [RIR} I
ot > <
1
OVS = OI/T la
Txfﬂ (1+I‘,2 )CVF
2t * 2t
¢ Lr 2N 2 T\ﬁ“’f \ZY\“ d
. 3ty
ot +
V=V {4+ Tp) Ygf& \)rY (\+\A\1) 1
TaaTatE
4[11 4[(1
I
Vo=V {14T 4T T, * [F“PI; Vi 5ty
+(1+FS) [FSF]ZZOVTJr (]+F21)FL(I+F
(4T, )T (14T, )7 ) V]

t

Figure 2.20 Figure for Problem 2.15. Bounce diagram.

Since the Ry, resistor is matched to line 3, there is no reflection on that transmission line and
thus no need to calculate the reflection coefficient at the junction from line 3.
The amplitude of the voltage wave launched at t = 07 is

ZoVo o (100)(4.5)
R+ Zoi 50+ 100

The resulting bounce diagrams for lines 1, 2, and 3, together with sketches for V(¢), V1 (1),
and ' 5(¢) are shown in Figure 2.21.

+ —
VA= =3V

2.17 Digital IC chips.

(a) The one-way time delay of each interconnect can be calculated as t; = /v, = (15cm)/(10cm-(ns)~!) =
1.5 ns. The reflection coeflicients at the source and load ends of the interconnects are I'y = 0 and
I'L; = I'ty = O respectively. When the incident voltage wave of amplitude

50

~ 50450
(launched at the driver end of the 5052 interconnect) reaches the junction between the three inter-
connects at f = 1.5 ns, where no reflection occurs since (100 || 100) = 50€2. As a result, a voltage
wave of amplitude 0.5 V is launched on each of the 1002 interconnects. At ¢ = 3 ns, these volt-
age waves reach the load ends where they are completely absorbed. The bounce diagram and the
voltages V| and V', are sketched as shown.

Vv (1V)=05V

(b) Since the load end of one of the 100f2 interconnects (point A) is now an open circuit (i.e.,
I'l2 = +1), reflection occurs. The reflected voltage wave 7', = 0.5 V arrives the junction at
t = 4.5 ns where another reflection occurs sending back a voltage wave °V§r =07, =-025V
toward point A where

(50 100) — 100

= =-05
17 (50 || 100) + 100
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=05 I,=0

V11=0 Vi,=0

3 1.5V
5 V=225V 5
075V V=15V

V,=225V
" & 025V
V1ip=2:625V 1
V=25V
Y
t (ns) @) t (ns)
V() (V VD)V Va0 (V
(0 ( )3 L) V) 5 65 L2() (V) )5
25 225 2.25 —
L2 | 15
t (ns) t (ns) 1 (ns)
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12

(®)

Figure 2.21 Figure for Problem 2.16. (a) Bounce diagram. (b) ¥, VL1, and V' 5 versus
time ¢.
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Figure 2.22 Figure for Problem 2.17a. Bounce diagram and ¥, and V', versus .
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Figure 2.23 Figure for Problem 2.17b. Bounce diagram and V', and V', versus .

and launching a voltage of V| + °V;“ = 0.5 — 0.25 = 0.25 V on each of the other two lines. This
process continues on. The bounce diagram and the variation of the voltages V1| and ¥, are as
shown. Note that at steady-state,

100
V=V =V =———(1V)~0.667V
L=V = Ve = g Y)
2.18 Multiple lines.
(a) A voltage disturbance of
50
L 50+ 50( )
is launched on the line A-B at point A. This voltage wave reaches point B at + = 1 ns when

V| =Tp¥] = —2.5/3 V reflects back to line A-B since

 (50]|50)-50 25-50 1
P (50]50)+50 25+50 3
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\ ol/-l(t) 53V A °V2(t),°V3(t)
15 + V) @sRTV 15 (100/581)V
oV =
1 |
et i ost
I(I"IS) t(nS)
1 2 3 4 s £k 2 2 & 9

Figure 2.24 Figure for Problem 2.18a. V'(, V», and V'3 versus ¢.

V. (1) Y, (t
1 ~1.67 Vgt p Ta
L5 V) - V) 0 (&%) :
. l ~1.25 : ~1.32 727 ~1.20
1 1 ~0.833 14
0.625
05 0.5 05+
1 2 3 4 5 fns) 1 2 3 4 5 ;s 1 2 3 4 5 fns)

Figure 2.25 Figure for Problem 2.18b. V|, V", and V'3 versus .

and °V;r = (1 —l—FB)VT = +5/3 V is transmitted tolines B-C and B-E respectively. Atz = 2ns, V|
reaches the source and is completely absorbed since I'a = 0. Also at t = 2 ns, °V§r reaches points
C and E. At point E, °V;r is completely absorbed since I'g = 0. At point C, V', = LVl = -5 /9
V reflects back to line B-C and ¥’§ = 5/3 —5/9 = +10/9 V is launched on lines C-D and
C-F. Att = 3 ns, ¥, reaches point B where I'g7;, = +5 /27 V reflects back to line B-C and
(1 4+TI'g)¥, = —10/27 V is launched to lines B-A and B-E. This process continues on until the
reflections die out. The variation of the voltages ¥y, V> and V'3 are shown in Figure 2.24 up to 5
ns. Note that at steady-state, all of these voltages reach a final value of Vi, = 1.25 V.

(b) Now, since Zy; = 25€2, the value of the reflection coefficient at point B varies depending on
from which line the voltage disturbance reaches point A. For example, when the signal reaches B
from line A-B,

(50| Zo1) =50

p = 1=/ =
BT (50 ([ Zon) + 50

-0.5

whereas if the signal reaches B from line E-B, then

_(50]50) 25 _

g = 22 =~
BT (501 50) + 25

Similar case applies at point C where we have Zp, = 25€). The voltages V"1, V", and V3 are sketched
up to 5 ns as shown in Figure 2.25. Again, at steady-state, all the voltages reach 1.25 V.

2.19 Reflections due to parasitic effects.
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I | 41 3.68V :
V=4V == | V=0
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Figure 2.26 Figure for Problem 2.19. Bounce diagram and 9}, and V', versus .

The source and the load reflection coeflicients are respectively given as

_15-60 120 — 80

0:6-and Tt = 50——20

i=— =
15+ 60

+0.2

The value of the reflection coefficient at the junction point between the three interconnects varies
depending on the line from which the voltage disturbance arrives at the junction. If a voltage signal
reaches the junction from interconnect A, then

(Zo || Zo) —60 40— 60

r = = =02
ABC T (Z0 11 Zo) + 60 40+ 60

whereas for a signal which reaches the junction from line B or C, we have

(Z]160) =2 _ (80]] 60) — 80

= =04
(Zo [60) +Zo (80| 60) + 80

I'ssac ='csaB =

Using these values, the bounce diagram and the voltages ¥'; and V', are sketched as shown in
Figure 2.26. Note that if Zg = 12012 (i.e., no parasitic effects present), then no reflection occurs
since I'a_,gc = 0 and both load reflection coefficients I'r, = 0. Thus, the parasitic effects cause
extra time delay before the voltages reach their steady-state values.

2.20 Parallel multiple lines.

(a)The reflection coefficients at the source end, load end and the junction between the three lines
are respectively I's = 0, ' = +1, and

(50]/50) 50 1

T = S
77 (50]]50)+50 3
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The amplitude of the initial voltage wave launched from the source end is

50
= 3V)=15V
! 50 + 50( )
The bounce diagram and the voltages V() and V' (¢) corresponding to these values are shown in

Figure 2.27.

(b) When the load ends are terminated by Ry, = 5052 each, then I'p, = 0. The bounce diagram and
the voltages Vs and V' for this case are shown in Figure 2.28.

2.21 Optimized multiple lines.

Using the line parameters L = 364.5 nH-m~! and C = 125 pF-m~!, and using (2.7) and (2.9), the
characteristic impedance and the phase velocity of each line can be found as

L 364.5 x 109
Zyo= ]2 =1/t =540
"~ Ve 125 x 1012
1 1
Vv, = =
"VLC /(3645 x 1079)(125 x 10-12)
The one-way time delay of each line can be found as t;=1/v, ~ (40 cm)/(14.8 cm-(ns)~!) ~ 2.7

ns. The reflection coefficients at the source- and the load-ends of the lines and at the junction point
where the lines meet are

~ 14.8 cm-(ns) !

R =Zy - 6-54
R +Zy 6+54

T's —0.8

Ru—7Zy 66-—54
_RL—i-Z() 66454

Iy +0.1

oS (ZollZ0)—2y _27-54 1
YU (2o Z0)+ 20 27+ 54 3

respectively. The initial voltage launched at the source end of the line is

- Zy .= 54

Ry + 7y 6+ 54
using these values, the bounce diagram and the voltages ¥’ and ¥, are sketched as shown in Fig-
ure 2.29. As seen from the bounce diagram, at t = 3t ~ 8.17 ns, the voltage V', = IV}, =
(—=1/3)(1.2 V) = —0.4 V reflected from the junction back onto line A propagating toward the
source cancel completely with the two voltage disturbances transmitted to line A from lines B and
C, each having an amplitude given by ¥'5," = (1+T})V5, = (2/3)(0.3 V) = 0.2 V (where Vg, is
a voltage disturbance reflected back to line B from the load Ry ). As a result, no reflections from the
source end occurs for the time interval 5.4 ns < r < 16.2 ns. This cancellation plays a significant
role in minimizing the effects of reflections due to impedance mismatches in the circuit, and is the
basis in which the configuration in hand is considered to be “optimized'.

(5V) =45V

2.22 Transient response of a cascaded transmission-line circuit.
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Figure 2.27 Figure for Problem 2.20a. Bounce diagram and Vs, and V' versus t.
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A0
‘ )
1.51
r=0 =13 r=0_. | 1.0
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I v — —+ ——
2ns | | 2ns Y, (0 2 4 6 8
' Ly =1v ™)
V=1V '
t
#(ns)
2 4 6 8

Figure 2.28 Figure for Problem 2.20b. Bounce diagram and 5, and V', versus ¢.

FS‘:—O.S r]=—1/3 FL2=+£_£ FJ=-I‘1/3 FL:‘I=+£,;
45V :
Vs=4.5V ) Vy3=0
1o 12 I L3
-1.5V : 3V
5.4ns | 5.4ns 5.4ns
1.2V | 0.3V |
Va2V || 2™ v 01V oy ! V=33V 01V ogy | V=33V
p.2v. -0 | 0.8V G l 3
10.8ns =2y I o 110.8ns 110.8ns
k7 0.32V | |
=4.2V |-0.16V - V., .=4.29V
V=42V [-0.16V_g 16V | Typa29V L3
A |
| 9\;Jives '
ry
Vs U)A A Vel
M) 145 42 4224 %) 420 4323
o8 4-_
& 3.3 l
| 24
tt 5 t/td
1 2 3 4 5 6 1 1 2 3 4 5 6 1

Figure 2.29 Figure for Problem 2.21. Bounce diagram and ¥V, and V[, versus t.
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V()1 Vy
K 0.75
0.5
FS: 0 ]—*J FL* 0 5 c f/ld
0 Via=Vy2 .
Vs=Vy2 . V=0 Vy(0) 1V,
Vig=
3 3vy4 i 0.75
4
6 Via=Vy/4 Vi=3Vod t/ty
Vi =3V,y/4 0 3
/14 ' V(0 1V,
(@) 0.75
1/t
0 4

(b)
Figure 2.30 Figure for Problem 2.22a. (a) Bounce diagram (b) Vs, ¥y, and V1 versus ¢.

(a) We begin by calculating the source, load, and junction reflection coefficients:

o R—=Zyw Zo—Zp

Ly = Ry 471 N Zo + Zo N
P, Ry —Zyp _ 37y — 37y _0
Ry + Zo 37y + 3%y
Zoy — Zpi 370 — Zy 1
PJA*}B = = =35

Zoy + Zoi N 370 + 2y 2
_Zy—Zn 1

r —
82T 701 + Zoo 2

The amplitudes of the voltage waves in the bounce diagram shown in Figure 2.30 can be calculated
as

+ _ ZoVo _ ZVo W

1A Rs + Zy Zy + 72y 2

_ Vo

_ + _
LVIA - FJA%BCVIA - Z
3Vy

+ ot - _

Vig=Tia+Via= 4

The voltage plots are also shown in Figure 2.30.

(b) In this case,
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V(@) /' Vy
r=0 r, = -12 i 0.75
0 2 L 0.5 0.5623 05156
V =Vy2 V=0
t/ty
Vo4 6 8 10
Vy =3Vy/8
6 “3V,/16 6 V()1 Vo
01/‘5 — 3V0/4 OVL = 15V0/32
o —3V,/64 8 B 075
¥, =9V,/16 /> 0 VL =63Vy128 L \_‘0-5625 0.5156 0.5039
10
T, =33V,/64 VL =255V,/512
a=-3Vy/8 3 5 7 9
b=3Vy/16 V() 1V
c=-3Vy32
d=3V,/64
e =-3V,/128 0.4922 0.498
. 0.4688,0- :
£=3V,/256 = 0.375
g=-3V,/512
t/t,

4 6 8 10
(b)

()

Figure 2.31 Figure for Problem 2.22b. (a) Bounce diagram (b) ¥, ¥y, and V' versus .

=0
737y 1
LT 204320 2

from which we can generate the bounce diagram and voltage plots in Figure 2.31.

(c) In this case,

Z3-Z 1

 Zo/3+Zy 2
I'L=0

S

Note also that

gyt — 2V _ 3

1A Zy / 3+ 7 4

Using a similar approach, we can generate the bounce diagram and the voltage plots shown in
Figure 2.32.

2.23 Charging and discharging of a line.
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V(1) Vy
T=-1/2 I, =0 i 0.9375
0 3Vy/4 ! 0.75
V=3V, /4 V=0
3 9Vy8 ,
3V,/8 4 L/t
6 . Vi0) 1 Vo 6 10
—3V,/16 VL =9Vy/8
V= 15V,/16 i 1.125
9 | 0.8438
—3V0/32 -9 V0/32 10 -
VL =27Vy/32
; } ; | 1/t
d
@ nov, 3 ’
i 1.125
L 0.8438
1/t
4 10

(b)
Figure 2.32 Figure for Problem 2.22¢c. (a) Bounce diagram (b) Vs, ¥y, and V', versus t.

Att = 07 (i.e., immediately after switch S| closes), an incident voltage wave of amplitude

L. 60

" 15460
is launched at the source end of the line. This voltage wave reaches the load end at r = 2¢; when
it is completely absorbed since I', = 0. However, at t = 2¢4, the switch S, closes and causes a
discontinuity at the junction between the two lines. As a result, a voltage wave of amplitude

(1V)=08V

_ 60 || 60) — 60 1 0.8
V :F-“[/Jr:(—O.SV =(—%](08V)=—-——V
! sl (60||60)+60( ) ( 3>( ) 3
reflects back toward the source and a voltage wave of amplitude
* 2 1.6
Y =1+T)r = (3) (0.8V) = +5V

is transmitted to the line connected to the load. Note that on the bounce diagram, this wave appears
to be —0.8/3 V since the existing transmitted wave of 0.8 V right before switch S, is closed and
—0.8/3 V add up to V" = 1.6/3 V. When the reflected voltage wave reaches the source end at
t = 31,4, a voltage wave of amplitude

15-60 / 0.8 0.8
VYI=TY =— [V | =(=06) | —— V| =40.16 V
2 Sl 15+60< 3 ) ( )< 3 ) *

reflects back to the line. This voltage wave reaches the junction at t = 4¢,, when a voltage wave of
amplitude
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r=—0.6 rj=[—1/3 r=o_
08V | :
Y, =0 A YV,
| g L
, 08V | ]I ™
083V 1% 0.8 -
5 : P ¥ =0.8V L6/3
fa ! 3, 0.5
! |
’ ==|
DTG | |°V'L 0.533V N L t/:d
5t : st 1 2 3 4 5 6
~- |
i | V,=0.64V
! |
|
eV

Figure 2.33 Figure for Problem 2.23. Bounce diagram and ¥y, versus ¢.

_ 1 0.16
v, =T = (—3> (+0.16 V) = -5V
reflects back toward the source and a voltage wave of amplitude
* 2 0.32
Vi =1+I)V = <§> (+0.16 V) = +5-V

is transmitted to the line connected to the load. This process continues on. The bounce diagram
and the variation of the load voltage V' (¢) are as shown in Figure 2.33.

2.24 A digital IC interconnect.

(a) Att = 0, the driver gate changes from LOW to HIGH state launching a voltage disturbance of
amplitude

+ 50

b 14450
at the driver end of the interconnect traveling toward the load. When this voltage arrives the load
end of the interconnect at = f; = 1.5 ns, a reflected voltage wave of amplitude V| = FLWT o~
(+1)(3.91 V) = 3.91 V is launched back on the interconnect traveling toward the driver gate. So, at
t = 1.5 ns, the load-end voltage of the interconnect changes from ¥, = 0to¥p ~7.81V > 3.75V
and as a result of this change, the load gate turns ON.

(5V)~391V

(b) When the reflected voltage wave arrives the driver-gate end of the interconnect at t = 2¢; = 3 ns,
a new voltage wave of amplitude
14 — 50
Vi =TI ~ 3.91V) ~ (—0.563)(3.91 V) ~ —2.20 V

is launched on the interconnect traveling toward the load gate. This voltage arrives at the load
gate at 1 = 4.5 ns when a new voltage wave of amplitude 1, = °¢/’;r ~ —2.20 V is launched
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=—0.563 F'L=t 1 .
~3.906V loVL’:O
1.5ns °VL(t)
| %
3.0ns —2197v | ¥V =781V g1 ~7.81
I
~5.89
4.5ns 6T ~5.28
I ~4.50 "4.84
6.0ns ¥ =342V 47T ~3.42
: s1236v |3
| 51
7.5ns t(ns)
I t + t + +—
| V., =589V
9.0ns ~—0.695V : L 15 4.5 75 105 135 165
I10.5ns
Loy, =4.50v
~0.391V |
:13.5ns
I — 3
—0.220V I°VL 5.28V
¢ ¥ s :

Figure 2.34 Figure for Problem 2.24. Bounce diagram and 'y, versus ¢.

on the interconnect traveling toward the driver gate. As a result, the load-end voltage drops at
t =3ty = 4.5 ns from ¥V ~ 7.81°V.to VL ~ 3.42 V < 3.75 V and so the load gate turns OFF.
This process continues on. As seen from the bounce diagram and the sketch of the load-end voltage
VL versus ¢, the load gate turns on permanently (i.e., ¥y > 3.75 V afterwards) at t = 5t; = 7.5 ns.

2.25 Terminated IC interconnects.

(a) In the series termination network, Rt = Zg — Ry = 50 — 14 = 3612 so that I'y = 0. In the
parallel termination network, Rt = Zy = 5012 so that I'l, = 0. In both circuits, the load gate at the
end of the interconnect reaches steady state at = t; = 1.5 ns.

However, the steady-state voltages are different from one another. In the series termination
network, the steady-state load-end voltage at HIGH state is Vs = Vgigg = 5 V whereas in the
parallel termination network, it is

Rt 50

$ 7 R+ Ry TUGH = 1471750

(5V)~391V

This difference makes the parallel termination network more vulnerable to noise at HIGH state.
Series termination network is the natural choice for low-power dissipation at steady-state since the
steady-state current /s = 0 and as a result, no power is dissipated at steady state. In the parallel
termination network however, a steady-state current flows through the circuit at HIGH state given

by
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Vaicn 5V

— = ~ 78.1 mA
R.+ Ry 140 + 500 m

Iss
resulting in a steady-state power dissipation of P = I (R, + Rt) ~ 0.39 W.

2.26 Digital IC gate interconnects.

Using v, ~ 14.3 cm-(ns) !, the one-way time delay over 1 ft of the interconnect is

ta ~ (1 ft)(12 in-(ft) ") (2.54 cm-in~1) /(14.3 cm-(ns)~!) ~ 2.13 ns

Thus, using this time delay and noting that no reflections occur at points A and B (since the load
gates connected at these points present a very high impedance to the interconnect), in the series
termination network, gate C switches to HIGH state at + = 3¢; ~ 6.39 ns when the voltage V'c
changes from O to 5 V, gate B switches at ¢ = 4¢; ~ 8.53 ns after the voltage wave reflected from
point C arrives at point B changing g from 2.5 V to 5 V, and gate A switches at t = 5¢; ~ 10.7 ns
after the reflected voltage wave arrives at point A changing 9’4 from 2.5 V to 5 V. In the parallel
termination network, no reflections occur. Gate A switches to HIGH state at r = 3¢; ~ 2.13 ns
when V5 changes from 0 to ~3.91 V, gate B switches at# = 2¢; ~ 4.26 ns when g changes from
0 to ~3.91 V, and gate C switches at t = 3t; ~ 6.39 ns when V¢ changes from 0 to ~3.91 V.
Therefore, the parallel termination network provides a faster overall speed because all of the three
load gates reach steady state earlier.

2.27 Digital IC circuit.

At t = 0, an incident voltage wave of amplitude

iy 50
L7 50+50
is launched at the driver-gate end of the line. This voltage wave arrives the junction of the three

lines at r = (2 ft)(2 ns-ft ') = 4 ns when it is completely absorbed since the junction reflection
coeflicient in this case is given by

(5V)=25V

(100 || 100) — 50
(100 || 100) + 50

The two voltage waves transmitted on lines 2 and 3 each with 2.5 V peak value arrive at the load
gates at different times (one at + = 6 ns and the other at + = 7 ns) where reflections occur. The
load reflection coefficient at each load is given by I't, = +1 since Z;, > Zy. When the reflected
voltages arrive back at the junction joining the three lines, both reflections and transmissions occur
since

I3 =

(100 || 50) — 100

=05
(100 ]| 50) + 100

Ihyiz=13.02=

This process continues on. Using the above values, the bounce diagram and the variation of the
voltage V' and V", versus ¢ are as shown in Figure 2.35. According to these figures, gate 1 turns
ON permanently at # = 22 ns and gate 2 turns ON permanently at £ = 19 ns.
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Figure 2.35 Figure for Problem 2.27. Bounce diagram,?"; versus ¢ and ", versus t.

2.28 Two driver gates.

(a) Let the two interconnects connected to each driver gate be driver interconnects D1 and D2 and
the third one connected to the load gate be the load interconnect. At ¢t = 0, an incident voltage
wave of amplitude

7 2 2 W

ST Vo = Vo =
VTRHZ Y Zo+20 2

is launched at the driver end of each driver interconnect. When these voltage waves arrive the
junction between the three interconnects at t = f,, reflections and transmissions occur. The voltage
wave reflected back to each of the driver interconnects is given by

- + (Z() H Z()) —7Zy (Vo _ 1 Vo _ Vo
lr_Fjon ~— 77 N7y, 7 \7Ad )\ 73 ~ | =
(Zo || Zo) + 2o \ 2 3 2 6

and the voltage wave transmitted to each driver interconnect follows as

2 Vo Vo
V=1 +T)V) = <3> <2> =3

Thus, the total voltage wave launched from the junction onto each driver interconnect at t = #, is

Vo Vo _Wo
6 3 6

In addition, the total voltage wave launched onto the load interconnect at ¢ = ¢; is given by

V=V, + I =Ty + 1+ =—

© 2015 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



32 Chapter 2/ Transient Response of Transmission Lines

V=200 + ) =27 = ?
When the voltage wave V| arrives at the driver end of one of the driver interconnects at = 21, it
is completely absorbed since I'y = 0. However, when the voltage wave °V;rt* arrives the load gate
at t = 2t4, it completely reflects back since I't, ~ +1 (since Z;, > Z). The voltage wave reflected
from the load gate reaches the junction at r = 3¢, where again, reflection and transmission occurs.
This process continues on. The bounce diagram and the sketch of the load-end voltage V1. versus ¢
are as shown in Figure 2.36. At steady state, the value of the load-end voltage is V' (t = c0) = V).

(b) Before t = 0 (when driver gate 1 is at HIGH state and driver gate 2 is at LOW state), steady
state applies and the load-end voltage is V' (t = 0) = V/2. When driver gate 1 changes to LOW
state at ¢ = 0, a voltage wave of amplitude

_ W
DILI T~ T,

is launched at the driver end of the driver interconnect D1. At the same time, when driver gate 2
switches to HIGH state, a voltage wave of amplitude

+ oY
D2,1_2

is launched at the driver end of the driver interconnect D2. These two voltages arrive the junction
at t = r; when the total voltage which is transmitted onto the load interconnect can be found as

V= L), "‘0‘/32,1) =0
—— —
=0

Therefore, in this case, as'shown in Figure 2.36b, the load voltage V1 is not affected by the changes
in the states of the two driver gates and stays equal to V', = V;/2 for ¢t > 0.

2.29 Capacitive load.

At ¢t = 0, an incident voltage wave of amplitude

100
Vih=—"
! 100 + 100
is launched at the source end of the 1002 line. This voltage wave reaches the resistance R; = 1002

att = t; = 2 ns. The reflection coefficient at this junction for a voltage wave arriving from the
1002 onto the 5012 line is

(5V)=25V

(R ]| 50) — 100
(R1 ] 50) + 100

Therefore, a voltage wave of V| = I'j_,¥| = (—0.5)(2.5 V) = —1.25 V reflects back to the
1002 line and VT* = °Vf’ + V7 = 1.25 V is transmitted onto the 50¢2 line. Hence, V| (f) = °Vfr*,
or using step function notation, 9’| (f) = 1.25u(t — 2 ns) V until a new voltage wave disturbance
arrives this position. The reflected voltage wave ¥'|” reaches the source end at t = 2¢; = 4 ns and
is completely absorbed since I'y = 0. The transmitted voltage wave reaches the 5 pF capacitor at

—0.5

' =
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Figure 2.36 Figure for Problem 2.28. (a) Bounce diagram and V', versus ¢. (b) V'L versus
t.

t = 2ty = 4 ns. Since this is a first-order circuit, the voltage wave reflected from the capacitor is
of the form

V(1) = ult = 4ns)[Ky + Kae™=20/7]

where 7 is the time constant of the circuit given by 7 = (50Q)(5 pF) = 0.25 ns and 27, = 4 ns
is the total transmission line delay-for the step voltage wave to travel from the source to the 5 pF
capacitor. Initially the capacitor is uncharged and appears like a short circuit, i.e., the capacitor
voltage at # = 4 ns is Ve(t = 4ns) = V" + V" (t = 4 ns) = 0 from which V] (¢ = 4 ns) =
V" = —1.25V, therefore Kj +K» = —1.25 V. Att = 00, V] (c0) =K =¥ = +1.25V
since the capacitor is fully charged and appears as an open circuit. Thus, K1 = 1.25 V. Hence
K> = —2.5 V and so the reflected voltage wave at the capacitor load position is given by

V(1) = 1.25u(t — 4 ns)[1 — 2¢~ (=4 19)/(025m9)) y

This voltage wave reaches R; at t = 6 ns where no reflection back to the 502 line occurs since the
reflection coefficient for a voltage arriving from the 5052 line onto the 10012 line is

(100 || 100) — 50

(100 || 100) +50

Therefore, the voltage °V1_* (t) continues to travel on the 1002 line towards the source. Hence, the
voltage V' (1) across the R) resistor is now given by ¥’y (£) = ¥ “u(t—2 ns) +%7 " (t— 2 ns) which
can also be written as

[ =

V1(f) = 1.25u(t — 2 ns) + 1.25u(t — 6 ns)[1 — 2¢~ (76 m)/(0:2505))

When ¥ (¢) arrives the source end, it is completely absorbed since T's = 0. The sketch of V" (7)
versus ¢ is as shown in Figure 2.37.
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1.25

Figure 2.37 Figure for Problem 2.29. | versus ¢.

2.30 Unknown lumped element.

Reading from the TDR waveform, the amplitude of the initial voltage wave launched on the Zy;
transmission line is

+ o _ZoVo
AR+ Zon
5 Zo1(3)
50 + Zy;
=15V
from which we can solve for Zy; as
Zo1 = 509

We can also infer from the TDR waveform that 2z;; = 6 ns, so z;; = 3 ns.
Since the source-end voltage drops to 0 at t = 6 ns, the initial value of the reflected voltage
wave is given by

Vit =ta1) = Dy (1 = ta)) Vi = =V,

which means that we must have

FjA—)B(t: tar) = —1

where we define I'j, ,, to be the reflection coefficient at the junction with respect to a voltage
wave approaching the junction from the direction of the Zy; transmission line. Hence the unknown
lumped element must be a capacitor, which acts like a short circuit at t = 7 (to maintain its zero
voltage initially) and results in V', (t = t41) = —V,.

To find the time constant given by 7 = RtC, we need to determine the Thevenin resistor Rt

seen between the terminals of the capacitor:
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Zo1Zo
Zo1 + Zn

Noting from the TDR waveform that 7 = 2 ns, the time constant is given by

Rr =2y || Zno =

Zo1Z Co (50)Zo
Zo1 + Zyo 50 + Zopo

Also, based on the TDR waveform, as ¢t — co (when the circuit reaches steady state), the capacitor
acts like an open circuit. As a result, we have

2ns =71 =

Zoo — Zo1 ot

Vinl o) =z vz A
———

FjA—»B (l*)OO)

Zy — 50
=————(15

Zoz+50( )
=24—-15

where we used the V'(t = 07) and V(¢ — oo) values from the TDR waveform. Solving for Zy,,
we get

Zpy = 20082

Substituting Zy, into the time constant equation above, we have

(50)(200)

P C = 0.05 nF = 50 pF
50 + 200 = n P

2.31 Unknown lumped element.

The unknown lumped element is a capacitor, because at first it presents itself to the incident voltage
wave as a short circuit (since it is initially uncharged) and as a result, the initial value of the reflected
voltage is V| (t = d1) = —¥| = —V,/2 and so when the front of the reflected voltage arrives the
source end of the line at ¢ = 21,4, the value of the source-end voltage reduces to V(t = 2t4) =
Vo/2 — Vp/2 = 0. At steady state (when the capacitor behaves like an open circuit), no reflection
occurs since both lines have the same characteristic impedance and the second line is terminated
with Zp, and so ¥s(c0) = V| = Vp/2 as seen in Figure 2.61 of the text. To relate the value of the
capacitor to the shaded area, we shift the V() curve down by V() /2 and integrate it. This yields

A:—/ <°Vs(t)—vo> dt:/ Yo - -20)/7 gy
2t 2 2ta 2

where 7 = (Zy || Zy)C = ZyC/2. Substituting ¢ = ¢ — 214y, the above integral can be evaluated as

_ E o0 e_t//,rdt/ _ M _ VOZOC
2 Jiso 2 4

from which the capacitor value can be found as

A
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Figure 2.38 Figure for Problem 2.32. Identified unknown elements.

- 4A
- Voo
2.32 Source-end TDR waveform.
(a) Form the TDR waveform, we have
ZoVo  Zo(4)

¥t = = =2V
'R+ Z0 50+ 2

Solving for Zy, we have

Zy = 5082

Hence the source-end reflection coefficient is 0. “Also, based on the TDR waveform, since the
reflected voltage wave arrives at the source at ¢ = 1 ns, we have

2ty=1ns — t3=0.5ns

(b) Based on the TDR waveform, we can identify the unknown elements, as shown in Figure 2.38.
When the unit step wavefront reaches the lumped element network at ¢ = ¢4, the inductor at first
behaves as an open circuit (to maintain its zero initial current), so the front value of the reflected
voltage wave is given by

R — Z
_ 1 OOVT
R + 7

Using the TDR waveform, we find the front value of the reflected voltage wave as

Vi (t=0.5ns")

10 _ Ry —50
— —2=¥7(t=05nst) =2

— 2R 4+100=3R; — 150 — R; =250

At steady state, the inductor is equivalent to a short circuit, so at the load network we have

(Ri | R2) — 2o, .4

Vi (t = ——
10200 = R R T 2

Using the TDR waveform, we determine the steady-state value of V"
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_ (Ri || R2) —50
(125-2) = Gy 50

250
- R || R, = iQ — Ry = 250

The inductor value can be determined from the time constant of the exponential decay of the
source-end voltage after r = 1 ns:

L L L
= — = = =50 = 0.15ns
Rt Ri|Zy+R2 =0

— L=10nH

2.33 Unknown Load.

We assume the source end to be at z = 0 and the load end to be at z = L. From Figure 2.63b in the
text, we can write

ZoVo 57 _
R +Zy  15Q+7Z9
Solving, we have Zy = 752. Therefore, there are no reflections from the source end.

Based on Figure 2.63b, one of the two unknown elements must be an inductor, since ¥’y — 0
as t — oo, and the other must be a resistor, since the ¥(¢) waveform jumps at = 6 ns. Note that
to maintain its zero current, the inductor acts like an open circuit at t = ¢,.

Let these two elements be represented as L and R. From Figure 2.63b in the text, we have

Vs(0%) =¥F(0,0) = 25V

V(265) =7 (0,267) + V7 (0,2£)) =125V

and

V(0,265) =(0,0) =25V

Hence

V7(0,267) =1.25-25=-1.25V

Hence we have

Since

R—7Zy R-75 1
W) = R RS2

we can solve to find

R =250
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Using 7 = 0.8 ns, we have

L  (R+Z)L (25+75L

= = = =8x 1071
"= Rz RZ (25)(75) °

solving for L, we have

L=15x10%H=15nH

2.34 Capacitive load.

(a) Atr = 0, an incident voltage wave of amplitude

Zo1 75

v = Vo = 3.6V) =18V
1 R + Zp1 0 75—|—75( )

is launched on line 1 from the source end. This voltage wave reaches the junction between the two
lines at t = f4; = 6 ns where a new voltage wave of amplitude

(2 || Ra) = Zot _ 37.5 75
(Zoa || Ran) + Zo1 ! 37.5+795

(where we have replaced Zy, || Ry = 50 || 150 = 37.5Q2) reflects back to line 1 traveling toward
the source and another new voltage wave of amplitude

Vi =V Y =18-06=12V

is transmitted to line 2 heading toward the capacitive load. The reflected voltage wave arrives at
the source end at t = 2¢;; = 12 ns where itis completely absorbed since Ry = Zy; and thus I'y = 0.
The transmitted voltage wave arrives at the capacitive load at r = ¢4, + t;p = 6 + 2 = 8 ns where
reflection occurs. Since this-is-a first-order circuit, the amplitude of the voltage wave reflected from
the capacitive load varies with time and has the form given by
V() = TV = u(t — 8 ns) (K + Kpe (819)/7)

where the time constant 7 of the circuit is 7 = [(50€2 || 100Q2) + 100£2](30 pF) = 4 ns. Note that
this expression represents the reflected voltage wave at the load position. The constants K; and K3
are determined by the initial and final conditions as follows: At ¢ = 8 ns, the capacitor is uncharged
and behaves like a short circuit. As a result, the load reflection coefficient at t = 8 ns is given by

(100 || 100) —50
(100 || 100) + 50

and so the reflected voltage wave at the load end at t = 8 ns is

I'L(t=8ns) =

OVI_*(S ns) = FL(I =8 ns)°VT* =0 > Ki+K,=0

Att = oo (or t >~ 57), the capacitor is fully charged and behaves like an open circuit. In this
case, we have
100 — 50

V=t = = (t=00)V " = — ""(12V)=04V =K
1 ( OO) L( OO) 1 100"—50( ) 1
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5 10 15 20 25 t(ns)

Figure 2.39 Figure for Problem 2.34. /' (7) and ¥ versus t.

from which we can find K; as K, = —K; = —0.4 V. Therefore, the voltage reflected from the
capacitive load at the load end can be written as
V(1) = 0.4[1 — e~ =809/G 091 (; — g ns) V

Using this expression, the load end voltage V' (¢) is given by

V() =V + 977 (1) = [1.6 — 0.4e” 30/, g ns) v
The plot of V', versus ¢ is shown in Figure 2.39.

(b) Note that the voltage wave with an amplitude of 7;” = —0.6 V reflected back toward the source
from the junction point between lines 1 and 2 at t = 6 ns arrives at the source end of the line 1 at
t = 12 ns, causing a change in the source end voltage from ¥y = 1.8 Vto ¥y = 1.2 V. The voltage
wave reflected from the capacitive load reaches back to the junction point between lines 1 and 2 at
t =ty + 2ty = 6 +4 = 10 ns where it is completely transmitted onto line 1 since

. 1:(75”150)—50:
7T (75| 150) + 50

This voltage arrives at the source end of the line at t = 2(#4; + t52) = 16 ns and is completely
absorbed since I'y = 0. Therefore, the source-end voltage can be expressed mathematically as

V(t) = 1.8u(r) — 0.6u(t — 12 ns) + 0.4[1 — e~ =101/ 4]t — 16 ns) V

The plot V' versus ¢ is also shown in Figure 2.39.

2.35 Reactive element at the junction.

Using Zpa to denote the characteristic impedance of the 50¢2 transmission line, the voltage wave
step at the input to the A transmission line at time # = 0 is given by

ZoaVo  (50)(6)

AT R+ Zoa 50+ 50
Since Ry is equal to Zp,, the source reflection coefficient is O:
R — Z 50 — 50
Fs I 0A -0

" Ry+Zpa  50+50
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When the incident voltage wave reaches the junction at r = r;4 = 2 ns, the inductor initially acts
as an open circuit (to maintain its zero initial current) and the junction reflection coefficient at 2 ns
is thus given by

150—50 1
Tae(fan) = 150750 = 2

Hence the voltage amplitude of the first reflected left-going wave on transmission line A is

Via(thh) =Tap(t)Via = <;) (3) = %V

and the initial input voltage wave traveling towards to the right-hand transmission line (which we
denote as line B) is

3 9
Vis(ta) = Vi + Via(i5y) =3 + ) \4

As t — 00, the inductor turns into a short circuit at steady state and as a result we have

(150([300) —50 =~ 100—50 1

Tap(t — = = I
AB(f — 00) (150[|300) + 50~ 100450 3
and so
_ 1
Vip(t = 00) = Tap(t = 00) V|, = 5(3) =1V
and

Vit —o0) =V, +V,(t >00)=3+1=4V
The load reflection coefficient is
_ RL—Zpp  300—-300
" RL+Zog  300+300

so there are no load reflections to consider.
Finally, the time constant is

L

0.27 x 10~
==~ _8%x109%s=08
7= (50]]150) + 300 ©° i s

Considering the above results, we can make the sketches seen in Figure 2.40a and b. In func-
tional form, we can write

1
V(t) = 3u(t) + u(t — 4 ns) + 5e—<’—4 ns)/08 08y, (1 — 4ns) V

and

1 .
VL(t) = 4u(t — 4 ns) + Ee’(’*“ ns) /08, — 4ns) V
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V(@) (V) V@) (V)
Al F 45F--—-—-- N
31 3t

0o 2 4 6 8 10 12 ™) T g 10 12 i(ns)
(a) (b)

Figure 2.40 Figure for Problem 2.35. (a) V() versus z. (b) V'.(¢) versus .

2.36 Transmission line terminated with a capacitive load.

At t = 0™ (just before the switch closes), steady state applies and we have

V(07) =VL(07) =5V

Following steps similar to Example 2.9, one can write the differential equation governing the re-
flected voltage wave V| (I, ¢) at the load end as

don_(l,l) R +Zy = Ry — 7y 4
V(L) = V(L t
dt + <RLZ()CL 1 ( ’ ) RLZOCL 1 ( ’ )

where

Vo Vo

V(1) = =
1(,) Rs+ZO 2

The general solution for the above differential equation is given by

=25V

VT (1,1) = Ky + Kye [(RtZ0)/(RuzoCulr
— K + Kye~ [(50+50)/((50)(50)(40x10~12))] 1

9
— K] + Kze—lo 1
where the K| and K, constants are to be determined using the initial and final conditions. Note

that the reflected voltage wave at the load end must vary exponentially from 2.5 V at t = 0 (since
VL(0T) =¥L(07) =5 Vand V] (1,0%) + ¥ (1,0Y) =5V) to

R — 7
R+ 7
for t — oo. So, K; + K> = 2.5 and since K; = 0, K, = 2.5. We thus have

rL(t—>oo)%fl+(1,z—>oo):( >°V1+(z,z—>oo):o

V(L) =25V, >0
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V(@ (V) Vo) (V)
20 5.0/
2.51 2.5\\

3 t (ns) t (ns)

Figure 2.41 Figure for Problem 2.36. /' (¢) and 9 (¢) versus ¢.

The load-end voltage V' (¢) is given by

VL) =V (L) + V7 (L 1)
=251+ vV, >0

Since the variation in the reflected voltage wave affects the source-end voltage #; = 3 ns later, the
reflected voltage wave at the source-end can be written‘as

V() = V7 (0,0) 4V (0,1)
= 2.5 + 2571007309

—25 [1 e 1003m)| y (>3
The source- and load-end voltage waveforms are shown in Figure 2.41.

2.37 Transients on a transmission line.

At t = 0~ (just before the switch opens), steady-state condition applies and the inductor acts like

a short circuit. The incident and the reflected voltage waves at any position z on the line at t = 0~
are given by

_ Zo 50
V(z,07) = Vo = 6) =3V
1(z07) Ro+7 ° 50150

Vi (z,07)=TL(07)¥ ] (z,07) = (-1)(3) = -3V

The source-end and load-end voltages and the inductor current at t = 0~ are as follows:

V(07) = c\VI‘_(O,O_) +°V1_(0,0_) =3-3=0
VL(07) = OVT(Z, 07) +°Vf(l, 07)=3-3=0
. _ Vi 6V

lind(o ) 0

=—=—=012A
R, 500
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1002
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2y=5022 v ) (Poi2a é 3000
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Figure 2.42 Figure for Problem 2.37. Lumped equivalent circuit at the load end of the
transmission line at = 0. The current source represents the inductor at t = 0.

100Q2
—— AAA

Zy=50Q

| é 300Q

L

Figure 2.43 Figure for Problem 2.37. Equivalent circuit at the load end of the transmis-
sion line at steady state.

Att = 07 (right after the switch opens), the inductor current is imd(0+) = i;na(07) = 0.12 A.
The lumped equivalent circuit at the load end of the transmission line at 1 = 0T can be drawn as
shown in Figure 2.42. Using KirchhofT's circuit laws and Ohm's law, the load-end voltage at t = 0™
can be found as

Vi (0F) = Zoiy (01) = (50)(—0.08) = —4 V

Since

VL(0F) =97 (L,07) + 97 (1,07)
—4V=3V+¥(,07) — VY (L0T)=-TV

Note however that this change in the value of the reflected voltage wave will not reach the source
end until £ = 7; = 3 ns. Also, no reflection will occur at the source end since I'y = 0.

As t — o0, the inductor behaves like a short circuit and the lumped equivalent circuit at the
load end at steady state can be drawn as shown in Figure 2.43. The load reflection coefficient as
t — oo can be found as

100 — 50 1
Lt =00 = 150550 ~ 3

The reflected voltage wave as t — oo is given by
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V@0 (V)

4 e

0 0 ; t (ns)

A

Figure 2.44 Figure for Problem 2.37. ¥ versus .

Vi (z,t = 00) =TL(t — oo)VT(Z, t— 00)

So, the final steady-state value of the load-end and source-end voltages will be

Vs(t — 00) =VL(t = 00) =V +¥[(t—>00)=3+1=4V
The time constant of the circuit can be found as

L 30 nH 0.3 ns
T ==& = = .
Rt (50 %+ 100) || 30042

Using these values, the source-end voltage can be written as

0, t<3ns
V(1) =
4 — 8¢—(1=31ns)/0.3 " f>3ns

= [4 — ge=(=3m5)/03 “S} u(t —3ns) V
¥s(r) is drawn in Figure 2.44.

2.38 Transient response.

We begin by calculating the reflection coefficient I'y at the junction. The two 1002 parallel lines
combine to contribute an impedance of 100 || 100 = 5052. The effective impedance seen by the
5092 line at the junction is 50 || 25 ~ 16.67€2. The total reflection coefficient at the junction for a
voltage wave approaching from the 502 line is therefore

_1667-50 1
C16.674+50 2

Att = 0T, the step-source incident voltage wave with amplitude

J
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.50

yt=_—_"_12=6V
L7504+ 50

is launched down the 502 transmission line. When the voltage wave meets the junction at z;; =
1 ns, areverse voltage wave of amplitude 7', = —0.5-6 = —3 V isreflected back to the source, and
a6—3 = 3V voltage waves are launched down the three parallel transmission lines at the junction.
At t = 2 ns, the transmitted voltage wave arrives at the capacitive load at t5; 4+ t,» = 2 ns. Initially,
the capacitor is discharged and represents a short circuit. Noting the series 25€2 load resistor, the
capacitive load is initially matched and the initial reflection coefficient is 0. With a time constant
of

T = ReqC = (25 +25)(20 x 107 '%) = 1 ns

the capacitor eventually charges and becomes an effective open circuit. At this time, the reflection
coeflicient at the capacitive load is 1. Noting that the two 100£2 lines have matched terminations,
and the parallel network seen by the 252 line is also matched, the bounce diagram in Figure 2.45a
can be drawn. The right pointing arrow indicates the return voltage wave from the capacitive load
builds from O to 3 V with a time constant of 1 ns.

When the switch is closed at ¢t = 7 ns, V' =0, which launches a —6 V step-type voltage wave
down the 502 line. We can simply negate the voltages calculated in the bounce diagram for the
+6 V incident voltage wave. The resulting voltages at the source and load are drawn in Figure 2.45b
and c, respectively.

The functional form of the load and source voltages are

0 0<t<2ns
VL(t) = ¢ (6 =3¢~ (=2m)/Im) vV 2ng <1< 9ns

3e— (=9 ns)/1nsy t>9ns

6V 0<r<2ns

3V 2ns < t<4ns

(6 —3e(=419)/Ims) vV 4ng <1< 7ns
V(1) =

0 7ns <t<9ns

3V 9ns <t<11ns

3e~ (=11 ns)/Insy t>11ns

The problem statement asks for the voltage across the capacitor, not the voltage across the series
combination of the resistor and capacitor at the load. Noting that the voltage across the capacitor
cannot have a step discontinuity, we have
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Figure 2.45 Figure for Problem 2.38. (a) Bounce diagram. The junction point is labeled
J. (b) V5 versus ¢. (c) V', versus t. (d) V'c versus .

0 0<tr<2ns
Ve(r) = ¢ 6(1 —e (=209)/1ns) vy 25 <1< 9ns
6e— (=9 ns)/1 ns t>9ns

The voltage across the capacitor is drawn in Figure 2.45d.

2.39 Inductive load.

At t = 0, an incident voltage wave of amplitude °Vfr = 2.5 V is launched from the source end
of the 502 line traveling toward the inductive load. This voltage wave reaches the 25¢2 resistor at
t = 5 ns where a voltage wave of amplitude

_ (25+75)—-50_ . 1 2.5

=—— YT =(=-]R25V)=—V
L (25+75)+50 ! 3 ( ) 3

reflects back toward the source and another voltage wave of amplitude

. 75 1
Vv :M<1+3>°V1+:°V1+:2.5V
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Figure 2.46 Figure for Problem 2.39. V| versus ¢.

is launched on the 752 line traveling toward the load. When this voltage wave arrives at the in-
ductive load at r = 10 ns, reflection occurs. Since this is a first-order circuit, the reflected voltage
wave can be expressed as
V(1) = TL()VT" = u(r — 10 ns)(K) + Kpe U710m)/7)
where K; and K, are to be found from the initial ‘and final conditions and 7 is the time constant
given by
20nH ~ 20nH

T @5 750750 T 500 s

At t = 10 ns, the inductor acts like an open circuit and as a result, we have

(75 +75) — 75 2.5
T o5V =22
(75+75)+75( )= 3

—k

VYV (t=10ns) = K; + K, =TL(t = 10ns)V| " =

As t — 00, the inductor becomes a short circuit and so we have

« 15—175
ol = =K, =T Yt =
1 (t OO) 1 L(OO) 1 75 +75

from which we find K, = 2.5/3 V. Therefore, the reflected voltage wave follows as

(25V)=0 — K; =0

. 2.5
V() = u(t = 10 ns) ==~ (1004 y
Thus, the load-end voltage can be found as
E3 E3 1 Q Q
Vi) =V + V77 (1) = 2.5u(r — 101s) |1 + ge*“*m us)/(04ms) |y

The sketch of V' (¢) versus ¢ is shown in Figure 2.46. Note that no other voltage reflects back toward
the load since ﬂ/f*(t) is completely absorbed both at the location of the 25¢) and at the source.
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2.40 Capacitive load.

Using the results of Example 2.9, the general solution for the reflected voltage wave can be written
as

OV; (Oa t) =K+ Kze_[(RL"’ZO)/(RLZoCL)]t
=K + Kze—[(3OO+100)/(300~100-20><10_‘2)]1

— Kl +Kze—t/(1.5 ns)

which is valid for ¢ > 0. Since the capacitor will initially act like a short circuit at # = 0 to maintain
its zero voltage,

Y1(0,0) =Tp(t=0)¥(0,0)=—-1V
N—_— e —
—1 1V

On the other hand, since the capacitor will act like an open circuit as t — oo,

V(0,8 — 00) = I'p(t — 00) V(0,1 = 00)
~—————

Y
RC—Zy_300— 100

= & =05V
Ry +7Zy 300+ 100

Using the above initial and final conditions, the reflected voltage wave can be found as

V5 (0,0) =0.5—1.5¢7705m) ;0

To determine the approximate time at which the reflected voltage wave at z = 0 will equal to
zero, we set V', (0,¢) = 0 to find

05—15¢7/05) =0 — ;= —(1.5ns)ln (?2) ~ 1.6479 ns

2.41 Step excitation.
(a) At t = 0T, an incident voltage wave of amplitude

27

vho
270 + 27y

(5V) =25V

is launched at the source end of the line. When this voltage wave reaches the stub junction at t = #,
a new voltage wave of amplitude

(Zo || 220) — 22y
(Zo |1 220) + 22

reflects back toward the source and a transmitted voltage wave of amplitude

- _ + _
0‘/1 = jlon =

(25V) = (-0.5)(2.5V) = —1.25V

VT =14V =+1.25V
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Figure 2.47 Figure for Problem 2.41. Bounce diagram and the load voltage V[, versus ¢.

is launched not only on the stub (ﬂ/fg) but also on the main line (°V1+m) traveling toward the load.
The V?‘S launched on the stub arrives at the short circuit at ¢ = 27, where V| = FSCVE = —"Vf's =
—1.25 V reflects back toward the junction since I's, = —1. When it reaches the junction at ¢ =
314, it is completely absorbed, i.e., ¥, = —1.25 V travels both towards the source (where it is
completely absorbed) and the load (where I't (V') = —1.25 V reflects back since I'L, = +1). This
process continues on as shown in the bounce diagram in Figure 2.47.

(b) For pulse excitation, we can use superposition to find the load voltage, as was done in Example
2.6 and Problem 2.9. For this, we note that the termination of the pulse is equivalent to excitation
with a negative step applied at t = 4 ns, so that we have

OVpulse(t) = OVStep(t) - CVstep(t -4 nS)
The superposition and the resultant pulse response are shown in Figure 2.48.

2.42 Capacitive load excited by two sources.
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(1)

step 2.5
\'
N2
1 0.625
A 8 10 ™
2 i 6 ‘ ' Tt
1k -1.25 a
‘} —QVstep (1—4) ].25
1 -4
2 4 6 8 10 12 5 1s L tht,
-1+ —0.625
27 -255
A :‘:;’;lse“’ 25
24 ﬁgs
] -
2 4 6 8 10 | m y
-1+ -1.25
_2 <+
-3+
-3.75

Figure 2.48 Figure for Problem 2.41. Load-end voltage pulse response obtained as the
superposition of the step response to a negative step applied at = 4 ns.
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The effects of the two sources can be determined using the superposition principle. First, we only
consider the step voltage source on the left and treat the voltage source on the right as a short circuit.
At t = 0, this source causes an incident voltage wave of amplitude °I/T = 2.5 V to be launched at
the source end of the 10052 line on the left. This voltage wave reaches the junction at t = 500 ps,
when V[ = [V reflects back and V']~ = (1 + ')V is transmitted into the other two lines.
Since

(100 || 50) — 100

_ =05
(100 || 50) + 100

'y

we have VT* = +1.25 V. The voltage Vf* reaches the capacitor at = 1 ns and starts charging it
up according to

Ve (1) = u(t — 1 n8)[K; 4 Ky (119/7)

Initially the capacitor is uncharged and acts like a short circuit, and after a long time it behaves like
an open circuit.

— OVCI(l ns) =K; + K, =0 and 0VCl(OO) =K = 2°Vfr* =25V

— Vi (f) = 2.5u(r — Ins)[L — e~ (71 19)/(05m))

where the time constant 7 is found from 7 =(50€2)(10 pF) = 0.5 ns. The voltage wave reflected
from the capacitor is completely absorbed by the two 100£2 lines at the junction at ¢t = 1.5 ns and
then by the two sources at ¢ = 2 ns and ¢ = 2.5 ns respectively. Next, we consider the negative step
voltage source on the right only (i.e., replace the voltage source on the left with a short circuit).
The capacitor voltage V¢ (f) due to this source is a scaled (by —1) and delayed (by 0.5 ns) version
of ¥'c1(1), i.e., the total capacitor voltage due to both sources follows as

V() = 2.5{u(t — 1 ns)[1 — e 71/ O3] —yy(p — 1.5ns)[1 — e 713/} y
Figure 2.49 shows the sketch of V¢ () versus z.

2.43 Two sources.

Before t = 0, since steady state applies, the step source on the left hand side is OFF (i.e., short
circuit) and the step source on the right hand side is ON and the line is fully charged to
Vo

0[/'51(07) = 01/52(07) = +7

due to the source on the right hand side. Att = 0, the step source on the left turns ON and launches
a voltage wave of amplitude
Vo
OVTL = +7
from the left hand side and the source on the right turns OFF, which we interpret as a voltage wave
of amplitude
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Figure 2.49 Figure for Problem 2.42. The capacitor voltage V¢ (t) versus 7.

_ Vo
Vg =—=
IR 2
being launched from the right hand side. When both °V;FL and V' reach the junction between the

three lines at r = 1,4, a voltage wave of amplitude

_ | Vo | Vo Vo
Vi =T+ (0 +T)V = <7> ("‘7) + <1 - 3> (—2> =5

is launched on the left line going toward the step source (which is OFF) on the left hand side and
a voltage wave of amplitude

+ - + Vo

ViR =TV + 0 +T)V = Y

is launched on the right line going toward the step source (which is ON) on the right hand side.
The voltages transmitted onto the stub from both sides at t = #; add up to

OV;ub =1+ Fj)(OVTL +VR) =0

——
=0

i.e., as a result of this interval cancellation, no net voltage disturbance is launched onto the stub.
Both ¥} and °V1+R are completely absorbed at their destinations at t = 2¢; and no further reflections
occur. The source-end voltages V's; and V'sp versus ¢ are sketched in Figure 2.50.

2.44 RG 8 coaxial line.

Using the velocity factor (i.e., v,/c = 0.66) and the student's measurements of the diameter of
the inner conductor (i.e., 2a ~ 2 mm) and the outer diameter of the dielectric (i.e., 2b ~ 7.5mm)
along with the expressions provided in Table 2.2, the line parameters for the RG 8 coaxial line can
be found as

b 7.5
L=02In () =0.21In (2> ~ 0.264 pH-m~' ~ 80.6 nH-ft ™!

a
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Figure 2.50 Figure for Problem 2.43. The voltages V's; and V', versus .

2\ 55.6 55.6
c=|= = ~ 96.6 pF-m~! ~ 29.4 pF-ft !
<vl2,> In(b/a) _ (0.66)21n(7.5/2) prm P

415 x 107 8(a+b)VF 415 x1078(3.75 + 1)V108
B ab 2 (3.75)(1)(1073)
~0.526 Q-m~! ~ 0.160 Q-ft"!

R

and

158 x 1073
~ In(7.5/2)

respectively. The characteristic impedance of the line can be calculated as

Zy = (%") 601n <z> — (0.66)(60) In <725> ~ 5230

We thus find that both Zj and C values are verified because their values calculated above are quite
close to the values provided in the Radio Shack product catalog.

~ 1195 x 107°S-m~! ~ 3.64 x 107°0S-ft~!

Two-wire line.
Using the ratio
d 21
—=-—=175
2a 1.2
along with the expressions provided in Table 2.2 at 200 MHz, we have

L=04In (17.5 +1/(17.5)2 — 1) ~ 1.42 yH-m™'

27.8

T (17.5 + \/m)

C

~ 7.82 pF-m~!
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_ 83 x107%v/2 x 108
B 6 x 10~

and G = 0 respectively. Using Table 2.2, the characteristic impedance can also found as

R ~ 1.96 Q-m™!

Zo = 1201n (17.5 +4/(17.5)2 — 1) ~ 426.5 ()
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