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Fundamentals of applied electromagnetics solution

Chapter 1: Introduction: Waves and Phasors Lesson #1 Chapter — Section: Chapter 1 Topics: EM history and how it relates to other fields Highlights: ¢ » « « « EM in Classical era: 1000 BC to 1900 Examples of Modern Era Technology timelines Concept of “fields” (gravitational, electric, magnetic) Static vs. dynamic fields The EM Spectrum Special
Ilustrations: ¢ Timelines from CD-ROM Timeline for Electromagnetics in the Classical Era ca. 900 BC ca. 600 BC Legend has it that while walking across a field in northern Greece, a shepherd named Magnus experiences a pull on the iron nails in his sandals by the black rock he was standing on. The region was later named Magnesia and the rock
became known as magnetite [a form of iron with permanent magnetism]. Greek philosopher Thales describes how amber, after being rubbed with cat fur, can pick up feathers [static electricity]. ca. 1000 Magnetic compass used as a navigational device. 1752 Benjamin Franklin (American) invents the lightning rod and demonstrates that lightning is
electricity. 1785 Charles-Augustin de Coulomb (French) demonstrates that the electrical force between charges is proportional to the inverse of the square of the distance between them. 1800 Alessandro Volta (Italian) develops the first electric battery. 1820 Hans Christian Oersted (Danish) demonstrates the interconnection between electricity and
magnetism through his discovery that an electric current in a wire causes a compass needle to orient itself perpendicular to the wire. 2 Lessons #2 and 3 Chapter — Sections: 1-1 to 1-6 Topics: Waves Highlights: * ¢ « Wave properties Complex numbers Phasors Special Illustrations: « « CD-ROM Modules 1.1-1.9 CD-ROM Demos 1.1-1.3 CHAPTER 1 3
Chapter 1 Section 1-3: Traveling Waves Problem 1.1 A 2-kHz sound wave traveling in the x-direction in air was observed to have a differential pressure px t 10 N/m 2 at x 0 and t 50 ps. If the reference phase of px t is 36 , find a complete expression for p x t . The velocity ; of sound in air is 330 m/s. Solution: The general form is given by Eq.
(1.17), px t A cos where it is given that ¢0 From Eq. (1.27), 2nt T @0 36 . From Eq. (1.26), T 1f 12103 05ms.Aupf 3302 103 0 165 m Also, sincepx 0t2mx A 50us 10 (N/m2 )5010 6nmrad 364510 180 Acos126rad 031A Acos 2mitfollowsthatA 100 31 32 36 N/m2 . So, with tin (s) and xin (m), px t 32 36 cos 2m 32 36 cos
4n tx 2m 103 36 500 165103 t12 12nx 36 (N/m2 ) 106 (N/m2 ) Problem 1.2 For the pressure wave described in Example 1-1, plot (a) px t versusxatt 0, (b) px t versustatx 0. Be sure to use appropriate scales for x and t so that each of your plots covers at least two cycles. Solution: Refer to Fig. P1.2(a) and Fig. P1.2(b). CHAPTER 1 4
p(x=0,t) 12. 10. 10. 8. 8. 6. 6. Amplitude (N/m2) Amplitude (N/m2) p(x,t=0) 12. 4. 2. 0. -2.-4. 4. 2. 0. -2. -4. -6. -6. -8. -8. -10. -10. -12. 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 -12. 0.0 0.2 0.4 0.6 Distance x (m) 0.8 1.0 1.2 1.4 1.6 1.8 2.0 Time t (ms) (a) (b) Figure P1.2: (a) Pressure wave as a function of distance at t wave as a
function of time at x 0. 0 and (b) pressure Problem 1.3 A harmonic wave traveling along a string is generated by an oscillator that completes 180 vibrations per minute. If it is observed that a given crest, or maximum, travels 300 cm in 10 s, what is the wavelength? Solution: f up 2 180 3 Hz60300cm 03 m/s10sup03 01m 10 cm f 3 Problem
1.4 Two waves, yl1 t and y2 t , have identical amplitudes and oscillate at the same frequency, but y2 t leads y1 t by a phase angle of 60 . If yl t 4 cos 2m 103 t write down the expression appropriate for y 2 t and plot both functions over the time span from 0 to 2 ms. Solution: y2 t 4 cos 2n 103t 60 CHAPTER 1 54 y1 (t) y2(t) 2 0 0.5 ms 1 ms 2 ms
1.5 ms z -2 -4 Figure P1.4: Plots of y1 t and y2 t . Problem 1.5 The height of an ocean wave is described by the functiony x t 1 5sin 0 5t 0 6x (m) Determine the phase velocity and the wavelength and then sketch y x t at t over the range from x 0 to x 2A. Solution: The given wave may be rewritten as a cosine function: yx t 1 5cos 0 5t 0 6x 1 2
By comparison of this wave with Eq. (1.32), yx t A cos wt Bx 0 we deduce thatup w 2nf O05rad/s BPwP 083 m/s A 05062n O6rad/m A2n2n 1047 mpP 06 2s CHAPTER1 6y (11/2,t) 1.51 0.50 22 x-0.5-1 -1.5 Figure P1.5: Plotof y x 2 versusx. Att 2s,yx 2 15sin1 0 6x (m), with the argument of the cosine function given in radians.
Plot is shown in Fig. P1.5. Problem 1.6 A wave traveling along a string in the y1 x t A cos wt Px x-direction is given by where x 0 is the end of the string, which is tied rigidly to a wall, as shown in Fig. 1-21 (P1.6). When wave y1 x t arrives at the wall, a reflected wave y2 x t is generated. Hence, at any location on the string, the vertical
displacement y s will be the sum of the incident and reflected waves: ysx t yl x t y2x t (a) Write down an expression for y2 x t , keeping in mind its direction of travel and the fact that the end of the string cannot move. (b) Generate plotsofyl x t ,y2 x t and ys x t versus x over the range 2A x 0 at wt 1 4 and at wt 1 2. Solution: (a) Since
wave y2 x t was caused by wave y1 x t , the two waves must have the same angular frequency w, and since y2 x t is traveling on the same string as yl x t , CHAPTER 1 7 y Incident Wave x x=0 Figure P1.6: Wave on a string tied to a wall at x 0 (Problem 1.6). the two waves must have the same phase constant B. Hence, with its direction being in
the negative x-direction, y2 x t is given by the general form y2 x t B cos wt 90 Bx (1) where B and O are yet-to-be-determined constants. The total displacementisysx t yl x t y2x t A cos wt Since the string cannot move at xys 0 t 0 for all t. Thus, Bx B cos wt Bx @0 0, the point at which it is attached to the wall, ys 0 t A cos wt B cos wt @0
0 (2) (i) Easy Solution: The physics of the problem suggests that a possible solution for (2) is B A and ¢0 0, in which case we have y2 x t A cos wt Bx (3) (ii) Rigorous Solution: By expanding the second term in (2), we have A cos wt B cos wt cos @0 sin wt sin @0 0 or A B cos 90 cos wt B sin @0 sin wt This equation has to be satisfied for all values
of t. At t AB cosp0 0 0 (4) 0, it gives (5) CHAPTER 1 8 and at wt 1 2, (4) gives B sin ¢0 0 (6) Equations (5) and (6) can be satisfied simultaneously only if AB 0 (7) or A ¢0 B and 0 (8) Clearly (7) is not an acceptable solution because it means that y 1 x t 0, which is contrary to the statement of the problem. The solution given by (8) leads to (3). (b)
Atwt m4,ylx t Acosndy2x t Acoswt m42nx An2nxAcos4 APx AcosPx Plotsofyl, y2, and y3 are shown in Fig. P1.6(b). ys (wt, x) 1.5A A y2 (wt, x) x 0 -2A y1 (wt, x) -A -1.5A wt=n/4 Figure P1.6: (b) Plots of y1 ,y2 , and ysversus x at wt At wt m4. m2,ylx t Acosn2 Bx Asinpx Asin 2nx A CHAPTER19y2x t Acosm2pBx Asin
Bx A sin 2nx A Plots of y1, y2, and y3 are shown in Fig. P1.6(c). ys (wt, x) 2A y1 (wt, x) y2 (wt, x) Ax 0 -2A -A -2A wt=n/2 Figure P1.6: (c) Plots of y1 , y2, and ys versus x at wt Problem 1.7 m 2. Two waves on a string are given by the following functions: y1 x t 4 cos 20ty2x t 4 cos 20t 30x 30x (cm) (cm) where x is in centimeters. The waves are
said to interfere constructively when their superposition ys y1 y2 is a maximum and they interfere destructively when y s is a minimum. (a) What are the directions of propagation of wavesy 1 x t andy2x t ? (b) Att m 50 s, at what location x do the two waves interfere constructively, and what is the corresponding value of ys ? (c) Att m 50 s, at
what location x do the two waves interfere destructively, and what is the corresponding value of ys ? Solution: (a) y1 x t is traveling in positive x-direction. y 2 x t is traveling in negative x-direction. CHAPTER 1 10 (b) Att 1 50 s, ys yl formulas from Appendix C, y2 4 cos 04n 2sinxsiny cosx y 30x 3x . Using the cos 0 41 y cos X we have ys
8 sin 0 41 sin 30x 7 61 sin 30x Hence, ys 1, or 30x and it occurs when sin 30xn 01 2 (c) ys min max 7 61 o 2 2nm, or x 0 and it occurs when 30x nm, orx 1 60 2nn 30 cm, where nit cm. 30 Problem 1.8 Give expressions for y x t for a sinusoidal wave traveling along a string in the negative x-direction, given that y max 40 cm, A 30 cm, f 10 Hz,
and (a)yx 0 Oatx 0, (b)yx 0 0Oatx 75 cm. Solution: For a wave traveling in the negative x-direction, we use Eq. (1.17) with w 2o f 20m (rad/s), p 2n A 2m 0 3 20m 3 (rad/s), A 40 cm, and x assigned a positive sign: yx t 40 cos 20t with x in meters. (a) y 0 0 0 40 cos @0 . Hence, 0 y x t 40 cos 20t 40 sin 20mt 40 sin 20mt (b) Atx 7 5
cm=75and yx t 10 2(cm) 90 m2,and 20nnx 3 2 200 3x (cm), 20 3x (cm), if 0 if O m,y 0 40 cos 1 2 40 cos 20nt 40 cos 20mt 20nx 3 20n 3 x (cm), 20m 3 x (cm), m2 12 @0 . Hence, 0 if 90 if 0 0 m 0 or m, CHAPTER 1 11 Problem 1.9 An oscillator that generates a sinusoidal wave on a string completes 20 vibrations in 50 s. The
wave peak is observed to travel a distance of 2.8 m along the string in 50 s. What is the wavelength? Solution: T Problem 1.10 function: 5028 25s 056 m/s up 205A upT 056 25 14 m The vertical displacement of a string is given by the harmonic y x t 6 cos 16mt 20nx (m) where x is the horizontal distance along the string in meters.
Suppose a tiny particle were to be attached to the string at x 5 cm, obtain an expression for the vertical velocity of the particle as a function of time. Solution: yx t 6 cos 16ntu 005 t 20mx (m)dyx t dtx 005 96n sin 16mt 20nx x 005 96msin 16ntno  96n sin 16mt (m/s) Problem 1.11 Given two waves characterized by y1 t 3 cos wt y2t 3
sin wt 36 doesy2t lead orlag yl t , and by what phase angle? Solution: We need to express y2 t in terms of a cosine function: y2t 3 sinwt36 m 3cos wt36 2 3cosb54 wt 3coswt 54 CHAPTER 1 12 Hence, y2t lagsyl t by 54 . Problem 1.12 The voltage of an electromagnetic wave traveling on a transmission line is givenby vz t 5e az
sin 4 109 t 200z (V), where z is the distance in meters from the generator. (a) Find the frequency, wavelength, and phase velocity of the wave. (b) At z 2 m, the amplitude of the wave was measured to be 1 V. Find a. Solution: (a) This equation is similar to that of Eq. (1.28) with w 4m  20m rad/m. From Eq. (1.29a), f w 2o 2 109 Hz Eq. (1.29b), A
2nB 01 m. From Eq. (1.30), up w B 2 108 m/s (b) Using just the amplitude of the wave, 1 5e a2 10 9 rad/s and 2 GHz; from 11 In2m 5 a 0 81 Np/m. Problem 1.13 A certain electromagnetic wave traveling in sea water was observed to have an amplitude of 98.02 (V/m) at a depth of 10 m and an amplitude of 81.87 (V/m) at a depth of 100 m. What
is the attenuation constant of sea water? Solution: The amplitude has the form Aeaz . At z 10 m, and at z 100 m, The ratio gives e e or Ae 10a 98 02 Ae 100a 81 87 10 100 e 10a 98 02 81 87 1 2e 1 20 100a Taking the natural log of both sides giveslne In12e 100 10a In12 100aa 90a In12 018 10ax Hence, « 0 18 90 2 10 3 (Np/m)
CHAPTER 1 13 Section 1-5: Complex Numbers Problem 1.14 Evaluate each of the following complex numbers and express the result in rectangular form: (a) z1 4ejn 3,3 ej3nm4, (b)z2 (c)z3 6e ju2,(d)z4 j3,(e)z5 j 4, z6 1j 3, (g)z7 1j 12. Solution: (Note: In the following solutions, numbers are expressed to only two decimal places,
but the final answers are found using a calculator with 10 decimal places.) (a) z1 4eju3 4cosu3jsinnu3 20j346.(b)z2 3ej3u4(c)z3 6e (d)z4 j3 3u3cos4 3n4jsin j122 122122 6cosn2 jsinm2 j6. jor 3jm23z4 je ej3u2 cos3n2 jsin3u2z6 jj21 ejn2j 3 4 e 2ej2n ju43(g) 1 Problem1.15j12 2e jum4l
2 2322 3j3mdcos3m4d j2 214e 21 ju8 3j2 z2 4j3 jsin3m4 j119 092 Complex numbers z1 and z2 are given by zlj 1. z71ju2 j4 (e)z5(f) 110 jO 38 jO45 jCHAPTER 1 14 (a) (b) (c) (d) (e) Express z1 and z2 in polar form. Find z1 by applying Eq. (1.41) and again by applying Eq. (1.43). Determine the product z1 z2 in polar
form. Determine the ratio z1 z2 in polar form. Determine z31 in polar form. Solution: (a) Using Eq. (1.41), 3j2 36e j337 z2 4j3 5ejl431 zl1 (b)ByEq. (1.41)and Eq. (1.43), respectively, z1 z1 3j2 32 3j2 3j2 2 213 360 13 360 (c) By applying Eq. (1.47b) to the results of part (a), z1 z2 3 6e j337 5ejl431 18ejl1094 (d) By
applying Eq. (1.48b) to the results of part (a), z1 z2 3 6e j337 5ejl431 072 jl1768 (e) By applying Eq. (1.49) to the results of part (a), z31 3 6e Problem 1.16Ifz (a) 1z, (b)z3,(c)z2,(d)z,(e)z. j337 2 3363e j3337 4666e jl011 j4, determine the following quantities in polar form: Solution: (Note: In the following solutions,
numbers are expressed to only two decimal places, but the final answers are found using a calculator with 10 decimal places.) CHAPTER 115(a)1z1 2 j4 (b)z3 2 2(c)z zz(d)z (e) z j4 1j4 23 1447ejl1166 447 1e447ejl1166 3 447 3ej35002j4 2j4 416 20. 2j4 4.2j4 4 4deju. 022e jl166 8944e jlO .z2
and s z1 z2, both in polar form, Solution: (a) z1 z2 s z1 z2j3 2 j3 2j3 3 1 1j3 1 j6 608ej805 (b) z1z2 3j3 424 e j45 s z1z2 3j3 424ej45 t(c) z1z2 3303 3ej303e s z1z2 3ej303e t30 j30j30j15 26 j15 26 5226jl15 j3 3ej90 26 j15 (d)26j15 0 z1z2 3303 150 26j15 s zlz2 26j15 26jl5 52j3
6e j30 t Problem 1.18 Problem 1.17 Find complex numbers t z1 for each of the following pairs: (a) z1 2j3,z2 1j3, j3,(b)zl 3,z2 (c)zl 330,22 3 30,(d)zl1 330,z2 3 150.tj116 6 Complex numbers z1 and z2 are given by 5 z1 z2 2 60 45 CHAPTER 1 16 (a) (b) (c) (d) (e) Determine the product z1 z2 in polar form. Determine the
product z1 z2 in polar form. Determine the ratio z1 z2 in polar form. Determine the ratio z1 z2 in polar form. Determine z1 in polar form. Solution: (a) z1 z2 (b) z1 z2 z1 (c)z2z(d) 1 z2 (e) z1 5e j60 5e j60 5e j60 2ej45 z1 z2 Problem 1.19 2e j45 10e j15 .2e j45 10e jl105 . 25j105. 25j105.5e j6O Ifz 3 5¢€j30.j5, find the value of
Inz . Solution: z 3252 583 6 tan 583e j59 Inz In583e j59 In583 Ine j59 z 1 53 59 zej659m 176j103 176j59 176j 180 Problem 1.20 If z 3 Solution: Hence, ez j4, find the value of ez. ez €3 e3 2009 j4 e3e 2008co0s22918 e3cos4jsin4d 4and4rad 180 22918 j4 mjsin 22918 13 13j1520. CHAPTER 1 17
Section 1-6: Phasors Problem 1.21 A voltage source given by vst 25 cos 2m 103t 30 (V) is connected to a series RC load as shown in Fig. 1-19. If R 1 MQ and C 200 pF, obtain an expression for vc t , the voltage across the capacitor. Solution: In the phasor domain, the circuit is a voltage divider, and Vc Now Vs 25e j30 Vc Vs 1 jwRC V with w
2n 103 rad/s,so0 1l 1jwCR1jwC Vsj2m 25e j30 V103 rad/s 106 Q 25e j30 V1j2n5 1557e j81 5 20010 12 F V. Converting back to an instantaneous value, vct Vce jwt 1557ej wt 815 V 1557 cos 2nm 103t 81 5 V where t is expressed in seconds. Problem 1.22 Find the phasors of the following time functions: (a) vt 3 cos wt o 3 (V),
b)vt 12sinwtm4 (V),(c)ix t 2e 3xsinwtn6 (A),2coswt3m4 (A),(d)it (e)it 4sinwtn3 3 coswtnm6 (A). Solution: (a) V 3e jn3V.(b)vt 12sinwtV 12e jm4V.(c)it 2e 2¢ I 2e m4 12cosn23xsinwtn6 A 2e 3xcoswt3xejn3 An3A wt 3xmdcosn2 12coswtnmd V, wtn6 ACHAPTER118(d)it I 2 coswt 2ej3n4
3ud 2e 2e juj3ndejudA(e)it 4sinwt 4cosn2nm33coswtn3 wt m63coswt 16 4coswtn6 3coswtn6 4coswtn6 3coswtn6 7 coswtnb I 7e ju 6 A Problem 1.23 Find the instantaneous time sinusoidal functions corresponding to the following phasors: 5e jm 3 (V), (a) V. (b) V j6e ju 4 (V),(c)I 6j8 (A), (d)I" 3j2 (A), (e)
I" jA), ®I" 2eju6 (A). Solution: (a) V 5eju3vt ScoswtV 5ej 2n3 V(b)V j6e V 6ejjmdvt 6coswt 13 m1 V 5e ndn2n4dV j2un3V 6ejmn4VV(c)l 6j8 A 10ej531 A 531 it 10coswt A.(d) Iit j2 361le 3 361ejl4631 ejwt j14631 361 coswt14631 ACHAPTER119(e) jeju2 I ejm2ejwtit coswtm?2 sin wtA
(f) 2ejm6 Iit 2eju6ejot 2 coswtno6 A Problem 1.24 A series RLC circuit is connected to a generator with a voltage vs t VO cos wt 1 3 (V). (a) Write down the voltage loop equation in terms of the currentit , R, L, C, and vs t . (b) Obtain the corresponding phasor-domain equation. (c) Solve the equation to obtain an expression for the phasor
current I. R L i Vs(t) C Figure P1.24: RLC circuit. Solution: (a) vst Ri L di dt 1 C (b) In phasor domain: Vs (¢) I R Problem 1.25 RI" jwLI" VsjwL 1 wC idt RI"jwCVO0ejun3jwL 1 wC wCVO e juo3 wRC jw2 LC A wave traveling along a string is given by y x t 2 sin 4mt 10mx (cm) 1 CHAPTER 1 20 where x is the distance along the string in meters
and y is the vertical displacement. Determine: (a) the direction of wave travel, (b) the reference phase ¢ 0, (c) the frequency, (d) the wavelength, and (e) the phase velocity. Solution: (a) We start by converting the given expression into a cosine function of the form given by (1.17): m (cm) yx t 2 cos 4nt 10mx 2 Since the coefficients of t and x both
have the same sign, the wave is traveling in the negative x-direction. (b) From the cosine expression, 0 m 2. (c) w 2nf 4m, f 4nm2n 2 Hz (d) 2n A 10m, (e)up A 2n10o 02 m. fA 202 04 (m/s). Problem 1.26 A laser beam traveling through fog was observed to have an intensity of 1 (W£W/m2 ) at a distance of 2 m from the laser gun and an intensity
of 0.2 (UW/m2 ) at a distance of 3 m. Given that the intensity of an electromagnetic wave is proportional to the square of its electric-field amplitude, find the attenuation constant a of fog. Solution: If the electric field is of the form Ex t EO e oax cos wt fx then the intensity must have a form EO e ax E02 e 2axcos2 wtIx t I0 e 2axcos2 wtIx t or
where we define 10 10 e 2ax . Hence, E02 . cos wt Bx 2 Px Bx We observe that the magnitude of the intensity variesasatx 2m atx 3m I0e 4xl0e 6a 110 (Wm2) 6 0210 6 (W/m2 ) CHAPTER 1 21 e Problem 1.2710e 10 e 4a4a 6010 6 02 10 e2a 56a e a 08 56 (NP/m) Complex numbers z1 and z2 are given by z1 z2 3 j2 1j2
Determine (a) z1 z2, (b) z1 z2, (c) z21 , and (d) z1 z1, all all in polar form. Solution: (a) We first convert z1 and z2 to polar form: z1 3 j2 z2 (b)zlz2 22e 3213e 13ej 1j2 z1z2 j337123 180 337 13ejld63 4elb5ejtan12j634 13ejld63 jtan5ej634 65ej829 13ejld635ej634 13j829e5 (c)z21 13 2ejld6
3 2 13ej2926 13e j360ej2926 13e j674 CHAPTER 1 22 (d) z1 z1 Problem 1.28 13ejl463 1313 e j146 3 Ifz 3e ju 6, find the value of ez . Solution: z 3ejuez €26 6 3cosu6j3sinu6 26j15j15 e26ejl5 e26cos15jsinl5 1346007j098 095j13 43 Problem 1.29 The voltage source of the circuit shown in the figure is
given by vst 25 cos 4 104t 45 (V) Obtain an expression for iL. t , the current flowing through the inductor. R1 i AiL iR 2 + vs(t) L R2 R1 = 20 Q, R2 = 30 Q, L = 0.4 mH Solution: Based on the given voltage expression, the phasor source voltage is Vs 25e j45 (V) (9) The voltage equation for the left-hand side loop is R1 i R2 iR2 vs (10) CHAPTER 1
23 For the right-hand loop, R2 iR2 L diL dt (11) and at node A, i iR2 iL. (12) Next, we convert Eqgs. (2)-(4) into phasor form: R1 I R2 IR2 Vs (13) R2 IR2 jwLIL (14) IR2 IL (15) I Upon combining (6) and (7) to solve for IR2 in terms of I, we have: jwL I R2 jwL IR2 (16) Substituting (8) in (5) and then solving for I leads to: jR2 wL I Vs R2 jwL jR2 wL 1
R1 Vs R2 jwL. R1 R2 jR1 wL jR2 wL Vs I R2 jwL R2 jwLIVs Rl R2 jwL R1 R2 R1 1 (17) Combining (6) and (7) to solve for IL in terms of I gives IL. Combining (9) and (10) leads to IL. R2IR2 jwL (18) R2 R2 jwL R2 jwL R1 R2 jwL R1 R2 Vs R1 R2 jwL R1 R2 R2 Vs CHAPTER 1 24 Using (1) for Vs and replacing R1, R2, L. and w with their numerical
values, we have IL 30 25e 2030j4 10404 10 32030 3025e j45600j800 757 5e j45e j45 0 75e j98 1 (A) 6j8 10e j53 1 Finally,iLt ILejwt 0 75cos4 104t98 1 (A) j45 25 Chapter 2: Transmission Lines Lesson #4 Chapter — Section: 2-1, 2-2 Topics: Lumped-element model Highlights: ¢« « « TEM lines General properties of transmission
lines L, C, R, G 26 Lesson #5 Chapter — Section: 2-3, 2-4 Topics: Transmission-line equations, wave propagation Highlights: ¢« ¢ « Wave equation Characteristic impedance General solution Special Illustrations: * Example 2-1 27 Lesson #6 Chapter — Section: 2-5 Topics: Lossless line Highlights: ¢« « « « General wave propagation properties Reflection
coefficient Standing waves Maxima and minima Special Illustrations: * « Example 2-2 Example 2-5 28 Lesson #7 Chapter — Section: 2-6 Topics: Input impedance Highlights: « « Thévenin equivalent Solution for V and I at any location Special Illustrations: ¢ ¢ « Example 2-6 CD-ROM Modules 2.1-2.4, Configurations A-C CD-ROM Demos 2.1-2.4,
Configurations A-C 29 Lessons #8 and 9 Chapter — Section: 2-7, 2-8 Topics: Special cases, power flow Highlights: ¢ « « ¢ « Sorted line Open line Matched line Quarter-wave transformer Power flow Special Illustrations: * * « Example 2-8 CD-ROM Modules 2.1-2.4, Configurations D and E CD-ROM Demos 2.1-2.4, Configurations D and E 30 Lessons
#10 and 11 Chapter — Section: 2-9 Topics: Smith chart Highlights: * ¢ ¢ Structure of Smith chart Calculating impedances, admittances, transformations Locations of maxima and minima Special Illustrations: *« *« Example 2-10 Example 2-11 31 Lesson #12 Chapter — Section: 2-10 Topics: Matching Highlights: ¢« « Matching network Double-stub tuning
Special Illustrations: ¢ « Example 2-12 Technology Brief on “Microwave Oven” (CD-ROM) Microwave Ovens Percy Spencer, while working for Raytheon in the 1940s on the design and construction of magnetrons for radar, observed that a chocolate bar that had unintentionally been exposed to microwaves had melted in his pocket. The process of
cooking by microwave was patented in 1946, and by the 1970s microwave ovens had become standard household items. 32 Lesson #13 Chapter — Section: 2-11 Topics: Transients Highlights: ¢ ¢ Step function Bounce diagram Special Illustrations: ¢« * CD-ROM Modules 2.5-2.9 CD-ROM Demos 2.5-2.13 Demo 2.13 CHAPTER 2 33 Chapter 2 Sections 2-
1 to 2-4: Transmission-Line Model Problem 2.1 A transmission line of length 1 connects a load to a sinusoidal voltage source with an oscillation frequency f . Assuming the velocity of wave propagation on the line is ¢, for which of the following situations is it reasonable to ignore the presence of the transmission line in the solution of the circuit: (a) I 20
cm, f 20 kHz, (b)1 50 km, f 60 Hz, (c)1 20 cm, f 600 MHz, (d)1 1 mm, f 100 GHz. Solution: A transmission line is negligible when11f20 10 2m 20103 Hz 1(a) 2Aup 3 108m/s11lf50 103 m 60 100Hz (b) Aup3108m/sl1lf2010 2m 600106 Hz (¢) Aup3108m/s31f110 m 100109Hz 1 (d)Aup3108m/sA001.10 1335
(negligible). 0 01 (borderline) 0 40 (nonnegligible) 0 33 (nonnegligible) Problem 2.2 Calculate the line parameters R, L., G, and C for a coaxial line with an inner conductor diameter of 0 5 cm and an outer conductor diameter of 1 cm, filled with an insulating material wherep p 0, er 4 5, and o 10 3 S/m. The conductors are made of copper with nc
10 and oc 58 107 S/m. The operating frequency is 1 GHz. Solution: Givena 052 cm 025b 102 cm 05010 2 10 m 2 m combining Egs. (2.5) and (2.6) gives 12nR nmfucoc 1alb1m109Hz 4n10 7H/m 2058 107 S/m0788Q/m 025110 2m 050110 2 m CHAPTER 2 34 From Eq. (2.7), pbln2ma L 10 7H/mln 2 139 nH/m 20 4n
From Eq. (2.8), G 2nclnba 10 3S/mIn22n 91 mS/m From Eq. (2.9),C 2nelnba 2nereOlnba 2m 4510 8854In2 12 F/m 362 pF/m Problem 2.3 A 1-GHz parallel-plate transmission line consists of 1.2-cm-wide copper strips separated by a 0.15-cm-thick layer of polystyrene. Appendix B gives uc p0 4m 10 7 (H/m) and oc 5 8 107 (S/m) for
copper, and er 2 6 for polystyrene. Use Table 2-1 to determine the line parameters of the transmission line. Assume p 10 and o 0 for polystyrene. Solution: R L. G 2Rs2nfuc2m 1094010 7 wwoc1210 25810773 pnd4m10 1510 15710 7(H/m) w1210 20becausedg 0 C ewd wd €0er 10 936m26121510 10 23 18410 12
10 1 38 (Q/m) (F/m) Problem 2.4 Show that the transmission line model shown in Fig. 2-37 (P2.4) yields the same telegrapher’s equations given by Eqgs. (2.14) and (2.16). Solution: The voltage at the central upper node is the same whether it is calculated from the left port or the right port: vz12Az t vzt 12R vzAz t Aziz t 12R Aziz12L Az
dizt atAz t 1 2L Azdizat Az t CHAPTER 2 35 R'Az 2i(z, t) + v(z, t) L'Az 2 R'Az 2 G'Az L'Az 2 i(z+Az, t) C'Az - + v(z+Az, t) - Az Figure P2.4: Transmission line model. Recognizing that the current through the G C branch isiz t Kirchhoff’s current law), we can conclude that izAz t (fromdvz 12 Az t 9t From both of these equations, the proof is
completed by following the steps outlined in the text, ie. rearranging terms, dividing by Az, and taking the limit as Az0.izt Az t GAzvziz1 2 Az tC Az Find a B up, and ZO for the coaxial line of Problem 2.2. Problem 2.5 Solution: From Eq. (2.22), yjwL GR 0788 Q/m 10910 j2m 10 91 jwC3S/m 3j445 m 109s j2mn 1l 13910 9 H/m 109
s 1 36210 12 F/m 1 Thus, from Egs. (2.25a) and (2.25b), a« 0 109 Np/m and B 44 5 rad/m. From Eq. (2.29), Z0 RG jwL jwC 0788 Q/m j2m109s 1 13910 9H/m 9110 3S/m j2n109s 1 36210 12F/m jO 030 Q19 6 From Eq. (2.33), up wp 2m 10944 5 141 108 m/s CHAPTER 2 36 Section 2-5: The Lossless Line Problem 2.6 In addition
to not dissipating power, a lossless line has two important features: (1) it is dispertionless (up is independent of frequency) and (2) its characteristic impedance Z0 is purely real. Sometimes, it is not possible to design a transmission line such that R wL and G wC , but it is possible to choose the dimensions of the line and its material properties so as to
satisfy the condition RC LG (distortionless line) Such a line is called a distortionless line because despite the fact that it is not lossless, it does nonetheless possess the previously mentioned features of the loss line. Show that for a distortionless line, CLa R RG B w LC Z0 L C Solution: Using the distortionless condition in Eq. (2.22) gives y a jB
joL GR LC LC jwC RLjwRLjw GCjwRLjw LCRLjw RCLjwLC upHence,a y RCL By wLCwfp 1LC Similarly, using the distortionless condition in Eq. (2.29) gives Z0 RGjwLjwC LCRLGC jwjw L C Problem 2.7 For a distortionless line with Z0 50 Q, «c up 2 5 108 (m/s), find the line parameters and A at 100 MHz. 20
(mNp/m), CHAPTER 2 37 Solution: The product of the expressions for « and Z 0 given in Problem 2.6 gives o«Z0 2010 R350 1 (Q/m) ZOup L5025 108 wp 1 and taking the ratio of the expression for Z 0 to that for up L. C gives 2 10 7 (H/m) 200 (nH/m) With L known, we use the expression for Z 0 to find C: L. Z02 C 10 50 22 7 8 10 (F/m)
80 11 (pF/m) The distortionless condition given in Problem 2.6 is then used to find G.G RCL 8010 210 71 12 410 4 (S/m) 400 (nS/m) and the wavelength is obtained by applying the relation uyp fA 2 5 108 100 106 25m Problem 2.8 Find a and Z0 of a distortionless line whose RG 2 10 4 S/m. 2 Q/m and Solution: From the equations given in
Problem 2.6, « RG Z0 22RG LC 10412 210 122210 42 (Np/m) 100 Q Problem 2.9 A transmission line operating at 125 MHz has Z 0 40 Q, a 0 02 (Np/m), and B 0 75 rad/m. Find the line parameters R, L, G, and C . Solution: Given an arbitrary transmission line, f 125 MHz, Z0 40 Q, « 0 02 Np/m, and B 0 75 rad/m. Since Z 0 is real
and o O, the line is distortionless. From Problem 2.6, f w L C and Z0 L C, therefore, L fZ0 w 2m 0 7540 125 106 38 2 nH/m CHAPTER 2 38 Then, fromZ0 LC, Froma R RG 382 nH/m 402 23 9pF/m LG, RGand RCRGLZ02 C RGLCa2RO02Np/m 08 Q/m aZO0 002 Np/m40Q 06 Q/mand G 2 05 mS/m Problem 2.10 Using a
slotted line, the voltage on a lossless transmission line was found to have a maximum magnitude of 1.5 V and a minimum magnitude of 0.6 V. Find the magnitude of the load’s reflection coefficient. Solution: From the definition of the Standing Wave Ratio given by Eq. (2.59), SV max Vmin 15 06 25 Solving for the magnitude of the reflection
coefficient in terms of S, as in Example 2-4,I'S1 S1 251 251 043 Problem 2.11 Polyethylene with er 2 25 is used as the insulating material in a lossless coaxial line with characteristic impedance of 50 Q. The radius of the inner conductor is 1.2 mm. (a) What is the radius of the outer conductor? (b) What is the phase velocity of the line? Solution:
Given a lossless coaxial line, Z 0 50 Q, er 2 25, a 1 2 mm: (a) From Table 2-2, Z0 60 er In b a which can be rearranged to give b aeZ0 er 60 1 2 mm e50 2 2560 4 2 mm CHAPTER 2 39 (b) Also from Table 2-2, up cer3 108 m/s 2 25 2 0 108 m/s Problem 2.12 A 50-Q lossless transmission line is terminated in a load with impedance ZL 30 j50
Q. The wavelength is 8 cm. Find: (a) the reflection coefficient at the load, (b) the standing-wave ratio on the line, (c) the position of the voltage maximum nearest the load, (d) the position of the current maximum nearest the load. Solution: (a) From Eq. (2.49a), ' ZL Z0 ZL Z0 30 30S11TT j50 j50 110570575050 057e j798 (b) From Eq.
(2.59), 365 (c) From Eq. (2.56) Imax 6rA4nnA2 798 8cmnradn8cm4m 180 2089cm40cm 311 cm (d) A current maximum occurs at a voltage minimum, and from Eq. (2.58), Imin Imax2A4 311 cm8cm4 111 cm Problem 2.13 On a 150-Q lossless transmission line, the following observations were noted: distance of first voltage
minimum from the load 3 cm; distance of first voltage maximum from the load 9 cm; S 3. Find Z L . Solution: Distance between a minimum and an adjacent maximum 9cm 3cm 6cm A4 2A4. Hence, CHAPTER 2 40 or A 24 cm. Accordingly, the first voltage minimum is at Application of Eq. (2.57) with n 0 gives Or which gives r ZL. 3 cm A 8. n
n2.I'Hence,I' 05e Finally, A82nA2minjun2 1131 31 j05. Z0S1 S1 I'T" 1501124 j05j05 05 90j120 Q Problem 2.14 Using a slotted line, the following results were obtained: distance of first minimum from the load 4 cm; distance of second minimum from the load 14 cm, voltage standing-wave ratio 1 5. If the line is lossless
and Z 0 50 Q, find the load impedance. Solution: Following Example 2.5: Given a lossless line with Z 0 Imin 0 4 cm, Imin 1 14 cm. Then Imin1Ilmin0 50Q,S 15, A20r A2 Imin 11lmin 020 cm and B 20 A 2n rad/cycle 20 cm/cycle 10m rad/m From this we obtain 6r 2Blmin n 1 nrad 22n 10mrad/m 0 2nrad Also,I" S1 S1 151 151 02
004m360 nrad CHAPTER241SoZL Z20 11T'TT 50102e 102e j360 j360 670jl64 Q Problem 2.15 A load with impedance Z L 25 j50 Q is to be connected to a lossless transmission line with characteristic impedance Z 0, with Z0 chosen such that the standing-wave ratio is the smallest possible. What should Z 0 be? Solution: Since S
is monotonic with I (i.e., a plot of S vs. I' is always increasing), the value of Z0 which gives the minimum possible S also gives the minimum possible I" , and, for that matter, the minimum possible I" 2 . A necessary condition for a minimum is that its derivative be equal to zero: 0 d I'2 Z0 Therefore, Z02 R2L 9 RL 9Z0 RL 4 RL Z0 420 RL Z0 jXL jXL
702702 2XL22XL24RLZ02 RL R2LXL2 22 XL27Z0 XL2orZ0 ZL 25250 2 559 Q A mathematically precise solution will also demonstrate that this point is a minimum (by calculating the second derivative, for example). Since the endpoints of the range may be local minima or maxima without the derivative being zero there, the endpoints
(namely Z0 0 Q and Z0 « Q) should be checked also. Problem 2.16 A 50-Q lossless line terminated in a purely resistive load has a voltage standing wave ratio of 3. Find all possible values of Z L . Solution: I' For a purely resistive load, 6r ZL For 6r m, ' Z0 1105andZLS131 05S1310ormFor6r O, T 50 5011 110505 0505 150
Q 15 Q CHAPTER 2 42 Section 2-6: Input Impedance Problem 2.17 At an operating frequency of 300 MHz, a lossless 50-Q air-spaced transmission line 2.5 m in length is terminated with an impedance Z L. 40 j20 Q. Find the input impedance. Solution: Given a lossless transmission line, Z 0 50 Q, f 300 MHz,1 2 5 m, and ZL 40 j20 Q. Since the line
is air filled, up c and therefore, from Eq. (2.38),  w up 300 106 3 108 2n 2u rad/m Since the line is lossless, Eq. (2.69) is valid: Zin Z0 jZ0 tan Bl jZL tan Bl ZL. Z0 40 j20 50j 40 40j20 50 50j40 50 j50 tan 2nrad/m 2 5m j20 tan 2mnrad/m 2 5m j50 0 40j20 Q j20 O Problem 2.18 A lossless transmission line of electrical length 1 0 351 is
terminated in a load impedance as shown in Fig. 2-38 (P2.18). Find I, S, and Zin .1 = 0.35A Z0 = 100 Q Zin ZL = (60 + j30) Q Figure P2.18: Loaded transmission line. Solution: From Eq. (2.49a), ' ZL. Z0 ZL Z0 60601 1I'I"j30 j30 100 100 0 307ej132 5 From Eq. (2.59),S 11 03070307 189 CHAPTER 2 43 From Eq. (2.63) Zin Z0 jZO0 tan Bl
jZL tan Bl ZL. Z0 100 60 j30 100j60 2nrad A 0 2nrad A 0j100 tan j30 tan 35A 35A 64 8 j38 3 Q Problem 2.19 Show that the input impedance of a quarter-wavelength long lossless line terminated in a short circuit appears as an open circuit. Solution: Zin Forl A 4, Bl 2n A A4 Zin un 2. Z0 Z0 With ZL. jZO0 tan Bl jZL tan Bl ZL Z0 0, we have jZ0
tanm 2 Z0 jw (open circuit) Problem 2.20 Show that at the position where the magnitude of the voltage on the line is a maximum the input impedance is purely real. Solution: From Eq. (2.56), Imax representation for I', Zin Imax Z011 Z011 6r 2no 2B, so from Eq. (2.61), usingpolarI"e jdre I' e jore j2BlmaxI" e jbre I e jOr e j Or 2nm j2Blmax
jor2nn Z0 11 I'T" which is real, provided ZO is real. Problem 2.21 A voltage generator with vgt 5 cos 2m 109t V and internal impedance Zg 50 Q is connected to a 50-Q lossless air-spaced transmission line. The line length is 5 cm and it is terminated in a load with impedance ZL 100 j100 Q. Find (a) I" at the load. (b) Zin at the input to the
transmission line. (c) the input voltage Vi and input current I"i . CHAPTER 2 44 Solution: (a) From Eq. (2.49a), ZL Z0 ZL Z0 T j100 j100 100 100 5050 0 62e j29 7 (b) All formulae for Zin require knowledge of B w up . Since the line is an air line, up c, and from the expression for vg t we conclude w 2m 109 rad/s. Therefore f 109 rad/s 108 m/s
21 3 20m rad/m 3 Then, using Eq. (2.63), Zin Z0 jZO tan Bl jZL tan fl ZL Z0 100 50 50 j100 j 100 20m 3 20m 3 j50 tan rad/m j100 tan rad/m 100 j100 j50 tan 50j100j100 tan 50 n3nm3rad rad 5cm 5cm 125j127 Q An alternative solution to this part involves the solution to part (a) and Eq. (2.61). (c) In phasor domain, Vg 5V e jO .
From Eq. (2.64), Vi Vg Zin Zg Zin 550 125j127 125j127 140e j340 (V) and also from Eq. (2.64), Ii Problem 2.22 ViZin 14e j340 125127 78 4ejl1 5 (mA) A 6-m section of 150-Q) lossless line is driven by a source with vgt 5 cos 8a1 107t 30 (V) and Zg 150 Q. If the line, which has a relative permittivity € r in a load ZL. 150 j50 Q
find (a) A on the line, (b) the reflection coefficient at the load, (c) the input impedance, 2 25, is terminated CHAPTER 2 45 (d) the input voltage Vi, (e) the time-domain input voltage vit . Solution: vgt 5 cos 8n 5e Vg 150 QI~iZg ~ Vg +j30 107tV 30 V Transmission line + + ~ Vi Zin Z0 = 150 Q ~ VL ~ IL ZL (150-j50) Q - - Generator z = -1 Zg
~ Vg + Load 1=6m ~ Ii z=0 | + ~ Vi Zin Figure P2.22: Circuit for Problem 2.22. (a) upupfwupABBlcer 108 2108 (m/s) 225 2nup2n2 108 5m w 8m 107 8m 107 0 4m (rad/m) 2 1083 04n 6 2 4m (rad) CHAPTER 2 46 Since this exceeds 21 (rad), we can subtract 21, which leaves a remainder Bl (rad). ZL Z0 150 j50 150j50 016 e j80 54 .
(b) " ZL Z0 150j50 150 300j50 (c) 04m Zin Z0 ZjZtan Bl ZjZ tan Bl 150 j50j150 tan 0 4o 150 LOO L 150 j150j50 tan04m 115 70j27 42 Q (d) Vi Vg Zin Zg Zin 5e j30 115 7 j27 42 150 115 7 j27 42 1157 j27 42 j30 5e 265 7 j27 42 5e (e)vit Viejwt j3022e044ej744 j2256 ejwt 22ej2256 (V) 22 cos8m107t2256 V
Problem 2.23 Two half-wave dipole antennas, each with impedance of 75 Q, are connected in parallel through a pair of transmission lines, and the combination is connected to a feed transmission line, as shown in Fig. 2.39 (P2.23(a)). All lines are 50 Q and lossless. (a) Calculate Zinl , the input impedance of the antenna-terminated line, at the parallel
juncture. (b) Combine Zinl and Zin2 in parallel to obtain ZL , the effective load impedance of the feedline. (c) Calculate Zin of the feedline. Solution: (a) Zin1 jZO0 tan Bl1 Z0 jZL1 tan Bl1 75j50tan2m A 0 2A 5050j75tan2m A 02A Z0 ZL1 3520 j862 Q CHAPTER 247 75 Q (Antenna) A 0.2 0.3A Zinl Zin2 Zin 0.2 A 75 Q (Antenna) Figure P2.23:
(a) Circuit for Problem 2.23. (b) ZL Zinl Zin2 Zinl Zin2 3520j862 2 23520j862 (c) 1760 j431 Q1= 0.3 AZL'Zin Figure P2.23: (b) Equivalent circuit. Zin 50 17 60j4 31 j50tan2m A 03A 50j1760j4 31 tan2n A 03A 107 57 j56 7 Q CHAPTER 2 48 Section 2-7: Special Cases Problem 2.24 At an operating frequency of 300 MHz, it is
desired to use a section of a lossless 50-Q transmission line terminated in a short circuit to construct an equivalent load with reactance X 40 Q. If the phase velocity of the line is 0 75¢, what is the shortest possible line length that would exhibit the desired reactance at its input? Solution: B w up 2n rad/cycle 300 106 cycle/s 0 753 108 m/s 8 38
rad/m On a lossless short-circuited transmission line, the input impedance is always purely sc imaginary; i.e., Zin jXinsc . Solving Eq. (2.68) for the line length,1 1 tan B 1 Xinsc Z0 1 tan 8 38 rad/m 140 Q50Q 0675 nu rad 8 38 rad/m for which the smallest positive solution is 8 05 cm (with n 0). Problem 2.25 A lossless transmission line is
terminated in a short circuit. How long (in wavelengths) should the line be in order for it to appear as an open circuit at its input terminals? sc Solution: From Eq. (2.68), Zin Hence, 1 jZ0tan Bl. Iffl Am 2n2no A4 u 2 sc nit , then Zin je Q . nA 2 This is evident from Figure 2.15(d). Problem 2.26 The input impedance of a 31-cm-long lossless
transmission line of unknown characteristic impedance was measured at 1 MHz. With the line terminated in a short circuit, the measurement yielded an input impedance equivalent to an inductor with inductance of 0.064 pH, and when the line was open circuited, the measurement yielded an input impedance equivalent to a capacitor with
capacitance of 40 pF. Find ZO0 of the line, the phase velocity, and the relative permittivity of the insulating material. Solution: Now w 2n fsc Zin 6 28 106 rad/s, so jwL j2m 106 0 064 10 6 jO 4 Q CHAPTER 249 oc 1 jwC 1 j2m and Zin From Eq. (2.74), Z0 Eq. (2.75), up wp tan 110640 10 12 j4000 Q. sc oc Zin Zin j04 Q j4000Q 1 40Q
Using wl sc Z oc Zin in 6 28 tan 106 0 31j04 j4000 195106 m/s 001 nn where n O for the plus sign and n 1 for the minus sign. Forn 0, up 194 108 m/s 0 65cander cup 2 10652 2 4. For other values of n, up is very slow and er is unreasonably high. Problem 2.27 A 75-Q resistive load is preceded by a A 4 section of a 50-Q lossless line,
which itself is preceded by another A 4 section of a 100-Q line. What is the input impedance? Solution: The input impedance of the A 4 section of line closest to the load is found from Eq. (2.77): Zin Z02 ZL 502 75 33 33 Q The input impedance of the line section closest to the load can be considered as the load impedance of the next section of the
line. By reapplying Eq. (2.77), the next section of A 4 line is taken into account: Zin Z02 ZL 1002 33 33 300 Q Problem 2.28 A 100-MHz FM broadcast station uses a 300-Q transmission line between the transmitter and a tower-mounted half-wave dipole antenna. The antenna impedance is 73 Q. You are asked to design a quarter-wave transformer to
match the antenna to the line. (a) Determine the electrical length and characteristic impedance of the quarterwave section. (b) If the quarter-wave section is a two-wire line with d 2 5 cm, and the spacing between the wires is made of polystyrene with € r 2 6, determine the physical length of the quarter-wave section and the radius of the two wire
conductors. CHAPTER 2 50 Solution: (a) For a match condition, the input impedance of a load must match that of the transmission line attached to the generator. A line of electrical length A 4 can be used. From Eq. (2.77), the impedance of such a line should be Z0 Zin ZL. 73 148 Q300 (b) A4 up4f c4erf 3108426100106 0465 m and,
from Table 2-2, Z0 120lne d2ad2a2 1Q Hence, In d2a2d2a 1 14826 120 199 whichleadsto d2ad2a2 1 731 and whose solutionisa d 744 25cm 7 44 3 36 mm. Problem 2.29 A 50-MHz generator with Z g 50 Q is connected to a load ZL 50 j25 Q. The time-average power transferred from the generator into the load is
maximum when Zg ZL where ZL is the complex conjugate of ZL . To achieve this condition without changing Z g, the effective load impedance can be modified by adding an open-circuited line in series with Z L, as shown in Fig. 2-40 (P2.29). If the line’s Z0 100 Q, determine the shortest length of line (in wavelengths) necessary for satisfying the
maximum-power-transfer condition. Solution: Since the real part of Z L is equal to Zg , our task is to find | such that the input impedance of the line is Z in j25 Q, thereby cancelling the imaginary part of ZL (once ZL and the input impedance the line are added in series). Hence, using Eq. (2.73), j100 cot Bl j25 CHAPTER 251720 =100Q150 Q ~ Vg
+ Z L (50-j25) Q - Figure P2.29: Transmission-line arrangement for Problem 2.29. or cot Bl which leads to fl 25 100 025 1 326 or 1 816 Since 1 cannot be negative, the first solution is discarded. The second solution leadsto 1 816 1 816 0 29A1p 2o A Problem 2.30 A 50-Q lossless line of length 1 0 375A connects a 300-MHz generator with Vg
300 Vand Zg 50 Q to aload ZL . Determine the time-domain current through the load for: (a) ZL 50 j50 Q (b) ZL 50 Q, (c) ZL 0 (short circuit). Solution: (a) ZL 50j50 Q,pBlZLZ0 ZLZ0T"Z 50 50 j50 50 j50 50 Application of Eq. (2.63) gives: Zin Z0 L Z0 jZO0 tan Bl jZL tan Bl 0 3757 2 36 (rad) 135 .2n A 50 j50 100j5050j50 5050 O
45 e j50 tan 135 j50 tan 135 j63 43 100j50 Q CHAPTER 2 52 50 Q ~ Vg Transmission line + ZL (50-j50) Q Z0 = 50 Q Zin -1 = 0.375 A Generator Load z = -1 Zg ~ Vg z=0 U ~ Ii + + ~ Vi Zin Figure P2.30: Circuit for Problem 2.30(a). Using Eq. (2.66) gives Vg Zin Zg Zin VO e jB1 300 100 j50 50 100j50 150e iLt 268e jBl1045e ej135
(V) j135j108 44 ej6m 108t 2 68 cos 6m 108t 10844 ej6343150e j1351045e 50 VO1T Z0 ILejwt IL 1Te (A) j6343 j135 268¢e j10844 (A) CHAPTER253(b) 50Q I 0Zin ZL VOIL iLt Z0 300 501 5050¢ej135V0 150j135e Z050 3ejl35ején 0 150e 3e108t j135j135 50Q (V) (A) 3 cos6m108t135 (A)(c) O0ZLT
1 jZ0O tan 135 j50 (QQ) jZ0Otan 135 Z0O 300j50 1 150e j135 (V) j13550j50ee j135 V0 150e j1351T 11 6e jl135(A) Z0O 506 cos 6m 108t 135 (A)Zin Z0 VO IL iL.t O Section 2-8: Power Flow on Lossless Line Problem 2.31 A generator with Vg 300 V and Zg 50 Q is connected to a load ZL 75 Q through a 50-Q lossless line of length 1
0 15A. (a) Compute Zin , the input impedance of the line at the generator end. (b) Compute Ii and Vi . (c) Compute the time-average power delivered to the line, Pin 12 Vili . (d) Compute VL, IL , and the time-average power delivered to the load, PL. 12 VL IL . How does Pin compare to PL ? Explain. (e) Compute the time average power delivered by
the generator, Pg, and the time average power dissipated in Zg . Is conservation of power satisfied? Solution: CHAPTER 2 54 50 Q ~ Vg Transmission line + 75 Q Z0 = 50 Q Zin -1 = 0.15 A Generator Load z = -1Zg ~ Vg ~ Ili z=0 | + + ~ Vi Zin Figure P2.31: Circuit for Problem 2.31. (a) 2n A Bl Zin Z0 Z 0 15A 54 L Z0 jZ0 tan Bl jZL tan Bl 50 75
50j50 tan 54 j75tan 54 41 25 j16 35 Q (b)Ii Vi Vg Zg Zin 50 30041 25j1635 324ejl016 IiZin 324ejl10164125j1635 143 6e (A) jl146 (V) CHAPTER255(c)Pin12 11436e jl146324e jl1016 21436324 cos2162 216 (W)2 Vili (d)ZLZ0 ZLZ0OT'7550 7550 1Te VO ViVL VO1T 150e IL PL ejpl 02143 6¢e€
j1146ej54 02 e j54 jBl j54 150e 02 180e 1j543j54 (V) (V) VO 150e j541T 102 24 e j54(A) 2050 11VLIL 180e j5424ej54 216 (W)22 PL Pin, which is as expected because the line is lossless; power input to the line ends up in the load. (e) Power delivered by generator: Pg1 2 Vgli 12 Power dissipated in Zg: PZg 1 2 Note
1: PglivZg 12 300 324ejl0161iliZg 486cos1016 4784 (W)12IiZg2 1324 2250 2624 (W) PZg Pin 478 4 W. Problem 2.32 If the two-antenna configuration shown in Fig. 2-41 (P2.32) is connected to a generator with Vg 250 V and Zg 50 Q, how much average power is delivered to each antenna? Solution: Since line 2 is A 2 in
length, the input impedance is the same as ZL1 75 Q. The same is true for line 3. At junction C-D, we now have two 75-Q impedances in parallel, whose combination is 75 2 37 5 Q. Line 1 is A 2 long. Hence at A-C, input impedance of line 1 is 37.5 Q, and Ii Vg Zg Zin 250 50 37 5 2 86 (A) CHAPTER 2 56 ZL1 = 75 Q (Antenna 1) A/2 50 Q 2 ne Li A/2
A+ CLine 1 Zin 250 V- B D Generator /2 Line 3 ZL 2 = 75 Q (Antenna 2) Figure P2.32: Antenna configuration for Problem 2.32. Pin 12 IiVi 12 IiliZin 286 23752 153 37 (W) This is divided equally between the two antennas. Hence, each antenna receives 153 37 76 68 (W). 2 Problem 2.33 For the circuit shown in Fig. 2-42 (P2.33),
calculate the average incident power, the average reflected power, and the average power transmitted into the infinite 100-Q line. The A 2 line is lossless and the infinitely long line is slightly lossy. (Hint: The input impedance of an infinitely long line is equal to its characteristic impedance so long as a 0.) Solution: Considering the semi-infinite
transmission line as equivalent to a load (since all power sent down the line is lost to the rest of the circuit), ZL Z1 100 Q. Since the feed line is A 2 in length, Eq. (2.76) gives Zin ZL 100 Qand Bl 2mn A A2 1, soejpBl 1. From Eq. (2.49a), I' ZL Z0 ZL Z0 10050 10050 1 3 CHAPTER 25750 QA/2 4+Z0=50Q2VZ1 =100 Q »tPaviPavrPav
Figure P2.33: Line terminated in an infinite line. 2e jO (V). Plugging all these Also, converting the generator to a phasor gives Vg results into Eq. (2.66), VO Vg Zin Zg Zin ejpl1T'e jfl 210050 100 1ej180 1 113 1 1 (V)From Eqgs. (2.84), (2.85), and (2.86), VO 2Z0 2 r Pav t Pav Pav PaviPavr 100 mW 1 1 mW 89 mW 1ej180 2250iPavi
'2Pav 132 100 mW 10 mW 11 mW Problem 2.34 An antenna with a load impedance Z L. 75 j25 Q is connected to a transmitter through a 50-Q lossless transmission line. If under matched conditions (50-Q load), the transmitter can deliver 20 W to the load, how much power does it deliver to the antenna? Assume Z g Z0 . CHAPTER 2 58
Solution: From Egs. (2.66) and (2.61), Vg ZinZg Zin VO 1Te ejBljplVgZ0 1Te j2Bl 1Te j2Bl Z0OZO1Te j2Bl 1Te j2Bl Te 1 1 Te Vge j2Bl1Vge j2BlTe j2Bl T'e j2Bl jBl jBl1 e jBl 1 Te j2B1 jBl1 2 Vg e Thus, in Eq. (2.86), Pav V021270 1jpl22VgeI'2 2Z01 I'2 Vg2 1 8Z0 Under the matched condition, I' 0 and PL. 20 W, so
Vg When ZL 75j25 Q, from Eq. (2.49a), I’ soPav 20W 1 ZL Z0 ZL Z0 j25 Q50 Q j25 Q50Q 7575172 20W1 02772 28Z0T 2 20W. 0277e¢j33 6 18 46 W. Section 2-9: Smith Chart Problem 2.35 Use the Smith chart to find the reflection coefficient corresponding to a load impedance: (a) ZL 3720, (b) ZL 22j Z0, (c)ZL 2jZ0, (d)ZL O
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