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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
Illustrations:	•	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	p	x	​	t	​​​	10	N/m	2	at	x	​	0	and	t	​	50	µs.	If	the	reference	phase	of	p	x	​	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),	​	p	x	​	t	​​​	A	cos	where	it	is	given	that	φ0	From	Eq.	(1.27),	2πt	T	​	φ0	​	​	36​	.	From	Eq.	(1.26),	T	​	1	f	​	1	2	103	​​​	0	5	ms.	λ​	up	f	​	330	2	103	​	0	165	m	Also,	since	p	x	​	0​	t	2πx	λ	​	50	µs	​​​	10	(N/m2	)	50	10	​	6	π	rad	36​	4	5	10	​	180	​	A	cos	1	26	rad	​​​	0	31A	​	​	A	cos	​	​	2π	it	follows	that	A	​	10	0	31	​	32	36	N/m2	.	So,	with	t	in	(s)	and	x	in	(m),	p	x	​	t	​​​	32	36	cos	​	2π	​	32	36	cos
4π	t	x	2π	103	36​​​	500	​	165	103	t	12	12πx	36	​	​	(N/m2	)	106	(N/m2	)	​	Problem	1.2	For	the	pressure	wave	described	in	Example	1-1,	plot	(a)	p	x	​	t	​	versus	x	at	t	​	0,	(b)	p	x	​	t	​	versus	t	at	x	​	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	​	λ​	180	​	3	Hz	60	300	cm	​	0	3	m/s	10	s	up	0	3	​	​	0	1	m	​	10	cm	f	3	Problem
1.4	Two	waves,	y1	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	y1	t	​​​	4	cos	2π	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	2π	103	t	60	​	​	​CHAPTER	1	5	4	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	function	y	x	​	t	​​​	1	5	sin	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	​	2λ.	Solution:	The	given	wave	may	be	rewritten	as	a	cosine	function:	y	x	​	t	​​​	1	5	cos	0	5t	0	6x	​	​	π	2​
By	comparison	of	this	wave	with	Eq.	(1.32),	y	x	​	t	​​​	A	cos	ωt	​	βx	φ0	​	​	we	deduce	that	up	​	ω	​	2π	f	​	0	5	rad/s	​	β​	ω	β	​	0	83	m/s	​	λ​	​	05	06	2π	​	0	6	rad/m	​	λ	2π	2π	​	​	10	47	m	β	06	​	2s	​CHAPTER	1	6	y	(π/2,	t)	1.5	1	0.5	0	2λ	x	-0.5	-1	-1.5	Figure	P1.5:	Plot	of	y	x	​	2	​	versus	x.	At	t	​	2	s,	y	x	​	2	​	​	1	5	sin	1	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	ωt	​	βx	​	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:	ys	x	​	t	​​​	y1	x	​	t	​	y2	x	​	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	plots	of	y1	x	​	t	​	,	y2	x	​	t	​	and	ys	x	​	t	​	versus	x	over	the	range	2λ	x	0	at	ωt	​	π	4	and	at	ωt	​	π	2.	​	Solution:	(a)	Since
wave	y2	x	​	t	​	was	caused	by	wave	y1	x	​	t	​	,	the	two	waves	must	have	the	same	angular	frequency	ω,	and	since	y2	x	​	t	​	is	traveling	on	the	same	string	as	y1	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	β.	Hence,	with	its	direction	being	in
the	negative	x-direction,	y2	x	​	t	​	is	given	by	the	general	form	y2	x	​	t	​​​	B	cos	ωt	φ0	​	βx	​	(1)	where	B	and	φ0	are	yet-to-be-determined	constants.	The	total	displacement	is	ys	x	​	t	​​​	y1	x	​	t	​	y2	x	​	t	​​​	A	cos	ωt	Since	the	string	cannot	move	at	x	ys	0	​	t	​​​	0	for	all	t.	Thus,	βx	​	​	B	cos	ωt	βx	φ0	​	​	0,	the	point	at	which	it	is	attached	to	the	wall,	ys	0	​	t	​​​	A	cos	ωt	B	cos	ωt	φ0	​​​
0	(2)	(i)	Easy	Solution:	The	physics	of	the	problem	suggests	that	a	possible	solution	for	(2)	is	B	​	A	and	φ0	​	0,	in	which	case	we	have	​	y2	x	​	t	​​​	​	A	cos	ωt	βx	​	(3)	(ii)	Rigorous	Solution:	By	expanding	the	second	term	in	(2),	we	have	A	cos	ωt	B	cos	ωt	cos	φ0	​	sin	ωt	sin	φ0	​​​	0	​	or	A	B	cos	φ0	​	cos	ωt	​	B	sin	φ0	​	sin	ωt	This	equation	has	to	be	satisfied	for	all	values
of	t.	At	t	A	B	cosφ0	​	0​	​	0	(4)	​	0,	it	gives	(5)	​CHAPTER	1	8	and	at	ωt	​	π	2,	(4)	gives	B	sin	φ0	​	0	(6)	Equations	(5)	and	(6)	can	be	satisfied	simultaneously	only	if	A​	B​	0	(7)	or	A​	φ0	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)
At	ωt	​	π	4,	y1	x	​	t	​​​	A	cos	π	4	y2	x	​	t	​​​	​	A	cos	ωt	​	​	π	4	2πx	​	λ	π	2πx	A	cos	4	λ	βx	​​​	A	cos	βx	​​​	​	​	​	Plots	of	y1	,	y2	,	and	y3	are	shown	in	Fig.	P1.6(b).	ys	(ωt,	x)	1.5A	A	y2	(ωt,	x)	x	0	-2λ	y1	(ωt,	x)	-A	-1.5A	ωt=π/4	Figure	P1.6:	(b)	Plots	of	y1	,	y2	,	and	ys	versus	x	at	ωt	At	ωt	​	π	4.	​	π	2,	y1	x	​	t	​​​	A	cos	π	2	​	βx	​​​	A	sin	βx	​	A	sin	2πx	λ	​	​CHAPTER	1	9	y2	x	​	t	​​​	​	A	cos	π	2	βx	​​​	A	sin
βx	​	A	sin	2πx	λ	Plots	of	y1	,	y2	,	and	y3	are	shown	in	Fig.	P1.6(c).	ys	(ωt,	x)	2A	y1	(ωt,	x)	y2	(ωt,	x)	A	x	0	-2λ	-A	-2A	ωt=π/2	Figure	P1.6:	(c)	Plots	of	y1	,	y2	,	and	ys	versus	x	at	ωt	Problem	1.7	​	π	2.	Two	waves	on	a	string	are	given	by	the	following	functions:	y1	x	​	t	​​​	4	cos	20t	y2	x	​	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	waves	y	1	x	​	t	​	and	y2	x	​	t	​	?	(b)	At	t	​	π	50	​	s,	at	what	location	x	do	the	two	waves	interfere	constructively,	and	what	is	the	corresponding	value	of	ys	?	(c)	At	t	​	π	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)	At	t	​	π	50	​	s,	ys	​	y1	formulas	from	Appendix	C,	y2	​	4	cos	0	4π	2	sin	x	sin	y	​	cos	x	​	y​	​	​	30x	​	3x	​​​	.	Using	the	cos	0	4π	​	y​	cos	x	​	we	have	ys	​
8	sin	0	4π	​	sin	30x	​	7	61	sin	30x	Hence,	ys	​	1,	or	30x	​	and	it	occurs	when	sin	30x	n	​	0​	1​	2​	(c)	ys	min	max	​	7	61	π	2	2nπ,	or	x	​	​	0	and	it	occurs	when	30x	​	nπ,	or	x	​	​	π	60	2nπ	30	cm,	where	nπ	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,	λ	​	30	cm,	f	​	10	Hz,
and	(a)	y	x	​	0	​​​	0	at	x	​	0,	(b)	y	x	​	0	​​​	0	at	x	​	7	5	cm.	Solution:	For	a	wave	traveling	in	the	negative	x-direction,	we	use	Eq.	(1.17)	with	ω	​	2π	f	​	20π	(rad/s),	β	​	2π	λ	​	2π	0	3	​	20π	3	(rad/s),	A	​	40	cm,	and	x	assigned	a	positive	sign:	​	y	x	​	t	​​​	40	cos	20πt	with	x	in	meters.	(a)	y	0	​	0	​​​	0	​	40	cos	φ0	.	Hence,	φ0	​	y	x	​	t	​​​	40	cos	20πt	​	40	sin	​	20πt	​	​	40	sin	​	20πt	(b)	At	x	​	7	5
cm	=	7	5	and	​	y	x	​	t	​​​	10	​	2	(cm)	​	φ0	​​​	π	2,	and	20π	π	x​	3	2	20π	3	x	​	(cm),	20π	3	x	​	(cm),	if	φ0	if	φ0	m,	y	​	0	​	40	cos	π	2	40	cos	​	20πt	40	cos	​	20πt	​	20π	x	3	20π	3	x	​	(cm),	20π	3	x	​	(cm),	​	π	2​	​	​	π	2	φ0	​	.	Hence,	φ0	if	φ0	if	φ0	​	0​	​	π	​	0	or	π,	​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:	​	50	28	​	2	5	s​	​	0	56	m/s	​	up	​	20	5	λ	​	up	T	​	0	56	2	5	​	1	4	m	The	vertical	displacement	of	a	string	is	given	by	the	harmonic	y	x	​	t	​​​	6	cos	16πt	20πx	​	​	(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:	y	x	​	t	​​​	6	cos	16πt	u	0	05	​	t	​​​	​	20πx	​	​	(m)	dy	x	​	t	​	dt	x	0	05	96π	sin	16πt	20πx	​	​	​	​	x	0	05	​	​	​	96π	sin	16πt	π	​	​	​	96π	sin	16πt	​	(m/s)	​	Problem	1.11	Given	two	waves	characterized	by	y1	t	​​​	3	cos	ωt	​	y2	t	​​​	3
sin	ωt	36	​	​​	does	y2	t	​	lead	or	lag	y1	t	​	,	and	by	what	phase	angle?	Solution:	We	need	to	express	y2	t	​	in	terms	of	a	cosine	function:	y2	t	​​​	3	sin	ωt	36	​	​	π	​	3	cos	​	ωt	36	​	2​	​	​	​	3	cos	54	​	​	ωt	​​​	3	cos	ωt	​	54	​	​	​CHAPTER	1	12	Hence,	y2	t	​	lags	y1	t	​	by	54	​	.	Problem	1.12	The	voltage	of	an	electromagnetic	wave	traveling	on	a	transmission	line	is	given	by	v	z	​	t	​	​	5e	​	αz
sin	4π	109	t	20πz	​	(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	α.	Solution:	(a)	This	equation	is	similar	to	that	of	Eq.	(1.28)	with	ω	​	4π	β	​	20π	rad/m.	From	Eq.	(1.29a),	f	​	ω	2π	​	2	109	Hz	​	Eq.	(1.29b),	λ	​
2π	β	​	0	1	m.	From	Eq.	(1.30),	up	​	ω	β	​	2	108	m/s	(b)	Using	just	the	amplitude	of	the	wave,	1	​	5e	​	α2	10	9	rad/s	and	2	GHz;	from	​	​	1	1	​	ln	2m	5	α​	​	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	Aeαz	.	At	z	​	10	m,	and	at	z	​	100	m,	The	ratio	gives	e​	e​	or	Ae	​	10α	​	98	02	Ae	​	100α	​	81	87	10α	100α	e​	​	10α	98	02	81	87	​	1	2e	​	​	1	20	100α	Taking	the	natural	log	of	both	sides	gives	ln	e	​	​​​	ln	1	2e	​	100α	​	​	10α	​	ln	1	2	​	100α	​	​	​	90α	​	ln	1	2	​​​	0	18	10α	Hence,	α​	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	​	4e	jπ	3	,	3	e	j3π	4	,	(b)	z2	​	(c)	z3	​	6e	​	jπ	2	,	(d)	z4	​	j3	,	(e)	z5	​	j	​	4	,	(f)	z6	​	1	j	​	3	,	​	(g)	z7	​	1	j	​	1	2	.	​​	​	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	​	4e	jπ	3	​	4	cos	π	3	j	sin	π	3	​​​	2	0	j3	46.	(b)	z2	​	​	3e	j3π	4	(c)	z3	​	6e	​	(d)	z4	​	j3	​	​	​	​	​	​	3π	3	cos	4	​​	3π	4	j	sin	​	j1	22	​	1	22	1	22	​	​	6	cos	π	2	​	j	sin	π	2	​​​	​	j6.	​	​	​	j,	or	​	​	3	jπ	2	3	z4	​	j	​	e	​	​	e	j3π	2	​	cos	3π	2	​	j	sin	3π	2​​​	z6	​	​	j	j2	1	​	e	jπ	2	j​	​	3	​	​	4	​	e​	​	2	e​	j2π	​	​	​	jπ	4	3	(g)	​	1	​	Problem	1.15	j​	1	2	​	​	2	e​	​	​	​	jπ	4	1
2	​	2​	3e​	2​	2	​	3	j3π	4	cos	3π	4	​	j2	​	​​​	21	4	e	​	21	​	​	jπ	8	​	​	3	j2	​	​	z2	​	4	j3	​	​	j	sin	3π	4	​​​	j​	1	19	0	92	​	Complex	numbers	z1	and	z2	are	given	by	z1	j	​	​	1.	​	z7	1	jπ	2	​	j​	4	​	(e)	z5	(f)	​	​	1	10	​	​	j0	38	​	j0	45	​	j​	​CHAPTER	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),	​	3	j2	​	3	6e	​	j33	7	​	​	​	z2	​	4	j3	​	5e	j143	1	​	​	z1	​	​	(b)	By	Eq.	(1.41)	and	Eq.	(1.43),	respectively,	z1	​	z1	​	​​	3	j2	​	​	​	32	​	3	j2	​	3	j2	​​​	​	2​	​	​	​	2	13	​	3	60	​	13	​	3	60	(c)	By	applying	Eq.	(1.47b)	to	the	results	of	part	(a),	z1	z2	​	3	6e	​	j33	7	​	​	5e	j143	1	​	​	18e	j109	4​	​	​	(d)	By
applying	Eq.	(1.48b)	to	the	results	of	part	(a),	z1	z2	3	6e	​	​	j33	7	​	5e	j143	1	​	​	​	​	0	72e	​	j176	8	​	​	(e)	By	applying	Eq.	(1.49)	to	the	results	of	part	(a),	z31	​	3	6e	​	Problem	1.16	If	z	​	(a)	1	z,	(b)	z3	,	(c)	z	2	,	(d)	z	,	(e)	z	.	​	j33	7	​	2	​	​3​	3	6​	3e​	​	j3	33	7	​	​	​	46	66e	​	j101	1	​	​	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	1	15	(a)	1	z	1	​	​	2	​	j4	​	(b)	z3	​	2	​	2	(c)	z	​	z	z	(d)	z	​	(e)	z	​	​	​​	​	​	​​​	​	​	j4	​	​	1​	j4	​	2	3	​​​	​	​	​	​​​	​	​	​	​	1​	4	47	e	j116	6	​	​	4	47	​	​	1	e​	4	47	e	j116	6	​	3	​	4	47	​	3	e	j350	0	2	j4	​	2	j4	​​​	4	16	​	20.	​	​	2	j4	​	4.	2	j4	​	4	​	4e	jπ	.	​	​	​	0	22	e	​	j116	6	​	​	89	44	e	​	​	j10	​	​	​	​	.	z2
and	s	​	z1	​	z2	,	both	in	polar	form,	Solution:	(a)	​	z1	z2	​	s	​	z1	​	z2	j3	​	2	​	j3	​	2	j3	​​​	3	​	1	​	1	​	j3	​​​	1	​	j6	​	6	08	e	j80	5	​	(b)	​	z1	z2	​	3	j3	​	4	24	e	​	j45	​	​	s	​	z1	z2	​	3	j3	​	4	24	e	j45	​	t	(c)	​	z1	z2	​	3	30	3	​	​	3e	j30	3e	​	s	​	z1	z2	​	3e	j30	3e	​	​	​	​	​	t	30	​	j30	j30	j1	5	​	26	​	j1	5	​	26	​	5	2​	2	6	j1	5	​	​	j3	​	3e	j90	​	​	26	​	j1	5	​	(d)	2	6	j1	5	​​​	0	​	​	z1	z2	​	3	30	3	​	150	​	2	6	j1	5	​	​	​	s	​	z1	z2	​	2	6	j1	5	​	2	6	j1	5	​	​	5	2	j3	​
6e	j30	​	​	​	​	​	​	t	Problem	1.18	​	​	Problem	1.17	Find	complex	numbers	t	​	z1	for	each	of	the	following	pairs:	(a)	z1	​	2	j3,	z2	​	1	j3,	​	j3,	(b)	z1	​	3,	z2	​	​	(c)	z1	​	3	30	,	z2	​	3	​	30	,	(d)	z1	​	3	30	,	z2	​	3	​	150	.	t	j116	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)	z2	z	(d)	1	​	z2	(e)	​	z1	5e	​	j60	​	5e	​	j60	​	5e	​	j60	​	​	2e	j45	​	z1	z2	​	​	Problem	1.19	2e	j45	​	​	10e	​	j15	​	.	2e	​	j45	​	​	10e	​	j105	​	.	​	2	5​	j105	​.	​	2	5	j105​	.	5e	​	j60	​	​	If	z	​	3	​	5	e​	j30	​.	j5,	find	the	value	of
ln	z	​	.	​	Solution:	z	​	​	​	32	52	​	5	83	​	θ	​	tan	​	​	5	83e	​	j59​	​	ln	z	​​​	ln	5	83e	​	j59	​	​	​	ln	5	83	​	ln	e	​	j59​	​	z​	​	1	​	5	3	​	​	59	​	z	e	jθ	59​	π	​	1	76	j1	03	​	1	76	j59	​	​	1	76	j	​	​	180​	​	Problem	1.20	If	z	​	3	Solution:	Hence,	ez	j4,	find	the	value	of	ez	.	​	ez	​	e3	​	e3	​	20	09	​	j4	​	​	e3	e	​	​	20	08	cos	229	18	​	​	e3	cos	4	j	sin	4	​	​	​	4	and	4	rad	​	180	​	​	229	18	​	j4	​	π	j	sin	229	18	​	​​​	​	13	13	j15	20.	​	​CHAPTER	1	17
Section	1-6:	Phasors	Problem	1.21	A	voltage	source	given	by	vs	t	​	​	25	cos	2π	103	t	30	​	​	(V)	is	​	connected	to	a	series	RC	load	as	shown	in	Fig.	1-19.	If	R	​	1	MΩ	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	jωRC	​	​	​	V	with	ω	​
2π	103	rad/s,	so	1	​	1	jωC	R	1	jωC	​	Vs	j	2π	25e	​	j30	​	V	103	rad/s	​​	106	Ω	​​	25e	​	j30	​	V	1	j2π	5	​	15	57e	​	j81	5	​	200	10	​	12	F​	​	​	V.	Converting	back	to	an	instantaneous	value,	vc	t	​​​	​​​	Vce	jωt	​	​​​	15	57e	j	​	ωt	​	81	5	​	​​​	V	​	15	57	cos	2π	103t	81	5​	​	V	​	​	where	t	is	expressed	in	seconds.	Problem	1.22	Find	the	phasors	of	the	following	time	functions:	(a)	v	t	​​​	3	cos	ωt	π	3	​	(V),	​
(b)	v	t	​​​	12	sin	ωt	π	4	​	(V),	(c)	i	x	​	t	​​​	2e	​	3x	sin	ωt	π	6	​	(A),	2	cos	ωt	3π	4	​	(A),	(d)	i	t	​​​	​	(e)	i	t	​​​	4	sin	ωt	π	3	​	3	cos	ωt	π	6	​	(A).	Solution:	(a)	V	​	3e	​	jπ	3	V.	(b)	v	t	​	​	12	sin	ωt	V	​	12e	​	jπ	4	V.	(c)	i	t	​​​	2e	​	​	2e	​	I	​	2e	​	​	π	4​	​	12	cos	π	2	3x	sin	ωt	π	6	​	A	​	2e	​	3x	cos	ωt	3x	e​	jπ	3	​	A	π	3​	A	​	ωt	​	3x	π	4​	cos	π	2	​	​	​	12	cos	ωt	π	4	​	V,	​	ωt	π	6​	​	A	​CHAPTER	1	18	(d)	i	t	​​​	I	​	​	2	cos	ωt	​	2e	j3π	4
3π	4	​	​	2e	​	​	​	2e	​	jπ	j3π	4	e	jπ	4	A	(e)	i	t	​​​	4	sin	ωt	​	4	cos	π	2	π	3​	3	cos	ωt	π	3	​​​	ωt	​	​	π	6​	3	cos	ωt	​	π	6​	​	4	cos	ωt	π	6	​	3	cos	ωt	π	6​	​	​	​	4	cos	ωt	π	6	​	3	cos	ωt	π	6	​​​	7	cos	ωt	π	6	​	​	​	​	​	I	​	7e	​	jπ	6	A	Problem	1.23	Find	the	instantaneous	time	sinusoidal	functions	corresponding	to	the	following	phasors:	5e	jπ	3	(V),	(a)	V	​	​	(b)	V	​	j6e	​	jπ	4	(V),	(c)	I	​	6	j8	​	(A),	(d)	I˜	​	3	j2	(A),	​	(e)
I˜	​	j	(A),	(f)	I˜	​	2e	jπ	6	(A).	Solution:	(a)	V	​	​	5e	jπ	3	v	t	​​​	5	cos	ωt	V	​	5e	j	​	2π	3	​	V	(b)	V	​	j6e	​	V	​	6e	j	jπ	4	v	t	​​​	6	cos	ωt	​	π	3	​	π​	​​	V	​	5e	​	π	4	π	2	π	4​	V	​	j2π	3	V	​	6e	jπ	4	V​	V​	(c)	I	​	6	j8	​	A	​	10e	j53	1	​	A	​	​	53	1	​	i	t	​​​	10	cos	ωt	​	A.	(d)	​	I	i	t	​​​	j2	​	3	61	e	​​​	3​	​	3	61	e	j146	31	e	jωt	​	j146	31	​	​	​	3	61	cos	ωt	146	31	​	​	A	​CHAPTER	1	19	(e)	​	j	​	e	jπ	2	​	I	​​​	​	e	jπ	2	e	jωt	i	t	​​​	​	cos	ωt	π	2	​​​	​	sin	ωt	A
(f)	​	2e	jπ	6	​	I	i	t	​​​	​​​	​	2e	jπ	6	e	jωt	​	2	cos	ωt	π	6	​	A	Problem	1.24	A	series	RLC	circuit	is	connected	to	a	generator	with	a	voltage	vs	t	​​​	V0	cos	ωt	π	3	​	(V).	(a)	Write	down	the	voltage	loop	equation	in	terms	of	the	current	i	t	​	,	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)	vs	t	​​​	Ri	L	di	dt	1	C	(b)	In	phasor	domain:	Vs	(c)	I˜	​	R	Problem	1.25	​	RI˜	jωLI˜	Vs	j	ωL	1	ωC	​	​	i	dt	​	R	I˜	jωC	V0	e	jπ	3	j	ωL	1	ωC	​	​	​	ωCV0	e	jπ	3	ωRC	j	ω2	LC	A	wave	traveling	along	a	string	is	given	by	y	x	​	t	​​​	2	sin	4πt	10πx	​	(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	φ	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):	π	​	(cm)	y	x	​	t	​​​	2	cos	​	4πt	10πx	​	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,	φ0	​	π	2.	​	(c)	ω	​	2π	f	​	4π,	f	​	4π	2π	​	2	Hz	(d)	2π	λ	​	10π,	(e)	up	λ	​	2π	10π	​	0	2	m.	​	f	λ	​	2	0	2	​	0	4	(m/s).	Problem	1.26	A	laser	beam	traveling	through	fog	was	observed	to	have	an	intensity	of	1	(µW/m2	)	at	a	distance	of	2	m	from	the	laser	gun	and	an	intensity
of	0.2	(µW/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	α	of	fog.	Solution:	If	the	electric	field	is	of	the	form	E	x	​	t	​​​	E0	e	​	αx	cos	ωt	βx	​	​	​	then	the	intensity	must	have	a	form	E0	e	​	αx	E02	e	​	2αx	cos2	ωt	I	x	​	t	​​​	I0	e	​	2αx	cos2	ωt	I	x	​	t	​​	or
where	we	define	I0	I0	e	​	2αx	.	Hence,	E02	.	cos	ωt	βx	​​​	2	​	​	βx	​	βx	​	​	We	observe	that	the	magnitude	of	the	intensity	varies	as	at	x	​	2	m	​	at	x	​	3	m	​	I0	e	​	4α	I0	e	​	6α	​	1	10	​	(W/m2	)	​	6	​	0	2	10	​	6	(W/m2	)	​CHAPTER	1	21	e​	Problem	1.27	I0	e	​	I0	e	​	4α	4α	6α	10	​	6	0	2	10	​	e2α	​	5	6α	​	​e	​	α​	08	​	5	6	(NP/m)	Complex	numbers	z1	and	z2	are	given	by	z1	z2	​	3	​	j2	​	1	j2	​
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)	z1	z2	​	​	​	22	e	​	32	13	e	​	13	e	j	​	​	1	j2	​	​	z1	z2	​	​	​	​	j33	7	12	3	​	​	180	​	​	33	7	​	13	e	j146	3	​	​	​	​	4	e​	1	5	e​	j	tan	12	j63	4	​	​	13	e	j146	3	​	​	j	tan	5	e​	j63	4	​	65	e	j82	9	​	​	​	13	e	j146	3	5	e	j63	4	​	​	​	13	j82	9	e	5	​	(c)	z21	​	​	13	​	2	e	j146
3	​	​	2	​	13e	j292	6	​	13e	​	j360	e	j292	6	​	13e	​	j67	4	​	​	​	​	​CHAPTER	1	22	(d)	z1	z1	Problem	1.28	​	​	​	13	e	j146	3	​	​	13	13	e	​	j146	3	​	If	z	​	3e	jπ	6	,	find	the	value	of	ez	.	Solution:	z	​	3e	jπ	ez	​	e2	6	​	6	​	3	cos	π	6	j3	sin	π	6	​	2	6	j1	5	j1	5	​	​	e2	6	e	j1	5	​	​	​	e2	6	cos	1	5	j	sin	1	5	​	​	13	46	0	07	j0	98	​	​	​	0	95	j13	43	Problem	1.29	The	voltage	source	of	the	circuit	shown	in	the	figure	is
given	by	vs	t	​​​	25	cos	4	104	t	​	45	​	​	(V)	Obtain	an	expression	for	iL	t	​	,	the	current	flowing	through	the	inductor.	R1	i	A	iL	iR	2	+	vs(t)	L	R2	R1	=	20	Ω,	R2	=	30	Ω,	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	Eqs.	(2)–(4)	into	phasor	form:	R1	I	R2	IR2	​	Vs	(13)	R2	IR2	​	jωLIL	(14)	​	IR2	IL	(15)	I	Upon	combining	(6)	and	(7)	to	solve	for	IR2	in	terms	of	I,	we	have:	jωL	I	R2	jωL	​	IR2	(16)	Substituting	(8)	in	(5)	and	then	solving	for	I	leads	to:	jR2	ωL	I	​	Vs	R2	jωL	​	jR2	ωL	I
R1	​	Vs	R2	jωL	​	R1	R2	jR1	ωL	jR2	ωL	​	Vs	I	R2	jωL	​	R2	jωL	I​	Vs	R1	R2	jωL	R1	R2	​	R1	I	(17)	Combining	(6)	and	(7)	to	solve	for	IL	in	terms	of	I	gives	IL	Combining	(9)	and	(10)	leads	to	IL	​	​	​	R2	I	R2	jωL	​	(18)	​	R2	R2	jωL	R2	jωL	R1	R2	jωL	R1	R2	Vs	R1	R2	jωL	R1	R2	​	R2	​	Vs	​CHAPTER	1	24	Using	(1)	for	Vs	and	replacing	R1	,	R2	,	L	and	ω	with	their	numerical
values,	we	have	​	IL	​	​	30	25e	​	20	30	j4	104	0	4	10	​	3	20	30	​	30	25	e	​	j45	600	j800	75	7	5e	​	j45	e	​	j45	​	​	0	75e	​	j98	1	(A)	6	j8	10e	j53	1	​	​	Finally,	iL	t	​​​	​​​	IL	e	jωt	​	​	0	75	cos	4	104t	98	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	l	connects	a	load	to	a	sinusoidal	voltage	source	with	an	oscillation	frequency	f	.	Assuming	the	velocity	of	wave	propagation	on	the	line	is	c,	for	which	of	the	following	situations	is	it	reasonable	to	ignore	the	presence	of	the	transmission	line	in	the	solution	of	the	circuit:	(a)	l	​	20
cm,	f	​	20	kHz,	(b)	l	​	50	km,	f	​	60	Hz,	(c)	l	​	20	cm,	f	​	600	MHz,	(d)	l	​	1	mm,	f	​	100	GHz.	Solution:	A	transmission	line	is	negligible	when	l	lf	20	10	​	2	m	​​	20	103	Hz	​	l	(a)	​	​	​	λ	up	3	108	m/s	l	lf	50	103	m	​​	60	100	Hz	​	(b)	​	​	​	λ	up	3	108	m/s	l	lf	20	10	​	2	m	​​	600	106	Hz	​	(c)	​	​	λ	up	3	108	m/s	3	lf	1	10	​	m	​​	100	109	Hz	​	l	​	​	​	(d)	λ	up	3	108	m/s	λ	0	01.	10	​	1	33	5
(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	where	µ	​	µ	0	,	εr	​	4	5,	and	σ	​	10	​	3	S/m.	The	conductors	are	made	of	copper	with	µc	​
µ0	and	σc	​	5	8	107	S/m.	The	operating	frequency	is	1	GHz.	Solution:	Given	a​	0	5	2	​	cm	​	0	25	b​	1	0	2	​	cm	​	0	50	10	​	2	10	​	m​	2	m​	combining	Eqs.	(2.5)	and	(2.6)	gives	​	​	1	2π	R	​	​	π	f	µc	σc	​	1	a	1	b	1	π	109	Hz	​	4π	10	​	7	H/m	​	2π	5	8	107	S/m	0	788	Ω/m	​	0	25	1	10	​	2	m	0	50	1	10	​	2	m	​CHAPTER	2	34	From	Eq.	(2.7),	​	µ	b	ln	2π	a	​	L	10	​	7	H/m	ln	2	​	139	nH/m	2π	4π	​
From	Eq.	(2.8),	G	​	2πσ	ln	b	a	​	10	​	3	S/m	ln	2	2π	​	​	9	1	mS/m	From	Eq.	(2.9),	C	​	2πε	ln	b	a	​	​	2πεr	ε0	ln	b	a	​	2π	​	45	10	​	8	854	ln	2	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	µc	​	µ0	​	4π	10	​	7	(H/m)	and	σc	​	5	8	107	(S/m)	for
copper,	and	εr	​	2	6	for	polystyrene.	Use	Table	2-1	to	determine	the	line	parameters	of	the	transmission	line.	Assume	µ	​	µ0	and	σ	0	for	polystyrene.	Solution:	​	R	​	L	​	G	​	2Rs	2	π	f	µc	2	π	109	4π	10	​	7	​	​	w	w	σc	1	2	10	​	2	5	8	107	7	3	µd	4π	10	​	1	5	10	​	​	​	1	57	10	​	7	(H/m)	​	w	1	2	10	​	2	0	because	σ	​	0	​	C	​	εw	d	​	w	d	​	ε0	εr	​	10	​	9	36π	26	12	15	10	​	10	​	2	3	​	1	84	10	​	1	2
10	​	1	38	(Ω/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	Eqs.	(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:	vz	1	2	∆z	​	t	​​​	v	z	​	t	​	​	1	2R	​	v	z	∆z	​	t	​	∆z	i	z	​	t	​	1	2R	​	∆z	i	z	1	2L	∆z
∂	i	z​	t	​	∂t	∆z	​	t	​	1	2L	∆z	∂	iz	∂t	∆z	​	t	​	​CHAPTER	2	35	R'∆z	2	i(z,	t)	+	v(z,	t)	L'∆z	2	R'∆z	2	G'∆z	L'∆z	2	i(z+∆z,	t)	C'∆z	-	+	v(z+∆z,	t)	-	∆z	Figure	P2.4:	Transmission	line	model.	Recognizing	that	the	current	through	the	G	C	branch	is	i	z	​	t	​	Kirchhoff’s	current	law),	we	can	conclude	that	​	i	z	∆z	​	t	​	(from	∂	v	z	12	∆z	​	t	​	∂t	​	From	both	of	these	equations,	the	proof	is
completed	by	following	the	steps	outlined	in	the	text,	ie.	rearranging	terms,	dividing	by	∆z,	and	taking	the	limit	as	∆z	0.	i	z​	t	​	∆z	​	t	​​​	G	∆z	v	z	iz	1	2	∆z	​	t​	C	∆z	​	Find	α	​	β	​	up	,	and	Z0	for	the	coaxial	line	of	Problem	2.2.	Problem	2.5	Solution:	From	Eq.	(2.22),	​	γ​	jωL	​	G	R	​	0	788	Ω/m	​	109	10	​	j	2π	10	​	91	​	jωC	3	S/m	​	3	j44	5	​	m	​	​	109	s	​	j	2π	1	​	139	10	​	9	H/m​	109
s	​	1	​	362	10	​	12	F/m	​	1	Thus,	from	Eqs.	(2.25a)	and	(2.25b),	α	​	0	109	Np/m	and	β	​	44	5	rad/m.	From	Eq.	(2.29),	Z0	​	R	G	jωL	jωC	0	788	Ω/m	​	j	2π	109	s	​	1	​	139	10	​	9	H/m	​	9	1	10	​	3	S/m	​	j	2π	109	s	​	1	​	362	10	​	12	F/m	​	​	​	j0	030	​	Ω	19	6	From	Eq.	(2.33),	up	​	ω	β	​	2π	109	44	5	​	1	41	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	(µp	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	​	ωL	and	G​	ωC	,	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,	​	​	C	L	α​	R	​	RG	​	​	​	β	​	ω	LC	​	Z0	L	C	​	Solution:	Using	the	distortionless	condition	in	Eq.	(2.22)	gives	γ​	α	​	jβ	​	​	​	​
​	​	​	jωL	​	G	R	​	LC	​	LC	​	jωC	​	R	L	jω	R	L	jω	​	​	G	C	jω	R	L	jω	​	​	LC	R	L	jω	​	R	C	L	jω	L	C	​	​	up	Hence,	α​	​​​	​​​	​	γ	​​​	R	C	L	​	β​	γ	​​​	ω	L	C	ω	β	​	​	​	1	LC	Similarly,	using	the	distortionless	condition	in	Eq.	(2.29)	gives	​	Z0	​	R	G	jωL	jωC	​	​	L	C	R	L	G	C	jω	jω	​	L	C	Problem	2.7	For	a	distortionless	line	with	Z	0	​	50	Ω,	α	up	​	2	5	108	(m/s),	find	the	line	parameters	and	λ	at	100	MHz.	​	20
(mNp/m),	​CHAPTER	2	37	Solution:	The	product	of	the	expressions	for	α	and	Z	0	given	in	Problem	2.6	gives	​	αZ0	​	20	10	​	R	3	50	​	1	(Ω/m)	​	Z0	up	​	L	50	2	5	108	​	​	​	ω	β​	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	​	2	2	​	7	​	8	10	​	(F/m)	​
80	11	(pF/m)	The	distortionless	condition	given	in	Problem	2.6	is	then	used	to	find	G	.	G	​	RC	L	80	10	​	2	10	​	7	1	​	12	​	4	10	​	4	(S/m)	​	400	(µS/m)	​	and	the	wavelength	is	obtained	by	applying	the	relation	µp	f	λ​	2	5	108	100	106	​	​	25m	Problem	2.8	Find	α	and	Z0	of	a	distortionless	line	whose	R	G	​	2	10	​	4	S/m.	​	2	Ω/m	and	Solution:	From	the	equations	given	in
Problem	2.6,	​	α​	RG	​	Z0	​	2	2	R	G	​	​	L	C	​	​	​	10	​	4	1	2	​	​	2	10	​	1	2	2	2	10	​	4	2	(Np/m)	​	​	100	Ω	Problem	2.9	A	transmission	line	operating	at	125	MHz	has	Z	0	​	40	Ω,	α	​	0	02	(Np/m),	and	β	​	0	75	rad/m.	Find	the	line	parameters	R	,	L	,	G	,	and	C	.	Solution:	Given	an	arbitrary	transmission	line,	f	​	125	MHz,	Z	0	​	40	Ω,	α	​	0	02	Np/m,	and	β	​	0	75	rad/m.	Since	Z	0	is	real
and	α	​	0,	the	line	is	distortionless.	From	Problem	2.6,	β	​	ω	L	C	and	Z0	​	L	C	,	therefore,	​	L	​	βZ0	ω	​	2π	0	75	40	125	106	​	​	38	2	nH/m	​CHAPTER	2	38	Then,	from	Z0	​	​	L	C,	​	From	α	​	R	​	​	​	​	RG	​	38	2	nH/m	402	​	​	23	9	pF/m	​	LG,	R	G	and	R	C	R	G	L	Z02	​	C	​	RG	L	C	α2	R	0	02	Np/m	​	0	8	Ω/m	​	αZ0	​	0	02	Np/m	40	Ω	​	0	6	Ω/m	and	G	​	​	2	​	0	5	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),	S​	V	max	V	min	​	15	06	​	25	Solving	for	the	magnitude	of	the	reflection
coefficient	in	terms	of	S,	as	in	Example	2-4,	Γ	S	1	​	S	1	​	​	25	1	​	25	1	​	0	43	Problem	2.11	Polyethylene	with	εr	​	2	25	is	used	as	the	insulating	material	in	a	lossless	coaxial	line	with	characteristic	impedance	of	50	Ω.	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	Ω,	εr	​	2	25,	a	​	1	2	mm:	(a)	From	Table	2-2,	Z0	​	60	εr	​	ln	b	a	​	which	can	be	rearranged	to	give	​	b	​	aeZ0	εr	60	​	1	2	mm	​	e50	2	25	60	​	​	4	2	mm	​CHAPTER	2	39	(b)	Also	from	Table	2-2,	up	​	​	c	εr	3	​	​	108	m/s	2	25	​	2	0	108	m/s	Problem	2.12	A	50-Ω	lossless	transmission	line	is	terminated	in	a	load	with	impedance	ZL	​	30	j50	​
Ω.	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),	Γ​	ZL	Z0	​	ZL	Z0	​	30	​	30	S​	1	1	Γ	Γ	​	j50	​	j50	​	​	1	1	0	57	0	57	50	50	​	0	57e	​	j79	8	​	​	(b)	From	Eq.
(2.59),	​	​	​	​	3	65	(c)	From	Eq.	(2.56)	lmax	​	θr	λ	4π	nλ	2	​	​	​	​	79	8	​	8	cm	π	rad	n	8	cm	4π	180	​	2	0	89	cm	4	0	cm	​	3	11	cm	(d)	A	current	maximum	occurs	at	a	voltage	minimum,	and	from	Eq.	(2.58),	lmin	​	lmax	λ	4	​	3	11	cm	8	cm	4	​	1	11	cm	​	​	Problem	2.13	On	a	150-Ω	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	9	cm	​	3	cm	​	6	cm	​	λ	4	​	​	λ	4.	Hence,	​CHAPTER	2	40	or	λ	​	24	cm.	Accordingly,	the	first	voltage	minimum	is	at	Application	of	Eq.	(2.57)	with	n	​	0	gives	θr	which	gives	θr	​	​	ZL	​	​	3	cm	​	λ	8.	π​	​
π	2.	Γ	Hence,	Γ	​	0	5	e	​	Finally,	​	λ	8	2π	λ	2	min	jπ	2	​	​1	1	3	1	​	3	1	​	j0	5.	​	​	Z0	S	1	​	S	1	​	​	Γ	Γ	​	​	150	​1	1	2	4	​	j0	5	j0	5	​	​	​	05	​	90	j120	​	Ω	​	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	Ω,	find	the	load	impedance.	Solution:	Following	Example	2.5:	Given	a	lossless	line	with	Z	0	lmin	0	​	4	cm,	lmin	1	​	14	cm.	Then	​​	​​	​​​	​​	lmin	1	lmin	0	​	​	50	Ω,	S	​	1	5,	λ	2	or	​​​	λ​	2	​	​	​​​	lmin	1	lmin	0	20	cm	and	β​	2π	λ	​	2π	rad/cycle	20	cm/cycle	​	10π	rad/m	From	this	we	obtain	θr	​	2βlmin	​	n	​	​	1	​	π	rad	​	2	2n	​	​	10π	rad/m	0	2π	rad	​	Also,	Γ	​	S	1	​	S	1	​	15	1	​	15	1	​	02	​
0	04	m	36	0	​	​	π	rad	​CHAPTER	2	41	So	ZL	​	Z0	​	1	1	Γ	Γ	​	​	50	1	0	2e	​	1	0	2e	​	​	​	j36	0	​	​	​	j36	0	​​	​	67	0	j16	4	​	Ω	​	Problem	2.15	A	load	with	impedance	Z	L	​	25	j50	​	Ω	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	Γ	(i.e.,	a	plot	of	S	vs.	Γ	is	always	increasing),	the	value	of	Z0	which	gives	the	minimum	possible	S	also	gives	the	minimum	possible	Γ	,	and,	for	that	matter,	the	minimum	possible	Γ	2	.	A	necessary	condition	for	a	minimum	is	that	its	derivative	be	equal	to	zero:	0​	∂	Γ2	∂Z0	Therefore,	Z02	​	R2L	​	∂	RL	∂Z0	RL	​	∂	RL	Z0	​	​	∂Z0	RL	Z0	​	jXL	jXL	​
Z0	2	Z0	2	2	XL2	2	XL2	4RL	Z02	​	RL	​	R2L	XL2	​	2	2	XL2	Z0	​	​	​	XL2	or	Z0	​	ZL	​	252	50	​	​	2	​​​	55	9	Ω	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	Ω	and	Z0	​	∞	Ω)	should	be	checked	also.	Problem	2.16	A	50-Ω	lossless	line	terminated	in	a	purely	resistive	load	has	a	voltage	standing	wave	ratio	of	3.	Find	all	possible	values	of	Z	L	.	Solution:	​	Γ	For	a	purely	resistive	load,	θr	ZL	For	θr	​	π,	Γ	​	​	​	Z0	​​	1	1	0	5	and	ZL	S	1	3	1	​	​	​	​	05	S	1	3	1	0	or	π.	For	θr	​	0,	​	Γ	Γ	​	​	50	​	50	​1	1	​	​1	1	05	05	​	​	05	05	​	​	150
Ω	​	15	Ω	​CHAPTER	2	42	Section	2-6:	Input	Impedance	Problem	2.17	At	an	operating	frequency	of	300	MHz,	a	lossless	50-Ω	air-spaced	transmission	line	2.5	m	in	length	is	terminated	with	an	impedance	Z	L	​	40	j20	​	Ω.	Find	the	input	impedance.	Solution:	Given	a	lossless	transmission	line,	Z	0	​	50	Ω,	f	​	300	MHz,	l	​	2	5	m,	and	ZL	​	40	j20	​	Ω.	Since	the	line
is	air	filled,	up	​	c	and	therefore,	from	Eq.	(2.38),	β​	ω	up	300	106	3	108	2π	​	​	2π	rad/m	Since	the	line	is	lossless,	Eq.	(2.69)	is	valid:	Zin	​	Z0	​	jZ0	tan	βl	jZL	tan	βl	ZL	Z0	​	40	j20	​	50	j	40	​	40	j20	​	50	50	j	40	​	50	​	j50	tan	2π	rad/m	2	5	m	​	j20	​	tan	2π	rad/m	2	5	m	​	j50	0	​	40	j20	​	Ω	j20	​​	0	Problem	2.18	A	lossless	transmission	line	of	electrical	length	l	​	0	35λ	is
terminated	in	a	load	impedance	as	shown	in	Fig.	2-38	(P2.18).	Find	Γ,	S,	and	Z	in	.	l	=	0.35λ	Z0	=	100	Ω	Zin	ZL	=	(60	+	j30)	Ω	Figure	P2.18:	Loaded	transmission	line.	Solution:	From	Eq.	(2.49a),	Γ​	ZL	Z0	​	ZL	Z0	​	60	60	1	1	Γ	Γ	j30	​	j30	​	​	100	100	​	0	307e	j132	5​	​	From	Eq.	(2.59),	S​	​	​	1	1	​	0	307	0	307	​	1	89	​CHAPTER	2	43	From	Eq.	(2.63)	Zin	​	Z0	​	jZ0	tan	βl
jZL	tan	βl	ZL	Z0	​	100	60	j30	​	100	j	60	2π	rad	λ	0	2π	rad	​	λ	0	j100	tan	​	j30	​	tan	35λ	​	35λ	​	​	​	64	8	​	j38	3	​	Ω	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	For	l	​	λ	4,	βl	​	2π	λ	​	λ	4	Zin	​	π	2.	​	Z0	​	Z0	With	ZL	​	​	jZ0	tan	βl	jZL	tan	βl	ZL	Z0	​	0,	we	have	jZ0
tan	π	2	Z0	​	j∞	(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),	lmax	representation	for	Γ,	Zin	​	lmax	​​​	Z0	1	1	​	Z0	1	1	​	​	​	θr	2nπ	​	2β,	so	from	Eq.	(2.61),	using	polar	Γ	e	jθr	e	​	Γ	e	jθr	e	​	j2βlmax	Γ	e	jθr	e	​	Γ	e	jθr	e	​	j	θr	2nπ	j2βlmax	​	​
​	j	θr	2nπ	​	​​	​	Z0	​	1	1	​	Γ	Γ	​	which	is	real,	provided	Z0	is	real.	Problem	2.21	A	voltage	generator	with	vg	t	​	​	5	cos	2π	109	t	​	V	and	internal	impedance	Zg	​	50	Ω	is	connected	to	a	50-Ω	lossless	air-spaced	transmission	line.	The	line	length	is	5	cm	and	it	is	terminated	in	a	load	with	impedance	ZL	​	100	j100	​	Ω.	Find	​	(a)	Γ	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	Γ​	j100	​	j100	​	100	​	100	​	​	50	50	​	​	0	62e	​	j29	7	​	​	(b)	All	formulae	for	Zin	require	knowledge	of	β	​	ω	up	.	Since	the	line	is	an	air	line,	up	​	c,	and	from	the	expression	for	vg	t	​	we	conclude	ω	​	2π	109	rad/s.	Therefore	β​	109	rad/s	108	m/s
2π	3	20π	rad/m	3	​	Then,	using	Eq.	(2.63),	Zin	​	Z0	​	jZ0	tan	βl	jZL	tan	βl	ZL	Z0	100	​	50	50	​	j100	​	j	100	​	20π	3	20π	​	3	j50	tan	​	rad/m	j100	​	tan	rad/m	100	j100	​	j50	tan	​	​	50	j	100	j100	​	tan	​	​	50	​	π	3	π	3	rad	​	rad	​	​	5	cm	​	5	cm	​	​	​	12	5	j12	7	​	Ω	​	An	alternative	solution	to	this	part	involves	the	solution	to	part	(a)	and	Eq.	(2.61).	(c)	In	phasor	domain,	Vg	​	5	V	e	j0	​	.
From	Eq.	(2.64),	Vi	​	Vg	Zin	Zg	Zin	5	50	​	12	5	j12	7	​	​	12	5	j12	7	​	​	​	1	40e	​	j34	0	​	​	(V)	​	and	also	from	Eq.	(2.64),	Ii	Problem	2.22	​	Vi	Zin	​	1	4e	​	j34	0	​	12	5	j12	7	​	​	​	​	78	4e	j11	5​	​	(mA)	A	6-m	section	of	150-Ω	lossless	line	is	driven	by	a	source	with	vg	t	​​​	5	cos	8π	107	t	​	30	​	​	(V)	and	Zg	​	150	Ω.	If	the	line,	which	has	a	relative	permittivity	ε	r	in	a	load	ZL	​	150	j50	​	Ω	​
find	​	(a)	λ	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	vi	t	​	.	Solution:	vg	t	​​​	5	cos	8π	​	5e	​	Vg	150	Ω	I~	i	Zg	~	Vg	+	j30	107	t	V	​	30	​	​	V​	Transmission	line	+	+	~	Vi	Zin	Z0	=	150	Ω	~	VL	~	IL	ZL	(150-j50)	Ω	-	-	Generator	z	=	-l	Zg
~	Vg	+	Load	l=6m	~	Ii	z=0	⇓	+	~	Vi	Zin	Figure	P2.22:	Circuit	for	Problem	2.22.	(a)	​	​	up	up	f	ω	up	λ​	β​	βl	c	εr	​	​	​	108	​	2	108	(m/s)	​	2	25	2πup	2π	2	108	​	​	5	m​	ω	8π	107	8π	107	​	0	4π	(rad/m)	​	2	108	3	​	​	0	4π	6	​	2	4π	(rad)	​CHAPTER	2	46	Since	this	exceeds	2π	(rad),	we	can	subtract	2π,	which	leaves	a	remainder	βl	(rad).	ZL	Z0	150	j50	150	j50	​	​	​	0	16	e	​	j80	54	.
(b)	Γ	​	​	​	​	​	ZL	Z0	150	j50	150	300	j50	​	​	(c)	​	0	4π	​	Zin	​	Z0	​	Z	jZ	tan	βl	​	Z	jZ	tan	βl	​	150	j50​	j150	tan	0	4π​	​	150	L	0	0	L	150	​	j	150	j50	​	tan	0	4π	​	​	​	​	115	70	j27	42	​	Ω	(d)	​	Vi	Vg	Zin	Zg	Zin	​	​	5e	​	j30	115	7	j27	42	​	150	115	7	j27	42	​	115	7	j27	42	j30	​	5e	265	7	j27	42	​	5e	​	(e)	vi	t	​​​	​​​	Vi	e	jωt	​	​​​	​	j30	2	2	e​	0	44	e	j7	44	​	j22	56	​	e	jωt	​	​	2	2	e​	j22	56	​	(V)	​	2	2	cos	8π	107t	22	56	​	​	V	​
Problem	2.23	Two	half-wave	dipole	antennas,	each	with	impedance	of	75	Ω,	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	Ω	and	lossless.	(a)	Calculate	Zin1	,	the	input	impedance	of	the	antenna-terminated	line,	at	the	parallel
juncture.	(b)	Combine	Zin1	and	Zin2	in	parallel	to	obtain	ZL	,	the	effective	load	impedance	of	the	feedline.	(c)	Calculate	Zin	of	the	feedline.	Solution:	(a)	Zin1	​	jZ0	tan	βl1	Z0	jZL1	tan	βl1	​	75	j50	tan	2π	λ	​	0	2λ	​​​	50	50	j75	tan	2π	λ	​	0	2λ	​​​​	​	Z0	​	​Z	L1	​	35	20	​	j8	62	​	Ω	​CHAPTER	2	47	75	Ω	(Antenna)	λ	0.2	0.3λ	Zin1	Zin2	Zin	0.2	λ	75	Ω	(Antenna)	Figure	P2.23:
(a)	Circuit	for	Problem	2.23.	(b)	ZL	​	Zin1	Zin2	Zin1	Zin2	​	35	20	j8	62	​	2	​	2	35	20	j8	62	​	(c)	​	​	17	60	​	j4	31	​	Ω	l	=	0.3	λ	ZL'	Zin	Figure	P2.23:	(b)	Equivalent	circuit.	​	Zin	​	50	17	60	j4	31	​	j50	tan	2π	λ	​	0	3λ	​​​	​	50	j	17	60	j4	31	​	tan	2π	λ	​	0	3λ	​​​​	​	​	107	57	​	j56	7	​	Ω	​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-Ω	transmission	line	terminated	in	a	short	circuit	to	construct	an	equivalent	load	with	reactance	X	​	40	Ω.	If	the	phase	velocity	of	the	line	is	0	75c,	what	is	the	shortest	possible	line	length	that	would	exhibit	the	desired	reactance	at	its	input?	Solution:	β	​	ω	up	2π	rad/cycle	​​	300	106	cycle/s	​	0	75	3	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,	l	​	1	tan	​	β	​	1	Xinsc	Z0	1	tan	​	8	38	rad/m	​	​	1	40	Ω	50	Ω	​	0	675	nπ	​	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,	l	​	​	jZ0	tan	βl.	If	βl	​	λ	π	​	2π	2	nπ​	​	λ	4	π	2	sc	nπ	​	,	then	Zin	​	j∞	Ω	​	.	nλ	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	µH,	and	when	the	line	was	open	circuited,	the	measurement	yielded	an	input	impedance	equivalent	to	a	capacitor	with
capacitance	of	40	pF.	Find	Z0	of	the	line,	the	phase	velocity,	and	the	relative	permittivity	of	the	insulating	material.	Solution:	Now	ω	​	2π	f	sc	Zin	​	6	28	106	rad/s,	so	​	jωL	​	j2π	106	0	064	10	​	6	​	j0	4	Ω	​CHAPTER	2	49	oc	​	1	jωC	​	1	j2π	and	Zin	From	Eq.	(2.74),	Z0	​	Eq.	(2.75),	up	​	ω	β	​	​	tan	​	1	106	40	10	​	12	​​​	j4000	Ω.	​	sc	oc	Zin	Zin	​	j0	4	Ω	​	j4000	Ω	​	​	​	1	​	40	Ω
Using	ωl	​	sc	Z	oc	Zin	in	​	6	28	tan	​	​	​	​	​	​	106	0	31	j0	4	​	j4000	​​​	​	1	95	106	m/s	​	​	0	01	nπ	​	where	n	0	for	the	plus	sign	and	n	1	for	the	minus	sign.	For	n	​	0,	up	​	1	94	108	m/s	​	0	65c	and	εr	​	c	up	​	2	​	1	0	652	​	2	4.	For	other	values	of	n,	up	is	very	slow	and	εr	is	unreasonably	high.	Problem	2.27	A	75-Ω	resistive	load	is	preceded	by	a	λ	4	section	of	a	50-Ω	lossless	line,
which	itself	is	preceded	by	another	λ	4	section	of	a	100-Ω	line.	What	is	the	input	impedance?	Solution:	The	input	impedance	of	the	λ	4	section	of	line	closest	to	the	load	is	found	from	Eq.	(2.77):	​	Zin	Z02	ZL	​	502	75	​	33	33	Ω	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	λ	4	line	is	taken	into	account:	Zin	​	Z02	ZL	​	1002	33	33	​	300	Ω	Problem	2.28	A	100-MHz	FM	broadcast	station	uses	a	300-Ω	transmission	line	between	the	transmitter	and	a	tower-mounted	half-wave	dipole	antenna.	The	antenna	impedance	is	73	Ω.	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	ε	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	λ	4	can	be	used.	From	Eq.	(2.77),	the	impedance	of	such	a	line	should	be	Z0	​	​	Zin	ZL	​	​	73	​	148	Ω	300	(b)	λ	4	up	4f	​	c	4	εr	f	​	3	108	4	2	6	100	106	​	​	​	​	0	465	m	​	and,
from	Table	2-2,	​	Z0	​	120	ln	ε	​	​	​	d	2a	d	2a	2	​	1	Ω	​​	Hence,	​	ln	​	​	d	2a	2	d	2a	​	1	​	​​	​	148	2	6	120	​	1	99	​	which	leads	to	​	​	d	2a	d	2a	2	​	1	​	7	31	​	and	whose	solution	is	a	​	d	7	44	​	25	cm	7	44	​	3	36	mm.	Problem	2.29	A	50-MHz	generator	with	Z	g	​	50	Ω	is	connected	to	a	load	ZL	​	50	j25	​	Ω.	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	Ω,	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	l	such	that	the	input	impedance	of	the	line	is	Z	in	​	j25	Ω,	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	βl	​	j25	​	​	​CHAPTER	2	51	Z	0	=	100	Ω	l	50	Ω	~	Vg
+	Z	L	(50-j25)	Ω	-	Figure	P2.29:	Transmission-line	arrangement	for	Problem	2.29.	or	​	cot	βl	which	leads	to	βl	​	​	​	25	100	​	0	25	​	​	1	326	or	1	816	Since	l	cannot	be	negative,	the	first	solution	is	discarded.	The	second	solution	leads	to	1	816	1	816	​	​	0	29λ	l​	β	2π	λ	​	Problem	2.30	A	50-Ω	lossless	line	of	length	l	​	0	375λ	connects	a	300-MHz	generator	with	Vg	​
300	V	and	Zg	​	50	Ω	to	a	load	ZL	.	Determine	the	time-domain	current	through	the	load	for:	(a)	ZL	​	50	j50	​	Ω	​	​	(b)	ZL	​	50	Ω,	(c)	ZL	​	0	(short	circuit).	Solution:	(a)	ZL	​	50	j50	​	Ω,	βl	ZL	Z0	​	ZL	Z0	Γ​	​Z	​	​	50	​	50	​	​	j50	50	​	j50	50	Application	of	Eq.	(2.63)	gives:	Zin	​	Z0	L	Z0	jZ0	tan	βl	jZL	tan	βl	​	0	375λ	​	2	36	(rad)	​	135	​	.	2π	λ	​	50	​	​	j50	100	j50	50	j50	​	​	50	j	50	​	​	​	​	0
45	e	​	j50	tan	135	​	j50	​	tan	135	​	​	​	j63	43	​	100	j50	​	Ω	​CHAPTER	2	52	50	Ω	~	Vg	Transmission	line	+	ZL	(50-j50)	Ω	Z0	=	50	Ω	Zin	-	l	=	0.375	λ	Generator	Load	z	=	-l	Zg	~	Vg	z=0	⇓	~	Ii	+	+	~	Vi	Zin	Figure	P2.30:	Circuit	for	Problem	2.30(a).	Using	Eq.	(2.66)	gives	​	Vg	Zin	Zg	Zin	​	​	V0	e	jβl	300	100	j50	​	50	100	j50	​	​	​	150	e	​	iL	t	​​​	​	​​​	​​	​	2	68	e	​	jβl	1	0	45	e	​	e	j135
(V)	​	j135	j108	44	​	e	j6π	​	108	t	​	​	2	68	cos	6π	108t	108	44	​	​	​	e​	j63	43	150	e	​	j135	1	0	45	e	​	50	​	V0	1	Γ	​​​	Z0	​	IL	e	jωt	​	​	IL	​	1	Γe	​	(A)	​	j63	43	​	j135	​​​	2	68	e	​	j108	44	​	(A)	​	​CHAPTER	2	53	(b)	​	50	Ω	​	Γ	​	0​	Zin	​	ZL	​	V0	IL	​	iL	t	​​​	Z0	​	300	50	1	50	50	e	j135	V0	150	j135	e​	​	Z0	50	​​​	3	e​	j135	e	j6π	​	0	​	150	e	​	​	3	e​	108	t	​	j135	j135	​	50	Ω	​	(V)	​	(A)	​	​	3	cos	6π	108t	135​	​	​	(A)	(c)	​	0​	ZL	Γ​
1​	​	​	jZ0	tan	135	​	j50	(Ω)	​	​	jZ0	tan	135	​	​	Z0	0	​	​	300	j50	​	1	​	150	e	​	j135	(V)	​	​	j135	50	j50	e	e	​	j135	​	​	V0	150	e	​	j135	1	Γ​	​	1	1​	​	6e	​	j135	(A)	​	Z0	​	50	6	cos	6π	108	t	135	​	​	(A)	Zin	​	Z0	V0	​	IL	​	iL	t	​​​	0	​	Section	2-8:	Power	Flow	on	Lossless	Line	Problem	2.31	A	generator	with	Vg	​	300	V	and	Zg	​	50	Ω	is	connected	to	a	load	ZL	​	75	Ω	through	a	50-Ω	lossless	line	of	length	l	​
0	15λ.	(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	Vi	Ii	​	.	(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	Ω	~	Vg	Transmission	line	+	75	Ω	Z0	=	50	Ω	Zin	-	l	=	0.15	λ	Generator	Load	z	=	-l	Zg	~	Vg	~	Ii	z=0	⇓	+	+	~	Vi	Zin	Figure	P2.31:	Circuit	for	Problem	2.31.	(a)	2π	λ	βl	​	Zin	​	Z0	​Z	0	15λ	​	54	​	L	Z0	​	jZ0	tan	βl	jZL	tan	βl	​	​	50	​	75
50	j50	tan	54	​	j75	tan	54	​	​	​	41	25	​	j16	35	​	Ω	(b)	Ii	Vi	Vg	​	Zg	Zin	​	50	300	41	25	j16	35	​	​	3	24	e	j10	16	​	​	Ii	Zin	​	3	24	e	j10	16	41	25	j16	35​	​	143	6	e	​	​	​	(A)	​	​	j11	46	​	(V)	​CHAPTER	2	55	(c)	Pin	1	2	​	​​​	​​​	1	143	6	e	​	j11	46	3	24	e	​	j10	16	​	2	143	6	3	24	cos	21	62	​	​​​	216	(W)	2	​	Vi	Ii	​	​	​	​	(d)	ZL	Z0	​	ZL	Z0	Γ​	75	50	​	75	50	​	​	1	Γe	​	V0	​	Vi	VL	​	V0	1	Γ	​​​	150e	​	IL	​	PL	​	e	jβl	​	0	2​	143	6	e	​
j11	46	e	j54	0	2	e	​	j54	​	jβl	​	j54	​	150e	​	0	2	​​​	180e	​	1	j54	j54	(V)	​	(V)	​	V0	150e	​	j54	1	Γ	​​​	1	0	2	​​​	2	4	e	​	j54	(A)	​	Z0	50	​	​	1	1	VL	IL	​	​	180e	​	j54	2	4	e	j54	​	​	216	(W)	2	2	​​​	​​​	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:	Pg	1	2	​	​​​	Vg	Ii	​	1	2	​	​​​	Power	dissipated	in	Zg	:	PZg	​	1	2	​​​	Note
1:	Pg	IiVZg	​	1	2	​	300	​​​	3	24	e	j10	16	Ii	Ii	Zg	​	​	​	​	486	cos	10	16	​	​​​	478	4	(W)	1	2	Ii	Zg	2	​	​	1	3	24	​	2	2	50	​	262	4	(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	Ω,	how	much	average	power	is	delivered	to	each	antenna?	Solution:	Since	line	2	is	λ	2	in
length,	the	input	impedance	is	the	same	as	ZL1	​	75	Ω.	The	same	is	true	for	line	3.	At	junction	C–D,	we	now	have	two	75-Ω	impedances	in	parallel,	whose	combination	is	75	2	​	37	5	Ω.	Line	1	is	λ	2	long.	Hence	at	A–C,	input	impedance	of	line	1	is	37.5	Ω,	and	Ii	​	Vg	Zg	Zin	​	250	50	37	5	​	2	86	(A)	​	​CHAPTER	2	56	ZL1	=	75	Ω	(Antenna	1)	λ/2	50	Ω	2	ne	Li	λ/2
A	+	C	Line	1	Z	in	250	V	-	B	D	Generator	λ/2	Li	ne	3	ZL	2	=	75	Ω	(Antenna	2)	Figure	P2.32:	Antenna	configuration	for	Problem	2.32.	Pin	​	1	2	​​​	IiVi	​	​	1	2	​​​	​	Ii	Ii	Zin	​	2	86	​	2	37	5	2	​	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-Ω	line.	The	λ	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	α	​	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),	Z	L	​	Z1	​	100	Ω.	Since	the	feed	line	is	λ	2	in	length,	Eq.	(2.76)	gives	Z	in	​	ZL	​	100	Ω	and	βl	​	2π	λ	​	λ	2	​	​	π,	so	e	jβl	​	1.	From	Eq.	(2.49a),	​	Γ​	ZL	Z0	​	ZL	Z0	​	100	50	​	100	50	​	1	3	​CHAPTER	2	57	50	Ω	λ/2	+	Z0	=	50	Ω	2V	Z1	=	100	Ω	∞	t	Pav	i	Pav	r	Pav
Figure	P2.33:	Line	terminated	in	an	infinite	line.	​	2e	j0​	(V).	Plugging	all	these	Also,	converting	the	generator	to	a	phasor	gives	Vg	results	into	Eq.	(2.66),	V0	​	Vg	Zin	Zg	Zin	​	​	e	jβl	1	Γe	​	jβl	​	​	2	100	50	100	​	1e	j180​	​	​	1	​	1​	1	3	​	1​	​	1	(V)	From	Eqs.	(2.84),	(2.85),	and	(2.86),	V0	2Z0	2	​	r	Pav	​	t	Pav	​	Pav	​	Pavi	Pavr	​	10	0	mW	1	1	mW	​	8	9	mW	​	​	​	1e	j180	​	2	2	50	i	Pav	i
Γ	2	Pav	​	​	1	3	2	​	10	0	mW	​	10	mW	​	​	1	1	mW	​	Problem	2.34	An	antenna	with	a	load	impedance	Z	L	​	75	j25	​	Ω	is	connected	to	a	transmitter	through	a	50-Ω	lossless	transmission	line.	If	under	matched	conditions	(50-Ω	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	Eqs.	(2.66)	and	(2.61),	​	Vg	Zin	Zg	Zin	​	​	V0	1	Γe	​	e	jβl	jβl	Vg	Z0	1	Γe	​	j2βl	​	1	Γe	​	j2βl	​​​	​	Z0	Z0	1	Γe	​	j2βl	​	1	Γe	​	j2βl	​	​	​	Γe	​	1	​	1	​	​	Γe	​	Vg	e	​	​	j2βl	1	Vg	e	​	j2βl	Γe	​	j2βl	​	Γe	​	j2βl	​	jβl	​	​	​	jβl	1	​	e	​	jβl	​	1	Γe	​	j2βl	​	​	jβl	1	2	Vg	e	Thus,	in	Eq.	(2.86),	Pav	​	V0	2	1	2Z0	​	​	1	jβl	2	2	Vg	e	Γ	2	​​​	2Z0	1	​	Γ	2	​​​	Vg	2	1	8Z0	​	Under	the	matched	condition,	Γ	​	0	and	PL	​	20	W,	so
Vg	When	ZL	​	75	j25	​	Ω,	from	Eq.	(2.49a),	Γ​	so	Pav	​	20	W	1	​	ZL	Z0	​	ZL	Z0	​	j25	​	Ω	50	Ω	​	j25	​	Ω	50	Ω	75	75	Γ	2	​​​	20	W	1	​	0	2772	​	2	8Z0	Γ	2​	​	20	W.	​	0	277e	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	​	3Z0	,	(b)	ZL	​	2	2	j	​	Z0	,	​	(c)	ZL	​	2	jZ0	,	​	(d)	ZL	​	0
(short	circuit).	Solution:	Refer	to	Fig.	P2.35.	(a)	Point	A	is	zL	​	3	j0.	Γ	​	(b)	Point	B	is	zL	​	2	j2.	Γ	​	​	(c)	Point	C	is	zL	​	0	j2.	Γ	​	​	(d)	Point	D	is	zL	​	0	j0.	Γ	​	0	5e0	​	0	62e	​	29	7	​	1	0e	​	53	1	​	1	0e180	0	​	​	​	​	​CHAPTER	2	59	1.0	0.1	6	70	0.3	4	0.7	1.4	0.9	0.35	80	0.1	1.8	8	2	31	0.	0.4	0.3	3.0	0.6	0.2	40	9	4.0	0.2	20	8	0.	0.25	0.26	0.24	0.27	0.23	0.25	0.24	0.26	0.23
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