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Chapter 1

This is an open-ended question where the focus of the answer may be largely chosen by

11 the student or the instructor. Some of the relevant historical developments related to the
early days of radio are listed here (as cited from T. S. Sarkar, R. J. Mailloux, A. A. Oliner, M.
Salazar-Palma, and D. Sengupta, History of Wireless, Wiley, N.J., 2006):

1865: James Clerk Maxwell published his work on the unification of electric and magnetic
phenomenon, including the introduction of the displacement current and the theoretical
prediction of EM wave propagation.

1872: Mahlon Loomis, a dentist, was issued US Patent 129,971 for “aerial telegraphy by
employing an “aerial’ used to radiate or receive pulsations caused by producing a disturbance in
the electrical equilibrium of the atmosphere”. This sounds a lot like radio, but in fact Loomis was
not using an RF source, instead relying on static electricity in the atmosphere. Strictly speaking
this method does not involve a propagating EM wave. It was not a practical system.

1887-1888: Heinrich Hertz studied Maxwell’s equations and experimentally verified EM wave
propagation using spark gap sources with dipole and loop antennas.

1893: Nikola Tesla demonstrated a wireless system with tuned circuits in the transmitter and
receiver, with a spark gap source.

1895: Marconi transmitted and received a coded message over a distance of 1.75 miles in Italy.
1894: Oliver Lodge demonstrated wireless transmission of Morse code over a distance of 60 m,
using coupled induction coils. This method relied on the inductive coupling between the two
coils, and did not involve a propagating EM wave.

1897: Marconi was issued a British Patent 12,039 for wireless telegraphy.

1901: Marconi achieved the first trans-Atlantic wireless transmission.

1943: The US Supreme Court invalidated Marconi’s 1904 US patent on tuning using resonant
circuits as being superseded by prior art of Tesla, Lodge, and Braun.

So it is clear that many workers contributed to the development of wireless technology during
this time period, and that Marconi was not the first to develop a wireless system that relied on the
propagation of electromagnetic waves. On the other hand, Marconi was very successful at
making radio practical and commercially viable, for both shipping and land-based services.
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(QﬁJ&_W ould M,f?{ s=q/4mwj
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7.1 N=4 (5 hele)

o= B6bSmt, B2 Tm™ | 2,4y 80
Pro = 2.7 Exm‘?w

Fﬂ-ﬂm I{,?i"'md,é-) Mbﬂ; S=£*'1"’-1,

kel= B8] 1- ) - gome”
Faow~ (7.59),

0l ® Dpit = szaafg} O B
Ty(4eBm) = CMAH ook (ate Bm)] =3l 6
e By = 1,587

Fﬂ.{:‘hu.. {?15?}/

C=20d8 = -20Ley| kel a0 4oy #-30
-& = 3,300 7
Fromw (7.56) and (6.60d)
2[R ooy +12 apetd +13] = “&[m‘*ﬁm (too}O +40r026+3) ~

— 42t O, (Cra28 1)

T ham,
: Q$%=J&Ac¥tgu# p=ly = 2.9 mpv

an? :-EJ_[ Lﬂmcqﬁm—‘fmié.,\] = (=Vz=493 mpo

203 = 130 0o -4 ate Bpti] => Vo= 59 pum.

Tha M Aedireon. tha ﬂ-ﬁ-m =Py %ﬁf:.‘ju’mw.
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7.17 O 5 =
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§:=°' 327d -

T-I"\.P_ ‘W TE;E M‘ M! 7%5_,'1_:5’ ?:—"hfn_} $-=S-}1. :

EH:AM%E‘J‘%' =0

He= A s gt? =o
= 4TA ~b% _ axA b3,
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Plo=ab/ze ; 2oz (p. |
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ot ! (n=x) S
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Thimthe ampliudec opthe forwmnd ol sorie coupbol
Apa-ta »f%a»wﬂ- ,cu»?ﬂ. afw.m at

S ERSE TR = A Wlo Um [(ATAN ~p3n "~ 77Tl A
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- _ T he ey s = j\HzﬂfmA - 83,
-ﬁliu "Plll';ff“m Jw:a Fmd-'-’- W e 513}

Thine the Tlod Sorwrardd and Anckwsnd wowe appbisdse
W%W G-fgﬁﬂ M{é’z:d dac,

At - I e Al2) 4 - ST ot A oy
5 ﬁﬁa'?-“&ﬁ }?ﬂ = Ho a.L'ia o (IF +€ MJ

Fou Av =0, e must hawe (1+€35F) 20, o A=2g et
c- 2ol | ] e 2y el
=20 4g lﬂ[ S

i, e
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7.18

Zb

2o

-H—.I-PZ

3"

2o

o = PZ,-";P‘_;

24

=E¢ :__E__é"
Lt a e, b=

— F5
2a

Followrg Tt analysti of Stcion 7.5, The Lirtsn amol ool

ctnaiitls: are' (o mr:.wm[,%la( 1.’014“)
1
Vo = / o o b
= ,!i lﬁ alg '\/\,\/\1 # la = %‘- W
g : |
o0, ot Ys¥fla 56 fe Yg=o/a
EVEN MODE opp MobE
The ABCD watucse a2, .
T4 B L oo #5)[! a:l= ‘-bfaf. 1 ]
cP e.: [jfa. r][d}’ba] fa | ib-1bla* -b/a
(A B] B g;‘b][l D]_[:bf'ﬂ- ;b]
K= D_,_,:'Lfa 1}[&/1; oll=va 1 |~ |ib~ba* bla
fe= AtB-e-b . J(b-Yp+b/a")
h+B+etd  =2bja+j(b+Y—ba?)
m= A+Boc-D _ (b +b/at)
PrBYCT  2bati(brls /a7

. . }
The J\-?L‘Lbfltﬂ’\-i‘ at . . '{: #';J‘L{b* L_b)
e e

TW’ b—‘i';-l-%:@ (MWb+if*£;:bxm_g&LE::ﬂi=¢)
et b e T b
- b~
T haw, 5 = . !
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BB D
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T = 2 -

- - /
®  A+B+etd

2

. b .
2HbrE-L)  Z4b
SDHML WW WMMM Raund 3 aqe,

_ L - .L[ ‘ I
Ba= £ (Te4%e) = 3 |3 tary)

= _ 3

b(1+Ya2)
o oy = 4 i L - Y
Bs=2(e-)= % ]:-b;fa.hb b”a.’fjb] ) b([+?‘:£")

Thie whowe a 90° plase W/&mmaws,
Feov P’?/PE =0y,
Po= aPy

| B2 = x B3] ™

[=2% = a=x & 2 <[x2 v
T hen, a_ _ |(x

e T L A
CHECK' When ot=l, 2,=2,V | 2, = Zofjz v/
at the delateol pet,
By =% (le-l0) =2 (b-k + 2)(e) = 0
So Bure e Adelates,, .
EXAMPLE } o =3 [LdB), Zo= 500

Thaw Za = 87a vV
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7.19 b=X.Omm , €Er =72

Aoy Slb =01, Wib =03 = S=0.2mm | W06 mm

W I. gﬂﬁ = @'C’ lf:J‘,JLf y E@ :LB?:dJL-‘

W E {ér Eﬁf_’.’. = fée?-'—é "'EDE. = £1.0.

7.20 d=20mm, E =j0 (G s graph of fog 7.30)

44,3 S/d :.r_fj,‘:"/ Wfd«'-d*j = 5':5'137:»11“; W:(‘J-Z#‘H.

W'- Zoe=(33 -, %0 =7/ 5

W b 2oe= 1380, Zos = 78
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7.21 |

Vo Be—O0—=@ 2o

—vh@)"-'—"g—ﬂ-@ Ze

. Zog 2o +£_a. Zoo A
® @ 0] @
e —Te o «—T
EVEN MaDE abb morg
For 8=Ta,
ré — ?aéf?.n -gg= Eo:'; —2:- f; P E::u"%.n'- 2o = ZD% = EE
2oe /7o + 20  Bde + B BoolZetds E&5 t2)°
[ﬁ,b] REEEE d‘hme} [& 5] 'KW& J‘zm,maJ
<D |, _%;Em__“@ Cool CDlp J’_&mg o6
2
Te =57 = L=5%*
P! & 'EGE . f gae e -
Cos 6 4 2ot Em),mﬁ 20 btj( 22 4 2o ) aine
Fev &MWWMGM"MF WW
MMJQA_ Py
B = e(le i) Bo= & (Te +Te)
Bs = J—z(rg—ro} By= T (Te-To)
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Sn%«,«famnlaf port [ na,
[_z?o___ Zoo ~2 ],_. Z oo Bog — 24

erd wkrwrl (wad)eiees)
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o= |2oe oo + (4o all go s Ot / )
Thaw, (-Elﬂif__h) (aa+_9)

Tg-T:,, M 3::50 v
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Ba= e i .
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2 e T tee T Zodme Zoe +2oo

Lﬂi- L = sz -Zne-ém
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Vi=C* Coo o4 5 0 B
Foo 6=m2, the me,
Bz =C v
Baz et

whueh agquer wth (7, ¢5) - (7.28),
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7.22 e =10"""2°-0.1109 - $-8GH; ; 2.>60n

F Ao (7.87),
e = - =
Zoe = 2 i":: YR Em-‘&—'——“rﬂ_ 537

For a tbupbne wnbh €r=3.2, b=0.32cum,
U_&_}-En-.-_‘?‘?,EJL : Jér 280797

F Aon~ F-W 7.49,
' Sfp= 0.3 == S=i/5 mw

wWp= 0,60 = W= /91

The e Lemgthe ane,

A BT
4 = Te F
7.23 {: :'SQ’B: fa“‘ﬂf.za: §.56;1 J‘- _F.= SG‘H'i_ .‘, Eﬁ=é'o*-n-

F-f’.’..mw {,?.ﬂ?j,

Eng=aqu_§ =lEias, amaaﬁ[! =€ =313 n

Tlu';w: E‘Eﬂe"r!églf& E;an:q?:u}-._ﬂ_ (ETE;-E}

F Aom 5‘?"“"’“‘ 7.29,
S 2 0,009 =p 5= 0.029 mm f!’.}
wp = 0.39 = w= .09 mm

T hia AMﬂwwb%M

c&mwa}im
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7.24 For Vie oul, ot pet i, mfw_t,&uf Vie oz Vo

Zoe
= —Wv.-‘b e = Zb—Eng
1 —3 =
22 D
E : ‘B ||+rﬂ'_ = E;ia‘b
V)=Vt (ﬁ'JF}+ e & EJ e

Vie = V(-6) =V ()b e €3°)
Vae = V(o) = V1t (j+I2)

Se
/ Viegﬂ‘g{w&) - REsVie
el®+le €i® (Zo+2we)ei® + (2o-2oe)e 0
= ZoVie = _Eaml?. aeel

26 Co0 6 +) 2o tunb Zots Zoe T O

W’ Vop= 2o Vio 02e8

Ea 'ﬁ Eoomg

Them tbing (7.7%) Qmd the resutle -ﬁrefawwj (7.77) guves
Vaz Vie ¥ - 2\ 4ee O [a. tiZoeWud _ 2ots Zoo (a8

22045 (Foe 200 ) Tam. & LZot) & ot Eo+iz?aezfaM9]
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ot Eﬁgfzmccaﬁﬁ.ﬂug
_— U” IFC'L T
(1-c% coog + 468 foat [FaE - &E
gbt?.""zﬂﬂ
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7.25 N=3, L= 2048, MMZ&M‘J 2o =500

@) Fromn (1.90) anol Epemple

C:lglé‘: ng[& wﬁ'f'.zi‘i';} j =G,
= Q) 438 + ((2-Cilaanb ]47,5:%1 C=f, = Cp-2C,
de -
o [3C/Coa36+ (Ca-C1)Coo g}Jm— o
AL . [-98 4030~ (Ca-t w6 |, = 1207620

M/MM figz'(}’:—,]) Ca :fa'_m"faﬂ =0.f =Cz2-2¢
SRR A ﬂg":.ﬂnffg’: D,.0f25
Ca= Jo;= 0.125

M (7.87) 3«1/1;-&:_ 208, oo -

J s
rjne:: Z‘:‘Eg =§wf—+—§i = S50.630

zéép] ::gg:] = 2& % = ??53-"1—

Z;ﬁ = Z /It = 56,6fn

(=2
ZE;“!'J: Zo|loCr T G4 /O0A
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{bj 'E?'['iuL}ﬁ{za'IEgﬂ-M""f mghﬂrﬂz} Q“.J d'f-m‘:'{:-'&
Eagin gwa{&,

Zoe= 5043, 2o UT, J& == W=3.126 wmwm , 5= 9. 94 nowe, L =4 38 Cran
Zoe = 5649, 2oo =449:/0 = W=3059 mwm , S=LE0(mm, 4213 cnm
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7.26
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7.27 Faonw (7.98) awd (7.99) e tan adriar that,
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E?#.ai‘»«? +hae & (7.97a) e?,-wu

Zeoe
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—-c =
3200t foe 4+ Bee
3 E

Ll =
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7.28 ‘F=55'H3 s €r=r0, ozl mm
-3/20 _

t= 0 =d.70 8

C:IA-M.VWU, 2= 50.n (MM-% FM'J-&«A.IJ
Eaone (7:100) e have,
Zsas “fﬂ.-*}'f'w

'Za = f?é,‘r"._ﬂ.
AC JI=c
|+
+
Zoo = zg *j’+c"‘ 2o = S5
[—a

(Theae wunuf)l;.m O-ﬂfn.a;(huwl‘g, S"-‘-#""""CW
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7.30 ot=p =/a 7%1, e= 343

Ritn iliee) . B ‘LH = R =0.176 v

Ftana {.?-”Eb} J Q{E‘J;;__ﬁ i, -ﬁt@.f‘?!é v

i : Eﬂ&f‘:’} = Zaple) = B =50 JL
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Boo ()= k2o = £. 60

@ Khoplenilec Gapun com be st oo thece tase,
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7.31

Faned, Lt Vi=ly at pot!, with wmadohd Lovole ot +Che pot.
Thim e Com Auted the nelivete MW:

(Ho 263;&) shaaa MEE:E@ Msfcﬂv"

WBMWQWWW&?&!‘WQ
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m,ct ML{;-IV gt 3, gl othe. pote matohud

g o
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Chapter 8

8.1 20752 , Lo=l.28 mH , d =/Ocm

Lt p=Hhd -
b = -2 . “Zo . -zvo
Wl c&d‘-a Ea

Pasibomol rhsn | o pd] = |ee o4 wib[ %)
SW i Cgat A =I%§*%M91 2 |

QWWWMFKFW {ap{JM
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Y

fd (radians)
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5.4 Ro=50m, fo= SOMHy , fuwo =5aMH3 , Low-PASS
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8.5
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8.6 Faom (3.61),
Fr = 1+4> T} w) = |+4 (aw2-0)* fr‘-ﬂf”*

IPg
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W LE + dB = La59
| W Ao 4 =1T0.50%

4]
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8.7 /mamﬂy Hak | 0-2GH3, st>20dB at 3-96Hs
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8.16 | fo = 3&H3 , V=5, 0,548 Jﬁﬂd mﬁ.&k&;; 2o 5o, 242 /50, By /200

2) From Todle 8.4 and (£.8¢)°
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8.17 Fo = AGHy , L.P., MF., Zo® 50n

From Takle 2.5 the LP prtetyee i,

0.6lF 2.06p 0.618
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g.033 0.033
o
i 18.9

[ 7.618
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8.18

fo = 2.45 GHz , BW=10%, epuni-R PPE (05d8), N=3 , Z=50 1
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8.23 fo= YGHy, 4=0./a, BP, MF, Z=50n
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The aoldirs v Mw,albpaf Stz w2 qed o FT,
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12.16 Su=0.6[260" G, =2./81°, S220 | 8;,=0.7/=60"
Frm® 2.0dB | Tor20.62/000° | Ry=20_

Samee S!?.:ﬂ ﬂﬂt.af l‘.':"n»lr!.]5:.1.'1"‘"b J 't'J{LG.', 5&4)1-;2. k. :
sodtle . The cverald gan ad, Gy 2Cs6uCy , bees Go=|Sul2=
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Thee T cnclea ane clown Whmtﬁm F=a4d3
powmt. We chossn [ 2066005 | [330.62/005° . Thar e

shrodd oblow,.  F = 2.o4d8. The fmal AL domplpes.
corenst s

©.031 5,

smw W’&?ﬁ-ﬂ-?&m1sui-ﬂ €2, |52:0=0.67, G=¢C.ldg,
Omel F=2. eydp - The WM&(WMMW
Srebour.
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12.17 S~MMJW W..a; Prettin. I11Y

Aot the F=2.548 conetant sterie 3{4?,{441. cinele
N=olldl , Cgp =0.593//06°  fr -0, 286
Now Csupg=l-56=19348 | Gy = 1.9 =292adB
But thues povde (ST, SA) o aet At on the Fra2.548
cw:lz We (omn p—&#mw w.{u.z;f.u:?/m;
dmdoutedionse e tha F=2.548 aoise coile ;

Gs=15 AB 952 0.905  Cs=0.56168°  ps= 0. a0¢
GL=2.548 g =0.907 CL=0.67 L60° R :0.163
Ge=17d8 gs=0.94¢ Cs »O.58 [62° Rs=0.149
(Gs= [8dB 450,970 Cs = 0.59 [60° Ps=0.1a

The Gg=(8dB and 6, =254B Cineloa dre clone T ﬂfamum
(tha F=2.548 Motee coacl). Thue we Uave f3:0.545(2¢8
s 0:59(72° awdch bl y/mfof a %of Gr=h8+3.5+4L=10,3d8,

The el AC aupllis. cocwt <o o Selyr:

6.07¢6A

StcpinCeonpot a«ajynu gt'ﬁﬁu. cirneuid grwu ISl =0. 20,

1S22]= 0.28 ) G-=10.3d8Y, avd F=2.90BY. Tha Aetes g
drim cinedoe are gliewn on T, 14-54:10"”‘5 ﬂ—a.gz,é.
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12.18 FOR THE CouPLED (INE CouPLERS '

C =07 ¥® = 5,208

Zee® 50 "I:_f-g_i' a fetfJau
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R 2/
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Eae
Zoe
Zep Zoe

avr

Mﬂwﬂ% Epormphle. [1Y sirte el Loe fobl
avpldisis hee. de .-t.jzfﬁa—mqa& 6, e @Mﬁ%
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12.21 E’J. =5»_an Rdﬁ = ﬂ&.rﬂ:‘.,_.h-r’ Cgs = §3PFJ 331-1 -'*‘!f'{:'m.g
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12.22

Su ‘0?@M Si2=3 93&2& S *ﬂ-ﬂ??ﬁi‘} $3,20.36 (-167°

Isp =0 7??5_-7_ [Lp =0 wliﬂ‘" Gp=lode. 3 ¢Hg.
Mﬁhﬁé .auwj M'.A,t?nd.ﬂ 5um".ﬁg.:
A= 5,522-5,52 = 0.452/-27°
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~'£Ju_? Sy A
W gurte
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Chapter 13

131
L'rlu 3;”{“'"1"'1} _.1.'||,|I'L|
+
ol b &
‘fﬂ ! ='il,f2'
Y.
V3

Wmiw:j KeL ;-«’:n- nevbta Vi, Ve, Vs, Vy!

U% (‘l'ra.”vr)\{'ﬂ + ﬂUL“U:}Y1 + (b}l""{’)G‘vl‘ bl =

W (V=Va) Y+ (1 -Va) Yo + (Vim W) G + g GimVa) + (Vg Va) G =0
'i‘!.: (U].-\f,)"ﬁ + C\"':‘U';.)?L=a

Vy' {:l.r’r*'v‘:f)(;a —Im (v,~vz) =0

Wy (Yi#Ys +6) # Ve (,=G) +VsCY3) +Vg(0) =0
Vi (N6 =gw) Va(y, 246, +6o1dm) ¥y (-Y2) + Vy (Go) =0
Vo Y2) +H5{}’: +Ys) +Vg(e) =°

Vi (-3)
1 V5(2) +Vy 6o =0°

Vi (3m) +Va(-6o~gm)

wrtuidy agrese wtlh the maios o7 (12.3).
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13.2 Ffl-'ﬂ'l-w (I’EI}".})

s %) ottt
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< Caly
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13.3

6o) -(ye
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a
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13.5 £=19CGHg, S< BIT

Su=.12[151° ) Sz A5[5E°, Sy ThILEL | 55y 2,63 /-65°

i':l.':]
rL_.J %EDJL
T4
s Ta

T;;hrsrr-f— 51252, It

1-51;'_!‘;_
Chusae T arthat [T]<) anol VT i Longe.
5% WWW{,

F/L‘ﬂ'WU i‘slaar

M [ JEM—
Glea | qaftse L2178

sje0 | LTl | —4.+j5.7
glse | L, | —6.21 127

9 Jeo | 131 [Jo | ¢ Ery 80

Shpat T, =0.3/60" T T =131 L18°, 2w = <615+ E.bn
Lt Zs=2-Bnl3 X0 =238 Stk /W,Myy

a3
6.473 > S ::ﬁ—iw“’ Y
2-3&{DW 0-?2\3:?

I's M o

283



13.6
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I out (magnitude)
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139 | Fanee (i2.43),

Ao Awr Aw
FAGERYAS
Fo F=6dB:Y, fo=/00MH3 ,Q =500, Fo=l0dBm =lomW, K=,
fo = 50kHy |, =folaa=r00kRHg,  Afef- 4,
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13.11
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13.14

s

Imin

2rt

VS
1"“1 = Cvﬂum - Vg spo ) /2 (PEXE)
Vﬁ‘] 5 (Uﬂmmi*llfﬂumﬁ /2 mG-)

V{:=‘Uﬂﬁ +1.fﬁ &.,_,jﬂ_f__l‘_’" Sava 7&" mlr;-'_,

U% :wﬂﬂ +"ufﬂ Cod

C@#ﬂ"r = Ve ‘L{Hi 5 :lu-t-vﬁﬁﬁﬂ.:z ".l"'(ﬂauni_ /

"'..F-'
Vg

Vamax— V5

13.15 Ve &)= Veg [ Con (W, 5-wre )t + Cre(io, tWre) t ]

1’}?—0{‘&5: VLQ. wﬂﬂ't':di_g t

dﬁz\,w omol LPF:

HEIUT (t] :_K.'_HR_FL“"G Emwrpf +MM:F"¢]:KV£F”LGC‘"¢MTF&
por §

(Aeth widibvnols. compet & tame IF)

291



3riel

13.16 | £ lE]=g Tl ,u*{t;:p,Jmm{t+d-!dmmLt
de=<] ¢ csh'l et e R
vie v lvse  UAytlp=e 2 AP lve ©
J_- - =0 d'l_l, S 5 d’-l 3. 32
JU'u ¥ Z‘G’)Fu—ﬁ 3 / __'f'L =9‘ ;d A _nz?
% Av*| r=o Av3 =0

Se,

f

Lltl= 37 +4.50% +4.50° +

V=0 [Coctw, t + 10w, t Cpoyt +CpetWat ]
= .01 [14 % CnlW E FECprtin® + ot t )L tCoall w2 )]

V3 = 001 [Cow, £+ 3 Cra Wit Coaliyt +3Coubyt CostWnt + e’ Wit ]
=.001[§ CoadT + ,‘?* Coeli, t F %ﬂpﬂ.ﬂ&_t"ﬂ‘%mfﬁm{,, w,)E
3 % (AU tw=)t + 3 Lottt + 7 Coelwi-2002) E
3 oo (WL WR)E +3 Crrwyt +F Cos 30, E)

(A x
0 (H-5) o0 =0 .645 v
Wi,wa (33{*r}+{hf.rjf,mr}(§+§ ) =p.3l61 v
202w, | (4.5) (ol (E) =0.0225 v
3w, 3W, (4.5 000) (%) =p-601l3
wrwy | (M-5) .00 ) =6.045 ~
w-we| (4.5)000) =0. 045 -
2w -y | (4.5 00004 =0 . 003375~
aw,twz| (4.5 [ 001} (3/4] =0.003375 »
Wi—z Wl (4.5)00d3/4) =0 .063375 ~
W +2Wz|  (4-5)(.000) (3/4) =0.003375

292
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13.18
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Chapter 14

141

Data on satellite fading at L-band in various environments can be found in “Handbook of
Propagation Effects for Vehicular and Personal Mobile Satellite Systems”, by J. Goldhirsh and
W. Vogel, and in “Satellite Systems for Personal and Broadband Communications”, by E. Lutz,
M. Werner, and A. Jahn, as well as from various other sources. Typically, one can expect fading
levels of 15 to 20 dB for domestic and commercial buildings, for 95% link availability. For
vehicles, the fading levels can be 20 dB or more. On the other hand, a line-of-sight system (as
when the handset is used outdoors with little or no blockage to the satellite) would require a link
margin of 0 dB in principal, although a few dB of margin would provide a more robust system.
In view of this data, it is not clear why the Iridium system was designed with a link margin of 16
dB.
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