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“For whotever may be soud abouwt the wwmportance of
oimuing ot deptiv rotirer than widtiv unv owr studies, and
however strong the demand of the present age may be for
speciolists, there will be work, not only for those who
buidd wp portiendar seiences and write monograpihhs on
them, but for Hrose wio open wp such commumnications
between the different gronps of buwlders as wll facilitote
o heolthy interaction between them.”

— James Clerk Moaognell



J.C. Bose (1858-1937) at the Royal
Institution, London, 1897
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In 1895 Bose gave his first public demonstration of electromagnetic
waves, using them to ring a bell remotely and to explode some
gunpowder. In 1896 the Daily Chronicle of England reported: "The
inventor (J.C. Bose) has transmitted signals to a distance of nearly a
mile and herein lies the first and obvious and exceedingly valuable
application of this new theoretical marvel."

“Popov in Russia was doing similar experiments, but had written in
December 1895 that he was still entertaining the hope of remote
signaling with radio waves.”

“The first successful wireless signaling experiment by Marconi on
Salisbury Plain in England was not until May 1897."

Source: D. T. Emerson, “The work of Jagadis Chunder Bose: 100 years of mm-wave research,”
IEEE Trans. Microwave Th. Tech. December 1997, 45, No. 12 (2267-2273)



TWQ/WO“’LH one naftuwre — tHhe divusLon unfo- seience and

WWWWQ f/ywlz\MMLuwpoy}H,a-w) not a notural one.
Indeed, the division s o human failure; F reflects owr
Limited capacity to- comprehend the whotle.

— Sir Wllliamw Ceeil Dampier

Electromagnetic theory — Scence
Curent theory - Enguneerung



“Sumple enough to- umprunt one
o T-shirt, and yet rich enowglh
Huwroughouwt o lifetume of stndy”

— J. R. Whunnery

“The teaching of Electromagnetics,” IEEE
Trans. Education, Vol. 33, pp. 3-7 (1990)






ps = Ltpdh
dh—0

Dielectric (1)-dielectric (2)
interface

Both time-dependent and
time-independent

d, = Ps

a, =0
J, J, = LtJdh
E,-E)=0 dh—0

Conductor (1)-dielectric (2)
interface

Time-independent Time-dependent

= pq [32.é'n:ps
~B)d =0 B,a =0
H,-H,)=0 a,xH,=1J,

-0 a,xE,=0



Electromagnetic theory and circvidt theory ave

Electromagnetic teory Curenit Hheory
J=0F Ohm’s law V =IR
S—ExH Joule's law |°R power loss

Poynting vector

1 1 1

a x(E,—E)=0 Law of parallel resistances Reuivaient R Ro

Electromagnetic
boundary condition



Electromagnetic tireory Curewit theory

Dispersion relation of a hollow-pipe waveguide

Boundary-value Transmission line

problem / equivalent circuit

o — B¢’ -’ =0

(dispersion relation
of a waveguide)



Electromagnetie Hiveory Cuwrevit theory

Dispersion relation of a helical slow-wave
structure of a travelling-wave tube

Boundary-value ,32 — 22LC Transmission line
problem / B equivalent circuit

kcoty :[Iow)Ko(;a)j”z
y LK Ge)

(dispersion relation of a helix in
free-space)

(Helix in free space)
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Ohm’s Law

z=0 7z =]
P VA VA A B
—a, +—a, |— I
oy ' oz

«— L —_—

(wire of length L offering a resistance to the current flow)

— —

J =0kt

(Ohm’s electromagnetic law)

E-o—wvw ="
&/_6V_O
ox oy
e-- Vg
0z
E:_av
0z
J:_GO_V
OZ
vV _J
0L o

- J=0F

/

12



A

oL o
Va 0
—dez_[idz
Vg | O
VA—VB:V=iI

o
V:I/AI: | I:IEL:IR
o oA o A
V =IR

(Ohm’s circuital law)

z=0 z=I
A B
| — N |

A is the cross-sectional area of the linear
conductor (a piece of wire offering a resistance
to the current flow)
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Joule’s Law

R Take a wire of circular cross section:
- E=Ea
Poynting vector 272 . _ - ~
i _J,=0F, <— Ja,=cEd, < J-of
S = EX H J
EZ =L - _
~ H=Ha
= 5 5 o 0<%
S= Ezaz X Heaa :_EzHear oo | -
. ~ J 1 . — 27a 1
S=-E,H,a, :——Zz—ar (Ampere’s ’
i O <7 law)
«l- E -
Power density flow into the wire P:EX:H\]/t| | "
|
:i—l P JZ :L : _:_
o 27 o a / """"" i
1 I 1 I I Wire
:_J - = - surface

14



Power density flow into the wire
N

z

o 2m
1J |11 1

Joule’s circuit loss — | °R

. . 11
Power flow over | (length) into the wire = (———)(27a
o 2m

Wire
surface

)= Wéé): IR

T



Circuit law of parallel resistances with the help of the boundary condition
that the tangential component of electric field is continuous at the
interface between two media

For this purpose, the said boundary condition is applied at the interface
between two rectangular conducting slabs in contact of the same length |,
conductivities o; and o, and cross-sectional areas A; and A, respectively.

Current densities J; and J, are related to
/ electric fields E; and E, in the slabs
through Ohm’s law while the current | fed
J =0k J, =0,E, into the slabs in contact is divided in
currents |, and I, through the slabs.

= _d = _J - -
= = (o1)
o 2 o I Area
I |
I—> Area Ay
2 (02)
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E, and E,, which are tangential at the interface, are continuous at the interface:

E,=E, (boundary condition)

Ji_Jda ) | R
o, O, I (o) Area i
| |
\L I:Il+l2 > > >
|1 _ Iz I—> Area Ay
Ao, Ao, 2 (02)
Multiplying by |
R
AN —
LN :
1 — 2N — ——
Ao, Ao, =1+, —
1 1 ——\\N—
R = —— L R, | =1,+1,
«— oy A
1 1
Rz_—g
0,
LR =1,R,
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R=1LR, > |_:_
2 1 R
I 1
\l/ 1 AAA
I
Il _ RZ _ RZ
lL+1, R,+R R +R - AAA—
1 2\L2 1 1Ty 7 R, | =1,+1,
=
|1_ R2 |=|1+|2
| R, +R,
¢ Multiplying
by R, RR
|. = R2 | I R =l——= IRequivalent
"R +R, R, +R,

l
RR,

R = —"_
equivalent
R, +R,

R

equivalent

(Law of parallel resistances)
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Transmission-line equivalent of a rectangular waveguide
excited typically in the TE modes

E.C Jordan: Electromagnetic wave and Radiating Systems. Prentice-Hall
of India, New Delhi, 1986. Chapter 8.

B.N. Basu: Engineering Electromagnetics Essentials. Universities Press,
Hyderabad, 2015. Chapters 9 and 10.
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?&dam?wéw wawe?wia(a

The TE mode is also known as the H mode since it is associated with a
non-zero value of the axial magnetic field:

The TM mode is also known as the E mode since it is associated with a
non-zero value of the axial electric field:

Wave equations

0°H, 0°H, 0°H, 0°H,
W + 8y2 + poy :/Jogo—(at2 (H, #0,E, =0) (TE mode)

0’E, O°E, O°E 0°E
Ly —rt+—t=pue,—= (E,#0,H,=0) (TM mode
oF | of o (& ) )

Rectangular waveguide with its right side wall
located at x = 0; left side at x = a; bottom wall at y
=0 and top wall at y = b.

K—o—

<A




Jwp  jwe
— A T T - -

T T 1.

Equivalent transmission-line circuit representation for TM waves.

h2:k2_182

Jee
e T S LR — =" "

L
L

7l
900~
£

—1—‘ Jue =
L

Equivalent transmission-line circuit representation for TE waves.

E.C Jordan: Electromagnetic wave and Radiating Systems. Prentice-Hall

of India, New Delhi, 1986. Chapter 8.
22



0D i

Equivalent transmission-line circuit representation for TE waves.

E.C Jordan: Electromagnetic wave and Radiating Systems. Prentice-Hall
of India, New Delhi, 1986. Chapter 8, p.266.

Field quantities varying as
exp j(ot— £ 2)

uand emay be taken as y, and &, respectively.
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Eaﬂ'am?wlaw wawc?wio(a

2 2 2
oH, 9 I_:Z:,uogo% (H, #0,E, =0) (TE mode)

Wave equations

0°H,
2 T 2 +
OX oy 0z

0°E, 0°E, O°E O0°E
8x22 + ayzz + 8222 = 1,e,—— (E, #0,H,=0) (TM mode)

ot?

A

Rectangular waveguide with its

right side wall located at x = 0; left )
side at x = a; bottom wall at y =0 t
and top wall at y = b.

K—o—>

<A

—a—>
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o°H, 0°H, 0O°H, 0°H,
axz + 5y2 + 822 :/’1080? (Hzio,EZ:O) (TE rde)

(wave equation)

K—o—

Field quantities

varying as
\ \ expj(cot,Bz)\l e T

<A

Rectangular waveguide with its
o/t = i right side wall located at x = 0; left
52H 21 =19 side at x = a; bottom wallaty =0
GXZZ T 6y22 ~B°H, :_;uogoa)sz 010z==]p ang top wall at y = b.
k = w(u,s,)"" o°H, _ _ _ )
(free _(;L;)Oa(:e) azz :(_Jﬁ)(_Jﬁ)Hz:JZﬂsz:_ﬂsz
I >
. 2
propagatio n constan) @a:jz =(io)(jo)H, = j*o’H, =—o’H,
2 2
CH B k- pH, =0
OX oy

(wave equation) o5



Tr .. L ) of o .

' H, _. — joou, oH
TE mode: oH, oy _ joe,E, E - ijﬂg ,
cH, _aHy _ a)z,uogo oH,
oy oz Kk*=p% oy
Introduce scalar magnetic ouU / l
potential U such that H, =——

oH o oU a)zyg oH
z + — 0“0 Z
2 2
U has the dimension of (’3y 0z 8y K —,B ay
current l

oH, o dU w'ue, oH
Z 4 — 0“0 z
oy oyor kP-p° oy

l

8U a)zluogo oU a)zluogo
= — — H, + = H
( . o KE-p 26




TE mode:

2
%LZJ — (E)z 'il(j;g _1JHZ (rewritten) «— h? = k? —,BZ

) .
a_U:_L h + j@gO}(Ja)'uosz (to be recalled later)




TE mode: oE

Fovi "

0 Jou, oH,

oz k> — p* ox JeopiH,
- l 2 =k? -

0 Jou, oH, o oJ
oz h®> ox Hoox
jou, oH, 0 jou, oH oU
. _—JG)IUU /UO Z _ _ s
h? oz 0 x n oz 1%y

H, = _ja)yOU (to be recalled later)




TE mode:

) :
2 wao H —ja)/uOU <— Recalled — a—U:_L h + ja)go](Ja)lzuosz
oz h 01 jou, h
2 _ 1,2 2
"=k=s Zd- I+ %Ldz =k -5
/ — | ‘“---—\j
i 14
1 Ydr V5o
oV, oV.
— 71 «— - —tdz)=1,2d
-7, (% + ) = 1,24z
- — -+ 2vvdz
oz ' P oz '
oV,
5 8221(:_ azl) e
7/ =ZY
L(=— 8I1) W, —> 22\/ 7/2V (transmission line equation)
Z 29



TE mode
I Zd= I+ ‘?d
[ )
1 UYdZ et
%:_Zh
0z
0 Jou, :
oz R, =~JouU (recalled)
h2 — k2 _,82
jo
V, = hf‘o H,
l,=U .
Z = jou,

U has the dimension of current
and jaou, /h?has the dimension of
voltage

TE mode:

Ju
— T LI —/ o0 -
£y -3 {3
R
per ot A vy,

length of a 0z
capacitor \

0z jou, h? (recalled)

A
Reactance ) : y h*=k*-p°
per unit V. = Jou, H
length of L p2 ?
an inductor |, =U g

h2
Y = + Jwe,
Jor,

30



Waveguide dispersion relation

The waveguide cutoff frequency correspondsto Y =0

2
Y:_h +jwe, =0 < hP=k’-p°
Jory

<— w=o,

K? = B° = 11y, = 0

k=wlcC
<« o 1
Hy&y

R )

(waveguide dispersion relation)




Characteristic impedance of the transmission line

2 2.2 2
equivalent of a waveguide o =pc —aw; =0
h2 (dispersion relation)
Z = Jou, Y =- + Jwe, i
Ja)/uo 2 2.2 2
" —p°C” =w;
5 _ |2 _ | o _ jouy
Ny | n .. h? 1 — h=K2_p
: + ja)go Ja)go( . . +1 -
Jou, Jou, Jos,
Z — ILIO 1 == lLlO
X & 1— h2 &y 1— kz_ﬂz
W 14,E, W L4,E, K22 =
\ a)Z_ﬂZCZ :a)CZ
Z — Il’lO 1 _ ,Llo 1
0 o1 kzcz_ﬂzcz o1 0)2—(a)2—a)02

7 — |Ho 1 (characteristic impedance of the transmission line
0 g, \1-(0®/@®)  equivalent of awaveguide) 30



Transmission-line equivalent of a helical slow-wave structure

B.N. Basu, “Electromagnetic Theory and Applications in Beam-Wave
Electronics,” World Scientific Publishing Co. Inc., Singapore, New
Jersey, London, Hong Kong (1996).
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Helical slow-wave structure of a travelling-wave tube
* Electromagnetic field Analysis

* Equivalent circuit analysis

. Slow-wave circuit : uj
Clectron beam Ml stz g

dhe e ssed
colboetoe

“ocus
clectrode




Sheath-helix model

Actual helix replaced by a circular cylindrical sheath that has

v Infinitesimal thickness
¥ Radius equal to the mean radius of the actual helix of a finite thickness

¥ Anisotropic conductivity: infinite conductivity and zero conductivity in
directions parallel and perpendicular to the helix winding direction,
respectively

A
Valid for large number of turns per guide wave length: |— >>1
P
Vv P P
c 2m P ’ Y-
A
— >>1
|
L>>1
27a
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VZE — HoEy—7 =0

o ror 106 oz o

* 10 18 & 0"
( 2 :Uogo—](Ez’Hz) =0

[a—zﬁj(Ez H, )_ (B° - wzﬂogo)(Ez H, )

or:- ror

RF quantities vary as
exp j(wt — Bz)
0

—~ =0 (non-azimuthally
00 varying mode)

y: =% — 0)2/1050

1
C=
Vit
2
602#0‘90:60_2:k2
C
2
0
7/2:,82—602#080:,32—?:,82

37
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or? ror

[ie—lgj(Ez,Hz)—yz(Ez,Hz):O

Field expressions

E, = Al,(r) + BK, ()
H, = Cl, (1) + DK, (1)

E, =% [C1, (r) - DK, (1)
Y

Hg — Ja)gO

[AlL () - BK, (1)

e, =L A1 (r) - BK, (1)
Y

H, = 2 1c1,(r) - DK, (1)
Y

For slow

waves: Vp <C
@ O

7/:\/182_k2 10,
_>_

P>k

With the help of
Maxwell’s equations

I,(X): zeroth order modified Bessel function of the first kind

K, (X) : zeroth order modified Bessel function of the second kind
I, (x):first order modified Bessel function of the first kind

K, (X):first order modified Bessel function of the second kind

lo(x) = 1,(x)

K300 =K, () )P
X = %)
K=o luogozz

38



Field expressions

E..= Al (1) +BKy (1) E,, = Al,(3r) +B,K, ()

Ha =Gl () + DKo (1) H,, =C,1o() + DK, ()

E, =121, (r) - DK, (1] E,y=- j“;“f’ [C,1, ()~ D,K, (7)]

/4

H, = ";‘90 [AL(r) - BK, ()] H,, = ‘“7’50 [AL, () = B,K, ()]
K,(0) = o l,(0) = o0
B,=0 A =0
D, =0 C,=0

39



Ezl -
Hzl =

EHl

H91:

Al (1)
Cllo(yr)

= JC;)/IUO C.L(n)

jo

“0 AL (1)
Y

Field expressions

Ezz = BzKo(ﬂ’r)
sz = D2K0(7/r)

j @
Ep, = % D,K, ()

— Jwé,

Hez = BzKl(ﬂ)

A,C.,B,,D,: four non-zero field constants

40



Boundary conditions at the mean helix radius = sheath-helix radius r=a

For electromaqgnetic field analysis

Ezl — EZZ

E, cosy+E, siny =0

E,,cosy+E,,siny =0

H,, cosy+H, siny =H,cosy+H,,siny

For circuit analysis

EZl:EZZ
E,=Ey

IZ
Hez_Hm:%
H,—H, =0
z1 z2 27za

41



Electromagnetic Freld analysis
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Boundary conditions at the sheath-
helix radius I = a.

E,,cosy+E,,siny =0
H,, cosy+H, siny =H,cosy+H,,siny

E, cosy+E, siny =0
Ezl = E22

19 b K, (7a) cosy +B,K, (a)sin y =0
Y

Jg,

AL, (78)cosy +C,1,(sa)sin v +
% B,K, (ya) cosy — D,K, (ja)sin y =0
-4%c 1, (@) cosy + Al,(ja)siny =0

Al,(ya)E,, —B,K,(ya) =0

Ezl — Ailo(yr)
Hzl = Cllo(ﬂ)
Ep=- JC;)/IUO Cil, (1)

Hw%wm

Ezz = BzKo(7’f)
sz = DzKo(ﬂ)

j@
Ep, = J 7//”0 D,K, ()

— Jwé,

Hez = BzKl(ﬂ)



a;, A +a,C +a,;B,+a,D,=0
A +a,C, +a,B,+a,D, =0 Joop,
a3, A +a5,C, +85,B, +a,D, =0
a,A +a,C +a,B,+a,D, =0

D,K,(ya)cosy + B,K,(ya)sin y =0

a,; =0,a,=04a,=K,(;a)siny \ Jaj)/go Al (ya)cosy +C 1, (ya)sin i +
Jou,

- K, (a)cos .
CP ve 4 Joeg, BZKl(ja) COSy — DZKO(ﬁ)Sin w=0
joe, _ ¥
& = ,(;a)cosy, a,, = I,(ya)sin
Joe ——jwﬂOCI (ya)cosy + Al,(ya)siny =0
a23 - > K1(7/d) COSy, a,, = _Ko(ja)S"] V4 171 0

' I - BK =0
a,; = l,(ya)siny, a,, :—% l,(ya) cosy Als(r8) ~B.Ko(78)

33 =0, 85, =0
a,; =1,(a), a,, =0, a,, =K, (ya), a,, =0
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A, dp Q3 Yy
a‘21 a22 a‘23 a'24

a31 a32 a33 a'34
a41 a42 a43 a44

(condition for non-trivial
solution)

2y, =0,a,=0,a,=K,(a)siny,
J o,

A, = K,(ya)cosy,

a,, = oz, l,(ya)cosy, a,, = 1,(ya)sin v,
a,, = Jos, K,(ya)cosy, a,, =—K,(;a)sin v,
0, = @) sin ., &g, =— 1251, (sa) cosy

8y, =0, 85, =0,
a, =1,(8), 8, =0, 8, =—K,(72), a,, =0.
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A, dp Q3 Yy
a21 a‘22 a23 a'24

A3 Q3 Gy Ay
a41 a42 a43 a44

kcoty :( Io(mKo(w)}”z
Y l,(2)K,(ya)

(electromagnetic field
analysis)

Koty ya =kacoty
e
Y | K 1/2
_pcotw( ,(72) ooa)j
c 1, (7a)K, ()

1
Io(X) K1(X) + KO(X)Il(X) = ; (X - 7/‘3-)
P
V=B = = = K
y = ﬂz—kz Kk=w ,UOEOZQ ﬂzg
C v,

46



Equivalent circnit analysis of o heliw

Treating the helix as an equivalent transmission line with
distributed line parameters L and C

a7



Helix treated as a lossless transmission line

Boundary conditions at the
sheath-helix radius r = a:

l

Capacitance per unit length C

A‘ilo(?a) = BzKo(y‘:‘)

) Ezlezz
|we |we I A _ _
_%BZKK?@‘)_J 0A1|1(7/d):2;aa ) Ho. H91_27Za
Eliminating B,
A =—(—L)jaK, (7o) 2=
jog, 0 2774
\
Eza:Allo(ja) Ezle.lIO(yr)

|

E,, = —(——)al, (ya)K, (7a) e (to be recalled)
Jwe, 2ma
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oV OA OA, O0A
i i E=- - Eo=(W), -2t E-_w-_-2&
a= 1PV — Joh, oz ot (VV) ot ot
f
olot=jo 0/0z=—]f <— RF quantities vary as exp j(wt— 5z)
}
. _ OA, oV - ov
— —J,TAZ+Ja)y050V:O‘— EJF#O‘%E—O‘— V-A+ﬂogoa—0

Y T . B —k? > 2 2
E = %0V = j(E— )W — Y =p"-Kk
a=J( F; V= J( ﬁ)

!

E ”/ =V (to be recalled)

za =

49



RF quantities vary as exp j(wt — fz)

2,

C=
1,(;2)K,(72)

A

Eza - JLV
b
Y |
E..=-(")nl(a)K,(a) o~
Joweg, 2 ma
1, (K, (%) + Ky () 1,(%) :i
(x=7a)

50



Inductance per unit length L Boundary conditions at the sheath-

o Joy helix radius I = a:
_%Clh(?/a) = 7//10 D,K,(sa)

C1|0(7@-)—D2K0(7/a)=2|;; \

E,, =Ey,

) | \ ,,

I |
Cl=7aK1(7a)ﬁ HoH = to
}

12
Ep=- J yluo Cil,(7a)

|

oo, .
E,=- sal K,(ya) =&
% (a)K(a) 5

51



a_v_l_ L%:O
oz ot

l

— iV +jell,, =0

A

l

L= g‘—o(ﬁ)2 cot’ w1, (ya)K, (ya)
'y

19 I
Eea - J 7//10 7/‘5“1(7/‘51) Kl(ﬁ)ﬁ
- 2
Eza _JLV
s

E,cosy+E,siny =0

—l,sSiny +1,,cosy =0

1, (K, (x) + Ko (X)1, (%) =§ (x=7a)

52



27e
C= g My (P2
1, (a)K, (a) L= 2ﬂ(y) cot v 1,(ya)K, (7o)
B’ =w’LC
1/2 1/2
k coty :( Iooﬁ)Ko(aa)) k coty :( looﬁ)Ko(aa)]
Y l,(ya)K,(2) Y l,(ya)K,(2)
(dispersion relation derived (dispersion relation derived by
by equivalent circuit analysis) electromagnetic field analysis)

(derived earlier)

The two approaches of analysis yield one and the same
dispersion relation of a helical structure!
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Electromagnetic field analysis

Ohm'’s electromagnetic law

Equivalent circuit analysis

Ohm’s circuital law

V,-V, =R

Poynting vector

S=ExH

Joule’s circuit loss

1°R

Electromagnetic boundary condition at the
interface between two conducting media

a,x(E,—-E)=0

Law of parallel resistances

1 1 1
=—+
Requ ivalent Rl RZ

Waveguide dispersion relation

o’ — B¢’ -’ =0

Waveguide dispersion relation

- p*c*—w’ =0

Dispersion relation of a helix in free space

kcoty :( Io(mKo(w)}”z

Y l,(ya)K,(a)

Dispersion relation of a helix in free space

kcoty :[ looa>Ko<ya>j”2

Y ,(ra)K,(ya)
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Conclunding Remarks

The circuit concepts can be developed from the corresponding field concepts.
Thus, Ohm’s law in circuit theory expressed in terms of voltage, current and
resistance can be derived from Ohm'’s law in electromagnetic theory expressed
in terms of current density, electric field and material conductivity. Joule’s power
loss expression in circuit theory in terms of circuit current and circuit resistance
can be derived from Poynting theorem of electromagnetic theory. Further, one of
the electromagnetic boundary conditions at the interface between two media
can be used to easily appreciate the law of parallel resistances of circuit theory.
On the same note, the behavior of interaction structures of vacuum electron
devices can be described by either of the field and circuit analytical concepts.
These two theoretical concepts yield one and the same dispersion relation of a
hollow-pipe waveguide which can be made to support either a TE or a TM fast
waveguide-mode. Similarly, these two concepts yield one and the same
dispersion relation of helix which supports hybrid TE and TM slow waveguide-
modes. The circuit analysis enjoys the simplicity in that it handles at a time half
the number of boundary conditions than the field analysis.

We can find, with the help of circuit analysis, the characteristic impedance of an
interaction structure, which is a parameter of relevance from the standpoint of
the impedance matching of the structure with the RF couplers which couple
power in and out of the structure. On the other hand, We can find, with the help
of electromagnetic field analysis, the interaction impedance of an interaction
structure, which is a parameter of relevance from the standpoint of the device
gain and efficiency.
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