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“Ali said to Kaamil (al-insan al-kamil):

Knowledge is better than wealth. Knowledge protects
you while you have to protect your wealth. Knowledge is
a judge, while wealth has to be judged on. Wealth
decreases when it is expended, while knowledge purifies
when it is given.”

“Ali said in a poem:

Succeed with knowledge and live energetically
forever; men are all dead, only the possessors of
knowledge are truly alive."



“What man ‘learns’ is really what he discovers by taking the
cover off his own soul, which is a mine of infinite knowledge.”
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mentored my doctoral research in the area of
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Professor Alexander Scott Gilmour, Jr., who
responded to my request and authored a
paper entitled “An overview of my efforts to
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the industry needs” in the Special Issue on
“Microwave Tubes and Applications” in the
Journal of Electromagnetic Waves and
Applications (Taylor and Francis) (issue 17, vol.
31, 2017), which | guest-edited. Dr. Gilmour is
the recipient of J. R. Pierce award in 2018. |
was one of his references for this award.
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[0 Two basic constituents:
0 Electron beam
[ Electromagnetic interaction structure

O Principal parts:
Electron gun: beam formation
Focusing structure: beam confinement
Collector: collection of spent beam
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RF input and output couplers
Attenuator
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“We learn from history that we do not learn from history.” — GWF Hegel

From the historical time line we know
who invented what.

“Success has many fathers, but failure is an orphan.”



Who did invent transmission and reception of radio waves?
(a) G. Marconi

(b) A. S. Popov

(c) J. C. Bose

(d) M. N. Saha

Answer: (c) J. C. Bose

Who did invent travelling-wave tube?
(a) R. Kompfner

(b) N. E. Lindenblad

(c) J. R. Pierce

(d) A. Haeff

Answer: (d) A. Haeff



J.C. Bose (1858-1937) at the Royal Institution, London, 1897
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IEEE Milestone Plaque for Sir JC Bose

By 1895, Sir. J. C. Bose made the first public
demonstration of radio waves in the Kolkata town
hall. Details of the apparatus used are vague, but
at a distance of 75 feet, he remotely rang an
electric bell and ignited a small charge of
gunpowder. He called it Adrisya Alok, or
“Invisible Light’. The frequency of operation is
nearly 60 GHz. He termed horn antenna as
collecting funnel.

i pi _:__ -_,~Q'
c A
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R, radiator ; 8, spectrometer-circle ; M, plane mirror ; C, cylindrical mirror ; p, totally
refleciing prism ; P, semi-evlinders ; &, crystal-holder; F, collecting funnel
attached to the spiral spring receiver ; f, tangent serew, by which the receiver is
votated ; V, voltaic cell ; r, cireular rheostat ; G, galvancmeter,

Courtesy: C Subhradeep (CEERI)
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IEEE MILESTONE IN ELECTRICAL ENGINEERING

AND COMPUTING
First Millimeter-Wave Communication Equipment by JC Bose, 1894-1896
Sir Jagadish Chadra Bose, in 1895, first demonstrated at Presidency College,
Calcutta, India, transmission and reception of electromagnetic waves at 60 GHz
over a distance of 23 meters, through two intercepting walls by remotely
ringing a bell and detonating gunpowder. For this communication system, Bose
developed entire millimetre-wave components such as: a spark transmitter,
coherer, dielectric lens, polarizer, horn antenna and cylindrical diffraction
grating.

September 2012

IEEE Monogram

Courtesy: C Subhradeep (CEERI)



“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).
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Sketch of the travelling-wave tube from R. Kompfner’s note book (1942). The helix pitch is

tapered for velocity re-synchronization. (Fig. 12.2 of the book: A.S. Gilmour, “Klystrons,
Traveling Wave Tubes, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons,” (Artech

House, Norwood, 2011))
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T e ot o e .

N. E. Lindenblad’s travelling-wave tube amplification at 390 MHz over a 30 MHz band (U. S.

Patent 2,300,052, filed on May 4, 1940.
(Fig. 12.1 of the book: A.S. Gilmour, “Klystrons, Traveling Wave Tubes, Magnetrons,

Crossed-Field Amplifiers, and Gyrotrons,” (Artech House, Norwood, 2011))

Helix wound around the outside the glass envelope. Signal applied to the grid of the
electron gun (also applied to the helix in other experiments). Series of permanent magnets

(non-periodic). The helix pitch is tapered for velocity re-synchronization.
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“The patent Andrei Haeff filed in 1933
for a primitive type of traveling-wave
tube has been largely ignored.”

Courtesy SK Datta
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e Haeff invented TWT in 1933.

(Haeff also invented the double-stream amplifier (Haeff tube), in which two electron beams
with slightly different DC velocities are intimately mixed such that the slow space-charge
wave of the faster beam couples to the fast space-charge wave of the slower beam resulting
in growing waves).

e Lindenblad invented TWT in 1940.

e Kompfner invented TWT, however, not before 1943.

¢ Pierce and Field significantly contributed to the development of the TWT, however, not
before 1947.



Scope of This Presentation

e Historical timeline of the invention of the travelling-wave tube
e Electron bunching and requirement of near-synchronism

e Space-charge waves and coupling to structure wave

e Gain equation

e Hot attenuation

e Johnson’s start oscillation condition

e Some broadbanding aspects

16
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The TWT is a growing-wave device (tube). It is an amplifier.

It is a slow-wave tube in which the interaction structure is a slow-wave structure (such as helix)
that supports RF waves of phase velocity less than the speed c of light.

The applied DC magnetic field confines the electron beam in the device; it does not

take place in beam-wave interaction.

It belongs to the class of linear beam, O-type, Cerenkov radiation type of vacuum
electron devices/ microwave tubes. In this tube, the bunched electrons transfer their axial
kinetic energy to RF waves.

18



Axial Bunching in a Travelling-Wave Tube

: Decelerating field :

Accelerating field | / \
/‘/
-
o

<—=* <
a
-
P/

/,
vd
/A: Gains energy
— D: Looses energy

R: Neither gains nor looses energy

Bunching of typically two electrons ‘A’ and
‘D’ subjected to the accelerating and
decelerating RF electric fields,
respectively, in the interaction region of a
TWT around a reference electron ‘R’ that
experiences no such fields.

Electrons are bunched though there is no

net energy transfer from the electron
beam to RF waves.
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Dacelerating Field

Accelerating Field

S

—=
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D

A: Gains energy
D: Looses energy i
R: IMNueither gains nor lboses emergy ;

V,= Vph
Exact synchronism: no
net energy transfer
between the beam to

RF waves

Vo>V,

Near-synchronism: net
energy transfer from
the beam to RF waves



Millimetre-Wave Consideration in Conventional
Microwave Tubes

B. N. Basu, Electromagnetic Theory and Applications in Beam-wave
Electronics (World Scientific, Singapore,1996)
Reduction of structure size

Reduction of beam radius See Chapter 7 in

Larger magnetic field for beam confinement for B. N. Basu,
Smaller beam radius b 2 */Elo Electromagnetic
B- . . = é@m Theory and
Larger beam current |, Brillouin 3/2,,1/2,,2 - :
e > Vb Applications in
Smaller beam voltage V, 0 0
Larger beam perveance |,/ (V,)3? Beam-wave
07170 electronics (World
Heavy solenoids or advanced magnetic materials are required Scientific,
Larger cathode emission densities entailing the risk of cathode life Singapore, 1996).
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Higher beam voltage can increase the beam power and also reduce the required
magnetic field but is associated with a reduced beam perveance making it difficult to
contain thermal electrons, and has limitation arising from backward-wave oscillation in
wideband helix TWTs.

Lower beam current can reduce magnetic field but it reduces the beam power and is
associated with a reduced beam perveance making it difficult to contain thermal
electrons.

Tight tolerances are required for tiny interaction structures.

Thermal management becomes difficult.

Pressure fitting, instead of more effective brazed-helix technology, becomes
difficult to implement.

Special thermally conducting materials, such as Type II-A diamond, for dielectric
helix-supports may be used.

Plasma spraying of beryllia on the surface of the helix can be done.

A.S. Gilmour, Jr., Microwave Tubes (Artech House, Washington, 1986)



COMMERCIALLY AVAILABLE MILLIMETER-WAVE TWT’S

Commumnication

Type | Frequency Range Power Output | Duty Cycle| Saturated Gain

814H 91.0-96.0 GH 0,10 kW CW 25 dB
Space

Type | Frequency Range Power Output | Duty Cycle| Saturated Gain

Y44H 42.0-42.5 GHz 100 W CW 44 dB
Pulsed Radar And ECM

Type | Frequency Range Power Output | Duty Cycle| Saturated Gain

Y8ZH 93.0-95.0 GHz 12KW .5 sudB

CW Radar and ECM

Type

Frequency Range

Power Output

Duty Cycle

Saturated Gain

Y20H

59.7-000.3 GHz

005 kKW

CW

35 dB
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B. N. Basu, Electromagnetic Theory and Applications in
Beam-wave electronics (World Scientific, Singapore, New
Jersey, London, Hong Kong, 1996).

The above book will provide a self-contained analysis of the gain equation of a
TWT obtained by combining the circuit and electronic equations taking due care
to involve the interaction impedance instead of the characteristic impedance in
the circuit equation, for the sake of rigour in the analysis.



Space-Charge Waves

The mechanism of interaction of a slow-wave device such as
the TWT is based on the property of an electron beam to
support space-charge waves.

The electron beam supports two space-charge waves—Hahn
and Ramo fast and slow space-charge waves with phase
velocities greater and slower, respectively, than the DC electron
beam velocity

25



J=pv

(current density equation)

3

J=pv
J=1J,+J,
V=V +V,

P=p,+p,

—)

= Op
VJ+-2 =_ P
at V.E —_ ;
(continuity equation) (Poisson’s equation)

J=J,+J,=(p, + )V, +V,) = oV, + oV, +V, 0, + pV,
JO+J1:IOOV0+IOOV1+VOp1+IOlV1 _ ‘]ozpovo

l

Jl:pOV1+VOp1+p1 1EpOV1+VOp1

!

8\]1=p0%+vo% _ %4_%:0 _ Vj+a—p
0z 0z 0z 0z ot

ov 0 0

0 0
—+V, —)p, =—p,— =—+V —
(61: 0 6Z)pl Lo oz _ D= ot +V, 2
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oV : 0 0
Dp, =—p,— (rewritten D=—+v —
pl pO az ( ) 6": 0 az )
| VE=F
&
(Poisson’s equation)
D’p, =-p,D N, _ — 0, 9 Dv, 4=m Dy =yE, (force equation)
0z 0z 1
0 0 oE oE o)
D2 = — —DV = — _ E = — z z — _ "1
Py Lo o7 1 o o7 e, TP, o7 & & <$=m P .
) oE ) ;
Dp1:_77po : :_npoﬂz_np P
0z &, &,
: np, ur : |
Dip, =1 p = NP, __ . _hlal
Py £, Py £, P ppl — a)p = .
D" =-a, p=Y +V, 2
ot 0z
D=*jow
0 0 :
~tVo o= _Ja)p
ot 0z
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o.,,0 .. Taking RF

—+V,—= ija)p = .
ot 0z dependence as exp(jot—I7)
jo-v,I'=tjo, = [ =jf

!

Jo—]B=)(0-Vf)=%]o,

!

®—V,=*m,
O+ o, _
p= The upper sign refers to the fast space-charge wave
Vv : .
° on the electron beam with phase velocity greater than
1 the DC beam velocity.
The lower sign refers to the slow space-charge wave
(0 w w . .
—=————=———V on the electron beam with phase velocity less than
poto, oto, the DC beam velocity.




Space-Charge Waves

w-pvy+to,=0

p=p%8,

W w _ O o+ o
IB:—:—-|— p: P

Vo Voo Vg v,

)] 0]
V,=—=—V,

p oFo,

@ @ MPo 112
ﬂe:_ ﬂp:_p a)p:(“)

Vo Vo &g

Upper sign for the fast wave and lower sign for the slow wave
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Amplification of space-charge waves takes place on an

e electron beam of uniform diameter in a resistive-wall waveguide.

e electron beam in a rippled-wall (varying diameter) conducting-wall waveguide.
e electron beam of varying diameter in a conducting smooth-wall waveguide.

¢ electron beam mixed with another beam of a slightly different DC electron beam velocity
(two-stream amplifier/Haeff tube).
¢ electron beam penetrating through a plasma (beam-plasma amplifier).

e electron beam interacting with RF waves supported by a slow-wave structure (TWT).

30



Intersection between slow space-charge and circuit/structure waves
at the TWT operating point in the dispersion plot

Phase and group wave veld

Fast-space charge wave

-

cities are -

each positive at the TWT ogerating point, -+

-

slow-space charge wave
By | ; -
T SWSamode (TWT) i
i e
-.-F_J_;-" _d——'d-F - _F_r__.f"'-. t. . .
P T Lo TWT operating potnt
_fﬁﬁl f"f‘-ﬁ.ﬁl -
,H..-" a — ﬂVO + a)p
el w— N, =tw,
A

Upper sign for the fast space-charge wave
Lower sign for the slow space-charge wave
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Some TWT features

e Cerenkov radiation type e Slow space-charge wave on electron
 Magnetic field for beam confinement beam to couple to forward circuit wave
e Larger magnetic field at higher frequencies ® Space-charge-limited operation

for beam confinement e Pierce gun

e Conversion of axial beam kinetic energy  Smaller structure sizes at higher

frequencies

e BWO absolute instability above the pi-
point frequency

¢ Axial non-relativistic electron bunching

e Near-synchronism between DC beam
velocity and circuit phase velocity

¢ Electron beam velocity to be slightly
greater than RF phase velocity



Pierce’s theory for the beam-present dispersion relation of a
travelling-wave tube and for its gain

Pierce’s elegant method is to find the ratio v

i
of the circuit voltage v to RF beam current i
by the circuit theory approach and find the same ratio by the electronic equation approach

and then equate these ratios found by these two approaches.

33



Circuit Equation

Let us deduce the circuit equation
VLK o be deduced)
i (T2-T)r

0

being the ratio of circuit voltage V to RF beam current i in terms of the interaction impedance

K of the slow-wave structure, cold (beam-absent) propagation constant /7 of the isolated
structure and hot (beam-present) propagation constant 7” of the beam-circuit coupled system.
The slow-wave structure is considered as a circuit. The effect of the element of a modulated
beam at a point on the circuit is simulated by an infinitesimal current generator at

that point. Such an infinitesimal generator sends two circuit waves in opposite directions, one to
the left and one to the right such that the amplitudes of the circuit electric field intensity
associated with these waves are equal. We find the contribution to the circuit field intensity at a
circuit point from all such infinitesimal current generators distributed along the circuit both to the
left and to the right of the point. These contributions are then added to the circuit field intensity
at the point caused by the power injected at the input end of the circuit to find the total circuit
field intensity at the point in the presence of the modulated beam.

P ——
e o

[—=—
Input end Axial -distance

scale




The scale to measure the axial distances of the point (z) where to find the electric field intensity,
shown as a dot (P), as well as of the points of locations of two arbitrarily chosen infinitesimal
current generators (x), shown as crosses, one (G,) to the left and the other (Gg) to the right of P.

- X .
e e o
A._z_.i

Input end

Axial -distance
scale

The effect of the element of a modulated beam at a point on the circuit is simulated by an
infinitesimal current generator at that point that ‘sees’ half the characteristic impedance of
the transmission line, being equivalent to two such characteristic impedances in parallel,
corresponding to two halves of the supposedly matched line.
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Let dE; and dE, be the amplitudes of the electric field intensity at a point on the circuit associated
with two waves, one travelling to the right and another to the left of the point, respectively, both
launched by an infinitesimal current generator. The electric field intensity at a point on the circuit
caused by an infinitesimal current generator to the left of the point is dE, exp —£,(z —X), which is
associated with a wave travelling to the right from the generator, where f; is the axial phase
propagation constant; z is the distance of the point and x is the distance of the infinitesimal current
generator, both measured from the input end of the circuit. Similarly, the electric field intensity at
the point caused by a current generator to the right of the point is dE,_exp —4,(x —z), which is
associated with a wave travelllng to the left from the generator

E(z) =E, exp(- Jﬂz)+jdE (X) exp— jﬂ(z—x)dx+jdE (x)exp— jB,(x—z)dx
|

E(2) = E exp(~ j,2) + [ &, (x) exp- [, (2~ x)dx+ [ £ () exp— I, (x~ 2)dX (o be recalled)

where E; is the amplitude of the circuit electric field intensity injected at the input end (z = 0) of the
circuit. Here, we have defined dE = ¢ (x)dx}

dE, =g, (x)dx
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Input end Axial -distance

scale

The current generators see identical halves of the matched line both to its left and to its right.

dE.=dE, =dE }
G (X)=¢. (X)=¢(X)
o i1
E(z) =E exp(-jB,z)+ [ & (X)exp— jB,(z—x)dx+ [ & (x)exp— jB,(x—z)dx (recalled)
i
E(z) =E exp(-jB,z)+ I E(x)exp—jB,(z—x)dx + J E(x)exp— jB,(x—z)dx

{

E(z) =E exp(-jB2)+1,+1, 1, = [E(x)exp- jB,(z— X)dx
(to be recalled) .
1. =[£00exp- B, (x - 2)0x



E(z)=Eexp(-jB,z)+1,+1, (recalled)

dE

dz

dE

dz

l é@m Upon differentiation

_jﬂoEi exp(_jﬁoz)_f_%_kﬂ |1::[§(X)exp_ jﬂo(Z—X)dX
dz dz

= [E00exp- i3, (x~ 2)ox

— Differentiating definite integrals
using Leibnitz formula
di, . ]
= f 1+ (2
————— dz e )> (to be recalled)

di, ...
dZ _J:Bolz C(Z) J

—1B,E exp(-]5,2)—1B,(1.+1,) (to be recalled)
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?j_s =—JBE exp(-jpz)-jp,(1,+1,)  (recalled)

l == Upon differentiation

d,_
d2E ) . ] d|1 d|2 dz 01 >
dz? =_ﬂo Ei exp(_JﬂoZ)_Jﬁo(E—E) - dlzz- B (reca”ed)
=81, (2)
z )
|
d’E ) . :
dz? :_ﬁo Ei exp(_Jﬂoz)_Jﬂo[(l1+ |2)+2g(2)]
|

dzE——ﬂ [Eexp(=jBz)+1,+1,]1-2]Bc(z)) <4mm E(z)=Eexp(—jBz)+1, +1, (recalled)

dE,= ¢, (X)dx;dE, = ¢ (x)dx
l — — dE, = dE, = dE = ¢, (X)dx = ¢, (X)dx = c(x)dx = ¢(z)dz
dE =¢(z)dz
dE

6‘(2):6

—ﬂE Zﬂ

(to be recalled)



Let us now proceed to express the above expression in a form that explicitly involves
a beam parameter.

I‘ X
e

s

JP
[
Input end

For this purpose, let us find the increment dP of circuit power at a point due to an

infinitesimal current generator simulating the effect of a modulated electron beam-element of
length dz coupled to the circuit at the point.

Gr

—

Axial -distance
scale

dP =dP, +dP,

where dP, and dP, are the increments of circuit power dP at the point associated with two waves

sent in the right and left directions by the infinitesimal current generator situated to the left right
of the point, respectively.



dP=dP,+dP  (rewritten and to be recalled later)

Interaction impedance of the slow-wave structure (circuit) is defined as

_M.

2P
where P is the power propagating down the structure. V, is the longitudinal voltage which
may be found by taking the negative integral of the axial electric field intensity E,=E,sinfz
between the limits z=0, the reference point where the electric field intensity is zero, and
z=1g/4 where the intensity is maximum, where E,(0) is the peak value of intensity, and
A9 (=2n/p) is the guide wavelength of the wave supported by the waveguiding slow-wave
structure. Thus, we get

E.(0)

V. =— [Edz=— [ E.(0)sin fizdz = ;

1

N
2

2

K

P
— Interpreting S as the cold structure
propagation constant £,
E; (0)

Z

- 2/82P
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dP=dP, +dP |

2 32KdP. =d(E?)=2E.dE ’
:Boz - =d( Z) TR (— K:EZ—(ZO) > (recalled)
28°KdP =d(E?) = 2E, dE, 2/5,P

dER :dEL :dE)

!

dP =dP, +dP :%dE (to be recalled)

2
0

(increment of circuit power)

Since the increment of circuit power dP at the point owes to the modulation of the beam
element of length dz, dP may also be equated to the power lost by the beam element of
length dz subjected to the circuit field at the point. In order to find the latter, the beam
element is divided into two halves, each of length dz/2, which experience the electric
field intensities E;, and E; associated with the power propagating to the left and to the
right of the circuit point coupled to the beam element, respectively.
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The power lost, that is the energy lost per second, by an electron belonging to that half
of the modulated beam element which is subjected to the electric field intensity E; may
be found as —eE, v,, being equal to the product of —eE_, the force on the electron, and
v,, the distance moved by it per second under rf modulation. The power lost per electron
thus found becomes positive, since e carrier a negative sign, v, and E, being
interpreted to have the same direction. Multiplying this quantity by nadz/2, the number
of electrons in the element half considered, one may find the power lost by this half
as (—eE,v,)(n a dz/2), where n is the rf number density of electrons of the perturbed
beam element and « is the beam cross-sectional area. Similarly, the power lost by the
remaining half which is subjected to the circuit electric field intensity E; may be found
as (—eEg v,)(n a dz/2). Adding these quantities one may then find the power lost by

the complete beam element of length dz which may be equated to dP. Thus one gets

(RF beam current i and RF beam

i=Ja
dP =—eEvnadz/2—-eEvnodz/2  4umm } current density J,)

J, =ney,

(power lost by the beam elemental length dz)

!

dP =—i(E, + EL)d—ZZ

(power lost by the beam elemental length dz)



E.+E

dP =-i(E, + EL)d—ZZ (rewritten) dP =dP, +dP = ,BZ—KLdE (recalled)

0

(power lost by the beam (increment of circuit power)
elemental length dz)

(negative sign indicating

that the power lost is

positive ifi and (E; + E,)

are directed oppositely)

On equating power lost by the beam
element with increment of circuit power

dE__AKi (to be recalled)

dz 2
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d’E = B’E _gjﬁod_E (recalled) Pr— dE =_'B° Ki (recalled)
dz’ dz dz 2
9B __gEjpKi
dz
l &== Assuming RF quantities to vary with z as exp (-/2)
) s s s oV _
["E=-LE+ |fKI ¢=m= E=_]V ¢=um E=—6— = E__VV
1 Z
V___IBK |
i @apr T LA
Vv IT’K : : :
Tz—m == Putting I' = [, since we do not expect I' to deviate much from I,
Vo ILR 1 (10 be recalled)
I I -T,

(circuit equation) 45



Electronic Equation

Let us deduce the electronic equation

\L_(ZVO ][(jﬂe_—l“)%ﬂj] (to be deduced)
I 15.0

i i 0
being the ratio of circuit voltage V to RF beam current i.

Let us now proceed to find this ratio by studying the motion of the electrons subjected to
the circuit electric field intensity E plus the space-charge electric field intensity E..

Replacing E 0 0
i D=—+v, —

Dv, =nE, (force equation) (recalled) ==
by E+E, ot ‘oz

Dv,=n(E+E) ¢== D= 9 +V, 9 jo—v]I e== Considering RF dependence
ot oz as exp(jot —-T'z)

!

(Jo-v,I)v,=n(E+E,)

!

E+E
:% (to be recalled) h

v

1



Considering RF E. p

- T, €y as exp(jot—Tz) oz ¢, € equation)
= _[J=—|op, = V.j+%—’[:
l (continuity equation)
IJ,
== Plzj—a) (to be recalled)
E__ r,1r_J
) joTg, jos,
l )
E+E e J'wle)
Vfw (recalled) N v=——"=" (to be recalled)
jo—v T Jo—v "

47



n(E— )

jo—v I | (recalled)

J,=pV,+V,p, (recalled)

!

J.(jo-VvI) +w) = jonp,E (to be recalled)

V (jo-vI) +o;

i ipni,r o
l "
] ;
l ﬂp =—r
VO

V_(UB-I)+B)V;
i AL

ot 112
&

0

== E=-vyy &=

i=Ja

, =J,a

|

a =beam cross-sectional area
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V (A -T) +BV:

jﬂenior

n= _‘77" i0 =1
v, =27V,

V (2, Y B-T)+p;
L\ ar

(electronic equation)

(rewritten)

]

V, = beam voltage

|, = beam current
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V ITK

Tl r (circuit equation) (recalled)

\7/{2\/°I(jﬂe._r)2+’8 5] (electronic equation) (recalled)
U 1.0

Equating the right hand sides of the above two equations we deduce
the dispersion of a TWT as follows:

IT, K (1B. —r) +,B
-

(Dispersion relation of a travelling-wave tube)
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Weak beam-structure coupling:

I
FFFK [ I(Jﬂ )+’Bj (dispersion relation of a travelling-wave tube) (deduced)
(- E(A Ty +5) ==L,

0

l == For small beam current (1,~0)

(" -EX(B-1)+4,) =0

!
I*-T’=0 }
(18-1)+p, =0

l

[ =T, (circuit waves) For small beam current (1,~0), the circuit/structure waves
I = j(BF .)(space - charge waves) and the spa_ce-charge waves get separated |
i corresponding to weak beam-structure coupling.
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FFK ( I(jﬂ—r)2+ﬂs
B

J (dispersion relation of a travelling-wave tube) (deduced)

It is a fourth-degree equation.

(1) An electron beam supports slow and fast space-charge waves, both with forward phase
velocities.

(2) A slow-wave structure, treated as a transmission line circuit equivalent, supports two
circuit waves, one with forward phase velocity and another with backward phase velocity.

(3) A beam-circuit coupled system such as a travelling-wave tube is therefore expected to support
forward waves — three forward waves and one backward wave.

(4) The dispersion relation of a travelling-wave tube is a fourth-degree equation giving four
solutions corresponding to these three forward waves and one backward wave.

(5) We look forward to the solutions of the dispersion relation for three forward waves considering
the structure to be matched such that no backward wave is excited.



J (dispersion relation of a travelling-wave tube) (recalled)

Following Pierce’s approach, we look for the solutions for I" for the three forward waves,
considering the structure to be matched such that no backward wave is excited. Hence,
expecting that I" will not differ appreciably from the beam propagation constant g,, we can
express I' in terms of the dimensionless quantities C and o, as follows:

-I'=—jp +pCo
\ C is tacitly defined so by Pierce from the
B = @ feedback of the end result of his analysis
Vo leading to his famous gain equation
C_ ( )1,3 & G=A+BCN.

0

Co<kl




Nearly non-synchronous beam (v, V,):

Let us put the cold circuit axial-propagation constant as:

B, = B.(1+bC)

!

_B=B NV, (Pierce’s velocity synchronization parameter)
pC v.C

For a non-synchronous beam and in the presence of the circuit loss defined by Pierce’s
loss parameter d:

I=4Cd+ jB(1+bC)  (ummm

!
F+FO = jﬂe_'_ Jﬂe(l_'_bc)_'_ﬂe(Cd _C5)
-Tr,=-pC(0+d+ jb) }

aO:ﬂeCd}
1_‘0: jﬂo

1,-I'=pC6 e== —I'=—)5+[5Co

Co <<1)
G Cd <<1
bC <<1
r,=iB)
+I,=2jp
-r,=-pC(o+d+ jb)}




_ITK _(NoI(j'Be_F)ZJF'BsJ (dispersion relation of a travelling-wave tube) (recalled)
L, 15,

-1

!

I

~ ILK Z\/OI(jﬂe—F)2+ﬂjj
C+T)T-T,) (1, BT
F+F°:2jﬂé(5 ] _b} (recalled)
Pr— F_FO:_ﬂe ( + +J)
I'~I, ~ jp,

jB,—T'=pCs (recalled)

(67 +4QC)(jo + jd —b)=1 (cubic equation) (to be recalled)

54



For the matched structure with no backward wave excited, let us express the circuit voltage
in terms of three forward-wave components as follows at a distance z from the input end:

V(2)=V,(2) +V,(2) +V,(2)

V(z) =V, (0)exp(-I.z) +V,(0)exp(-I,z) +V,(0)exp(-I,z) |-I'=-jB +pCo

l

~T, == B+ AC(¢ + 1) LA AT,
= L=-iB+BC(+y)p == L =TI A ALO e
~T, ==+ B+ Iy,) ~L=nlA A AL

I

(0" +4QC)(jo+ jd—b)=1

V (2) =V, (0)exp(- j3.(L- Cy,)z) exp(B.Cx.2) (recalled)
+V,(0)exp(-15,(1-Cy,)z)exp(B,CX,2)  (to be recalled)
+V,(0)exp(~ jB.(1—Cy,)2)exp(B.Cx,2)

O=X+ ]y

O, =X +]y,
0, =X, + }y,
0, =X+ Jy,
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V(2) =V, (0)exp(- j3,(L- Cy,)2) exp(S.Cx.2)

V,=V,(0)+V,(0)+V,(0) ¢== z=0 ¢=== +V, (0)exp(- jB.(1—Cy,)z)exp(B.Cx,z) (recalled)
(to be recalled) +V,(0)exp(- 3, (L~ Cy.)2) exp(B.Cx,2)

V., =V.(0)exp(—jB.(1-Cy))exp(B.Cxl) (output at the end of the interaction length | of the

TWT contributed by the dominating growing-wave
component) (to be recalled)

We invoke the condition that at the entry of the interaction structure the electron beam
Is not modulated enabling us to write:

Vl,in = O
‘]l,in = 0

!

V,, =Y,(0) +V,(0) +v,(0) =0

} (to be recalled)
J,, =3,(0)+3,(0)+J,(0)=0
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J.(jo-v ) +@) = jonp,E (recalled)

I—EzFV

= J,BeUJOZF 2\‘/ pu— V'= \ QC: 60g _ ﬂg
(jo-v,[)+o; 1, 4QC 40/C*  4B’C’
52

(defined)
l P -I'=—Jp +,6’C5}

(Pierce’s space-charge parameter)

(defined)

~ 1P,

le_ —) ] nJ, \ | —) _'
4QC) TS Je

(to be recalled in the analysis of ‘hot’ attenuation)
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J * o, B,
: C=rt=—¢
V_U(E ja)go) Q 4'C* 4p°C*
1 jov T ¢ (recalled) = E-TV [
J((jo—-vI) +w;) = jonp,E] -I'=-)5,+pCo
I'~ )p,
Vv, = mV4 c @ /= XQC (recalled)
V0C5(1+ Q j 1+,
o’ o
Vl_J77V — Vloc_
vCo )

(to be recalled in the analysis of ‘hot’ attenuation)



\Y (Z) :V1 (O) eXp(—EZ) +V2 (O) exp(_rzz) +V3 (O) eXp(_rsz)
L =-18.+BC(X+1y)
== _[ =—jf+pLC(X,+]y,)r (recalled)
_Fl = _jﬁe +ﬁeC(X3 + Jys)

V(z) =V,(0)exp(B,.Cx z)exp— |B,(1-Cy,)z
+V, (0)exp(B.Cx,z)exp— jB,(1-Cy,)z
+V,(0)exp(B.Cx,z)exp— jB.(1-Cy,)z

Vin :Vl (0) +V2 (0) +V3 (O) = /' =

l

V. =V, (O)+V (O)+V (O))+4QC( :

\Y
40C (recalled)

2

1+

(0) \& (0) \2 (0))
S5, o)

l 2 3

Var =V () =V, (0)exp(-Tl) ¢mmm —T =—Jf +BC6 =—Jf,+LC(X +1Y,)
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Solving three simultaneous equations representing the device input conditions
V. =V, (0)+V,(0)+V,(0)
and

V., =V,(0)+v,(0)+v,(0)=0

} (recalled)
J,, =3,(0)+3,(0)+J,(0)=0

the latter two interpreted with the help of
Inv
v, = 4ch (recalled) and J=- 7V (recalled)

2

we obtain

V1(0)=(1+4QC/512)( .

(1-6,/18)1-5.15)

]Vm (to be recalled)

Also, we obtain
V., =V (1) =V,(0)exp(-T1)

l = _[ =—jf+pCo=—]8+LC(X+1]Yy,)

1

V. =V (1+4QC/s5°
out '”( Q ' )((1_52/é‘1)(1_53/é1)

)xexp— jB (1-Cy)l xexp(B.Cxl) (to be recalled)




Substituting

1
(1-6,/18)1-5.15)

V.(0) = (1+4QC/&5; )( ] V, (recalled)
in
1

V=V (1+4QC/s, )((1_ 515)1-6 /51)) xexp— jB,(1—Cy)l xexp(B.Cxl) (recalled)

We obtain

V., =V, (1+4QC/5°)( L )xexp— j,(L—Cy,)l xexp(B.Cx/)

Vout

Vi

G =20log,,

= A+20log,, (exp(B.Cx])) A=20log,,

n

1-6,18)1-5,16)
(H : CI 1 j‘
57 \(1-6,15)1-5,15)

| = pi-2m

G = A+20log,,(exp(B.Cxl)) = A+ 20log, (exp(B.Cxl)(log ,e))

G =A+20Cx Al =A+40CzNx = A+407x(log, e)xCN



G = A+20Cx Bl = A+40CNx, = A+ 407 (log, e)xCN (rewritten)

1 == B=40x(log, e)x = 54.6Xx

[G = A+ BCN]

G=A+BCN

(1+ 4QCI 1 }‘ >
s \@-65,18)1-5,168)

B =40x(log,,e)x, =54.6x

A=20log,,




Cubic dispersion equation:

(52 +4QC)(j5 + jd —b) =1

b=0
== d=0 (special case)
QC=0
5 =]
5 =+312-j@1/2) | 5, =X+ Jy,

5 =—J312-jwI)t = G=x -ty = X =V3/2

53:j 53:X3+jy3 1

Vo

B =40x(log,,e)x, =54.6x =47.3

1
A=20log, |(L+4QC/o’ =20log, (1/3) =-9.54
glO( Q 1 )((1—52/6‘1)(1—53/6‘1)j‘ glO( )
A=-9.54
G=-954+473CN == G=A+BCN ¢== B —473 }

(b=0,d =0,QC =0)
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Hot Attenuation

¢ Reflections take place at the input and output ends of a slow-wave structure due to imperfect
matching

¢ Reflection at the input end sets up three forward waves one of which spatially grows and travels
to the output end where it is reflected again, and the repetition of the process would eventually
cause a regenerative oscillation in the device.

¢ In the presence of the attenuator, the RF modulation on the beam remains, so that, in the forward
direction, the spatially growing wave is excited again beyond the attenuator region. In the reverse
direction, however, the growing wave interaction does not take place, and, consequently, the circuit
field in the wave traveling in the reverse direction is reduced to zero beyond the attenuator and
does not spatially grow further in this direction to reach the input end of the structure.

In order to prevent oscillations in the device,
therefore, a lossy section (attenuator) is placed
along the slow-wave structure roughly 1/3 to 1/2
way down the structure in the form of

e an absorbing layer on the dielectric supports
for the helix of a helix-TWT called the attenuator,
e a lossy ceramic button, loading a spacer cavity
wall in the structure of a coupled-cavity



Extension of Pierce's theory to estimate ‘hot’ attenuation
¢ One attenuator section is added per about 20 dB gain of the device.
e We are going to estimate ‘'hot' attenuation for infinite ‘cold' attenuation.

e We assume that beyond the attenuator, the circuit voltage =0
(corresponding to ‘cold' attenuation =« ).

¢ RF modulation on the beam however remains beyond the attenuator region.



Attenuator length is negligibly small. The superscripts a and b refer to the quantities
iImmediately preceding and following the attenuator length in the following
expressions:

VAV VD =V 4V & VOC\L & VOC\L' & C=0 V' = v
1 2 3 1 2 3 1 S 1 5 Q - 1+4Q2C
1 (recalled) o
(recalled)
VA VA VA VAR VAR A
L4z 4=t 4243
51 52 53 é‘1 52 53
V!
J10C—2
b b b a a a V V, — 5
P+ +1=3+0+); == ] oc— ¢mm Joc_ ¢=m QC=0
o o (recalled)

(recalled)
l

VAR VAR VAR VAR VARRVA
= +

L e LT Ly
o, o, 9o, o6 95, O,

1 2




2 1 :
Vo SV HQC ) 5% X0 IOyl <expl Cx)

| &= oqc-o

1 )
V =V exp— 1-Cy)l xex Cxl
out |n((1_52/51)(1_53/51))x p Jﬂe( yl) X p(ﬂe 1 )

For the contributions from all the three forward wave components, and taking I, as the distance
where the attenuator begins

a __ 1 — 1 —
V1 _Vin((1_52/§1)(1_§3/é;))exp(ﬂecxlll)exp Jﬁe (1 Cy1)|1

1 :
V=V e Cx,l)exp— jB.(1—-Cy,)l
2 |n((1_53/§2)(1_51/52)) Xp(ﬂe X2 1) Xp Jﬁe( yz) 1

1 i
Vi=V ex Cx.l)exp— 1-Cy)Il
3 |n((1_é-1/53)(1_52/53)) p(ﬂe 3 1) p Jﬂe( y3) 1
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X, =312,y,=-1/2 | 5. =x+jy,=3/2-j@/2) ]
X,=—3/2,y,=-1/2} 0,=X,+]Y,=—3/2-j(1/2); ¢mmm b=QC=d=0

X3=O’y3=1 ) 53:X3+jy3:j
V' = \%exp(ﬂerlll)exp— jB.A-Cy)l V' +V+V,/'=0 (‘cold' attenuation = «)

VA VA VA VAR VAR VA
;+_2+_3—_1+5—2+5—3 (recalled)

Vi =Sep(ACx)es- iAA-CLL T 6 6 o 6 5 o
\z : LA A AN (recalled)
V) = ﬁexp(ﬂerJl)exp— 15.@—-Cy,)L 512 522 532_ 512 522 532

Solving for v 1 Bl=27N  (recalled)
V. 2 1 .
Vl = ?exp— (JZﬂNl)[§ eXp(ZﬂCNl(Xl + Jyl)) - éexp(ZﬂCNl(Xz + Jyz))
1 :
_éexp(ZﬂCNl(Xa + Jys))]
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, V : 2 : 1 :
Vi = rexp— (127N, ) [ exp(27CN, (X, + Jy,)) = S exp(27CN, (X, + 1y.))

— %exp(ZnCNl(xs + Jy,))] (rewritten)
(x, =+/3/2,y,=-1/2;x, =~/3/2,y, =-1/2;x, =0,y, =1)
Vv :
V/© :?“exp(ﬂerlll)exp— JB.A-Cy)l (recalled) <¢m=m B|=27N

!

V= exp(- j22N,) exp2rCN, (X + Jy,)
(x, =+/3/2,y,=-1/2;x, =~/3/2,y, =-1/2;x, =0,y, =1)

Vb

1

\'A

2 1 1 J3 .3
=+ Zexp- (22CN,+/3) + Zexp— 22CN, (~—= - j=
23 p—( V3) Sl 1(2 12)

Taking CN, > 0.2 (typical practical values)

V b
\'A

-2 'Hot' Attenuation ~ 20 log,,3/2 = 3.52 dB (typically,

3 though 'Cold' Attenuation = « !
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Johnson’s Start-Oscillation Condition



Johnson's start-oscillation condition
(H. R. Johnson, "Backward-wave oscillators, " Proc. IRE, June 1955, pp. 684-694)

Backward-wave mode: The phase velocity v, of the slow-wave structure is
positive and its group velocity v, is negative.

Let us recall the following:

I', = jB, = cold circuit propagation constant

B,=B.(L+bC) (b =velocity synchronization parameter)

[, =B, =iB@A+bC) (inthe absence of circuit loss)

[=pCd+ jg.(L+bC) (d= structure loss parameter)

-ITK 2, >UB-I)+5
(F+Fo)(r_ro) - Io Jﬂer

(TWT dispersion relation)

(0*+4QC)(jo+ jd —b)=1 (TWT cubic dispersion relation)



-TLK A (I8 -T)+5

(F+ro)(r_ro) - Io Jﬁer

N

+TT K N, (B -T) + B,

(TWT dispersion relation) (recalled)

For power flow in the opposite direction (backward-wave mode) K has to
be interpreted with a change of sign

(plus sign in the left hand side)

(C+L)T-T,) |

4

0 jﬂer

(5 +4QC)(jo + jd —b) =1

Consequent change in the sign of the
<«— right hand side of the TWT cubic
dispersion relation: (6° +4QC)(jo + jd —b) =1

(cubic dispersion relation corresponding to the
backward-wave mode) (minus sign in the right hand side)



(6 +4QC)(jo + jd —b)=—-1 (cubic dispersion relation corresponding to the

backward-wave mode)
(to be recalled)

Output voltage for backward-wave mode:

Contribution from the growing-wave component:

2 1
V. =V (1+4QC/6
out |n( Q 1 )((1_52/51)(1_53/51))

xexp(B,Cx 1) exp— j3,(L-Cy,)l (recalled)

71



Contribution from the growing-wave component:

V., =V, (1+4QC/57)( L )

(1-0,/0)1-0,10) (rewritten)
xexp(3.Cx)exp- jf,(1-Cy,)

Combing the contributions from all the three wave components, we obtain:

2 1
V., =V, (1+4QC/5
o =V QIO 5 a5 16y

| <exp(BCXI)exp- j.0~Cy)
+V,_(1+4QC/o, )((1— 516 51/52))

xexp(B.Cx,l)exp—jB.(1-Cy,)l

, 1
LA AQCI0 N s s s 15)

xexp(B.Cxl)exp— jB,(1-Cy,)l
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2 1
V. =V (1+4QC/6
out |n( Q 1 )((1_52/51)(1_53/51))

xexp(B.Cxl)exp— jB,(1-Cy)l
1

+V. (1+4QC/0, )((1_53 /52)(1_51/52))

xexp(B.Cx,1)exp— j5,(1-Cy,)I

2 1
+V, (1+4QC/ 4, )((1_51/53)(1—52/53))

xexp(L.Cxl)exp— jB.(AL-Cy)l (rewritten)

<« pl=2zN

eJZIIN Vout _ 512 + 4QC e27rCNE)‘1
Vv, (51_52)(51_53)

5, +4QC N,
+ e 2
(52 - 53)(52 - 51)

532 + 4QC 27CN§
+ 2N
(6,-9,)(6,-96,)
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ejZﬁN Vout — [ 51 + 4QC jezﬁcm;

Vin (51_52)(51_53) \%:O
L[ 87+4QC )
(0,-0,)(0,-9) (oscillation condition)
+ o, +4QC e (rewritten) l
(53 - 51)(53 - 52)

(infinite voltage at the
input end)

512 + 4QC Q27N
(51 - 52)(51 o 53)

5, +4QC nens
+ e 2
(52 - 53)(52 - é‘1)

4 53 + 4QC 27N _ ()
(53 - 51)(53 o 52)

(to be recalled)
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The following parameters are relevant to finding the parameter CN

Qc = ()en)

N &r'o Kl

Q_QC_ 2V,
N C

(independent of beam current)

@ has to be interpreted as the frequency
where the phase velocity of the forward-
wave mode of the SWS becomes equal to
that of the backward-wave mode. K has to
be taken as the interaction impedance at
this frequency.

co KI,
AV
1. 5
C== p
Q 4(,88C
o _liled
80
JO =100Vo
IO
aj=t
pl=2xN

1

“2on

A

0)2

©

I = beam radius
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One can simultaneously solve the following two equations forCN :

(i)

(5" +4CDENN (0 - Jd~b)=-1 <— (5"+4QC)(j6 - jd—b)=—1 (recalled)

L

_ &
i QC = (F)(CN)

é‘12 + 4QC Q2N
(51 o é‘2)(51 o 53)
574400 ) e
(6,-6,)(0,-6,)

L]0 +4QC e (recalled)
(53 o 51)(53 o 52)

The solution for CN thus obtained may be interpreted as the start-oscillation current I, while

making use of the relations:

C=(KlI, /(av)" and gl=2zN
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Some concepts in widening helix-TWTs

Zero-to-slightly-negative-dispersion structure for wideband performance
Anisotropically loaded helix:

Metal vane/ segment loaded envelope
Inhomogeneously loaded helix:

Helix with tapered geometry dielectric supports such as

half-moon-shaped and T-shaped supports

Negative dispersion ensures constancy of Pierce’s velocity synchronization parameter b
with frequency

Multi-dispersion structures for wideband performance



Constancy

of b with
frequency Vo =V,
with
V, —V vV, —V \"
negative -0 r_ o P = —— 1 —
dispersion v,C v (Kl /4V,) K (1,74V,)

Negative dispersion: Vp increases with frequency

Vo —V D decreases with frequency

decreases with frequency

— Numerator of the expression for b decreases with frequency

K decreases with frequency and hence the

— Denominator of the expression for b decreases with frequency

b remains constant with frequency



Conventional TWTs with multi-dispersion, multi-section structures

Small-signal gain equation G ~ BCN

NA =

Vo _
N =1 C = (KI,/4V,)"

N=
VO

us f

G ~ B(KI, /4V,)"3

VO

G is proportional to K3 f |



G is proportional to K3 f |

Gain-frequency response:

Lower gain at lower frequencies as G is proportional to f

Lower gain at higher frequencies as G is proportional to K13, the
latter decreasing with frequency

Conventional structure: If you had increased the length I, then the gain G would be
compensated at lower frequencies f. However, then the gain G would become very
high at higher frequencies f entailing the risk of oscillation in the device.

Therefore, let us arrive at the design of a helical slow-wave structure the effective
length of which is large at lower frequencies, which at the same time becomes
relatively smaller at higher frequencies. (The design should ensure that the gain is
not enhanced at any frequency to a high value causing oscillation in the device).
The answer lies in a multi-dispersion, multi-section helix TWTSs!



One positive-dispersion helix section of length I, synchronous with the beam only at
lower frequencies and the other nearly dispersion-free helix section of effective length
|, synchronous with the beam both at lower and higher frequencies.

Effective length increased to |+ |, at lower frequencies

Effective length reduced to |, at higher frequencies (since the section of length |, goes
out of synchronism at higher frequencies

Gain is proportional to K /3§ |

We have to control (i) the nature and the amounts of dispersion of the sections by
suitably loading the sections and (ii) the lengths of the two sections

Select structure sections such as segment-loaded helices of controllable
dispersion

Analysis should be capable of finding the dispersion and interaction impedance
characteristics of the structure sections, say, with metal segment loaded
envelopes and their control by structure section parameters like segment
dimensions and relative section lengths.



Two-section configuration with one of the sections providing a double-hump
peaks in the gain frequency response while the second section providing a
single peak between the humps of the first section

Twystron: The first section is a klystron providing a double-hump gain-frequency
response. The second section is a TWT providing a peak between the two humps of
the first section in the gain-frequency response.
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t Tools Table Window Help

Arbitrarily-shoped
dielectric support

Metal envelope Metaol envelope
Quler helix surfoce Sheath helix

Sheath helix

[nner helix surface

“ Cross section of a helical slow-wave structure supported by arbitrarily shaped identical
[

electric bars (a) and its equivalent analytical model (b).
|
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R v

0.136
0.134
0.132

0.13

o 0.128

> 042
0.124
0.122

0.12
0.118

Source: MTRDC (DRDO)

=i=T_R o
=ir=Rectanqular Rod
e H alfmo on R o
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Helix-support-rod embedded
in the metal vane

Source: MTRDC (DRDO)
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Metal-coated dielectric helix-support rods
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Broadbanding Techniques

0 Homogeneous dielectric loading
cannot shape structure dispersion for
wide device bandwidths.

O Inhomogeneous dielectric
loading by tapered-cross-section
helix supports can shape structure
dispersion for wide device
bandwidths.

O Anisotropic loading by
azimuthally periodic metal vanes
provided with the metal envelope
can shape structure dispersion for
wide device bandwidths.

O Axially periodic disc loading
cannot shape structure
dispersion and cannot

widen device bandwidth

but can enhance device gain.

95



The bandwidth of a TWT can be widened by

W providing azimuthally periodic metal vanes/segments with the metal
envelope of the helical slow-wave structure and optimizing the structure
parameters, thereby obtaining the desired dispersion characteristics of the
structure for wide device bandwidths

s appropriately shaping the cross-sectional geometry of dielectric helix
supports, thereby obtaining the desired dispersion characteristics of the
structure for wide device bandwidths

W using multi-dispersion, multi-section helical structures



In the area of helix-travelling-wave tubes, | worked with Drs.

¢ S. S. S. Agarwala, S. N. Joshi, R. K. Gupta, R. S. Raju, Lalit Kumar
(CSIR-CEERI, Pilani)

e S. K. Datta, V. Kesari, M. D. Raj Narayan
(DRDO-MTRDC, Bengaluru)

e Ashok K Sinha, P. K. Jain, Sanjay K Ghosh, M.V. Kartikeyan, S. J. Rao,
U. Tiwari, M. P. Sinha, V. N. Singh, V. V. P. Singh, K. V. R. Murthy
(Institute of Technology, Banaras Hindu University)

e R. G. Carter, Ping Wang
(Lancaster University)

e Gun-Sik Park, B. Jia, A. V. Soukhov, S. S. Jung, C. W. Baik, Y. D. Joo, S. T. Han,
H. S. Kim, H. S. Uhm
(Seoul National University)

e Zhaoun Duan
(University of Electronic Science and Technology of China)

e Raktim Guha, A. K. Varshney
(Supreme Knowledge Foundation Group of Institution, Mankundu)
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For any clarification, if required, you may contact me
through my email address

email: bnbasu.india@gmail.com

website: www.bnbasu.com
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