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The Institution’s Annual General Meeting, the twenty-fifth since Incorporation, was held at the
London School of Hygiene and Tropical Medicine, on Wednesday, 26th November, 1958.

The Chair was taken by the President, Mr. George A. Marriott, B.A., who was supported by

other officers of the Institution and members of the Council.

69 corporate members had signed

the Minute Book when the meeting opened at 6.5 p.m.

The Secretary, Mr. G. D. Clifford, read the
notice convening the meeting as published on
page 565 of the September Journal and stated
that 42 Forms of Proxy vested in the President
and himself had been received.

1. To confirm the Minutes of the 32nd Annual
General Meeting held on the 27th November,
1957
The Secretary stated that the report of the

last Annual General Meeting was published on

pages 666-668 of the Dccember 1957 Journal.

The President’s proposal that these Minutes be

signed as a correct record of the proceedings

was approved unanimously.

2. To receive the Annual Report of the Council

Mr. Marriott stated that the Annual Report
of the Council for the year ended 31st March
1958 had been published in the October 1958
Journal. He called on Professor Emrys
Williams, Vice-President of the Institution, to
move the adoption of the Report.

Professor Williams said that the work of each
of the Standing Committees was deserving of far
greater detail than it was possible to give in the
published Report. There were, however, three
points in the Report which he felt were out-
standing in reflecting the Institution’s progress
and its affect upon the individual member.

Firstly, Professor Williams referred to the
Journal which, he said, was the members’ link
with the Institution, and which, notwithstanding
increasing over-all costs, continued to grow in
size and in circulation. Today, some 7,000
copies were despatched monthly to some ninety
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countries all over the world, and the increasing
demand for back numbers was in itself an indi-
cation of its importance as an authoritative
source of information.

Secondly, there was the advantage to mem-
bers in having regular Section Meetings, and in
Great Britain it would be an isolated case
indeed if a member could not pay one or more
visits during the course of a year to a local Sec-
tion Meeting. From personal experience in
participating in the founding of two Sections of
the Institution, Professor Williams knew that
the Council’s efforts in this direction were well
appreciated. It was also encouraging to note
the increase in the number of Sections for mem-
bers overseas. All these meetings were valu-
able, not only from the viewpoint of listening to
a paper or taking part in discussion, but also in
providing opportunity for enginecrs to meet.

Thirdly, there was the intrinsic advantage of
membership itself; maintenance of high stan-
dards for admission to the Institution restricted
the size of the membership, but it was a neces-
sary restriction for the advantage of members
and for the status of the profession.

Commenting on the valuable work of the
individual Committees, Professor Williams said
that the work of the Programme and Papers
Committee was reflected month by month in all
the meetings. The Technical Committee con-
tinued to show that it was a vigorous and active
body which made definite contributions not only
to the Institution’s own proceedings but to the
work of other bodies such as the British Stan-
dards Institution. The Library Committee also
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endeavoured to give a useful service to mem-
bers, and should be congratulated on its recent
publication “Library Services and Technical
Information for the Radio Engineer.”

The Membership Commiittee’s task was by no
means casy, for although the membership regu-
lations were reasonably well understood. the
Committee on several occasions had to adjudi-
cate fairly on qualifications which could not
easily be assessed. It was these marginal cases
which caused the Committee most difficulty in
making a recommendation to the Council.

Professor Williams felt that perhaps the work
of the Education and Examinations Committee
had the greatest long term influence on Institu-
tion activities. He was surc that the Council
was right in agreeing to the Committee's pro-
posals for a continual modification of the
Examination Syllabus in order to keep abreast
of the changes and developments in the science
and art of electronics and radio. The fall in
entries consequent upon major changes in the
Examination Syllubus a year ago was to be
expected; now, however, the number of candi-
dates was as high as ever, and Professor
Williams regarded the trend in Technical
Colleges of basing their Courses on the Institu-
tion’s Examination Syllabus as a vote of confi-
dence in the standard of the Examination.

All this work required finance—often in
advance of revenue. While comment on the
Institution’s finances would be made by the
Honorary Treasurer, Professor Williams said
that all Standing and local Section Committees
appreciated the way in which the Finance Com-
mittec handled all the demands for expenditure.
He believed that the way in which the Finance
Committee looked ahead was typical of all
Committees. and indeed of the Council itself.
Professor Williams cited as an example of this
forward planning the 1959 Convention which,
although not coming within the current report,
had been planned during the year under review.

Professor Williams concluded: “During the
last two years we have been able to consolidate
many of the Institution’s aims and have derived
much courage to plan for the future. In both
respects the Officers, Council and Committees
have been much encouraged by the guidance of
Mr. Marriott and by his radiant faith in the
future of the Institution. It is in this spirit of
progress that I move the adoption of the 32nd
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Annual Report of the Council.” The proposal
was seconded by Mr. G. B. Ringham (Member)
and the Report adopted unanimously.

3. To elect the President

Mr. Marriott said that it was the unanimous
wish of the Council that Professor Eric E. Zep-
ler be elected President for the coming year.
Professor Zepler had been a Vice-President for
the past six years, an office he had reached after
many years’ continuous service to the Institu-
tion, firstly as a member of the Education and
Examinations Committee, and subsequently as
its Chairman. The Council regarded him as the
inspiration, if not the architect, of many changes
which had taken place in the Graduateship
Examination requirements since 1944, and his
work in this connection had always shown a
great understanding of industrial needs and the
mind of the undergraduate or student.

The motion that Professor Eric E. Zepler be
elected the 15th President of the Institution was
carried with acclamation.

4. To elect the Vice-Presidents

Mr. Marriott stated that both Mr. J. L.
Thompson and Professor Emrys Williams were
well known to members and he was sure that
their re-election as Vice-Presidents would be
welcomed. This year he was particularly
pleased to propose the election of two other
Members to the office—Air Vice-Marshal C. P.
Brown, C.B., C.B.E., D.F.C., and Colonel G. W.
Raby, C.B.E., both of whom had given invalu-
able service to the Institution.

These proposals were approved unanimously.

5. To Elect the Ordinary Members of Council
Mr. Marriott stated that the Council’s nomi-
nations for the ten vacancies had been unop-
posed, and he had pleasure in declaring the
following elected to the Council for 1958-59.

A. D. Booth, D.Sc. (Member); F. G. Diver, M.B.E.
(Member); A. A. Dyson, O.B.E. (Member); R. H.
Garner, B.Sc.(Eng.) (Associate Member); Captain
A. J. B. Naish. R.N., M.A. (Member); E. W. Pulsford,
B.Sc. (Associate Member); H. F. Schwarz, B.Sc. (Mem-
ber); T. B. Tomlinson, Ph.D. (Associate Member);
Professor D. G. Tucker, D.Sc. (Member); Major P. A.
Worsnop (Associate Member).

6. To Elect the Henorary Treasurer

The President said that Mr. G. A. Taylor had
served as Honorary Treasurer for five years,
and he was pleased to propose that he should be
re-elected for a further year. The motion was
carried unanimously.
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7. To Receive the Auditors’ Repeort, Accounts
and Balance Sheet, for the year ended
31st March, 1958
Mr. Taylor expressed his appreciation of the

confidence shown in re-electing him as Honor-

ary Treasurer for the sixth year in succession,
particularly as last year he had reported some
failure. He referred to his last report in having
to record the failure of the Institution’s endea-
vours to persuade the Postmaster General to
allow learned societies some relief from
increased postal charges. Indeed, the Institu-
tion’s Accounts for the year under review
reflected an increase of over £1,000 in the over-
all expenditure incurred for postage. Mr. Tay-
lor felt, however, that this disappointment had
to some extent been offset by the announcement
that the Inland Revenue would allow members’
subscriptions as a deduction from their earnings
for income tax purposes. Whilst this would not
affect the Institution’s revenue, Mr. Taylor
thought that members would welcome the infor-

mation with just as great enthusiasm as if it did,

in fact, assist the Institution’s income.

Referring to the Income and Expenditure
Account for the year ended 31st March, 1958,
Mr. Taylor stated that every member might be
well pleased with the Finance Committee’s
efforts during the year, which had resulted in a
substantial amount being placed to the Reserve
Account. Dealing firstly with Income, the
Treasurer pointed out that all items of revenue
had been maintained or increased, and he par-
ticularly referred to the record figure of nearly
£20,000 received from subscriptions.

The Expenditure Account showed that to off-
set costs over which the Committee had no con-
trol. e.g. postal and telephone costs, printing,
etc., some economies had been effected. A most
pleasing feature of the accounts was the very
low subsidy which had been required to finance
the Institution’s 1957 Convention: never before
had a Convention been held at such a low cost.

The Balance Sheet showed that there had
been additions during the year to office and
Library equipment, and an increase in invest-
ments. In this connection, Mr. Taylor drew
particular attention to the fact that all monies
received towards the new building were
deposited separately and subsequently invested.
The Accounts for 1957 showed that the Institu-
tion had now received £16.000 for the Building
Appeal, excluding monies payable under Deeds
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to Covenant. During the year more companies
in the radio and electronics industry had
covenanted to donate to this appeal, and all
these covenants would bring the Building
Appeal to over £40,000.

Mr. Taylor concluded by expressing his plea-
sure at being able to present such satisfactory
Accounts, and his thanks for the guidance and
help he had received from the Council, Finance
Committee, and the President. He then moved
the adoption of the Accounts and Balance Sheet
for the year ended 31st March, 1958.

The President asked for any comments on the
accounts. Mr. J. K. Draper (Associate Mem-
ber) pointed out that the sum of £40,000 which
was still required to purchase a new building
represented a very substantial sum when con-
sidered in relation to the membership which,
according to the Articles of Association,
appeared to be limited to 3,000. He thercfore
felt that an appeal should be made to members
for donations on the basis of their rebate of
income tax in respect of subscriptions.

Mr. Clifford replied that as far as the Articles
of Association were concerned. there was no
obligation to register an increase in membership
until the figure of 10,000 was reached. This did
not mean, however, that membership was now
limited to 3,000, and he welcomed Mr. Draper’s
suggestion which would greatly help the Build-
ing Appeal.

The Auditors’ Report, Accounts and Balance
Sheet were then approved unanimously.

8. To Appoint Auditors and to agree their
remuneration

Mr. Marriott moved the re-appointment of
Messrs. Gladstone, Jenkins. This proposal was
approved, it being agreed that the Auditors’ re-
muneration be left to the discretion of the
Council.

9. To Appeint Solicitors

The proposal that Messrs. Braund and Hill
be re-appointed as the Institution’s Solicitors
was approved unanimously.

10. Awards to Premium and Prize Winners

Mr. Marriott congratulated the recipients of
Premiums and Examination Prizes for 1957 and
presented the awards to the authors and success-
ful examination candidates. A list of recipients
was published in the September Journal.

11. Ary other business

The Secretary confirmed that notice of any

other business had not been received.
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ON THE DESIGN OF THE TRANSITION REGION OF
AXISYMMETRIC, MAGNETICALLY FOCUSED
BEAM VALVES*

V. Beve, M.Sc.,T J. L. Palmer, M.Sc.,
and C. Susskind, Ph.D. (Associate Member)T

SUMMARY

Assumption of a particular magnetic-field variation in the transition region of an axially
symmetric beam-type device (e.g., klystron, travelling-wave tube) leads to the solution of the
equations of electron motion by means of an analogue computer. To illustrate this novel method
of solution, beam envelopes are presented for Brillouin flow, periodic magnetic focusing, and
space-charge-balanced flow. By matching the beam envelopes with those obtained from the
theory of the Pierce gun, dimensions are obtained for an electron gun that produces the required

beam.

1. Introduction

The development of beam-type microwave
valves has created a need for well-designed elec-
tron guns capable of yielding high-density
electron beams, usually axially symmetric. To
counteract the combined effects of aperture
lenses and space-charge spreading, a radially
inward directed force is necessary, more often
than not provided by a magnetic field. The
most frequently used method, that of immersing
the entire valve, including the electron gun, in
a magnetic field (“confined flow”), has been
described in the literature, most recently by
Brewer'. Of the alternative methods proposed
in recent years, two have found most favour:
“Brillouin” flow and periodic magnetic focus-
ing. Both principles have been widely described
in the literature with regard to the behaviour of
the beam in the region where it is caused to
interact with the microwave “circuit” structure
(hercafter designated as the inferaction region).
A large body of literature has also accumulated
on the design of the electron gun region—a
recent review article’ lists 88 references. How-
ever, very few attempts have been reported
dealing with the design of the transition region
between the gun and interaction regions. The
present contribution is an attempt to deal with
this problem analytically, with an analogue

* Manuscript first received 10th July 1958 and in
final form on 3rd October 1958. (Paper No. 480.)

t Department of Electrical Engineering, University
of California, Berkeley, California.

U.D.C. No. 621.385.63/4
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computer used to trace out electron trajectories
for typical cases.

A similar analysis and computation has been
made by Moster and Molnar’ and reported in
an unpublished (but widely circulated) Bell
Telephone Laboratories Memorandum, for the
case of Brillouin flow. This case represents one
of the examples used in the present analysis.
The essentially identical results are presented
here in what is believed to be a more useful
form from the designer’s viewpoint; the
numerical results are in excellent agreement
with those of Moster and Molnar. Moreover, a
method of matching the design of the transition
region to an electron gun designed by the
well-known “Pierce” method is also presented.

The second case used to exemplify the present
analysis, periodic focusing, has apparently not
been previously considered, although Caryotakis
and Heffner* have analysed this case (for non-
convergent guns) assuming an idealized varia-
tion of magnetic-field strength as applicable to
a structure of the type described in an analysis
by Sterrett and Heffner®. Again, a method for
matching to a Pierce electron gun is presented.

The third case considered is the general case
of space-charge-balanced flow, which is inter-
mediate between Brillouin flow and the afore-
mentioned confined flow in that a portion of the
interaction-region magnetic field is permitted to
penetrate into the electron-gun region and links
the cathode.

Journal Brit.I.R.E.
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One of the results of the present analysis is
that the designer is enabled to select the
smallest gun that will yield an electron beam
of a given beam voltage, current, and radius
(and the corresponding magnetic field). Such
optimization is especially important from the
viewpoint of minimizing the effects of “thermal”
velocities, heater-power requirements, and other
design factors.

The deleterious effects of “thermal” elcctron
velocities on beam focusing are not considered.
The most probable result of the presence of this
effect in practice will be that the magnetic-field
requirements might be somewhat larger than
those predicted by the described design pro-
cedures.

2. Equations of Motion

For the axially symmetric case the equations
of motion for laminar flow (non-crossing
trajectories) can be expressed in cylindrical co-
ordinates in a region free from applied electric
fields by

d*r B

] 1|Br{"rfl_ Il 1
dz | 8V'

8y 3 4\/—?3]7:;;V”2 v

where r and z describe the position of an elec-
tron on the beam boundary, [ and V are the
beam current and voltage, respectively, r. is the
radius of the beam at the cathode, B and B, are
the values of the magnetic field in the beam
region and at the cathode, respectively, and
nw=e/m. For the purpose of the present
analysis, eqn. (1) can be best normalized by
making the following definitions:

o=rlrn (2)

1 3 & z

= I — =012 -

Z <4n¢21190V ) 0-1231P -
P (3)

; V21

Bi= ——mpmpe e (4)
B.rt .
BBhl‘,.," ......... (-)

where P is the microperveance of the bcam, ry,
is a reference radius whose value depends on
the particular configuration, B, is the ideal
Brillouin field® that would be necessary to focus
the same beam, and

B(z)=BB,F(2)
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where B is a scaling factor for the magnetic
field, and F(z) is a form factor describing the
axial variation of the magnetic field. With the
above substitutions, eqn. (1) becomes

d'o ) B°K* 1
dz: +[BF ()] o -

The form factor F(7) can be made to take on
any variation desired. Equation (7) thus
describes the motion of an electron beam pass-
ing through such a field, provided that the beam
radius remains small compared with the radial
dimensions of the magnetic circuit (“paraxial”
beam). The factor K accounts for any magnetic
field at the cathode.

3. Brillouin Flow
Equation (7) can be applied to the case of
Brillouin flow, for which 8=1 and K=0. No
magnetic flux threads the cathode, the magnetic
field in the interaction region is uniform, and
eqn. (7) becomes
2

d’o e | i
iz +[F(DTr .

The beam is balanced (.e., d*c/dZ*=0) if the
beam enters the interaction region, in which
F(z)= 1, with zero slope at the position of mini-
mum radius 7, so that do/dZ=0 when o=1.

_~ MAGNETIC SHIELD

——
UNIFORM BRILLOUIN FIELD

TELECTRON

i

—
UNIFORM BRILLOUIN FIELD

/ ! FRINGING
/ MAGNETIC FIELD

/ < ANODE

)

L BEAM-FORMING ELECTRODE
Fig. 1. Typical Brillouin focusing system.
But since the beam must have originated at the
cathode in a region free from magnetic field
(K =0), the beam must have passed through a
region in which the magnetic field increased
from zero to its final value B,. The behaviour
of the electron beam in this transition region is
described by egn. (8), in which F(z) is the
normalized magnetic-field variation as a func-
tion of axial distance (with g positive in the
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direction toward the cathode). Such a solution
has been obtained by Moster and Molnar’. The
normalized magnetic-field variation on the axis
of a hole of radius a (Fig. 1) in a thin magnetic
shield of high permeability with a uniform
magnetic field on one side of it is given by

F(z/ay=1- —| tan (- a/2) #
¥ 1+ (2/ay

zfa<<0 ... (9a)
- 1 /oy z/a
F(z/a) —?[tan (a/2) T @/ar
zfla>0 ... (9b)

These expressions appear to be quite insensitive
to the thickness of the magnetic shield, as has
been established by using electrolytic-trough
analogues: the shielding needs to be only thick
enough to avoid saturation.

Equations (9) must be put into units of Z, as
can be done by the substitution z/a=Z/q,

where «—0:1231 P'a/r,, so that eqns. (9)
become
, 1 ) . Z/a
F(Z/u) 1—-?r—|:tdn (-u/Z)+ |+(Z/L)':|
Z/w<0 ......... (10a)
. _l_ . Z/u
F(Z/uw) . |:tan (w/Z) - T+ 1)‘]
Zia>0 ... (10b)
The equation of motion is therefore
O tFzipe- L 0 (11

dz:

A plot of cgns. (10) shows that the magnetic
field is essentially uniform for z/a — - 3 (Fig. 2).
This point can be therefore used as the origin
of a computation: i.e., the analogue computer is
started at the point where z/a—Z/«— -3,
a1, and do/dZ =0, and traces out the beam
cnvclope through the transition region, toward
the cathode. Curves of normalized radius and
slope vs. distance are shown in Figs. 3 and 4,
respectively, both as functions of the parameter
y=P"a/r,.

The parameters used in plotting Figs. 3 and
4 were selected for ease in adapting or “match-
ing” this design procedure to the design of the
electron gun by the Pierce method’. For the
spherical-cap cathode, Pierce’s eqn. (10-12) can
be written
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Fig, 2.

Normalized magnetic field vs. distance on the
axis of an aperture in a magnetic shield.

! 1
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Fig. 3. Normalized beam radius in the transition
region vs. axial distance.

I
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Fig. 4. Normallzed beam slope in the transition
region vs. axial distance.

I=10 °CV** (1 -cosh) ... (12)

where C—=14-67/(-«af. Since 0 is given by

sin 0 — r,/r, where r, is the radius of the beam at
the anode, and r is the “radius of curvature” of
the equivalent anode surface, eqn. (12) can be
written .

P=C[l- V1-(r.,/r¥]

Journal Brit.I.R.E.
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where P=10°1/V'" is
Equation (13) can be solved for r and expanded
by binomial expansion to give finally

T rC/2P) (1 +P/4C) ... (14)

with higher-order terms becoming negligible for
cone half angles smaller than 60 deg.

the microperveance.

The slope of the beam upon emerging from
the anode aperture is given by

| .
dz [ r=rg f ......... ( )
which may also be written
- dor o, >
"dr rere = 7 oo (16)

where  is the normalized radius defined in eqn.
(2), and f is the focal length of the anode aper-

a6

os}

oat 4

oy

15 20 25 30 35 40
wrF
Fig. 5. Normalized beam slope at the anode aperture
vs. the ratio of cathode radius of curvature to anode
radius of curvature.

ture acting as a thin diverging lens.* By sub-
stituting eqn. (14) into (16) and rearranging, we
obtain

Iw do - <l>*'
P"g'd: r r”_l4P4C C _f

* Substituting a “thick™ electron lens would have
the effect of introducing a complicating factor (an
aberration produced by the radial variation of the
electrostatic field in the anode region, i.e. such as that
produced by considering rays that are not paraxial);
although a correction can be sometimes worked out
for a particular case, it is prohibitively difficult to do
so in general.
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Values of r/f can be obtained from a graph
given by Pierce’ (Fig. 10, 11).

Equation (17) is plotted in Fig. 5, with micro-
perveance as a parameter. The top curve, for
P < 1, is the result that would be obtained by
assuming that sin 90 (i.e. very small cone half
angles, as assumed by Pierce).

Figure 6 is a plot of the rearranged eqn. (14)
in the form

PVr[ra=(C/2)*(1 + P[4C)

Again, the curve for P <] is that which would
be obtained by assuming sin =0.

The design procedure begins with a selection
of the anode position, which should be taken to
be as near to the magnetic shield as possible
(since the resultant minimization of beam con-
vergence serves to reduce the effects of a dis-
tribution of initial velocities, and other aberra-
tions), subject only to the requirements that the
corresponding emission density at the cathode
should not exceed the capabilities of that
cathode, and that the anode-to-shield distance
should be large enough to locate the anode out-
side the transition region (say, z/a>1, as
shown in Fig. 1). If the beam radius, perveance,
and voltage (or current) are given, the next step
consists in selecting an appropriate value of the
radius « of the shield aperture (usually made as
small as outside valve dimensions permit), and
calculating v—P'*a/r,. Knowing y and the
normalized anode position z/a, we obtain the
normalized radius o from Fig. 3 and the
normalized slope (r,./P'*)(do/dz) from Fig. 4
at the anode aperture. The “matching” proce-
dure consists of obtaining the normalized
cathode radius of curvature (i.e. “spherical”
radius) r./r from Fig. 5, and then r from Fig. 6,
so that both 7. and r can be determined. The
“cylindrical” radius of the cathode r. is then
given by

Fe=rarelr
The final step might be a calculation of the
current density from the cathode so designed: if
that number should prove to be too large, it
would be necessary to begin the computation
again with a larger value of anode-to-shield
spacing z/a. (The experienced designer might
actually prefer to start with a given cathode
area, and carry out the above steps in reverse
order.)
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Since the above procedure does not take
radial “thermal” velocities into account, it will
probably be necessary to make the usual
allowance for this effect’ by making the radius
of the microwave “circuit” somewhat larger
than the value that would correspond to the
r» obtained by the above design procedure.

Incidentally, the above procedure might also
be of use in predicting the envelope shape of an
electron beam emerging from a Brillouin focus-
ing field, a feature that may be of considerable
interest to the designer of the collector elec-
trode.

Fig. 6. Normalized anode radius of curvature as a
function of the ratio of cathode radius of curvature to
anode radius of curvature.

It should be noted that an earlier analysis by
Briick’ leads to results that are in good agree-
ment with those of the present analysis. Briick
considers the case of magnetic distribution of
the form B. = B, sin*(xz/2l), where [ is the length
of the transition region. It is found that this
distribution closely matches the function
F(Z/a)=F(z/a) used in the present analysis if
[=3a, if the origin is shifted to the point where
F(Z/a)=0-5, and if the sign of z is reversed. In

( a

other words,
Feelaresit [ 2(2 2
(z/a)=sin 6 >

With these transformations, Fig. 3 corresponds
to Briick’s Fig. 4, which is limited to the range
z/a<1'5. A numerical comparison shows
agreement to within a few per cent.

A related analysis by Miiller confirms that
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injection conditions are relatively insensitive to
the exact form of the function F(z/a); for func-
tions of the form cos z and exp (-2, for
example, Miiller finds that both lead to the neat
result that the magnetic shield should be located
in such a way that B falls off to 70 per cent. of
its full value at the point at which a laminar
beam would come to its minimum diameter in
the absence of B.

4. Periodic Magnetic Focusing
4.1. Analysis

For a scheme of beam focusing by a periodic
magnet of the sort discussed by Sterrett and
Heffner (Fig. 4 of Ref. 5), it can be shown that
the function F(z) can be represented by an
infinite series of cosine terms with the argument
2naz/l where n is an odd integer and ! is the
length of the magnetic structure. More-
over, if the distance d;, between pole shoes
is made approximately equal to I/3 (for
usual values of the ratio r,/l, the normalized
pole-shoe radius) the n=3 term is approxi-
mately zero, and the higher-order terms are
negligible. This case, which is the simplest
from an analytical point of view (since the
variation of the magnetic field along the axis
in the interaction region corresponds exactly to
a simple cosine variation), also turns out to be
of considerable practical interest: the radius of
the beam is of necessity considerably smaller
than the pole-shoe radius at which the axial
variation of the magnetic field corresponds to a
square wave, so that the magnetic field at the
beam edge resembles a simple cosine variation
quite closely.

Equation (7) thus becomes

—g;;j + & 1+ cos(dnz/ D

where we have also utilized the trigonometric
formula cos’x— (1 +cos 2x)/2.

This equation can be normalized by means of

the definition Z/L=z/l, which defines a
reduced period length
L=(Z[)=01231P""1]r,, ......... 21

where r, is the maximum radius of the beam in
the interaction region. (The beam ripples
inward from r,; one of the objectives of the
design is to make the ripple as small as possible,
as described below.)
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Fig. 7. Period length and percent ripple vs. magnetic field for minimum-ripple solutions for (a)
zero magnetic field at the cathode, (b) non-zero magnetic field at the cathode.

The equation of motion can thus be written

doe A Kt 1
A= +7“ +eos@aZ/ Lo - —- — — = 0

o

The quantities o, Z, By, and K are the same as
defined in eqns. (2) to (5), and eqn. (6) becomes

B(2)=BB, cos(2az/)= By cos2az/]) ...... (23)
where B, is the peak magnetic field on the axis.
Equation (23) also defines the scaling factor B,
which is the ratio of the peak magnetic field on
the axis to the Brillouin field required to focus
the same beam.

A solution of eqn. (22) has been carried out
with a Beckman EASE computer, and the
results are presented in a form that gives infor-
mation about the beam envelope (radius and
slope vs. axial distance) directly. The initial
conditions used in the solution are do/dZ =0
and o=1 at Z=0: i.e., the beam is launched
with zero slope at its maximum radius r,, at the
centre of the first magnet cell, or half-way
between the first two pole shoes.

In the design of the magnet structure for
periodically focused beams, it has been shown
that for a given value of B there is a particular
value of L for which the beam envelope has a
minimum amplitude of oscillation or ripple. In
an analogue-computer solution similar to the
present one, Harker” has shown that the solu-
tions appear to be of the form

c=(1-R)+Rcos@=Z/L)......... (24)
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where, in our notation, R is the percent ripple
defined in the insert of Fig. 7(a). This figure
also shows a plot of the normalized length of
the period of the magnet structure (and percent
ripple) vs. B, for the case K=0. Similar curves
for other values of K are shown in Fig. 7(b).
(These curves agree very closely with those of
Harker”?, although the present set is
normalized differently.) In the design of the
magnet structures for periodic focusing, every
effort should be made to ensure that the
dimensions and other parameters correspond
to points on these curves; design points not on
these curves do not correspond to minimum-
ripple solutions.

The curves of Fig. 7 show that if B8 (and
hence the peak magnetic field on the axis) is
small, the percent ripple is also small; how-
ever, so is the normalized magnet structure
period length P'/*{/r,, which can then become
a limiting factor if the amount of magnetic
material per cell should become too small to
supply the requisite magnetic-field intensity.
(This limitation is particularly serious for large
values of P or small values of rn.)

A schematic representation of the first mag-
net cell and an electron gun of the shielded
Pierce type is shown in Fig. 8. To determine
how the magnetic field varies, at least on the
axis in the transition region, i.e., to obtain the
function F(z/I), an electrolytic-trough analogue
was used for convenience. The electric field
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] Fig. 9. This function is created by a function
[NNNNNANNNNNN AN generator. To obtain curves of normalized
§ & . radius and slope, we proceed as follows: 8, and

N |
—- T ,\ o m’s&zs:n.ms
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Pierce gun and first cell of periodic structure.

]

Fig, 8.

very near the axis of a wedge of electrolyte
(used in the conventional manner to represent
an axially symmetric configuration) was
measured by a null technique utilizing a
double-probe head miounted on a carriage. In
order for the analysis to apply exactly, the
peak magnetic field in the end cell should be the
same as in any cell in the interaction region.
This condition can be approximated in the ana-
logue by suitably adjusting the potentials of the
two or three cells at the end; a corresponding
adjustment is used in the fabrication of actual
magnetic structures’. The resulting magnetic
field on the axis is almost cxactly sinusoidal
down to the centre of the first cell, which is
taken as the origin of the co-ordinates. The
normalized magnetic field F(z//) in the transi-
tion region (with z positive in the direction to-
ward the cathode) is shown in Fig. 9; the square
of this function, which 1s one of the terms that
occurs in eqn. (7), is also shown in Fig. 9, and
is essentially zero for values of z// > 0-6.

In a case of considerable practical intcrest, a
valve containing a periodic magnetic focusing
structure and a convergent Pierce gun, the beam
originates from an electron gun located
outside the magnetic field (z//=Z/L > 0-6),
passes  through  the transition region

O <z/I=Z]L <0-6),
and arrives at the centre of the first
magnet cell (Z=0) with its maximum radius
(c=1) and zero slope (do/dZ=0). In the
present solution, the problem is solved in
reverse; eqn. (7) is set up on the analogue com-
puter for the case K =0, and the function F(2) is
replaced by the function F(Z/L) plotted in
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hence L, are obtained from Fig. 7(a) and eqn.
(21). These pairs of values of B and L, each
corresponding to a minimum-ripple solution,
are the paramecters in the input to the computer;
the output corresponds to the normalized radius
o and normalized slope (r.P'?)(do/dz). The
resulting curves are presented in Figs. 10 and
11, respectively.

The design proceeds very much as in the
Brillouin case, except that it is necessary to
utilize additional information in the form of the
curves of Fig. 7(a). After selecting a value of B
as small as is compatible with the capabilities of
present-day magnetic materials, and the corre-
sponding value of PY?/r,, it is possible to
determine the magnet structure period length /,

Fig. 9. Normalized magnetic field on the axis in the

transition region vs. axial distance.

since P and r,, are assumed to be given para-
meters of the electron beam. The Brillouin field
corresponding to a given beam can be computed
from eqn. (4), and the peak magnetic field on
the axis from the relationship By=8B;. The
important physical dimensions of the magnet
structure are now determined, and can be
checked for the above-mentioned limitation on
magnetic-field capability. The complete design
can be carried out with the help of the curves
given by Sterett and Heffner".

The gun design again consists in matching the
radius and slope of the beam emerging from the
anode aperture to the radius and slope at some
axial position, as predicted by the appropriate
curves in Figs. 10 and 11. To attain small
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electron-gun dimensions and a small beam-
convergence angle, the axial position of the
anode should be near the point (z//=06) at
which the fringing magnetic field has dropped

\

uzt
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e

Normalized beam radius in the transition
region vs, axial distance.

Fig. 10.
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Fig. 11. Normalized beam slope in the transition
region vs, axial distance.

essentially to zero. If z//=0-6 is selected as the
anode position, the normalized radius and slope
at this position can be obtained from Figs. 10
and 11. From the normalized slope, the ratio
of cathode radius of curvature to anode radius

of curvature r./r can be obtained from Fig. 5,

and from it, the parameter P'/°r/r, from Fig. 6.
Since the microperveance P and the radius r, of
the beam at the anode are known, the anode
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radius of curvature r can be calculated. From

the ratio r./r, the cathode radius of curvature r.
can be easily obtained. Equation (19) then
specifies the radius ». of the beam at the
cathode. The final step is again a calculation of
the current density from the cathode so
designed; if that number should prove to be too
large, it would be necessary to begin the com-
putation again with a larger value of the dis-
tance z// between anode and the centre of the
first magnet cell (or to proceed backwards, as
previously described in the Brillouin case).

4.2. Experimental Study

An experimental periodically focused valve
was designed according to the method developed
in the preceding section. A standard convergent
Pierce gun with a microperveance of 10 was
used. In the interaction region the beam is
specified by the following design parameters:
V=1,600V, I=64 mA, r,=0040 in. A drift
tube with 0-125 in. inside diameter and of length
10 in. surrounds the beam in the interaction
region.

A periodic electromagnet was constructed
with a period length of 1:0 in. By regulating the
current through the individual coils (one in each
cell) the peak magnetic field on the axis of each
cell can be easily adjusted. Measurcments
employing a magnetic probe reveal that the field
along the axis of the magnet structure is very
nearly sinusoidal when the peak magnetic fields
of all the cells have been equalized. The mag-
netic-field variation along the axis in the transi-
tion region, as shown in Fig. 9. was accurately
verified by measurements on the end cell of the
magnet structure with a magnetic probe. By
this experimental technique the magnetic-field
variations assumed in the theoretical treatment
were reproduced quite accurately in the experi-
mental apparatus.

The experimental valve behaved quite satis-
factorily, exhibiting a beam-current transmis-
sion of 95 per cent. through the entire length of
the drift tube. The transverse alignment of the
tube in the magnet structure affected very
critically the current that could be transmitted
through the drift tube. This sensitivity to align-
ment was not surprising, however, since the
beam just grazes the wall of the drift tube under
conditions of perfect alignment.
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The axial position of the gun with respect to
the magnet structure is, of course, a critical
adjustment. The highest beam-current trans-
mission was attained when the distance from
the gun anode to the centre of the first magnet
cell was about 90 per cent. of that predicted by
the theory. Either the beam is less convergent
as it emerges from the anode aperture than
predicted by the simple theory of the Pierce gun,
or spherical aberration is introduced by the
anode-aperture lens. The latter defect can be
greatly reduced by careful design of the electron
gun®. In the design of a valve employing the
proposed injection scheme it would be
advantageous to provide an adjustable distance
between the gun and the magnet structure, since
this distance will probably be, in general,
slightly smaller than that predicted by the
theory. If such an adjustment is not feasible, a
10 per cent. reduction in the theoretical anode-
to-magnet distance is recommended.

By adjusting the field strength in the first
cell of the magnet, it is possible to correct, at
least partially. for misadjustment of the injec-
tion conditions. This effect can be very valu-
able to the designer, especially if the
anode-to-magnet distance is not adjustable.
Moreover, by increasing the magnetic field in
the first cell. the anode-to-magnet distance may
be increased, an effect which may be very desir-
able for certain applications.

A peak magnetic-field strength 25 per cent.
greater than the theoretical value was required
to focus the experimental beam. The reason for
this discrepancy can be traced to at least four
phenomena:

(1) “Thermal” velocities, not considered in
the present analysis.

(2) Spherical aberration in the anode-aper-
ture lens.

(3) Imperfect shielding of the cathode from
magnetic fields.

(4) Error in r,, owing to differences between
actual and design injection conditions.

All of these factors operate to increase the
magnetic-field requirement in the interaction
region.

5. Space-Charge-Balanced Flow
The intermediate case between Brillouin flow
and confined flow occurs when part of the mag-
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netic flux penetrates to the cathode. This
general case has been termed space-charge-
balanced flow™ *.

The magnetic field in this case varies with
axial distance from a given value B, at the
cathode to a different value in the interaction
region. This magnetic-field distribution can be
composed, for instance, of two distributions
given by eqns. (9%—one caused by the field on

~
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Fig. 12. Assumed distribution of the normalized
magnetic-field density along the axis for various values
of F

the right of the magnetic shield and the other
on the left—and can be readily realized with
two solenoids. A graphical representation of
the magnetic-field variation is given in Fig. 12
for various ratios of the field in the interaction
region to that at the cathode. There is, of
course, no fundamental reason for choosing this
sort of magnetic-field distribution; other
physically realizable distributions could be used.

It is proposed to launch the beam from a
linear Pierce gun. The beam emerging from the
anode aperture diverges, owing largely to the
lens action of the anode; then the beam expands
and contracts periodically as it traverses the
transition region: it scallops. As the beam
enters the interaction region the scallops be-
come smaller because of the stronger magnetic
field there. The object of the present investiga-
tion is to find such combinations of the para-
meters of the focusing system (e, 8, F.) for
which the beam in the interaction region is
smooth.

Equation (7) is again solved with the analogue
computer, starting in the interaction region at
the full value of the magnetic field, where
F(Z]«)=1., and working backward toward the
cathode. At the initial point, the following con-
ditions exist.
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The normalized radius in the interaction
region is
o=1
The beam must be smooth throughout the
interaction region and its normalized radius
must be constant:

do

47 =0 e (26)
Moreover, at equilibrium,

dir

= 0 . (27)

When these conditions are fulfilled a relation
must exist between B and K such that
1
1-K*
which follows if the condition that is expressed
in eqn. (27) is substituted into eqn. (7). Hence

B=

2 B -1
K ——m oo 29
Recalling eqn. (5) it is seen that
re VA
K= — F (—— ......... 30
;' a 2=2;

The beam must then be launched with a radius
r. if it is to have a radius r, in the interaction
region.

Fig. 13. Normalized slope as a function of g8 for
various values of o at F =0.5.

It is evident that a considerable number of
parameters can be varied in this case: the rela-
tive magnetic-field strength at the cathode
F(Z|4)|.., parameter B, and parameter a. Dis-
tributions of the magnetic-field density with
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F.=0-5, 06, and 0-7 have been used. Parameter
« was varied between the values 0-06 >a >
075, and parameter B between 1-4> 8> 5-4.

BEAM=~
ELECTRODE

d
E, £,
ANODE—-

Fig. 14. Linear Pierce electron gun employed in
study of space-charge-balanced flow.

For each F., », and B, beam envelopes were
obtained by solving eqn. (7) on an analogue
computer. The normalized slopes do/dZ at
positions along the axis where r¢/rm= V(KJ|F)
and where the beam diverges, are plotted as a
function of 8, with « held as a parameter. These
results are presented in Fig. 13, for the single
case of F.=05.

A linear Pierce gun (Fig. 14) in which the
magnetic and electric lines of force coincide is
most amenable to theoretical analysis: the
anode is a divergent lens and the slope of the
electron beam emerging from the anode can be
estimated by the well-known Davisson-Calbick
formula,

dr r, E.- L,

-d—z‘ = —-f— = av [ 2 (31)
In the normalized form used in the present con-
tribution, the above formula reduces to

do ,
aZ ., =L e (32)
Exact calculations of the beam slope at the
anode aperture, taking into account the effect of
space charge and the magnetic field, may result
in a value for do/dZ|z. somewhat different from
unity. However, the diagrams cover a rather
wide range of normalized initial slopes, so that
matching can be performed to electron guns
from which beams emerge at slopes somewhat
different from unity.

The normalized length of the transition
region Z./a is also obtained from the solutions
of eqn. (7). The quantity Z./a is the normalized
length from the beginning of the interaction

705



V. BEVC, J. L. PALMER and

C.

SUSSKIND

-

{270

| 40

20

—
Fig. 15. Normalized length of the transition region
as a function of g8 for various values of .

region ( - 3 in Fig. 12) to the plane of the anode
aperture. The position of the shield is in all
cascs at Z/u =3 from the interaction region and
a distance (Z./«)- 3 from the anode aperture.
These normalized distances, which correspond
to the values of normalized slope on Fig. 13, are
shown in Fig. 15. The light curves represent
the Z./« for which r=r., and the heavy curve
connects the points r=r, and do/dZ =1. These
points are determined by means of the values of
B obtained from Fig. 13. The normalized dis-
tance between the shield and the interaction
region is also indicated, so that the normalized

T 1
|
15
[ | Reos
{ )
T B E——
Lh2 ,/ } 07
I /// A
tO ¢ 1 R ——
0 20 30 40 50 B

Fig. 16. Normalized radius at cathode as a function

of B.

distance between the anode aperture and the
magnetic shield, which is of primary interest to
the designer. can be readily found from the dia-
gram,
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The relationship o = V(K /F;) which is
obtained by substituting the definition for K
into eqn. (29) is useful for design purposes and
is presented graphically on Fig. 16.

For illustration, some beam envelopes that
satisfy the above-enumerated conditions are
shown in Fig. 17. The same figure also shows
how the aperture in the magnetic shield varies
with the microperveance, for the case F,—0-5.

This scheme places a limitation on the per-
veance. The expression that relates micro-
perveance P to the beam radius r,,, the aperture
radius in the magnetic shield a, and the para-
meter « is the following :

« >2

P= ( 0123 ar,
First, the parameter « cannot be arbitrarily

increased : it has an upper limit above which the
slope of the beam at the anode aperture is

+p2 1
| Lol | ]
T e — TW
05 103 |
o2
>
! 10 T pe los
Iio
! — S ——
a=025 018 OW 010
fos i
s ) 5 20 = zm

Fig. 17. Variation of the magnetic-shield aperture

for various values of microperveance. Scale marks on

vertical lines represent actual positions of the aperture

for the microperveances indicated; the four lines

correspond to the four values of ¢ indicated on the
beam envelopes (in the same order).

always less than unity, as is apparent from Fig.
13. Second, the ratio a/r,, must be always main-
tained greater than unity since the hole in the
shield cannot be smaller than the diameter of
the beam. It must be concluded from these con-
siderations that the microperveance given in
eqn. (33) has an upper limit. An estimate of the
highest possible value for the microperveance
can be obtained for the following conditions.
Let F.=0-5; then u=0-25 and a/r,, =2 which is
reasonable, as some allowance must be made for
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the bulging of the beam in the transition region
and for the thickness of the vacuum envelope.

Then
025 &
P < (m) =1 ... 34
Thus the microperveance cannot be chosen
freely; its upper limit is determined by r. a,
and «. If the microperveance were larger, the
magnetic shicld would intercept the beam.

It is also apparent from Fig. 15 that Z;/a,
which determines the length of the transition
region, increases if 8 decreases. For low micro-
perveances, the length of the transition region
is thus unusually long (up to 10 or 20 times
the shield aperture radius).

Examination of the normalized beam enve-
lopes, given by the analogue computer, shows
that the bulging beam-envelope radius in the
transition region for F.>0-5 necver excceds
twice the value of the beam radius in the inter-
action region (r << 2 for all 2). This observa-
tion suggests the design criterion that the inner
radius of the vacuum envelope in the region
between the gun and the magnetic shield of an
electron tube employing this focusing system
should be at least twice the beam radius in the
interaction region (2r.,), to ensure that the beam
nowhere strikes the vacuum envelope.

6. Conclusions

By the method described, it is possible to
trace out the envelope of a “well-behaved” clec-
tron beam of high current density through
almost any space variation of axially symmetric
magnetic fields. To illustrate the method, beam
envelopes were obtained with the aid of an ana-
logue computer for Brillouin flow. periodic-
magnetic focusing, and space-charge-balanced
flow. The particular magnetic-field variations
chosen for the transition regions in the three
schemes are not, of course, the only ones that
can be considered. Those chosen scem to be the
most readily realized physically: however, the
same method of analysis can be utilized to
design tubes employing quite different field
variations. In the present contribution, only
paraxial conditions are considered. It is pos-
sible to account for magnetic-field variations off
the axis by using additional terms of the expan-
sion for the magnetic field; however, this modifi-
cation would complicate eqn. (1), by introducing
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additional terms in powers of r, to a point where
the analogue-computer solution might become
less reliable (owing to the increased probability
of error) than the paraxial solution.

From the computer solutions and the well-
known Pierce method of electron-gun design, it
is possible to specify the parameters of a gun
that will produce a beam with the required con-
ditions at the gun anode for the three cases
considered. Moreover, the dimensions of the
convergent electron guns, which are required for
the Brillouin-flow and periodic-focusing cases,
can be minimized. The resulting guns also
prove to exhibit the least anode-lens aberration
and the lowest cffective beam temperatures, two
effects that are important to the tube designer.

In the casc of space-charge-balanced flow a
linear Pierce gun was chosen to produce the
beam because the magnetic field is uniform in
the gun region. It is entirely possible that other
gun configurations'>'” could be chosen for
matching at the anode which would lead to
more practical designs than that evolved for the
present case. However, such alternatives may
lead to the diflicult task of computing electron
trajectorics in guns in which trajectories do not
coincide with magnetic lines of force. The par-
ticular case chosen for space-charge-balanced
flow results in a transition region which may be
prohibitively long for practical applications; and
the microperveance of the resulting beam is
restricted to values less than unity.

A treatment of the Brillouin-flow case that is
similar to that presented in Section 3 above was
presented by W. Veith at the International Con-
vention on Microwave Valves in London in
May, 1958. This contribution, which is based
on an iterative method operating with power
series and applies to very moderately converg-
ing (or diverging) beams, was brought to the
authors’ attention after the present paper was
submitted. Veith’s paper will be published in
the proceedings of the convention®™.
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RADAR SYSTEMS WITH ELECTRONIC SECTOK
SCANNING*

by

D. E. N. Davies, M.Sc.+t

SUMMARY

The application to radar of a system of electronic sector scanning, recently described in
relation to underwater acoustic echo-ranging, is discussed.

1. Introduction

A recent paper has given an account of a
system of electronic sector scanning which is
suitable for application to echo-ranging
systemsf. The whole of the sector to be
explored is “illuminated” by the transmitted
pulses, but on reception a narrow beam is very
rapidly swept across the sector. The time of
sweep is no greater than the pulse duration, so
that the whole sector is explored effectively
instantaneously. The previous paper dealt with
the system with particular reference to its
application to underwater acoustic echo-
ranging. The present paper aims to set out
briefly some aspects of the application of the
system to radar. The particular way in which
the radar application differs from the acoustic
application is that the received signal frequency,
which may be of the order of 10,000 Mc/s, is
so high that it is not reasonable to translate
received signals upwards in frequency as is done
in the acoustic system. Whereas in the latter
casc the bandwidth of the scanned signal could
greatly exceed the signal frequency, clearly this
is not possible in the radar system. The
approach to the overcoming of scanning distor-
iion must therefore be different in the radar
case. It was shown in the previous paper that
one source of interference or distortion in the
scanning process was the finite delay time of the
phase-shifting networks used to produce beam
deflection, but with ample bandwidth available
the rate of change with frequency could be kept
small and the time delay made negligible. This

* Manuscript received 2nd October 1958.
No. 481.)

1 Electrical Engineering Department, University of
Birmingham.

U.D.C. No. 621.396.677:621.396.963.3

(Paper
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is not possible in the radar case and other solu-
tions have to be found.

2. Qutline of Basic Scanning System
A possible form of the scanning radar
system is shown as a block diagram in Fig. 1.

TRANSMITTING ARRAY

I RECEIVING ARRAY
n SECTIONS

DELAY
~" NETWORKS — — =~

_CRYSTAL _ _ __
MIXERS

I.F. VIDEO
AMPLFIER DETECTOR AMPUFIER  ooectiATOR
INTENSITY
S <caN | MODULATION
DISPLAY
BEARING | A1
RANGE A :
NGt TIME-BASE
BASE L——«—
MASTER PULSE | |
FORMING — MAGNETRON
OSCILLATOR| ™ |Cikcuirs| |

Fig. 1. Schematic diagram of the proposed scanning
system.

In general this is similar to the system described
in the previous paper. The frequencies at the
various parts of the circuit are shown in their

t D. G. Tucker, V. G. Welsby, and R. Kendell,
“Electronic sector scanning”, J. Brit.l.R.E., 18, pp.
465-484, August 1958.
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relation to time in Fig. 2, and it will be seen that
only a few hundred Mc/s can be allocated to
the frequency sweep. The restrictions imposed
by this are as follows:

(@) It is an obvious requirement, based on
elementary information theory, that, if a sector
is to have a width of n beamwidths and if the
pulse duration is t sec, then the bandwidth in
the intermediate-frequency sweep must be at
least n/v ¢/s. Thus, if the pulse duration is 0-1
microsec and the scanned sector is ten times the
beamwidth, then the i.f. bandwidth must be at
least 100 Mc/s.

FREQUENCY
(Mc/s)
10.000 INCOMING SIGNAL CARRIER
‘ —_1
ABOUT
9000 ¥
af FREQUENCY - SWEPT
LOCAL OSCILLATOR
INTERMEDIATE FREQUENCY
ar AS APPLIED TO DELAY LINE
ABOUT

1000

te— PULSE DURATION ——)l
T

Fig. 2. Frequency diagram.

N.B. 1t is shown in the text that the use of isosceles-
triangular scanning waveforms may often prove
advantageous compared with the saw-tooth waveforms
shown above.

(h) Since the change of phase-shift per section
of the phase-shifting network or delay line is 2x
radians over the range of the frequency sweep,
Af, then the delay time of each section is 1/Af
sec. If Af=100 Mc/s and if n=10, then the
delay time through the delay line amounts to
about 0-1 microsec, which is of the same order
as the pulse duration. This means that, for the
given received signal pulses the outputs from
the different aerial channels may fail even to
over-lap (let alone coincide) at the output of the
delay lines and no intelligible display can be
produced. In the underwater acoustic echo-
ranging system this difficulty was easily over-
come by making the intermediate frequency
exceed the signal frequency and by having a
very large bandwidth. As this is not possible in
the radar case, special measures have to be
taken to eliminate this difficulty and they are
discussed in the next section.

710

(¢) Since the i.f. signal consists of n time-
staggered frequency-modulated signals, an over-
lapping period will occur when signals from one
scan are being added to signals from the
beginning of the next scan. This can be inter-
preted as an incorrect phasing of the receiving
array at the edges of the scctor. This effect may
be reduced by making the overlapping period
small compared to the scanning period,

n-1

ie. (n—l)%f <t or Af>

This means that a bandwidth much larger than
the theoretical minimum of n/t, predicted by
information theory, will be required. The use
of an isosceles-triangular scanning will evidently
reduce this effect, and permit the theoretical
minimum bandwidth to be more closely
approached.

3. Methods of overcoming Scanning Distortion

due to Delay Times

It should be observed that the scanning dis-
tortion described in Section 2 arises from the
fact that the purpose of the tapped delay line
in the scanning system is obviously to produce
a phase-shift for beam deflection. Since this
phase-shift has to vary with frequency—this be-
ing the fundamental requirement of the
scanning principle—it is impossible to obtain it
without at the same time getting envelope delay.
It is possible to compensate for this delay, how-
ever, by inserting individual delay lines or net-
works directly in the connections from the array
where the signal carrier is of constant frequency.
At this fixed frequency any desired envelope
delay can be produced without phase-shift, and,
therefore, without interfering with the beam
deflection process. In each channel from the
array the envelope delay of the additional net-
work is arranged to be exactly complementary
to the delay produced in the delay line between
the appropriate tapping point and the output to
the i.f. amplifier and display. Thus the resultant
envelope delays of all the channel components
of the output signal are identical and the distor-
tion due to the delay line is corrected. It is
clear, of course, that this method of correction
can be applied only to the systems in which the
output from only one end of the delay line is
used, as shown in Fig. 1.
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A possible alternative to the above form of
correction would be to remove the tapped delay
line from the signal path altogether and to put
corresponding delay networks in the connections
between the local oscillator and the various
modulators. The scanning effect will then be
unchanged, except for a reversal of direction of
scanning, owing to the difference-frequency be-
ing selected in the modulator outputs. It may
indeed, in practice, prove simpler to effect the
scanning in this way, as in the system shown in
Fig. 1, it might be difficult to feed the local
oscillation to all the modulators without phase
errors.

It should be noted that the kind of distortion
discussed in Section 2.1 of Part 2 of the previous
paper applies to the radar system whether or
not either of the above methods of eliminating
pulse envelope distortion is adopted. This dis-
tortion arises because the different time delays
in the various channels cause the instantaneous
frequencies of the various channel-components
in the combined i.f. output to be different. How-
ever, it will be easily seen on putting in typical
numerical values that this effect is not likely to
be serious in the radar system any more than in
the acoustic system. For example, Condition (A)
of the previous paper, which is concerned with
this form of distortion, requires for freedom
from distortion that the time of sweep should be
much greater than (- 1)/f,, where n, as before,
is the number of beamwidths contained in the
scanned sector and f; is the lower frequency of
the if. frequency range. In a typical radar
system f, will be of the order of 500-1,000 Mc/s
and n might be 10. Thus, if the time of sweep,
1.e. the pulse duration, is very much greater than
about 0-01 microsec, then this form of distor-
tion is negligible. Since radar pulse lengths do
not at present generally go below 0-1 microsec,
there seems little difficulty here.

Another and more fundamental kind of dis-
tortion arises due to the fact that during
scanning the beam is deflected without physical
movement of the array. This means that a
received wave-front (see Fig. 3) will not be
parallel to the array and the pulse envelopes
received by different sections of the array will
arrive at different times. The differential delays
(t;) are proportional to sin 8, where 0 is the angle
between the wave-front and the array. These
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delays might add to or compensate for the
delays (t,) in the delay line according to whether
the deflection is to one side or the other of the
normal. In the conditions shown in Fig. 3, it is
clear that to obtain compensation at all values
of 0, it is necessary that

(i) t, diminishes as #, increases, and

(i1) the narrow-band delay networks have
progressively decreasing delays from left
to right and are arranged so that the sum
of the wide-band delay at zero deflection
(ie. when £,=0) and the narrow-band
delay is the same for all channels be-
tween the array and the i.f. output.

Since an increase in 0, i.e. in f,, corresponds to
an increase in frequency on the wide-band delay
line, it is clear that the delay line must have a
phase/frequency characteristic such that the
delay-time decreases with frequency, thus:

dy

r —_—

- d(u A- Bo
giving
e=Awm - Bmg/2+C
where A, B and C are constants.

Such a parabolic phase/frequency characteristic
1s realizable—it has to apply, of course, only
over the 1.f. frequency-range.

e ™ 3
\d#‘“’// y

- \

ARRAY

NARROW-BAND
DELAY NETWORKS

MODULATORS
4
¢, | WIDE-BAND

DELAY LINE

I.F.OUTPUT

Fig. 3. To illustrate the discussion on pulse envelope
distortion.

As discussed above, the use of “parabolic”
delay lines provides effective compensation for
deflections of the beam only to one side of the
centre of the scanned sector. But coverage of
the whole sector can be provided for by modify-
ing the phase-shift requirements of the narrow-
band networks so that, instead of giving zero
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phase-shift, they give progressively increasing
phase-shift from left to right; the initial position
of the beam is then at one edge of the sector,
and deflection from this position over the whole
sector is dealt with by the compensating
arrangements.

For arrays of length within the limits nor-
mally used for centimetric-wave radar, the dis-
tortion produced by the delays in the medium
is easily seen to be almost negligible, and the
provision of “parabolic” delay lines would
usually be unnecessary. The radar conditions
are, in fact, the opposite of those applying in
underwater acoustic echo-ranging, where the
effects of 1 can be made comparatively
negligible but, owing to the low velocity of
sound in water, t, has serious effects making
the use of “parabolic™ delay lines much more
worth-while.

4. Practical Components

The nature of many of the system1 components
would in practice vary with the application of
the system. The aerial system would prob-
ably consist of an array of equiphase apertures
feeding a secondary radiator to increase the
gain. The narrow-band delay networks could
easily be formed from either cable or resonators
as also could the wide-band delay line. Since
the i.f. bandwidth is #2/+, this can raise problems
of providing wide-band amplification when
short pulse lengths are used. As a result of this
it is probable that for bandwidths in excess of
about 40 Mc/s there might be some advantage
in replacing distributed amplifiers by travelling
wave tubes.

The swept oscillator provides a novel prob-
lem at these frequencies. There is little mention
in the literature of the effect of frequency modu-
lation on reflex klystrons at modulation rates
of the order of 10 Mc/s. Consequently, experi-
ments have been made and they have shown
that such modulation is quite practical and that
frequency deviations approaching the 3db
bandwidth of the mode curve are obtainable at
modulation rates of 10 Mc/s at X-band. Now
a klystron oscillator is itself a resonant struc-
ture, since the output electrode is in the form
of a resonant cavity. It is therefore impossible
for any sidebands of the oscillation to be sus-
tained at frequencies outside the zero power
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bandwidth of the klystron mode. As the spec-
trum tends to spread beyond the mode band-
width, there is less energy left within the band
to sustain oscillations. Therefore beyond a cer-
tain frequency deviation, oscillations cease.
For a low-Q X-band reflex klystron such as the
723 A/B the maximum frequency sweep obtain-
able for sinusoidal modulation was found to be
of the order of 30 Mc/s.

The large frequency spread shown by the
Fourier analysis of a saw-tooth waveform sug-
gests that the adoption of an isosceles-triangular
frequency sweep would be preferable, to prevent
further severe restriction of frequency deviation.
A sinusoidal sweep could also be used but it
would result in non-uniform scanning. This
would cause the noise factor to vary with deflec-
tion. In cases where a large frequency deviation
is required the system will have to resort to
backward wave oscillators. These oscillators
are not resonant structures and can therefore
be modulated at high rates. An important fac-
tor which may be relevant to the design of the
practical system is that it is very difficult to
measure instantaneous frequency. All methods
of measuring instantaneous frequency (or to be
more precise instantaneous rate of change of
phase) become more inaccurate as the rate of
change of frequency increases.

5. Possible Applications

In practice the signal-to-noise performance of
the system will be degraded owing to extra noise
introduced by the presence of several modula-
tors. There will on the other hand be more
pulses available for integration. The outstand-
ing featurc of the scanning system is that an
information rate far beyond the capability of
conventional pulse radar systems is possible.
Two other features are also worthy of mention,
namely the elimination of mechanical moving
parts and the fact that information from within
the scanned sector is continuous in the sense
that information regarding the entire sector is
available once every pulse repetition period
instead of a batch of information being provided
once in every mechanical scanning period.

There are some practical radar applications
in which there is a need for a large increase of
information rate. One of these applications is in
aircraft landing systems, and particularly blind
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landing systems, where the continuous nature of
the information would be an added advantage.
For example, in airfield “precision approach
radar*”, a 4 deg beam is used to scan a 4 deg
sector. To effect this electronically would
require an array of 8 elements. The mechanical
scanning system provides 2 looks per second on
an incoming aircraft, though each look will con-
sist of several integrated pulses. The number of
looks per second provided by an electronic
scanning system would be equal to the p.r.f,, in
this case 3825 cycles/sec.

One radar application where there is a real
need for a large increase in radar information
rate is a self-contained aircraft collision-
avoidance systemt. However no such collision-
avoidance system has yet been developed using
any radar techniques. This is due to practical
limitations on peak power, antenna gain and the
difficulty of detecting small aircraft radar cchoes
against strong ground clutter. Since the range
on such a radar would be very limited, the

* G. J. Moorcroft. “Precision approach radar”,
Proc. Instn. Elect Engrs, 105, Pt. B. Sup. 9. 1958.

+ F. C. White, “Is an airborne system of collision
avoidance operationally and technically feasible?”
Trans. Inst. Radio Engrs, ANE-4, No. 2, June
1957.
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scanning rate of a complete sphere must be fast
enough to provide early collision warning: this
therefore requires fast scanning and a high
information rate. Scanning with stationary
aerials would probably enable far greater
antenna gains to be employed. Another advant-
age arises from the fact that if, in an ordinary
radar, an echo is missed owing to the
other aircraft being just beyond the maxi-
mum range of a mechanical scanning radar, then
a time equal to the scanning period must elapse
before a detectable echo can be obtained. With
electronic scanning, where a scanning period is
no longer of the same order as the minimum
necessary warning time, this situation can be
improved upon since a sampled pulse is con-
tributed every pulse repetition period from the
limit of the range. It appears however that
such applications must await further technical
developments such as the production of high-
power, low-weight transmitters.
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INSTITUTION NOTICES

Physical Society Exhibition Tickets

As stated on page 581 of the October issue of
the Journal, the Physical Society has kindly
offered special admission tickets to enable
Brit.LR.E. members to visit the 1959 Physical
Society Exhibition on the morning of Monday,
19th January.

Many members have already notified the
Institution of their wish to take advantage of
this offer; others wishing to do so should write
to the Institution at once.

Tickets for the exhibition, which will take
place at the Royal Horticultural Society’s Halls,
London, S.W.1, from 19th to 22nd January, will
not be despatched until a few days before the
exhibition is due to open.

Civilian Studentships, Royal Military College
of Science

The Ministry of Supply has announced that
a number of Studentships at the Royal Military
College of Science, Shrivenham, are being
offered to civilian students. Successful candi-
dates will join young officers in degree courses,
although they will remain civilians in the fullest
sense of the word. It is intended that the
Studentships will lead to employment in
Government Research Establishments in the
Scientific Officer class.

Candidates will be selected on the basis of
their scholastic record supplemented by written
examination in physics, chemistry and mathe-
matics. The standard of entrance will be sone-
where between a university scholarship and a
county major award. All tuition and examina-
tion fees are paid, and the student receives a
maintenance allowance of £355 per annum. No
means test is imposed, and these allowances are
not liable to income tax.

Applications for the 1959 competition, for
which the examination will take place in Feb-
ruary, must be made by January 15th. Applica-
tion forms and further information about the
scheme may be obtained from the Ministry of
Supply, Est. 3(R) 3. Room 512, The Adelphi,
Strand, London, W.C.2.
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Awards by the Institution of Radio Engineers,
Australia

This year the Brit..LR.E. has made its
biennial recommendation to the Institution of
Radio Engineers Australia in connection with
the award of the Norman W. V. Hayes
Memorial Medal. It will be recalled that
recommendations are made in alternate years
by the Brit.IL.LR.E. and the I.R.E. of America.

The Australian Institution has announced
that the Medal has been awarded to Mr. W. D.
Meewezen for his paper “Some aspects of per-
meability tuning” which was published in the
August 1957 issue of the Proceedings of the
LR.E. Australia. Mr. Meewezen who was
born in Holland is with the Telecommunication
Company of Australia Pty. Ltd. Under the
mutual arrangement between the two Institu-
tions it is proposed to reprint Mr. Meewezen’s
paper in an early issue of the Journal.

Completion of Volume

This issue completes Vol. 18 of the Journal.
An Index to the year’s Numbers will be dis-
tributed with the January 1959 issue.

Members wishing to have their Journals
bound by the Institution should send the com-
plete set of twelve issues and Index to 9 Bedford
Square, together with a remittance of 15s.

Correction

The following amendments should be made
to the paper “Factors in the design of airborne
Doppler navigation equipment”, published in
the July 1958 Journal.

Page 426, left hand column, line 2.

For u read o
Page 441, Appendix 1:

The first three expressions should read as
follows : —

Vi=[Vucosy+V,siny -V, tang] cosq

V.=[Vucosy+V,siny - V, tang] cosg

Vi=[V.cosy+Vy siny - V, tang] cosg
Delete cose from the next three expressions.

The denominator of the twelfth expression
should read 4 sin q.
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THE CHARACTERISTIC IMPEDANCE AND PHASE
VELOCITY OF HIGH-Q TRIPLATE LINE*

K. Foster, M.A.+

SUMMARY

The derivation of the impedance and phase velocity for high-Q triplate line is considered.
An exact solution is obtained for the impedance in the absence of the dielectric support. sheet.
The effect of the sheet is then considered as a perturbation, the analysis resulting in an expression
for the phase velocity of the waves in the line. This is compared with experimental values and
it is shown that the agreement is sufficiently close for design purposes.

LIST OF PRINCIPAL

4 characteristic impedance of reduced
line.

Z, characteristic impedance of the basic
line.

Z, characteristic impedance of the line

with dielectric.

k, vy moduli of elliptic functions.

K,y complementary moduli to k& and y.

K, T complete elliptic integrals of the first
kind.

II (t,«) incomplete elliptic integral of the
third kind.

1. Introduction

In recent years considerable interest has
been centred on the use of strip transmission
lines as alternatives to the more conventional
coaxial lines or waveguides for complex micro-
wave systems’. Various forms of strip lines
have been proposed, and used to a greater or
lesser extent, and most of the general properties
are understood. Unfortunately, the evaluation
of basic properties such as characteristic
impedance, phase velocity, etc. is extremely
difficult for most of these lines and exact solu-
tions are not yet available. One type of line
for which this is true is that which Dukes has
called High-Q triplate’, the cross-section of
which is shown in Fig. 1. It comprises two
effectively infinite ground planes between
which lies a sheet of dielectric medium. Strips

* Manuscript received 2nd July 1958.
482.)

+ Cossor Radar & Electronics Ltd.,
Grove, London, N.5.

U.D.C. No. 621.372.821

(Paper No.

Highbury
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SYMBOLS

z,w,t, complex variables.

Z (a) Jacobi zeta-function.

o) Jacobi theta-function (old notation).
9, (5, ) theta-functions (modern notation).

X susceptibility =« — 1.

K, dielectric constant.

c velocity of light in free space.

v phase velocity of waves in the diclec-

tric supported line.
a, b, h, the dimensions of the line.
(L “depolarization factor.”

of thin metal foil lie on each side of the dielec-
tric forming the joint inner conductor of the
line. Apart from symmetry considerations the
main purpose of using two strips of metal for
the inner conductor is to ensure that only
fringing fields pass through the dielectric thus
reducing absorption loss.

It is clear that this line is not a simple line
from the analytical point of view. Without the

OIELECTRIC
SHEET

P 7
PLANES / A 4

N A/' — ¢

INNER CONDUCTOR

Fig. 1. High-Q triplate line.
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dielectric sheet the transmitted wave would be
of transverse electromagnetic form with a phase
velocity equal to the velocity of light in free
space. In the same condition a characteristic
impedance could be defined and could be
calculated through a calculation of the capaci-
tance per unit length of the line. The presence
of the dielectric alters this situation completely,
at least from the analytical viewpoint. Field
components in the direction of propagation
must exist in order to satisfy the boundary con-
ditions at the dielectric/frec space interface.
The mode of propagation is therefore not of
transverse electromagnetic form and a unique
characteristic impedance can no longer be
defined. The phase velocity will be affected and
will now be a function of the dimensions of the
line. A direct solution of this modified boundary
value problem is very difficult but, since the
dielectric is present only in the region of fringing
fields, it seems likely that an approximate
analysis will produce results useful for design
purposes.

Before a systematic design can be carried out
using any form of transmission line it is neces-
sary to know the phase velocity of the waves in
the line and to have some measure of the
impedance of the line. The purpose of this
paper is to consider these two properties for
the line of Fig. 1. The analytical process
cmployed divides the problem into two distinct
parts. In the first instance, the line is con-
sidered in the absence of the dielectric sheet.
An exact solution for the characteristic
impedance of this “basic line” is obtained by
means of a conformal transformation, the
development of this being outlined in Section
2. (Implicitly the field distribution is also
obtained for the line.) The phase velocity of
the basic line is simply the velocity of light in
free space. This completes the first part of the
problem in principle, but because of the diffi-
culty of numerical solution an approximate
form of the solution together with its range of
validity are considered in Section 3. The
second part consists of the insertion of the
dielectric sheet which is treated as a small per-
turbation, in a similar manner to the method
employed by Schetzen® for another type of
printed line. Subject to certain assumptions,
the phase velocity of the modified line can be
calculated. A characteristic impedance can
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then be obtained from this phase velocity and
the impedance of the basic line. This work
occupies Section 4 and in Section 5 the phase
velocities calculated for a variety of materials,
frequencies and line dimensions are compared
with those obtained experimentally. It is
shown in this section that with the insertion
of one parameter (concerned with dielectric
depolarization) agreement between experiment
and theory can be adequate for design data.

2. Solution for the Basic Line

The cross-section of this line is shown in
Fig. 2(a) and it is apparent from symmetry
that its capacitance is four times that of the
reduced line of Fig 2(b) in which the dashes
indicate magnetic walls (the lines of electric

|

1
—l:: 2h 2b
- 2a » r

Y

(a)

o
1

h
PN DU

tb)

Fig. 2. (a) The basic line (b) The reduced line. Solid
lines indicate electric walls. Broken lines indicate
magnetic walls.

field being tangential to these walls). The
solution of the problem for the reduced line
now proceeds by mapping this line onto a
complex z-plane as shewn in Fig. 3(a@). A
Schwartz-Christoffel transformation is then
sought which maps the contour of the reduced
line onto the real axis of a complex w-plane
as in Fig. 3 (b). The interior of the reduced line
is mapped onto the upper half of the w-phase
and the three points, w=0, 1 and ~, are
chosen to correspond with the points z=ijb,
j (h+0) and x respectively. The quantities w,,
k and w, are then determined by the transfor-
mation. The impedance problem of the w-
plane line is standard and, once the parameter
k is determined, the impedance of the reduced
line is given by

Z,=120aK (k)}/ K (k")
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where K (k) is the complete elliptic integral of
the first kind of modulus k, k” being the com-
plementary modulus. The impedance of the
basic line Z, is simply one quarter of this and
hence

Z,=30=K (k)/K (k")

giving the impedance required.

Alzeb) —

i Flz:00)
Bz: )(he O] C[z-a+)n)
D[I-J(h‘o)}>
B @S oscssossaoaoas
ta) THE 2z PLANE
q of 0 o . .
- . P
we O I w, VWu? w, had

tb) THE w-PLANE

Fig. 3. Correspondence diagram for the transforma-

With the substitutions above the differential
equation becomes

dz v2cnfa sn’t

ar - I+ (*wy— YA -y sn’asn’n) )T ©)

which can be immediately integrated® to give
Z‘-Atﬂ———ﬂ-—ll(t,u)+c ...... 6)

(K*w, - 1) snedna

where 11 (¢, o) is the elliptic integral of the third
kind, 4 and C being constants to be deter-
mined.

Equation (6) can be regarded as a transfor-
mation between the z-plane and a complex
t-plane which is in turn connected with the
w-plane by the transformation given in the first
of eqns. (4). The corresponding points of these
three planes are given in Table 1.

In this table the value of ¢, is given by
Wy, = D wy, - 1)

tion (a) The z-plane. The interior angles at B and D sn’t, - B S 7
are 90°, that at C is 360°. (b) The w-plane. ’ (1= K% (v = w) (
It is now necessary to deter- Table 1
mine the parameter & and in - - - -
order to do this the conformal z b jh+0)  (atjy j(h-0) 0 o
transformation between z and 2
. . R w 0 1 Wy 1/k* W, e
w is required. The differential ' /
equation linking these two t (I'-jI™ T t 0 - (w-i1™
variables can be written
dz (v = wy)

dw * vV w= 1D (Ew-1)(w—wy)

In order to carry out the integration the follow-
ing substitutions are made:

v o =D (R*w-1)
sn*(1,y) = A-Bor—wy (4a)
. w1k
Vo= ey, e (4b)
sn® (o, y) = 1/k*w, (4c)
where sn(f,y) is the elliptic function of

modulus vy and « is a new constant, as yet
undetermined. (Since elliptic functions of
modulus y are used frequently in this paper this
modulus will be assumed henceforth. The
complete integral of the first kind will be
denoted by I' and the integral of comple-
mentary modulus by I"V. The modulus k which
has been introduced in eqn. (1) will be
expressly stated in the few instances of its use.)
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Use of Table 1 with the points z=0, jb, j(i1-0)
and j(4+40) in eqn. (6) (and the properties of
the elliptic integral) results in the relations

C jh

A 2bZ (u)/a

0 ra-ay (8)
-9 Z o |
LT { 4 —sdna
where Z(«) is the Jacobian Zeta-function.
With these values the transformation
becomes
a(z-ijh
Tb_ tZ (U.) =11 (f, (1) ......... (9)

This is not a very convenient form in practice
and it can be rewritten in terms of the Jacobi
theta-function by using the property®

O(t-a)

1L(t, o)=4 log 5

+tZ (a) ...l (10)
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giving the final form for the transformation as
O@-a)=0 (t+u) exp |-

The only unknown quantity in this equation is
the modulus y which enters into the theta-
functions. (« is determined by eqn. (8) if the
modulus is known.) In order to find vy it is
necessary to use the point correspondence for
Z=a+ jh and eliminate 1, by the use of eqn. (7).
This last can be cast into a suitable form by
using values of k and w, from (4) and w, from
(®).
Onmitting the algebra the rearranged equation
can be written in the form

¥ sna cna dna sn’t,

(1 - ¥* sn*a sn’,)

or

& o
E{II([,(I)—[Z(U.)} :|I=:I

[}
Comparison with eqn. (10) shews that this is
equivalent to
O (th-a) O (f+a)
(G] (t, - a) O (1,4 )
in which the dash indicates differentiation with
respect to the argument.

-Z()=0

Direct substitution of the joint corre-
spondence for z - a+jh into eqn. (11) yields
O (1, - ) 1{1_]
) ([0+(l) exp { b J ......... (14)

From these last two equations 1, can be elimi-
nated (at least in principle) and the modulus v
determined. Elimination of w., from eqns. (4b)
and (4¢) followed by substitution for « from
(8) gives the final answer for k as

k=dn f P )

L b))

and the characteristic impedance is determined.
Unfortunately the process outlined above
cannot, in general, be carried out in a simple
fashion and it is necessary to solve the equa-
tions for v numerically. In such a case as this
it is of benefit to see if an approximate solution
can be obtained which is valid over a reason-
ably practical range of parameters. The next
section is devoted to this problem but before
proceeding to this it is of interest to note that
the equations can be solved directly for one
particular value of /#/b, namely when #/b—1.
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In this case, a=1,=41" and from the properties
of the theta-function vy =exp(-2ma/b). It
follows, therefore, from (15) that k is given by
k=exp (- aa/b)
Values of the characteristic impedance
obtained by numerical methods are shown for
various of a/b and /i/b in Fig. 4. A feature
that will be observed in this Figure and which
can be established analytically from the
propertics of the elliptic functions is that

Zy(alb, h/b=0)= 2Z,(a/b, h/b=1)

200[—

150}

)

100

o 0 10 40
/b

Fig. 4. The characteristic impedance of the basic
line.

3. The First Order Approximation

It is possible to obtain two types of first
order solutions for the value of k, one of which
is suitable for small values of a/b and the
other suitable for large valués. From the prac-
tical point of view it is found that most of the
range of importance is covered by the latter
solution and this will be the only one con-
sidered here. The approximation derives from
the fact that for large a/b the modulus v
approaches unity and when this is so, it can
be shewn (see appendix 1) that the theta-func-
tion is given approximately by

( ar at
8 (MH=0 ) exp *( WI cosh {21—,,}....(17)
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whence il h .(1 l_’>|o <1£’>)
@ o« At (e PP b 5) %8\ b
— T = ¢ — = \ == sec )

o0 21,,[ tanh 3 1,:, ......... (18) ] 5 (I ﬁ)
Using this equation in (13), the subsequent b }

solution for 7, gives
1

at, J o au
cosh —= == — sinh
I m

™ cosh -F—
Now in this expression 7, and « are usually of
the order of I' and hence the hyperbolic func-
tions can be replaced by their equivalent
exponential forms with only the large terms
retained. Thus, to a first approximation,

5
aly I ) T

) e — — (
eXp v = 1 28 (19)

Turning attention now to the second of the
simultaneous equations for ¢, namely eqn. (14),
the approximate form for the theta-function can
be substituted, leading to (after some rearrange-
ment)

1 cosh L"tﬂ
21 ate aa
log m—m—m—— | ——— —— 0
sh a(ty — ) } 'L b
( cosh —5p—

Before the hyperbolic functions here .are re-
placed by exponential terms it is necessary to
eliminate (f,— «), since this may be small.
The numerator and the denominator inside
the logarithm can be multiplied by
cosh  [a(t,+a)/21] and the products
expanded. When this done and exponential
terms substituted the equation becomes

1 5 a(ty+ )
I Aty aq
log " — s Em g 2
(exp ™ +exp -]T,)

t, can be eliminated from this by substitution
from (19), the quantity «/I' replaced by
1 - (h/b) and the result arranged to give

ﬂ.l_’]oﬁ<|l_’|1£’)
b b°%p b/ 08 b

= fr_h(,_ ,_,) -
b b

Now as the modulus y approaches unity the
elliptic function dn 7 can be replaced by sech ¢
and the approximation for k is finally obtained
from (15)
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This expression turns out to be quite accurate
when used to calculate the impedance of the
transmission line, at least in the range which is
normally used in practice. Figure 5 shows the
error obtained by the use of (23) for a few
values of /1/b. Tt is of interest to note that if
h/b is put equal to zero in (23) the resulting
expression for k, namely sech (xa/2b), is exact
for all values of a/b.

-10

-0 }—

ERROR (1)

« 00l 1=

80 90 100

ACCURATE Z,, ()

Fig. 5. Error of the first order approximation as a
function of the accurate impedance.

4. The Effect of the Dielectric Support

The first part of the analysis, namely the
derivation of the impedance of the basic line,
has been based on an exact solution of the
boundary value problem set by the conducting
surfaces. The velocity of propagation of the
waves in this line is the velocity of light in free
space. In practice, however, the inner conduc-
tors are supported by a sheet of dielectric
material as shown in Fig. 1 and, although this
sheet lies in a region of small field, its presence
causes an appreciable modification to the prob-
lem. The details of this modification have been
outlined in the introduction and it was noted
that an exact solution of the modified problem
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is very difficult. It is necessary, at present, to
extend the analysis by means of an approximate
theory resting on the assumptiqn that the effect
of the dielectric sheet, although significant from
a practical point of view, can be regarded as a
relatively small perturbation to the boundary
value problem already solved. The effect of this
perturbation can then be calculated by one of
the usual techniques employed in such problems
and in particular the variational approach
applied to a similar problem by Schetzen® can
be used*. (The perturbation theory developed
by Bethe and Schwinger* for resonant cavities
can also be used by the construction of a half-
wavelength cavity with subsequent calculation
of the change of resonant frequency on intro-
duction of the dielectric sheet. The final result
is the same as that obtained from the variational
approach.)

The approximate methods use the electric
field in the basic line as a first approximation
and a direct application is confined to cases for
which this field is cither parallel to or perpen-
dicular to the dielectric/air interface. In other
cases unknown effects are present, due to
dielectric  depolarization, which prevent a
straightforward calculation. A study of the field
pattern in the present case shows that the
electric field is predominantly parallel to the
interface and the basic analysis can be carried
out with this assumption, the effect of depolari-
zation being allowed for by the insertion of an
unknown constant modifying the susceptibility.
Schetzen’s expression, rearranged to give phase
velocity and modified for depolarization shows
that the phase velocity v can be calculated from

v LR(iﬁ_))"*
¢ | 1HER 357

In the cquation ¢ is the velocity of light in free
space, L is the “depolarization factor,” y is the
susceptibility, and the factor R(a/b, h/b) is
defined by

* Since reference 3 is not commonly available a
outline of this calculation is given in Appendix 2.
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where § indicates integration over the whole
cross-section of the line and A indicates integra-
tion over the cross-section occupied by the
dielectric only. The electric field used in the
integration is that of the basic line.

The factor L can, in principle, be a function
of the dimensions «, b and /1 but it will be shown
in the next section that adequate agreement with
experimental results is obtained for a wide
range of dimensions if L is put equal to 0-8 for
all cases.

When the phase velocity is calculated the
impedance Z; of the line with dielectric can be
obtained by combining this velocity with the
impedance Z, of the basic line. It should be
noted that in principle the impedance Z; is not
uniquely defined since the true wave in the line
is no longer transverse electromagnetic but in
practice this form is assumed and the
impedance used for design purposes. It is
actually the impedance at zero frequency
obtained from the static capacitance of the line
and is given by the equation

Zi _ v
T | oo (26)
using the fact that the inductance of the lines is
not affected by the presence of the dielectric

sheet.

5. Comparison with Experimental Results

It is now necessary to compare the results
obtained from the analysis of the preceding sec-
tions with the results of experimental work on
the properties of the line. The comparison
undertaken will be restricted to the phase
velocity for lines with varying dimensions,
dielectric media and frequencies. It is extremely
difficult to obtain a reliable measure of
impedance at the frequencies used to measure
phase velocity and past practice has been to
measure the capacitance of the line at some
nominal frequency, for instance 25 Mc/s.
Experience appears to indicate that it is better
for design purposes to measure the phase
velocity only, calculating the impedance from
eqn. (26).

Five lines are considered for comparison,
these lines covering a range of parameters. As
far as is known these are the only lines for
which a complete set of data is available. In the
case of some of the materials which are

Journal Brit.I.R.E.



IMPEDANCE OF HIGH-Q TRIPLATE LINE
Table 2
Case - Material Frequency X hib
(a) Silicone resin bonded fibreglass 3 kMc/s 316 0-125
(b) Resin bonded paper 1 kMc/s IXIF 017
(c) Teflon bonded fibreglass' 1 kMc/s 2-15¢ 0-17
(d) Silicone resin bonded fibreglass 9 kMc/s 316 025
(e) Polythene 3 kMc/s 1-25 0-50

dielectric laminates and are anisotropic, the
susceptibility used is that for which the electric
field is parallel to the laminate surface. The
relevant data are given in Table 2.

The methods by which the phase velocities
were measured are somewhat different for the
different cases. The first used an open-circuited
line following a coaxial standing wave indicator,
the strip line being cut to obtain a half or full
wavelength as determined by the position of
minimum voltage in the coaxial line. The
experimental data for cases (b) and (c) were
taken from the work of Warren Cooper and
Ringenbach! and two methods are outlined in
the reference. One of these methods uses a
short-circuited length of transmission line, the
frequency being varied until a minimum read-
ing is observed at a reference probe four wave-
lengths from the short-circuit. The other
method involves the adjustment of two lengths
of line for resonance at the same frequency.
Full-wave and half-wave resonances werc used,
the end effects being eliminated by comparison
between the two. In case (d) a short-circuited
line was used following a waveguide standing
wave indicator and a transition. The position
of the short-circuit was varied over several half-
wavelengths and the minimum of the standing
wave pattern in the waveguide followed on the
indicator. (c.f. the method of Feenberg® for the
measurement of standing wave ratios.) The
results can be analysed by integration, the tech-
nique also giving a measure of the probable
error. The velocities obtained are estimated to
be in error by less than 2 per cent. The line in
case (¢) was measured directly on a standing
wave indicator built on the line itself. Unfor-
tunately the lines, being made by hand, were
not very consistent along their lengths and the
results may be in error by about three or four
per cent.
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The comparison between theory and experi-
ment is shown in Fig. 6 in which the theoretical
curves are calculated for L=0-8 for all values
of a/b and h/b. In view of the incorrect

(R 1
09 ’
/. CASE (e)
o8
{ |
[
09|
08|
-0
u‘ % (c)
' /
°l
|
09
vl 0 CASE (b}
[s]]
ol
|
09 (a)
v,
- _—
L |
0-01 0l 0 8

/b

Fig. 6. Comparison between theory and experiment

for the cases outlined in the text. The solid curves

are those calculated from eqn. (26) with L=0-8. The
circles are experimental values.

assumption of a constant depolarization effect
no attempt was made to obtain a closer fit to the
experimental values. In principle the experi-
mental data could be used in conjunction with
eqn. (24) to obtain L as a function of the para-
meters. Unfortunately, an error of about 1 per
cent. in the value of phase velocity produces an
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error of about 10 per cent. in the calculated
value of L (and in some cases more) and this
error is probably sufficient to mask any con-
sistent variation of L. However, from the prac-
tical point of view, the Quantity used in design
is v/c and it can be seen that the difference
between the theoretical and the experimental
values is in most cases within the estimated
experimental error.

6. Conclusions

On the basis of the discussion of the previous
section it can be seen that the theoretical
analysis developed in this paper permits the
calculation of the major parameters of the trans-
mission line, namely the phase velocity and
characteristic impedance, to an accuracy of
probably better than 1 per cent. The calcula-
tion of the impedance does depend on the
assumption of quasi-transverse magnetic propa-
gation, the quantitative accuracy of which is
somewhat difficult to assess. However the
experience gained by using this assumption has
not indicated any error in the impedance value
and, in the absence of an exact solution, it is
probably the best value obtainable.

It is possible to estimate the effect of the
dielectric sheet on the attenuation of the line by
using the complex susceptibility in the calcula-
tion of phase velocity. The usual copper loss
can be added to this value and the total attenua-
tion coefficient derived. Warren Cooper and
Ringenbach! have also considered this problem,
in their case the effect of the dielectric being
obtained from a composite line approach. This
approach gives values of the dielectric contribu-
tion about one half of those obtained from the
use of the complex susceptibility, a difference
which would in some part account for dis-
crepancies found by these authors between the
calculated and experimental resuls. The avail-
able data are too sparse, however, to make a
reliable comparison and the details will not be
pursued here.
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9. Appendix 1: Expansion for large a/b
The analysis of Section 2 has used the theta-
function © (r) which is Jacobi’s earlier notation
for one of four theta-functions. It is convenient
to use in this appendix the more modern nota-
tion as in reference 5. In this notation the theta-
functions are denoted by 9. (5, g) with n taking
the values 1 to 4. The connection with the
earlier notation as far as this work is concerned
is given by the equations
Oy (5, q)=0(r)

. at alv

i amenp [0
Series expansions for two of these functions are
as follows;

% )=2> g o5 Qniy (28a)
n=0
% Q=142 g"cos2mt ... (28b)

n=1
These expansions are useful for small g and,
from (27), this is equivalent to small y. For the
present purpose, however, the practical range of
a/b more nearly corresponds to y approaching
unity for which g approaches unity. It is pos-
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sible to transform the theta-functions by
Jacobi’s imaginary transformation to construct
an expansion suitable for this case. The trans-

formation is
. IARY! [ e fE
9, (5 q) (T’) exp \ ':TTV'?' ‘j:x(—lv ,q )

where
. f ab |
q —EXp l 4? ’
Since ¢’ is now small the right-hand side can be
expanded in terms of ¢” by (28a). The first term
of this expansion can be written, on changing
to the original notation, in the form of eqn. (17).

10. Appendix 2: Variational Calculation of
Phase Velocity

The analysis in this appendix outlines
Schetzen’s variational approach which leads to
eqn. (24).

Let the electric and magnetic fields in the
transmission line be denoted by
E (x, y)exp j (ot - Bz)and H (x, y)exp j (of - Bz)
respectively. In these expressions x, y, I are
space co-ordinates, I being the direction of
propagation, and B is the phase constant of
propagation.

Substituting the expressions into Maxwell’s
equations yields

VAE - jBKAE= -joprH  ......... (30a)

VAH - jBkAH=jocE ... (30b)

in which Kk signifies the unit vector in the direc-
tion of propagation. Forming the scalar pro-
duct of (30a) with H*, (30b) with E*, subtracting
the two resulting equations and integrating over
the transmission line cross-section gives

B [[H*KAE - E*kAH]ds

. J [WH.H* + ¢E.E*lds + ] J [E*.VAH - H* VAE]ds

........ (31)

whence

w[ [WH.H* + ¢E.E*]ds + jj [E* 7 AH - H* VAE]ds
l’ 5

This last equation can be shewn to be a
variational expression for 8 with respect to the
fields E and H. Put

E=E,+e
H=H,+h ... (33)
B=8, +058

denoting the true values by the suffix, e and h
being small vectors, arbitrary except that they
satisfy the boundary conditions on the conduct-
ing surfaces. Substitute (33) into (31) and
retain only the first order terms. This process
leads, after some re-arrangement and simplifica-
tion by the use of (30), to

bBJ‘[H*U.kAEO ~E*kAHds

5

=j J V.[hAE* - eAH *]ds
By conversion of the integral on the right
to a volume integral, (which can be done
immediately since the integrand is independent
of z), and by subsequent application of Gauss’
theorem and the boundary conditions it can be
shown that the right-hand side of (34) is zero.
The integral on the left-hand side can be trans-
formed into an integral proportional to the
power flowing along the transmission line and is
therefore not zero. It is thus necessary that
38=0 which establishes (32) as a variational
equation for B.

This equation can now be applied to the line
with the dielectric sheet. The fields can be taken
as those existing in the line in the absence of the
dielectric for which H=(8/wp)kAE, both E and
H lying in the cross-sectional plane. Substitu-
tion for H in (32) leads, after simplification and
re-arrangement, to the first order expression

,\J |E|*ds

B\ A
(m) =t

J- |E|*ds

S

e (35)

which is essentially eqn. (24) be-

J [H*KAE - E* kAH]ds
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fore the depolarization factor L
is inserted, B, being the propaga-
tion -constant in the line before
the dielectric is inserted.
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REPORT OF THE ANNUAL GENERAL MEETING OF
SUBSCRIBERS TO THE BRIT.L.R.E. BENEVOLENT FUND

The Meeting was held on 26th November, 1958 and the Chair was taken by
Mr. George A. Marriott, B.A.(Cantab.).

1. To confirm the Minutes of the Annual
General Meeting of subscribers held on
27th November, 1957
The Minutes of the Annual General Meeting

dated 27th November, 1957, had been published

in the January 1958 Journal. The Chairman’s

proposal that those Minutes be taken as a

correct record was approved unanimously.

2. To receive the Annual Report of the Trustees

and

3. To receive the Income and Expenditure
Account and the Balance Skeet for the year
ended 31st March, 1958
Mr. Marriott stated that as Item 3 of the

Agenda was related to Item 2, he felt that

subscribers would prefer these two items to be

taken together. This was approved, and Mr.

Marriott called upon Mr. G. D. Clifford, Honor-

ary Sccretary of the Benevolent Fund, to report

on these two items.

Mr. Clifford then referred to the Annual
Report of the Trustees which had been pub-
lished in the November 1958 Journal and cir-
culated to all subscribers. The Report gave
examples of some of the cases handled by the
Trustees during the year, which Mr. Clifford
felt indicated the work which the limited
resources of the Fund endeavoured to do for
members of the Institution or their dependants.

Of equal, or perhaps even more importance,
was the Trustees’ work in ensuring that the
children of incapacitated or deceased members
did not suffer through lack of the education
which they would have received in normal cir-
cumstances. In this connection, the decision of
the Trustees to support such schools as Reed’s
School, the Royal Wolverhampton School, and
the Royal Wanstead School, had always
received unanimous approval from members
and subscribers. Indeed, it was heartening to
the Trustees to know that quite a number of
members were giving support to one or all of
those schools quite independently of their dona-
tions to the Institution’s Benevolent Fund.

It would be obvious from the Report, and
borne out by the Income Account, that all this
work had only been made possible by the
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increase in donations. Mr. Clifford felt, how-
ever, that no one could be satisfied with the
comparatively small percentage of members
who supported the Fund. The Schools referred
to should receive larger contributions, and the
Trustees were anxious to secure more bursaries
to ensure that no child ¢f any member should
be deprived of adequate educational opportuni-
ties. He therefore appealed to every member
to give consideration to the Trustees’ work and
support the Fund, in the knowledge that they
would be rewarded by the appreciation and
thanks of those children who received help.

Mr. Clifford stated that the President had
always emphasised the necessity for having
adequate investments to withstand any sudden
demands upon the Fund and the Balance Sheet
showed that this had again been achieved during
the year.

The Report and Accounts were adopted
unanimously.

4. To elect Trustees for the year 1958-59

The Secretary stated that it was the general
wish of subscribers that the retiring Trustees,
Mr. G. A. Marriott, Rear-Admiral Sir Philip
Clarke, Mr. A. A. Dyson, Mr. A. H. Whiteley
and Mr. G. A. Taylor should be re-elected.

The nominations were approved unani-
mously.

5. To appoint the Honorary Solicitors

and

6. To appoint the Honorary Accountant

Mr. Marriott referred to the very great help
which the Trustees had received from Mr.
Charles Hill and from Mr. R. H. Jenkins, and
he moved their rec-appointment as Honorary
Solicitors and Honorary Accountant respec-
tively.

The proposal was carried unanimously.

7. Any other business

The Secretary stated that he had not received
notice of any other business. The Chairman
again thanked all subscribers for their support
and declared the meeting of subscribers to the
Benevolent Fund at an end.
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PROPERTIES OF HOOK TRANSISTORS IN SWITCHING
AND AMPLIFYING CIRCUITS*

L. M. Vallese, Dr.Sc.t

SUMMARY

The circuit properties of hook and p-n-p-n transistor configurations are gxamingd for
applications to switching circuits and to linear amplifiers. Two- and four-te.rmu.lal swn.tchlng
circuits of the open-circuit stable or of the short-circuit stable type may be built; in particular,

thyratron-like characteristics may be obtained.

Some of these circuits may be used also as

negative impedance converters in network synthesis applications. Furthermore, st.able arppliﬁers
with remarkable characteristics are obtainable, as for example, unilateral amplifiers with very
large input impedance or amplifiers with very large input admittance and very large power gain.

1. Introduction

The circuit properties of hook transistor con-
nections (direct cascade of complementary
common base and common collector stages) and
of p-n-p-n transistors, are of considerable
interest for switching and amplifying circuit
applications. Although their similarity to point
contact transistors has been pointed out!?3, a
complete analysis of the various obtainable con-
figurations has not been given in the literature.

In the following paper the analysis of the
most significant properties of hook transistor
connections in common base (Fig. 1(a)), com-
mon emitter (Fig. 1(4)) and common collector
(Fig. 1(c)) configurations is given. These
properties are similar to those of p-n-p-n tran-
sistors. For simplification purposes the para-
meters of the hook component transistors
(impedance-type parameters are used in this
paper) are assumed to be identical. This
assumption is not restrictive with respect to the

Y 9 J9

: @ &

o) (b) )

i}

Fig. 1. Hook transistor configurations.

* Manuscript first received 20th March 1958, in
revised form on 4th July 1958 and in final form on
Ist October 1958. (Paper No. 483.)

1 Polytechnic Institute of Brooklyn, Brooklyn 1,
New York.

U.D.C. No. 621.382.333:621.318.572:621.375.4
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methods of analysis used and is valid in most
cases of interest. For the cases in which the
parameters are unequal (for example because of
different bias currents), the generalization of the
analysis is straightforward, and, on the other
hand, its results remain qualitatively the same.

2C./ti~a)
i
& ‘ (&
— erh/2 | LU= 7 /2
o— AN ¢
e e Tt érbu-a)/z
o + o  o— -~ —0
(a) {(b)
Fig. 2. Low frequency equivalent circuit, (@) of single

transistor, (b) of hook transistor.

2. The Hook Common Emitter Configuration

The impedance matrices of the various hook
configurations are given in Appendix 1. In
particular, the matrix of the hook common base
may be written approximately as follows for the
forward operation

re+n(l -a/2), r(l1-a)/2 H

|| Zisme (ro+rm)/2, (zc+2r) (1-a)/2

A corresponding low-frequency equivalent cir-
cuit is shown in Fig. 2(b). In this circuit the
intrinsic feedback is much smaller than that of
the common base configuration; the forward
transfer impedance and the open circuit output
impedance are both about one half the corre-
sponding values of the common emitter.
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The matrix of the hook common emitter con-
figuration may be written approximately as
follows for the forward operation :

I _—
|| ~ijhe -

I‘“+I‘b(| - ”,’2), r”+r¢./'2
rcl"l"rh(l _‘l)/z_ zm/zs rc]+rc'z+Zr(' _2“)/2

In the above relation r., is the emitter resistance
of the lower transistor in Fig. 1(b).

If the hook common emitter configuration is
used as a transducer with resistor load, the input
impedance in the active region at low fre-
quencies assumes the value

Ru=ra+rJl-u/2)-

[(raa+72)(r = 27 = 11 = w)] 3)

(2(1_ l)rc_z(rl'1+"02+Rl.) --------- i
This quantity is positive or negative depending
whether R, is larger or smaller than the critical
value

RL*' =V — ’.:"2
If an external resistance R.> r, is added in

series with r.,, the expression of the input resis-
tance becomes

Fa—re=r,-r./2 ... 4)

I —u+2R, /.
20-1-2(R.+R,)/r,
or roughly R,=-R.(1 -u) if R,+ R, <r./2,
u=1. correspondingly the expression of R,* be-
comes

R.= - R,

R*=r,-r./2-R..
Experimental verifications of this result are
shown in Fig. 3, where the static input charac-
teristics of a 2N27-2N45 hook common emitter
stage are shown. The following cases have been
considered :

E. =10V, R.=0, R, =300 kQ (curve a)
" - 100 k€2 . b
0 - 50 k@2 . €
" " 25 kQ , d
- 10 kQ 25 kQ w €
e 20 k2 25 kQ ., f

Note that a resistance of 1,500 ohms has been
connected between base and emiitter of the 2N45
transistor.

All of the above curves are of the short-circuit
stable type; in first approximation each of them
may be represented by means of a three segment
broken line, with a cut-off region of very high
resistance, an active region of resistance given
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by eqn. (5), and a saturation region of resistance
ReRL/(R.+R)). The (V,I) co-ordinates of the
two turning points are roughly

R(1-wkE,

0, Iop,: (Re+R)(N1 -w)+R,’

Tigo— E.
T (RAR)(I-w+R,

120

+i5
v, {(vOLTS)
- 1-0

-300

l

Fig. 3. Input characteristics of hook common emitter

stage.

With reference to the circuit of Fig. 3, /.., is the
(negative) reverse collector current of the 2N45
transistor.

The output resistance of the hook common
emitter configuration, when a resistive source
termination is used, is expressed as follows for
the active region

Row= —r.+r/24ra+r.+
[ra+r/2) (rn/2 = ra-n(l - w)/2]
ra+r(l —u/2)+R,

If R, is increased from zero, R,,, varies from a
positive to a negative value and approaches
asymptotically the limit -r, +r./2 for R, very
large.

+
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The latter condition corresponds to the opera-
tion of the so-called “four-layer diode™. The
static output characteristics are of the open-
circuit stable type, with peak and valley points
depending upon the input bias. The device,
therefore, acts like a thyratron. In particular,
with reference to Fig. 4(«), letting V= E1+ V.,
the peak point occurs when the input voltage
V,=V,, +R, I, assumes the transitional value
between the reverse and the forward bias
regions. Since in each region /I, varies directly
with I, and V., while the transitional V,; value
is approximately constant, it follows that the
peak point varies with V. A family of charac-
teristics with parameter V,, obtained experi-
mentally for a 2N28-2N45 hook transistor is
shown in Fig. 4(c). These curves present a nega-
tive resistance of the order of half megohm,
except where avalanche phenomena occur, in
which case the negative resistance becomes very
high. Since germanium transistors were used,
the reverse current of these characteristics is
high: more convenient conditions are obtained
using silicon transistors.

The dynamic behaviour of the hook common
emitter switch may be investigated assuming
that the device is cut-off initially and that a
rectangular pulse is applied at point A of Fig.
4(a), this condition corresponds to “collector
triggering”. If C, and R, are large, the varia-
tional differential equation for the output
current I, in the active region (given in general
by Z(p)l.(p) =0) assumes the approximate form

[p— ©a 2uy— DUAp)=0

where «, and o, are respectively the low fre-
quency value of « and its cut-off frequency.
Correspondingly i.(r) rises exponentially in the

Fig. 4. Hook transistor thyratron: («) switching
circuit, (b) input characteristic, (¢) output charac-
teristics.

12 & vy
I-‘DA LE B 2 2
II' vl
L
v | Ly
@) 0]
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active region with the equation
i) =1(0explmg (20, - 1)]

of very high rate of change. Similarly for
“base triggering”, from the general equation
Z.(p(p)=0 one finds the following varia-
tional differential equation for /,(r) in the active
region

[p* - 0a*(1 = u))(p)=0

Hence i(1)=1{0) exp (v, v/ 1 -uy1). Since ix0)
must at best follow /(f), it is seen that the rate
of increase is somewhat lower than that of eqn.
(8). Experimentally, using a 2N28-2N45 thy-
ratron of the type of Fig. 4(a), with R, =5k,
R’ 500, E,=6V, switching times of the order
of 0-1 microsec were obtained for collector
triggering and of the order of 0-3 microsec for
base triggering. The storage time of the device
was found to be high, of the order of 15 micro-
sec; it varied proportionately to R’, decreasing
to 8 microsec for R’=20¢) and increasing to 17
microsec for R”=100 ohms.

A direct comparison with single transistor
switches cannot be made since these do not
possess thyratron-like characteristics and, there-
fore, would not be used in similar circuits.
However, it is instructive to consider the rise
and decay times of the pulse response of a
simple common emitter stage. The rise time
from cut-off depends upon the amplitude of the
driving pulse and may be made small if the
collector is allowed to saturate. Using a 2N28
transistor and raising the drive-amplitude to the
threshold of no-saturation, a rise time of ~8
microsec and a decay time of ~20 microsec
were obtained, with collector resistance of 5 k(2
and collector supply voltage of 6 V.

200 300 I, (pA)

(c)
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Other interesting properties are found in the
operation of the hook common emitter con-
figuration as a linear amplifier. In the first
place, with reference to Fig. 3 and to eqn. (5),
it is seen that the amplifier may be used as a
negative impedance converter, since its input
impedance is proportional to the negative of
an impedance Z, connected in the emitter lead.
This property may find useful applications in
the synthesis of active networks.

On the other hand, the current gain of the
amplifier is given approximately by the expres-
sion
A= - a-2R,/z.

20-1-2(R.+Ry)/z.

which reduces to -o/(2a-1), ie. a value
slightly above one, when R, + R, <€ z./2. When
R.=rn,/2, the current gain is zero, and when
R.+Ry=rm-rc/2, (an identity which can be
satisfied for R, <r./2) the current gain is
infinite. Correspondingly, the amplifier becomes
unstable. It is of interest to note that, when
R, =R *=rn—r./2, the input impedance, given
by eqn. (5), becomes approximately equal to
rn/2 and independent of the value of R.,.

In practical applications the performance of
the above circuit may be improved by the intro-
duction of suitable modifications®. In fact the
values of R, and of R, are generally too high
and require the use of large supply voltages. If
a resistance R” is connected across the two
collectors, the critical value of R, is found to
become

R, *

- (2rm - rc)R”_ (rc— rm)rb
. ry+re+2R”

Ve

Fig. 5. Hook common emitter amplifier.
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which reduces approximately to (2a - 1)R” if
R” € r.. The corresponding value of R, also
decreases from r,/2 and becomes
RII
l+(rb+2R”), re

The above relations have been written with
reference to low-frequency operation. At high
frequency the phase angles of z,,/2 and of the
right hand member of eqn. (10) become less
than zero. In order to maintain compensation,
the resistance R, may be replaced with a shunt
R, C, impedance. (Fig. 5.)

R, =

Jro

760

R'e 50 kO

TTooc-Ri

R K D)

Fig. 6. Input resistance and current gain of hook
common emitter amplifier: (a) R, =20k(}, (b)) R, =
40k, (c) R, =50k

Experimental verifications of the properties of
hook common emitter amplifiers are shown in
Fig. 6. In this case a 2N27-2N45 combination
was used, and R” was made equal 50 k2. The
critical value of R, was found to be 40k
(curve b) and the corresponding value of the
input resistance 36 kQ; on the other hand, the
current gain .was found to be zero at R, =45 k(2.
In Fig. 6 graphs indicating the variation of the
input resistance and of the current gain with
R, are shown also for the cases R, =20k
(curve a) and R, =50k (curve c¢). The graphs
also show the existence of a minimum value
of R. under which the amplifier becomes
unstable.
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3. The Hook Common Base Configuration

Of the three possible configurations the hook
common base (Fig. 1(a)) is the oldest in practical
use. From the matrix (1) it is seen that it con-
stitutes a stable amplifier, with current and
voltage gains respectively equal approximately
to those of the common collector and of the
common base. The frequency response may be
improved by introduction of an appropriate
peaking inductance in series with the un-
grounded  collector-to-base connection, to
resonate with the input capacitance of the com-
mon collector stage, and of an appropriate shunt
resistance across the two collectors. An example
is shown in Fig. 7 for a 2N43-2N27 hook com-
mon base, where it is seen that the voltage gain
x bandwidth product is improved from 25 x 10°
to 4-5 x 10"

L:330mH, Rgh z 00

1:330mH Rgp=200KM

L:0, Rgh=00

10 20 30 40 50 60 70 80 90
f(he/s)

Fig. 7. Hook common base amplifier.

It is well known that the hook common base
configuration may be made unstable with the
use of positive feedback, such as obtained by
inserting a resistance Ry in the ground lead of
the circuit of Fig. 1(a). In this case (Fig. 8) the
input resistance at audio frequencies is approxi-
mately

20—-1-2R./r.
—a+2(Rp+Ry)/r.
provided Ry > ry/2 and R’ > r,. If R and R,
are much smaller than r./2, eqn. (12) may be
simplified as follows

20-1

l-«

R, = -Rp 1

R,= - Ry

i.e. the input resistance is proportional to the
negative of Ry. This result shows that the

Journal Brit.I.R.E.

device may be used as a negative impedance

converter.
.
] vl
Cyg *
—} ‘
| (1v™)
R YI — R
7 %R. ) )
E, 2 +E,
= = >1,
(a) (b)
Fig. 8. Hook common base with positive feedback :

(a) circuit, (b) input characteristic.

More generally, the static input charac-
teristics are of the open input stable type (Fig.
8(b)) and find useful applications in switching
circuits, saw-tooth oscillators, etc®. The switch-
ing speed is of the same order of that of the
hook common emitter thyratron, with the same
external resistances. For example, using
Rr=10kQ, R,=200Q, R,=2,000Q and feed-
ing the triggering pulse through R, the turn on
time was found to be of the order of 0-3
microsec. A shorter turn-on time was obtained
for triggering directly at the emitter. The
dynamic behaviour in the active region,
obtained letting Z.(p)i(p)=0, is from eqn.
12)

This equation reduces to the form (7) when
2R./r. is neglected.

Equation (12) shows that the input resistance
depends upon the load R,. By appropriate
choice of the latter resistance, Ri, may be made
positive. In particular, if Ry=rm—-rc/2, Ry is
zero and the amplifier is stable; its input voltage
and input power are zero, its current gain is
-1, its voltage and power gains are infinite.
From an academic point of view this result is
interesting, because it points out dramatically
that the transistor is primarily a current con-
trolled device which may be operated with zero
input voltage, but not with zero input current.
In particular, it cannot have infinite input
impedance; on the other hand the vacuum tube
cannot have zero input impedance. In practice
the power gain of the above amplifier is found
to be very large, but infinite, because of limita-
tions of the dynamic range. The performance
of the amplifier may be improved from the
point of view of practical applications, using the
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same modifications indicated for the case of the
hook common emitter amplifier. The final cir-
cuit used for experimental verifications is shown
in Fig. 9, where R, =600, R, =3,000¢,
R”"=500£). The input bias was adjusted for a
collector current of about 0-5 mA. The com-
pensation was obtained by adjusting R”’ for
given values of R, and of R,. A 1kc/s
generator was applied at the input terminals
and it was found that the input voltage, although
not zero, was very small. With V, =1 mV an
output voltage across R, =3,0000 of -1V,
corresponding to a gain of 1,100, was obtained.
This gain was found to be about five times
larger than the gain obtainable with a conven-
tional cascade combination common base-
common collector of the same transistors with
similar load and bias. It must be added that
the above experimental verifications were made
primarily with the purpose of verifying the
theory and no special effort was made to obtain

Fig. 9. Hook common basc amplifier with “zero™
input impedance.

optimum results. Using different transistors and
different values of the components of the com-
pensating network, higher gains may be
obtained.

4. The Hook Common Collector Configuration

The impedance matrix of the hook common
collector configuration (Fig. 1(c)) may be written
approximately as follows for the active region of
operation

|
Zijhe

ra+2{1 - w)/2, ro+r,/2-z.Q2a-1)/2 ’
Fat+ 2l =w)/2, reg+ro—z(u-14)

Here r., is the emitter resistance of the transistor
with collector connected to the input terminals.
Ordinarily, the hook common collector
possesses a negative input resistance, which is
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Fig. 10. Experimental input characteristics of hook
common collector amplifier.

function of the load R, (Fig. 10) and is given
approximately by the expression

Ri=-Ry(l —w0)/(2u-1)

This formula is equivalent to eqn. (5) [if the
terms 2R, /r., 2(R.+R,) r. in the latter are
neglected], and to eqn. (13) [where the resistance
R, corresponds to R.]. The overall static input
characteristics are of the short circuit stable
type: their form is modified when a resistance
R, is placed in series with the grounded emitter
terminal. This reduces the range of the negative
resistance region without changing its slope; on
the other hand the saturation resistance becomes
Ry. In particular, if R, is made equal r,, - r./2,
the resulting configuration is unilateral and the
input impedance is ~ z,,/2. The circuit is not
different from that of Fig. 5, except for the
terminal which is used as output. For this
reason the practical modifications indicated for
the circuit of Fig. 5 may be used in the present
case also.

an27 1k

—— AAAA
] g
M 1S
R = L

- R
2N4; 'i ?
Re FC

-

A

Fig. 11. Unilateralized common collector amplifier.
For experimental verifications the circuit of

Fig. 11 was used, with R:=3,000Q, C,=
2,400 pF, R”=50k(), R=750. The input
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resistance of this amplifier at 1,000 c/s varies
with R”, approaching asymptotically the value
r./2 for very large values of R” (Fig. 12). At
the same time, since the amplifier is unilatera-
lized, the reverse voltage gain, obtained apply-
ing 2 generator at the output terminals and
measuring the resulting voltage at the input
terminals, should be zero. In practice the
reverse voltage gain is found to be very small
and varies with R” as shown in Fig. 12. In the
same figure the values of the output resistance
are also plotted.

[
|

AG
100K 1:0 R,
Rout f 05
RII'\
10K Ol
|
U ——
IK 0K 100K IM
R” (OHMS)
Fig. 12. Input resistance, reversc¢ voltage gain and
output resistance of the unilateralized common

collector amplifier versus R”.

In Fig. 13 the variation of the reverse voltage
gain A; as a function of the value of the resis-
tance R is shown. It is seen that, when R is

:ooxtzo
A _fCe O {le=2400pF
g {Re=3KO Rg3KSQ
Rin — R = S
,J F
I 1 n
| Relo |l ¥
Cez 0
10K [ 10 Re= 3000
| A5
o \
[ Ce=2400 pF
I Re = 360000
{ Ror R_ (OHMS)
1K S — —_— —
0 20 4 60 B8O 100 120 140
Fig. 13. Reverse voltage gain as a function of R;

input resistance as a function of R,.
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about 75, 4, is minimum. This critical value
of R corresponds to compensation obtained at a
room temperature of 30° C; it is found to
decrease at a constant rate as the temperature
increases. In particular, for the circuit investi-
gated this rate of variation was found to be 2%
per degree, a value which can be easily
realized by means of thermistors.

In the same Fig. 13 the variation of the input
resistance as a function of the load resistance
R, is shown. It is seen that R,, is approximately
constant, for all values of R, larger than a
critical value (of about 90¢)). when R, is made
smaller than such critical value, the amplifier
becomes unstable.

S. Conclusion

The circuit properties of the hook common
emitter, common base and common collector
configurations have been examined for applica-
tion to switching circuits and to linear ampli-
fiers. It has been shown that open-circuit stable
as well as short-circuit stable negative resistance
characteristics may be obtained. In particular,
the hook common emitter and the hook com-
mon collector may be used as switches with
thyratron-like characteristics and with very high
switching-on speed, depending upon the cut-off
frequency. The four-layer diode is a particular
application of the above result.

As a stable linear amplifier the hook con-
figuration provides unusual characteristics:

it may be used as a negative impedance con-
verter.
—it may be used as a unilateral three-terminal,
transformerless amplifier with very large input
resistance.

it may be used as an amiplifier with very small
input impedance and input power and very
large voltage and power gains.

The properties derived for hook transistor
connections also apply at least qualitatively in
the case of p-n-p-n transistors.
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8. Appendix 1: impedance Parameters of the
Hook Transistor Configurations
Indicating with z;, z; respectively the
impedance parameters of the common base and
of the common collector configurations, those of
the hook common base are written

Zizp Zowb Zimp Z1ze
e — »
I I Za + Zue Zazy + Zue
Zijh =
et Zowp Zote Late L1z

2¢ ~

Zopt+ Zue Zoop + Z11e

- Q2= Zm+1s) ro(Ze— Zm)

. 2z +r) 2zc+rv)
) ZC(rb + Zm) r,+ (ZC - z:yi) (ZC +»2r,,)
2ze+ry) ¢ Az, +r)

For the forward operation these parameters may
be approximated as follows

732

re+ry(l - “/2), ry(l —a)/2 N
[[Zijns | = i @utr)/2, (z.+2r) (1-0)/2
Similarly the impedance matrix of the hook
common emitter configuration, expressed in
terms of the hook common base parameters, is

Z1nds Zund — Ziomp

Hzime| =
Zunb — Zetwys Tund + Zone — 2wy — Zotns

In first approximation and for the forward
operation the expressions of these parameters
may be simplified as follows

[1Zime]| =

rel+rb(l_u’/2)’ r¢l+rb/2

Fa+r(l —a)/27, Zn/2ra+ra+(2:/2) (1 - 20)
where r.; is the emitter resistance of the tran-
sistor having its base connected to the input
terminal.

Finally the impedance matrix of the hook
common collector configuration, expressed in
terms of the impedance parameters of the hook
common base is

llzﬁhcl’ =

Loanbs Zony — Zamb

Zznb = Zenys  Tuwd T Zemy — Ziwy — Zowo
In first approximation the expressions of the
parameters of the latter matrix may be simpli-
fied as follows for the operation in the forward

direction

o~

1v|Zijhc| =

Fa+2z(1 -a)/2, ra+rf2- z{a- 1) ”
rcl""Zc(l - 0‘)/2’ Fa+te— ZC((" - %)
Here r., is the emitter resistance of the tran-
sistor having its collector connected to the input
terminal.
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ELECTROMAGNETIC WAVE PROPAGATION IN
CYLINDRICAL WAVEGUIDES CONTAINING
GYROMAGNETIC MEDIA

by

R. A. Waldron, B.A. (Cantab.) (Associate Member)+t

PART 3*

8. Solutions of the Characteristic Equation

We have solved the characteristic equation
for B, for certain values of the parameters a/k,,
b/a, =, n, and «, for certain of the lowest modes.
The solutions were obtained by means of the
electronic computer “DEUCE” (Digital Elec-
tronic Universal Computing Engine); the details
of the computation are of little interest, and
will not be discussed in the present work,
except for one or two points having a bearing
on the accuracy of the results, which are dealt
with in Section 13. In Tables 4-14%, the results
are given with 8 tabulated against the radius
ratio b/a, for stated values of the other para-
meters, for stated modes. Curves have also
been drawn for certain cases (Figs. 17, 18, 19)
in order to illustrate more clearly the general
behaviour of the phase constant, although these
curves do not give any information which is not
contained in the tables.

We are most interested in the H,, mode. For
large values of a/4,, such that propagation takes

place in the empty guide, 8 does not change
greatly, at first, as b/a is increased from zero,
but later it increases more rapidly. As a/k,
approaches the value at which the guide
becomes cut off when empty (b/a—0), the flat
region of the curve becomes shorter, eventually
disappearing when a/%,=029303, where the
empty guide becomes cut off. This behaviour
is illustrated in Fig. 19, and is also apparent on
comparing, for example, Table 12(d) with
Table 9e). As a/k, decreases further, below
the cut-off value for the empty guide, the value
of b/a for which propagation begins to take

* Parts 1 and 2 of this paper have been published
in the October and November issues of the Journal
(pages 597-612 and 677-690).

T Marconi’s Wireless Telegraph Co. Ltd., Baddow
Research Laboratories, Chelmsford, Essex.

U.D.C. No. 621.372.852.22

Journal Brit.1.R.E., December 1958
F

place increases from zero, and at the same time
the phase constant curves rise more and more
steeply, as can be seen from Fig. 19.

An interesting phenomenon now makes its
appearance—the initial slope of a phase con-
stant curve may not only increase indefinitely,
but even pass through infinity and become
negative. This is apparent from Fig. 19, but
for discussion it is convenient to consider
Fig. 17(a), when it is seen that for sufficiently
large values (algebraically) of «, a value of B
can be obtained for a value of b/a less than
the “cut-off” value. This ‘“bulging” effect
increases with increasing «, &, or u; for suffi-
ciently small values of ¢ it disappears altogether,
as can be seen on comparing Tables 6(a), (b),
(c), and (d). Tables 5(b), 6(c), and 7(b) may
also be compared, illustrating the dependence
of the effect on p.

In order to interpret the “bulges” physically,
it is necessary to consider the continuation of
the phase constant curves in the imaginary 8
plane. This is illustrated in Fig. 20 for the
case =10, n=1, a= +0-5, with several values
of a/i. For a/r,> 0:29303, B8 is always real.
For a curve such as that shown for a/»,=0-25,
B is single-valued for all values of b/a, and
there is no difficulty. For a curve such as that
shown for a/#,=0-2, the form of the curve in
the imaginary 8 plane may be expected to be
as shown, and B8 is three-valued over a range
of values of b/a.

A small value of B corresponds to a high
impedance, and it is reasonable to suppose that
for a wave in the H;, mode travelling in the
guide, it will be the extreme values of B that
will be preferred in the three-valued range. If

1 Tables 4-7 are published at the end of Part 2
(pp. 688-90) and Tables 8-14 at the end of this Part.

733



R. A. WALDRON

1b) pa0

bs/a

Fig. 17. Curves of normalized phase constant E
against b/a for a/3,;=02, u=1, ¢=10 and stated
values of a.

4" o) paiOR2 4r (b1 ps0

Y]

Fig. 18. As Fig. 17 but for a/i

-0-3.

we take a rod of ferrite of steadily decreasing
radius, and measure the phase constant, we
may expect that this will be found to follow
the upper branch as far as A, and the lower
branch from B onwards. Between these points,
it is difficult to say exactly what will happen,
but it may be surmised that for values of b/a
nearer C than D a real phase constant will be
preferred, and for values of b/a nearer D than

C the imaginary value of B will be preferred.
This behaviour is somewhat analogous to that
of a van der Waals gas on liquefaction, where
the theoretical curve is cubic in form, and
the observed PV curve is discontinuous in the
neighbourhood of the re-entrant part of the
theoretical curve.

Higher H-modes are not likely to be of much
practical value, but it is interesting to get some
idea of how they behave. The cut-off studies of
Section 7 indicate when such modes are able
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Fig. 19 (above, left). Curves of normalized phase con-

stant [?,—against b/a for =10, p=1, =0 and stated

values of a/}, (H;, mode). The dashed curves are not
accurately computed.

Fig. 20 (above, right). As Fig. 19 but for «=0-5.

to propagate; values of B have also been calcu-
lated as a function of b/a in one or two cases
for the Hy,, and H., modes, and these are illus-
strated in Figs. 17 and 18. The curves for the
H., mode seem to be of the same general shape
as those of the H;,, mode, except that the effect
of u is greater. The curves of Fig. 18(a) (calcu-
lated points given in Table 9(/)) may be com-
pared with the values given in Table 6(a); the
curves for a= +0-5 differ more widely from
that for «=0 in the case of the H, mode than
they do in the case of the H;, mode. It seems
to be a general trend that the effect of a
increases as p increases, for in the case of the
H,, mode the effect of « is quite small, as can
be seen from Fig. 18(b).

It is not unlikely that, for sufficiently large
values of ¢ and a/%, the Hy curves will also
exhibit the “bulging” effect observed with the
H,, mode; in the case of the Hy mode, a fair
number of curves have been obtained, but there
is no indication that the bulging effect takes
place, and it is not possible to say, on the
evidence we have, whether this effect is likely
or not.

Journal Brit.l.R.E.
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IN CYLINDRICAL WAVEGUIDES CONTAINING FERRITE

One interesting point to notice about the Hy
mode is that for a sufficiently high value of o,
the curves of B against b/a ascend to a
maximum and then decrease. An example of
this behaviour is given in Fig. 17(b), for the

- case o =075.

The phase constant curves for E-modes
exhibit considerable differences from those for
H-modes. In none of the cases for which we
have performed computations has a very steep

increase of B8 with increasing b/a been observed,
and the “bulging” effect found with the Hy
mode is absent. Another difference is that the
curves for different values of « cross in the case
of E-modes, while they remain separated in
the case of H-modes.

[t was pointed out in Section 7.8 that when
the cut-off curve is of the form, for example,
of that for the E; mode in Fig. 7*, for a=0-5,
the phase constant curve may be expected to
increase from zero, reach a maximum, and fall
again, perhaps reaching zero, perhaps a point
on the line b/a=1. This expectation is justified
—examples are provided by Tables 5(d) and
6(e). This kind of behaviour may be expected
to occur, for suitable values of the parameters,
for all E-modes; it is indicated by the cut-off
curves. We have not, however, observed it in
the case of the E;; mode, although in Fig. 17(a)
there is some indication that it would occur for
a higher value of o than has been taken.

9. Faraday Rotation

It is apparent on inspection that eqns. (23)
and (34) are not symmetrical with respect to
a change in sign of «. In this respect they differ
from eqns. (24) and (41), which are independent
of «. The physical significance of a change of
sign of a is that the hand of helical polarization
is reversed; if « is negative, there is a right-
handed helical wave, while if « is positive, the
wave is left-handed. In the isotropic case, the
right-handed and left-handed waves travel with

the same velocity, i.e. have the same value of 8.
The composite wave, composed of right- and
left-handed waves of equal amplitude, travels
with the same velocity as the two components
and without change in the field patterns in the
transverse plane.

* Reproduced in Part 2.
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In the anisotropic case, the value of B8
depends on the sign of a, so that the right- and
left-handed components of the composite wave
travel with different velocities. The result is-
that the field patterns of the composite wave
rotate as the wave progresses. This is the
phenomenon of Faraday rotation. The angle
through which the field patterns rotate may be
easily calculated when the values of B for the
two component waves are known. Let these
values be B, for positive « and B- for nega-
tive «, in the case of one of the normal modes.
Thus if the polarizing field is in the positive
z-direction, B- corresponds to right-helically
polarized waves (with respect to the polarizing

field) and B, to left-handed waves. Then

l/’*+=7‘+/7‘o; l/7‘-=E3'/7‘0
The wavelength 2, of the composite wave is

hp= % c(t20) o ;LZL I: %1 + ;#::I

If the + and - waves start with zero phase,
then after travelling a distance &, along the
guide the phase of the wave is a(l + B:/B-)

and that of the -wave is n(1+f-/8:+). The
Faraday rotation in a length 2, is therefore

the signs being such that if @, is positive the
rotation is left-handed. To conform with the
system adopted throughout this paper, we now
express the Faraday rotation in radians per unit
length of waveguide, the unit of length being
2o. We thus have

v (F.~F)

In practice, it is convenient to think in terms of
the rotation in degrees per centimetre, which is

180 = o

¢= T Bs — B-) -oennenn (70)
Again the sign convention is such that a positive
value of ¢, or ¢ represents a left-handed
rotation.

It is often desired in practice to obtain the
maximum rotation for minimum loss, and it is
convenient to express the rotation as so many
degrees in the length of guide for which the
loss is 1db. Suppose that the propagation

735



R. A. WALDRON

constant is y=9+jB8 ; alternatively B may be

supposed to contain an imaginary part - jd.
The damping factor is thus e~%, and the
length of guide in which the loss is 1db is
= ;— log.(antilog;, 0-05)
ie. 1=0-1151/3
The rotation per unit loss is thus ¢, =/,
. 0-1151 x 180 , 5 =
ie. = T’((fu — By (1D
‘0

The rotation per unit loss is often called the
“specific rotation”. This usage is unjustifiable,
and we shall use the term “specific rotation”
in its proper sense.

9.1. Specific Rotation

A convenient unit in terms of which Faraday
rotation may be expressed is a rotation of x in
a length of waveguide %,. Thus specific rotation
may be defined as the actual rotation per
unit length (i, being the unit) expressed as a
multiple of this unit. We then have for the
specfiic rotation

e=qp/a=(fs—f-) ... (72)

It will be seen from the results of Section 8
that for the H;,, mode, in which we are mainly
interested, the phase constant curves for
positive values of « are always above those for
negative values of «, so that . > f-, and ¢,
. ¢, and ¢, are all positive, corresponding to
an anti-clockwise rotation of the field patterns
as the wave progresses.

9.2. Non-Reciprocity of Faraday Rotation
Suppose that the polarizing field is directed
in the positive z-direction, and consider a
forward wave. The specific rotation is
7.=(f+—5-)
For a backward wave, . and f- change
sign, so that (. — f-) changes sign. Now,
this gives the rotation as observed by an
observer looking in the direction of propaga-
tion ; for an observer looking in the same
direction regardless of the direction of travel of
the waves, this change of sign does not take
place, and the rotation is in the same sense
for forward and backward waves. If a wave
travels a certain distance along a guide and
is rotated through an angle +¢6 with respect to
the direction of the polarizing field, and if then

736

the wave is reflected and returns to its starting
point, the rotation on return is again +0, so
that at the starting point the returning wave,
instead of being rotated back to the orientation
of the outgoing wave, has been rotated through
an angle +20 with respect to the outgoing
wave. Thus Faraday rotation is a non-
reciprocal effect.

9.3. Results

A large number of results will not be given
here, but the general behaviour will be indicated
by selecting a few cases. Fig. 21 shows the
specific rotation, q,, as a function of b/a, for a
range of values of «/#,. The value of ¢ is 10,
is unity, and « is +0-5.

For a/th,=02, B. becomes zero at
b/a=0-546, and for values of b/a below this
value B- is imaginary, so that ¢, is complex. A
complex value of Faraday rotation may be
interpreted physically by considering the be-
haviour of the individual helically-polarized
waves. The left-helically polarized wave has a
real value of B, , and so can propagate without
attenuation. The right-helically polarized wave
has B_ imaginary, and so is evanescent; in an
infinitely long system it would not exist, but if
it is generated at some point with amplitude
equal to that of the left-helically polarized wave,
it will have a finitc amplitude a finite distance
away. The two waves will combine to give a
composite wave of the Hy, type at the point of
origin; there will then be linear polarization at
the centre of the waveguide. This linear
polarization will change progressively as the
waves proceed, becoming elliptical with less and
less eccentricity. At an infinite distance, the
right-helically polarized wave will have died
away completely, so that at the centre of the
guide there will now be circular polarization.
The real part of complex rotation is to be
interpreted as a rotation of the axes of the
ellipse of polarization in a system which is not
infinitely long; the imaginary part represents a
progressive change in eccentricity.

For the empty waveguide (b/a=0), when
a/%, is sufficiently great for propagation to take
place, the Faraday rotation is zero. As b/a
increases from zero, ¢, increases, as can be seen
in Fig. 21 for the cases a/,=04, a/r,=03.
When a/#, decreases below the cut-off value
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(0-29303), the curve of ¢, against b/a intersects
the b/a axis at the cut-off value of b/a, with
finite slope, provided that the bulge has not yet

appeared. Below this value of b/a, both B.

and B. are imaginary, so that the Faraday
rotation is imaginary. In an infinitely long
system, no wave propagates and the situation is
trivial. In a finite system, if the two helically-
polarized waves are of equal amplitude at z—=0,
then at z=z the amplitudes will in general be
different, so that at the centre of the waveguide
there will be elliptical polarization of eccentri-
city varying as z varies, and of amplitude
approaching zero as z approaches infinity. As
a/k, decreases further, and if ¢ is sufficiently
great, the bulge appears and there is a range of
values of b/a for which ¢, is complex, as dis-
cussed above for the case a/x,=0-2.

4 6
RAOIUS RATIO b/a

Fig. 21. Curves of specific rotation ¢, against b/a
for e=10, u=1, a=+0-5, and stated values of a/},
(H;; mode).

It is interesting to notice that ¢, reaches a
maximum value for some value of b/a; for
suitable values of a/k, this occurs at such a
value of b/a that the E,; mode is cut off. For
example, when a/%,=0-2, the maximum value
of ¢, occurs when b/a==0-66, while the Ej
mode does not exist for any value of b/a. We
also notice that this maximum value of ¢, is not
greatly dependent on the value of a/k,, and that
the value of b/a is not very critical. For a
polarization field well below the value required
to give ferromagnetic resonance, we may write,
from eqns. (50) and (51),

la| cho; nex1
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Examination of Tables 4-13 shows that B, -8 -
is approximately proportional to |«|, when all
the other parameters are constant. It follows
that at the maximum point ¢, is approximately
proportional to %, so that the rotation for a
given length of the waveguide-ferrite system,
equal to ¢/, is approximately independent of
Mg, i.€. of frequency. The implications for broad-
banding of Faraday rotation devices are
obvious.

10. Power Flow
We shall confine our attention here to the case
of a waveguide containing a dielectric rod. The
power flow across a small area in the transverse

plane is given by
dP —(E x H*). ds

where the asterisk (*) means that e¢'“* is to be
replaced by e '“*. Equations (42)-(45) give
H., H,, E, and E, in terms of H. and E. for
the ferrite case. Putting w=1, «=0, for the
dielectric case, these give

.

H*,, kll‘-' { ‘5rl7 CH, e . 9_01:./} |
Eu /\a: {jB. -%L; L4 ‘,"!l:p ‘ H’I
22 kll-' {_pB-E/+jum,. aa’:f.}

In the space surrounding the central dielectric,
which may contain only air, or another
dielectric, the field equations may be obtained
from eqns. (75) by putting =1, when &;
becomes identical with k,. Thus

H*,, l]\‘ {js.—ag—"’+$ B : )
Eu= Sr | 6. cL N

E ¢4 -1—",_, { 4 E.;+jou,. —aaﬂ—‘} )

......... (76)

737



R. A. WALDRON

Evaluating eqn. (74), we obtain, for the central dielectric, using eqns. (36) and (76)

2p
dP;“kaf[s £0d’y’ - uoB’f] [J’p-l(klr)— T Btkin) Jp s (klr)] ds -
¥

2p p
== kL ASBY k) | Ty (k) - T stk | dS

dP; being the (complex) power flowing through the element of area dS, lying in the transverse
plane. Similarly, using eqns. (20) and (76), the power flow in the medium surrounding the central
dielectric is

2p
dp, 0Bk dS (&C)" - oy l: Jot—y (kor) - /\_0’ dpkor) . JP—l(kOr)]+'
2p
(8D - gq,G,,E)I:Y,,?_l(kor)_Z’u—r Yaoko) . Y-, (kor):l +
T 2(90C9Dn - l‘OGpr)[Yp—l (kor) . Jp—l (kor) -
,%(Y,,(kor) Ty ki 4 Tykor) . Yoy (k) >] s
[}
ipkods 2Otk [J,,_l(kor) - k%.J,,(kl,r) ]4- ’
r

+2D,G,.Y y(kor) [Y,, —y(kor) - kL.,r Y, (kor) ]

+HED+ GG 1tk | Ysa k)= 12 Xy ]+

+Yn(kur),:-]p—1(kur)" 'k—por -Ju(kor):l j

The second terms on the right-hand sides of eqns. (77) and (78) contain j as a factor, but it
cannot be concluded that they are imaginary, since the arbitrary constants are, in general, complex.
Similarly, the first terms on the right-hand sides are not necessarily real. The right-hand sides
must therefore be retained as they stand; when a numerical example is taken, dP, and dP;, can then
be taken to be the real parts of the right-hand sides. This applies also to the expressions which
will be obtained below for the total power flow in the guide.

It should be remembered that E. and H. both contain the factor e 170, so that there is implicit
on the right-hand sides of eqns. (77) and (78) a factor € %70, which represents either cos’p% or
sin'ph.  We may thus write

2w
rds ardr >

2ar.dr (p=0)
80

We now require the total power flowing in the waveguide, which may be split into two parts,

the total power flowing in the central dielectric and the total power flowing in the medium
surrounding it. Integrating eqn. (77), we obtain

Pi= oBk? [ gge A’y — B’} ] U (k:b) - jpk,°A DB Vel 79
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where

Us(kib) = b [Jf(klb) - MBIk +3D) |

Uk~ & [Jf(klbmf(klb) ] +

o |
kz[J, (lub)—l]

1

J, —o(kib)Jy _ 1 (Kib)+ 12, _l(klb)] +\

Utk =12 [J —alh) — 202
P> 2
2w &
P 3itkib) - 1]+ LS Jikab)
kl kl ‘q_(l
and

V lkib)= 1,:(k:b) for p > 1, V (kb)) =2J5*(k:b)

Similarly, for the power in the medium surrounding the central dielectric, on integrating eqn. (78)

+(&D,’ - wG,") (U, (k) - Uy (kib)|

P.= 0Bk {(soc: — wF?) [Un(kia) - U,(kob) '

+2(eiC, D, — wF,Gy) (U, (k@) = U, (kib)
- jpkoz ‘chn [Vp(koa)_ Vv(kob)] )

pIp

V) (ke) = V) (kob)
( + (FpDn + CpGp) [V,,”(koa) - Vp”(kﬁb) )

where U’,, V’,, are obtained from eqns. (80) by replacing J everywhere by Y, and u”, v”,, are
obtained from the equations by replacing J%, everywhere with J..Y., and J,J.—, everywhere with

050 = 1Y+ Yo 1)

11. Losses

In Section 8 exact solutions have been given
of the characteristic equation for the lossless
case, i.e. for real values of the parameters
a/d. b/h, € n, and a. These results may be
extended quite easily to cover the case of small
losses by the following method. The charac-
teristic equation may, in principle, be written

B=—B‘(a/)"0: b/}‘o, € H, (l)

although it would be very difficult to do this in
fact. If a small change in, say, n takes place,
then

E"'BBj:E(a/;‘Oy b/;"ﬁi £, I"+6I"’ U‘)

- 0
where 38 = % 5u. It would be very difficult to

9B
calculate —
o

equation; apart from the tedium of the algebra,
the result would be an equation for 98/0u much
more complicated and difficult to solve than the
characteristic equation itself. However, it is not
necessary to go to this trouble; from the results
given in Section 8 it is possible to plot rough

by differentiating the characteristic
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graphs of B against y, for constant values of the
other parameters. From such graphs values of
9B/du can be obtained that are sufficiently
accurate for practical purposes.

In general, it is found that  is a complex
quantity which may be written ' —ju”; the
imaginary term p” represents a magnetic loss.
Provided that n” <€y, we may replace dp
by ju” in the preceding paragraph, so that
3B= - ju” 8B/ du; this is imaginary, indicating
an exponential decay of the amplitude as the
wave progresses along the guide. Losses due to
imaginary parts of « and ¢ may be treated in
the same way.

There may also be dielectric losses in the
medium that surrounds the ferrite in the guide.
These may be expressed by an imaginary part
in ¢, and by a change in the value of ¢”. The
characteristic equation (34), can be written ina
form such that £, does not occur explicitly, only
as a product with u,. The imaginary part of
can be thus be expressed as an imaginary part
of %, hence of a/k, and the corresponding
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imaginary part of the phase constant can be
found in the same way as for imaginary parts of
g, i, and o.

There remains the loss due to the finite con-
ductivity of wave-guide wall. This can be
treated in the manner described by Lamont3,
and we shall not discuss it further here. To
use Lamont’s result, it is necessary to know the
magnetic field at the guide wall, which can be
obtained from eqns. (46) and (20), once the
characteristic equation has been solved and the
arbitrary constants evaluated. It is also neces-
sary to know the power flowing in the guide.
This is dealt with in Section 10 for the dielectric
case; the ferrite case may be treated analo-
gously.

12. Approximate Methods

Because of the difficulty of the exact solution
of the characteristic equation, several attempts
have been made to obtain approximate solu-
tions. Berk™ has given a detailed treatment of
approximate methods for treating cavities and
waveguides containing inhomogeneous and
anisotropic media. Suhl and Walker’ give two
perturbation formulae; one is for a cylindrical
guide containing a thin rod of ferrite, regarded
as a perturbation of an empty guide, the other
for a guide containing a ferrite of arbitrary
radius, regarded as a perturbation of a guide
containing a dielectric of the same radius and
relative permittivity.

These results are of limited value, because in
practice the value of radius ratio (b/a) is not
small, and the magnetic properties of a ferrite
(w and a) depart considerably from those of a
dielectric (n=1, «=0). However, the case of a
thin rod is useful as a check on the exact theory,
so a formula will be quoted here. This formula
is equivalent to that of Suhl and Walker, but
we have repeated the work and give the formula
in the notation of the present paper, with
n and o as parameters instead of Suhl’s and
Walker’s o and p (See Section 1). For the H,,
mode, the perturbation result is

Y 2:0947 b*la¢ (e-1
{ e+ 1

B~ (1-008587 »2/ad) |e+1

%% pta-1
+ | 1-0-08587 7:] <Ea+—l) :

For the E,; mode, there is no contribution due
to the magnetic properties of the ferrite, and the
result is

B _ 027184 /a (s~ 1)
B2,
[on 01465]

It will be seen that as a/k, approaches the
value at which cut-off occurs in the empty guide,
88/B approaches infinity. Since the derivation
of the perturbation formulae depends on the
assumption that 88/8 is small, eqns. (82) and
(83) are only valid well away from cut-off in the
empty guide. This is true of all modes, not only
the H;; and E,,.

Another case we shall find useful is that of a
guide containing a dielectric rod of slightly
smaller radius, regarded as a perturbation of a
guide filled with dielectric. For the H;; mode,
we obtain

38 04184 (- 1)(1-b/a)
B I
which is again applicable only well away from
cut-off.

13. Accuracy and Checks

While there is no way of demonstrating that
the values of phase constant that we have
calculated are all correct, it is possible to make
checks in certain cases. A complete check
would require an alternative method of obtain-
ing the results; such a method must be at least
as difficult as the one used in the present work.
For the case of small ferrite radius, or the nearly
filled guide when p=1 and «=0, however, the
results obtained may be compared with calcula-
tions from the perturbation formulae of Section
12. This has been done, and good agreement
has been found; however, the ranges over which
perturbation theory is valid are quite small.
Another check that we have applied is to
calculate the phase constant for the filled guide
from Suhl’s and Walker’s” characteristic equa-
tion (eqn. 23 of the present work) and compare

where B is the normalized phase constant in the empty guide and 8+ 88 is the normalized phase
constant when the guide contains a thin rod of ferrite.
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this value with the value obtained from eqn.
(34).

We have thus made independent checks of
the results for the cases b/a small, b/a=1, and
b/a slightly less than 1, and we conclude that
since the electronic machine has given correct
solutions in these cases there is no fault in the
programme. It may therefore be assumed that
all calculations will be correct, unless there is a
machine error or a wrong value of a parameter
is supplied to the machine, due to an error in
punching cards. Machine errors have occurred
due to the extremely complicated behaviour of
the determinant of eqn. (34), regarded as a

function of B. It has been impossible to foresee
all difficulties, but many have been cleared up
in the course of the work; however, there have
remained some points of difficulty which could
not be conveniently allowed for in the pro-
gramme. Since the machine is not intelligent,
it has sometimes been misled in such cases, and
has given a spurious result. In some cases we
have not been able to discover why this has
happened.

Often a spurious point has been detected be-
cause it does not lie on a smooth curve drawn
through other points; in these cases, a value has
been estimated, and the machine set to search
for a result in this region. It is possible that
some spurious results have been obtained that
have not been detected. Every result has been
checked graphically against other results, so
that there can only be spurious results which
differ from the correct result by an amount too
small to show up in this way. The error in these
cases will usually not be important for most
practical purposes—an error sufficiently large to
matter would have been detected. We have
estimated that less than 5 per cent. of points will
have such undetected errors.

There remains the remote possibility that the
programme is such as to give correct results for
b/a~0 and b/a~ 1, but not in between,
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although the results it does give lie on a smooth
curve. The probability of this has been
rendered extremely small by making indepen-
dent calculations of the phase constant in one
or two cases and comparing these results with
those given by the machine.

The machine programme was so designed as
to give results accurate to +1 in the third
decimal place; this applies to the phase constant
calculations. The values given of b/a for
cut-off, or of £ or y for cut-off in the filled guide,
are accurate to + 1 in the last significant figure
given. Calculations on the machine have been

made either of 8 for a given value of b/a, or of

b/a for a given value of B. The given values of
b/a are always multiples of 0-05 while given

values of B are always odd multiples of 0-125.
It is thus easy to see, in the tables, which of a
pair of values is the one whose accuracy is
+ 0001 and which is the one to be taken as
exact. In the case of the cut-off curves of b/a
against £ or yu, the given value has always been
that of & or u, and b/a is the calculated value.
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Table 8 : Phase Constants, a/#,—0-3, u=0-8
{a) Hy, Mode, ¢ = 5 (b) H,, Mode, € = 10
—a - e
Values of B
b/a oA Values of B
a= Ja= a=las= Qe = a= as= as=|a= )
-0.5 |-0.25 +0,25| +0.5 -0.5 |-0.25 +0,25 | +0.5
o o.215 | 0.215 | 0.215 | 0.215 | 0.215 [ 0.215 | 0.215 | 0.215 | 0.215 | 0.215
01 | 0.2 ]0.272 | 0.273 | 0.273 | 0.7 0.05 | 0.233 | 0.233 | 0.233 [ 0.233 | 0.233
0.2 | 0.397 | 0.403 { 0.408 | 0.213 | 0.417 0.1 | 0.283 | 0.28; | 0.285  0.286 | 0.286
0.3 | 0.545 | 0.576 | 0.59 | 0.616 | 0.677 0.15 | 0.352 | 0.356 | 0.359 [ 0.361 | 0.363
0.4 | 0.710 [ 0.785 | 0.873 | 0.970 | 1.069 0.2 | 0.434 | 0.243 | 0.451 | 0.259 | 0.265
0.5 | 0.298 | 1.077 | 1.280 | 1.479 | 1.659 0.25 | 0.527 | 0.551 | 0.576 | 0.60l | 0.625
0.6 1.098 | 1.360 | 1.612 | 1.836 | 2.035 0.3 0.641 [ 0.713 | 0.812 | 0.936 | 1.074
0.7 | 1.268 | 1.558 | 1.820 | 2.050 | 2.256 0.35 | 0.209 | 1.060 | 1.410 | 1.739 | 2.016
0.4 1.100 | 1.570 | 1.976 | 2.309 |R.592
Io.u 1.439 [ 1.933 | 2.326 | 2.654 | 2.940
(e) My, Mode, € = 15 () %) Uode, ¢ « 5 (e) Eg Moge, & = 10
Values of B Vi Values of B
v/a v/ alues of B v/a
a = a= a=|a-= a = a0 50 a= = a =
-0.5 }-0.25| o [+0.25 [+0.5 o 20.5 [} 20,25 | 20.5
[ 0.215 | 0.215 | 0.215 | 0.215 | 0.215 0.12 o ° °
0.05 | 0.234 | 0.234 [ 0.234 | 0.235 | 0.235 B | © :
0.20 0.15 0.436 0.431 0.416
g.{s g.zz 0289 | 0,200 | 0.2%0 | 0.291 0.2 amn || © 0.2 0.645 | 0.639 | 0.622
Ols | o2 | 0.3 0.369 | 0.372 | 0.374 0.3 0.572 | o.538 0.25 0.7% | 0749 | o.728
o 0.527 g 0.477 | 0.289 | 0.500 0.4 0718 | 0.473 0.3 o.e28 | 0.819 | 0.79
o . 0. 0.700 | 0.804 | 0.925 0.5 0,809 | 0.753 0.35 0.882 | 0.872 | ©0.84
o5 | V2 | ik: | 2iees | 3o | 358 0.6 o8, | 0.&29 0.4 0.7 | 0919 | 0.89%
oot || vt || Bans || Bt | B0 | | 66 0.7 0.9%5 | o.970 045 0971 | 0.99% | .04
Table 9: Phase Constants, a/i.,=03, n=1
Hy, b
(a) Hy, Nods, ¢ = 0.5 D E R G 00 (e) #)) Node, ¢ = 3
v
Valuea of B oA alues of B Valuee of B
b/n N N a = a = a = b/a
= N B -0. ] 0. ax |las {a= |a= |a=
-0.51 0 |+0.5 > *0-5 Zous 0,25 o | +0.25|+0.5
o 0.5} 0.215 | 0.215 o SR |58 |55 0 0.215 | o.215 | 0.215 | 0.215 [o0.215
010 [ 0.178 | 0.179 {0.180 o || 85| |68 || 5 0.1 | 0:257 | 0.258 | 01259 | 0.259 | 0:260
g-llg 0.123 | 0.125 | 0.126 0.3 | o.202 | 0.215 | 0,222 0.2 | 0.351§ 0.358 | 0.363 | 0.367 | 0.370
. ° ° 0 0. | 0:19 | 0,215 | 0,228 0.3 | 0.457 | 0.475 | 0.491 | 0.506 |0.518
0.5 | o0.18s | 0,215 | 0,234 0.4 | 0.557 | 0.59% | 0.634 | 0.670 | 0.706
0.6 0.181 | 0.215 | 0.241 0.5 0.648 | 0.715 | 0.786 | 0.860 | 0.936
07 | 0174 | 0.215 | 0,247 0.6 | 0.730 | 0.829 | 0.940 | 1.0% |1.173
o2 | 00168 | 0.215 | 0.252 0.7 | 0.807 [ 0.9%7 | 1.079 | 1.224 [1.366
0.9 | 0.163 | 0.215 | 0.28% 0.8 | 0.88) | 1.038 | 1.197 | 1.355 {1.507
) 0158 | 0,215 | 0:252 0.9 { 0.966 | 1.138 | 1.302 | 1.460 [1.611
. 1 1073 | L7711 | 1.430 | 1.575 | 1.714
{(d) H“ Mode, € = 5
»/a Values of @
= a = a = a = = e = =
0.75]|-0.5 |-0.25] 0 [+0.25]+0.5 {+0.75
[ 0.215 | 0.215 | 0.215 | 0.215| 0.215 | o.a15 | 0,215
0.05 | 0.229{ 0.229 | 0.229 | 0.230 | 0.230 | 0.230 | 0.230
0.1 | 0.269 | 0.270 | 0. 0.272| 0.27) | 0.273 | 0. 274
0.15 | 0.322 | 0.327 | 0.330 | 0.333| 0.335 | 0.336 | 0.338
0.2 | 0.381 | 0.3% | 0.398 |0.404| 0.409 | 0.41¢ | 0.418
0.25 | 0.440 | 0.457 | 0.472 | 0.485 | 0.49 | 0.506 | 0.515
0.3 | 0.497 | 0.524 { 0.550 | 0.575 | 0.59 | 0.620 | 0.640
0.35 | ©0.550 | 0.591 | 0.633 [0.678 | 0.724 | 0.770 | 0.814
0.4 | 0.599 | 0.657 | 0.724 | 0.801 | 0.887 | 0.978 | 1.068
0.45 | 0.644 | 0.723 | 0.822 | 0.947 | 1.091 | 1.239 | 1.279
0.5 | 0.687 [ 0.788 | 0.929 | 1.110 | 1.306 | 1.493 | 1.662
0.55 | 0.727 | 0.855 | 1.040 | 1.268 | 1.49 | 1.699 [ 1.883
0.6 | 0.766 | 0.920 | 1.146 | 1.404 | 1.645 | 1.860 | 2.052
0.65 | 0.205 | 0.985 | 1.242 | 1.516 | 1.764 | 1.984 | 2.182
0.7 | 0.845 | 1.048 | 1.326 |1.607 | 1.858 | 2.082 | 2.284
0.75 | 0.887 | 1.108 {1397 |1.6m | 1.934 | 2.160 | 2.364
0.8 | 0.9 | 1.169 | 1.258 | 1.741 | 3.995 | 2.222 | 2.429
0.85 1231 .21
742
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Table 9 (cont.)
(e) H , Mode, € = 10 (t) B)) Wode, & =15

—
Values of B
Values of ¥ bv/a
b/a a= aw |a= as las a= as
oo llge ips il oo as |ax |a = 0,75 0.5 | -0.25 +0,25| +0.5 |+0.75
075 { =0.5 |=0.25 +0.25 +0.5| +0.75 5 0-:1)5 °°§;2 O.%S O.,gi gzgg g.”: g%;
[ 0.215 | 0.215 | 0.215 | 0.215 | 0.215| e.215 | 0.215 0.05 | 0.2% | o. 0.234 | 0. . . .
0.05 | 0.232 |0.233 | 0.233 | 0.233 {0.233| 0.233 | 0.233 0.1 | 0.285 | 0.286 | o0.288 | 0.289 | 0.250 | 0.290 |o0.291
0.1 | 0.280 |0.282 | 0.283 | 0.284 | 0.285| 0.286 | 0.286 0.15 |0.352 |0.358 | 0.362 | 0. o.y0| 0.372 |o.315
0.15 | 0.344 |0.349 [ 0.353 | 0.356 | 0.359] 0.361 | 0.363 0.2 | 0.426 | 0.44c | 0.454 | 0.467 | 0.479 | 0.489 | 049
0.2 | 0.4 | 0.425 | 0.436 | 0.445 | 0.453 | 0.460 | 0.466 0.228 0.625
0.25 | ©0.484 | 0.508 | 0.631 | 0.55 | 0.580 | 0.602 | 0.623 0.232 0.625
0.250 0.625 0.238 0.625
0.255 0.625 0.2.8 0,625
0.263 0.625 0,25 |o. 0,53 | 0.575 | 0,63 } 0. 0,
0.213 0.625 0,251 0.875
.268 I 0. 0.256 0.75
0.295 0.875 0.261 1.125
0.3 | 0.553 |0.597 | 0.653 | 0.726 | 0.816 [ 0.919 | 1.029 0.264 0.625
0.306 1.12§ . 26 0,875 |
0.307 { | 0.875 0.267 1.125
0.315 ! 1 1.125 0.268 1.375
0.319 1 1.77% 0.273 1.625
0.325 | 0.775 0.274 1375
0.329 1.125 0.276 1125
0.330 1375 @ g.gg 0.675 T 1.675
0.33] | 1.625 . .
0.344 1 1.625 0.285 L7758
0.345 | 1.675 0.286 2.125
0.347 1775 288 5
0.35 | 0.615 | 0.699 | 0.842 | 1.09¢ { 1.2l | 1.705 | 1.955 0.293 T.125
0,352 L12s | o.;;,L 1.625 aizs 2775
0.3 C.675 0. .
0.360 2.125 0.3 |0.579 |o0.654 | 0.836 { 1.275 | 1.78) | 2.193 |2.524
0.361 1.875 0 0.875 .875
0.365 1.625 g.% 1.775 s I
0.375 1.775 . .
0.380 2.775 0.315 1.625 | 2.125
0.381 2.125 0.316 2.875
0,387 | 0,320 2.625
0.393 1.125 1.125
0.4 .684 | 0.828 2 1.675 | 2.375 ners
ortod 2.875
0.407 .75 1.375
0.415 2.125 2.125
0 L7375 2.625 -
o. 1.87 .
o.?; i 2.875 0.657 | 0.867 | 1.543 | 2.166 | 2.644 | 3.037 | 3.378
0.441 2,625 0
0.45 | ©.749 | 1.004 | 1.524 | 1.985 | 2:357 | 2.674 | 2.9%) 1.625
[ 0.433 2.375 3.125
0.457 1.825 o6 2.375 T .
0.476 2.125 . X
0.482 3.125 0,773 3,625 |
0.4%0 o | 1oa z.nz g.m L1z T.875
0.5 { o.86 1. 1780 | 2.229 t2.597 | 2.916 §3.201 . d
0.55 | 0.888 [ 1.3% 2.399 3,087 0.3%8 2.625
0.6 1.5% 2.524 3.215 0.4 | 0.743 | 1.280 | 2.066 | 2,635 | 3.092 | 3.484 | 3.833
0.65 1.648 2.619 3.312 3.125
0.7 1777 2.692 3.388 g.ﬁr{) s 2.125
0.75 2.811 2.750 _ 3. . .
0.8 1.90 2.7%5 3.2% 0.440 2.875
0.85 3.535 0.445 1.625 R
: [ T.651 [ 2,778 [ 2.9 | 3.7 |3.76% | 415 |
0.49 1.875
0.5 | 0.970 |1.903 | 2.584 | 3.111 | 3.559 |23.9%6 |4.017
0.504 3.125
(g) Eg) Uode, & = 5 (n) Eg; Mode, & = 20
oV Values of B - Values of B
a a —
&= la= a = a= las= a = (1) By, Mode, ¢ =15 (j) E,, Mode, ¢ = 10
o £0.25 | 20.5 ] 20,25 | 20.5 —9o1 - -7 et § ittt i
0.189| © 0.1181 0 0 Values of B Values of B
0.1% 0 0.119 0 b/a b/a ez lo- P
0.1% 0 0.15 | 0.449 | 0.445 | 0.433 a= |la= |a-= s I* 6 =
0.2 [ 0.206 | 0.197 | 0.170 0-55 g-%}, g-fgg g-;ﬂs&z 0 [20.25 |-0.5 . D
0.3 0.595 | 0.588 | 0.567 0. . - -
0.4 | 0.751 | 0.741 | 0.713 0.3 | 0.85) [ 0.846 | 0.824 0.0 0 g.ﬁx; . °
0.5 | o.e58 | 0.e6 | 0.809 0.35 | 0.915 | 0.906 { 0.880 0-093 c 2 5
0.6 0.958 | 0.946 [ 0.908 0.4 0.971 | 0.962 | 0.937 o-l‘94 0 o¥is o.u05 | 0.3
0.7 [ 1.om | 1iem | 1.079 0.45 | 1.029 | 1.054 s || BLS| | QL || IS 0.5 0.561 | 0.301
0.8 | 1235 | 1.264 | 10333 0.5 | 1.100 | 1.39 5 || B || G4 |[fe 0.55 | 0.520 | 0.675 | 0.5as
ois | 10193 [ 1m2 0.25 | 0.885 | o.e7e | o.es8 ot | o7 | 078 | ocs
0.6 | 1.32 9.0, | 9:%%0 | 0.2 o.218 0-65 | o.%s | o.%21 | 0.726
(k) H_, Mode, ¢ = 10 o || S B | B8 558 o 07 | 1.267 | 1ie75 | 0,799
T i | BEIR R (wEsps
Val 0.8 ( 2,074 . . . . . . . -
b/a LG A 0.85 | 2.222 0.85 | 2.ca1 | 1.5%
o = o=
o 2045 (1) HZ] Mode, e = 10
g.g) [} 0
. 0.893 | 1.102 Values of
0.5 [ 1.335 | 1.515 b/a - L]
g.zs 1.:2 161 e
5 1. 2.159 =0.5 o Oe
0.65 | 2.015 | 2.395 +0.5
o | B 2 7 S || S
. 245 | 2,743 0.75 | 0.587 | 0.293 | 0.142
0.8 | 2,321 | 2.869 0.8 | o. o g
oies | 23 | 3rom 938 | 0.54 | 0.272
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Table 10 : Phase Constants, a/),—0-3, u=1-2

Pl (2) fyy Mote, ¢ = 20
Values of § Values of B
b/a v/a N
a a= a= am a = a = a a = a -
2.5 |Zon2s o +0.25 | +0.5 0.5 |-0.25 o +0.25 | +0.5
o 0.215 0.215 0.21 0.215 0.215 [ 0.215 0.215 0.215 0.215 0.215
0.1 0.269 0.270 0,27; 0.272 0.273 0.05 0.232 0.233 0.23) 0.233 0.233
0.2 0.183 0.3%R 0.399 0.405 0.410 0.1 0.281 0.282 0.284 0.284 0.285
0.3 0.53 | 0.5% [ 0.855 | 0579 | o. 0.15 0.345 | 0.3% | 0354 | 0357 | 0.360
0.4 0.610 | 0.669 | 0.738 | 0.815 | o.89 0.2 Q.46 | 0.428 | 0.438 | O.44b | 0.454
0.5 0.704 | 0.813 | 0.9 | 1.139 | 1.324 0.25 0.489 | 0.512 | 0.536 | 0.559 | 0.582
0.6 0791 | o. 119 | 1.4 | 1.673 0.3 g-:gg g-% g-‘sﬁ o g-;}:
0.7 0.876 | 1.099 | 1.381 | 1.652 | 1.89 0.35 ' g H . .
d 0.2 0.70, | 0.87¢ | 1.220 | 1.6 | 1.9%
0.45 0779 [ 1.087 | 159 | 2.1 | 2.3
(e) Hy) Mode, ¢ =15 (a) Egy Mode, c= 5 (e) Eg) Mode, € = 20
A Values of B rb/a Values or @ Values of B
a = a a = a = a = a = a = v/a a = 5
-0.5 -0.25 0 40,25 | +0.5 0 20.5 [} 20.25| 0.5
[ 0.215 [ 0.215 | o215 | 0.215 | o215 019 | o °
0.05 0.23 | 0.23% | 0.23% | 0.234 | 0.235 0.2 b f @A ]| e o 9
011 0.285 | 0.287 | 0.2828 | 0.289 | 0.2%0 o3 | ordae { o283 oz | 61 58y | o
015 | 0353 [ 0359 | 0363 | o, 0.370 0.2 | 0786 | 0,752 o5 | 071 | o | outee
0.2 5 0.2 | 0456 | 0,483 | oias0 0.5 | 0.1 | o0.e66 03 | ocass | orens | ormae
0.25 0.508 | 0.54 | 0.533 | 0633 | o.6as 0.6 | 1w | oio%2 0.3 | oons | o:6es | oo
0.3 0.5% | 0.676 | 0.869 | 1.021 | 1.474 0.7 | 1.202 | 1.200 o. ¥ T | v
0.35 0.679 | 0.9 | 1.615 | 2.187 | 2.638 . -4 | 0.%€7 | 1.013 | 1.022
bVt oreé | Va6 | 2na | aeey | v 0.45 | 1.1(0)f 1125 | 1.104
Table 11 : Phase Constants, a/2,—0-4, p=0-8
Q) G Cxn0 0P (v} B Mode, & = 10
v/ Values of B Values of F
e = a - a= a= Q= v/8 o0 SR o= s =
=0.5 |-0.25 | o | +0.25] +0.5 -0.5 | =0.25( 0 |+0.25 | +0.5
[ 0.681 | 0.681 | 0.681 | 0.681 | 0.681
0.05 | 0.685  0.685 | 0.686 | 0,686 | 0.686 o108 e 3;& &22, 3;23 ‘;'22
0.1 0.699 | 0.7 | 0.703 | 0.705 | 0.707 6.1 | 6704 | 0.707 | 0.709 | 0.1 | 0.3
0.15 | 0.722 | 0.729 | 0.735 | 0.740 | 0.745 o1 | 03 | orer | 0.758 | 0.768 | 0i770
0.2 | 0.75% | 0.772 | 0,786 | 0.800 | O. 0.2 | 0.7 | 0.3 | 0.857 | 0.093 | 0.9
3 |1eell B 1R | [ | 0.25 | 0.8% | 1,038 | 1.259 | 1512 | 1758
0.35 | 0.935 | 1.060 | 10210 | 1oy | Liszr 03 | 1.162 | 159 |1.9% } 293 [2.5%
0.4 | 1,030 | 1.232 | 1.449 | 1.651 | 1.833
0.45 | 1,139 | 1.399 | 1.644 | 1.8Q1 | 2.084
(o) Hy) Mode, s =15 4) By Mode, ¢ =5 (e} oy Mode, € = 10
VYalues of F Values of §
b/ b/s v/ Vajues of B
- a=las |as [a= ©J © & e clas [eo=
0.5 [ -0.25| 0 [+0.25 | 0.5 0 20.5 o [20.2520.5
[ 0.681 | 0.681 |o0.6m | 0.6m |o.6m ° 0.29% | 0.29
0.09 | 0.606 | 0.687 | 0.687 | o. 0,688 0.05 | 0.344 | 0348 0 0.290| 0,29
o1 | 0707 | 0.0 {0.713 |0.715 | 0.717 0.1 | 0.266 | 0.464 0.05 | 0.405{ 0.405( 0.405
0.15 | 0.746 | 0.759 | 0.772 | 0.78% | 0.798 0.15 | o.3e8 | 0.582 o1 | 0.6L| o.612| 0.609
02 | 083 [ o.en |1.0m8 [1.922 |16 0.2 | o0.685 | 0.673 0.15 | 0.768| 0.765| 0.758
0.25 | 1127 | 1.8% |2.417 | 2.835 | 3.187 0.25 | 0.7% | 0.738 0.2 | 0.869| 0.865| 0.853
0.3 811 | 0.787 0.25 0.945] ©0.939| o0.922
0.35 | 0.35 | o826 0.3 005 1.0 | 0.995
b 0. 0.864
0.45 | 0.926 | 0.8
(a) Ry, Hode, & = 0.5 Table 12: Phase Constants, a/,—04, - |
e eertl (D Ly 00 U EF s 0o
-0.5 [¢] .5
o .61 | 0.61 [ o.681 /e | velues or K b/a Values of B
0.1 | 0.666 | 0.670 | 0.673 a=]| o=xf[ae=Jams |[a=x ax|aw
8:2’ oo.gzsg g::g g.& -0.5 | ©0 +0.5 -0.75) -0.5 |-0.25| © 40.25 [+0.5 | +0.75
025 | 0.603 | 0.622 | 0.635 0 0.681 |o0.68 | 8.681 0 0.681 81 | 0.601 | 0.601 [0.68
0.3 | 0.573 | 0.597 | 0,614 0.1 | 0.676 | 0.681 | 0,683 0.05 | 0.683 0.686 | 0.686 | 0.686
0.35 | 0.539 | 0.569 | 0.589 0.2 0.663 | 0.681 | 0.6% 0.1 0.6 0.704 | 0.705 |o0.707
0.4 0.577 | 0.589 0.3 | 0.646 | 0.681 | 0.706 0.15 | 0.706 0.73% | 0.741 | 0.746
0.45 | 0.460 | 0.501 | 0.524 0.4 | 0.626 | 0.681 | 0.723 0.2 | o0.724 0.789 | 0.82 | 0.813
0.5 | 0.416 | 0.260 | 0.497 0.5 | 0.604 | 0.681 | 0.741 0.25 | 0.744 0.873 | 0.905 | 0.936
0.55 | 0.369 | 0.417 | 0.456 0.6 | o.s81 [o.6m | 0.756 0.3 | 0.766 1.8 |1.0% |1.174
0.6 | 0.321 [ 0.370 | 0.411 0.7 | 0.559 | 0.681 | 0.761 0.35 | 0.789 1.233 [1.383 |1.528
0.65 | 0.270 | 0.320 | 0.361 0.8 | 0.539 | 0.681 [ 0.751 0.4 [ o.812 14 1.666 | 1.840
0.7 | 0.222 | 0.268 | 0.306 0.9 | 0.521 |o.6m | 077 0.45 | 0.835 1.673 |1.882 |2.069
0.75 | 0.171 | 0.212 | 0.245 1 0.506 | 0.681
0.8 | 0.117 | 0.148 | 0173
0.85 | 0.043 | 0.053 | 0.065
0.86 | o 0 0
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Table 12 (cont.)

(a) 5: Mode, € = 10 (o) l” Mode, ¢ = 15
Values of 1§ Values of §
v/a v/a
as= a = a= e = a = a = a = o= a = e = a = a= a = a=
0.751-0.5 ]-0,25 0 |+0,25] «0,5 {+0 0,75 | <0.5|<0:25| O [40425] 40,5 | 0,75
] 0.681 | 0.681 |0.681 | 0.681 | 0.681 | 0.681 | 0.681 ° 0.601 | 0.6m | 0.68 | 0. ] 0 q
0.05 | o.6as |o.eas |o.6as | c.mr | oueer | oi6mr | o.68 R |G ISR I8S |ifS QL |13 LR
o1 | o697 | 0.7 |0.705 | 0.708 | 0.70 | 0.2 | 0. 713 0.1 | 0.699 | 0.703 | 0.707 |0.720 | 0.713 | 0.725 [0.727
0.15 | 0.m7 | 0729 | 0.739 | 0.748 | 0.757 | 0.764 | 0.770 ods | o2 | o738 | 049 0762 | o.7ra | 0.7ES | 0.7%
K 0.170 0.875
0.195 0.875 0.174 0.875
0.2 0.743 | 0.765 |0.797 | 0.828 | 0.861 | 0.893 | 0.92) 0.180 0.875
0.203 0.875 0.190 0.875
0.216 0.875 019 1
0.195 1.125
0.229 1.125 0.199 1,378
0.23% 1.975 0.2 | 0.752 | 0.789 | 0.844 |0.932 | 1.065 | 1.236 [1.410
0.277 0.875 0.203 1.125
0.240 1.128 | 0204 | 1,375 11,425 |
0,244 1,775 0.207 0.675
0.247 1.625 0.209 1.875
0.25 | 0.774 | 0.829 {0.916 | 1.056 | 1.255 | 1.476 [1.683 0.210 1.625
0.257 1128 | 1.975 | 1.625 0.212 1.97%
0.258 1.675 0,214 2
0,270 1,875 2. 0258 ies
0.272 1.625 0.216 1.87%
0.278 1.37% 0.219 1.625
0.284 2915 0.220 2,975
0.285 2.125 2,225
1,129 0.226 1.975
0,289 1.875 0.227 1.875
0.298 1.625 0.228 2,623
0.3 |0.810 [0.929 [1.225 | 1.637 |2.004 |2.303 |2.562 0.2 2.:75
0.323 1.0 0.2% 2,125
0.3 0.237 1.12% 2.875
0,35 2,128 0.240 0.875 2.625
0.4 235 0.248 1673
0.404 2915 0.248 3125
0,45 2,529 0,2% 0,90 1,339 1,90 | 2. 2,602
il 0.251 1978
0.5 2.740 0.266 1.625
0,6 2,807 0.281 1.125
0.65 2,058 0. | 0.8 | 1313 | 2.0m2 3.484
0.7 2.9 0.305 1,975
0,73
0.8 2.9m
:::’ 23 (1) Hy) Mode, € = 10
0.95 3.009
0.975 .08
b3 3.0% Xalues of B
v/a
as= G =
(n) By Moa 1 O ||8xE
(£) B, Mods, c=5 (g) Egy Mode, & = 10 ode, ¢ = 15
o.288 | 0 °
I3 Values of B Values of § 3 | S | e
Values of alues o 0. " -
v/a alues va s ¥ o Te= Jo- 0.4 | 1615 | 1.806
° £0,25]20.5 ] 0.25 |20.5 0.45 | 1.905 | 2.189
0 0 0.2% | 0.290 | 0.29% Q 0.290 | 0.2%0 | 0.2%0
0.05 | 0.459 | 0.438 | 0.457
oy 00 | 5.5 | orkea | oo 0.1 | 0.703 | 0.70L | 0.69 (1) Ey, Mode, & = 10
0.1% 0.15 | 0.759 | 0.7% | 0.748 0.15 | 0.84% | 0.840 | 0.830 _—
0.2 0.2 | 0.853 | 0.829 | 0.83% 0.2 | 0.927 1 0.922 | 0.906
0.23 0.25 | 0.520 | 0.914 | 0.8%7 0.25 | 0.9% | 0.9 | 0.98Y v/a Values of B
0.3 0.3 | o | 0.973 | 0.959 0.3 | 1.065 §1.040 < Te- =
0.35 0.4 0.995
0.4 0.45 | 1.260 1.041 0.5 | © +0.5
0.45 0.27 ]
0.288
0.3 0.373 | 0.464
0.3 | 0 0.634 | 0.418
0.4 | 0.95 | 0.735 | 0.6%2
0.45 | 0.802 | 0.823 | 0.748
Table 13 : Phase Constants, a/,=04, p=12
(o) Mode, =15 (b} ) Vode, ¢ = 10 & EnnOob)
Values of B Velues of B y Values of B
v/s a= |a= @ = T = &= v/ asm= aa |la= a = o= . as= as= las= a = as
-0.5 (0.25 | © 40,25 | +0.5 -0.5 |-0.25 | © 40.25 |*0.5 0.5 |-0.25 | © 40,25 (0.5
0.681 | 0.681 | 0.681 | 0,621 | 0681 [ 0.681 | 0.6m | 0.681 | o.681 | 0.681 ] 0.681 | 0.681 | 0.681 | 0.681 | 0.681
0.05 | 0.683 | 0.684 | 0.655 | 0.685 [ 0.685 0.05 | 0.685 | 0.686 | 0.686 | 0,687 | 0.687 0.05 | 0.685 | 0.686 | 0.687 | 0.687 | 0.688
0.1 | 0.693 | 0.657 | 0.700 | 0.762 | 0.704 0.1 | o.63% | 0.702 | 0.7¢5 | 0.708 | 0.710 0.1 | 0.700 | 0.704 | 0.708 | 0.711 | 0.713
6.15 | 0.708 | 0.M17 | 0.725 | 0.732 | 0.737 025 | 6.m9 | 0,73t [0.741 | 0.7% | 0.758 0.15 | 0.724 | 0.738 | 0.751 | 0.763 | 0.778
0.2 | 0.728 | 0.746 | 0.763 | 0.778 [ 0.791 0.2 | 0.748 | 0.774 | 0.803 | 0.833 | 0.863 0.2 | 0.7%8 | 0.798 | 0.855 | 0.935 |1.033
0.25 | 0.750 | 0.782 | O.M14 | 0.846 | 0.878 0.25 | 0.78 | 0.843 | 0,933 | 1.067 | 1.234 0.25 | 0.806 | 0.952 |1.39% | 1. 3
0.3 | 0.7r5 | o.g25 | o.e8¢ | 0.951 | 1.023 0.3 | 0.826 | 0.967 | 1.277 | 1.532 | 1.99
0.35 | o.801 | 0.876 | 0.978 | 1.105 [ 1.248
0.4 | 0.828 | 0.9% | 1,098 [ 1.295 | 1.4%
0.45 | 0.855 | 1.0 | 1.229 | L.473 | 1.697
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Table 13 (cont.)

(¢) ‘Q], Mode, & « 5 {e) h] Mode, ¢ = 10
Values of §
Values of §
h/- e = a = h/. a = a = ae
o l:0.5 o |:0.25]20.5
0 0.290 | 0.290 | 0.290
o.05 | oome oiaes 0.05 | 0404 | 0.4ck | 0.404
0.1 | 0.469 | 0.187 0.1 | 0.605 | 0.604 | 0.600
0.15 | 0.597 | 0u593 0.5 | 0.750 | 0.747 | 0.738
0.2 | 0.7 | 0.699 0.2 | 0.839 | 0.834 | o.s20
0.25 | o784 | 0710 0.23 | 0.899 | 0.893 | 0.875
0.3 0.850 | 0.831 0.3 0,946 | 0.941 [ 0.929
0.35 | 0.909 | 0,88
0.4 | 0.966 |o0.938
0.5 | 1027 | 1.013

o) &/hg = .2 Y o °°° {e) -/kI = 0,275 (&) aA_ = 0,293Q3
v/a Yaluen ot B b/a Values y Values of ¥ g Values of §
as |a= as as e = .= L0 - o - R -
0.5 | © 0.5 05 | 0 | .5 2.5 | %0 |5 2.5 |%0 |w0.5
0.5 o ° ° 0.2 | o 4 o 0.20 | o 0 [ 0 0 °
0.6 | o 1425 | 2.29 0.35 | 0.260 | 0,326 | 0.430 X o. .34 | 0. °
o6s | o | 1758 | 2303 o4 | ot | ome 15 o3 | o | odss | o o | orims | artey | ortes
o7 | 0.% | 1.980 } 2.706 sl IRt g 0.3 | olsas | 0750 | 1144 013 | oz | o.288 | 0,288
0.75 | 1.169 | 2.142 | 2,858 g ¢ -724 | 2.437 0.4 | 0.67% | 1.240 | 1.933 0.2 | 0.0 | 0.386 [ 0.399
o8 | L3 | 2.2 | o8 0.55 | o.987 | 2.01 | 2712 b || bR | [ | o e GEL || SR || || B8
2 || 8 || e || S 5 | Las | 2.25 | 2.m8 .3 | o.557 | 0.668 | 0.823
0.9 | 1.603 | 2.452 | 3.144 0.35 | 1.211 | 2.239 | 2.930 0.3 | 0.682 | 0.997 | 1.567
3 0.789 | 1.524 | 2.218
0.48 0.956 | 1.918 | 2.609
: 0.5 | 1157 | 2179 | 2.86
0.3 | 1345 | 2360
(e} a/A, = 0.295 (£) e/ = 0.3 (g) aN_ = 0.4
Values of § Values of B Values or B B Velues of §
2 a=|as= o= v/a oo lleao Q= A a=|as= n-" ae|as as
sl o lso= 2.5 | 0 [s«0.5 | -0.5[ o |40.5 0.5| 0 |0.5
] 0.115 | 0.115 | 0.115 [ 0.2% |0.21% | 0.21% [ 0.681 | 0,681 | 0.681 0.) 0.929 | 1.637 | 2.313
0.05 0.147 | 0.148 | 0.148 0.05 0,233 | 0.23) | 0.223 0.05 0.685 | 0, 0.687 0.35 2.084
0.1 0.218 | 0.219 | 0,221 0.1 0.282 | 0.284 | 0.286 0.1 0.700 | 0.708 | 0.712 Oed " 2.35%
0.1% 0.300 { 0,306 | 0.1 0.1% 0.349 | 0.356 | 0.361 0.1% 0.729 | 0.748 | 0.764 0.4% 2.529
0.2 0,387 | 0.404 | 0.417 0.2 0.425 | 0.443 | 0.460 0.2 0.769 | 0.&28 | 0.893 0.5 2.651
0.23 | 0.476 | 0.519 | 0.561 0.25 | 0508 | 0:3%6 | 0.6c2 0.25 | 0.9 |1 1.47%6 | 0.55 2.0
0.3 | 0.569 | 0.6 | 0849 0.3 | o597 [0.726 | 0.19
0.33 | o0.672 | 1i024 | 1607 0,35 | 0.609 |1:09 | 1705
0.800 | 1.551 | 2.4% 0.4 0.828 | 1.617 | 2.209
0,43 | 0.570 [ 1.938 | 2.628 0.8 | 1,00, | 1.985 | 2.674
0.5 1.172 | 2.197 | 2.88 0.3 1.208 | 2.29 | 2.916
0.55 | 1.39 [2.3m 0.55 | 1.392 | 2.39 | 3.087
ERRATA :
Part 1:
Page 603, right hand column, 3rd line from bottom—
’
For (uE.)s read (WE:)
Page 605, equation (41), the determinant, bottom row—
Column 2 For jv [ J (kb d v [ 5 kb
olumn 2 For ju [+ 5/ (kb) read ju , /-2 J(kib).
0 0
Column 3 For - Y, (kb) read -1J,/(kb).
Column 4 For - Y, (k) read -Y,(k.b).
Part 2:

Page 679, Section 7.4, fourth line—
Reference 11 should be indicated.

Page 686, caption to Fig. 16—
For Ey, read E,,
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APPLICANTS FOR ELECTION AND TRANSFER

As a result of its November meeting the Membership Committee recommended to the Council the

following elections and transfers.

In accordance with a resolution of Council, and in the absence of any objections, the election and
transfer of the candidates to the class indicated will be confined fourteen days after the date of circulation

of this list. Any objections or communications concerning

General Secretary for submission to the Council.

Direct Election to Member

BUCK}.EY, Rear Admiral Kenneth Robertson, R.N. Lee-on-the-
Solent.

LEWIS, John Henry Walter.
STANLEY, John Orr, M.A.

Jersey.
Newmarket.

Transfer from Associate Member to Member

GARNER. Raymond Hubert, B.Sc.(Eng.). Cambuslang.
LOWE, Wing Cdr. Francis Cyril, R.A.F. Buckhurs: Hill.

Transfer from Associate to Member
RENWICK, William, B.Sc. Romsey.

Direct Election to Associate Member

COLLIER, Commander Thomas Anthony, R.N. Bournemouth.
DENBY, William. Hinchley Wood.

GAMBLING, William Alexander, B.Sc.. Ph.D. Chandler's Ford.
HARMSWORTH, Allan, B.Sc.(Eng.). Bolion.

HUNTER, Arthur James, B.Sc. Hatfield.

MACKERETH. Commander William Winter, R.N. Singapore.

MEDCALF, Charles Leonard Hume, B.Sc. St. Albans.

PIKE, Commander William James, R.N. Belfast.

PUGSLEY, Donald John Davey. Cambridge.

TRANTER, Anthony, B.Sc.(Eng.). Cheltenham.

Transfer from Associate to Associate Member

CALCROFT, Norman. Welling.

HAWORTH, John. Salisbury, Southern Rhodesia.

LIPSCHITZ, Gerhard Gad. Haifa.

ROGERS, Major Donald Thomas Chaplin, R.E.M.E. Anglesey.
STAINTON, Donald, Coventry.

Transfer from Graduate to Associate Member

BANERIJI, Ranan Behari, M.Sc. Cleveland, Ohio.

BECKLEY, Norman James. Wembley.

CLARKE, Peter. London, W.3.

DANCE, Philip Ernest. Crawley.

HENOCQ, Cecil. Haywards Heath.

LOWRY, Peter. London, S.E.27.

MELINN, Capt. Michael Gerard, Eireann Army.
Dublin.

Balbriggan, Co.

Transfer from Student to Associate Member

HUDSON, Harry. Bishop's Stortford.
STEVENS, Lionel. Manchester.

Direct Election to Associate

BURTON, Ernest Douglas. Reading.

CUNNINGHAM, John. London. W.1.

LAUGHTON, Commander John Knox, R.N. Haslemere.
MULLAN. John, Carnwath.

NURAL HAQUE, A.B.M. Shonaimuri, East Pakistan.
PAIN. Clifford Henry, Port of Spain, Trinidad.
RAMBERT, Noel. Mauritius.

RUTHERFORD, Thomas Graham. Whilley Bay.
WILKINS, Derek James. Barnehurst.

Transfer from Student to Associate

HERRING. Donald Peter. B.F.P.O.6.
PLANT, Victor Ernest. London, E.I7.

these elections should be addressed to the

Direct Election to Graduate
BODY. Maicolm Smith. London, S.W.19.
BUCKE, David Anthony. Bradford, Yorks.
BULGIN, Ronald Arthur, B.A. Chigwell.
CHAMBERS, John Albert. London, N.W.9.
CHAMPION, Robert John Bruce. Slough.
CROSSLEY, Sub. Licut. William James,

Australia.

DALTON, Walter James. London, W.4.
DREWITT, Andrew Bruce. Woking.

FERRIS, Sub, Lieut. Philip Anthony, R.N. Fareham.
HIGGS, Brian Patrick. Watford.

ISAACS, Eliot Ephraim, D.L.C. Si. Albans.

JONES, Raymond, B.Sc. Port Talbot.

KIRBY, Alan. London, N.IS.

LANGTON, Victor Rae Musk. Bexley.

MORRIS, David Joscph, B.Sc. Baston.

R.A.N. Sydney,

MUI*II)IM. 2nd Lt. Muhammad Abdul, B.Sc., Pakistan E.M.E.
acca.

NETHERSOLE, Michael John. Johannesburg.

PATERSON, James Hugh, B.Sc.(Eng.). Shortlands.

PAYNE, Michael Roy, Hayes, Middlesex.
POOL, William John. Hayes, Middlesex.

RICH, Edmund Patrick. Arborfield.
ROBERTS, Allan John. Welwyn.

SHAH, Lt. Munawar, B.Sc., Pakistan E.M.E. Rawalpindi.
STATT, Stanley. Rutherglen.

THOMPSON, Raymond. Chelienham.
WALFORD, John Robin. Malvern.

The following Direct Elections to Graduate were
incorrectly listed as Transfers from Student to
Associate in the October Journal.

BRIGHT, John Alexander Sydney.
DAVIES, Roy Patrick. Egham.
GIDDENS, Leonard. Hayes, Middlesex.
GREENWOOD, John Dewhirst, Basingstoke.
HALL. Michael William George, Watford.
HODGSON, John Ernest, B.Sc.(Eng.). Cowes.
KHANU, Abdul Hakim. London, S.W .4,

MEARNS, James Robert. Hayes, Middlesex.
MORRISON. John Gordon, Glasgow.
MURPHY, Brian. Harrow Weald.

NEAL, Geoffrey Frederick. Brighton.

PHILADELPHIA, James Lambert. Kitty, British Guiana.
TRAVIS, Flt. Li. Robert Charles, B.Sc., R.A.F. Henlow.
WINDSOR, Trevor Charles, B.Sc. London, S.E.13.

Surbiton.

Transfer from Student to Graduate

BHATTACHARYA, Dilip Kumar. Barrackpore.
BONNER, John Stafford. Croydon.

CUNNINGHAM, Anthony John. Leicester.
GREENWOQOD, Frank. Adelaide.

HOWARTH, Edwin, Torpoint.

KUDDYADY, Chandrashekhar Raghunath, B.Sc. Bombay.
MURTY, Suryanarayana Yedavilli, M.Sc. Ganjam.
PARSONS, Ronald. Bexleyheath.

SIVASANKARA PILLAl, A. Sonari.

TSANG HIN-WA, Albert. London, N.I9.

STUDENTSHIP REGISTRATIONS

Seventy-seven applications for Studentship Registration were approved at

the meeting.

December 1958

Details will be published in the next issue of the Journal.
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621.317.083.3:621.396.96
Radar data transmission. T. E. ScHiLIzz1. Proceedings
of the Institution of Radio Engineers, Australia, 19,
pp. 467-480, September 1958.

Information generated by a radar station is often
required to be used at a distance. A R.A.A.F. specifi-
cation has led to a joint engineering developmental
project with industry on this problem. This paper
presents an estimate of the theoretical information
required to be transmitted in a typical case. Practical
methods of achieving a remote display over wide- and
narrow-bandwidth circuits are reviewed. An experi-
mental system is described which uses commercially
available wideband radio links. A description is given
of high-brightness display tubes which can be used in
large screen projection equipment.

621.372.832.43
A directional coupler for the generation of the H,,
mode in circular waveguides. A. JAUMANN. Archiv
der Elekirischen Ubertragung, 12, pp. 440-446. October
1958.

The H;; mode in a circular waveguide can be
generated with a directional coupler that effects a
preferred conversion of. for instance, the H;; mode in
the rectangular waveguide into the desired H,, mode
in the circular waveguide. The appearance of
additional undesired modes cannot be fully climinated,
however. The present paper calculates the mode
sclectivity of a long-slot directional coupler; it depends
on the cross-sectional dimensions of the waveguides.
As is known, the function of a directional coupler can
be explained to a first approximation by the super-
position of two normal modes (called K; and Ky
modes). The appearance of undesired modes is
primarily due to the K;; mode. The field distribution
of this mode is represented as a series. As a measure
of mode purity serves the ratio of the energy flows,
which are calculated in dependence on a design
parameter x. The results of the calculation agree
sufliciently well with measurements on a practically
made directional coupler for 35 kMc/s.

621.382.2/3
On the characteristic curves and noise of silicon p-n
diodes and silicon transistors. B. ScCHNEIDER and
M. 1. O. StrurT. Archiv der Elektrischen Ubertragung,
12, pp. 429-440, October 1958.

The characteristic curves of silicon diodes show
marked deviations from those of germanium diodes.
One of the causes of these deviations resides in
recombination and generation of carriers within the
depletion layer. This cause is considered here and a
formula is given for the rate of recombination as
dependent on carrier densities, life times, situation
within the depletion layer and applied voltage. From
this formula the characteristic curves and the
differential admittances of silicon diodes are derived,
taking into account recombination as wel] as diffusion.
The recombination part of diode noise is calculated
using simplilying assumptions (the influence of the
simplifications is also evaluated) and is then added to
the diffusion part so as to obtain the total diode
noise. The equivalent noise resistance is approximately
equal to one-half of the total differential resistance in
the forward direction. The influence of series
resistances is evaluated. Noise measurements have
been carried out for the forward direction, using a
method, which is described. The calculated values of
differential admittances and of noise are compared

748

A selection of abstracts from European and
Commonwealth journals received in the Library
of the Institution. Members who wish to
borrow any of these journals should apply to
the Librarian, stating full bibliographical
details, i.e. title, author, journal and date, of the
paper required. All papers are in the language
of the country of origin of the Journal unless
otherwise stated. The Institution regrets that
translations cannot be supplied.

with experimental values and a satisfactory coinci-
dence is obtained. Noise figure formulae are derived
for silicon transistors, taking into account recombina-
tion in the emitter depletion layer. These formulae
are compared with experimental values. 1f we con-
sider regions, where high level injection and flicker
noise are of minor importance, a satisfactory
coincidence between theoretical and experimental
values is obtained.

621.385.621.376.5:632.5
Pulse modulated beam current improves operation of
mixer series klystrons. A. K. ScriVens. Canadian
Electronics Engineering, October 1958.

A pulsed modulator is described which is capable
of driving klystrons of the low power mixer type to
relatively high power output. The klystron is beam-
modulated by applying pulses derived from a blocking
oscillator and pulse amplifier to both the cathode and
reflector elements. A peak power output of 3 to 4
walts was obtained from a number of 2K25 klystrons
while operating under low average beam current and
low operating temperature conditions. The total input
from the line is approximately 80 watts.

621.394:621.371
Optimum conditions for radiotelegraphy system with
double diversity and threshold limitation. K.
PostHUMUS. Tijdschrift van het Nederlands Radio-
genootschap, 23, pp. 155-176. No. 4, 1958.

A radiotelegraphy system under fading conditions
is analysed. It is shown that if only signals above a
certain threshold value are passed, these threshold
limits should vary in inverse proportionality to the
signal level. Numerical results are given for the ratio
of non-rejected errors to the useful signals, under
different noise-conditions. The effect of double
diversity is also calculated.

621.396.822
Some aspects of noise in communications and servo
systems. R. M. HUEY. Proceedings of the Institution
of Radio Engineers, Australia, 19, pp. 486-493,
September 1958.

For many years conventional methods of designing
communications systems and automatic control
systems have been based on considering the steady
state response to an input comprised of a single
pure sinusoid over an appropriate range of frequency.
In marginal systems where the designer is confronted
with performance limitations these methods are not
wholly adequate. Consideration of matters such as
non-periodic (random) signals and the response of
non-linear systems is necessary. The present paper
reviews some necessary background material for
treating these topics. and outlines a few examples.
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SUBJECT INDEX

Papers and major articles are denoted by printing the page number in bold type.

Abstracts (see Radio Engineering Overseas
and International Symposium on Electronic
Components).

AERIALS:
Telemetry Aerials for
vehicles
Airborne Doppler Navngatlon Equlpment
Aircraft Industry, and Electronics
Amplitude-modulated or frequency- modulated
Signal Generators—Expression of Charac-
teristics .
Analogue Computer for Fourler Transforms
Analogue Computers and their use in Nuclear
Reactor Safety Studies
Annual General Meeting of the lnstltutlon
Notice and Agenda
Report ...
Apparatus for the Measurement of the Ve]ocl-
ties of Sonic Pulses in Flawed Materials
Applicants for Election and Transfer

high-speed test

48, 115, 150, 232, 358, 445, 492, 524, 582,

Applications of Gas Discharge Tubes as Noise
Sources in the 1700-2300 Mc/s Band .
Appointments Register ...

Approval of Courses

Approximate Relations between Transrent and
Frequency Response

ATV and the Institution

Australia, Emrgratlon

Automatic Control in Steel Strrp Manufacture

Automatic Gain Control Circuits in Television

Receivers for Negative Modulation
Systems .
Automatic Methods in Radio Component
Manufacture
Awards by the Instrtutron of Radro Engmeers
Australia

Awards and Prizes by Crty & Gurlds of
London Institute
Balance Sheet and Accounts
General Account
Beam Valves, Design of the transition region
of axisymmetric, magnetically focused ...
Benevolent Fund:
Trustees
Report of the Annua] General Meetlng of
Subscribers, 1957 ...
Notice and Agenda of General Meetlng of
Subscribers ...
Report of the Trustees for 1957 58
Report of the Annual General Meetlng of
Subscribers, 1958 .
Binding of the Institution’s Journal .
Birth Centenary of Sir Jagadish Chandra Bose
Birthday Honours List . .
British Broadcasting Corporatron.
Extension of B.B.C. Television Coverage ...
Television Stations for South-East of
England

lnstitution‘s

Journal Brit I.R.E. Index 1958,

576, 578, 580,

329,

Page

497
425
539

233
95

509
693

37
747
541
576
572

57
386
174
117
307
227
714

58
695

696

66

640
641

724
262
661
496
174

236

Page

Magnetic Recording of Television Pro-

grammes s . 273

Colour Television Tests 446
British Centre for Rocket and Satelhte Data 676
British National Committee on Non-Destruc-

tive Testing ... 262
British Standards 644
British Standards Institution:

Institution representatives on committees ... 570
Broadcasting in Rhodesia and Nyassaland ... 236
Building Appeal ... 567, 577
Calculation of Characteristic Impedance by

Conformal Transformation 49
Canadian Trials of Decca Navigator 676
Cathode-Ray Tubes. Optimum design of

electrostatically deflected . 485
C.E.R.N., Appointment of Unlted ngdom

Delegate 94
Characteristic lmpedance and Phase Velocrty

of High-Q Triplate Line ... 715
CIRCUIT TECHNIQUES:

Automatic Gain Control in Television

Receivers for Negative Modulation

Systems . 307

Design of Detector Stages for Slgnals w1th

Symmetrical of Asymmetrical Sidebands 525

Frequency Modulation by Inductance

Variation: A Magnetically-stable Ferrite

Modulator ... 189

Probability of Specrﬁed Losses at Mrs-

matched Junctions ... 293

Thermally Compensated Crysta] Oscllla-

tors . . 613
Circulation of the Journal 496
City and Guilds of London Institute:

Annual Report 496

Insignia Awards 446

Institution co-operation 573

Awards and Prizes 581
Coil winding, Electronic control 227
Colour television:

Courses 386

B.B.C. Tests 446
COMMUN[CAT[ONS

“Evolution of Radio Communication."”

1957 Students’ Essay Competition 363

Recent Developments in Communications

Measuring Instruments ... 387

Selective Calling Systems for Mobile

Radio-telephony 297
Comparison of Turret-Type and Swrtch-Type

Television Tuners ... . 346
Competitions:

Students’ Essay . 362

Variety Reduction Essay 630

Waverley Essay . 226
Components, Automatic methods in radio

manufacture 227
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SUBJECT INDEX
COMPUTERS: Contributions to the Journal 205
Analogue Computer for Fourier Trans- Technicians, Engineers, Scientists ... 261
forms 233 A Guide to Radio Engrneenng therature 385
Analogue Computers and the|r use in Television Engineering in Science, Industry
Nuclear Reactor Safety Studies ... .. 95 and Broadcasting 629
Computer Exhibition and Symposium ... 236  Education and Examinations Commlttee
Decimal Product Accumulator ... 125 Membership 2
Electronic Synthesis of Flexible Beam Annual Report . 571
Behaviour 151 Visit to R.A.F. Techmcal College 630
Nuclear Power Plant Trarnmg Slmulator Election of Officers and ordinary members of
for Use at Calder Hall ... 85 Council . 694
Radar Simulators ... 17 ELECTRO- ACOUSTlCS
Radar Simulators in the Royal Navy, Fhe Design and Performance of Magnetic
use of . 33 Tape Recording Heads 551
Conference on Reactor Technology . 94 Electronic Sector Scanning (Acoustic
Congress on U.H.F. Circuits and Antennas 6 Beams) 465
Controlled Thermo-nuclear Research 398 Electromagnetic Wave Propagatlon in Cylrn-
Convention on Television Engineering . 629 drical Waveguides, containing Gyro-
Cooling high-power valves by vaporization of magnetic Media (Parts 1, 2, 3) ... 597, 677, 733
water . 621 Electromagnetic Protective Device for Auto-
Co-operation between engmeerlng lnstltutlons 572 matically-fed Power Presses 229
Corrections . 142, 581, 714, 746  Electronic Engineering Association .. 174
Correlation between the Transtent and Fre- Electronic Control applied to Coil Wrndmg 227
quency Responses in Servomechanisms 101  Electronic Sector Scanning and Radar Systems 709
Council : Electronic Sector Scanning (Acoustic Beams) 465
1958 . 1  Electronic Synthesis of Flexible Beam Be-
Election of new members 509, 694 haviour 151
Courses: Electronics and the Arrcraft Industry 539
Colour Television .. 386 E.M.L College of Electronics ... 676
Reactor Technology ... 94  European Organization for Nuclear Research
Current Interest ... 94, 174, 236, 446 Appointment of United Kingdom Dele-
. . ate ... 94
Decca Navigator, Canadian trials 676 ‘Evoglutlon of Radio Communlcatlon," 1957
Decimal Product Accumulator .. 125 Students’ Essay Competition 363
Dectra. A Long-range Radio- navngatlon Ald 277 Exhibitions:
Design and Performance of Magnetic Tape Physical Society’s Exhibition 70, 581, 714
Recording Heads ... 551 Electrical Engineers Exhibition 70
Design of Detector Stages for ngnals with Radio and Electronic Component Show ... 142
'Symmetncal of Asymmetrical Sidebands 525 Computer Exhibition and Symposium 236
Design of Inductive Post-Type Microwave Indian Radio & Electronics Exhibition 510
Filters - e 263 S.B.A.C. Flying Display and Exhibition 539
Dinner of the lnst1tutlon 70, 142, 206, 321 National Radio Show 561
Design of the Transition Region of Axisym- Experimental Determination of System Trans-
metric  Magnetically  Focused  Beam fer Functions from Normal Operatmg
Valves 696 Data 179
g'ls:ﬁ:;ﬁ)snsmo;re;::g:gy 65 Factors in the Desn;,n of Arrborne Doppler 25
. . . Navigation Equipment ..
Automatrc Control in Steel Strip Manufac- 124 Ferrites, in cylindrical waveguides 597, 677. 733
D ure Ferrite modulator 189
ccimal Produm Accumu atcr 133 Films\echnicall. 382
]l\)'lachlne Tool Control : 248 Filters. Design of lnductlve post type micro-
ectra: A Long-Range Radio- Navrgatlon —— 263
Aid 291 .
Detection of Pulse Slgnals in Norse 317 Fu;/z;ncebCommlttee 5
Mass Production of Television Tuners 349 embers
Radio Studies during the LG.Y. a1z Annual Report 376
Fourier Transforms, An Analogue Computer
Factors in the Design of Alrborne Doppler for ) 233
Ner:v'"l‘)‘::/‘el): n[ig:tl;) Trf nStlllcon Photovoltalc e L) Allocatlon Commlttee 6, 94
Broftes P 504 Frequency Modulation by Inductance Varratlon :
A Magnetically-stable Ferrite Modulatcer ... 189
Editorials: Gas discharge tubes as noise sources in 1700-
Looking Ahead . S 2300 Mc/s band ... - 541
Wastage of Students ... 69  Graduateship Examination:
Science in Parliament 141 Pass list, November 1957 ... 134
750
Journal Brit.I.R.E.



UBJECT INDEX

Dates 142 Binding 262

Pass list, May 1958 ... 506 Circulation 496

Entries and results ... 571 Contributions ... 205

Exemption . 57 Report for year 568
Group Provident Scheme 142, 329 Library Committee :

Helical Wavegundes—CIosed Open and Members 2
Coaxial . . 359 Annual Report 570
Honours List 1958 g : 6, 329, 496 “Library Services and Technical Information
Hook transistors, Properties in swnchmg and for the Radio and Electronics Engineer” 385, 571
amplifying circuits ... : 725 1ocal Section Committees 3
Impedance, Characteristic, by conforma] trans- Machine Tool Control :
formation, Calculation 49 Discussion ' 248
lndependent Television Authority: Magnetic Material.s

Station in Isle of Wight ' =) Technical Committee Survey . 449

The Institution and programme compames = Magnetic Recording of Television Programmes 273
INDUSTRIAL APPLICATIONS OF ELEC- Magnetic tape recordmg heads, Design and

TRONICS: performance 551

Analogue Computers and their use in Magneto-ionic Fading in “Pulsed Radio Waves
Nuclear Reactor Safety Studies ... 95 reflected at Vertical Incidence from the
Apparatus for the Measurement of lhe Ionosphere ... 669
Velocities of Sonic Pulses in Flawed Mass Production Techmques for Television
Materials 371 Tuners 331
Approximate Relations between Transient Materials used in Radio and Electronic
and Frequency Response 57 Engineering :
Automatic Methods in Radio (omponent 5. Magnetic Materials (Technical Committee
Manufacture o . 227 survey) . . .. 449
Correlation between the Transient and MEASUREMENTS
Frequency Responses in Servomzchanisms 101 Apparatus for the Measurement of the
Experimental Determination of System Velocities of Sonic Pulses in Flawed
Transfer Functions from Normal Operat- Materials 371
ing Data ... 179 Applications of Gas Dlscharge Tubes 25
Industrial Appllcauon of A.C. Polaro- Noise Sources in the 1700-2300 Mc s
graphy 143 Band 541
Industrial Support for the Institution 84, 386, 577 ST 6 Characterlsuc lmpod‘m'_
Insignia Awards ... g o0 446 by Conformal Transformation ... 4
Institution : Communications measuring instruments.

Dinner ... 5 70, 142, 206, 321 Recent developments 387

Meeting in Cambrldge 9 Medical Electronics:

Visits ... 496 630 International Conference 505

Representatlon on other bodxes 566, 574 Institution Group Committee 630

Convention .. 629 Membership Committee :

Premiums and PI'IZCS . 510, 568, 695 Vianas 2
Institution of Productlon Engineers ... 630 Annual Report 574
Institution of Radio Engineers, Australia: Merseyside Section Com.r'mttee ’ ) 3

Silver Jubilee ... 94 Microwave filters, Design of inductive post-

Awarqs 714 type .. 263
International Conference on Medical Elec- Mlsmatched junctlons Probablllty of speCIﬁed

tronics 505, 566 —— 293
International Geophysncal Year ) : ’ ’

Radio Studies . . 401 National Radio Show 561

Rocket Experiments ac 416 NAVIGATION AIDS: .

International Radio Organizations: Canadian Trials of Decca Navigator 676

Some Aspects of their work . 631 Dectra: A lLong-range Radio-naviga®
International Symposium on Electromc Com- Aid opa 009 o0g 299 277

ponents . 262 Factors in the Design of Airbora:
Summaries of papers S5, 135, 175. 253, 304, 381 Doppler Navigation Equipment . 425

(Note.—The papers are classified in the New Developments in Silicon Photovoltalc
Index of Abstracts) Devices 583

.. . . . New Method of Coolmg ngh Power Valves
Investigation of Horizontal Drifts in the E by Vaporization of Water 621
Region of the lonosphere in Relation to New %ear Honours List v 6
Random Fading of Radio Waves 493 New Zealand Department of Educatlon 226

Journal: New Zealand Section:

Back copies 6 Meetings 662
751

Index 1958



SUBJECT INDEX

Noise Sources in the 1700-2300 Mc/s band
Application of gas discharge tubes
Noise, Transistor; its origin measurement and

behaviour .
Non-Destructive Testlng
British National Committee ...
Summer school
North Eastern Section:
Committee
Dinner ...
North Western Sectlon Commlttee .
Note on The Radio-Frequency Heating of
Rubber Compounds
Nuclear Power Plant Training Slmu]ator for
Use at Calder Hall .

Obituary Notices:
Robinson, F. H.
Hytch, John ...
Lanchester, R. A. ...
Wiegernick, H. T. J. ...
Maclntosh, A. E.
Silver, H. G. ...
Wilkinson, H. ...
Evans, R. B. ...
Mahendru, P. D.

Sterling, Sir Lowis ... ... .. 329,

Hosburn, ). C.
Hasson, J. .
Howkins, W. E .
Of current interest (see Current mterest)
Optimum Design of Electrostatically Deflected
Cathode-Ray Tubes
Oscillators, Thermally compensated crystal
Oscilloscope Tube with Travelling Wave
Deflection System and Large Field of
View ... .
Overseas Repres;ntatrves
Overseas Sections

Photovoltaic devices. Silicon ...
Polarography, A.C., Industrial app]lcatnons
Premiums and Prizes ...
President of the lnstltutron (Mr
Marriott)
New Year Message ...
Invitation to Royal Garden Party
Visit to Reed's School
Annual General Meeting
President for 1959 (Professor £. F L n‘er)
elected
Probability of Specnﬁed Losses at Mlsmatched
Junctions 5
Product accumulator, Decrma]
Professional Purposes Committee:
Members
Annual Report
Programme and Papers Commlttee
Members . .
Annual Report
PROPAGATION
Radio Studies during the International
Geophysical Year 1957-58
Investigation of Horizontal Drifts in the
E Region of the Ionosphere in Relation

G. A.

752

. 510, 568,

541
207

262
386

226

663
85

70

70
142
142
226
226
262
262
262
330
329
510
581

485
613

653

583
143
695

386
386
693
694
293
125
566

567

401

to Random Fading of Radio Waves ...
Magneto-ionic Fading in Pulsed Radio
Waves reflected at Vertical Incidence
from the lonosphere

Properties of Hook Transistors in Sw1tch1ng
and Amplifying Circuits ...

RADAR:
Radar Simulators ...
Radar Simulators in the Royal Navy, The
use of
Radar Systems w1th Electronlc Sector
Scanning
Radar. Type 984

Radio Communication, The Evo]utlon of

1957 Students’ Essay Competition ...
Radio Engineering Overseas (Abstracts) 67

139, 187, 259, 319, 383, 447, 507, 563, 627, 691,

(Note.—These abstracts are listed in the Index
of Abstracts)
Radio-frequency Heating of Rubber Com-

pounds
Radio Industry Counctl

Dinner ...

Retirement of Dlrector
Radio-navigation aid, Long-range, Dectra
Radio Studies Durlng the International Geo-

physical Year 1957-8
Radio-telephony, Selective Calling Systems for

Mobile ... .
Radio Trades Exammatlon Board

Annual Report of the Board .

Annual Report of Institution’s Educatlon

and Examinations Committee

Radio Waves, lnvestngatlon of horizontal dnfts
in the E region of the ionosphere in rela-
tion to random fadmg

Recent Developments in Commumcatnons
Measuring Instruments

Recording heads, Design and performance of

magnetic tape
Reed’s School

Representation of the lnstltutlon on other

bodies . 566,

Rhodesia and Nyasaland Broadcastlng in
Rockets and Satellites:
Radio observations on Russian Satellites ...
1.G.Y. Rocket Experiments ...

British Centre for Data
R.A.F. Technical College
mittee visit ... 0
Royal Garden Party ...
Royal Military College of Scxence thhan

studentships .. . .
Royal Society Conversazxone
Rutherford  High  Energy

Appointment of first director

“Sandwich Courses” Grants for students
Steady spread of
Scatter tropospheric system eva]uatnon

Education Com-

Laboratory,

Sceptre 11 362

Science in Parliament ...
Scottish Section:
Committee

386 643

493

669
725

17
33

709
323

363
748

663
630
277
401
297

32
574

493
387

551
724

574
236

362
416
676

630
386

714
362

174

262
446
511

141

Journal Brii.I.R.E.



SUBJECT

INDEX

Annual Dinner
Section Activities
Section Committees o0
Selective Calling Systems for Moblle Radto-

82

82 226 569 662
3

telephony 297
SEMI-CONDUCTORS (\ee alm Transnstors)
New Developments in Silicon Photo-
voltaic Devices . 583
The use of Semi- conductor Devnces 676
Servomechanisms, Correlation between tran-
sient and frequency response 101
Servo systems, Closed loop, Apphcatlons to
machine tool control . 237
Signal Generators, Amplitude- modulated or
frequency - modulated, Recommended
method of expressing characteristics ... 7
Simulators . . 17, 33, 85
Solar cells 583
Some Aspects of Televtsron Tuner Productlon 341
South Wales Section :
Committee 3
Activities . 662
South Western Sectlon
Inaugural meeting 662
Specialized Groups o 566
Standardization Techmques In Radlo (See
also British Standards) 596
Standing Committees . 2
Students’ Essay Competition 1957 . 363
Students. Wastage of . .. . 69
Studentships, Civilian, at Royal Military
College of Science . 714
System transfer functlons The cxpcrlmental
determination from normal operating data 179
Tatsfield Receiving Station, Institution visit 496
Tax relief on Institution subscriptions 581, 695
Technical Authors, Examinations for 386
Technical Committee:
Members 2
Report of Recommended Methods of
Expressing A.M. or F.M. Slgnal Genera-
tor Characteristics) 5 . 7
Survey on Magnetic Materlals 449
Annual Report 569
Visits 329 496, 630
Technical Films ... .. 382
Technical Writing Premlum 174
Technology, Diplomas in 65
Telemetry Aerials for High-Speed Test
Vehicles 497
TELEVISION:
Automatic Gain Control Circuits in Tele-
vision Receivers for Negative Modulation
Systems 307
Comparison of Turret-Typc and Swrtch-
Type Television Tuners ... 346
Design of Detector Stages for Slgnals W|th
Symmetrical or Asymmetrical Sidebands 525
Magnetic Recording of Television Pro-
grammes . 273
Mass I’roductron Technlques for Tele-
vision Tuners 331

Index 1058

Some Aspects of the Production of Tele-
vision Tuners
Television Engineering in Sctence lndus-
try and Broadcasting (1959 Convention)
Television Links on Cable
VERA (Magnetic recording of televnslon
programmes)
Thermally Compensated Crystal Oscrllators
Thermo-nuclear research, Controlled
Toroidal Transformers for an Analogue
System of Machine Tool Control

TRANSISTORS:
Properties of Hook Transistors in Switch-
ing and Amplifying Circuits
The Use of Semi-conductor Devices
Transistor Noise: Its Origin, Measure-
ment and Behaviour ..
Transistor with Thyratron Characterlstlcs
and Related Devices .

Travelling wave deflection system oscllloscope
tube ...

Tropospheric Scatter System Evaluatton

Turret tuner, Construction for mass-produc-
tion

University Extension Lectures ...

VALVES AND TUBES:
Design of the Transition
Axisymmetric ~ Magnetically
Beam Valves .
New Method of Cooltng ngh Power
Valves by Vaporization of Water .
Optimum  Design of Electrostatically
Deflected Cathode-Ray Tubes
Oscilloscope Tube with Travelling Wave
Deflection System and Large Field of
View ...
Variety Reductlon Essay Prlze Competltlon
VERA (Magnetic rccordlng of television pro-
grammes) .. . .
Visits :
Western Germany
l.ondon Airport
Tatsfield Receiving Statlon
Vauxhall Motors

Region of
Focused

WAVEGUIDES:
Characteristic Impedance and Phase
Velocity of High-Q Triplate Line
Closed. Open and Coaxial .
Design of Inductive Post-Type M|croanc
Filters . ..
Electromagnetic Wave Propagation in
Cylindrical Waveguides containing Gyro-
magnetic Media
Waverley Gold Medal Essay Competition
West Midlands Section:
Committee
Activities

ZETA

. 597, 677,

341

629
116

273
613
398

n

725
676

207
645

653
511

348
94

696
621
485
653
630
273

70
329

496
630

715
359

263

733
226

662

398

753



INDEX OF ABSTRACTS

under the heading of “Radio Engineering Overseas™
summaries of papers read at the International Symposium on Electronic Components held in Malvern in 1957.

This index lists the abstracts published

Radio Astronomy (523.164)

Site survey for a national radio astronomy
observatory. C. F. Pattenson.

Analysis of meteoric body doppler radar
records taken during a Geminid shower
period. M. Sriramo Rao. ...

The polarization of solar radio emission at a
frequency of 200 Mc/s. F. R. Neubauer
and A, D. Fokker. ..

Impulsive and long- endurmg sudden cnh.mce-
ments of solar radio emission at 10 centi-
metre wavelength. A. E. Covington and
G. A. Harvey.

Temperature Measurement (536.6)
Use of thermo-sensitive attenuation-coils and
transformers. O. Hora.
An experimental pyrometer using a photo-

transistor and designed for radio-tube
inspection. F. H. R. Almer and P. G. Van
Zanten,

Electricity (537.7)
Research on the high-frequency surface dis-
charge. Toshio Honda.

Flectromagnetism (538)
The magnetic fields of a ferrite ellipsoid.
R. A. Hurd.
Scattering from a small amsotroplc elllpso:d
R. A. Hurd.
The use of Hall-current generators in analogue
multipliers. J. Oxenius.

Ionospheric Phenomena (551.510)
The CARDE 1.G.Y. upper air research pro-

gram. R. F. Chinnick.
Transformers (621.314.2)
Transformer miniaturiziation using fluoro-

chemical liquids and conduction techniques.
L. F. Kilham. ... .
The development of hlgh temperature trans-

formers. A. G. Gilmour.

The differential transformer and its use in the
automatic control of machine tools.
J. Zeleny.

Cables (621.315.2)
Design, development and standardization of
r.f. cables. W. T. Blackband.
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691
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691

139

691

691

383

563

Insulating Materials. Dielectrics (621.315.6)

Dielectric walls with a small reflection coeffi-
cient at microwaves. H. Mecinke. .
A survey of dielectric materials. G. C. Gar-

ton.

754

67
138

The electrical breakdown of small gaps in
vacuum. A. S. Denholm.
A comparison of wool wax and petroleum jelly

as impregnants for paper capacitors. J. S.
Dryden and R. J. Meakings.
Resistors (621.316)
Recent developments in fixed resistors. R. W.
Burkett.
Metal oxide film potentlometers G. V.
Planer. ..
An electronic ground detector D. W. R.
McKinley.

Measurements (621.317)

Noise voltage measurements on low impedance
circuit elements with the aid of a valve volt-
meter with a preceding transformer. W.
Nonnenmacher. ..

The measurement of the reﬁectlon coefﬁcnent
in television transmission lines and equip-
ment. E. Thinius.

A recurrent surge oscnllograph for surge-
voltage distribution measurements on trans-
formers. F. C. Hawes.

An accurate phasemeter for four- terminal net-
works. B. Chatterjee. .

Wave-form observation of electron current
using travelling-wave cathode-ray tubes. H.
Maida.

A measuring devnce for transmitting tube
characteristics. J. W. A, van der Scheer. ...

Automation in component testing. J. A. Sar-
grove.

Correlation measurements in the short -wave
range. J. Grosskopf, J. Scholz and K. Vogt.

Experimental wide-band thermistor mounts.
J. Swift.

A 2,100 Mc/s microwave propagatton test set
F. Ivanek.

Radar data transmlssmn T. E. Schilizzi.

Magnetic Materials (621.318)

Some recent developments in magnetic alloys.
C. E. Richards.

A survey of ferrites and the1r appltcatlons
A. A. Th. M. van Trier.

Technology of manufacturing barnum ferrtte
R. Lappa.

Microwave ferrites.
Ljung.

Square loop ferrltes and tests of thelr storage
properties. C. Heck and H. Reiner.

Studies of ferrite behaviour at radio frequen-
cies,

B. Josephson and P. F..
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Relays (621.318.5)
Some recent developments in miniature relays.
J. H. Mitchell.

Capacltors (621.319.4)

Recent developments in electrolytic capacitor
design. G. C. Gaunt. .

Development of plastic dlelectrlc capacltors
J. H. Cozens. ...

The design of high performance muItn gang
variable capacitors. L. W. D. Sharp.

Life-failure statistics of short rated oil-paper
capacitor elements. R. J. Peterson.

Recent high-k capacitor developments in
France. J. Peyssou. ...

Coaxial trimmer capacitor w1th glass or quartz
dietectrics. L. Klauz, M. Schmiedhamer
and J. Smetana.

Batteries (621.353.5)
The choice of batteries for use in electronic
equipment. F. M. Booth. ...

R.F. Heating (621.365)
Experimental electronic generator for dielec-
tric heating, with automatic load matching.
C. Vazaca.

Transmission Lines, Networks and Waveguides

(621.372)
Wave diagrams in waveguides with dia-
phragms or corrugations. G. Piefke.

The frequency response of cut-off attenua-
tors with coaxial launching and pick-up
probes. A. Sander.

On the synthesis of three- termmaI networks
composed of two kinds of elements. K. M.
Adams. .

Mode conversion losses in transmlsswn of TEO1
modes through conically tapered wave-
guides. S. Kumagai. ...

Matching elements for a wavegulde dll‘CC-
tional coupler with periodic structure. L
Lucas. ...

A waveguide Ioad made from commerclal ﬁlm
resistors. U, V. Kienlin and A. Kurzl.

The effect of surface resistance of attenuators
in travelling wave tubes on gain and
stability. W. Eichin and G. Landauer.

Ferrites for magneto-strictive filters.  S.
Schweizerhof. .

The uniform rectangular waveguide with
damping foil. H. Buseck and G. Klages.

Characteristics and properties of long-slot
directional couplers. E. Schoun.

Operating stability of electronic equrpment
M. Savescu. ..

The design of a triple tuned band pass ﬁIter
R.J. L. Bosselaers and J. Roorda. ... ..

A new circle diagram for transformations in
transmission line  technique. G. W.
Epprecht.

Theory of the hehcal hne of ﬁmte wnre thlck-
ness and applications to the rotation of the
plane of polarization of guides waves. G.
Piefke. ... .
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Irises for bandpass waveguide filters. J.
Horna. ...

The properues of Iossy lnhomogeneous trans-
mission lines under matched conditions. H.
Meinke.

A directional coupler for the generauon of the
H,, mode in circular waveguides. A. Jau-

mann.

Oscillators (621.373)

The generalization of the Barkhausen formula
for electronic oscillators. M. Draganescu.

Transistor oscillators and their sensitivity to
load impedance. W. Herzog. .

Experimental and theoretical mvesugatnon lnto
frequency stabilized transistors for 8 Mc/s.
H. Schaffhauser.

Magnetic pulse generators D W R. SeweIl.

Construction and characteristics of high
quality quartz crystals. G. Becker. .

A warble tone generator. R. R. Dutta Gupta.

The production of extremely steep pulse edges
in multi-stage non-linear amphﬁers G.
Kohn. ...

Stable flip-flop c1rcu1t for measurmg 1nstru-

ments. K. Kostal.
Studies on thyratron pulse generator S. C.
Mukerjee. .
Three-phase pulse generator V ChIouba

Investigation into two-valve oscillators with pi
network feedback. E. Frisch.

Pulse Processes (621.374)

Non-saturating junction transistor flip-flop
circuits. K. Aoyagi K. Miyawaki and J.
Sasaki.

The efﬁcnency of mlcrowave frequency muItl-
plier using a crystal diode. S. Okamura and
T. Ohkoshi.

The generation and amphﬁcatlon of mllh-
metric waves. W. Kleen and K. Poschl.

A double cathode-follower. A. Segal.

Noise figure for transistor amplifier with high
input impedance. A. E. Bachmann.

Fast transistor circuits. M. Combier and J
Mey. ..

Delay line frequency dlvnders and thelr apph-
cation to arithmetic. Y. Amran, H. Gullon
and B. Ollivier.

Amplifiers (621.375)

A 4,000 Mc/s wide-band amplifier using a
disc-seal triode. J. P. M. Gieles. ...

An analysis of transient response of junctnon
transistor amplifiers. J. C. Bhattacharyya.

Design of magnetic amplifying circuits. B. W.
Glover an_d D. A. Ramsay. .

A transformerless class B Power amphﬁer wnth
identical transistors. M. Fedorowski.

A summary of the theoretical basis for broad-
band distributed amplifiers suitable for very
short pulses. D. Dosse. o0
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Transistors for medium frequency—a detector
circuit for radio-communication apparatus.

G. Rosier. 259
Band-pass amplifiers, thelr synthests and galn-
bandwidth factor. Fuad Surial Atiya. ... 507

A new logarithmic amplifier. T. M. Bajenescu. 508
A transistorized i.f. amplifier for communica-

tion receivers. A. S. Pett. ... .. 508
Measuring stability of feedback amphﬁers

S. Vojtasek and V. lisberg. . 627
On the low-frequency behavnour of vndeo-

amplifiers. A. P. Bolle. ... . 692

An experlmental induction-heating generalor

using hydrogen thyratrons. H. L. van der

Horst and P. H. G. van Vlodrop. . 692
A very short light pulse generator used for

testing photomultipliers. P. Cachon and

A. Sarazin. ... 692

Modulation and Demodulation (621.376)
Theoretical considerations concerning the fre-
quency  compression  of  periodically

recurring processes. R. A. Kaenel. . 139
Frequency modulation by gas-discharge lubes
P. Stiubel. 447

Semi-conductor Devices (including Transistors)
(621.382)
A short time-constant switching mechanism
and its application to component techniques.
H. Salow and W. von Miinch. ... 136
Semi-conductor rectifier developments for
power supplies to electronic equipment.

A. H. B. Walker and K. G. King. ... 257
Manufacturing principles of transistors. J.

Lantieri. .. 259
High frequency germamum and snhcon lransxs-

tors. J. Dezoteux. ... 259
Stabilization of the operating poml of transns-

tors. E. E. P. Poelman. ... 259

Experimental and theoretical mvesllgatnon of

the equivalent circuits of new h.f. transistors

with special reference to drift transistors.

W. Guggenbuhl and W. Wunderlin. .. 384
Analogous transistor system design and noda]

methods of construction with applications

to research equipment and prototype evalua-

tion. R. F. Treharne. o 507
An oscilloscope accessory for the dlsp]ay of

transistor characteristic curves. R.

Aitchison. 508
Transistor monostable mu]uvnbralor for use

with counting registers. R. E. Aitchison. 508
A storing and switching transistor. W. v.

Miinch and H. Salow. 508
On the characteristic curves and noise of

silicon p-n diodes and silicon transistors.

B. Schneider and M. J. O. Strutt. ... 748

Photocells (621.383)
A survey of picture storage tubes with repro-
duction of gradations. H. G. Lubszynski. 320

756

Electronic Valves (621.385)

The focal length of a diaphragm of finite
aperture for electron fields with finite space
charge. K. Poschl and W. Veith. ... .

Automatic tracing of electron trajectories. O.
Cahen. ...

Noise in space charge diodes. K. H.
Locherer.

Pulse modulated beam current improves
operation of mixer series klystrons. A. K.
Scrivens.

Valves for U.H.F. (621.385.6)

The linearization of frequency modulated
reflex klystrons. E. Schuon and H. J.
Butterweck.

The Townsend dlscharge in a coaxna] dlode
with axial magnetic field.

Analogue multiplier and function generalor
with cathode ray tube. A. K. Choudhury
and B. R. Nag. .

On the theory of the e]ectron wave tube wnh
elliptic cross-section. P. Mattila.

Cathode-ray Tubes (621.385.832)

Low-voltage oscilloscope tubes. F. de Boer
and W. F. Nienhuis. ...

Radiation Counters (621.387.4)
Photoionization versus photoelectric effect for
discharge spread and output pulse measure-
ments in G-M counters. P. S. Gill and S. P.
Puri. .

X-ray llquipment (621.386)
Dosimetry of the very weak X-radiation
generated in television receivers and X-ray
diffraction apparatus. W. J. Qosterkamp.

Communication Theory (621.391)

Phenomenological model of stochastic signals
in measurement techniques. H. R. Loos.

Automatic detection of signs. K. Steinbuch.

The reliability of binary code transmission by
means of various types of modulation.

Transmission of speech with quantizing in
only a few stages. K. Kupfmuller and W.
Andrich. .

A contribution lo the theorem for addlng
noise voltages in long distance communica-
tion systems using amplitude modulation.
H. Zuhrt.

Optimum  conditions for radiotelegraphy
system with double diversity and threshold
limitation. K. Posthumus. ...

Electro-acoustic Devices (621.395)
Condenser (earphone) receiver., T. Hayasaka
and M. Suzuki.
Advances in the desngn of ]oudspeakers
F. K. Schroder. .
The operation of corona ]oudspeakers G.
Bolle.
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Propagation (621.396.11)
Observations on back scatter echoes for short-
wave transmission. Hans-Ulrich Widdel. ...
Determination of a value for the absorption
of the ionsphere by an automatic statistical
analysis of field strength records.
Observations of multi-path propagation on the
short-wave link Osaka-Frankfurt-on-Main.
B. Beckmann. ...

Radio-communication Systems (621.396.6)

Multichanne! u.h.f.
ment. J. Fieguth. .

Radio frequency powers and nonse levels in
multichannel radiotelephone systems using
angular modulation. T. D. Thomson.

radio tclcphonc equip-

Receivers (621.396.61)

A high-quality transistor recciver. A. E.
Peppercorn. o T a00
Neutralization of addmve mixers. J. Novak.

Aerials (621.396.67)

Polarization d/f system. J. Grosskopf and
K. Vogt. .

Some investigations of diclectric aerials.
(Mrs.) R. Chatterjec and S. K. Chatterjee

Microwave antenna characteristics in the
presence of an intervening ridge. R.
Vikramsingh, M. N. Rao and S. Uda.

A new way to the solution of the problem of
wideband aerials. H. Meinke.

The influence of multipath propagation on the
spectrum of a received television signal.
K. Bernath ard H. Brand. ...

On 3- and 4-clement antennas.
and A. Dobrescu.

The preparation of radiation patterns of
Australian army rhombic aerials by an elec-

E. Nicolau

tronic computer and their applications.
A. Jacoby and G. Gay. .
The reduction of bearing errors during

multiple incidence in Adcock d.f. systems
with a large base. H. Steiner and H.
Stittgen.

Investigations into diversity reception using
the method of aerial selection.

Measured self-impedance of a dipole antenna
near a conducting cylinder of elliptical
cross-section. J. Y. Wong. ...

The theory of helical antennas.

Disc antenna. J. Vokurka.

Studies on a rhombic antenna with cylrndrlcal
helices as the arms. Ashoke Kumar.

W.. . Peters.

Radio Components (621,396.69)

Problems affecting the design of service com-
ponents and a survey of present and future
United Kingdom developments. G. W. A.
Dummer.

New concepts. techmques and componcnts for
transistor circuits. A. W. Rogers. ...
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448
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55
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Components suitable for automatic assembly.
J. W. Buffington.

Components for severe envrronmental con-
ditions. J. S. Lambert.

Component design in relation to prmted and
potted electronic circuits. H. G. Manfield.

Nuclear radiation damage to electronic com-
ponents. E. H. Cooke-Yarborough. .

Problems in long-term component rellablllty
K. E. Latimer. . .

Casting lossy m1crowave parts in resin alds
design work. A, Staniforth and K. A.
Stecle.

Interference Noise (621.396.82)
A simple noise generator. V. Herles. .
Automatic recorder of the waveforms of
atmospherics. B. A. P. Tantry.
Some aspects of noise in communications and
servo systems. R. M. Huey.

Navigation Aids—Radar
Aircraft Communications (621.396.933/96)

The power level control in transmitters for
the instrument landing system (ILS). K.
May. .

A new receiver for the Austrahan DME bea-
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