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100 Kc/s TYPE JCF/200
LOW TEMPERATURE
COEFFICIAEN.T MODEL

ACCURACY *-01%

ADVANTAGES
Stability.

- Vacuum mounted, ‘performance
independent of climatic conditions.

Low' temperature coefficient, -

- Compact, takes little space.
%dia. x 3" overall excluding pms

. Fits standard miniature
deaf-aid valve holders.

Delivery from stock.

MADE IN ONE OF THE MOST UP-TO- DATE ‘
THE WORL

For f'm'ther information & prices write to:-

PEEL WORKS, SALFORD 3
Telephones : BLAckfriars 6688 (6 lines). Telegrams and Cables :

Proprictors: THE GENERAL ELECTRIC Co. Ltd., of sngland;
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General Characteristies

Constant A.C. Output

TE General Advantages and Uses, etc.
Example : 230 volts 4 0'5%—50-cycles/sec.—single phase.

!ny output voltage may be ordered (see below),

Wide A.C. Input Voltage Limits

Example : 190-255 volts, 50-cycles, |-phase. Other single-
dnase voltages or frequencies can be dealt with, on special
‘rders,

Entirely Automatic—Quick Action

There are no moving parts. No adjustments need ever be
lade and no maintenance is required. The regulating action
virtually instantaneous, the time required for adjustment
! a new voltage, or load condition being so short that it is
ite imperceptible by ordinary means,

i Load Rating

Constant A.C. input voltage is essential for the effective
operation of many electrical devices, both industrial and
laboratory patterns. Examples : X-ray apparatus, incan-
descent-lamp light sources (photometers, photo-printing,
colour comparators, photo-electric cell applications, spectro-
graphy, etc.), laboratory test-gear (vacuum tube volt meters,
amplifiers, oscillators, signal generators, standards of frequency,
etc.) : the larger patterns for stabilizing a complete laboratory
room or test-bench : the smaller units as integral com.
ponents of equipment.

Priorities, Etc.

No Priority is now required. *‘M” Certificates (Iron and
Steel Control) are also not now required.

’tEight standard, nominal ratings are carried in stock as listed
low. Others can be built, including models giving (example)
Sv. 4 1% on 190-255 v. input : or multiple outputs, all
ulated. The regulators also stabilize well under all load
nditions, from no-load to 1009, load.

Complete Data
Please request Bulletin VR 10744

EIGHT STOCK MODELS ARE OFFERED

Type ’ Watts A.C. Input Voltage Output Voltage Net Wt. Price !
VR-10 10 N ( 3 ibs. £5 - |5 |
11VR-20 20 7 Ibs. £8 - 0
HVR-60 60 190-255 230 v.40'5 per 17 1bs, £10 - 10 ,
# cent. }
IVR-150 150 L 50~ Or, as ordered - 42 Ibs. £13 - 10
. VR-300 300 t-phase (see text above) 62 Ibs, £22 - 10 Yy
VR-500 500 68 Ibs, £29 - 10 {
VR-1000 1000 120 Ibs. £47 - 10
{YR-2500 2500 450 Ibs. £175 - 0

{CTRICAL AND RADIO LABORATORY AP

-

PARATUS ETC. LA

Tottenkam Gourt Road, london, W,/ snd 76, 0108411 ST. LIVERPOOL, 3, LANCS.
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—— ALL-POWETF

CONSTANT VOLTAGE AND CONSTANT CURRENT POWER SUPPLIES

There is an ever increasing need for electronically stabilised Power Supplies for general Laboratory
use and for inclusion in other electronic equipment. !
Whatever your requirement may be, whether for 10,000 Volts at a few milliamperes or for a few
Volts at 20 or 30 Amperes, the unrivalled experience of our design staff is at your instant service
We shall be pleased to advise and assist in any of your problems. ;

] . ™e= - SPECIAL ELECTRONIC APPARATUS
! NN 7 When your need is for something very special,

k% to meet a rigid and exacting performance
specification, our Engineers can produce the
perfect answer quickly and economicaally

N PN NI

Let us quote for your 1
] special problems

xﬁi‘
®

SHED

g5

= |
9% 3%  ALL-POWER TRANSFORMERS LTD
e o = 8a, GLADSTONE ROAD, WIMBLEDON, S.W.ﬂ"

A Unit Constructed to a Customer’s Specification Tel. : LlBerty 3303

5

zg yee

The Goodmuans Loudspeaker of to-day is the

Qverall Diameter ..

Power Handling
Capacity .. S0wd

Flux Density

14,000 ga=

latest of a long line of instruments, each the Total Flux I}

duct of t} li f f d-looki 20640 maw‘;

roduct of the same policy of forward-looking !

P T P y o Weight . - 35)|

research and development adopted by the company _
at its inception nearly a quarter of a century ago.

FIDELITY

The 18-inch model illustrated is a thoroughbred

that carries on the established Goodmans E U [] D M N S GE
““tradition of excellence.” FEFICIENCY

04/0/5/)@0%6/5

GOODMANS INDUSTRIES LTD e LANCELOT ROAD o WEMBLEY ¢ MID{
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High performance ® Strength e Stability e
Close electrical and mechanical tolerances e
Grades to suit various applications e

W 23 25 Hyde Way Welwyp Garden City , Herts . England ... Tel. Welwyn Garden 925.

W E.3
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Redifon G.32 Trans
niitter/receiver fo!
C.W., M.C.W., telephony ant
tele gruphy

The new Redifon G.)Z.;

transmitter / receiver

Ideal General Purpose
Communications Unit

HE REDIFON G.32, a compact 50-watt mobile

transmitter /receiver, is already giving excellent service
to Colonial Governments in civil administration and police
duties, and it has now been redesigned to give even simpler
and better operation as well as an improved appearance.

The transmitter covers 4.0 to 15.0 mc/s (75 to 20 metres}
and the receiver 150 kc/s to 20 mc/s (2,000 to 15 metres).

The complete unit, which is ideal for general communi-
cations use, whether installed in small airfields, oil-field or
harbour communications, or geographical research equip-
ment, is 28 ins. high by 21 ins. wide by 12 ins. deep,
finished to tropical specification.

It fits easily into a truck and can be operated from 250v.
A.C. supply or 24v. accumulators for which a special
supply unit is provided.

The Redifon G.32 is available now for almost immediate
delivery, and further details can be supplied by our
Communications Sales Division.

REDIFFUSION LTD.

Designers and Manufucturers of Radio Communication
and Industrial Electronic Equipment

BROOMHILL ROAD, LONDON, S.W.18
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OSCILLOSCOPE TYPE 1684

~SIRIALN® 168424

FEATURES.

% TUBE. 3. in.
diam. Blue or

green screen.
% SHIFTS. D.C.
thus instantan-
eous on both
axes.

v AMPLIFIERS.
X and Y ampli-
fiers are similar.
D.C. to 3 Mc/s
24 mVY.r.m.s. per
¢.m. or D.C. to
I Mc/s 8 mV,
r.m.s. per ¢m.

Y% TIME BASE.
0.2 c¢/s to 150
Ke's.  Variable
through X ampli-
fier 02 to 5
screen dia-
meters. Single
sweep available.

TYPE 1684}

The Oscilloscope Type 16848
proved an invaluable instrument
applications ranging from $
Development, where signal

quencies may be as low as 0.1 ¢
Television Research. The Ostl
scope is equipped with high

D.C. coupled amplifiers havit
frequency response from pC
3mc/s. These amplifierswill &
symmetrical and asymmetrical
put. In general the instantaht
shifts, semi-automatic synch, st
ness of image and general €
operation are features which ap!

to all engineers, .
Price

FURZEHILL LABORATORIESL

BOREHAM WO
HERTS ]
A

—

|
|

ol
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The Research Engineer
knows that the best
speaker for any set
is one that offers com-
plete reliability plus
true tonal fidelity. After
exhaustive  tests his
advice is always the
same—fit Rola and
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WIDE RANGE OSCIL
=2 TYPE 400 A

A resistance tuned oscillator of low
distortion for general laboratory
use.

RANGES,: 20 to 20,000 ¢/s and 20
to 200,000 c/s.

Wi \ FEATURES : Long scale length
(more than 36” effective length);
No zero setting ; Constant output
voltage ; Low distortion ; Low and
high level output circuits.

LATOR

OUTLINE & DIMENSIONS

LN,  BRYCE TRANSFORMERS
' '" are designed to give

HIGH % EFFICIENCY
UNDER ALL CONDITIONS

The AA2 Series of Bryce Transformers has
been designed to cover a very wide range of
application consistent with high percentage
efficiency performance under difficult con-
ditions.  All windings are layer wound and
interleaved, and coils are finally pre-heated
and thoroughly dried out before being
L vacuum waxed or varnish impregnated.

POt Send for leaflet giving full specification.

W. ANDREW BRYCE & CO. LTD.

1521, SHENLEY ROAD, BOREHAM WOOD, HERTS.
Telephone : ELStree 1870, 1875 and 1117

m—
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lr Capacitors have been known and selected by Radio Engineers since the early days of radio. The development and

¥'on of their range during the years has proceeded step by step with, and often in anticipation of, the progress of radio
ictronics. The result is that today Dubilier Capacitors cover, with the highest degree of efficiency, the entire field in

c/lapacitors are used.

“h the rapid growth of scientific knowledge during the past few years, important internal improvements have been efTected

h Dubilier range of Capacitors. Many of these improvements are not. always apparent until the Capacitors are actually in
3?: their excellent performance gives final proof of the essential quality of these improvements.

UBILIED

;i‘MAKERS OF THE WORLD'S
FINEST CAPACITORS

CONDENSER CO. (1925) LTD.

'JER CONDENSER CO. (1925) LTD., DUCON WORKS, VICTORIA ROAD, NORTH ACTON, W.3
\orn 2241 Grams: Hivoltcon, Phone, London. Cables: Hilvoltcon, London. Marconi International Code,
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TELCON MNMETAILS

|

Truvox, pioneers in public address |
equipment, offer this new range of
‘““Monoboit’ permanent magnet

moving coil speakersfor radio receivers, i
with a patented assembly making for
accurate and economical production
and giving unshakeable rigidity in
transit and use. Response curves can §
be adjusted to special requirements,

and full technical specifications are

available on request. |

& Entirely new patented construction with single
bolt fixing of components concentrically locates
the chassis and complete magnet assembly.

@& Brass centring ring prevents magnet being
knocked out of centre, i

& Special magnet steel gives powerful flux with
compactness and light weight.

@ Speech coil connections carried to suspension
piece, ensuring freedom from ratcles, cone
distortion and cone tearing.

{
® Clean symmetrical surfaces, no awkward pro- 5
jections.

. @ Speech c_oil a_nd former bakeli.sed to prevent ('
The high permeability of MUMETAL makes it ‘ former distortion and speech coil turns slipping

or becoming loose.

andi i reni elicate . )
the outstanding material for screening d T S —

instruments and equipment from uni-directional four poinc suspension for the speech coil.

5 or S P at1 @ Widely spaced fixing points for the suspension

and alternating magnetic fluxes. A complete permi maimum movement of the cone pre
9 g N 2 1 ducing the lowest response physically obtainable

range of standard MUMETAL boxes and shields ey AR P e

is available, and shields for special requirements ‘ Supplied in four sizes—Sin. 6lin. Gin.. and 103 {

can be made to order. If you have a screening

problem our technical experts will be pleased to

assist in its solution. Your enquiries are invited.

TELCON E

THE TELEGRAPH CONSTRUCTION & MAINTENANCE CO. LTD.
Founded 1864

Head Office : 22 OLD BROAD ST., LONDON, E.C.2. Tel : LONdon Wall 314! L ‘..
Enquiries to : TELCON WORKS, GREENWICH, S.E.10. Tel : GREenwich 1040 TRUVOX HOUSE, EXHIBITION GROUNDS, WEMBLET

| MIDDX.
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BLOWING CURRENT

-ie general purpose fuses
igned and colour coded
;ﬁance with B.S.S. 6468,
ise of the “Magnickel”

i
13, this also conforms with
¥

ow-

2

¥

we-mentioned  specification

igdifion can withstand the
tintense surges experienced in the primary
¥

1 to transformers

mains  operated

[ with radio and electronic apparatus.
"'s often rise to twenty times the normal

nd will usually blow the ordinary type
|

1
i

Ug the war it was noticeable that
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lose Rating Fuses

§| CURRENT WITH _TIME

BELLING & LEE LTD

9

BELLING & LFF L®
CARTRIDGE _TYPE
EUSE
VARIATION OF . FUSING
===l o ¢ ME
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100
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1000
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nearly of

every piece com-

munication or radar equipment
was adequafely fused, and most
carried spare fuse carriers and
fuses.

Two of the most popular
fuseholders were the Belling-Lee
type L1033 and the

panel fuseholder L.356 (illustrated above).

twin baseboard single

L1055  Standard 137 | amp. cartridge fuses, all

ratings .. .. .. 6d. each.
L338 “Magnickei’" delay fuse 250 & 500 M/A 1/6 each.
L1033 ¢4 Twin baseboard fuseholder with fuses 6/0 each.
L356 Panel Fuseholder with fuse 3/6 each.

i, CAMBRIDGE ARTERIAL ROAD, ENFIELD, MIDDX
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© TAYLOR °

W3oIL638

E-3

I. Six wavebands cover

from 100 kejs to 46 mgys.

. Scale directly calibrated

in frequency.

. R.F. output controlled

by coarse and fine
attenuators.

. 400 c/sinternal oscillator

provides 30 per cent.
modulation if required.

. Unmodulated or exter-

nally modulated R.F.

9. Dimensions :

February, 19

RLL WAVE SIGNAL GENERATOR

6. Up to | volt output of

400 c¢js available for
Audio tests.

7. Main filters are fitted

reducing direct radia-
tion to a minimum.

8. Operates from 10 or

200-250 volts A.C. mains,
40-100 cycles.

12}in. x
8%in. x 6in. deep.

output available.

419-424 MONTROSE AVENUE SLOUGH, BUCKINGHAMSHIRE

Tel: Slough 21381 (4lines)

Weight about [0lbs.

Taylor Model 65B is a reliable and accurate mains-

operated portable Signal Generator. ltis designed for !
all general Radio frequency and Audio {requency tests i
on Radio receivers or amplifiers. 2,1

Price £15 -
PLEASE WRITE FOR TECHNICAL BROCHURE.

10 . O

Ltd.

Grams: “Taylins” Slough

HE TANNOY LABORATORY can pro-
vide a skilled and specialised service in

the investigation of all problems connected
with vibration and sound. This covers
most aspects of acoustical research and is
available to

Departments engaged on priority projects.

\TANNOY/

RESEARCH LABORATORY

GUY R. FOUNTAIN, LTD.

««THE SOUND PEOPLE"’

industry and Government

S“TANNOY” (
is the registered Trade Mark of )
Equipment manufactured by |
GUY R. FOUNTAIN, LTD: ||
“THE SOUND PEOPLE”
WEST NORWOOD, S.E2T ||

and Branches.

Phone - -  Gipsy Hill 1 i

{
f
|
-
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] ["Above) Contact mechanisr

ted compliane nmountings of

)

_ight) Unretouched phorograph (3 sec. exposure)
Szllogram showing contact performance of Relay
3

A‘zcial adjustment for q measuring circuiry coil
‘{4 18 AT (25 mVA) ar 50 cls.

%e 1s complete absence of contact rebound
jany input power and contact pressures
i exceptionally high (see graph). Adjust-
it can be made with great ease. Moreover,
ire the armature is suspended at its centre
f{gvravity, the relay has high immunity from
iicts of mechanical vibration and  there
70 positional error. Effective sCcreening is
‘vided against external fields. Because of
3¢ characteristics, the Carpenter Relay
¢many applications in the fields of measure-
4t, speed regulation, telecontrol and the
b, in addition to the obvious use in telegraph
jaits; details of models suitable for such
L‘;‘Joses will be supplied willingly on request,

VNSIONS IN COVER: 2§x1; x4}, WEIGHT withstandardsocket:22 ozs.
Ask for Booklet 1017 W.E.

n of Relay showing
side contacts.

UINGSWORTH WORKS .
|

)

Telephone : GIPsy Hill

1

ot

.EPHONE MANUFACTURING CO.

DULWICH .

The Carpenter Relay in its standard
adjustment reproduces, with a 5 AT
input, square pulses from less than
2 milli-seconds upwards with a
distortion of 0.lmS, ie., 5% for 2mS
pulses or 1% at 10msS.

This unequalled performance is due
to inherent features of the design of
the relay, ensuring short transit time,
high sensitivity and low hysteresis.

® (Below) Graph
showing contact
pressures
developed at
50¢/s against
mVA and am-
pere turns input
fortype 3E Car-

penter Relav.
P
v
v
% 7/7” -
2 T VT
14 A
$roo 7
Z /_
W 7'-/** Bl B s e e
g {—. A
2 /
w
@
@ 50
0
<
: 2/ N
0]
0 ¥
° 15 30
mVA @ 50~
<) 10 20
INPUT A.T. (RM.S)

LTD.

LONDON + S.E.21

2211 (10 lines)
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Resistors produced by the cracked
carbon process remain stable to 4 1%,

of initial value.

Tolerances =+ 1% +2% =+ 5%
Low temperature co-efficient. |

M

carbom resistor }
|

"‘!

m

vl
Vi

Nﬂ“ﬂﬂ

!l!l

|

WELWYN ELECTRICAL LABORATORIES LTD

\ Welwyn Garden City, Herts. - Telephone : Welwyn Garden

l!

1
|

Flexihles

In T.R.S. and P.V.C. (Plastics)

METAL, SILK OR
COTTON BRAIDED

P, R

Y

ERIALITE

CASTLE WORKS -STALYBRIDGE - CHESHIRE .ENG: t
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. INST/R MENT...

but . VOT

“Laboratory” Pricel

TR

Apvance
Srese g

SUNVNMARY OF
RANGE : 100 K¢ s—60 Mc s on fundamentals (up to
120 Mc's on Second Harmonic).
ACCURACY : Guaranteed within +19.

ATTENUATION: Constant impedance system
embodying a matched 75 ochms transmission line.

INTERNAL MODULATION : 309, at 400 ¢ 5.

STRAY FIELD: Less than 3 microvolts at 60 mega-
cycles.

ILLUMINATED DIAL: Total scale length 30.”

The Neasr

E COMPONENTS LTD.,

H 7 ¥ 5 f
P [~ &
/ |
U % f
o @ 1
or e o
)
Vi e vy @
b:\ - L% .,/k )W éf’v’"
LI 7, - e i
'S AT ]
12 &7 N o

The newest addition to the
“Advance ” range of Signal Genera-

tors  places  an  instrument  of

laboratory class within the financial
scope of every radio serviee cnginceer
and experimenter.  The discerning
engineer will appreciate its accuracy
and  stability,  its exceptionally
wide range which covers all fre-
quencies  required  {or radio  and
television reecivers, and its accurate
attenuating svstem which enables
sensitivity measurements to he made
on highly sensitive receivers up to
60 Me s, Send for fully descriptive
pamphlet.

MAIN FEATURES:

POWER SUPPLY: | 10-210-230-250-volts. 40-100 ¢ 5
consumption approx. |5 wacts.

DIMENSIONS : 13" x 10'" x 7{" decp overall.

WEIGHT ; 15 Ibs.

FINISH : Accractive steel case, sprayed duratle
cream enamel.  Leather carrying handle.

price |9 Gns.

13
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Back Road, Shernhall Street, Walthamstow, London, E.I7
Telephone : LARkswood 4366;7
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WAVEMETERS
OSCILLATORS

ALL TYPES
ALL ACCURACIES

AND ALL FREQUENCIES

SULLIVAN-GRIFFITHS
DUAL DIAL NON-REACTIVE
DECADE RESISTANCES

FOR ALL FREQUENCIES

NOVEL AND PATENTED

ACCURACY BETTER THAN 0.1%

Screened Resistances of guaranteed accuracy
exactly similar to our well-known Decade
Resistances but specially arranged so that one
box of a given number of dials gives many
different values of maximum resistance. Thus
a three dial box (as illustrated)may be used for
instance for

or three decades of Tens,
or three decades of Units,

H. W. SULLIVAN
— LIMITED —

LONDON, S.E.T15
Telephone: New Cross 3225 (P.B.X)

three decades of Thousands, Hundreds and Tens
or three decades of Hundreds, Tens and Units

a total of 1000 ohms.
Units and Tenths a total of 100 ohms.
Tenths and Hundredths, a total of 10 ohms.

Electrical Standards
Research and Indust
Testing and Measuring Appar;;

FOR COMMUNICATION

CONDENSERS ENGINEERING
INDUCTANCES ,

RESISTANCES ‘
BRIDOGE S___Capacitanl

Inductang
Resistanceg

)
|
|
|
i
§,
\
‘i
g
|

a total of 10000 ohms.

B = S o v PR

The advantages of such a system will be obvious, for in 3dd!t.
to the economy involved much space is saved and the resid
resistance and inductance is much reduced. f

The resistances are available in 3 dial, 4 dial and 5 dial ty
subdivision of 0.0019, to 0.19, depending of course on the nu (
of dials incorporated. L

pes W’

THESE INEXPENSIVE DECADE BOXES ARE AP
FOR ECONOMY AS GENERAL PURPOSE RESTA
AND FOR ALTERNATING CURRENT BRIDGE BALAY

\
?
\
!
|
oA
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The Journal of Radio Research & Progress

\
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{
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For modulation
and L.F. amplification

HERE'S A
BETTER VALV

All things being equal, the real measure
a valve's performance is the length of tid
it will operate with undiminished eﬂic1enci
In this respect the MZI1-75 scores heavﬂj
Like all Mullard transmitting and industri
valves, it has been designed with an eye :%
cost per life-hour.

reliability and offer the additional adva
tage that all valves of the same type 4
characteristically consistent. The long- hlf
oxide-coated filament is unaffected é
fluctuations in the mains supply, and alﬁ
permits operation at an economical anO
voltage.

|
Modern manufacturing methods ensure },
1
?
§
4

e g m e e

MZ1-75

OUTPUT SR dBe UATOR A glance at the data panel with tht‘-

VE e e o100V J
- T e factors in mind will explain why the MZ,
Typical operaclon for wo valves in class AB2 to}
push-pull 75 wins the approval of communicatio
Va 1250V

hmeses” D Tadisma engineers who want a better valve f
Wour e e O modulation and L.F. Amplification.

A —y ;A1 Y ] |

Ny For further developments watch “ a r |
Dl Mullard e THE MASTER VA l-v
% - ; # Technical data and advice on the applications of the MZ1-75 Triode can be obtained from {
% THE MULLARD WIRELESS SERVICE CO., LTD., TRANSMITTING AND INDUSTRIAL <
% VALVE DEPARTMENT, CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C2
M A “‘MH"U\"‘”"\"\1HI‘HH\H\MHH“lHNHMI‘U'\Hi\HH'HWHIIIHII'IHIHIIIHHHHIHH'll”l””””
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This is a 10-valve amplifier for recording and play-tack
purposes for which we ciaim an overall distortion of only
0.0l per cent., as measured on a distortion factor meter at
middle frequencies for a 10-watt output.

The internal noise and amplitude distortion are thus
negligible and the response is flat plus or minus nothing
from 50 to 20,000 ¢/s and a maximum of .5 db down at
20 ¢/s.

A triple-screened input transformer for 7% to 15 ohms is
provided and the amplifier is push-pull throughout,
terminating in cathode-follower triodes with additional
feedback. The input needed for 15 watts output is only
0.7 millivolt on microphone and 7 millivolts on gramo-
phone. The output transformer can be switched from
15 ohms to 2,000 ohms, for recording purposes, the
measured damping factor being 40 times in each case.

Built-in switched record compensation networks are
provided for each listening level on the front panel,
together with overload indicator switch, scratch cem-
pensation control and fuse. All inputs and outputs are
at the rear of the chassis.

Send for full details of Amplifier type AD/47.

257/261, THE BROADWAY,
WIMBLEDON, LONDON,
S.W.19.

Telephones : LIBerty 2814 and 6242/3.
Telegrams : ‘“ VORTEXION, WIMBLE, LONDON.”
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« EXSTAT”

SHORT-WAVE
. TELEVISION
CAR RADIO

STOCKED BY ALL THE °
LEADING DEALERS

ANTIFERENCE

In a world whose tempo is governed SALES DIVISION:

67, Bryanston St., Marble Arch, London, W.1 n

L Telephone : Paddington 7253/4. i

by the radio wave, it is necessary to

think quickly and to think ahead.

Marconi engineers have an advantage
in this — the advantage of a technical
background that takes in the whole
history of wireless communications.

In the reconstitution of old services
and the development of new ones, that
experience will be vital. On land, on

sea and in the air, in the future as

in the past, communications will be

linked with Marconi — the greatest name

in wireless.

NEW TYPES FOR
MIDGET RECEIVERS T

HE SCIENTIFIC

. . HEARING AIDS e ———
the greatest name in wireless METEOROLOGICAL VALVE
INSTRUMENTS MAD!
ETC. BR'T'SH —_:_:.—‘ {

MARCONI’S WIRELESS TELEGRAPH COMPANY LTD =
f

THE MARCONI INTERNATIONAL MARINE COMMUNICATION COMPANY LTD Greenhill Crescent, Phore
MARCONI HOUSE, CHELMSFORD, ESSEX Harrow on the Hi”'Mldd‘_.-'

|

l
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‘ere’s a size for every job
1the S.P. range of

ntallised
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% Recent additions to the range : 10 x4 mms.

I information and prices please write to :

i S.P.44
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In a world whose tempo is governed
by the radio wave, it is necessary to
think quickly and to think ahead.
Marconi engineers have an advantage
in this — the advantage of a technical
background that takes in the whole
history of wireless communications.

In the reconstitution of old services
and the development of new ones, that
experience will be vital. On land, on
sea and in the air, in the future as
in the past, communications will be
linked with Marconi — the greatest name

in wireless.

the greatest name in wireless

MARCONI’S WIRELESS TELEGRAPH COMPANY LTD

THE MARCONI INTERNATIONAL MARINE COMMUNICATION COMPANY LTD

MARCONI HOUSE, CHELMSFORD, ESSEX
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THESE ARE IN STOCK

RAD!O VALVE VADE MECUM, ty P. H. Brans, I2s. éd.,
postage 6d.

PULSED LINEAR NETWORKS, by Ernest Frank, Ifs.,
postage 8d.

RADIO ENGINEERING HANDBOOK, by Keith Henney,
30s., postage 8d.

MEASUREMENTS IN RADIO ENGINEERING, by F. E.
Terman, 22s. 6d., postage 8d.

RADIO ENGINEER’S HANDBOOK, by F. E. Terman, 35s.,
postage 9d.

ELECTRONS IN ACTION, by James Stokley, I5s., postage 8d.

PIEZOELECTRICITY, by W. G. Cady, 45s., postage 10d.

ELECTRONIC EQUIPMENT AND ACCESSORIES, ty
R. C. Walker, 25s., postage 8d.

ELECTRONICS IN INDUSTRY, by George M. Chute, 25s.,
postage 8d.

THE TECHNIQUE OF RADIO DESIGN, by E. E. Zepler,
2ls., postage 7d.

ELECTRON OPTICS AND THE ELECTRON MICRO-
SCOPE, by Zworykin, Morton, Ramberg, Hillier and Varce,
60s., postage 10d.

ELECTRONICS FOR ENGINEERS, by Markus & Zeiuff,
30s., postage l0d.

THEORY OF ALTERNATING CURRENT WAVE FORMS,
by P. Kemp, 17s. éd., postage 8d.

THE WIRELESS WORLD VALVE DRATA, 2s., postage 2d.

HIGH FREQUENCY THERMIONIC TUBES, by A. F.
Harvey, 18s., postage 6d.

THE CATHODE RAY OSCILLOGRAPH IN INDUSTRY,
by W. Wilison, 18s., postage 7d.

WE HAVE THE FINEST STOCK OF BRITISH AND AMERI-
CAN RADIO BOOKS. WRITE OR CALL FOR COMPLETE LIST.
THE MODERN BOOK COMPANY
19-21, Praed Street, London, W.2 (Dept. R.I).

Standard Signal Generator
With its extreme accuracy and stability, the
Airmec Signal Generator is an indispens-
able instrument wherever radio-frequency
measurements are made. Whether in a
laboratory, a service station, or on a pro-
duction line, it will speed the work and
guarantee accurate results,

Write for full descriptive literature

AIRMEC LIMITED
Wadsworth Road, Perivale, Greenford, Middlesex

NC : Perivale 3744
AR M=

~

\/ A Group Company of Radio
Cvs-11 & Television Trust Ltd.

February, 1g4

SERIES 35
MINIATURE

MOVING IRON
INSTRUMENTS

)

Provided with clear, open scales 3}” long. Flush pattern moulded
Well damped ; suitable for D.C. & A.C. up to 100 cycles. Rez
independent of wide variations in wave form. Movement of s
controlled, repulsion type with high torque/weight ratio. Amm
self-contained to 50 Amps; power consumption does not exceed|
Voltmeters self-contained to 500 Volts; power consumption l|

MEASURING INSTRUMENTS (PULLIN) LTD |

Dept. 1, Great West Road, Brentford, Middiesex.  Telephone: Eah'm,‘

Write for book-
let on lifting and

CH Al N sbitting or separ-

ate catalogue of

p u L L EY conveyors, oranes,

and other mech-
BLOCK apical  handling
equipment,

GEO. W. KING LTD, (
P.E.B. WORKS °+ HITCHIN - HERTS. DOUGL
MANCHESTRR OENTRAL 3947 NEWCASTLE 24196

——
e e, i —

CROWN AGENTS FOR THE COLONIES. :
Applications fromn gualified candidates are invited for the follo¥

ost -
%ROADCAST OFFICER required by the Gold Coast GOVer{mif’
Broadcasting Department for one tour of 18 to 94 months W
possible permanency. Salary according to age and war ser\'llo
the scale of £450 rising to £720 a year. On a salary of {450 am
allowance of £48 is payable and for married men separation aliow o
between (84 and {204 according to number of dependants. hall‘
allowance £60. Free passages and quarters. Candidates ?n
be of good education and have had a thorough tljmllmg‘ 1
thenry and operation of wireless broadcast transmitters 3_“ h:
studio technique. They should understand thoroughly the sy
of distributing radio programmes by wire and have a
knowledge of superheterodyne shortwave receivers. A
of gramophone disc recording is desirable. Apply at once x
stating age, whether married or single and full particulars of 1}
cations and experience and mientioning this paper to the o
Agents for the Colomies, 4, Millbank, London, S.W.1., QU9
M/N/13418 on both letter and envelope.

B .

L
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SOUTHERN S

MINIRACK

14 INCH RACK MOUNTING SYSTEM
E10 OSCILLOGRAPH

A general purpose laboratory type
oscillograph in MINIRACK  form
incorporating a high-gain direct-
coupled amplifier, wide-range linear
time-base, valve stabilised power supply
and other outstanding features.

22

A limited number are available] for
immediate  delivery. Write  for
particulars.

: W=id FABRIC OR PAPER BASE
3 SOUTHERN INSTRUMENTS LTD. |
| FERNHILL, HAWLEY, CAMBERLEY, SURREY. THE BUSHING CO. LTD.

1

I}

HEBBURN-ON-TYNE = |

TELEPHONE : CAMBERLEY 1741 |
L

Sterling Furniture Ltd.

|
ARE |
|
|

CABINET MAKERS

YOUR ENQUIRIES INVITED i
Phone: TOTTENHAM 2041. 37-55, PHILIP LANE, N.15. 5

s

m———

4

TECHNICAL BOOKS

Books on Radio and Electronics and all branches of Electrical

Engineering, supplied from stock or obtained to order. If not in

stock, they will be obtained from the Fublishers when available.
Please state interests when writing.

SCIENTIFIC AND TECHNICAL
LENDING LIBRARY

f Annual Sutscription from One Guinea.
Detailed prospectus free on request,

H. K. LEWIS & Co. Ltd.

136 Gower Street, London, W.C.1

I Telephone : EUSton 4282 (5 lines)
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W. specialise in the production
of all types of Metallised Ceramic

., components—Hermetic Seals,
) Sealed Lids, Tag Boards, Bushes,

' Formers, etc.

These are available

' in soldered, coppered or silvered
finish, according to requirements.
The suitability of any finish is a

. matter which we shall be pleased
to discuss.

/ITED INSULATOR CO. LTD

i:phone : Elmbridge 5241 (6 lines)

HERMETIC  SEAL
TYPE HS 421

Flashover Yoltage
over outs idepath
4.5KYDCat20°C.
Flashover Voltage
over inside path
3.5KVYDCac20°C.
Small size. Close
assembly. Physi-

cally robust.

Components made to standard design
or to customers’ specific requirements.

Write for details.

-» OAKGROFT RD., TOLWORTH, SURBITON, SURREY

Telegrams : Calanel, Surbiton
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You gain all the advantages of long special-
isation when you use Sterling Felt, which is
accurately patterned for all radio purposes.
Ask Sterling about Felt Strips and Washers
for Cabinets and sound deadening Felts for
resonance suppression.

Also Cardboard Segments and Rings for
Speakers and Cabinet backs.
Felr cut to suit any specification.

Any SHAPE—any SIZE—any QUANTITY

STERLING 271

INDUSTRIES LY
STERLING WORKS, ALEXKNDRA ROAD, PONDERS IND

“Phone : MIDDLESEX “Geami £
HOWARD 2214.5, 1753 STERTEX, ENFIELD

" Lexington MovING COIL PICK-UP
has a flat frequency response.

Used in Laboratories as a Standard.
Write for trade terms and illustrated technical data.

COOPER MANFG. CO. %" 2°" Gatrara Tos0.

THE WORLD'S GREATEST BOOKSHOP

**FOR BOOKS %
New and second-hand Books on every subject.

119-125, CHARING CROSS ROAD, LONDON, W.C.2.
Gerrard 5660 (16 lines) ¢ OPEN 9—6 (inc. Sat.)

Qy/

Walter

RADIO RADIO RADIO
STAMPINGS *  CHASSIS *  PRESSINGS
EARM LANE, FULHAM, S.W.6. TELEPHONE: FULHAM 5234
C.R.C. 4 .

NAGARD Type 1028

| OSCILLOGRAPH & OSCILLOMET

For universal servicing and the usual comparative measyr
ments.
\ Calibrated time base velocity. Accuracy +19%,.
| Internal standard source of voltage for comparative volta;
l measurements. Range: 0.01V. to 200V.  Accuracy 29
l Ideally suitable for quick determination of the wa»{(‘
| form, frequency, voltage, and current of period
electrical and mechanical phenomena. |
[ Two-stage Y amplifier, L.F. and H.F. corrected. At
A : - Mc/s. Response —4 ¢
Useful  response ew
at 5 Mc/s. Input capaci
<14 ppF.  Input resis
ance >500,000 ohms.
Highest writing speed, |
millimetres per mic
second.
S.emi_-automatic synchr
nisation. ]
Perfect for photograph
recording. {

§ oy sreawsy

LNATA : . 53" screen CR. Tl

i ;{ SERN N Tl Effect of mains i
i % 4 S varations elim- £ 7‘

l S>> M inated. !

Comprehensive technical
upon request. 4
INTERNATIONAL TELEY]
CORPORATION, LTH
102, Terminal House, Grej
Gardens, London, $.¥
Pelcphon_ ! b‘LOaneilg‘i

4

Works and Research Laboratorics :
245 Brixton Road, London, §.W.9

—
Piezo QUARTZ CRYSTA

for all applications.
Full details on request.

QUARTZ CRYSTAL CO., LTD,, :é
(Phone : MALden 0334.)  $3-71, Kingston Rd., New Malden, SURE

e e e

f
<

A firm in London requires communication engineer
considerable experience of radio circuit design especiaifg
aircraft equipment and miniaturisation. Good basic tra}
| and subsequent industrial experience essential. Post v

responsible one with very interesting prospects for right
‘ Initial salary up to £850 per annum. |

Write full details of education, qualifications and eXPGf‘é
‘ to Box No. 4465. ‘

"

‘ SPECIALIST ATTENTION—

The solution of individual problems has for M

years formed a part of our normal day’s work.
transformers are employed in the equlpme“‘\j‘
manufacture, we shall be glad to give you the ad),

tage of our experience and to offer the samé effic
service that(

) won thed
Felephiane; Abbey 2244 fidence of {

Q
X e,

\ - Governm§
L

- PARTRIDGE ;.
f the L

k TRANSFORMERS LTD 70
76-8, PETTY FRANCE, LONDON, S.W.| Organ!sa“";

/
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A portable Beat frequency Oscillator
of outstanding merit, widely used by
all the leading government and indus.
trial laboratories. Range: 0-16000
¢.p.s. Output: 0.5 watts. Weight :
30 Ibs. Total Harmonic Distortion :
Less than 1% at full output. Output
impedance: 600 ohms. Calibration
accuracy : 1% or 2 cycles, whichever
is the greater. Vernier Precision dials
and built in output meter 0-20 volts.
Suitable for use in sub-tropical
climates ; very stable under reason-
ably constant ambient temperature
conditions.

PRECISION
BUILT
INSTRUMENTS

50B

BIRMINGHAM SOUND REPRODUCERS LTD.

CLAREMONT WORKS: OLD HILL, STAFFS. PHONE: CRADLEY HEATH 621273
' LONDON OFFICE: 115 GOWER STREET, W.C.l. PHONE: EUSTON 7515

M-W.72

T

thse of modern high-energy magnetic
lals gives an exceptionally high
\2/weight ratio; and mechanical
{fication gives greater reliability,
3:; life. Full particulars of range
,yﬁuest. ;
l‘?"lN INSTRUMENT CO., LTD., GRAND BUILDINGS, TRAFALGAR $SQ., LONDON, W.C. 2
Telephone : WHitehall 3736 Works : DARTFORD, KENT

o

N

it

: ‘ I
)
)

A

4
{
)
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TEST EQUIPMENT

RESISTANCE  CAPACITANCE
BRIDGE.

(Available From Stock).
Ranges :
Resistance:l ochmto 100megohms
Capacity : Immfd to 100 mfd.j=
A rugged and reliable instrument
with an accuracy better than
59, designed for use on the test
bench and in the laboratory, em-
ploying many useful features :—
% Electron Beam Indicator.
¥ Leakage Indicator.
< Power Factor Measurement.
Y Large Inset Dial.

Every Instrument is Individually o . ..
Calibrated. EAS0 Resistance Capacitance Biidge.

AN EXTENSIVE RANGE OF HIGH GRADE TRANSFORMERS.

® MAINS TRANSFORMERS 60 and 100 watt, 350-0-350v
0-4-5v. 0-4-6.3v. Tortally enclosed in Metal Shell.

® UNIVERSAL OUTPUT TRANSFORMERS. Suitable for
Triode, Pentode, Class B and Q.P.P. Output Stages
Fully Tropicallised.

@ PRECISION TRANSFORMERS AND CHOKES. Trans-
formers and Chokes in this range are precision built
components with a guaranteed tolerance of 29, of rated
values. First Grade Materials only are used in their
manufacture. These components can be made to
individual specifications or supplied from our compre-
hensive Catalogue.

Mmnon

Telephone :
WELBECK
2371-2

\SALWLES LXD

RECORDER HOUSE, 48 & 50, GEORGE STREET,
PORTMAN SQUARE, LONDON, W.1.

Cables : Telegrams :

SIMSALE, LONDON. SIMSALE WESDO, LONDON.

purp '

CHIEF RESEARCH ENGINEER required by established company
of repute manufacturing deaf aids and acoustic eauipment. Ex-
perience of circuit design, andio-oscillators, acoustic measuring
instruments, Excellent laboratory facilities available in modern
factory W. London. Salary £650—£800 with expansion. Only
first class men should apply stating age and full experience. Box
No. 5567,

APPOINTMENTS.
ROYAL AIR FORCE.—There are still several hundred VACANCIES
FOR SHORT SERVICE OFFICERS in the recently formed
EDUCATION BRANCH. Candidates should e between 23 and 31,
and should have a University degree in Mathematics, Physics or
Engineering.

A man aged 25 may draw pay at £310, £347, or £420 ayearonentry,
according to qualifications and experience. In addition to pay single
men receive free furnished accommodation and married men receive
married allowance of £228; in both cases rations are provided in
kind ora ration allowance of £57 a year paidin lieu.

A gratuity is payable on completion of b years’ service. This will
ultimately be £500 but for officers appointed until further notice it
will be £562 10 0. Gratuity will be reduced for men in contributory
service for civil teacher’s superannuation by the amount of the super-
annuation contributions, which will be paid by the Air Ministry.

Opportunities will arise for appointinent to permanent commissions.

Tull details and application forms fromn Air Minstry, (A.R.1.),
Kingsway, London, W.C.2.

February, 194
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BASICALLY BETTER
AIR~-SPACLED

e

S NEW DUAL TESTOSCOPE

= "|deal for Highat
) e o il

4 Y

ing: 130, 100/8
A.C.and D.C.
Allowance made on old models.

Send for interesting leaflet G24 on Ekdfld
s all Dealers or

VENT-AXIA

UNITS |

London, 5.

‘ " VENT-AXIA LTD., 9 Victoria Street,
[ d Leed: v

Also at : Glasgow, Manchester, Birmingham an

Official Publications on Marine Radar

International Meeting on Radio Aids]

VOL. I.
Marine Navigation, May, 1946.
VOL. Il. Radio Navigation, Radar and POS'(‘;
Fixing Systems for use in Ma
Navigation. i
Prices: Volume I. 2s. 6d. By Post 2s. 8d::

Volume !, 5s.

HIS MAJESTY’S STATIONERY OFFIf

London W.C.2. York House, Kingsway. Post OrderS’P'(s);;\{
No. 569, London, S.E.I, 32, Castle 28

Edinburgh, 2. Cres
Manchester, 2. 39-41, King Street. Cardiff. |, St. Andrew Z)KS :
Belfast. 80, Chichester Street. ﬂ5

By Post 5s. 30

OR THROUGH ANY BO
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VO PRECISION

Regd. Trade Mark

TESTING INSTRUMENTS

THE AVO’
TEST BRIDGE

A self-contained so-cycles measuring  bridge
of exceptional accuracy and utility.  Pro-
vides for the direct measurement of all normal
sizes of condensers and resistances. Accurac

b
3

‘opera- - except at the extreme ends of the range,

for better than 59%. Facilities are also provided
jains for condenser power factor measurements and
ilion.

leakage tests.  Inductances from o1 Heary
upwards can be checked against external
standards. It mav also be em loved as a
highly efficient valve voltmeter indicator for

I,LWaVe AVO_OSC'LLATOR the measurement of both audio and radio

irequency voltages

IU0Uus fundament@l frequency bﬂnd from 95 KC. to
“ineans of six scparate coils. Calibrated harmonic CAPACITY:
- range to 80 Mc. Each band calibrated in Ke.:

Range C.1—000005 uF to ‘003 uk
~ithin | per cent. Max. output T-v., delivered into

i Range C.2— 0005 uF to s uP

“on-inductive output load. Internally modulated, Range C.3— 05 uF o s0° M ,
dulated or pure R.F. signal at will. Separate valve o st

: wvides L.F. modulation of good wave form at RESISTANCES: FU“)’ deSCFIpLIVQ leafiets
/s to a depth of 30 per cent. Fully screened Range R.1- 5 ohms to 5,000 ohms will be sent on application
dummy aerials for long, medium and short waves. Range R2— 500 obms to 500,000 chms

fred case.

Range R.3-—50,000 ohms to 50 megohms
and Manufacturers

IATIC COIL WINDER & ELECTRICAL EQUIPMENT CO. LTD., Winder House, Douglas Street, London, S.W.1, Phone ; Yictorio 3404-9

1

S 0 2

SCIENTISTS DEMAND . . .
SCIENTISTS BUILD . ..

'Y g

No matter what your problem in Radio or Electronics, we will ercate

the Capacitor to fulll vour cxacting demands and specification.  Qur

technical and scientific adviee s at vour dispasal.

WEGO CONDENSER COMPANY LIMITED
BIDEFORD AVE - PERIVALE * GREENFORD - HMIDDX - Tel. PERIVALE 4277
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SIGNAL GENERATO
SERIES
F.M. 150 AND )

MODEL Directly calibrated in two ranges 4]

50 mc. and | mc. to 10 mec. Freg

150-A  deviation continuously variable bet

and 4 125 ke, Provision for internal or external m

tion. Qutput volts continuously variable betw:
microvolt and | volt.

Y ENTIRELY NEW DESIGN

Directly calibrated in two ranges 54
MODEL [09 mc. and 108 mc. to 218 mc. Freg

202-B deviation continuously variable betw
and 250 kc. at audio or supersonic frequendies,
internal or external source. Amplitude modulation
ately or simultaneously. Piston type attenuator gl
microvolt to .2 volt output,

Further particulars available on request.

LE

INSTRUMENTS LTD
21, JOHN STREET BEDFORD R

TELEPHC

LONDON, W.C.I. @® CHANCER!

23

5

W

A JOURNAL OF INSTRUMENT ENGINEERING

¢ The complexity of modern industrial processes instruments, and, since such things are usually
and the ever widening fields in which instruments reciprocal, a new service for ourselves.’

are employed call for a type of service from the

instrument manufacturer to the user which must With these words we introduce the first issue of our
go far beyond the simple business relations of the new quarterly publication, ‘¢ Technique . Would
past. With this, the first issue of“Technique”, we you like us to put your name on our Mailing List
inaugurate a new service for users of Muirhead to receive it regularly ?

i
L

MUIRHEAD

{

i

Muirhead & Company Ltd. Elmers End, Beckenham, Kent. Tel. Beckenham 0041-2. “
FOR OVER 60 YEARS DESIGNERS AND MAKERS OF PRECISION INSTRUMENTSQ
CRY
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3?Pouble-Cup Ceramicon, the
i of new products scheduled
e in 1947, is the result of the
' voltage ceramic condenser
try appreciable current at

'

;g'nd will retain the advantage
H]

ginpact, single-piece unit.

;
4

oy

4
e

- sectional drawing shows,
ielectric has a centre web
[ial with the tubular casing,

¥ required long creepage

?é’er plates are fired on to the
ilch side of the web and
it interruption to the rim
gﬁghus greatly increasing the

r

jh corona occurs. Electrical
r¢ made by means of
plated metal
electrodes.

terminals
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DOUBLE - CUP CERAMICONS

o3y

This design has the necessary basic
features for high voltage applications at
high frequencies. The web section is
sufficiently thick to prevent breakdown
of the dielectric, and the design described
provides adequate protection against
flash-over at the rated voltage. Heavy
metal terminals serve to dissipate
internal heat and provide a 360° contact
for the current to fan out to the electrodes.

Rating is 5 KVA.

The ceramic dielectric employed is
made of the same titanium dioxide series
as the well-known temperature com-
pensating This
material plus careful control of processing

tubular Ceramicons.

operations assures stability with respect

to temperature, excellent retrace, and
high Q factor.

TORONTO,

Telephone : GOLindale 8011.
CANADA

TYPE 741A
Standard Temperature Peak Wkg. Volts
Capacities Coefficient DC at Sea Leve|
|
20 MMF P100 10,000
30 MMF P100 6,500
39 MMF P100 5,000
61 MMF N750 10,000
75 MMF N750 7,500
100 MMF N750 5,500 |

¥
_ i
Test Voltage: 50 cycle RMS equal to
peak working voltage.
Temperature Coefficient :
P100=plus 100430 parts/million/°C.
N750 =minus 750120 parts/million /°C.

Watch this page for release
date and for advance in-
formation on other new
products.

Cables : Resistor, London.
ERIE, PA., U.5.A,
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you be sure that the flux is always present. The 3 cores ofE
Multicore Solder are filled with Ersin—the extra active non-corrosive flux. Only Ersin Mumco;e,,
Solder can guarantee you freedom from dry joints, elimination of waste, rapid melting and speed
soldering. Write for technical information and free samples to Multicore Solders Ltd., Mellier House:

Albemarle Street, London, W.l or phone REGent 1411. k
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EDITORIAL

Permeability of Dust Cores

N this number we publish an interesting

letter from P. R. Bardell in which this

question is discussed on the basis of
experimental results obtained in the Research
Laboratories of the General Electric Company.
In the November editorial we referred to
results obtained in America by ILegg and
Given which indicated that the permeability
of dust cores was considerably higher than
the value calculated on the assumption that
the particles were uniformly distributed
spheres or cubes. We expressed dissatis-
faction with the explanation given and sug-
gested that the results could only be ob-
tained by giving up the assumption of
uniformly distributed spheres or cubes and
assuming some linking up of the particles
in the form of threads in the direction of
the field.

We are pleased to see that Mr. Bardell
comes to practically the same conclusion.
He says that the results agree with the
calculated values if it is assumed that the
particles are rectangular slabs of dimensions
Io X 2 X 1 aligned in the direstion of the
field. It is interesting, but surprising, to
know that photomicrographs show that such
a flattening and alignment may be caused
by the high pressures employed in the
manufacture. We must confess that we find
it rather difficult to picture the iron particle
being changed into little strips five or ten
times as long as they are wide, and obligingly
arranging themselves in the desired direction,

‘however great the applied pressure, but we

write in ignorance of the manufacturing
processes. It is as easy to picture a small
extension in the desired direction squeezing
out the insulating material in the end-to-end
gaps and thus giving metallic continuity along
the field.

It is fortunate that this unexpected practi-
cal departure from the theoretical values
based on cubes or spheres is such as to
rectify to a considerable extent the main
disadvantage of dust cores, viz. their low
effective permeability.

This alignment of the particles calls to
mind the material known as Ferrocart
which some of our readers may remember.
It was developed by Hans Vogt and described
by A. Schneider in the Wireless Engincer
of April 1933. In this material the iron
particles, which were stated to be ellipsoidal,
were sprinkled on a strip of paper moving
horizontally while their insulation was
still liquid; the paper strip then passed
through a solenoid carrying a direct current
which aligned the particles along the strip
before the insulating material dried and
fixed them in the aligned position. A number
of these paper strips were then buwlt up
with a hot liquid binder. The space factor
was small and it was stated that the per-
meability could not be increased much above
18 without increasing the losses to an extent
far outweighing the advantages of the
higher permeability. The permeability now

B
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obtained in dust cores is a multiple of this,
and we look forward to the publication of
further particulars of the permeability and
losses of dust cores as now constructed and
more detailed information as to the shape
and alignment of the particles, on which
the increased permeability depends.

With regard to the Ferrocart cores we

drew attention in September 1941 to -the

fact that a sample core, received from the

.manufacturer in 1933, and kept in a card-

board box in a dry laboratory cupboard; had
completely disintegrated into a loose heap of
paper and what appeared to be rust, and

that in less than eight years. We asked at
the time if any readers who had inductances
fitted with these cores would make measure-
ments and let us know the results, but as we
received no such information we presumed
that Ferrocart cores had not been used to
any extent in this country.

Wherever measurements of effective per-
meability of dust cores are given, measure-
ments of the losses should also be given,
in order to ensure that the increased
permeability is not being obtained by
sacrificingsthe very advantages because of
which dust cores are employed.

G.W.0.H.

The Use of Standard Terms and Symbols

N the October number of the Proceedings
of the Institution of Radio Engineers,
Australia, we are glad to see an article

by a member, advocating a more rigid
adherence to standardized terms, abbrevia-
tions and symbols. After discussing the
résistor with its resistance, the conductor
with its conductance, the reactor with its
reactance, the inductor with its inductance,
and the capacitor with its capacitance, the
author says: “Other bad practices are
concerned with abbreviations. For micro-
farad we may get mf, mfd, mF, uf, wF, and
a sifilar range for micromicrofarad, p is the
accepted symbol for micro and F is the
accepted abbreviation for farad. Therefore
use uF and puF. In typewritten matter use
UF asid-uuF ; these are to be preferred to
mF and mmF. The ‘diehards’ will resist
any encroachment on their bad habits:—
* Why argue—you know what we mean, etc.’
Even' so, what is the objection to being
correct 7 In this case, do we know what
Is meant ? The abbreviation mF means
millifarad, and mmf{ means magnetomotive
force. The possibilities for confusion are
None of those who use
using
'mV for microvolt.” e

Our Australian friend might have quoted
a more horrible example for it is quite
common Iin American journals and text
books to find m used simultaneously for both
milli and mega, and to see a frequency of
50 Mc/s referred to as a frequency of 50 mc.

There is one case in which one cannot but
sympathize with the transgressor, and that
1s in the use of K instead of the standard k
for a thousand. It would have been reason-
able to have adopted small letters, x and m,
for submultiples of unity and capitals,
K and M for the multiples, but the standard-
1zing authorities decided on k and M, with the
result that those who are careless in such
matters are quite likely to use K and m,
for a thousand and a million respectively.

G.W.0O.H.

Correction.

In last month’s Editorial the solidus was
unfortunately omitted in the last expression
in column 1, page 3. The last sentence here
should have read ““ For the energy per cm?

'we have iIn one case uH?%8n and in the

other «& 2/8x.”

T
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H.F. RESISTANCE AND SELF-
CAPACITANCE OF
SINGLE-LAYER SOLENOIDS®

By R. G. Medhurst, B.Sc.

(Comminication from the Staff of the Research Laboratories of The General Eleciric Company, Limited, Wembley, England)

SUMMARY.— This paper contains the results of high-frequency resistance and self-
capacitance measurements on about 40 coils, wound with copper wire on grooved Distrene

formers.

The measuring instrument was a twin-T impedance bridge.

For coils whose turns are widely spaced, the high-frequency resistance measurements
are it good agreement with the theoretical values of S. Butterworth.® For closely-spaced coils,
the measured values are very considerably below those of Butterworth.

A table of values of high-frequency resistance of coils having various values of length/
diameter and spacing ratio is derived from these measurements.

It is shown that a good approximation to the high-frequency Q of coils of the type

measured is given by the simple expression

Q = 0.15 RY/f
where R is the mean radius (cm), f the frequency (c/s) and  depends on the length/diameter

and the spacing ratios.

A table of ¢ has been calculated.
Measurements of self-capacitance were ma
measurements show a very considerable divergence

de with one end of the coils earthed. These

from the formula of A. J. Palermo!!

though they are in quite good agreement with other previous experimental work. The self-
capacitance of coils of this type is shown to be substantially independent of the spacing of

the turns.

It is given by an expression of the form

C, = HD picofarads
where D (cm) is the mean coil diameter and H depends on the length/diameter.
A table of H is given, based on these measurements.

1. Introduction.

GREAT deal of theoretical and experi-
mental work has been published
concerning the resistances of coils

and their variation with frequency. The
experimental work, in general, suffers both
from its restricted application and from
uncertainty as to the absolute error inherent
in the method of measurement. The theoreti-
cal work, even where it Is in reasonable
agreement with experiment, tends to produce
complicated formulae which lead to very
considerable computation. Even now, after
over a quarter of a century of work on every
type of coil that has been used or proposed,
the present writer knows of no reliable data
from which Qs of even the simplest coils
can be easily and quickly predicted. ‘

The only comprehensive theory extant 1s
that of S. Butterworth'-®. He gave formulae
which purported to cover single-layer solen-
oids, wound with round wire, for any {re-
quency, coil dimensions and spacing of turns.
The only restriction was that the number of
turns had to be large, the case of few turns
only being dealt with when the length of

* MS accepted by the Editor, July, 1946

the coil was small compared with its diameter,
and the turns were not too closely spaced.
He suggested modifications to include multi-
layer coils and coils wound with stranded
wire. All these formulae only dealt with
copper losses, dielectric losses being assumed
negligible. Dielectric loss must, 1f necessary,
be allowed for separately.

This theoretical work has become so
generaily accepted that it 1s quoted as a
basis for calculation in standard reference
books (see, c.g., ref. 12, pp. 78-80). It will
be shown experimentally that Butterworth'’s
theory is only applicable to coils having
widely spaced turns (roughly d/s < 0.5).
More closely spaced coils have a lower high-
frequency resistance than that predicted by
Butterworth, the discrepancy increasing as
the coil length decreases relative to the
diameter. For coils having //D =1, when
d/s = 0.6 Butterworth’s value is too high
by 15 per cent, when d/s = 0.7 by 25 per
cent, when dJs = 0.8 by 55 per cent and
when d/s = 0.9 by 190 per cent.

During the determination of high-ire-
quency resistance and inductance it was
necessary to make allowance for the self-
capacitance of the coils measured. It was
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thought that self-capacitances calculated
from the formula of A. J. Palermo!®? would be
sufficiently accurate for this purpose. How-
ever, it was found that use of Palermo’s
formula led to variations, larger than the
experimental error, of the apparent measured
inductances over quite a small frequency
range.

Measurements of self-capacitance of a
wide range of single-layer coils were con-
sequently carried out. The results failed
to confirm Palermo’s claim that the self-
capacitance varies steeply with the spacing
of turns. They are, instead, in quite good
agreement with previous work, which had
shown the self-capacitance to be very nearly
independent of d/s. For coils having length/
diameter = 1, Palermo’s formula gives results
which are greater than the measured value
by 4:1 when d/s = 0.9, and smaller than
the measured value by 1.6 : 1 when d/s=o.1.

2. List of Symbols

D represents mean diameter of coil (cm)
R represents mean radius of coil (cm)
l represents overall length of coil (cm)
n  represents number of turns
d  1epresents diameter of each wire (cm)
s represents distance between centres of adjacent
turns (cm)
d/s represents spacing ratio of turns
p  represents resistivity of wire (ohm-cm)
J  represents frequency (c/s)
T  represents power factor of material of coil
former
C, represents self-capacitance of coil (pF)
L, represents equivalent series inductance of
coil (+H)
R, represents equivalent series resistance of coil
(ohms)
fo  represents self-resonant frequency of coil (cfs)
¢  represents ratio of h.f. coil resistance to

resistance at same frequency of same length
of straight wire.
¢ is a function of !/D and djs, occurring in the
formula for Q,
te, Q= 015R ys/f
Where Q = 27 f L /R,
/ 2f by

V 10% 45

wire diameter
z = nd

current penetration
depth
3. —Butterworth’s on Single-Layer

Solenoids

3.1. S. Butterworth’s series of papers on
solenoidal coils are based on two'sets of
formulae which he developed for single-
layer solenoids. In both cases there is no
restriction on the frequency. The firstl
apply to coils having any specified number
of turns, the turns being ““not too closely
spaced,” and the coils having lengths smail
compared with their diameters. The second?

Work

were evolved as a consequence of some
measurements by C. N. Hickman, which were
made on coils outside the range of conditions
assumed in the formulae of Ref. 1, and con-
sequently failed to agree with the results
predicted by these formulae*” This second
group of Butterworth formulae extended the
theory to coils having arbitary spacing ratio,
and arbitary ratio of length to diameter.
The number of turns, however, had now to be
assumed to be large. Butterworth’s method
of deriving his second group of formulae is
as follows :

W

Ljér O } O O w»
e

Fig. 1. Views from above (a) and transverse to the
wires (b) of Buttevworth’s infimte plane system
of pavallel wives.

He took as his starting-point a system
consisting of an infinite number of parallel
wires of equal diameters, equally spaced
and lying in the same plane as shown in
Fig. 1, which shows a portion of the system
seen from above and end-on. He set out
to solve three problems, namely, to deter-
mine the losses in the system (¢), when the
wires carry equal alternating currents,
flowing in the same direction : (b), when
they are situated in a uniform alternating
magnetic field H, parallel to the plane of the
wires and perpendicular to their axes ; and
(c), when they are situated in a similar uni-
form field H, perpendicular to the plane of
the wires. We shall call H, and H, the
axial and transverse fields respectively.

_ Each of these problems involved the solu-
tion, by a method of successive approxima-
tions, of a set of an infinite number of linear
equations, each containing an infinite number
of variables. Butterworth’s solutions are
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contained in three tables, for a range of
d/s from 0.1 to I.0, In steps of 0.1 (i.e., from
widely separated turns to turns touching).

In order to apply these solutions to
solenoidal coils, Butterworth worked out the
field associated with the coil by adding to the
field associated with an infinitely long
solenoid a modifying field produced by its
ends, considered as a circular disc of poles.
This field was resolved into two components,
one parallel to the axis of the coil (the axial
field) and the other perpendicular to the
axis (the transverse field), and the mean-
square value of each over the length of the
coil deduced.

Now, he pointed out that each short
section of wire may, if the wire diameter 18
small compared with the coil diameter, be
treated as part of a plane system, of the
kind already considered. ~He considered
that, as a sufficiently close approximation,
the axial and transverse fields associated
with the coil could be replaced by their
mean-square values, these being considered
to act uniformly along the length of the
equivalent plane system, now taken as being
infinitely long. Under such conditions, he
showed that the total losses in the system
equivalent to the coil could be obtained by
summing the separate losses deduced from
the solutions of his three problems.

His results for very high frequencies are
summarized in a table which is reproduced
here as Table 1. The quantity tabulated
is the ratio of the high-frequency resistance
of a coil, assumed to have a large number of
turns, to the resistance at the same frequency
of a straight wire of the same length and
diameter as the wire forming the coil.
This straight-wire resistance can be calculated

of Table I are the ratio length/diameter of
the coil, and the spacing ratio d/s.

“ Very-high frequency " has to be defined
in terms of the diameter and electrical con-
stants of the wire. It is a frequency higher
than that at which the current penetration
depth is some arbitrary fraction, say, r/10th,
of the wire diameter. It is convenient to
express the high-frequency resistance of a
round wire in terms of a quantity z, which is
defined by the relation

z = ”dA/ ﬁ;_—-: 0.107 d +/f for copper.
I0%p

Now, the current penetration depth in
copper at frequency f

1 [10%

2w

Hence, it follows immediately that the
criterion, given above, that the frequency
should be ““ very high ’ may be written in
the form

z > 10/4/2
i.e., z > 7 approximately.

3.2. Certain curious features are apparent
in  this Butterworth table. Particularly
surprising are the high values that appear
when the turns are closely spaced. Suppose
for example, that we take a coil having a
length/diameter = 0.4 and spacing ratio
— 0.8—that is to say, with turns quite close.
If 'we bring the turns a little closer to give
a spacing ratio of 0.9, the length/diameter
ratio being thereby only slightly changed,
we are to expect the h.f. resistance to increase
in the ratio of about 2.7 to 1. This would be
surprising. For a spacing ratio of 1.0 the
value infinity appears in the table; v.e.,
when the turns are brought very close the

from a well-known formula. The variables h.f. resistance becomes infinitely large.
TABLE I

i Coil Length/Coil Diameter

= | 1

s o 0.2 0.4 0.6 I 0.8 | 1.0 | 4 6 ‘ 8 10 [os)
| g |

1.0 oo oo 00 foe} l 00 00 00 oo} 00 fod} 3.41

0.9 18.2 17.5 16.1 14.6 13.2 11.9 | 8.02 5.27 4.39 3.96 3.78 3.I1

0.8 6.49 6.32 5.96 5.57 I 5.23 4.89 | 3.91I 3.20 3.04 2.97 2.92 2.82

0.7 3.59 3.53 3.43 3.29 l 3.17 3.07 | 2.74 2.61 2.51 2.51 2.50 2.52

0.6 2.36 2.35 2.32 2.29 2.26 2.23 | 2.16 2.15 2.14 2.106 2.16 2.22

0.5 1.73 1.74 1.75 1.75 1.75 1.76 | 1.77 1.85 1.85 ‘ 1.86 1.86 1.93

0.4 1.38 1.39 1.41 1.42 1.44 1.45 | I.49 1.50 1.57 1.59 1.60 1.65

0.3 1.16 1.19 1.21 1.22 1.22 1.24 1.28 1.34 I1.34 1.35 1.36 1.39

0.2 1.07 1.08 1.08 I1.I0 I.10 1.10 | I.I3 1.16 1.16 l 1.17 1.17 1.19

0.1 1.02 1.02 I1.03 1.03 1.03 1.03 | I.04 1.04 1.04 \ 1.04 1.04 1.05

Butterworth’s theoretical values of the ratio of the h.f. coil resistance to the resistance at the same
frequency of the same length of straight wire.
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However, although this infinite value of the
h.f. resistance holds for coils whose length
varies Irom zero to a value indefinitely
large, when the length actually becomes
infinite there is a discontinuity, the h.f.
resistance assuming a value 3.4I times the
straight-wire resistance. .

It will be useful to consider where, in
Butterworth’s calculation, these unexpectedly
high values of h.f. resistance arise.

We have said that Butterworth evaluates
separately three cets of losses, which he
subsequently combines. These are (x) the
losses due to the current in the wire under
consideration and the currents in adjacent
wires, (2) the losses due to the axial field
(H, in Fig. 1) and (3) the losses due to the
transverse field (H,). Losses (1) and (2)
show no surprising behaviour when the
wires are closely spaced ; the abrupt rise in
h.f. resistance for close spacing is all due to
‘oss (3). Butterworth tabulates a quantity
g varying with d/s, which when multiplied
by (d/s)? and a factor depending on the
length/diameter ratio of the coil, gives the
contribution of the transverse field losses to
the total losses. This is reproduced as Table I1.

Table II gives values, worked out by
Butterworth, of the ratio of the losses in
one wire of his infinite parallel-wire system,
acted on by a transverse field, to those in an
isolated wire acted on by the same field.
The table shows the variation of this quantity
with the spacing ratio. If we work through
the theory again, taking account only of the
two adjacent wires (besides the wire in
question), we find for a spacing ratio of 1.0
that g comes out as 3.40 instead of oo.
Values of g for wider spacings will now lie
between 3.40 and 1. Consequently, it is
the more remote wires that, for close spacings,
make the largest contribution to Butter-
worth’s values of g given in Table II. In the
case of a coil, the transverse field will be con-
centrated near the ends of the coil, that is to
say, 1t will be effective over the last few
turns. Consequently, the contribution of
the effect of the transverse field to the total
coll losses would be expected to be of the
order of the value of g that we have just
worked out, rather than of that given by
Butterworth.

So far, we have only considered the results
given by Butterworth for “ very high fre-

- L TABLE II
. = : - i -
{ { | ]
d/s o.1 0.2 ; 03 | 0.4 ‘ 05 | 06 l 0.7 0.8 0.9 1.0
—_— ] — | i e
I.or7 | 1.069 | 1.166 ' 1.326 ‘ 1.585 é .03 | 2. | 4.83 l 12.5 l o}

That part of the resistance due to the
transverse field rises steeply for spacing
ratios over 0.7, becoming infinite for dls =
Io. In this latter case, the parallel-wire
system becomes a continuous infinite metal
screen at right angles to the field.

We can show, qualitatively, that Butter-
worth’s high h.f resistance values, for coils
having closely-spaced turns, may be expected
to be absent in practice. Butterworth has
substituted for the actual transverse field
of a coil a uniform field whose square 1s the
mean-square value—obtained by a method of
approximate integration—of the transverse
field. This uniform field is supposed to be
Imposed on a system consisting of an infinite
number of parallel wires, and we have to
consider the effect on any one wire of this
field as modified by the eddy-currents set
up In that wire and in all other wires of the
system. Now, we shall show that the high
losses predicted by Butterworth in each wire
of this system are due chiefly to the presence
of the more remote wires.

2

quency.” We shall see later (Section 14)
that 1t is also necessary to proceed with
caution when trying to make use of his low-
frequency results.

4. Previous Experimental Work on the A.C.
Resistance of Single-layer Solenoids

Butterworth, in his second paper?, com-
pares his theoretical values of the a.c.
resistances of single-laver solenoids with two
sets of experimental results, those of C. N.
Hickman? and G. W. O. Howe.®

C. N. Hickman used coils wound with very
thick wire (0.518 cm diameter), each coil
being g6 cm in length, the ratio of length/
diameter varying from 3 to 17. He used
a d/s value of 0.86. He emploved a bridge
method of measurement, at frequencies of
I, 2 and 3ke/s. The coils were wound on
“ well-seasoned wooden cylinders.”  Com-
parison of Butterworth’s predicted values of
resistance and Hickman’s measured values
shows that the former are from 2 to 13
per cent higher than the experimental.
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G. W. O. Howe, using a thermal method,
measured coil resistances at radio frequen-
" cies. He gave results for two coils, each
having a length/diameter ratio of about 1o,
wound with wire of diameters 0.163 cm and
0.264 cm respectively. The respective values
of d/s were 0.49 and 0.90. The results for
the widely-spaced coil are close to those
predicted by Butterworth. Those for the
closely-spaced coil are lower than the
theoretical values by 53 per cent at the low-
frequency end of Howe’s frequency range,
and zo per cent at the high-frequency end.
Howe made his measurements on long
coils because, at that time, no satisfactory
formulae had been suggested for short coils.
He pointed out that short coils, such as
occur almost invariably in practice, would be
expected to give results considerably different
from those predicted by the long-coil theory,
and he suggested a tentative modification
of this theory to make it applicable to short
coils.

Not a great deal of additional experimental
work has been published, since the publica-
tion of Butterworth’s papers. The most
important is that of Dr. Willis Jackson.®
He pointed out that Butterworth’s formulae
had not hitherto been satisfactorily verified.
The two principal difficulties that he men-
tioned were that ** precision uses of bridge
networks are not available at radio fre-
quencies,” and that the losses in a tuning
capacitor, which can at radio frequencies be
comparable with those of the coil being
measured, could not usually be measured
separately. He avoided these difficulties by
using an ingenious method suggested by
E. B. Moullin, involving measurements on
a number of coils having the same dimen-
sions but wound with wire of different metals.
The method is elaborate, and it would not
be practicable to use it for measuring more
than a small number of coils. It consti-
tutes a check on an existing theory, rather
{han a method of making absolute measure-
ments, and in addition Jackson found that it
did not give results sufficiently accurate to
allow more than tentative conclusions to be
drawn. He worked at about I Mc/s, his
coils having a spacing ratio of 0.63.

Sets of (Q-meter readings, corresponding
to coils of various dimensions, have been
published from time to time. Typical of
these are the values quoted in an article by
Art H. Meyerson.® Results are given from
25 to 60 Mc/s in the form of a table, and some

very irregular curves are based on the
measurements. These results seem charac-
teristic of the Q-meter rather than of the coils.

Of the methods of measurement so far
considered, only the thermal method of Howe
seems likely to give reliable results. The
objection to Howe’s method is the practical
one of the length of time required for each
measurement.

5. Description of Coils used in the Present
Series of Measurements

The intention of the present series of
measurements was to provide an empirical
substitute for Butterworth’s theoretical h.f.
resistance table (Table I). We shall see that
the conditions that need to be fulfilled before
Butterworth’s table becomes applicable—
i.e. that ~ should be high and the number of
turns large (see below)—tend to become
incompatible over part of the range of the
table, more especially in the bottom left-hand
region. That is to say, practically useful
coils cannot be wound such that they work
at a large z value, have a large number of
turns, have a wide turn spacing and have a
small length/diameter. To cover this region,
some compromise had to be made, and the
results are of theoretical rather than practical
interest. Butterworth, constructing his table
exclusively from theoretical formulae, did
not encounter this difficulty. However, most
high-frequency single-layer coils actually
used do fall within the region covered by the
body of the table, which ‘is the practically
important region.

It is specified in Butterworth’s table that
the number of turns shall be large, though

there is no indication of the effect on the h.f.

resistance of employing a finite number of
turns. We can form a very rough .estimate
of the order of magnitude of this effect as
follows. If we assume that the part of the
losses in each wire due to proximity effect
is to be attributed largely to the two
immediately adjoining wires, one on each
side, the effect of using a finite number .of
wires will be, principally, to diminish the
proximity effect in two turns, those at each
end of the coil. As a first approximation,
the proximity effect in each of these end
turns will be diminished by half, since there
is only one wire adjacent to each. - Thus the
total proximity effect losses will be diminished
100 ,,

I I00 .
bv 2 X = X=—— 9%, le, by — %.
Yy e 7w 0 ynv.u
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Since, in practice, the proximity effect on
each turn of more remote turns is not
negligible, this expression will be too low.
Since, however, proximity losses form only
part of the total losses, this expression should
give the order of magnitude of the effect of
using a finite number of turns. It is not in
violent disagreement with Butterworth’s
figures for very short coils, of not too close
spacing, having a finite number of turns.

From this consideration, it was decided
that the minimum number of turns that
would be used was30. In practice, the number
of turns ranged from 30 for the smallest
length/diameter coils to 50 for the largest.

The condition that the number of iurns
shall be large may, over part of Butterworth’s
table, be difficult to reconcile with the
condition that the frequency shall be high,
or, more correctly, that z should be large.
From the expression for z, ie.,

z = 0.107 dr/f

1t is evident that both the wire diameter and
the frequency must be as large as possible.
As regards the frequency, since as we shall
see later, we shall want to make use of a
large tuning capacitance, in order to work at
a high enough frequency our coil inductance
must be as low as possible. That is to say,
we must use the smallest permissible coil
diameter and the smallest number of turns.
The minimum number of turns has already
been decided. As for the coil diameter, since
the number of turns has a lower limit, and
the spacing of turns and the ratio of coil
length to coil diameter are determined by
the position of the coil in Table I, we can
only decrease the coil diameter by decreasing
tne diameter of wire. But it is evident from
the form of the expression for z, that, for
satisfying the * high-frequency * criterion, a
large 4 is more important than a large f.

Spectfically, since for a given number of
turns and a given spacing ratio, the length
of coll, /, is proportional to the diameter of
wire, d, then the coil diameter D, for a
given [/D ratio, will also be proportional to 4.
But f is proportional to 1/v/L, ie, tox/4/D,
and hence to1/4/d. So V/f 1s proportional to
1/(d)}, and hence z is proportional to (4)i.

It 1s apparent that the upper limit to 4 is
determined by the maximum permissible coil
diameter. In the present work, the largest
formers used had a diameter of 23in.  This
involved the use of wires of 18 and 20 SW.G.

for most of the coils. Furthermore, since
for a given maximum coil diameter, the upper
limit of z becomes increasingly severely
diminished with decreasing value of length/
diameter, no colls were constructed having a
length/diameter less than 0.4.

The coils were wound on Distrene rod,
diameters ranging from 24in to $in. In one
case, to attain a sufficiently high length/
diameter ratio with a spacing ratio of 0.9, a
coll of 20 S.W.G. double-silk-covered wire
was wound on a }-in diameter former. The
special victues of Distrene rod for the present
purpose are its low power factor (about
0.0003) and, from the mechanical point of
view, the ease with which it can be grooved
and the ends of the coil anchored.

The effect of dielectric losses on the total
losses may be estimated if we assume that the
coll turns are completely embedded in the
former. Since in reality, each turn is
roughly half surrounded by air and half by
former material, we may expect that this
assumption will cause us to over-estimate the
actual dielectric losses. With this limitation,
the percentage increase in the copper-loss
serles resistance due to dielectric losses is
given by
Tw3L2C,

R

1s the power factor of the former
material,

1s the angular frequency,

1s the coil inductance,

is the coil self-capacitance,

1s the equivalent series resistance
due to copper losses.

This may be written as

Q(f/f,)? X 100,
where f is the working frequency and f, the
self-resonant frequency;,
or as

X 100 9

where r

MO E

7Q(C,/C) X 100
where C is the tuning capacitance at the
working frequency. (), for the coils measured,
was never higher than about 250, and C, was
usually about 3 or 4 pF. Minimum C was
about 850 pF.  Thus, the maximum value
of the percentage dielectric losses that we
may expect is
0.0003 X 250 X 4 X 100
850
= 0.035 %, approx.
The ends of the wires (mostly 18 and
20 gauge copper wires) were soldered to leads
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of 12 or 14 gauge copper wire, which had been

' previously tinned and sunk about }in into

=%

the former (using the heat of a soldering
iron pressed -against the lead just above the
former). There is a tendency for the leads
to twist in their holes, if they are not bent
carefully.

For spacing ratios up to 0.8, the formers

, were grooved and the coils were wound with

=

bare wire. For a spacing ratio of about 0.9,
double-silk-covered wire was wound on
ungrooved formers, the turns being as close
as possible. This procedure gave spacing
ratios ranging from 0.885 to 0.92. One coil
(length/diameter = 1.30) was wound with
single-silk covered 20 gauge wire (d.s.c. wire,
from which the outer layer was stripped) on

~an ungrooved former, a spacing ratio of

about 0.95 being obtained.

There is an appreciable tolerance on wire
sold by gauge number, and in any case, the
wires are stretched before winding to remove
kinks. Consequently, the wire diameter for
each coil was taken as the mean of three or
four roughly equally spaced measurements,
by a centimetre micrometer, along the length
of the wire, these measurements being made
during the winding.

Each coil was dried for about twelve hours
in a desiccator, before measurement.

6. Use of the Twin-T Impedance Measuring
Bridge

The twin-T Impedance-Measuring Circuit
manufactured by the General Radio Com-
pany, Cambridge, Mass., 1s one of the most
recent developments in the technique of
measuring high-frequency impedances. De-
tailed accounts of the theory and its practical
application are given in references 10 and II.
We shall very briefly describe its use for
the measurement of high-frequency coil
impedances.

The twin-T operates over a frequency
range from 460 kc/fs to 30 Mc/fs. It is a null
instrument, a balance being obtained by the
adjustment of two capacitors. One of these
capacitors 1s calibrated in micro-mhos, and,
after multiplying by a factor involving the
square of the frequency, gives the effective
parallel conductance of the measured 1m-
pedance. The other, calibrated in pico-
farads, gives directly the effective parallel
capacitance.

The capacitance dial has a range of from
100 to 1,700 pF, and it is calibrated at

intervals of 0.2 pF, The scale of the con-
ductance dial is not linear, the calibration
intervals ranging from 24 to 10 per cent of
the measured conductance. This dial can
usually be read to I per cent or better.

In the present series of measurements, the
oscillator consisted of a Marconi Signal
Generator, covering a frequency range from
85 ke/s to 25 Mc/s. A number of recelvers
were used from time to time, the necessary
qualifications being that the receiver should
be well shielded, that it should have a
sensitivity of the order of 1 to 10 microvolts,
and that it should be provided with a local
oscillator to beat with the incoming signal,
so as to produce an audible note.

7. Method of Measurement

Each coil was measured over a small band
of frequencies at the low-frequency end
of the available working range ; 1le., at
frequencies at which it tuned with capaci-
tances of 8oo-1,000 pF. There were
two reasons for working at the lowest
available frequencies: (1) because the con-
ductance-dial reading falls off rapidly as the
frequency increases (being inversely pro-
portional to f*°, for the present type of coil)
and the error in the reading becomes corre-
spondingly larger, and (2) because the effect
of the resistance of thetwin-T tuning capacitor
is minimum at the lowest frequencies.

Each set of measurements was entered up
on a standard sheet. We have reproduced,
as a typical example, that relating to coil
No. 31. Nine measurements were carried out
on each coil, the first at a frequency at which
the coil tuned with about 1,000 pF, and the
remainder at frequencies Increasing pro-
gressively by the smallest dial intervals of
the signal generator. It was thought prefer-
able to perform each measurement at a
different, rather than at the same, frequency
to avoid, if possible, systematic errors. The
values of Q/+/f thus obtained, after various
corrections had been made (see over),
usuallyshowed aspread of from 3 to 5 per cent.

Various necessary formulae were repro-
duced, for convenience, on each sheet.

8. Corrections Applied to the Twin-T
Measurements
Six corrections had to be applied to the
original measurements. Four of them will be
described in this section, and the remaining
two will be given a section each.
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TABLE III 29.8.45.
Coil No. 31 Mean temperature, 20.5° C.
: : Q L
C, Cops Conduc- Cpy—C Corrected True 2
e (p%l) (pzl)f) tance dial 123.21 conductance|—3G |conductance| Q T (uH)
Mcfs |* reading pEF dial reading (umhos)
21. 81 0.258 | 42.32
0.78 100 | 1,080.3 34.9 983.7 21.2 0.1 I.1 22 2
o.gg 100 | 1,056.2 32.9 959.6 20.5 0.1 20.4 233 | 0.262 4h,2(;9
0.80 100 | 1,031.8 32.0 935.2 20.5 0.1 20.4 230 | 0.257 42.32
0.81 100, | 1,007.9 ~ 30.8 QII.3 20.2 o.1 20.1 231 | 0.257 42.36
0.82 100 984.8 29.1 888.2 19.6 0.1 19.5 235 | 0.260 42.41
0.83 100 962.6 28.0 866.0 19.3 0.1 19.2 235 8222 43;8
0.8 100 943.5 27.0 846.9 19.1 0.1 19.0 235 . 42.
0‘8‘5’r 100 933.4 26.0 826.8 18.8 0.1 18.7 236 | 0.256 42.40
0.86 100 904.0 25.2 807.4 18.6 0.1 18.5 236 | 0.255 42.42
l Mean | 0.2577 | 42.37
No. of turns = 40 d _ 0.0910 X 39 Rexp. = 1,033 X 1076 4/f ohms
Wire gauge = 20s.w.g. s 6.92 Resistance of 1ea_dss o
D = 5.19~—0.09 cm = 0.513 - =7 R aer v/f ohms
6.283 fC Resistance of coil _
- olom Q= 223 = 1,026 X 10—% 4/fohms
R = 2.55cm G \ é— Las
length = 7.01 cm I _ ©92533 — 1743 at 20°C
Length . fre = 1.71 at 20°C f> o0
diameter R R, = 6——'283%\/} Resistance of leads
d = 0.09I10 cm OI/f B el
6.92 _ [(resist)/10—5 +/f] x d = 0.1661 X 1075 - /f
PT Sg M ¢ = 0.5218 Rn where/ =  (total length of leads).

8.1. The conductance-dial reading has to be
2
multiplied by a factor of the form <Z>

o
where f is the working frequency and fo 1
either 1, 3, 10 or 30 Mc/s according to the
frequency range which is used. The results
of this correction are in column 6 of the
measurements sheet.
8.2 The corrected conductance value thus
obtained has to be further corrected on
account of the resistance, R, of the metal
structure of the main capacitor. According
to Sinclair’s paper,’t R, in a twin-T whose
residual parameters were measured by him,
had the value 0.025 ohm at 30 Mc/s. As
will be shown later, even a large departure
from this value in the machine actually
used, will not seriously affect the present
measurements. Assuming this resistance to
be proportional to the square root of the
frequency, the error it introduces into the
conductance reading can be corrected b
adding algebraically a factor 8G, which has
the form
8G = — {0.184(f))
(Cpa® — Cpp2) X 1076 umhos.
f represents the frequency (Mc/s), and Com
and C,, are respectively the initial and final
settings of the tuning capacitor (pF)

This is a very cumbersome expression to
use, if one has to work out a large number
of values of §G. The labour of evaluation
can be considerably decreased by using a
graphical procedure. The first part of the
expression, 0.184 (f)*?, is plotted on double-
logarithmic graph-paper (Fig. 2), for a range
of f from 0.1 to 10. The second part,
(Cp 2= Cp®) X 1078, Is plotted as the third
line of a nomograph (Fig. 3) the two base
lines being C,, and C,,, each ranging from
100 to 1,150 pF. &G is now obtained as the
product of the two quantities read off from
Figs. 2 and 3.

As an example: for coil No. 31, at a
frequency of 0.78 Mc/s C,, was 100 pF.
and C,, 1,080.3 pF.

Now, 0.184(f)*® = 0.184(0.78)>*

= 0.1 from Fig. 2
and (€% — Cp%) X 107 = 1.16 from Fig. 3
$0 8G = — 0.1 X 1.16

= — 0.I pmho approx.

While the value of R, for the particular
twin-T used, was probably not identical with
that of the twin-T measured by Sinclair, it
was not thought necessary to repeat Sinclair’s
measurements. There were two reasons for
this: (1) the correction for R, at the
frequencies used, is a-small fraction of the
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measured conductance (usually of the order
of 1 or 2 per cent), and the correction would
not be appreciably affected by any likely
deviation of R, from Sinclair’s value, and
(2) the value assumed for R, at frequencies

- of the order of 1 Mc/s Is, In any case, an

Aoy

approximation, since R, has to be measured
at a frequency round about 30 Mc/s and the
doubtful assumption is made that R, will
vary precisely as the square root of the
frequency.

8.3 The correction for losses in the leads is
most conveniently applied by subtracting it
from the equivalent series resistance. The
expression for the h.f. resistance of a straight

100

-0

0184f23

001

0l

. 601
-0 O'Io o0

FREQUENCY - Mc¢/s

Fig. 2. Corvection for R, (1).

isolated copper wire was considered a good
enough approximation to this loss. The
correction was usually less than 1 per cent
of the total series losses.

8.4 Temperature variation of the dimen-
sions of the coils will not produce an appreci-
able effect on the series resistance over the
temperature range (from about 16° to 26° C)
encountered. However, temperature varla-
tion of resistivity has to be taken into
account. Taking the temperature coefficient
of resistivity of copper as 0.0039 at 20° C,
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we have to multiply the apparent value of ¢
(the ratio of the coil resistance to the resist-
ance of the same length of straight wire at

(szz‘cplz)" 16°

-4

D
1,150 —— —F 13
T 12
1,100 —— ——
1 —F—10 400 —_'_-‘E_
ils —F—09 ¥
- St 500 —F—
-+ —4—08 -
i g S
5 —F—07 ac
14000 —— as ac
I 0% 600~
I 0 +
T —T 04 3E
T 2 700 ——
900 —— -+ 03 T
T F 02 ae
T I =
| 2 -
Sl ——0 IE
600 =i als
+ 900 ——
700 ——:—— -
ag 20
I 8c,=-[o-ma(f)z 5](szz—(:p[2)x|66 T
600 —— I
e |,000 S e
500 —k— il
200 —— iz
ES 1,100 —=—
300 —%:— Bl
200 i
100 1,150 ——

Fig. 3. Correction for R, (2).

the same frequency) by one of the following
factors.

4/I -+ 0.0039(¢ — 20) if £>20% C
or /I +0.0039(z0 — ) 1f¢<20°C
where °C is the temperature of measurement.
8.5 The remaining two corrections are (5),
for coil self-capacitance and (6), a frequency
correction to the final value of ¢. We shiall
consider each of these in a separate section.
(To be concluded)

For refevences see end of article in Maych issue.
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RECTANGULAR WAVEGUIDE SYSTEMS®

Bends, Twists, Corners and Junctions

By N. Elson, M.A., Grad.l1.E.E.

SUMMARY.—The elements most commonly required in the construction of a waveguide
transmission system are discussed, with particular reference to the methods which have been

adopted to ensure complete transmission of the power through each element.

The paper

includes the main aspects of the theory, design and methods of construction of bends, twists,
corners and junctions for use in rectangular waveguide systems.

LIST OF SYMBOLS.

a width of waveguide.

b = height of waveguide.

E = electric field vector.

i = specific admittance = admittance [(1/Z).

H = magnetic field vector.

= -1

% = length along the axis of the tube.

J» = Bessel function of the first kind of
order p. The addition of a prime
denotes differentiation with respect to
the argument.

k = m/a.

N, = Bessel function of the second kind.

P = Angular wavelength constant.

7. exp. (j¢) = complex voltage reflection coeffi-

cient.
¢, 2 = cylindrical polar co-ordinates.

SR

S standing-wave ratio = minimum/maxi-
mum voltages.

Z = impedance,

Z, = characteristic impedance of line.

z = Z|Z, = specific impedance.

& = attenuation constant.

B = wavelength constant = 2n/),.

Bo = wavelength constant for free space
propagation = 2x/A.

€ = permittivity of the medium (= 107%/367
farads/metre for free space).

A = free-space wavelength.

A. = critical wavelength.

A; = guide wavelength.

As = guide wavele ngth in a straight guide.

# = permeability of the medium (=4m X 1077
henrys/metre for free space).

@ = angular frequency.

1. Introduction

HE use of centimetric waves in radar
equipment has led to the replacement
of the conventional coaxial or twin-

line transmission line by the hollow-tube
waveguide as a means of conveying the
radio energy from its source to its desired
destination. In most practical applications
the transmission path cannot be straight,

* MS. accepted by the Editor, June 1946.

t The appropriately descriptive term ‘ Wave.
guide plumbing,” of American origin, is now
commonly used in this country.

but will be constrained by other mechanical
requirements as in any other plumbingt
system. These requirements have opened
a wide field of waveguide research, and this
paper is concerned with some of its results.

It has previously been pointed out! that
the best type of waveguide for most purposes
1s one of rectangular cross-section, of such
a size that only the H;, mode can pro-
pagate. The elements here described are
therefore only of this type of cross-section.
The restriction of the modes of propagation
to only the one lowest mode is ensured by
the use of a cross-section having an internal
breadth lying between one-half and one
free-space wavelength, and a height of less
than one-half of a wavelength.

It is unnecessary here to recall the full
field theory of such a waveguide?, but some
reference to evanescent modes is required
for an adequate understanding of the effect
of discontinuities in a waveguide. For each
mode in a waveguide there is a characteristic
field distribution across the cross-section of
the tube, and this field propagates down the
guide, according to the usual wave expression
(in complex notation) :—

exp. (Jwl + jBI) . O et ()
where 7 1s the distance along the axis of the
tube and B8 is the wavelength constant. 8 is
the imaginary part of the propagation

constant.
Also
B=z2m/A, .. s - (2
where the guide wavelength A, is given by
I I I .

A being the wavelength for propagation in
the unbounded medium ; while A, is the
critical wavelength dependent only on the
tube size and the mode, being largest for
the lowest mode, and steadily decreasing
for higher modes.
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The tube has been chosen so that the free-

. space wavelength A is greater than the

' first.

e

' imaginary quantities.

i

critical wavelengths of all modes except the
Thus, for all these higher modes the
expression (3) becomes negative, with the
result that the guide wavelength, and hence
the wavelength constant, become pure
Writing for these
cases § = — ju, where « is a real quantity,
the wave expression (1) becomes

exp. (Jwt 4 «l) (4)
This means that any such higher modes,

| if excited at any point in the tube, will not

| be propagated as waves but will appear

as fields of uniform phase with amplitudes
decaying exponentially along the axis of
the tube. Such “ static ’ modes are termed
evanescent modes. It may be noted that
the higher the mode the higher is the rate
of decay.

2. Mismatch in a Waveguide

A waveguide system, which is capable of
transmitting energy in only one mode,
may conveniently be considered in terms of
the conventional transmission line theory.
It has been shown, notably by Schelkunoff®
that the transmission-line equations are
applicable to a waveguide, if voltage and
current are replaced by appropriate functions
of the electric and magnetic fields respec-
tively., In this way a waveguide may be
said to have a characteristic impedance
which, like that of a line having two con-
ductors, is dependent on the shape and size
of its cross-section, but which is unlike in
being dependent also on the ratio of its
dimensions to the free-space wavelength.
Similarly, discontinuities in the waveguide,
such as changes in shape or constitution
from the straight uniform tube, may be
regarded as impedances in series or in parallel
with the transmission line ; or, if their effect
is distributed, as sections of line of different
characteristic impedance and propagation
constant; or as combinations of both. In
determining the electrical length of a portion
of waveguide, the propagation constant must
be taken as that appropriate to the phase
velocity of the guided plane waves, as given
by equation (2).

It is, however, unnecessary Iinitially to
enquire closely into such definitions of
impedance from the electromagnetic field
conditions, but to regard impedances only
as useful expressions which are formally
related to the voltage reflection coefficient.

At any point in the waveguide sufficiently far
from a discontinuity for any evanescent
modes there excited to have decayed to
negligible proportions, there can only be
two waves present. One is the forward
travelling wave and the other the backward
travelling, or reflected, wave. The field may
therefore be represented by the field distri-
bution characteristic of the propagating
mode multiplied by the wave expression i—

exp. (jwt — jBl) + r. exp. (oot + 7Bl +70) (5)
where ». exp. (j0) is the reflection coefficient
at the point / = o, which may be arbitrarily
chosen, giving the amplitude and phase of
the backward travelling wave relative to the
forward travelling wave at that point. In
transmission-line theory this voltage reflec-
tion coefficient is readily related to the total
impedance Z at the point relative to the
characteristic impedance Z, of the line, by
the expression
. zZ—2Z,
y. exp. (70) = 717,
_Z|Z,—X1 _21—1X
T ZlZ,+1 z+41

Thus in waveguide applications, the speci-
fic impedance may be regarded as an
alternative parameter expressing the reflec-
tion occurring at the point considered, and
without need to refer it to any other means of
definition. The quantity which is directly
measured is the ratio of the minimum and
maximum amplitudes of the electric field
along the guide and this standing-wave ratio
is expressible by the equation

I—7
S=117 (7)

(Some writers use the reciprocal of this
quantity : others, mainly American, express
this ratio in decibels, a convenient device if
the measuring instrument is logarithmically
calibrated.)

The problem of transmitting all the power
through the system thus corresponds exactly
to the better-known transmission-line match-
ing problem. At a discontinuity, where the
reflection coefficient is 7. exp. (76), the
power reflected is r* relative to the incident
power. Thus a standing wave ratio of 0.5
corresponds to 7 == 1/3, or an 11% loss of
power by reflection.

In radar applications, however, two other
factors are important in deciding the degree
of matching that is necessary. Firstly, the
presence of standing waves produces In-
creased fields, which may cause breakdown

6)
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of the air dielectric and consequent sparking
across the guide. Secondly, and more im-
portant, is that pulsed-magnetron trans-
mitters require a well-matched load if the
efficiency and the pulse shape are to be
maintained at their optima. It has there-
fore been normal practice to keep the mis-
match due to a discontinuity in a waveguide
down to a corresponding standing-wave
ratio of 0.95 or better.

3. Discontinuities in Waveguides

The effect of a discontinuity in a wave-
guide is, in general, to produce a reflected
wave. The mechanism of this effect can
perhaps best be understood by reference to a
particular and simple case. Consider a thin
metal iris, of the type shown in Fig. 1(a),

K—ﬁaﬂ

i NN N\
Fig. 1. Capacitive D (a)
and inductive Y.
wises are shown
at (a) and (b)
respectively.
(b)

placed across the waveguide. Such an irs
produces a reflected wave corresponding to
that produced by a capacitor connected
across the analogous transmission line [see
Figs. 2(a) and (b)]. It is a device which has
practical uses, and is commonly known as a
capacitive iris or window. To consider its
effect separately, assume that the terminating
end is perfectly matched by an absorbing or
radiating device.

On a conducting surface the component of
the electric field parallel to the surface must
vanish. These conditions must be satisfied
over the surfaces of the iris in addition to
the surfaces of the walls of the tube. Now
the latter requirement will be satisfied b
any of the modes corresponding to the tube
size. By suitably combining, on each side
of the iris, a series of these modes with
appropriately related amplitudes and phases
the former requirement can aiso be met.
Of all these modes only the one mode will
propagate as a wave to or from the iris, the
others will be evanescent, and quite clearly
will be exponentially decreasing in amplitude
away from the iris on both sides. The pro-
pagating mode may be regarded as three
waves, one travelling forwards on both
sides of the iris, and two waves each travelling
outwards from the iris. The series of modes

will be an infinite series, although considera-
tions of symmetry will limit the excited
modes to those of the form H;,. The sums
of the displacements of all these modes
must be identical on both sides of the iris :
the series of modes on each side are therefore
as represented diagrammatically in Fig. 2(c).
If these amplitudes refer to the voltage (or
its waveguide analogue) it is clear that the
iris may be regarded as a shunt impedance
across the line. Since for good conductors
there can be no appreciable power loss by
absorption in the metal, this impedance must
be purely reactive : the complete analysis
shows it to be capacitive. Such a capacitor
across a transmission line would act as a store
of energy, taking in energy during one-
quarter of a cycle and giving it out again in
the next quarter : in the waveguide it is the
evanescent modes which act in exactly
similar fashion as storers of energy, the
transverse electric - field being in phase
quadrature with the transverse magnetic
field. The one major difference between the
iris in the waveguide and the capacitor across
the line is the different degree to which the
stored energy is localized. Unless recognized
this can lead to incorrectly interpreted
results when discontinuities occur closely
together in a waveguide. If the evanescent
modes due to the one discontinuity have not
decayed to negligible proportions in the
vicinity of the other, the fields must undergo |

. @

| I

fa— o — !

. |

| - —

1
|
() | () —
:
1
]
[}

e = — a,exp(j6) 9, exp (jez) S 6
=-—— Qg exp (Jel) Qy exp (Jel) ——-ep '
Fig. 2. Auniris across a waveguide (a) is equiva-

lent to a capacitor across a transmission line
(0).  The component waves in the guide ave
tlustrated at (c),

a modification from those which would exist
1f the discontinuities were widely separated in
the waveguide. In the transmission line
equivalent this may be interpreted as the
presence of a mutual impedance effect.

In a similar manner the window of the
form shown in Fig. 1(b) turns out to be
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representable as a shunt inductance. In
both cases the reactance will depend on
frequency in a more complicated manner
‘than that of its circuit analogue. A dis-
i continuity which is not confined to a very
short length along the axis of the tube may
similarly be regarded as distributed loading
| of the line by shunt or series impedances
Jwith appropriate mutual impedance effects.
In this way a length of waveguide of different
i cross-sectional size interposed in the standard
 waveguide system may be regarded as a
length of line of different characteristic
| impedance and propagation constant. How-
) ever since the steps at the junctions between
| the guides of different size will be comparable
, with the wavelength, they must also be
included in the equivalent circuit as shunt
, reactances at the junctions.
{ Any discontinuity may therefore be ex-
| pressed by an equivalent transmission line
circuit involving suitable combinations of
lumped and distributed impedance ; their
values being separately expressible as func-
tions of frequency. It is, however, often
more convenient, as in circuit theory, to
consider such a section of line as a general
four-terminal network or quadripole. The
essential linearity between the magnetic
and electric fields in each mode ensures the
applicability of the usual bilinear relation-
- ships. The behaviour of a four-terminal
network can be expressed in general by three
complex parameters. Out of the region of
evanescent modes there will be four waves
present in the general case, one forward-
and one backward-travelling wave on each
side of the quadripole. The three complex
parameters used to express the behaviour of a
quadripole are thus directly related to the
three complex coefficients which express the
amplitudes and phases of three of these
waves relative to the fourth.

4. Methods of Matching

In twin-conductor transmission lines,
various methods of matching-out reflections
have been adopted, amongst these being
the placing of a shunt reactance of correct
size at the appropriate place in the line.
This method is applicable to waveguides,
the reactance usually taking the form of an
inductiveiris of the type previously mentioned,
capacitive irises not being favoured for this
purpose owing to their greater tendency to
spark over with high powers. This method
of matching suffers from the disadvantage
that it is sensitive to frequency, because the
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electrical length of the line between the dis-
continuity and the matching iris changes with
frequency, and there are also changes in the
reactance of the iris and the reflection co-
efficient at the discontinuity. It rarely
happens that these changes are adequately
compensatory to each other ; and, in general,
matching over a wide frequency band can best
be obtained by making modifications at and
to the discontinuity itself. This may be
regarded as a means of employing usefully
the mutual impedance effects to obtain a
greater bandwidth, in a similar manner to
that in which they are used in the design of
circuit band-pass filters.

This method of matching » sifu has been
applied to the design of reflectionless curved
bends, twists, corners and junctions, which
will now be considered in turn.

5. Curved Bends

An obvious way of turning a rectangular
waveguide through an angle is by means of a
curved bend. Bends in both principal
planes may be required : those in which the
long sides of the guide, and hence the mag-
netic field vector, are in the same plane are
termed H-bends, while those with the electric
field everywhere in the plane of the bend
are termed E-bends. In both cases it may be
shown that waveguide modes exist for
uniformly curved bends of rectangular cross-
section, having wave fronts in the radial
planes and travelling round the curve with
uniform angular velocity. These modes
tend to the straight waveguide modes as the
radius of the bend is made large (see Appen-
dix). Thus, the curved bend may be regarded
as a length of transmission line of different
characteristic impedance and propagation
constant, with the addition of shunt reactances
at each end representing the reflections due
to the junctions alone. The effect of the
different characteristic impedance may be
eliminated by making its length equal to an
integral number of half curved-guide wave-
lengths. This requirement will determine the
mean radius of curvature for a tube of given
cross-section (see Appendix). The effect of
the reflections at the junctions will be
additive under these conditions, but they are
generally small enough to be neglected. A
partial correction may be obtained when
necessary by making a small change in the
mean radius, most satisfactorily determined
experimentally.

Curved bends of small radius have not
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been widely used in this country, owing to
the development of the more compact
angular bends or corners. discussed later in
this paper. Bends of large mean radius,
greater than a free-space wavelength, give
little reflection (standing-wave ratio better
than 0.95) even at their worst electrical
length. Where space permits they are quite

Fig. 3. Three simple
forms of waveguide-
corney.

convenient, and have been made on 3-cm
wavelengths by bending copper rectangular
waveguide tubing, the cross-section being
preserved by filling with a low melting-
point alloy before bending. Bends of small
radius have some advantage over corners
at short wavelengths since they will then
be made of machined parts, and the necessary
tolerances are more easily maintained than
in the case of corners, which can only be
made by fabrication or die-casting. If the
curved bend is made in two machined parts
which are to be bolted together it is advan-
tageous to cut the curved guide into its two
parts in the plane of minimum transverse
current (see Appendix). If the two halves
are to be soldered together the break may
be made where convenient. '

An E-bend of 135° for use on wavelengths
of about 3 cm, whose mean radius is about
one-half of an inch, has been developed for
use in a British radar equipment, and pro-
duces a standing-wave ratio in an otherwise
matched guide no worse than 0.95 over a
frequency bandwidth of =oM%

6. Twists

It is often convenient to be able ta twist
a rectangular waveguide through an angle,
usually a right-angle, about its axis, so as
to orientate the plane of polarization. Such
a twist has the same tvpe of equivalent
transmission line circuit as the curved bend :
the ‘change in characteristic impedance and
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the junction effects are, in general, much
smaller and the overall reflection for practical
cases is negligible. This assumes that the
cross-section 1s maintained during the twist :
indeed this of itself sets a practical limitation
to the rate of twist which ensures that the
reflection is negligible.

7. Corners

The term corner has been used by the
author to describe bends which are essentially
angular rather than smoothly curved. The
first type of corner to be tried was the
obvious sharp angled bend of Fig. 3(a). The
reflection coefficients for such bends, for the
two planes of bending, and different angles
of bends, are shown in the graphs of Figs. 4
and 5 with the abscissae equal to unity. The
modified bends shown in Figs. 3(b) and (c)
were next tried, and some improvement was
obtained. Another idea tried at the same
time was that of using two corners of the
simplest type\ each of half the angle, placed
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an appropriate distance from each other to
cause mutual cancellation of their separate
reflections. It was demonstrated that this
method could be satisfactorily used where
space permitted, but since the spacings used
in the early experiments were greater than

WIRELESS
ENGINEER

49

dimension across the corner was to be
varied experimentally in the hope of obtain-
ing a reflectionless corner. Figs. 4 and 5
show the effect of varying the dimension
across the corner for bends in both planes
and of various angles. The earlier polygonal
corner of Fig. 3(b) corresponds to a value of
the abscissa equal to cos /2. Fig. 6 shows
an attempt to relate empirically the optimum
width across the corner to the angle of bend
for the particular cross-section and wave-
length used. For a waveguide whose cross-
section is @ X b, the relations are adequately
represented for angles of bend up to a right-
angle by expressions of the form
¢ = a — fsin @ for H corners 3
d = b — gsin 8 for E corners ®)

Thus if the optimum widths are determined
experimentally for the two right-angle bends,
the constants f and g are known, and these
expressions may then be used to interpolate
for smaller angles of bend. The tolerance
on the width is naturally greater for smaller
angles. Typical bandwidth curves of right-
angle bends are shown in Fig. 7 : the band-
width curves of bends of smaller angle are
even better. For use on wavelengths of about
10 cm, reflectionless right-angle corners in
both planes have been made by die-casting.
Their bandwidth has been sufficient to permit
a standardized compromise value of the
corner-width to be adopted acceptable for the
radar equipments of each of the three fighting
services, operating on quite widely separated
frequency bands.

For 3-cm wavelengths, the close tolerance
required on the width of the E-plane corner
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is a serious disadvantage. For that reason
the earlier suggestion of two half-bends was
revived, and since the dimensions of the
guide are in any case small, the increase in
mechanical size is negligible. Bandwidth
curves are shown in Fig. 8. The separation
of the two half-bends is here so small that
considerable coupling occurs between them.
This mutual impedance effect doubtless
contributes to the good bandwidth character-
istic.  Where even larger bandwidths are
required the half bends may each be of the
chopped-off corner type, separately matched
at the mid-band frequency, and spaced to
extend the bandwidth.

A
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=
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" Fig. 7.° Bandwidths of vight-angle corners. The
optimum value of dimension A is 1.1 cm for
E-plane corners and 2.5 cm Jor H-plane corners.

8. T- and Y-Junctions

Waveguide T- and Y-junctions have been
used for providing a continuous division of
power into two arms of a waveguide system.
More frequently in applications the power has
been diverted into one or other of the arms
alternately. This latter case constitutes a
special type of bend in which the arm which
is switched off has effectively a short-circuit
across it, and thus acts as a reactive side
stub at the corner. Junctions of this type
have been matched by the arrangement of
Fig. 9(a) which clearly shows the family
resemblance to the chopped-off corner. The
two dimensions d; and d, were determined
experimentally : a typical H-plane junction
of this type had a standing-wave ratio no
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Fig. 8. Bandwidths of vight-angle corner

composed of two half-bends. The figures on the
curves show the dimension B in cim,—the opti-
mum being 0.55 cm.

worse than o.90 over a 4 29, frequency
band. In a similar manner a Y-junction
required for a special application was con-
structed as in Fig. g(b), the dimension V
being taken as a variable to be determined
experimentally.

v

o,

Y
47 7 kg,

(@)

Fig. 9. T- and Y-junctions
are shown at (a) and (%)
respectively.

The simple unmodified T-junction of
Fig. 10(a) has been analysed theoretically
by Frank and Chut for a junction in the E-
plane, where the side arm is attached to the
wider surface of the guide. The author has
shown that these results ‘may be expressed
by the equivalent six-terminal network of
Fig. 10(b). The impedances connected to or
appearing at each pair of terminals are to be
taken as the impedances at. points in the
corresponding  waveguide arms sufficiently
far from the junction to be clear of evanescent
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modes but referred back by the usual trans-
mission line impedance transformation to the
plane ON for the collinear arms, and to the
plane LM for the side arm. For convenience.
the equivalent circuit parameters are ex-
pressed as specific admittances, being the

admittance of the transmission line. Their
magnitudes depend on the ratio of the narrow
dimension of the guide to the guide wave-
length, and are shown plotted in Fig. 11.
Many alternative circuits can be derived
which will have identical impedance trans-

admittance relative to the characteristic forming relations. One of these is shown in
Fig. 10 (below.) The simple T-junction (a) "
may be represented by the equivalent sux- I F T ‘
termival network (b).  An  alternative SRENEEE 132
equivalent cireuil is (¢). The transformers 1 — 1139
are shown with lypical lurns ratios 3 ‘_“':‘}’ 9 s
(fa> 2).  The electrical lengths (0) of the 0 5 6 % .
lines in (¢) are given by lan 8 il - + t; i‘j 1] y2s
150 5 O O fras
Fig. 11 (right). The smagnilude of the B ;J' - . an
elements of the equivalent circuils of EEEED SRS 4 a4
Fig. 10 are shown here, Scale .4 gives AeeH A
the susceptance of inductance ON (1/fy), s E R @ LI: 1"'“_
while B indicates the susceplance o s+ e
cen [T+ 1S R L1l o 4 ST
capacitor N1 ( -—.f'f-‘ scale C is :::h_’ I M%}j :le 4':":
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Fig. 10(c) and is very appropriate for con-
sidering the case when the side arm is closed
by a short-circuiting piston and used as a
side stub in scries with the line.

Some special cases are of interest. First,
if the side tube is closed at such a point that
it introduces a specific susceptance

JU2 — fifs at LM, then the junction
introduces no reflection for the straight-
through guide, but its electrical length is
shortened by 2 tan—'(1/fs). Secondly, if the
side stub introduces at LM, a susceptance
—(1+f1fs) fofs then the admittance at ON
prescnted to one limb of the straight through
section is 1/jf, whatever the value of the
admittance on the remaining limb. Lastly
if one limb of the straight-through section
is a stub presenting a susceptance — 1/jf; at
ON, then the admittance at ON presented to
the other limb is 1/jf, whatever the value of
the admittance on the side tube. Similar)y
the admittance at LM presented to the side
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tube is + j(x + f,fs)/fofs whatever the value
of the admittance on the other straight-
through limb.

It should also be noted that with one
limb of the straight-through section forming
a stub it is impossible to get transmission
round the corner without reflection at the
junction.

9. Conclusion

The foregoing review of waveguide com-
ponents covers but a few of the elements
used in waveguide systems for use in radar
equipment : even these have by no means
been exhaustively reviewed, but attention
has been confined mainly to aspects in which
the author has been in’some way concerned.
Among the specialized waveguide elements
omitted may be mentioned rotating joints,
attenuators, resistive loads and power
measuring or monitoring devices, and
couplings to other special devices and to
waveguide radiators.
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APPENDIX
13.1 Electric plane bend ov E-bend

For the analysis, take cylindrical polar co-or-
dinates as indicated in Fig. 12. Let E and H be
the electric and magnetic field vectors, a subscript
denoting the component parallel to the correspond-
ing co-ordinate axis. The mode corresponding to the
H,, , mode in a straight guide may be qualitatively
derived by considering the latter’s characteristic
field distribution to be distorted by the bending of
the guide. It is evident that E, will be zero while
the transverse £ may give rise to components E,
and Eg: similarly the transverse H will yield a
component H,, while the axial H may yield com-
ponents H, and Hg. Also it is to be expected that
the sinusoidal distribution of the amplitude of the
field across the width of the guide (broad side) will
be maintained, whereas the distribution across the
height (narrow side) will be no longer uniform.

The waves will be plane waves, having their
wavefronts in the radial planes, and propagating
with a uniform angular velocity round the curve.
The wave expression may therefore be written :—

exp. (Jwt — jph) .. .. - oc (9)
where p is the angular wavelength constant.

Applying these conditions to Maxwell’s equation,
the solutions for the field components, expressed in
rationalized M.K.S. units, are found to be :—

exp. (jot — jpo)
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where J, (8%) and N, (8r) are the Bessel functions
of the first and second kinds, and the primes
denote differentiation with respect to their
argument (£7).

k = =/a for the H, , mode.

Bl = -\/302 — k? = 27\ = wavelength constant
for a straight guide of the same cross-
section.

Bo = w A/ e = 22/ = wavelength constant for
waves in free space.

u and € are the permeability and permittivity
for the medium inside the tube, and have, respec-
tively, the values 47 > 1077 henrys per metre and
10~? /367 farads per metre for free space.
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known, this equation determines the inside radius
{r,) of the bend. For most practical cases the range
ry < r < ryis of sufficiently small size about the
maximum at x = 2n for this part of the graph to
be regarded as symmetrical, with the result that -

4

2
gb
2

Bry==2n

Bry 2n -+
and hence 5

. o A

alqg (ry 4 rq) = T = N =,

This means that as an approximate solution, the

mean length of the guide round the curve may be

1
H

mEmmas: meammaEEEEs

0
] s
[} I
]
‘ E 0%
{\ ' E l
b i 0'3{—
e =
Sl
W& o
L —
ol
Fig. 12 (above). Co-ordinaie sysiem Ll
for curved bends. (The dimensions 11
a and b are shown for an E-bend ; o=+t
for an H-bend they should be iner- 1}
changed). -
Fig. 13 (right). Design graph for Yt

curved E-bend.

The ratio of the constants .4 and B must be chosen
to satisfy the boundary condition that Ep is
zeroat r = r, and v = r,: thus

Jo (Bry) _ S (Bra)
— BjA =d2 U J2 2
14 N, (Bry) N, (Bry)

Hence, if the dimensions of the curved guide are
given, this equation determines the angular wave-
length constant p. It may be noted that the plane
of zero transverse current, where Ep is zero, is the
central plane z = bf2.

As the mean radijus becomes large Eg and H,
become small, while the three remaining components
E,, Hy, H, become substantially uniform in the
direction of 7, thus tending to the fields for the Hs, o
mode in a straight guide.

In the design of a bend which is to produce little
reflection p is fixed and equation (13) then deier-
mines the mean radius for a given height of guide &
= (ry, — r,). A reflectionless bend must be of
electrical length #n, where n is an integer, and fora
right-angle bend it follows that

ny = pl = pwj2.

(xx}

Hence
p=oany n=1 2,3 .. {32)
= = 1,3- (2’)
The functions F’',,(%) owT are shown
plotted in Fig. 13. :
Equation (11) requires that I, (Bry)

F,, (Bry + Bb). Since for a given cross-section Bis

number of the straight

made equal to an integral
gaide half-wavelengths. The accurate solution
should be found by solving equation (11) with the

aid of the graphs of Fig. 13. It should be noted
that the mean guide wavelength for the curve may
be less than, equal to, or greater than the guide
wavelength for the corresponding straight guide,
depending on their common cross-section.

13.2 Maguetic Plane Bend or H-bend.

By applying similar qualitative arguments to
those of the last section, it is to be expected that
the H,, , mode in the H-bend curved guide will
have only the field components £, Mg, H.: that
the fields will be uniform in the s direction : and
that the sinusoidal distribution across the width of
the guide will undergo modification.

The field vectors turn out to be =

E, - [d.1, @) + BV (pe)| exp. (o = 3P0

H, “/E—(’{') [Ar];(ﬁo') / BJ\,’;.,:;(;]...:-;M-

Ho= [ [A. 1,486 + B‘N,'(pm]
Nop .
exp. (Jwt — Jp0 — jw|2)

The boundary condition E, = 0 at r = v, atnd
y = r, determines the ratio of B1o A, and the value
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of p-when the dimensions of the curved 55

guide are known :—
_ Jo(Bos)

. B/A — ]”(5071) . (13)

Ny (Bory) . Ny(Bors) 0

ot

As before if a right-angle bend is to

be of electrical length s to eliminate

reflection, then p is equal to 2. The

functional equation (13) has been plotted

B x WIBTH OF GUIDE |

40

Fig. 14.

Design graph for curved
H-bend. . ;

(ro -+ 74)

2

in Fig. 14 to show B, as a function of

Bo (s — 11).

The position of the maximum value of trans-
verse electric field (E,), and of the zero transverse
current is given by :(—

B _ ], (Be)

A N, (Bor)

3 3 5 57 8 9
o x MEAN RADIUS OF BEND
&

All the other quantities being known, this value
of #, which is the correct plane in which to cut the
guide if it is to be made in two parts, may readily be
found for a limited but useful range of the variable,
from the graphs of Fig. 13.

This circle of zero transverse current is always
displaced outwards from the mean circle, and the
wavelength along it is slightly longer than the
wavelength in the straight guide.
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DIVERSITY RECEPTION*

Statistical Evaluation of Possible Gain
By Z. Jelonek, E. Fitch and J H. H. Chalk

(Signals Research and Development Establishment, Ministry of Supply, Christchurch)

SUMMARY.—The

diversity gain is defined as the reduction of transmitter power

permissible on the introduction of a diversity system for the same proportion of time loss

of signal.

Curves and formulae are obtained for this gain, which is shown to depend on the proportion

i b number of received signals used, the correlation
between fading in these signals and a parameter characterizing the propagation conditions,
This parameter is discussed ; in order to obtain a better estimate of its value, it is suggested
- that more data on propagation conditions should be accumulated for links on which diversity

reception is contemplated,
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1. . Introduction

IVERSITY reception makes use of the
fact that signals do not, in general
..., fade simultaneously, whether re.
cetved by spaced aerials, on diverse frequen-
Ciés,.or by any other' diversity system,

- proportion of time during which

Usually, at any instant, the strongest signal
is utilized while the others are suppressed.
Two constituent signals X, Y and the
resulting diversity signal Z, will first be
considered and, where possible, this con-
sideration will be extended to the case of a
greater number of signals. ' -_

One method of assessing the merit of a
diversity system consists of €xamining the
records of X, ¥ and Z, and finding the
the signals
are below the receiver sensitivitv. On
referring to Fig. 1 (a), it will be seen that for
the X-signal this entails the summation of
the intervals 4, 4, . . . and dividing the
sum by the length of the record. Similarly,
for the. Y-signal, the summation of the

* MS. accepted by the Editor, June, 1946.
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intervals 7y, ja : - -1s required. It will be
noticed that with the diversity system the
- proportion of time loss could be found from
| the X- and Y-records by summing the
intervals during which both signals are below
the level of receiver sensitivity simultane-
~ously, e, Ry, Ry oo and dividing the
' sum by the length of the record. In this
| way an idea of the improvement in reception
| is obtained from the relative magnitudes of
these proportions.
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