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Claims. 

The present invention relates to antennae for 
operation over a broad band of frequencies and 
has for its object to provide an antenna, which 
has directivity over a broad band of operational 
frequencies for modest dimensions. 
An antenna, according to this invention is of 

the “end fire' type and comprises in its broadest 
aspect two oppositely disposed edges of conduct 
ing areas with air or other dielectric therebe 
tween. As will be made clear hereinafter the two 
oppositely disposed edges may be short circuited 
at one end or both ends and may hence be formed 
as a slot in a conducting sheet which may be 
plain or curved. Furthermore, the edges may be 
the edges of a groove in a conducting sheet, said 
groove having depth dimensions substantially 
one-quarter of the operating Wave length. The 
most efficient antennae of this type from the di 
rectivity point of view are terminated at one or 
both ends in the characteristic impedance of the 
transmission iine formed by the said opposing 
conductor edges, although such termination re 
sults in a loss of power of the order of 3 deci 
bels (db). 
The invention will be further explained in the 

following description. With reference to the ac 
companying drawings in relation to reception an 
tennae but it will be understood that the an 
tennae may be used for receiving or transmitting 
equally well. 

In the drawings: 
Fig. 1 is a plan view of one embodiment of the 

invention; Y 

Figs. 2A-2F show graphical curves used in the 
description and obtained practically; 

FigS. 3A, 3B and 3C show graphical curves obu 
tained theoretically; 

Fig. 4 is an end view of another embodiment; 
Fig. 5 shows a modification of the embodiment 

shown in Fig. 4; 
Fig. 6 is a diagrammatic perspective view of 

another embodiment; 
Fig. 7 is a plan view of a modification of the 

antenna, shown in Fig. 1; 
Fig. 8 is a plan View of a modification of the 

antenna, shown in Fig. 1; 
Figs. 9-11 are diagrams used in the description 

Of the theory of the invention and 
Fig. 12 illustrates the electric field distribution 

in the neighbourhood of the slot. 
Referring to Fig. 1 the antenna, is formed by 

thin metai plates , 2 whose adjacent edges 3, 4 
oppositely disposed are separated by a narrow 
space 5. For high directivity over a wide fre 
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terminated at each end in the characteristic im 
pedance of the transmission line formed by the 
edges of the slot, although this results in a loSS 
of power of the order of 3 decibels (db). 

Considering a wave polarised as shown by ar 
row 6 parallel to the plate and travelling in a 
direction parallel to the length of the slot, for 
example, in the direction of the arrow a field 
is built up across the gap 3-4 which travels along 
the slot in opposite directions at the same Velocity 
as the oncoming wave front; one portion in the 
same direction as the received wave increases in 
the direction of propagation and gives a summa 
tion resultant at the end which is thus used as 
the receiving end or translating end of the slot 
while the other portion travelling in the opposite 
direction along the slot to the received wave is 
absorbed in the resistance connected acroSS the 
slot, at the other or front end thereof. This re 
sistance 8 is equial to the characteristic impedance 
aforementioned. At the receiving or translating 
end is a detector unit 9 connected across the slot. 

Several experimental curves are shown in Figs. 
2A-2F. he curves are all taken using slots 
which had a Width of One Sixteenth of an inch 
and a length of 1.3A at N=45.2 cms. The total 
width of the plates and 2 at right angles to the 
slot was also 1.3X at 45.2 cms, i. e. 58.8 cms. 
The curve shown in Fig. 2A was taken. With the 

slot open at the front end, that is, no matching 
resistance 8 was present. 
The curves shown in Figs. 2B-2E were taken 

with the resistance.8 of approximate matching 
value connected across the front end and respec 
tively using wavelengths of 71.4, 86, 97, 107 and 
125 cms. 

It will be observed from a comparison of curves 
of Fig. 2A and the curves of Figs. 2B-2F that the 
presence of the matching resistance has Some 
beneficial effect on the directive properties of the 
antenna, but only at the expense of a loss of 
power amounting to about 3 db. Nevertheless all 
the curves show good directive properties with 
Small side lobes and good front to back radiation 
ratio over a broad band of frequencies. 
The plates -2 or aerial, may be placed over 

a parallel plate at a distance less than W/2 
from the plate, as shown in the end view diagram, 
Fig. 4 wherein dimension between the plates 
-2 and 5 is less than X/2. In such a case the 
wave front between the plates -2 and it is sup 
pressed due to the fact that the spacing it is 
less than the critical spacing for a wave of polar 
isation parallel to the plates and only the upper 

quency range the slot antenna, thus formed is best 55 surfaces of the plates 1-2 are active, a fact that 
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can readily be illustrated experimentally by al 
tering the spacing within a range of Values 
below the critical spacing at the operating Wave 
length. It will be noted then that there is no 
appreciable change in the polar diagram. Sec 
ond order changes may be expected from modifi 
cation of the discontinuity at the end of the Slot 
by the presence of the parallel plate 0. 

It should be observed that if the plate 0 is of 
the order of a few wavelengths long in the direc 
tion of the slot, spacings greater than A Will 
not appreciably affect the direction diagram be 
cause the propagation velocity between aerial 
-2 and parallel plate it is not much greater 
than that in free space. Intermediate the two 
limits, however, with a spacing fl of dimension d 
Such that 

considerable complication can arise because of 
the marked difference in phase Velocity above 
and below the piates , 2, and this condition is 
not recommended as even approximate predic 
tion of results is too difficult with plates of finite 
Sae. 
The antenna System shown in Fig. 4 Will Oper 

ate equally well if the edges of the plates -2 
parallel to the slot are connected to the earth 
plate to as shown in Fig. 5, and thus forms an 
open ended pipe structure having a longitudinal 
slot in the Wall thereof. 
So far all considerations refer to coplanar par 

allel plates 1-2 but it is possible to use arrange 
ments such as that shown in Fig. 6, in which 
is an earth plate, 2 a strip of sheet metal an 
gularly related preferably perpendicular to plate 

to form a slot 5’ between Strip 2' and ground 
plate . Such an arrangement is really half the 
arrangement of Fig. 1, the ground plate l' act 
ing as an image sheet dividing the slot arrange 
ment of Fig. 1 into two portions. 
This arrangement is activated by polarisation 

across the slot as indicated by the arrow 6', other 
wise the considerations affecting its polar dia 
gran are very much the Same as those for Fig. 1. 

Fig. 7 shows a modification of the arrangement 
shown in Fig. 1 in which the forward end as 
regards the direction of propagation of the re 
ceived Waves of the Slot is flared out So as to 
increase the impedance to the backward portion 
of the energy induced in the plates , 2. This 
also increases the radiation daiaping of the front 
termination when the antenna is to be used for 
transmitting, the flare, however, should be made 
but a Small portion of the slot length so that the 
impedance of the fare portion natches the in 
pedance of the slot portion to assist the phasing 
of the waves which gives the directivity. Pro 
vided wide operating band widths are not re 
quired, however, it is always possible to obtain 
good directivity by adjustment of slot length to 
a value which makes the best use of any reflec 
tions in aiding forward directivity, the slot ength 
being determined experimentally. 
So far only plane Surfaces have been consid 

ered or Coplanar surfaces forming the Siot (if the 
image of plate 2 in the earth plate is taken 
into account in Fig. 6). If distortion of the 
polarisation of the Wave front is of no noment, 
there is no reason why the plates i, 2 or '', 2' 
should not be inclined to each other at an obtuse 
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angle or the plates themselves be curved provided 
the edges forning the slot are coplanar. 

In regard to feeding energy to the Siot, aintenna, 
Or taking away energy from the Siot antenna, a 
g 

4. 
transmission line is coupled to the edges of the 
slot at the translating end. The two conductors 
of the line 2 are connected directly to the respec 
tive edges of the slot as shown in Fig. 1. 
In the case when the end of the slot is closed, 

the transmission line is then connected to the 
edges of the slot at a distance from the end of the 
slot equal to one quarter of the operating Wave 
length as shown in Fig. 8 where the slot is shown 
closed at the end 3 and the transmission line 
is indicated at 2. 

THEORY OF END FIRE SLOT AERIAL 
All that is attempted herein is an approximate 

elementary theory sufficiently accurate to indi 
cate the main properties of the slot antenna, as a 
radiator. Secondary effects associated with the 
discontinuities at the ends of the Slot have been 
neglected although it is admitted that with short 
slots they may have considerable effect On the 
radiation pattern. 

Case I 

Referring to Fig. 9 the direction of propagation 
P and the electrical vector Elie in the plane of 
the slot; the former being inclined to the length 
of thesiot at an angle 0, and both forward and 
receiving ends of the slot are matched to its 
characteristic impedance "Z.' The Simplest 
quantity to treat is the current in the termina 
tion for a given direction of propagation 6. The 
contribution of current 8A of the element &l of 
the slot at distance from one end and neglecting 
damping may be Written. 

8IA = 
a 24tl 

kE cos 9 expi ot- COS 8 
- - - - 

in which ce-21 X frequency and c is a constant 
and exp.-exponential, T is the length of the slot. 
Hence integrating the total current at A be 

COes 

-explicL-l ) is -l 

eX 2TL (cos 0-1) 
kE cos 0. O A. 

Z (cos 0-1) 
exp(t+3) 

i. e. taking the square root of the Sun of the 
squares of the real and imaginary parts, the field 
at angle t gives rise to a current at A of 

. TL 
E cost ' 1 (1-cos 8) 

IA 
2. 2. (1-cos 0) 

i. e. the resultant vector has the form of the chord 
of a circular arc. 
This is a maximum at cos 6=1, where 

kEL 
2Z. 

It should be observed that a 3 db loss exists due 
to the portion of the waves travelling to the left 
being absorbed in the forward termination, and 
the pick-up E. M. F. per unit length is of the form 
2.cES. 

IA 

CoSe Ii 

Referring to Fig. 10, neither the direction of 
propagation P nor the electrical vector E lie in 
the plane of the slot. 

Let p be the angle between the line of the slot 
and the direction of propagation and let G be the 
angle between the electrical vector E and the 

..., perpendicular oac to the slot in the plane of the 



2,559,698 
5 

plates forming the slot. Then due to slot ele 
ment 6l. 

kE cos 6 
Z 

and therefore the field for direction of propaga 
tion in the direction p corresponds to 

6IA = expi(t+. COS ) exp (L-)ial 

sin t(1-cos qb) 
2. 
X (1-cos (b) 

kE cos 0 IA Z 

from similar considerations to those of Case I. 

CdSe III 

The purpose of this case is to consider the effect 
on the radiation pattern when the forward end of 
the slot is terminated in an impedance ZR, the 
receiving end being of impedance Z matching the 
slot as before. 
To simplify subsequent expressions let 

kE cos 0 exp. i (t+ COS i)=e 
Referring to Fig. 11 and using the most gen 

eral case with an electrostatic field of the type of 
Case II, the E. M. F. e62 at distance l from the 
left hand side of the plates is composed of two 
E. M. F.'s, one acting to the left and one to the 
right. The E. M. F. acting to the left is 

Z (Z -- Z tanh yl) 
Z--ZR tanh yl 
Z (Z - Z tanh yl) --- 

Z-- Z-ZR tanh yl 
in which y is the propagation constant in the slot 
and this E. M. F. is applied to ZR through a length 
of line l. The E. M. F. to the right is 

(Z--ZR tanh yl) 
(Z-Z) (1--tanh yl) 

and this looks into a matching impedance Z. 
through a length of line l. 
Now finally to determine the current at Z it 

is necessary to find the E. M. F. sending the re 
flected wave at ZR from B back to A. 
The current in ZR is given by 

(ZR -- Z tanh yl) 

= eal 

I Ze-Z tanh yl e6 -- 
(Z-Z) (1--tanh l) "Z cosh l-I-Z sinh l 

i.e. by 
e6l 

Z--ZR exp (-yl) 

This is obviously correct since it is the same cur 
rent as if l-0, multiplied by exp. (-yl), and 
therefore the E. M. F. available to send current 
back to the receiving end at A is 

Z-Zr 
Z-Z 

Therefore the current at A is 
Z-ZR 1 

hence the total current at A due to element 6l 
becomes 

IR (Z-ZR) = e Sl exp (-yl) 

exp-y (L-l) 

e6l Z-- Z tanh yl 
Z (Z - Z.) 1. -- tanh yl exp-y (L-l)-- 

(Z-Z) exp-y (L--l) 
e8l r 

Z (Z--Z) exp (-yL)(Z cosh y-- 

Ze sinh l+ (Z-Zn) exp (-yl) 

(ZZ) (1 tanhol) 

6 
Hence integrating with respect to l the total cur 
rent at A becomes 

L kE cost exp (otyL) exp 
Z (Z-- Z.) 

cos (b. ) i{cosh yl-l-Z such yl 

(Z-ZR) exp (-yl) 38l. 
dealing with the integral alone, this becomes 

?" expi(cos ) (z+Z) exp: (i)+ 
3(Z-Z) exp (-yl)&l= 

i (Z-HZI) (Texp(+2. COS o) al+ 
(Z-Z.) (Texp(-y+ COS ..) al 

hence the magnitude of the current at A is to 
equal the absolute amplitude of 

exp:L(+2. COS )- 

() 

5 

20 

kE cos 6 

sizer 27t 
25 y+5 COS is 

27t exp{L(-,+ COS a- i 
3(Z-Zn)- - - - -y+5 costs 

Now it is a good approximation for a narrow slot 
to aSSume 

2at y= 
damping being Small compared to the Stored volt 
amps. in the slot transmission line, hence the 
magnitude of the current at A is the absolute 
magnitude of 

t 27tli - kE cost 'P pill (1-- cos 8): (2+2 ) 
2Z (Z-Z) 27t R - 

(1+cos ) 
4. 3 exp-2 (1-cos )-1 

2ar (Z-Z) 
-(1-cos qb) 

(Note the k in this Case III is twice that of Cases 
I and II as in those cases a half factor due to 
equal Waves travelling left and right is absorbed 
in the k.) 
Take as a check the case where 

6= (p=0, Zo=ZR 
The above expression becomes 

kEL cos 0 
22, 

which checks with Case I. 
If ZR= co, i. e. the front end is open circuited, 

this becomes - 

5 3. 

60 

COS (1+cos (b) - 
2. L (1+cos ) 

2 

COS 2(1-cos qb) - 1 
3 - - - + 

70 -(1-cos qb) 

sin 2 (1+cos qb) sin 2(1-cos d) 
X -3 X 

kE cos 0 

2 

f(1+cos ) (1-cos d) 
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and if ZR-0, i.e. the front end is short circuited 
this becomes 

27t. 
kE coso I' (1+cos d) - 1 

22 2t -- 
5 (1+cos ) 

2 2 
COS 2E (1-cos d) - 

3 - - - -- 
27t 

(1-cos ) 
2 

sin 2E (1-cos d) 
+3. A sin 2 (1+cos qb) 

2T 2T 
(1+cos d) A. (1-cos (b) 

It is fully appreciated that none of these ter 
minations are physically possible, but they are 
approached if the slot width is very narrow corn 
pared with the operating wavelength and in the 
case of the matched slot if the optimum termina 
tion is determined experinentally. 
The curves shown in Figs. 3A, 3B and 3C have 

been deduced from the above theory. 
The curve in Fig. 3A is for the case in which a 

matching resistance 8 is connected across the 
front end of the slot. The curve in Fig. 33 is for 
the case in which the front end of the slot is short 
circuited and the curve in Fig. 3C is for the case 
in which the front end of the slot is open. In the 
particular examples shown the length of the slot 
is 95 cms. and the operating Wave length is 
45.2 cms. It will be observed that the Curves 
obtained practically and shown in Figs. 2A-F 
approximate very near to the curves in Figs. 3A-B 
obtained theoretically. 
The curves in Fig. 2 relate to an approximately 

matched slot line and if the slot is relatively long 
and the plates wide, the field plot in the vicinity 
of the slot is as shown in Fig. 12 which indicates 
the concentration of the field near the slot, and 
shows that if Such a field is formed on an electro 
static basis, the characteristic impedance of the 
slot for the end fire mode of operation is Substan 
tially independent of wavelength for wavelengths 
Small compared with the slot length but large 
compared to Slot width. 
Two nodal pointS NN on the field plot indicate 

the boundaries of the zones associated With the 
field across the slot. 

For wide frequency bands with high front to 
back radiation ratio, the 3 db sacrifice is necessary 
and excellent results can be obtained over a very 
wide frequency range. That is a relatively narrow 
forward beam, Side lobes Well doWin and good 
front to back radiation can be obtained. 

Like all other end fire aerials the slot aerial is 
useful for moderate directivity but has a law of 
decreasing returns for large increases of Slot 
length. 

Case IV 
Parallel conducting plate underneath slot as 

described in connection with Fig. 4. There are 
two arrangements for consideration. 

(a) Of these cases, the most important is that 
in which the parallel plate 0 is less than X/2 
from the plate -2, as then on the basis of the 
spacing being less than the critical one for propa 
gation between the plates and polarised parallel 
to them, the upper plate -2 is only effective on 
its upper side plus a small Zone below the slot 
confined to the immediate neighbourhood of the 
slot. The treatment is otherwise precisely as in 
dicated above. 
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8 
(b) For wide spacing between the plates 
-2 and of the order of A or more provided 
the slot is not very long compared to wavelength 
the theory given in the Cases I, II and III is Sub 
stantially correct when the cosine of the angle of 
the direction of propagation of the guided wave 
between the plates and the plane of the plates ap 
proaches unity. 
For intermediate spacing a more elaborate 

theory is necessary corresponding to a Wave front 
above the plates with normal phase velocity and 
another wave front below the plates With a guided 
wave travelling at Some higher phase Velocity. 
This is not considered likely to give results of 
in Ore engineering value than the Simpler ar 
rangements (a) and (b) and is of no further in 
terest. 

Experiment, however, verifies the Case IWa. 
since change of spacing of the plates -2 and fl 
well below critical spacing has negligible effect on 
the polar or directional diagram. 

Cotse V 

A general theory could be evolved very similar 
to that given hereinbefore for plates inclined at 
an obtuse angle to form a slot or curved plate sec 
tions of a cylinder arranged to form a slot there 
between. Both these arrangements are Similar in 
general principles to that of the plane slot, but 
have the disadvantage of causing greater distor 
tion to the polarisation of the wave front. 
CHARACTERISTIC IMPEDANCE OF THE SLOT 

AERIAL 

The active portion of the plate On either Side of 
the slot, 3-4, Fig. 1, is determined from electro 
static considerations as shown by the field plot 
in Fig. 12, and this enables the capacity per unit 
length of slot to be obtained, and thereby the 
effective characteristic impedance of the active 
portion between the nodal lines NN. 
While only slot antennae have been referred to, 

an antenna, according to this invention may com 
prise a groove in a conducting sheet providing 
the groove has a depth substantially equal to an 
odd number of quarter wave lengths at the oper 
ating frequency and said groove may be closed or 
open at one or both ends so as to short circuit the 
Sides of the groove and as with the slot antennae, 
the groove may be terminated at one or both ends 
by its characteristic impedance. 
What is claimed is: 
1. An end fire type of antenna system for 

broad frequency band operation comprising a 
pair of CCInducting sheets arraged with oppg 
Sitely disposed edges copianar and spaced to 
form a slot, an impedaice substantially equal 
to the characteristic impedance of said slot con 
nected across each end of the edges of said sheets 
forming Said slot, a source of high frequency 
energy, and means for feeding said antenna sys 
tem. With said high frequency energy at given 
point.S on the edges of said sheets. 

2. An end fire type of antenna, system accord 
ing to claim 1 in which said conducting sheets 
are &ngularly related with respect, to each other. 

3. An end fire type of antenna system accord 
ing to claim 1 further comprising a conducting 
sheet mounted on one side of said first men 
tioned sheets and at a distance therefrom ess 
than half a wave length at the operating fre 
quency. 

4. An end fire type of antenna system accord 
ing to claim 3 wherein said further conducting 
sheet and Said first mentioned sheets are con 
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nected together to form an Open ended tubular 
conductor. 

5. An end fire type of antenna System accord 
ing to claim 1 wherein the edges of said sheets 
forming Said slot are flared whereby the Slot 
is flared out at one end. 

6. An end fire type of antenna, System accord 
ing to claim 1 comprising a further conducting 
sheet mounted on one side of the first men 
tioned sheets and at a distance therefrom greater 
than One Wave length at the operating frequency. 

7. An end fire type of antenna System for 
broad frequency band operation comprising a 
pair of conducting sheets arranged with oppo 
sitely disposed edges coplanar and spaced to 
form a slot, an impedance substantially equal 
to the characteristic impedance of said slot con 
nected acroSS One end of the edges of Said sheets 
forming said slot, a source of high frequency 
energy, and means for feeding said antenna Sys 
tem. With Said high frequency energy at given 
points on the edges of said sheets. 

ERC OSBORNE WILLOUGHBY. 
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