(OWNI DI'RECTI ONAL ANTENNA  The present invention concerns aa.antenna for

Tadi of r equency (r.f.) transm ssi-on. The requirenment for fan angm I ch
provi des transmi‘ssi on coveri’ ng ‘360[err] in azimuth is well Mgggvgvu 033 i; PIHL

exanpl e, combat :j dentificéatibon systens where conbat vehic

tra2§n1t a si WeH2IRSch al 1 6ws Themto be identified by friefHYSHB
The applicability of the current invention is not, however, restrlcted to
this field and uses may be found in any situation where transm ssi on
covering an azinmuth of 360 is required, for exanple in the area of | ocal
area networ ki ng where a nunber 2MNSIRESEIQNA X4/ communi cate by
r.f. transm ssion rather than electrlcal or flbre optlc l'ink. Sever al
types of reflector antenna are known (see for exanple Kraus, J. D., _

Ant ennas, M Cleprebent invértibniconcerisAfi @njennd Yon vadivfreguercyYr.f.} tl?alshﬁsidﬁct or iIs
used ‘to dlrect or focus the energy into a narrow beam but if the
application requires an omidirectional antenna pattern, ‘then the reflector

needs to spregl fehiirdhiat BF ah Bhienth WIS RN StransHisididv 60° in azimuth is
well known in, for example, combat identification systems where combat vehicles etc need
to transmit a signal which allows them to be identified by friendly forces. The applicability

of the current invention is not, however, restricted to this field and uses may be found in any
situation where transmission covering an azimuth of 360° is required, for example, in the
area of local area networking where a number of peripheral devices may communicate by
r.f. transmission rather than electrical or fibre optic link.

Several types of reflector antenna are known (see for example Kraus, J. D., Antennas,
McGraw-Hill, 2nd Ed., 1988.). Conventionally, the reflector is used to direct or focus the
energy into a narrow beam, but if the application requires an omnidirectional antenna
pattern, then the reflector needs to spread the energy into a wide angle. This has been
achieved using a dual reflector system using a parabolic subreflector (Orefice, M. & Pirinoli,
P., “Dual reflector antenna with narrow broadside beam for omnidirectional coverage”, Elec.
Lett.,, Vol. 29, No. 25, 9 Dec 1993, pp. 2158-2159.). if just a single reflector is preferred, one
can use, for example, a beam having a fundamental Hermite-Gaussian radial intensity to
illuminate a cone which reflects the radiation over 360° in azimuth. However, a beam
having such a radial intensity to illuminate has its maximum intensity illuminating the point
of the cone and this causes scattering and interference which, in turn, causes high sidelobes
and a ragged elevation pattern. Such a design is also difficult to model accurately.

Therefore, in a first aspect of the present invention there is provided a method of
transmitting radiation over an azimuth angle of substantially 360° which is characterised by
illuminating a substantially conical reflector with a beam having a radiation intensity
distribution with a local minimum which is coincident with the point of the substantially
conical reflector.
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achi eved using a dual reflector systemusing a parabolic subreflector.
(Oefice; " M. & . Pirinpli, P., "Dual reflectoreantennrg—ni t-he w broadsi de
beam f or. .ommi di.reetional coverage”, Elec. LetTHIS Sk 5, 9 Dec
1993 pp.:2158:2159.). If just a single reflector REPLY: one can
use, for exawphésesa beam having a fundanenta upeT/aBY MG 1Al
intensity to illumnate a cone which reflects the radiation over 360 in

azi mut h. However, a beam having such a radial intensity to illum nate has
its maximumintensity illumnating the point of the cone and this causes
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"ragged el evation pattern: Such a design is also di fficult to nodel _
accur at el ya broad sense ez, in additionte the casspd etperfect cone yithin thetstrigiesbmefdng.t here
is provided,a nethad of transmtiing radi of.i eaquency .radiatson gver an

azi muth anBer Bpess TefieFtam %Y‘*%%‘iﬁ?g%h?’m“@ sBﬁ’if@%%r‘?‘?@@b%“ﬁhl ffi nating a -
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intensity distribution, the mninmmof the Laguerre-Quassian distribution
coinciding with the apex of the reflector, and the arrangenent of the beam -
and r el ect g1, heknda dhbBaidia, ole Vb ainis b Ghlt $hicids boifTad Gith B SHHOT | S

di ver gent. e term

subst ant i abf fhe esbatadieihlly vdnival teflectoi.n t hi s speci fication, is intended to be
construed in _ _ _ , ‘ _

In a further preferréd embodiment, the radiation beam has a Laguerre-Gaussian intensity
distribution. ' S

According to a second aspect of the invention, an antenna for providing transmission over
substantially 360° in azimuth comprises a conical reflector and means for illuminating said
reflector with a beam having radiation intensity distribution with a local minimum.

" In a preferred embodiment, the meaﬁs for illuminating said reflector provides a beam having
a null. ' : '

The means for illuminating said reflector may provide a beam having a Laguerre-Gaussian
intensity distribution. '

A further preferred embodiment includes a source of radiation having a Fundamental
Hermite-Gaussian intensity distribution and means for converting said radiation to radiation

hﬁng a Laguerre-Gaussian intensity distribution.

The means for converting radiation having a Fundamental Hermite-Gaussian intensity
 distribution may comprise a spiral phaseplate. '

A further preferred embodiment includes means for collimating the radiation having a

Fundamental Hermite-Gaussian intensity distribution.
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a broad sense where, in addition to the case of a perfect cone within the
strictest meaning, other cases where reflection over 360[err] in azimuth is
provi ded are ineluded. Such cases woul d'include structures based on a cone
shape but with sides which are convex or concave. Accordi n 64 nd
aspect of ‘theWa¥BM%on, an radi of reaquency antenna for prov%ﬁ'ﬁ%ﬁw ¥
transm ssion over substantially 360[err] in azinmuth conprises a coni cal
" reflector and nmeans for illumnating said r&flector with a beam having a
Laguerre-Gaussi an intensity distrikutiop, .the_mn nimnmu f the .. .
Laguer r e- GuasEhedneass Senopipating %ﬁaﬁ@rlam ing 3 ’ﬁuftqggwa%leﬁera?ﬂerq%@mf@# fréensty |
and the arra i 244 ché®ntef | ector being such that the
Py PR ot

radi ation re l'ector 1s divergent. A further preferred
enbodi ment i ncludes a source of radiation having a Fundanent al :

Her mi't e- Gaussj an j ntensit | stributi and ans for converting said
radiation to g‘(‘ﬂﬂ?ﬂ'ﬁ’ c‘FFé%/ﬁnﬁlj’%H"‘T_ gl‘fwﬁg’@ﬂlf?éﬁ %ﬂ‘imf’ﬁ’tng W“%{-%‘%Fﬁgﬁﬂ on.
The means f ore)cOMYR bF tH Gulpadizatatieh of'thé ial@nm. FUndanent al  Hermi t e- Gaussi an
intensity distribution may conprise a spiral phasepl ate. A further

preferred enbodi nent includes means for collimating the radiation having a
Fundanent al Thabdtis orlfcso%hgﬁinb %eeﬁxihltay cowe&tgg PeEVaR3h of the output radiation of the

antenna may comprise at least one lens.

In a further embodiment the ra_diatibn having a Fundamental Hermite-Gaussian intensity
distribution is linearly polarised.

. A further preferred embodiment includes means for converting said linearly polarised
radiation to circularly polarised radiation.

The means for converting said linearly polarised radiation to circularly polarised radiation

may comprise a quarter wave plate.

The invention will now be described, by way of example only, with reference to the '

following ﬁgui& in which:

figures 1a and 1b respectively show radiation intensity, in two dimensions, of beams having
_ a Fundamental Hermite-Gaussian intensity distribution and a L_aguerre-Gaussian intensity

distribution;

figure 2 shows a schematic representatiox; of a typical antenna of the invention;

figures 3 shows an actual embodim_e_nt of the invention;

figure 4 shows the variation of reflected radiation power with elevation angle for a particular

embodiment of the invention;
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The neans for collimating the radiation having a Fundanent al
Herm te- Gaussian intensity distribution may conprise at |east one |ens.
A further woafieeszed enbodi nent includes neans for control PCAEEBIAE3ahgul ar
coverage in el evation of the output radiation of the antenna. The
means for controlling the angul ar coverage in elevation of the output.
radiation of the =~ antenna may conprise at |east one |ens. In a.
further enbodi ment the radi ati on having a Fundanmental Herm-te-Gussian
'nensity ﬁgure%lslsnt)\;lé Brlxeraltngs (I)fsthtle ;hr:]aggg} r%flgc(:)llnfi W i?:g'griight be used in the current

invention;
figure 6 shows a spiral phaseplate, showing the refraction of a single ray upon transmission;

figure 7 shows the relationship between the imparted angular momentum per photon to the
normalised radius of the mode converter;

figure 8 shows an experimental configuration for obtaining Lagueir'e-GausSian modes at
millimetre-wave frequencies and " ‘ '

figures 9(a) and 9(b) shows far-field intensity distributions for observed Laguerre-Gaussian
modes LG) and LG? respectively. '

Referring to figure 1a, _radiation' having a Fundamental Hermite-Gaussian intensity
distribution has a local maximum in intensity at the centre of the beam. Such radiation is
converted to radiation having a Laguerre-Gaussian intensity distribution (figure 1b) on
passing through a spiral phaseplate as will be described later. The latter radiation has a local
minimum in intensity at i_ts_ce;_xtre."(’l_’h'e value of intensity at this local minifmim is zero, thus
definingamall).

Referring to figure 2, radiation is represented by the broken liniés. Linearly polarised

radiation having a Fundamental Hermite-Gaussian intensity distribution is supplied via a
corrugated feedhorn 3. This radiation is diverging until it reaches collimating lens 4. The
collimated radiation passes through quarter wave plate 5 which converts it to circularly
polarised radiation. The circularly polarised radiation then passes through spiral phaseplate 6 °
which converts its intensity distribution to a Laguerre-Gaussian' mode. The radiation then
passes through lens 7 to illuminate conical reflector 8 which reflects the radiation over
substantially 360°. The Laguerre-Gaussian radiation has a null at the centre of the beam
which is coincident with the point of the conical reflector. Thus scattering is avoided. _



A further. preferred enbodi nent includes nmeans for converting said linearly
‘pol ari sed radiation to circularly polarised radi ati on. The neans
for converting said linearly polarised radiation to circularly polarised

radi ati on may conprise a quarter wave plate. The | peqidpodidoit | |
now be descriy&x‘?l”zﬁ%y of exanple only, with reference to the

follow ng figures in which: figures la and 1b respectively show
radiation intensity, in tw dinensions, of ‘eans having a Fundanent al
Herm te-Gaussian intensity distribution and a Laguerre-Gaussian intensity
di stribution; figure 2 shows a schematic representation of a typical

ant enna_of tf@-ﬁﬁ%’_@ﬁ&éﬂbﬂ; the axis 9 of ih8 UhREn=Dis VERIAE! hackd fieqivhad iradifionafvet he
i nventi on; fi'gure 4 shows the variation of refl| ected radiation power
Wi th el evati od603igines riseto a3 aplenna with a transmissieraramnthraf that apgle Thenomingdn:

elevation angle A of the transmission (i.e. the angle of the maximum intensity of the
transmitted radiation) is mainly determined by the angle B of the cone. The choice of lens 7

determines the spread X of the transmitted elevation.

Referring to figure 3 the radiation source 10 was an InP Gunn oscillator. The output was
coupled from the WG27 waveguide (not shown) of the oscillator into free space through a
corrugated scalar feedhorn 3 which produced a vertically polarised fundamental Hermite-
Gaussian mode beam with a beam waist of 4.2mm.

The free space beam was colliinated with an 88mm diameter, high density ﬁolyethylene
(HDPE) planar-convex lens 4, which had an input focal length of 100mm and an output
~ focal length of 320mm.

The fundamental Hermite-Gaussian mode beam was converted to a second order Laguerre-
Gaussian mode beam using a spiral phaseplate 6 machined from HDPE. The phaseplate had
a diameter of 88mm and a step height of 13.4mm. The spiral phéseplate was located
360mm from the planar surface of lens 4. :

The Laguerre-Gaussian mode beam fell incident on an aluminium conical reflector 8,
located 720mm from the planar surface of lens 4. The cone had a diameter of 100mm and a
half-angle of 47 degrees.

The reflected power was collected using a Boonton 4220 power meter 11 haﬂring a WG27
sensor head (not shown), which was swept in an arc through the horizontal plane, pivoting
about a point 25mm behind the apex of the cone. The power sensor was fitted with another
corrugated scalar feedhorn 3 similar to that used on the oscillator. The distance from the

pivot point to the feedhorn beamwaist was 250mm.
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shows vari ations of the shape of reflector which mght be used in the
current invention; figure 6 shows a spiral phaseplate, show ng the

refracti oRgy@b7iyssd ngl e ray upon transm ssion; figure 7 FROIWIGRI7IONE1

rel ationship between the inparted angul ar nonmentum per photon to the
normal i sed radi us of the nobde converter; figure 8 shows an experinment al
configuration for obtaining Laguerre-Gaussi an nodes at mllinmetre-wave .

f requenci a%vahtheasurements were recorded for incremental angular positions of the detector and the
. results are presented in figure 4 which illustrates excellent sidelobe performance at negative
elevation angles and the general smoothness of the response. Leakage round the top of the
cone limits the response to about -20dB at large positive angles, but this could be remedied
by placing absorber round the top of the cone. | '

The angular coverage is relatively narrow since the beam was not focused down onto the tip
of the cone. Doing so would give a more divergent beam and consequently a greater angular
spread in elevation. ' S '

The experiment was performed with vertical polarisation for simplicity but the addition of a
quarter-wave plate (item 5 of figure 3) to give circular polarisation would be
straightforward. '

Although conical reflectors are used in the examples illustrated, other reflector shapes,
which provide reflection over 360° in azimuth may be used. Such variations might include a

convex variation on the cone shape (figure 52) or a concave variation (figure 5b).



figures 9(a) and 9(b) shows far-field intensity distributions for observed
Laguerre- Gaussian nodes Lerr] and L err] respectively. Referring to
figure la, radiation having a Fundanental Hermite-Gaussian intensity
di stribution h@% 3 %%gal maximumin intensity at the centre OfpchRBoRGRANM
Such radiati on"%S @8Hverted to radiation havi ng a Laguerre-Gaussi an
intensity distribution (figure Ib) on passi n(_} t hrough a spiral phasepl ate
tion has a local mninmumin
CE (fvw at this local mninumis
zero, thus def ¥ CH = o] gtite 2, radiation is
represented by the broken lines. Linearly polarised radiation having a
Fundamental Hermite-Gaussian intensity distribution is supplied via a
corrugat ed f ee@hofollogingmerton, along Wity figuzes§, ¥ apd; P igyRensinted from Optigshes

|1i mati | 4. T ' d | At t hr o t
e o which Comdpatof 11 (18660 ThARLA R BAS Sihn Michild PRI eV e |
pol ari sed radi géjepdtionof frep-8pHe S.apltnelGlssipn fndtesH afilipleit Svabe oiwehicie OBy Bdel of

its intensity distribution to a Laguerre-Gussian node. The radiation then
passes t hr oughapeira phaseplaie) priB3rd8% @ ARPQ with kind|permissionsfromiElsevice Brigrges Nlne

radi ati on over Eﬁl'{gh.hé{ 6 ARk f@q@éﬁé adi ation has a
null at the ceﬁ?rateﬁ%gat e eaz% &)r?is-(lziﬂgls col nc’lerent Wf?ﬁ.‘h{-he poi nt of the

conical reflector. Thus scattering is avoi ded.

intensity at i

Laguerre-Gaussian (LG) modes, like Hermite-Gaussian (HG) modes, form a complete basis |
set for paraxial light béan_xs. The former exhi_bit.circl-xlar symnietry, thé latter fectangular.
Two indices idgntify a given mode, and the modes are normally denoted LG ,’, and HG,,,..
For a Hermite-Gaussian mode .and » are the numbers. of nodes in the x and y directions
respectively. For a Laguerre-Gaussian mode, / is the number of 2n cycles in phase around
the circumference and (p+ 1) the number of radial nodes. The amplitude, ) of the LG

mode in cylindrical co-ordinates is
ul (r,b,2) ac e™W R g KapiuN oo (_1yr (r T Tw) L 2P I W), (1)

where R is the wavefront radius of c\n'vatilré, w is the radius for which the Gaussian term
falis to 1/ of its on-axis value, y is the Gouy phase and L’,, (x) a generalised Laguerre

polynomial. The azimuthal phase term, ™ , distinguishes the Laguerre-Gaussian modes
from the Hermite-Gaussian modes. This phase term creates helical wavefrom_s,for the
Laguerre-Gaussian modes m contrast to the planar wavefronts of the Hermite-Gaussian
modes (see J.M. Vaughan and D.V. Willetts, Optics Comm. 30 (1979) 263). Angular
momentum is associated with these helical wavefronts which is termed orbital angular
_momentum and is distinguished from the spin angular momentum associated with the
polarisation state. It has been shown ﬂxat a pure Laguerre-Gaussian beam has an orbital
angular momentum equivalent to /A per photon (See L. Allen, M.W. Beijersbergen, R. J. C.
Spreeuw and J. P. Woerdman, Phys. Rev. A 45 (1992) 8185). |
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operation, the axis 9 of the antenna is vertical so that the reflection of
radi ati on over 360[err] gives rise to an antenna with a transm ssion

azi nuth oWwotgraes2angl e. The nominal el evation angle A of tHer/GEeTR63ISSi ON
(i.e. the angle of the maximumintensity of the transmtted radiation) is
mai nly determned by the angle B of thegcone. The choice of lens 7

determ nes the spread X of the transmtted elevation.  Referring to figure
3 the radiation source 10 was an I nP Qunn oscillator. The output was

* coupl ed fromthe WE7 wavegui de (not shown) of the oscillator into free

space t hr SRRANSHIAE Bomeg i gontent o eswww%wmmsbmumemt ically

zplmzﬁrrnl Sedd'{'\%m’gree spacége%xrumwas co ;?Qu{;fgﬁ ﬁm#&genz{{gﬁa’%\tﬁ"’ﬁ hiO](iZ]h

densi ty pbriesei¥if. HeckenboigEnd H. :Rmbnxszielmmnﬂbmmyél; Revhilceee. isiel 998) $asput  f ocal

| engt.h of 100nm and an output focal |ength of 320mnm.
In recent years, the production of Laguerre-Gaussian modes at optical frequencies has
attracted considerable interest. Laguerre-Gaussian laser beams may be produced directly (M.
Harris, C.A. Hill and J.M. Vaughan, Optics Comm. 106 (1994) 161), or by the conversion of
Hermite-Gaussian modes. To date, three different classes of mode converter have been
demonstratcd. Two of these, spiral phaseplaws M.W. Beljersbergen, R.P.C. Coerwinkel, M.
Kristensen and J.P Woerdman, Optics Comm. 112 (1994) 321) and computer generated
holographic converter (N. R. Heckenberg, R McDuff, C. P. Smith and A. C. White, Optics
Lett, 17 (1992) 221; N.R. Heckenberg, R. McDuff, C.P. Smith, H. Rubinsztein-Duniop and
M.J. Wegener, Opt. and Quant. Elec. 24 (1992) S951), introduce the azimuthal phase term
to a HGy, beam. In these devices a screw phase-dislocation, produced on axis, causes
destructive mterference, leading to the characteristic ring intensity pattern in the far field.

The spiral phaseplate may also be used to convert between any two LG:,- ‘modes separated
by an ™ phase term. In general, the purity of Laguer_ré-Gaussian modes produced by these
methods is limited by the co-production of higher order modes.

“The other class of converter is the cﬁlindrical-lens mode .converter (M.W.'B.eijefsbergen, L.
Allen H.E.L.O. van der Veen and J.P. Woerdman, Opﬁcs Comm. 96 (1993) 123) which
converts higher order Hermite-Gaussian modes to the corresponding Laguerre-Gaussian
mode. Unlike the spiral phaseplate and the holographic converter, this method can produce
pure Laguerre-Gaussian modes. | '

For a Laguerre-Gaussian mode, the orbital angular momentum in the beam is equivalent to
I per photon. Consequently, for a fixed power, the angular momentum in the beam is
proportional to the wavelength; unlike linear momentum, h/X per photon, where for a fixed

power the linear momentum in the beam is wavelength independent.



The fundanmental Hermte-Gussi an node beam was converted to a second order
Laguerre- Gaussi an node beam using a spiral phaseplate 6 machi ned from
HDPE. The phasepl ate had a dianmeter of 88mm and a step hei ght of 13.4mm
The spiral phawoptraases was | ocat ed 360mm from t he pl anar surf a®ET&BITRGIEL 4

The Laguerie-Gaussi an node beamfell incident on an al um ni um coni cal _
reflector 8, |ocated 720mm from the pl anar s¢irface of |ens 4. The cone had
a dianeter of 100mm and a hal f-angle of 47 degrees. The refl ected power

was col |l ected usi ng a Boonton 4220 power neter 11 having a W&27 sensor head
(not shown), S In an arc through the horL ont al ane, |
pi voti ng aboumé? Bﬁﬁmﬁmﬁﬁ?% g‘aﬂ’%’“’a Busst "l"H@s &omiki mﬁﬁ%“ﬁg QUEBGIES)
was fitted wit 1@6@!‘1 Dewhérth gﬁﬁ@@b‘tﬁ:ﬂé‘s‘iﬂ&r Poptical fkdvehaik
on the oscilla The di stance fr t he pivot p(?l ﬂélt 0 t(L ?leed orn ex'déﬁgd
beamivai st was l&aﬁmﬂience for the same power, the orbital angular momentum is also ~10* times larger,
which opens the possibility for observmg the transfer of angular momentum to a
magcroscopic object. The use of a spiral phaseplate to convert the fundamental Hermite-
Gaussian to higher order Laguerre-Gaussian modes will be demonstrated. The phaseplate is
preferable to the cylindrical lens converter because of the relative difficulty of producing

high order freespace, Hermite-Gaussian beams at millimetre-wave frequencies.

The total angular momentum, J,, of a Laguerre-Gaussian beam is the sum of orbital and spin
angular momenta (L. Alien, M. W. Beijersbergen, R.J.C. Spreeuw and J.P. Woerdman, Phys.
Rev. A 45 (1992) 8185. Thus for left-hand or right-hand circularly polarised beams

Jy = I+ 1. The Hermite-Gaussian mode ;:onverted in this work has a well-defined linear
polarisation and consequently the total angular momentum in the beam is due entirely to
orbital angular momentum.

Ray optics analysis of a spiral phaseplate mode converter.

The spiral phasepiate (Fig. 6) has one planar surface (not shown) and one spiral surface 12.
The spiral surface 12 forms one penod of a helix, with a step dlscontmulty Upon:
transmission through the phaseplate, an incident ray. 13 givesrisetoa refracted ray 14 where
the angle of refraction is o . A beam of wavelength A is subject to a phase delay, y , which

depends on the azimuthal angle, ¢ , where

(n, - ”2)5‘)

Y ()

\Ij_—.

ny and n, are the refractive indices of the phaseplate and surrounding media respectively and

s is the physical step height at ¢ =0.
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measurenents were recorded for increnmental angular positions of the
detector.and the results are presented in figure 4 which ]l

excel | ent WOfRLHEBR performance at negative el evation angl iéé}’%%%i;@%@sgeneral
snoot hness of the response. Leakage round the top of the cone limts the
response to about -20dB at |arge positivi® angles, but this could be

remedi ed by placin bsoy ber round the t of the cone. The angular -

coverage i °‘r@%%%%%%$ﬁ@é?ﬁ@%g%amgﬂﬁp IR ont o t he
-~ tip of thejeemultiple U 28050k, Fhil, KPpradibead 2uyes-Gaiksial Bitkle ARE priagquent | y
a greater angul ar- Spread in el evation. The "experinent was performed with

vertical phdightiof theistep if the spiratphassplate ipgivenbg addi ti on of a quarter-wave
plate (item5 of figure 3) to give circular polarisation would be

strai ghtforward. Al t hough conical reflectors are used in the exanples
illustrated, other reflector shapes, whichpprovide reflection over 360 in
azimuth may be used. Such variations $if rrcl ude a convex vari@Xion on

t he cone shape (figure 5a) or a concave Yar ion (figure 5b).

‘When the step height is not an integer number of wavelengths, the phase of the beam is
discontinuous at the step and this is observed as a break in the ring intensity pattern.
Beijersbergen et al. have modelled the defuning of the step height through the transition
from one Laguerre-Gaussian mode to another (M.W. Béijetsbefgex\, R.P.C. Coerwinkel, M.
Kristensen and J.P Woerdman, Optics Comm. 112 (1994) 321). In their small-angle
approximation, the converter only changes the phase and not the intensity of the beam. The
annular intensity patter arises from the far field diffraction of the beam’s screw dislocation.
However, the beam produced is not a pure mode, but an infinite superposition of Laguerre-
Gaussian modes. The conversion from the Gy, to the LG} mode was calculated to be 78%

efﬁcien;.

Although orbital angular momentum is a property of the beam as a whole, it is useful to
consider this in terms of the equiﬁalent'angular momentum per photon. Use ofa ray optics
picture (fig. 6) allows an understanding of how the orbital angular momentum content of the
beam arises from the mode converter. ' '

Considerihg a ring of radius », projected on the spiral surface. The angle, 8, of the local
azimuthal slope of the spiral surface is given by

g =—- @)
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Fr ee- Space Laguerre- Gaussi an Modes. The foll ow ng section, along with
figures 6,8 awd@HnrbgsReprinted from Optics Communi cations, 1PCTCEOZERIL

Turnbul |, ‘Robertson, Smith, Allen and Padgett, "The generation of
free-space Laguerre- Gaussi an nodes at m i EFt re-wave frequencies by use of
a spiral phaseplate", ppl83-188, 0 1996 with kind perm ssion from El sevi er

Sci ence - NL, ASay mlgerﬂwaa&tahw; frtim, tHed Al \x Al Dk detficted as itNpiehgds IFmds -

Laguerre-
conpl ete
symetry,

Gaussi an (LG nodes, |ike Her i t e- Gaussi an (HG nodes, forma
basi @e@tmk%ffaﬁﬁafhw%ﬂecmwh@eamy berfound ysing SnallisLav: circul ar

the latter rectangular. Two indices identify a given node, and

the nodes are nornmally denoted L err] and HJ err]

n, sin(® +a ) =n, sind ()
Before refraction, the beam has a linear momentum of n,h/ A per photon, After refraction,

there is a component of linear momentum in the azimuthal direction, p, , given by

P, =n, —sina | | ©)

To achieve this thereisa transfer of angular momentum, L, between the spiral phaseplate
and the beam of light of

.L=rp¢ =n, -ﬁ-rsina per photon in the beam.

Considering the small-angle case where (4), (5) and (7) reduce to

0=, o (8)

2xr’
n©+a)=nd 9
Lx=n, %ru (10)

Combining equations (8), (9) and (10) with s set by equation (3) (the condition for a
Laguerre-Gaussian mode), the angular momentum exchanged, L, ‘between the light beam
and the phaseplate is

| Lsaf(—’ii-f’z-)-xm per photon in the beam. (1)



For a Herm te-Gaussi an node mand n are the nunbers of nodes in the x.andy .
directions respectively. For a Laguerre-Gussian node, | is the nunber of
2[err] cycles in phase around the circunference and (p+ 1) the nunber of
radi al nodes. The anplitude, u[err]Jof the L err] node in cylindrical
co-ordj natW@97/2525 [err] where R is the wavefront radi uSCHEBUOG ure, w
Is the radius for which the Gaussian term falls to I/e of its on-axis
value, [err] is the Gouy phase and [err]i1Zx) a generalised Laguerre

pol ynom al . The azi nuthal phase term_ e[err] , distinguishes the )

- Laguer r e- CEis;agreas Wik T‘F*ﬁrf?‘tllﬁﬂgu%ﬁw%%@ﬂ derived dom thamalysisefse term

" creates hgli ) . S af - ( kan . es, 4 Ry,contrast to
the. pl anar mndr ¥ EHEHORIE A1 NP, SERREES RYE SB-TRRRELE WERHE, and
D. V. W/ | RHys. Re¥pAi4Ss(1002y8183) (1979) 263). Angul ar nonentum i s associ at ed
with these helical wavefronts which is terned orbital angular nonmentum and
I's distinguished fromthe spin angul ar nonentum associ ated with the

| i ti . . . r , . i b
Pos an” or el fecinEs sl 31l eoBR D dopfifia i LOSHRIIRIGR 20T, |
MW Bei| chitdmiigheabdRe ajzuniént fpstdewepeated with 1id appéudrdagon, Phys. Rev. A 45
(1992) 8185). '

The angular momentum transfer, L, per photon in the beam is given by

L)

‘n ns
- L=h-2rsin| sin™ [——-—-'—-—J - tan".(——)] (12)
LA ‘{ n,Vs® +4nr? 2rr/)

Figure 7 shows equation (12) plotted as a function of radius for different values of », / n,.
To give a graph independent of / and A , the angular momentum per photon has units of /2
and the radius is in units of /A . Three points are worthy of note. First, as r decreases, 6
eventually reaches the critical angle and total internal reflection prevents the transmission of
the beam. Consequently the mode converter alters the intensity at small .

Second, it foliows that L has no value at very small Slalues of r/IA. Just below the critical
angle, £ has a maximum value which falls rapidly to unity as ~/ /A increases. For our case,
where 7, / n, =~ 1.5, the small-angle approximation is valid when > IA .

Third, as n, / n, increases, the radius below which the small-angle approximation breaks
down becomes smaller.

These effects are not important in the optical regime, where IA is small compared with the
typical beam radius. They become more important When‘ the wavelength is increased to the
millimetre-wave range. It is obviously impractical to scale the beam diameter by the same
amount as Wavelength and one must be careful to ensure that most of the power is in the

small-angle regime.
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angul ar- nonentum content of these Laguerre-Gaussi an beans has been recently
denonstrat ed {jyPpgbbsan optical interaction with mcroscopi c PEREBUIOEI(H,
He, ME.J.- Friese, N.R Heckenberg and H Rubinsztein-Dunl op, Phys. Rev.
Lett. 75 (1995) 826). In recent years, th_? producti on of

Laguerre- Gaussi an nodes at optical frequencies has attracted consi derable

i nterest. Laguerre-Gaussian | aser beans.may be produced directly (M

Harris, CA H Il and J.M Vaughan, Optics Conm 106 (1994) 161). or by the
conversi on of Itifieliows fora§Tishatdor afixrsstepiheight aad canstaatpayyers the argularmementums

(Vi "Bl | or SBPGETeA TRl Reamat Bigpeadin of fé v RCCraSly MG ARk e

Optics Comm é&&eﬁ&%ﬁ@a%%he%mf@qewmﬁﬁnwafagtbedsmomam@optwavwmer
(N. R Heckenberg, R M Smith and A.. C Wite, Qotics Lett, 17
(1992) 221; Nwhth alergk engargnomenvam Heweverhe efficiency ¢f copplipgatn asinglolag

2 Qld rm'V’tJ. b a}mgﬁggi _%o&%ls%&ﬁhmﬁ&%?i ieedsd RV, Bhiirsberzh, ROPEC BobiMinkel,
M. Kristensen and J.P Woerdman, Optics Comm. 112 (1994) 321), hence, the generated

beam would not be a pure mode.
Experimental Configuration

Figure 8 shows an experimental configuration used to produce millimetre wave, free-space,
Laguerre-Gaussian modes. The source 10 was an InP Gunn diode oscillator with a peak

| output power of 10—20mW Adjusting the dimensions of the resonant cavny tuned the
linearly polansed output from 7210 95GHz (G.M. Smith, TEO’s at mm-wave frequencies
and their characterisation using quasioptical techniques. Ph.D. Thesis, St Andrews (1990)).
A circular-aperture, corrugated feed-horn 3 produced a ~98% pure HGqq beam with
Rayleigh range of 50mm (R.J. Wylde, Proc IEE, part H, 13 (1984) 258). A polyethylene lens
4 of focal length 120mm collimated the beam with w=~25mm.

Since w>> A, the small-angle approximation is valid in this case. The phaseplate 6 was
also made of polyethylene, which has a refractive index of 1.52 at millimetre-wave

*frequencies (J C G Lesurf, Millimetre-wave Optics, Devices and Systems (Adam Hilger
AOP, 1990)). Two different phaseplates were used, one to generate the LG! mode and the
other to generate the LG} mode. The step heights were 6.7mm and 13.4mm respectively to
give a single and a double wavelength step at 86GHz. The planar surface of the phaseplate
and both surfaces of the collimating lens were cut with an antireflection texture of quarter-

| wavelength deep concentric grooves |



to a Hjerr] beam In these devices a screw phase-dislocation, produced on .
axi s, causes destructive interference, leading to the characteristic ring
intensity pattern in the far field. The spiral phaseplate nay al so be used
to convert. ??et wesgn any two L err] nodes separated by an gj&err hase
term [n gg St he purity of Laguerre-Gaussi an nodes pF 0HA t hese
nmet hods is I|mted by the co-production of higher order nodes. The ot her
class of converter is the cylindrical-lem nbde converter (MW :

Bei j er sher ge L..Allen HE L. Q van der. Veen and J.P. Werdman, Optics.
Conm 96 (%Wl&lﬁmmrdﬂriﬂﬁﬁvm@wgrﬂ@m@méasepleemoea@mlm nodes to

" the corr espgagidign kiRl %Eixﬁur%&k:g% '13 bR B eht B 'iéfe e SRV r?eé.u'lg}e?d% Rigag. and

t he hoI ographi c converter can produce pure -G
nodes. medwasa:gaamsgmm3mm art identizabfeedihorf BgoithAf oXhE R kL N the

beamis eqivalent to 1h oton.. Congequently., for a fixed power, the
angul ar q#é ‘? 5@‘55??\%5' bPBsﬁ ?ﬂ\'&! the MgaspEddntgnsity piefilelie
li near mm@k&mldiioh%fﬂied@lférfaﬁm& ai'?fraegie g&tdérﬂﬁn@a E}h&%&%%&pr&ﬁ% e

momentumin the beamis wavel ength in
The x-y scanning stage and detector were computer controlled to measure a 50 x 50 grid

over a square area with a side of 100mm. The readings were transferred to Mathematica
(Wolfram Research, Inc., Mathematica, Version 2.2, Champaign, Illinois, USA (1994)), in
which they were interpolated and displayed as density plots.

Results

Figure 9 (a) shows the result of the convers:on from HGy, to LG). The central minimum, a
charaetensuc of the Lagnerre-Gaussian mode, is well deﬁned Fxgure 9(b) shows the

comespondmg result for the LG2 mode. As expected. the radms of maxlmum intensity of

the LG? is J" 2 times that of the LG' (M.J. Padgett and L Allen, “The Poyntmg vector in
Laguerre-Gaussian [aser modes”, > Optics Comm. (in press)). The linear polarisation state of
the Laguerre-Gaussian beams was demonstrated using a wire-grid polariser, with which the
beam could be completely attenuated.

This confirms that, unlike previous waveguide-based work in the microwave regions (M.
Kristensen, M.W. Beijersbergen and J.P. Woerdman, .O.ptics Comm. l(_M (1994) 229), there

is no combination of the spin polarisation and the orbital angular momentum in this case.

For both of the gcneramed Laguerre-Gaussnan modes, "hotspots" were observed in the ring
with an increased intensity of about 10%. Two p0351ble sources of these have been
modelled. One is an imperfection at the centre of the phaseplate caused by the ﬁmte size of
the machining tool; the other is slight misalignment of the axis of the HGoo beam and the
axis of the phaseplate. The magnitude of the observed "hot-spots" are consistent with the
precicion of the experimental configuration.
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product'i on: of free spacemslgwﬁasrﬁu Fdan nodes, to m lfl i met REPIVEKCED

g

e

f requenci es.. (-} @ikes)s - Wh th is -10[err] tmesrthresraosT—
optical frequencies wll 3 _ in. Hence, for the sane power, the
orbital angular nonmentumi SO -10[err] s larger, which opens the

possibility for observing the transfer of aﬂgﬁlar nmonentumto a nacroscopic
obj ect. The “iﬁﬁﬂk;a spiral phaseplate to convert the fundanental Hermite- °
Gaussi an to higher order Laguerre-Gaussian nodes will be denonstrated. The
phasepl ate is preferable to the cylindrical |ens converter because of the

relative difficylt roduci.n order fre si an

beams at mlli rrét’?‘éu‘ﬁé g B&&G&&QMV?%%@\?%@W;E%@HSW J[err],
of a Laguerr e-ciaidsRtisd H@qnmﬁn%nig@swsﬁhﬁny%mcmhﬂm will @b@dﬂghdvﬁ{lghramaﬁaﬁ a
(L. Allen, MW Beijersbergen, Spreeuw and J. P Rev.

A 45 (1992) g igwnsityHisribesion with a legaldnigimuym whichris eeincitent mtarthg/pqm qmes@mcal
beans Jz / %g{l% 1. The Herm te-Gaussi an node converted in this work has
a wel l -defi ne gar pol ari sation and consequently the total angul ar
nmonmentumin the beamis due entirely to orbital angular nonmentum Ray

optics anal ysis of a spiral phasepl ate node converter.
2. The method of claim 1 where the radiation beam has a null which is coincident with the

pomt of the substantially conical reflector.

3. The method of claim 2 where the radiation beam has a Laguerre-Gaussian intensity
distribution.

4. An antenna for providing transmission over substantially 360° in azimuth comprising a
conical reflector and means for illuminating said reflector with a beam having radiation
intensity distribution with a local minimum.

5. The antenna of claim 4 where the means for illuminating said reflector provides a beam
having a null point.

6. The antenna of claim 5 where the means for illuminating said reflector provides a-beam

having a Laguerrc-éaussian intensity distribution.
7. The antenna of claim 6 and further including a source of radiation having a Fundamental
Hermite-Gaussian intensity distribution and means for converting said radiation to radiation

having a Laguerre-Gaussian intensity distribution.

8. The antenna of claim 7 where the means for converting radiation having a Fundamental
Hermite-Gaussian intensity distribution comprises a spiral phaseplate.

9. The antenna of claim 8 and further including means for collimating the radiation.

* c L M S *



shown) and one

/4he spiral phasepl ate{FHg—6)—thasomnme planar surf

S spirat;:- surface 1200 T, e i e%ﬁ’ﬁi Aca 12 fornms onsg 'mis MEWHI?SB 1, with
a st ep di sEONt. i nw ty | on t hrough tf]e phagep an ilnci dent
ray:-13-gi TEIHH 14 where the n S
[err] . A§§a§%%ﬁs s subject to a phase SEFEPS7M0aLL |
whi ch depends on the a2| mut haI angl e, [err], where [err] . n[err] and n2
are the refractive indices of the phasepl(ate and surroundi ng nedi a
respectively and s is the physical' step height at [err] =0. WO
97/ 29525 ' . PCT/ GB97/ 00311

- 10 10. The antenna of claim 9 where the means for collimating the radiation having a

Fundamental Hermite-Gaussian intensity distribution comprises at least one lens.

11. The antenna of claim 10 and further ihcluding means for controlling the angular

coverage in elevation of the output radiation of the antenna.

' 12. The antenna of claim 11 where the means for controlling the angu]ar coverage in

elevation of the output radiation of the antenna comprises at least one lens.

13. The antenna of claim 12 where the radiation having a Fundamental Henmte-Gaussnan
intensity distribution is linearly polansed

14. The antenna of claim 13 and further mcludmg means for converting said lmearly
polarised radiation to circularly. polansed radiation. ' '

15. The antenna of claim 14 where the means for converting said linearly polansed radiation
to circularly polanscd radiation comprises a quarter wave plate.

O R




For a-Laguerre-Gaussi an node, the total phase del ay around the phasepl ate
must be an integer multiple of 2[err];, i.e. 2[err]. Thus, to produce a
Laguerre Gaussi an node, the physical hei ght. of the step in the spiral
phasepl ate i s vibyadshy [err] When the step hei ght is not pewGBRaT/G03EY
nunmber of wavel engths, the phase of the beamis discontinuous at the step
and this is observed as a break in the ring intensity pattern.

Bei j ersbergen et al. have nodelled the detuni(]jz of the step height through
the transition fromone Laguerre-Gussi an no to another (MW

Bei j ersbergen, RP.C. Coerw nkel, M Kristensen and J. P Werdman, Optics
Comm 112 (1994) 321). In their small-angl e approxi mation, the converter
only changes the phase and not the intensity of the beam The annul ar
intensity pattern arises fromthe far field diffraction of the beam s screw
di sl ocati on. However, the beam produced is not a pure node, but an infinite
superposition of Laguerre- Gaussian nodes. The conversion fromthe H{ err]
to the L err] node was cal cul ated to be 78% efficient. Al t hough orbi tal
angul ar nonentumis a property of the beamas a whole, it is useful to
consider this in terns of the equival ent gjaﬂ ment um per photon. Use
of a ray optics picture (fig. 6) allows an umders andi ng of how t he orbital
angul ar nonentum content of the beam grlses fromthe node converter.

' BEAM INTENSITY
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Considering a ring of radius r, projected on the spiral surface. The .angl e,
0 of the local azinuthal slope of the spiral surface is given by J[err]

WD 97/ 29525 PCT/ GB97/ 00311 A ray
parallel to, but a distance r from the optical axis w |l bg.Lei d as
it emerges fwWOVRM2S spiral surface. The deflection angle, [gﬁ’ﬁgﬁr‘%ﬁbe
found using Snell's Law [err] Before refraction, the beamhas a |inear
nmonentum of n[err]h / [err] per photon. After refraction, there is a
component of |inear momentumin the azimut Bfl7 direction, p[err], given by

INTENSITY

SUBSTITUTE SHEET (RULE 26)



.[err)] . To achieve this there is a transfer of angular nmonmentum L, between

the spiral phaseplate and the beam of |ight of [err]
Consj dering the small-angle case where (4), (5) and (7) reduce to [err]
\ WO 97/29525 . PCT/GBY7/00311
3/7

Fig.2.
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I ning equations (8), (9) and (10) with s set by equation (3) (the
condition for a Laguerre-Gussian node), the angul ar nonmentum exchanged, L,
betfween the |ight beam and the phasepl ate is [err] WO 97/ 29525

PCI/ GB97/ 00311 12 Thi s agrees
Wift h the. re3U0 9719825 Laguerre- Gaussi an beans derived from t NECHABIRAIM of
xwell's equations (L. Allen, MW Beijersbergen, RJ.C. Spreeuw and J.P.
erdman, Phys. Rev. A 45 (1992) 8185) . As r becones small it is |ess
easonable to approximate tanO [err]; the&fdl|-angl e nodel fails and the-
bove argunent nust be repeated with no approximation.

Fig.3.

o) 1<

Fig.4.

POWER (dB)

........ IR RN IPE ST W W FUIIr I Aedenke
'4920 15 -10 5 0 5 10 15 20 25 30
ELEVATION (DEGREES)

SUBSTITUTE SHEET (RULE 26)



The angul ar nonentum transfer, L, per photon in the beamis given by

[ferr]  Figure 7 shows equation (12) plotted as a function of radius for

di f f.erént values of n[err] / n2. To give a graph i ndependent of | and
_[e“rr]_, the an s]a,rmg%rrentum per photon has units of [err] a”dréﬂégmﬁs IS
inunits of [err]™ " "Three points are worthy of note. First, as r decreases,
O eventually reaches the critical angle and total internal reflection
prevents the transm ssion of the beam COnss?u?ntly t he node converter
alters the intensity at small r. Second, ollows that L has no val ue
at very small values of r / [err]. Just below the critical angle, L has a
maxi mum val ue which falls ra 'Hgnyeiunity as r / [err] increases. For our
case, where n[err] / n2 = 15, tHe small-angl e approximation is valid when r
> [err] Third, as [err N2 1 ncreas
smal | -angl e approxi mati on bNeaks dow
not inportant in the optical

~ the radi us bel ow which the
becones snul | er. These effects are
eginme/ where [err] is small conpared with the

Fig.5b.
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typifcal beam radi us. They becone nore inportant when the wavel ength i.s
incfeased to the mllinetre-wave range. It is obviously inpractical to
.e the beam di aneter by the sane anobunt as wavel ength and one nust be
cageful to ensure that nost of the power is in the small-angle regi

97/ 29525 WO 97129525 ° Fcrons bl

/ GB97/ 00311 13 It foll ows
ffom (7) that for a fixed step height and gonstant power, the angul ar
mentumtransferred to the beamis indepeﬁd@ht of the wavel engt h.
Jonsequently, a spiral phaseplate converter with a step height of a few
illimetres may be used to produce an opghcal Hpeamwi th a | arge angul ar
nomentum However, the efficiency of couptidg /A nto a single Laguerre-
Gaussi an node falls significantly as |I increases (MW Beijersbergen,

/

"R P.C. Coerwinkel, M i &mensemand—J P vwerdnan, Optics Ccomm 112 (1994)
321), hence, the genergged beam woul d not be a pure node.
)
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Experimental Configuration Figure 8 shows an experinmental configuration
Used to produce nmillinetre wave, free-space, Laguerre-Gaussian nodes. The
sour.ce "10 was an InP Gunn diode oscillator with a peak output power of
10-20mMW - Adj usyb9sdshe di mensions of the resonant cavity tunegctigoidosaarly
pol ari sed output from72 to 95G& (G M Smth, TEO s at nm wave frequencies
and their characterisation using quasioptical techniques. Ph.D. Thesis, St
Andrews (1990)). A circul ar-aperture, corrug? d feed-horn 3 produced a
-98% pure H err] beamw th Rayl ei gh range 50mm (R J. Wl de, Proc |EE,
part H 13 (1984) 258). A polyethylene lens 4 of focal |ength 120nm
collimted the beamw th w=25mm SI nce w>> [err], the small-angle
approximation is valid in this case. The phaseplate 6 was al so made of

pol yet hyl ene, which has a refractive index of 1.52 at mllinmetre-wave -
frequencies (J C G Lesurf, M | limetre- wa\F @gc ‘Devices and Systens
(Adam Hi I ger /10P, 1990)) | fferent [! sepl ates were used, one to
generate the LG node and the o€ e) to generate the L err] mode. The step
hei ghts were 6.7nm and 13.4mm re8pectively to give a single and a double
wavel ength step at 86GHz. The pl bl at e and both
surfaces of the collimting | end ection texture of
guarter- wavel ength deep concent 3 '

(b)
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WD 97/ 29525 .
PCT/ GB97/ 00311 N 14 An- ..
alumniummrror 12 reflected the output fromthe phaseplate onto a:
detector 11 nounted on an x-y scanning stage 13 placed in the far*fietd of
the converter. The detector 11 used was Anritsu MP81B/ ML83A with an

i dentical feed horn 3 to that on the oscillator. The antenna pattern of the
horn is Gaussian in form an@)ﬁﬂ[ﬁfﬁEﬁﬂﬂﬁfﬂAN 'Ay profile is the
convolution of the true far Trelra drrrractron patterm and a Gaussi an point
spread function. The x-y scanni ng stage and detector were conputer
controlled to neasure a 50 x 50 grid over a square area with a side of
100mm ThdhePreseptifvertian qongerss ap prtennagfonsadindraguency (¢fd ensmisstes.ear ch,

Inc., Mathematica, Version 2.2, Chanpaign, Illinois, USA (1994)), in which
they were interpol ated and di spl ayed as density plots. Resul ts Figure 9
(a) shows Thigedqiifemdnt Rir ahhRitenRA WRlch RBvillsORadHi&idd c&dgﬁhgﬂbséff ilnl-alzﬂﬁﬁpﬁ? ntral
m nimum a characteristic of the Laguerre-Gaussian node, 1S we defined.

Fi gure 9( Wellknone inhfor exampleseumipit identifeation siystemisiveheréfambit vehidies efssneed

expected, tg Q‘gnsﬁgggfgngf which allows Ithrégnetrc])sbletigen%ﬁed by friendly forces. The applicability

of the current invention is not, however, restricted to this field and uses may be found in any

situation where transmission covering an azimuth of 360° is required, for example, in the
area of local area networking where a number of peripheral devices may communicate by

r.f. transmission rather than electrical or fibre optic link.

Several types of reflector antenna are known (see for example Kraus, J. D., Antennas,
McGraw-Hill, 2nd Ed., 1988.). Conventionally, the reflector is used to direct or focus the
energy into a narrow beam, but if the application requires an omnidirectional antenna
pattern, then the reflector needs to spread the energy into a wide angle. This has been
achieved using a dual reflector system using a parabolic subreflector (Orefice, M. & Pirinoli,
P., “Dual reflector antenna with narrow broadside beam for omnidirectional coverage”, Elec.
Lett.,, Vol. 29, No. 25, 9 Dec 1993, pp. 2158-2159.). If just a single reflector is preferred, one
can use, for example, a beam having a fundamental Hermite-Gaussian radial intensity to
illuminate a cone which reflects the radiation over 360° in azimuth. However, a beam
having such a radial intensity to illuminate has its maximum intensity illuminating the point
of the cone and this causes scattering and interference which, in turn, causes high sidelobes

and a ragged elevation pattern. Such a design is also difficult to model accurately.

Therefore, in a first aspect of the present invention there is provided a method of
-transmitting radiofreaquency radiation over an azimuth angle of substantially 360° which is
characterised by illuminating a substantially conical reflector with a beam having a
Laguerre-Gaussian intensity distribution, the minimum of the Laguerre-Guassian
distribution coinciding with the apex: of the reﬂéctor, and the arrangement of the beam and
relector being such that the radiation reflected from the reflector is divergent.

AMENDED SHEET



the Lerr] is [err] times that of the Lerr] (MJ. Padgett and L. Allen,
"The Poynting vector in Laguerre-Gussian |aser nodes", Optics Comm (in
press)). The linear polarisation state of the Laguerre-Gussi an beans has
denonstrated using a wire-grid polariser, with which the beam coul d bg
conpl etely attenuated. This confirnms that, unlike previous

wavegui de- based work in the mcrowave regrons (M Kristensen, MW

Bei j er sher-pgdy, ; L LS .19 ) re ig.no
combi nati on ofeﬁ?%ggﬁﬁ?“ﬁgﬁﬁgﬁh%#ﬁﬁ Q@ggb%%@%lgﬁl’ lg%tﬁ%%er% t(r)nlﬁ’ ﬁ?%r‘r\e?r‘fl
t hi s case.a brokdsersetwhend, i hddijemer the esselof@peifeat-done W ihmtheRERSest nie@hinpot s”
were observed in the ring with an increased intensity of about 10% Two
possi bl e grcasesovherp geflectian everaidn° iperampthds poyededsara includsdr $uchidases at t he

t f 3 finite.si of.th hi ni t ool ;
the. of her YORdHTEP Lo BUSEEn Bhobs Shapl Bt §ie Es Reyctries SHEEK OB Rehhe
axi s of the phaseplate. The nmagni tude of the observed "hot-spots" are

consistent with the precision of the experinmental configuration.
According to a second aspect of the invention, an radiofreaquency antenna for providing

transmission over substantially 360° in azimuth compﬁses a conical reflector and means for
illuminating said reflector with a beam having a Laguerre-Gaussian intensity distribution,
the minimum of the Laguerre-Guassian distribution coinciding with the apex of the
reflector, and the arrangemenf of the béam and the reflector being such that the radiation

reflected from the reflector is divergent.
A further preferred embodiment includes a source of radiation having a Fundamental
Hermite-Gaussian intensity distribution and means for converting said radiation to radiation

having a Laguerre-Gaussian intensity distribution.

The means for converting radiation having a Fundamental Hermite-Gaussian intensity

distribution may comprise a spiral phéseplate.

A further preferred embodiment inch_ldes means for collimating the radiation having a
Fundamental Hermite-Gaussian intensity distribution.
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5 d ai ns. 1. Anethod of transmtting radiofrequency radiation over an
azimuth angle of substantially 360[err], characterised by illumnating a
substantially conical reflector with a beam having a Laguerre-Gussi an -
ntensity distribution, the mninmmof the Laguerre-@iassian distribution
coinciding with the apex of the reflector,;sand the arrangement of the beam
and rel ector being such that the radiationreflected fromthe reflector is

di vergent. i2¢ An radi of requency antenna for providing transm ssion over
substantially O[err] in azinmuth conprising a conical reflector and neans
for illumnating said reflector with a beam havi ng a Laguerre-Gussi an

intensity distribution, the. mniyum of the. Laguerre-@iassian distribution
o1 nc i g Dot of Fesifting aciPlPnet Fadisiih Gyt 2 ARG AREY OFIoEHBLH DA
and the re s :) t kafd on. : & T . .
reflector ?é@ﬁfc@éerragtg%@i W@%%hlga .8?‘?%%33 n%&lc;ag{éé%g{g?gvfl &lcalogglalr.'nngavénrﬁf
further i nLhgairrgGausstaninensity disttilaitionnths avinirgu of dirdbagtieirelGuassian
Herm te- Gaussian_ intensity distribution and neans for convert if;& sai d

¢

r adi ﬁt i 0 ndé@;ﬂmoatqqmidm& il tb: mffgmfrthfew@sq@siaaﬂ ﬂmrémie?ynm beam puash.
4. T ' / ' : i
Fadi a1 on RAGROANE A repn e et G Tod 1RBRERY Rt bt on

conprises a spiral phasepl ate.

2. An radioﬁ‘equéncy antenna for providing transmission over substantially 360° in azimuth
comprising a conical reflector and means for illuminating said reflector with a beam having
a Laguerre-Gaussian intensity distribution, the minimum of the Laguerre-Guassian
distribution coinciding with the apex of the reflector, and the arrangement of the beam and

the reflector being such that the radiation reflected from the reflector is divergent.

3. The radiofrequency antenna of claim 2 and further inéluding a source of radiation having
a Fundamental Hermite-Gaussian intensity distribution and means for converting said

radiation to radiation having a Laguerre-Gaussian intensity distribution.

4. The radiofrequency antenna of claim 3 where the means for converting radiation having a

Fundamental Hermite-Gaussian intensity distribution comprises a spiral phaseplate.

5. The radiofrequency antenna of claim 4 and further including means for collimating the
radiation.

6. The radiofrequency antenna of claim 5 where the means for collimating the radiation

having a Fundamental Hermite-Gaussian intensity distribution comprises at least one lens.

7. The radiofrequency antenna of claim 6 and _further'including means for controlling the

angular coverage in elevation of the output radiation of the radiofrequency antenna.
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5: "The radi of requency antenna of claim4 and further including neans for
collimating the radiation. 6. The radi of requency antenna of claim5, where
Lge means for collimating the radiation having a Fundanent al T

rmte-Gaussian intensity distribution conprises at |east one lens. " 7.
The radi of requency antenna of claim6 and further including nmeans for
controlling the angul ar coverage in el evafi on of the output radiation of
t he radi of uen&. ant enna.

16 8. The PatheTpAiofisanenry anteonnal drim 7 syhere hgmeaans fasonaiiae the angdar: ol 1 i ng
the angul ag, g riﬁ‘gf‘evhﬁor%ﬁﬁ@l)h@ﬂg ft%fd}attigﬁtoﬂﬂegﬁ io%&ﬁ&fc&%ﬂteﬁfla Edfiprises at

radi of requency ~ant enna conpri se east one le
least one lens.

9. The radiofrequency antenna of claim 8 where the radiation having a Fundamental

Hermite-Gaussian intensity distribution is linearly polarised.

10. The radiofrequency antenna of claim 9 and further including means for converting said

linearly polarised radiation to circularly polarised radiation.

11. The radiofrequency antenna of claim 10 where the means for converting said linearly

polarised radiation to circularly polarised radiation comprises a quarter wave plate.
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9. The r-adi of requency antenna of claim8 where the radi at (b havi ng a
Fuhdament al Hermite-Gaussian intensity distribution is linearly pq

10., The radlofrequency antenna of claim9 and further
convertlng sald

{ A

.
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(54) Title: OMNIDIRECTIONAL ANTENNA
(S7) Abstract /

An antenna system for providing radiation over substantially 360° in azimuth by
illuminating a conical reflector with a radiation beam having a frequency distribution
with a local minimum which is coincident with the point of the reflector thus avoiding
scattering. Preferably the radiation intensity distribution i is annular, most preferably

being Laguerre-Gaussian in nature.
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