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Abstract—This paper gives the first report 

plate structure based on frequency selectiv
technology for the generation of helical fa
patterns with circular polarization properties. T
structure comprises two orthogonal split 
designed to ensure 180 degrees phase shift be
transmission coefficients. This property is ex
progressive rotational phase shift within the s
synthesize 360 degrees spiral phase profile. M
radiation patterns demonstrate spiral phase fro
10 GHz circularly polarized waves transmit
structure. 
 

Index Terms—spiral phase plate, beam formi
 

I. INTRODUCTION 
onical beams with helical wavefront 
where faint objects are to be imaged at

bright objects, with high contrast [1]. Suc
generated with non-planar structures such a
spiral dielectric cylinder [2], Fig. 1. In this pa
planar spiral phase plate which uses a qua
whose unit cell elements are orientated to p
wave front transformation as that produce
established 3D spiral phase plate in Fig. 1.  

The operating principle of the quasi peri
based on the phase shift obtained by rotation 
a unit cell. This method presents a straightf
for generation of smooth phase shift avo
parametric studies and dielectric variatio
pertinent to other design strategies, e.g. [3]. 
paradigm of the rotational phase shift dates
wave plates [4] and waveguide phase shifters 
been developed for quasi periodic lenses [6] 
[7], [8].  

Section II of this paper discusses the 
conventional spiral phase plate and the
properties of a double split ring slot F
concentrates on the design of a split ring F
spiral phase profile. Measurements 
transformation from a circularly polarized (
input to CP conical beam output are given in 
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as, the machined 
aper we propose a 
asi periodic FSS 
produce a similar 
ed by the well-
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oiding exhaustive 
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The fundamental 
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[5] and has since 
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e phase rotating 
FSS. Section III 
SS with transmit 
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II. THEOR

A. Spiral Phase Plate 
A spiral phase plate can be mille

dielectric block of fixed dielectric 
helix with a step discontinuity, see F

Fig. 1. Dielectric cylinder spiral phase plate. 
 

A plane wavefront of waveleng
structure is subject to a phase del
azimuthal angle, ߮, which in turn is ߰ ൌ ൫√ߝ െ 1൯ߣݏ

After transmission through the str
of the exit beam and linear phase v
appear, i.e. a helical exit wavefront i

B. FSS phase shifter 
Let us assume that a plane wave

the double slot periodic structure wi
and that the unit cell can rotate abo
Each slot is resonant to a line
orthogonal to the split. As a consequ
with respect to each other give ri
decoupled.  On applying the Jones c
the transmitted field through the FSS

்ࡱ  ൌ ൬cos ௥ߠ െ sin ௥sinߠ ௥ߠ cos ௥ߠ ൰ ൬T௫ᇲ 00 T௬ᇲ
 

where ࡱ௜  is the incident fiel
components, T௫ᇱ and T௬ᇱ are the 
along the primed coordinates, shown

If the FSS is designed to yield T
field can be expressed as  ்ࡱ ൌ T௫ᇱ ൬cos ௥sinߠ2 ௥ߠ2

 

For a CP incident wave  ࡱ௜ ൌ 1ൗ
that the transmitted wave should be 
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ed from a solid cylindrical 
constant ߝ by forming a 

Fig. 1.  

 

gth ߣ passing through the 
lay, ߰, which depends on 
set by thickness s [2], ݏ ߮ 

ructure a null in the centre 
variation with the azimuth 
is formed.  

e is normally incident onto 
ith unit cell given in Fig. 2, 
out its origin by angle ߠ௥ . 
early polarised excitation 
uence, the slots rotated 90ל 
ise to resonances that are 
calculus [4] one can derive 
S as  

ᇲ൰ ൬ cos ௥ߠ sin ௥െsinߠ ௥ߠ cos ௥൰ߠ ௜ࡱ   
ld vector with x and y 

transmission coefficients 
n in Fig. 2.  T௫ᇱ ൌ െT௬ᇱ the transmitted sin ௥െߠ2 cos ௥൰ߠ2 ௜ࡱ  (1)

2ൗ ൬ 1േ݆൰ it follows from (1) 

e  
E 



்ࡱ ൌ T௫ᇱ݁േ௝ଶఏೝ 12 ൬  ൰݆ט1

It follows from (2) that upon passing thro
incident CP wave will change its hand of p
gain a phase shift of േ2ߠ௥ , and will experien
defined by T௫ᇱ. The sign of the phase shift
hand of the incident wave. 

III.  DESIGN 

A. Periodic FSS  
The periodic FSS, shown in Fig. 2, is c

aluminium sheets of thickness ݐ separated by 
split ring slots milled out. A two-layer design
single layer one due to almost 1dB better i
The dimensions of the structure are selected
analysis to obtain equal amplitude and 
difference for x'- and y'- components. B
enforced by making the slots resonate at fr
and below the specified operating frequency 
the splits in the slots are rotated 90ל with resp
orthogonally polarized excitations give rise t
are decoupled.  

Fig. 2. Double layer FSS structure: (a) top view, (b) cross
 

TABLE I. PARAMETERS OF THE UNIT CEܴଵ , mm ܴଶ, mm ܴଷ, mm ܴସ, mm ߙଵ,ߙ לଶ,ל 
4.7  5.9  6.8  8  21 85.6 

 
The simulations were performed with 

Studio and selected dimensions of the unit cel
Table I. The unit cell is square with period 
study has shown that the FSS response is mo
slot length variation as it directly affec
frequency, whereas the slot width and the 
have less profound effect on the frequency a
the bandwidth. 

The 10x10 structure with all the element
rotation applied was measured to obtain the p
response. Two linearly polarised 15 dB g
placed at 50 cm distance either side of the s
which was surrounded by radar-absorbent ma
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nce insertion loss 
t depends on the 

comprised of two 
air gap of ݄ with 

n is chosen over a 
nsertion loss [9]. 

d by parametrical 
the 180ל phase 

Both criteria are 
requencies above 
of 10 GHz. Since 

pect to each other, 
to resonances that 

 
s-sectional view. 

ELL  ݄, mm t, mm
 7.5 1 

CST Microwave 
ll are given in the ݀ ൌ 19 mm. The 
st sensitive to the 
cts the resonant 
screen thickness 

nd mostly affects 

ts aligned and no 
periodic structure 
gain horns were 
screen under test, 
aterial. The horns 

were connected to a VNA and the S
without the FSS to calibrate out 
illumination below -10 dB was m
reflections were time-gated from the

The simulated and measured cha
presented in Fig. 3. Here we obse
frequency the amplitudes of both 
components are equal and that the 
them is 180ל. Insertion loss measu
Such a level of the insertion loss c
application, however, like for o
insertion loss of the structure c
thickness, be improved by increasi
[6], [10].  

The simulated amplitude and 
structure when illuminated at norm
wave as a function of unit cell rota
noting that both upper and lower lay

Fig. 3. Unit cell simulated vs measured transm
 

Fig. 4. Simulated transmission amplitude an
angle ߠ௥ for normal incidence of CP waves (

of the transmitted and incident w
 

This study shows that the CP w
structure gains a phase shift twice 
and that insertion loss varies with r
to 3.9 dB. We also observe that th
polarization level should be better
Based on the structure above we n

(b) 

t 
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S21 was measured with and 
the path loss. The edge 

maintained and the stray 
e response.  
aracteristics of the FSS are 
erve that at the operating 
y-directed and x-directed 
phase difference between 

ured at 10 GHz is 2.3 dB. 
can be limiting for certain 
other FSS structures the 
could, at the expense of 
ing the number of layers, 

phase responses of the 
mal incidence with a CP 
ation are shown in Fig. 4, 

yers are identically rotated.  

 
mission: (a) amplitude, (b) phase.  

nd phase variation with rotation 
('out' and 'in' denote polarization 
waves, respectively). 

wave passing through the 
that of the rotation angle 

rotation angle, from 1.9 dB 
he expected co- to cross-
r than 10 dB worst case. 
now study a finite surface 



with elements rotated to synthesize a spiral ph

B. Helical wavefront generation with finite
structure 
Next we propose a 10x10 element FS

individual elements rotated such that a spiral 
be achieved in order to emulate the phase sh
of the 3D dielectric spiral phase plate. The di
element are as specified in Table I. The spi
given by (3) is achieved by progressive rotati
10x10 FSS elements 

߰ሺݔ, ሻݕ ൌ ۔ۖەۖ
ۓ tanିଵ ݔݕ , ݔ ൐ 0, tanିଵݕ ݔݕ ൅ ,ߨ ݔ ൏ tanିଵ ݔݕ ൅ ,ߨ2 ݔ ൐ 0

Employing (3) at the centres of each unit 
we present the required resulting phase rotati
Table II. Each element of the plate is then ro
produce the necessary phase shift. The cen
phase plate is at (x=0 mm, y=0 mm).  
 

TABLE II. SPIRAL PHASE SHIFT DISTRIBUTION IN DEGR
SURFACE 

   x, mm 
 
y, mm    

-85.5 -66.5 -47.5 -28.5  -9.5 9.5 28.5

85.5 135 127.9 119.1 108.4 96.3 83.7 71.6

66.5 142 135 126 113 98 82 67 

47.5 151 145 135 121 101 79 59 

28.5 162 157 149 135 108 72 45 

9.5 174 172 169 162 135 45 18 

-9.5 186 188 191 198 225 315 342 

-28.5 198 203 211 225 252 288 315 

-47.5 209 216 225 239 259 281 301 

-66.5 218 225 235 247 262 278 293 

-85.5 225 232 241 252 264 276 288 

 

Fig. 5. Predicted array factor of the 10x10 array with spi
(a) amplitude, (b) phase.  
 

The far-field exit radiation pattern of th
excitation with a normally incident plan
approximated by, [11],: 

hase distribution.  

e split ring FSS 

S structure with 
phase profile can 
hifting properties 
imensions of each 
iral phase profile 
ion of each of the 

ݕ ൐ 0൏ 00, ݕ ൑ 0 (3)

cell FSS element 
ion distribution in 
otated in order to 
ntre of the spiral 

REES ACROSS THE 

5  47.5 66.5 85.5

6 60.9 52.1 45 

55 45 38 

45 36 29 

31 23 18 

11 8 6 

 349 352 354 

 329 337 342 

 315 325 331 

 306 315 322 

 299 308 315 

 
iral phase distribution 

he structure upon 
ne wave can be 

ఏ,ఝൌܨܣ  ෍ ෍ ௠௡݁ି௝ሺ௞௫೘ܣ ୱ୧୬ ఏ ୡ୭ୱ ఝା௞௡௠
 
where ݔ௠, ௡ are the coordinatesݕ

element, ߰ሺݔ௠, is the amplitude of the field at ݊݉ܣ௡ሻ is phase shift iݕ
are the elevation and azimuth of the 

The array factor for the 10x10 ar
and spiral phase distribution shown
plotted in Fig. 5. It is evident from 
the array has the characteristic null
and linear phase variation with azim
 

C. Effect of the phase quantizatio
The phase profile of the structur

Table II, thus the effect of the qua
pattern is of interest [12]. The array
with the same area but different pe
cells was calculated using (4) and p
from the plot that shrinking the uni
reduced sidelobes levels. However t
as the first three peaks are almost ide

Fig. 6. Simulated radiation patterns xz-plane
the period of the unit cell and number of the c

IV.  MEASUREM

The 10x10 structure with the dim
the elements rotated according to T
and its near field on the exit side of 
using an NSI planar near-field scan
acquisition allows post processing 
pattern generation.  

The structure was illuminated by 
polarized horn. The FSS was s
material in order to decouple th
transmitted field. The experimental s
are shown in Fig. 7. Measurements 
combinations of x- and y- linear po
transmission matrix was then us
response of the structure [6]. 

As we discussed in the theoreti
transformed beam does change t
Hence in the results interpretatio
desirable CP beam with helical wav

AWPL-12-12-1553

௬೙ ୱ୧୬ ఏ ୱ୧୬ ఝାటሺ௫೘,௬೙ሻሻ  (4)

s of the centre of the array 
ntroduced by the element, 

t the element and ߠ  and ߮ 
far-field pattern. 

rray with period of 19 mm 
n in Table II at 10 GHz is 
Fig. 5 that the far field of 

l in the boresight direction 
muthal angle.  

on  
re is discrete as shown in 
antization on the radiation 
y factor for three structures 
eriod and hence number of 
plotted in Fig. 6. It is clear 
t cell size leads to slightly 
the effect is not significant 
entical. 

 
e cuts for different values of ݀ - 
cells in the FSS. 

MENTS 
mensions given Table I and 
Table II was manufactured 
the arrangement measured 

nner. This method of data 
for 3D far-field radiation 

a 20 dB gain dual linearly 
surrounded by absorbing 

he incident field and the 
setup and device under test 
were obtained for all four 

olarizations. The measured 
ed to determine the CP 

ical part of the paper the 
the hand of polarization. 
on below we define the 
vefront as co-polar and the 
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unwanted pencil beam pattern, despite their relation to the 
incident wave is opposite. 

 

 
Fig. 7. Experimental setup. 

 
Fig. 8. Measured co-polar CP radiation amplitude pattern (top view): 
(a) RHCP, (b) LHCP. 

 
Fig. 9. Measured co-polar phase of CP radiation pattern: (a) RHCP, (b) LHCP. 
 

 
Fig. 10. Measured normalized CP radiation pattern cut in plane ߮ ൌ 60 : (a) 
RHCP (cross-pol), (b) LHCP (cross-pol), (c) RHCP (co-pol), (d) LHCP (co-
pol).  
 

The measured amplitude radiation patterns for both right 
hand CP (RHCP) and left hand CP (LHCP) polarizations at 
10 GHz reconstructed from exit near field measurements are 
given in Fig. 8. The beam structure follows that the one 
predicted in Fig. 5, i.e. both patterns feature a null in the 
boresight direction. Moreover when the far-field phase is 
plotted in Fig. 9, it is apparent that the phase of the main beam 
exhibits the requisite spiral variation with azimuthal angle.  

The freestanding structure was simulated with CST 

Microwave Studio and bi-static radar cross section upon plane 
wave excitation was used to compare with measured radiation 
pattern of the structure, Fig. 10. The measured co-polar CP 
patterns transmitted through the screen exhibit the expected 
null at boresight, whereas the cross-polarized CP patterns are 
pencil-beam like. The measured co-polar central nulls are 
-29 dB for LHCP and -27 dB for RHCP, c.f. -38 dB and 
-24 dB simulated, and the cross-polar levels are 6 dB below 
the co-polar level, c.f. 10 dB simulated. We attribute the 
higher cross-polar levels to misalignment of the manually 
rotated elements of the structure with respect to the settings in 
Table II and the positioning error of the structure itself, Fig. 7. 

V. CONCLUSION 
A new type of planar double layer spiral phase plate was 

proposed in the paper for the generation of conical beams with 
CP properties. Based on these properties a planar screen with 360ל  spiral phase profile was designed and measured. This 
exhibited helical beam wavefront formation for a normally 
incident co-polarized CP wavefront and a plane wavefront for 
the residual cross-polarized field. Such a structure could find 
application where the CP properties of faint objects are to be 
imaged at the periphery of bright objects. 
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