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Abstract — Reflective arrays based on shorted ring slots plane wave with the polarization plane parallel to the
are analyzed. It is proven that reflection angle for the metal shorts will be mainly reflected by the array due to

normally incident circularly polarized wave can be  ne jnduced electric currents that flow across the metal
effectively changed by proper situation of the conductive shorts

shorts. Thus, phased arrays with wide-angle scanning can be . o
built using arrays of shorted ring slots. Now assume that the conductive plane is situated at the

distanceA/4 from the array. The no-load condition with
reflection coefficient of 1 is obtained in the plane of the
ring slots for the wave with polarization plane orthogonal
Development of the light and low-cost Ka-band phasedo the metal shorts. The wave with polarization plane
arrays is of primary importance due to the growingpara”e| to the metal shorts is reflected from the array with
interest in the Ka-band satellite communications [1] Onéhe reflection coefficient of —1. Therefore, a differential
of the main obstacles that delays the design of thehase shift of 180 degrees appears between two reflected
millimeter-wave phased arrays is the absence of fast lowwaves with orthogonal polarizations.
loss phase shifters. To overcome this limitation, low-loss According to Fox’s principle of phase changing [6], the
Ka-band polarization phase shifters, based on circuld€flection of a circularly polarized wave from the array
Waveguide, have been proposed [2,3] Unfortunate|y\,l\lith uniform angular pOSitiOﬂ}/ of shorts leads to the
reflective phased arrays based on circular waveguides ap@pearance of the additional phase shiftyf in the
characterized by a reduced scanning sector because of figdlected circularly polarized wave.
cut-off properties of the circular waveguide. However, non-uniform position of the shorts (Fig. 1)
In this work we analyze the possibility of using openresults in the presence of a non-uniform phase shift across
polarization-type phase shifter based on a shorted ring slhe reflected circularly polarized wave. It is possible to
in order to obtain a large sector of scanning. The firstitroduce a linearly distributed phase shift across the
array using a similar principle (Spyraphase) was proposel’@ﬂected plane wave and to redirect it as desired.
by Phelan and was based on half-wave dipoles [4]. Therefore, with proper positioning of metal shorts, the
angle of reflection can be changed.

|. INTRODUCTION

1. PRINCIPLE OF OPERATION 7=0 YNty unit cell Ay=n/3
Y=Y+ AY
Arrays of ring slots have been widely investigated as Y fe \6/\%

frequency selective surfaces [5].

The main property of these arrays is the resonan &Q F & \C\\m
behavior of the reflection coefficient. The resonance 242
occurs when the circumference of the ring slot is w \>CJ/ U w

approximately equal to the wavelengih At the resonant

frequency @, , the periodic array based on ring slots is
transparent to the incident plane wave.

In this work, we analyze an array that contains shorte(
ring slots situated at the nodes of a periodic rectangulg 3 Qﬂ
grid. The presence of the uniformly situated metal shorts
does not affect the scattering of the plane wave with the |,
plane of polarization orthogonal to the metal shorts. So,

the array is still transparent to this wave at the resonamig. 1. Reflective array based on shorted ring slots.
frequency @, . However, at the same frequenay, , the  Configuration of the array whex=3.

small cell
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[ll. M ATHEMATICAL MODEL ring slots andET' is the electric field that exists due to the

L : . lectric currentd  that flow across the metal shorts.
Strong mutual coupling is the main characteristic o -, m
. . The traditional approach [5] was used to calculate the
phased arrays based on open phase shifters. To take in

Q =y P
account this effect, a mathematical model has been built. e_tlectnc field E. . A§ a result, th? electric f'e.IEm in the
. o . . ring slot numbem is presented in the following form:
We consider an infinite reflective array of shorted ring
slots arranged in a regular rectangular grid. A small cell of - L -
. . . u
this array contains only one shorted ring slot. Em = Z DmVV| ; (5)
Now we assume the scanning in the plane XOZ. The I=1
normally incident circularly polarized wave moving \\here \W

towards the array must be reflected in the direction,yiq) waveguide andD_, are the corresponding
determined by the elevation angt¢. To do this, two magnitudes. n

small adjacent cells must provide an increme_ntal phase The integral equation with respect to the unknown
difference of v/, to the reflected wave. This phase gjgcyric field E! was obtained as a result of the application
difference can be calculated as follows: of the continuity condition for the tangential magnetic
Wom = —kbsing, (1) field across all shorted ring slots contained in the unit cell.

An important consideration is that the magnetic field is
not continuous in the regions where electric currents flow

cell. . L . across the metal shorts. Thus, the following integral
According to the polarization principle of phaseequation is obtained:

changing, the difference between angular positions of
shorts in two adjacent cell&y can be set to: ( < m . |
y, + Yy )P, (xy)- P (x,y) [EN(xX,y)dS =
I ;( n n) n n

Ay =y,./2=—kbsing/2 ) S

Non-uniform angular positions of the shorts destroy the —%I E (xY) 6)

periodicity of the array. Therefore, the small cell cannot Y,

be considered as the unit cell of the array. However, if ~

Ay can be presented as: where ¥ is the orthogonal system of vector normalized
Floguet modes corresponding to the unit cgf]; is the

Ay =77M/N (N=12..M =01..N-1), @3 Wa\?e admittance of tﬁg Floguet modién; )?:"b is the
the reflective array is converted in a periodic structuremodified admittance of¥ that takes into account the
The unit cell of this array contaid adjacent small cells presence of the metal screen and the properties of the
arranged in the x-direction. In fact, any can be dielectric substrateS is the total area of all ring slots
approximated with sufficient tolerance by (3). Therefore,contained in the unit cell ané  is the vector function
the infinite reflective array can be analyzed as a periodighat converts electric_current, to the corresponding
structure using the Flogquet theorem [7]. electric current densityl .

According to the Floquet theorem, the electromagnetic Equation (6) is valid only on the surface of all ring slots
field above the reflective array is presented as a sum dfiat belong to the unit cell. This equation was solved using
Floguet modes or plane waves propagating in certaithe Galerkin method. Vector functiol®] of the coaxial
directions. Condition (3) assures that one of the Floquevaveguide were used as the basis and weighting
modes is the plane wave propagating in the desiretiinctions. As a result the electric fieIEz'n in the ring slot
direction determined by the angl@. Therefore, this numbern was presented in the following form:
reflective array converts the incident Floquet mode into L
the desired Floquet mode. E' = ZC W 1 @)

To calculate the efficiency of this conversion, a system " = e
of integral equations was formulated. The unknown

is the system of vector functions of the

wherek is the wavenumber arfalis x-size of the small

m=1

tangential electric field in the plane of the ring sld@s where C,, are the magnitude coefficients that can be

was presented as a sum of two components: expressed as linear funcg?ns of unknown currdnts -
e Electric fields E;' and E, satisfy boundary conditions
E =E +E., 4) all over the unit cell with the exception of regions of

where E'is the electric field that appears when theshorts where electric currents, flow. Application of the

incident wave excites the reflective array with “unshorted’®oundary condition for the total electric field, at each
metal short gives the addition2lN equations. Solution of
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these equations permits us to calculate all currdnts

calculated as a ratio between the power density of the

Therefore, the electric fieIcET in the plane of ring slots “desired” modes and the power density of the incident
can be calculated and the electric field above the reflechodes:
array can be presented as follows:

E. = A(¥, + 7, )e* + 3 BT, e, (g

where S,

reflected waves.

The first component of (8) is the normally incident
circularly polarized wave propagating
reflective array, while the infinite sum represents the

reflected plane waves.

m=1

is the propagation constant
corresponding Floquet modd), is the magnitude of the
normally incident wave and,, are the magnitudes of the

TABLE |
SCATTERING OF THE NORMALLY INCIDENT CIRCULARLY
POLARIZED WAVE (F=31GH

of the

reflection| Ay, N | M| Conversion| Axial Ratio
angle |degrees loss L,(dB)| (reflected
(degrees wave) (dB)
9.28 15 12| 1 0.18 0.045
10.1 16.4 11| 1 0.18 0.058
11.2 18 10| 1 0.19 0.19
12.4 20 9 |1 0.18 0.075
14 225 8 | 1 0.17 0.07
16.05 25.7 71 1 0.18 0.1
18.8 30 6 | 1 0.18 0.1
20.6 32.7 11| 2 0.19 0.36
22.8 36 511 0.2 0.39
25.5 40 9 | 2 0.21 0.11
28.9 45 4 |1 0.21 0.15
31.9 49.1 11| 3 0.23 0.49
33.6 51.4 7| 2 0.29 0.84
35.5 54 10| 3 0.33 1.55
40.2 60 311 0.29 1.13
44.7 65.5 11| 4 0.45 0.91
46.5 67.5 8 | 3 0.85 2.96
50.7 72 5| 2 0.86 6.39
53.7 75 12| 5 1.93 11.35
56 77.1 713 1.49 8.06
59.3 80 9 |4 1.54 7.75
61.6 81.8 11| 5 1.25 6.13
63.3 83.1 13| 6 1.44 6.43
64.8 84 15| 7 1.70 7.16
65.6 84.7 17| 8 1.89 7.74

L _ yml|Bml|2 + ym2|Bm2|2
2y,|A[*

where ml and m2 are index numbers corresponding to
the “desired” Floquet modes — plane waves propagating
towardsé .

©)

I1l. RESULTSOF SIMULATION

towards the

Scattering of the incident circularly polarized wave on
the reflective array with b=5mm, d=5mm, r1=1.65mm,
r2=2.17mm and the distance of 2.8mm between the screen
and the plane of shorted ring slots was simulated. It was
assumed that ring slots were printed on the substrate with
a relative dielectric permitivity of 1.

The results of the scattering of the normally incident
right-hand circularly polarized wave are given in Table I.
The information concerning polarization of the reflected
“desired” wave is presented in the last column of Table I.

According to the results presented in Table I, the
reflective array demonstrates excellent performance when
the angle of reflectiond is less than 45 degrees.
Conversion loss for this case is less than 0.5 dB and
polarization of the reflected wave is close to circular.
Further increasing of the angt2 leads to the significant
distortions in the polarization of the reflected wave.
However, conversion loss is less than 2dB when the
reflection angled is less than 65 degrees.
frequency, GHz
30 31

28 29 32 33

=3
o

conversion loss, dB
reflection angle 6degrees

- [ —=—N=8,M=1 —e— N=4,M=1—4— N=11,M=4——N=9,M=4 |
Fig. 2. Frequency dependence of the conversiorLlesal the
reflection angle for 4 configurations of the reflective array.

Dependence of the conversion loss with respect to

Two of the reflected Floquet modes (one TE and ondrequency is demonstrated in fig. 2. Conversion loss for 4

TM mode) propagate in the desired direction determinedifferent configurations of the
by the angle@ . Therefore, the conversion lokscan be

reflective array is

presented. These configurations correspond to the
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reflection angles wherf) is 15, 30, 45 and 60 at the
frequency of 31GHz. It should be taken into account that
the change of frequency leads to a change in the reflectio
angle if the configuration of the reflective array remains
constant. Thus, corresponding reflection andleare also
given in fig. 2. According to fig. 2, the reflective array
demonstrates good performance in the analyzed frequency2
range. However, an abnormal point can be observed Whené
N=4 andM=1 at the frequency of 29.2GHz. Detailed study £
reveals that in this case, a vertical component of the

coefficien?

n

incident wave is almost entirely converted to the reflected

waves with reflection angles o =0, 6 =31° and

0=-31°. Fig.
the

IV. EXPERIMENTAL VERIFICATION

The method of waveguide simulator [7] was used to
verify the mathematical model developed. A metal
diaphragm that contained two shorted ring slots (Fig. 3?
was printed on a dielectric substrate with relative
permitivity of 3.40 and a thickness of 0.51mm. The angle
between the horizontal axis and the axis that determines
the angular position of the metal shorts wa’ #Be inner
and the outer radiuses of the ring slots were 3.78mm an
4.47mm, respectively. This diaphragm was then installe
in the cross section of the rectangular waveguide WR-96
The scattering of theTE, waveguide mode on this
diaphragm is equivalent [7] to the scattering of the
correspondingT E Floquet mode on the array of shorted
ring slots shown in Fig. 3.

00
Q0

Fig. 3.  (a) Cross-section of the waveguide simulator.
(b) Corresponding array of shorted ring slots. Dimensions of thf4]
small cellb andd are 11.4mm and 10.2mm, respectively

(1]
(2]

(3]

QOQ
Slels
Q00

The comparison between the measured reflection
coefficient in the case of the waveguide simulator and th
calculated reflection coefficient in the case of the
scattering of the plane wave on the array of shorted ringg]
slots is given in fig. 4. Close coincidence between
measured and calculated results is observed. [7]

incident wave can be effectively redirected
directions determined by elevation angles as high as 65
§egrees. Excellent redirection with small conversion loss
nd with conservation of the polarization of the incident

Wave can be achieved for elevation angles up to 45
degrees. The usage of the p-i-n diodes instead of metal

= calculated
0,24 B measured
0,0 . . . . . . .
7 8 9 10 11 12 13
frequenc y, GHz
4. Comparison between measured reflection coefficient in
case of the waveguide simulator and calculated reflection

coefficient in the case of the respective array of shorted rings

V. CONCLUSIONS

Effective control of the reflection angle for the normally
ncident circularly polarized wave can be achieved with
the reflective array based on shorted ring slots by proper
Situation of the conductive shorts. It was shown that the

in the

shorts leads to the design of lightweight plane phased
arrays with wide-angle scanning.
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