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ABSTRACT: Focused arrays are attracting increased interest because of their wide range of applications. Focusing the antenna’s radiation
in the near field requires proper phase distribution of the array elements that must be fed through many phase shifters. This work presents
a design idea for a focused circular array antenna, whose focal distance can be varied by only a single variable phase shifter. The idea
is implemented on a dual ring circular array having a six-wavelength diameter and focused at five wavelengths by using a single fixed
phase shifter. Theoretical analysis and computer simulations of a sample design using MATLAB and CST Microwave Studio show that
a phase change of 0.97 leads to a four wavelength change in the focal distance. A formula for the estimation of the depth of field DOF is
derived. The proposed array offers a simple method to vary the focal length continuously by a single variable phase shifter. This idea can
be utilized in hyperthermia, RFID, and imaging applications, where the position of the focal spot needs to be moved along the normal to

the array.

1. INTRODUCTION

ne important application of antenna arrays is to concen-

trate the electromagnetic field in a certain volume near the
antenna. Such antennas are referred to as focused arrays, in
which the contributions of the entire antenna’s elements arrive
with the same phase at the focal spot, hence, they add construc-
tively, while they combine destructively elsewhere. Focused
arrays have found an increased interest in a wide range of ap-
plications [1,2]. The focused electromagnetic field has been
utilized for non-contact sensing in industrial inspection [3] and
ground imaging radar [4], where the reflection of the localized
field indicates a change in the reflecting medium. The focused
electromagnetic field also means depositing energy at the focal
region, thus elevating the temperature of a lossy medium. This
phenomenon has been widely utilized in medical applications,
especially in treating cancer by focusing the radiated field in
the tumor [5—7], as well as in agricultural applications for weed
control [8].

To implement focusing, phased arrays were found favorable
due to their ability to offer more degrees of freedom and flexi-
bility than single antennas. The array parameters, like geometry
or layout of the elements, size, phase, and amplitude excitations
of the array elements, have been utilized in various designs of
the focused arrays. In [9], the performances of three array ge-
ometries for the focusing of the radiated field at a specific point
in the near region of an array were compared. The elements in
these arrays were placed to form a cross, a rectangular ring, and
the conventional rectangular lattice. In the search for array ge-
ometries that can offer better focusing properties, six different
array configurations were investigated in [10]. The array ele-
ments were placed on a square lattice, square lattice with inter-
laced element, square ring, cross, and letter (X) shape, as well
as placing the elements on a square ring and diagonals. The six
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array configurations were simulated assuming the same over-
all size, and the obtained characteristics were compared. The
features of concern were field distribution around the focus, the
lateral size of the focal spot, the depth of field (DOF) or the ax-
ial width of the focus, the maximum field at the focal point, and
the level of the side lobes. A printed array comprising 16 x 16
dual-polarized elements, which were focused in the near field
region, was presented in [11]. The array was designed to oper-
ate at 12 GHz and showed two independent focal spots gener-
ated by two feed networks.

There are two main geometries of the planar phased arrays,
namely rectangular and circular arrays. In rectangular arrays,
phase excitations of the elements have to be precisely deter-
mined to achieve an optimum focal spot. In near field mi-
crowave power transmission, for example, the transmitting ar-
ray has to be focused, and the elements should also have ampli-
tude tapering to achieve maximum beam collection efficiency.
Therefore, the feeding network should be designed to offer var-
ious ratios of power division, which complicates and increases
the cost of the feed network. In [12], the amplitude tapering of
the 8 x 8 elements was performed in four levels (1, 0.5, 0.25,
and 0.125) to simplify the feed network by using 3 dB dividers.
However, adjusting the phases of the array elements required
4 x 4 phase shifters, which is an added complexity to the feed
network.

The second form of the focused arrays is circular shape,
where the array elements are placed in circles. Depending on
the application, the focal spot can be either placed on the plane
of the circular ring array or along the normal axis of the ar-
ray plane. The first geometry was used in the array presented
in [13], where the elements were positioned on a semicircle,
and the focus was situated at the center of the circular arc. In
alternative designs, the elements are placed on the whole circle
as in [7], where a 16-element array was used to focus the radia-
tion for thermotherapy, and in [14] the 16 array elements were
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placed on the six sides of a hexagon. The focal point in these
works is placed on the array plane.

The circular deployment of the elements was developed to a
cylindrical configuration, where the elements are placed on the
surface of a cylinder and arranged in the form of parallel rings.
In [15], a hyperthermic applicator for cancer treatment consist-
ing of ultra-wideband (UWB) microstrip elements placed on
three parallel rings was presented. A comparison of the per-
formances of single, double, and three layer configurations of
the cylindrical arrays was published in [16]. In these configura-
tions, there is no need for phase shifters in the feed network of
the array elements if the desired focal spot is at the center of the
array. However, by using phase shifters on each array element,
the position of the focus can be moved to any point in the array
plane as demonstrated in [7, 16].

In many applications, the focal spot is required to be in front
of the focused array, as in radio frequency identification (RFID)
and microwave imaging. A simple circular array consisting of
two rings and a single phase shifter was proposed in [17]. The
array radius was 50 cm, and the array was focused at a normal
distance of 100 cm from the array plan. The 2-ring designed
array was then developed into a 3-ring array comprising two
phase shifters to achieve a smaller focal spot [18]. A focused
circular array antenna operating at 2.45 GHz and employing 16
elements placed on two circles was reported in [19]. The el-
ements were rectangular dielectric resonators fed by coaxial
feeders. By adjusting the radii of the circles, the focal dis-
tance can be controlled. Thus, one has to redesign the array,
by changing the outer radius for example to change the focal
length of the array.

In a recent paper [20], we proposed a focused circular array
comprising elements arranged on two concentric rings. The ra-
dius of the outer ring was determined such that the distances
between the elements on this ring and the focal point differed
by one wavelength from those for the elements on the inner
ring. Such an arrangement leads to a constructive addition of
the electric fields radiated by the elements at the focus, and
consequently, no phase shifter is required. Therefore, only
M x N /4 phase shifters are needed in comparison with the case
of the conventional M x N rectangular focused array. More-
over, the outer and inner rings are supplied with equal power,
and the elements on each ring have uniform excitations in am-
plitude and phase thus simplifying the feed network [20]. In
the search to reduce the feed network’s complexity and to mit-
igate the need for phase shifters, a Ka-band, multilayer, near-
field-focused substrate integrated array antenna was presented
in [21]. The 8 x 8 element square array employed circular
waveguides drilled in a thick conducting layer so that the holes
operate as both phase shifters and radiating elements, thus sep-
arate phase shifters are not needed. By changing the thickness
of the conducting layer, the same antenna can be adjusted to
change its focal point, which means that a mechanical change
is required to vary the focal point.

In this contribution, the design presented in [20] is developed
to offer a variable focal length by adding a single variable phase
shifter, while at the same time placing no condition on the radii
of the rings. The variation of the focal length is achieved by
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feeding the elements of the inner ring through a single variable
phase shifter that compensates the path difference of the two
rings and yields focusing at a certain distance from the array.
The proposed design offers flexibility and easy implementation,
as it offers an electronic means to vary the focal distance in
contrast to the designs presented in [19] and [21] where one of
the array dimensions has to be changed.

The rest of the paper is structured as follows. Section 1
presents an introduction and survey, while the proposed circular
array is analyzed in Section 2. Section 3 presents the results of
the computer simulations performed in MATLAB and verified
by other simulations performed with CST Microwave Studio
Suite on the proposed focused array. In Section 4, the depth of
field DOF is analyzed, and a formula is derived for the estima-
tion of the DOF, while in Section 5, the lateral distribution of
the radiated power density is presented. The drawn conclusions
are listed in Section 6.

2. ANALYSIS OF THE PROPOSED CIRCULAR FO-
CUSED ARRAY

Circle array is one of the main shapes adopted in array design,
where the elements are placed in concentric circles. Such a con-
figuration offers circular symmetry that is utilized here to ease
the design of the array. The proposed antenna comprises two
concentric rings, having an inner radius of a and an outer ra-
dius of b as shown in Fig. 1. If the focal region is at distance F’
from the array plane and located at the point P(0, 0, F'), then
the distances R and Rs from the focal point to the elements on
the inner ring and outer ring respectively are:

Ri = VF2+a2 (1)
Ry = VF2 + 12 @)
AR = Ry— R =VF2+ 12— \F2+a> (3

where AR is the difference in the path lengths from the two
rings to the focus at the point P(0, 0, F'). Suppose that there are
M isotropic elements in the inner ring and N isotropic elements
in the outer ring, and then the total field at any point on the Z-
axis due to the inner ring F; and due to outer ring F, can be
given by:

M ; ME1 .
E;(0,0,2) = E o Fle kRl _ — e IFRL (4

N ; NE2 .
E,(0,0,2) = § . F2e—ikR2 _ ﬁeﬁyk}m )

where k is the phase constant (k = 27/X), and A is the wave-
length. In general, the numbers of the elements on the two rings
are not equal (M # N), and in the proposed array the magni-
tudes of the fields |E;(0,0, F')| and | E, (0,0, F')| at the focal
point are set equal. The excitations of the elements on the ring
that holds the smaller number of elements have to set by the
following relation:

ME1 NE2

R k2 ©
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FIGURE 1. The geometry of the proposed focused array of M and N
elements on the inner and outer rings respectively, positioned on the
XY -plane.

Thus, the elements on the inner ring should have excitations
given by:

_NR2

El =
MR1

(7
The geometry in Fig. 1 shows that the elements placed on the
outer ring are farther to the focus than those on the inner ring.
To achieve a focus, the electric fields radiated by the elements of
the two rings must arrive in phase at the focal point. Therefore,
the elements on the inner ring should be delayed by a certain
path length ¢, then the sum of all the contributions along the
Z-axis will be:

_ i NE2 _.
e ]lee ]k:q+ e JjkR2

Et=—p R2

®)

After adjusting the magnitudes of the excitations E'1 and E2
according to Egs. (6) and (7), the total electric field can be ex-
pressed as:

)

It can be shown that the total electric field at the observation
point P(0, 0, z) attains a maximum value of

|Et|max = 2E,
when RoR; = AR =g,

Hence, the constructive addition is achieved at the focus (the
point P(0,0, F)), and the above equation is a condition for
focusing. As the above conditions (Egs. (6), (7), and (10b))
have accounted for the phase shift and 1/R factor, Eq. (10a)
represents the global maximum. On the other hand, when the
contributions of the two rings are out of phase, they lead to a
null, whose depth increases sharply as the compensation for the
1/R factor is implemented. For any other observation point

E, = E x e Ik Eta)[] 4 o=ik(R2=R1) gika)

(10a)
(10b)
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FIGURE 2. Schematic of the feed network showing eleven 3 dB dividers,
and a single variable phase shifter.
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P(0,0, z) where z # F, the path difference AR2 is given by:

AR2= 2+ 02— V22 + a2 £ VF2+ 02— VF? + @?
(11)
Thus the total field is:

E,(0,0,z) < 2E

Therefore, the contributions of all the elements on the two
rings can be added to form a maximum (achieving a focus)
when the elements in the inner ring are delayed by a phase shift
of kq with respect to those on the outer ring. Such a condition
(Eq. (10)) can be easily fulfilled by using a single phase shifter
as shown in Fig. 2. This is a simple requirement compared with
that needed for a rectangular array of M x N elements, where
(M x N)/4 phase shifters must be used to achieve focusing.
Moreover, the above variable phase shifters must be of vari-
able type if a variable focal distance is required. One added
advantage of the proposed design is that the compensation in
the excitation of the elements for the 1/R factor can be easily
implemented as there are only two different distances R1 and
R2. Thus, only one magnitude adjustment in the feed network
is needed, while in the square array of N x N elements, there
are N2/4 different Rij distances that need to be considered in
the magnitude (or 1/ Rij) compensation.

3. COMPUTER SIMULATIONS IN MATLAB

The proposed array was simulated in the MATLAB environ-
ment based on the derivations presented in Section 2, where an
operating frequency of 2.4 GHz was assumed. The array com-
prised four elements on the inner ring (M = 4), eight elements
on the outer ring (N = 8), and the radii of the two rings are
a = A= 125mm and b = 3\ = 375 mm, respectively. There-
fore, the other parameters will be: Ry = 5.099\ = 637.4 mm,
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FIGURE 3. Variation of the electric field E;(z) of the proposed antenna
along the normal to the antenna (at the point P(0,0, z)) for various
values of focal distance F'.

50
——F=5)\
= = F=6)
a ....... F=7)\
=3 —==F=8)\||
i
S
3 "'4"‘4"-;--:-
'
()]
©
=
-10
0 5 10 15 20
z(})

FIGURE 5. Variation of the F¢(z) of the proposed antenna along the
normal to the antenna (at the point P(0, 0, z)) for various values of F,
when the added phase shift is ¢ = /2.

Ry = 5.831A = 728.9mm, and AR = Ry — R; = 0.732)\ =
91.5mm.

The elements on the inner ring were given excitations magni-
tude of (N /M = 2) that are twice of those on the outer ring so
that the two rings have the same contributions at the focal point,
as explained in Section 2 (Egs. (6) & (7)). The obtained results
in the form of the variation of the electric field along the normal
axis to the array (i.e., along the Z-axis) are shown in Fig. 3 for
various design focal distances F'. In these simulations, the ele-
ments on the inner ring were delayed by (kq) radians for each
case of the focal distance F'. It can be seen that there is a well-
defined focal region with a sharp null at the left of the focus.
The focal distance is slightly smaller than the design value F,
due to the 1/R variation of the electric field radiated from the
array elements [1, 10]. Moreover, the peak value of the field at
the focus decreased as the design focal distance was increased.
The position of the actual focal point shifts away from the array
plane as the design value of the focal distance (F') is increased.

To show the effect of the added phase shift (¢) that is sup-
plied by the variable phase shifter shown in Fig. 2, the same
array was simulated but using a phase shift value of (¢ = 7),
and the obtained results are shown in Fig. 4. The figure shows
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FIGURE 4. Variation of the F:(z) of the proposed antenna along the

normal to the antenna (at the point P(0, 0, z)) for various values of F’,
when the added phase shiftis ¢ = 7.
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FIGURE 6. Variation of the electric field E;(z) of the proposed antenna

at the point P(0, 0, z) for various values of the added phase shift ¢.
(a =\, b =3\ and F' = 5)). The position of the peak value of the
field is indicated by Zm.
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four cases of the array that was originally designed to have its
focus at (5, 6, 7, and 8) from the array, and the fixed phase
shifter was given the corresponding value of (kq), but the vari-
able phase shifter was set at 7 radians. Compared to the results
of Fig. 3, where ¢ = 0, it can be seen that there are deep nulls
at the positions of the former focal points. This is because the
contributions of the two rings are now in opposition rather than
in addition due to the added 180° phase of the variable phase
shifter. Fig. 5 shows the obtained results when the added phase
is ¢ = m/2. It can be observed that the position of the focus was
shifted away from the array by about two wavelengths as com-
pared to the results of Fig. 3 where no added phase was used
(¢ = 0). The shape of the focus is much better than the results
of Fig. 4, and the effect of the variable phase shifter has been
clearly demonstrated.

For further investigation of the role of the added phase shifter
¢ on shifting the position of the focus, the same array with de-
signed focus at F' = 5\ was simulated for a number of phase
values, and the obtained results are shown in Fig. 6. The results
show a smooth movement of the focal point to the right (away
from the array) as the phase ¢ is increased. The focus position
moved from the point (z = 4.1\) to the point (2 = 8)) by
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FIGURE 7. Reflection coefficient |.S11 and mutual coupling |.S;;| versus frequency for: (a), and (b) the inner ring elements, and (c), (d) the outer ring

elements.

changing the phase from zero rad to 0.97 rad. It is seen that as
the focus is shifted away from the array, the peak value of the
field decreases, as it is affected by the 1/R propagation factor.

Therefore, the variation of the actual focal length has been
achieved by using a single variable phase shifter, which is much
easier than the method reported in [19], where the radius of the
array has to be adjusted or by changing the thickness of a metal-
lic layer containing the radiating holes as suggested in [21].

3.1. Simulation in the CST Microwave Studio

For further verification of the obtained results from the MAT-
LAB simulations, the same array was simulated in the CST Mi-
crowave Studio. To utilize the power of this software, the array
elements were assumed to be A\/2 dipoles that are oriented along
the Y'-axis. The obtained results for the reflection coefficient at
the input of the array elements and the mutual coupling between
the elements are shown in Fig. 7 for the two rings. It can be
seen that the array elements are matched (]S11| < 18 dB) at the
design frequency and show a —10 dB bandwidth of 0.27 GHz,
which is limited by the bandwidth of the dipole. The elements
on the outer ring show a lower reflection coefficient as they are
separated by a larger distance than those on the inner ring. The
mutual couplings between the elements are lower than —23 dB
as a result of the adequate separation of the elements.
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The obtained results for the field variation along the normal
to the array for three values of the added phase compared to
those obtained from the MATLAB simulations are shown in
Fig. 8. Very good agreements are noticed for the three cases
where the variable phase shifter was setto (¢ = 0, ¢ = 7/2, and
¢ = m). The small differences in the depths of the nulls can be
attributed to the fact that in the MATL AB simulations, isotropic
array elements were used, while A\/2 dipoles were used in the
CST simulations. The null to the left of the focus occurs when
the contributions of all the elements on the two rings cancel
each other. However, the radiation patterns of the elements on
the two rings are not exactly the same at the null position, so
perfect cancellation was not obtained.

The conventional far-field patterns of the array in the two
principal planes were determined by the CST software and are
shown in Fig. 9. The patterns are of a broadside type with a
defined main beam and surrounding side lobes. The side lobes
in the elevation plane (Y Z-plane) are lower than those in the
horizontal plane (X Z-plane) due to the effect of the dipole el-
ements. The dipoles are oriented vertically, and thus their radi-
ation patterns affect the array pattern in the vertical plane more
than in the horizontal plane. The relatively high side lobes can
be attributed to the fact that the elements on the inner ring are
phase shifted from those on the outer ring for the purpose of
near-field focusing. This case is different from the uniform
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FIGURE 9. Far-field radiation patterns of the proposed array, (& = 90)
vertical pattern (in the Y Z-plane), and (® = 0) horizontal pattern (in
the X Z-plane).

planer array where all the elements have the same phase, and
the pattern shows a —13 dB side lobe level.

4. ESTIMATION OF THE DEPTH OF FIELD (DOF)

In focused arrays, the radiated field is concentrated at the fo-
cal region and eventually decreases as the observation point
moves away from the focal point, as shown schematically in
Fig. 10. As given by Eq. (10), to achieve a focus at the design
focal point P(0,0, F'), the compensation for the path length
difference should be (3 = AR = Ry — R;). Therefore, the

Etmax

V2

DOF

71 F 2 VA

FIGURE 10. Sample of the variation of the electric field along the normal

to the antenna (along the Z-axis) around the focus.
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radiated field has a maximum value of 2F, and the field de-
creases along the points on both sides and away from the focus.
The depth of focus or depth of field (DOF) is defined as the
distance between the two observation points Pr,(0,0, Z;) and
P(0,0, Z3), where the field value drops to 1/4/2 of its maxi-
mum value. Thus,

DOF = Z, — Z;. (12)
The distances Z; and Zs can be determined by observing the
path length difference AR at each of the observation points
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TABLE 1. The focal region parameters, and estimated DOF for the array having a = A, b = 3\, and phase shift ¢ = 0.

Design focal Actual focal distance DOF (M) Estimated DOF (\)
distance (\) (A) (MATLAB results) (MATLAB results) (formula) (21)

5 4.1 4.6 34

6 4.9 5.8 5.2

7 5.5 7 7.5

8 6 8.3 10.6

TABLE 2. Comparison of the parameters of the proposed array with those published in the literature.

Radius () . Focal Spot
Element Size of Focal .
Type of and No. f No. of DOF size (spot Phase
type array length i .
array of elements GHz | Elements d ) ) (A) | width along | shifters
use
per row z-axis) (\)
[10] Square (filled) 10 % 10 24 100 Isotropic 4.5%4.5 9.09 0.84 25
Square ring 25 on square ring 2.4 36 [sotropic 4.5%4.5 101 0.52 9
Two circul 1=24,N1=38 _
[17) | ocrewat 5.8 16 Patch Dia =19.4| 193 | NA 1.93 1
rings r2=48,N1=38
Th 1=19 N1= A/2 . 9.7 1.9 0.55
(8] | e | PBEESNIZS | 58 24 D./ 1 Dia =192 ——— o 2
rings r3 =9.6, N3 =8 1pote : :
S tch
(3] | Square array 4xd 10 16 quare pate 9.6%9.6 | 42 | — 1.6 16
with U slot
[21] | Square array 8% 8 35 64 Circular aperture 7.5%7.5 9.8 11 1.16 64
[24] | Square array 4 x4 2.45 16 Patch 2%2 0.81 1.44 0.72 16
[24] | square array 6 %6 245 36 Patch 3.42x3.42 | 122 1.97 0.7 36
[25] | Square array 88 5.8 64 Dielectric resonator | 5.4 % 5.4 5.8 5 1.57 64
Thi 1=1,N1=4 A/2 dipol
S pualring | T 7 2.4 12 /2 dipole Dia=6 | 41 | 46 0.82 1
work r2=3,N2=38 in CST.
P(0,0,Z;) and P(0,0, Z3 as shown below: The total E-field will be
E, = E x e 7k(Fata) [1 + e Ik(Fa=Fa) gika (16)

AR(z1) = Rop—Ri = /(21102 —\/(Z1)2 4 (13)

b\?2 2
ARz =21 1+(Z1) —Z1,/1+(%) (14)

If the array dimensions can allow performing the following ap-
proximations:

b
- <1, <1

a
Z1 Z1
then it can be shown that the path difference from the two rings
to the point P(0, 0, Z;) can be approximated to:

b% — a2

Abka=—7

15)
When the observation point is moved from z = F'to z = 73,
the path difference increases. When the focusing path length is
set as ¢ = AR, there is a maximum at the point z = F.

“Nowif AR = %
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As q is the required path difference to get a maximum field at
z = F, q is chosen such that

—k(Re —R1)+kq=0 or

and at this condition

q=Ry— Ry (17)

|E,| = 2E

However, ¢ is set according to Eq. 8(b), i.e., to focus the array
at the point z = F'. Thus at the observation point z = Z1, the
total field will be:

2F

E; = Max/V?2 = ol V2E.

At the point P(0,0, Zy) or (2 = Z;), the total path difference
should be that for the focusing, and an extra value of A\/4 is
needed for the total field to drop to Max/,/2, or

b2 _a2 B b2 _a2
271 2F

+ (18)

A
1
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FIGURE 11. Distribution of the power density across the lateral planes passing through the points; (a) z = 392mm, (b) z = 517 mm, and (c)

z = 642 mm for phase shift ¢ = 0. The size of the displayed area is 6\ x 6.
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FIGURE 12. Variation of the power density across the lateral axes on the plane passing through the actual focus (z = 517 mm), for phase shift ¢ = 0,
a=Mb=3\and F = 5\.

which leads to than the design value F'. This can be attributed to the 1/ R decay

factor, which shifts the point of maximum field towards the an-

7, = F(b? —a?) (19) tenna. Moreover, the derived formula gives a modest estimate

(b2 — a?) + 0.5\F of the DOF, and the actual depth of field is smaller than the es-

timated value. The reason for this finding is that the derived

Similarly, it can be shown that at the other point (z = Z3), formula was based on the path length difference only and has
where the total field drops to Maximum/y/2: not considered the 1/R field decay factor.

Another point to notice is that for a given array size (fixed

Zy = F(* —a?) (20) inner and outer radii), as the focal length increases, the depth of

(b? —a?) — 0.5AF field increases. In other words, the focusing capability of the

array deteriorates as the focal distance increases, as noticed for

Then the depth of field is focused arrays of rectangular shape [1, 10]. Moreover, the DOF

goes to infinity when the focal distance is set at
DOF =72 — 71

2 2
AP (E — o) @1 P2 22)
DOF = (b2 — a2)2 — 0.25)\2F2

The above relation means that at relatively large distances com-
It should be noted that the above derivation has not considered parable to the far-filed distance (2D?/A or 8b*/)), the con-
the 1/ R conventional decay of the electric field as the observa- tributions of all array elements are almost in phase, and thus
tion point moves away from the array. the other point (z = Z2) where the field drops to Max/,/2
To test the accuracy of the derived formula for estimating cannot be met. Such a feature was also noticed in rectangular
the DOF of the focused array, a number of simulations were arrays [22] where the depth of field is given by the following
performed, and various parameters of the obtained responses formula, where the DOF increases with the square of the focal

were determined. The obtained results are compared in Table 1, distance.
which shows that the actual position of the focal point is smaller DOF = 7A(F/2b)? (23)
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5. FIELD DISTRIBUTION ACROSS THE FOCAL PLANE

Of equal importance is the distribution of the focused power
density across the focal plane (the plane parallel to the array
and passing by the focal point). This distribution shows how
the power is confined around the focal point and indicates the
success of the focusing process. The array having inner and
outer radii of A and 3\, respectively, and focused at F' = 5\
was simulated in CST Microwave Studio, where the array ele-
ments were assumed as A/2 dipoles. Fig. 11 shows the distri-
bution of the power density across three planes passing through
three points that have maximum power density (z = 517 mm)
and those at one wavelength on both sides of the focus, i.e., at
(z = 392mm and z = 642mm). The field is localized at the
center with a circular symmetry due to the circular geometry
of the array. It is evident that the best localization of the field
is at the actual focal point (2 = 517 mm). However, the field
distributions across the planes on both sides of the focal point,
which are separated by 2 (Fig. 11(a), and Fig. 11(¢)), still show
good focusing. Fig. 12 shows the variation of the power density
across the X and Y axes in the plane passing through the actual
focus. The plots show a side lobe level of 10.7 dB, a 3 dB lat-
eral width of 103.7 mm along the X -axis, and a side lobe level
of 12.2 dB, a 3 dB lateral width of 122.9 mm along the Y -axis.
The achieved 3 dB lateral widths of 103.7 mm and 122.9 mm
are very close to the value of the wavelength of A = 125 mm.
This result is in line with the formula derived for the lateral
width W of the focal spot produced by a focused linear aper-
ture having length L [23]:

A\F
W= T (24)
For the double circular ring array investigated here (L = 2b =
6 and F' = 5)), the lateral width according to Eq. (24) can be
found to be 1.06 or 132.5 mm.

However, the obtained value of the depth of field DOF was
found to be 4.6\. These findings are similar to those found
in [1, 10] for the rectangular focused array. The slightly wider
width and lower side lobe level noticed along the Y -axis is due
to the use of the \/2 dipole radiating elements that are oriented
along the Y-axis. The A/2 dipoles produce tapering along the
Y -axis, which leads to a lower side lobe level and consequently
wider beam.

6. COMPARISON WITH OTHER WORKS

The performance of the proposed antenna is compared with
those of published literature as shown in Table 2. The pro-
posed array requires only one variable phase shifter as that of
the design in [17], in contrast to the other designs. Therefore,
the variable focal distance can be easily obtained from the pro-
posed array and that presented in [17]. While the proposed ar-
ray has used the smallest number of elements, it has offered a
lateral focal spot size of 0.84 )\, which is competitive with other
designs.
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7. CONCLUSIONS

A focused circular array with a focal distance that can be varied
by only a single variable phase shifter has been demonstrated.
The idea was implemented on a dual-ring circular array having
a six wavelength diameter and focused at a five wavelength dis-
tance by using a single phase shifter. The theoretical analysis
and computer simulations of a sample design using MATLAB
and CST Microwave Studio showed that a phase change of 0.97
leads to a four wavelength change in the focal distance along the
normal to the array plane. A well-localized focal region about
one wavelength in the lateral direction and a few wavelengths
in the normal direction to the array was achieved. The derived
formula for estimating the DOF showed reasonable accuracy
compared to the simulation results. The proposed idea of the
circular array is useful and flexible in varying the focal distance
by using a single variable phase shifter in contrast to the square
array of N x N elements where N?2/4 variable phase shifters
are needed to change the focal distance. Moreover, the com-
pensation for the 1/R factor can be implemented by a single
attenuator at the feed network, in contrast with the square array,
where N?2/4 compensations are needed. The proposed design
can be utilized in hyperthermia, RFID, and imaging applica-
tions, where it is required to vary the focal distance by simple
electronic means.
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