
mESEARCH ARTICLE ScienceAsia 25 (I999) : 231·236 

A Steerable Spherical Slot Array Antenna 
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ABSTRACT This paper investigates the principle of a steerable spherical slot array antcnna. By combining 
the advantages of a spherical array in which the beam shape can be kept constant as it is steered in any 
direction, a simple beam steering mechanism of an active array antenna and a simple array element, a cost 
effective steerable antenna can be achieved. This antenna is useful in a mobile communication system. 
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INTRODUCTION 

Spherical array antenna has been continuously 
investigated because the significant characteristic of 
this antenna type is that the constant radiation 
pattern, as it is steered in any directions, can be 
achieved I Therefore, this antenna is suitable for 

military radar and satellite applications. A number 
of researches abou t array element on spherical 
surface have been conducted subsequently such as 
using dipoles,2"J turnstiles4.o and microstrip patchesb

. 

; These array elements are complicated and difficult 
to fabricate. To solve these drawbacks, the authors 
proposed to use the slot as the array element of the 
spherical array antenna. H This antenna is nominated 
as a spherical slot array antenna. 

Although the spherical array has the interesting 
characteristics, its cost is too high to be widely used. 
This might due to sophisticated feeding network. 
Thus, the applications of this antenna are restricted 
to the military use and high technology service. 
Recently, the spherical array antenna has been deve­
loped to use in the mobile satellite communication 
system.' However, the feeding network is still 
complicated. To simplify the feeding network, many 
researches in the early of this decade have been 
devoted to the active phase array such as"·12 which 

oscillating antennas are injection locking to spatially 
synchronize the power and the main beam can be 
steered simply. All of the works are mainly focused 
on the linear and planar arrays which were found 
that the beam steering is limited in the range of 
±30". The advantage of a wide range beam scanning 
of the spherical array and a simple beam scanning 
mechanism of the active phase array motivate the 
authors to investigate a so-called spherical active 
phase array antenna. 

The objective of this investigation is to obtain 
the wide range beam scanning using a simple 
scanning mechanism. Moreover, the simple structure 
is essential to the future implementation. Accord­
ingly, a segmented spherical cavity backed slot active 
antenna is chosen as an array element. This paper 
presents the principle of the steerable spherical slot 
array antenna. The radiation characteristics are 
illustrated and verified by experiments. 

RADIATION CHARACTERISTICS OF A SPHERICAL 
SLOT ARRAY ANTENNA 

Since a spherical cavity-backed slot antenna 
is used as an element of the spherical array 
antenna, consequently, the radiation fields of a slot 
on spherical surface will be realized in this section. 

Let us consider a slot oflength "/" and width "a" 
located on a conducting spherical cavity of the radius 
RI, as shown in Fig 1 (a). In this pape, the slot width 
is narrow so that the sinusoidal aperture distribution 
is reasonably applied. By solving the boundary value 
problem and using the asymptotic expression of 
spherical Hankel function, the far field pattern of 
this slot can be expressed as the superposition of 
the field in transverse electric (TE) and transverse 
magnetic (TM) modes: I J 14 

00 _ ~ ~ 

E,(r,8,¢)= I (EIl"Y +EIlJe8+ E,Il</J¢) , (1) 
1ll===11 

where each component of this electric field can be 
written as 

(1a) 
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Fig 1. A slot on conduetl11g spherIcal surbee. (a) Geometry of the prohlem (h) [-plane pattern (e) H-plane pattern 
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The coefficients are given as follows: 

ATE == 211+1 (n_m)10'+~J (ld)mil llJ2n(Il+1) (n+m)1 m~1 (LOs8Xl8 
¢;-~ 

and 

0' a 
2n+l (n-m)!·+J2d~:"(COS8).A™ _ --- sm8d8, (Ie)

1111\ ­
211(n+1) (11+111)! . a d8

1'-­
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where h (21 (-) denotes the spherical Hankel function 
" of the second kind of order 11, and PI:" (-) denotes the 

associated Legendre function of order (Il,m). The 
primed bracket designates for the derivative of the 
function in the bracket with respect to the argument 

(lIR,J 
Knowing E1(1',8, 1/» , the radiation characteristics 

of a slot on spherical surface can be obtained. Figs 
l(b) and l(c) show radiation patterns in electric and 
magnetic planes for different spherical radii, when 
8' and ¢/ is equal to 900 and 00 

, respectively. We 
can see that when the spherical radius is large, the 
beamwidth is narrower than that of the small one. 
Furthermore, the larger the radius the lower the 
backlobe are observed. 

Next, a spherical array of the radius Rj, with MxN x 
slots, arranged as rings on the spherical surface will 
be considered as shown in Fig 2. Each slot is oriented 

Fig 2. A spherical slot array antenna. 
at an angle Y; with respect to the horizontal line. The 
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azimuthal spacing between adjacent slot in each ring radiation pattern of this antenna is the summation 
and the distance in elevation direction between the of the field from each slot, which was derived in the 
two rings are denoted by So and de' respectively. The previous subsection. It can be expressed as2 

and 

where ~ and ~ are unit vectors along the slot local 
coordinates, respectively, and ({J'j is the phase of slot 
number i in the ring number j, respectively. 

R·R 
51 0cos ~ 

si) 

IRsiIIR,,1 

(2)
 

Additionally, to express the term of source point 
(RI,,~,g, as the term of observation point (r,8,¢), the 
helps of these coordinate transformations are used: 

Oa) 

= sin a sin8cos(¢ - /3.. ) + cos a cos 8 Ob)
I IJ I 

sin 8 sin(¢ - /3i)) 
tan C;. =---------;--'----C)----'----'-- ­ (4) 

'} cos a sin 8 cos(¢ - /3.. - sin a cos 8 
I IJ I 

A - sin a. cos 8 cos(¢ - /3) - cos a sin 8 A sin a sin(¢ - /3.. ) A 
~ .. = I} 8+' '} ¢ (5)I I 

') sin J'.. sin r 
':>'} "") 

A -sinasin(¢-/3)A -sinacos8cos(¢-/3 l-cosasin8A 
', I} 8_'Si/ = ~ 

sin Sij 

-
where ~" is the position vectors of the observation 
point, R" is the position vectors of the location of 
slot number i of the ring number j, a, is the elevation 
angle of slot number i, and /3// is the azimuthal angle 
of slot number i in the ring number j, respectively. 

In order to direct the main beam to the direction 
(8",¢) the phase excitation of each slot must be 

m =-hR [sin8 sina cos(¢! -f3.)+cosacos8] (7)
't'IJ b 0 1 (I 11 I (l 

If the spherical dimension is fixed such that Rb 

equals 2,1 and a single ring of eight slots located 
at a, equals 45°, /3,! equals 0°, 4SO, 90°, 135°, 180°, 
225°, 270° and 315°, repectively. The main beam 
direction is steered to 8" equals 45° and ¢" is in the 

'I! n. (6)r 'I'
sin", Ii 

direction of 0°, 22.5°, 45°, 67.5°, 90°, 112.SO, 135°, 

157.5°,180°,202.5°,225°,247.5°,270°,292.5°,315° 
and 337.5°, repectively, the phase distribution is 
shown in Table 1. 

It is obvious in Table 1 that in order to steer the 
main beam of the antenna to the sixteen directions, 
each element (slot) is excited by using only six stages, 
if, 0°,27.4°, 105.4°,222.2° , 254.5° and 332.6°. In this 
regard, if we use a phase shifter, the three-bit phase 
shifter will be employed. 

The azimuthal and elevation power patterns of 
this antenna are shown in Fig 3 (a) and Fig 3 (b), 
respectively. The gain of 10.26 dBi is achieved and 
the deviation from this value when switching to the 
new beam is approximately 3 dB. It is observed that 
sidelobe level is relatively high. In this paper, instead 
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Table 1, Phase distribution of the element in each steered beam. 

f(J;j ot 
element at -> 0° 45° 90° 135° 180° 225' 270° 3W 

¢ot 
,----,----.----, ----,-------------­

a' a' 1054' a' 254.5" a' 254,5' a' J05,4' 

22,5' 27.4' 27,4' 222.2' 2222' 332,6' 3326' 222.2' 222.2' 

45' 105,4" 0" 105.4" a' 254,5' a' 254.5' a' 
67,5' 222.2' 27,4' 27,4' 222.2' 222.2' 332,6' 332,6' 222.2' 

90' a' 105.4' a' J05,4' 0" 254,5' a' 254,5' 

J12,5' 222.2" 222.2' 27.4' 27.4' 222,2' 222.2" 332,6' 332,6' 

J35' 254,5' a' 105,4' a' 105.4' a' 254,5' a' 
157,5' 332,6' 222,2' 222,2' 27,4' 27,4' 2222' 222,2' 332,6' 

180' 0' 254,5' a' 105,4' a' 105.4' a' 254,5' 

202,5' 332,6' 332,6' 222.2' 222,2' 27.4' 27.4' 222.2' 222.2' 

225' 254,5' a" 254,5' a' 105,4' a' 105.4' a' 
247.Y 222.2' 332,6" 332,6" 222,2' 222.2' 27,4' 27.4' 332,6' 

270' a' 254,5" a' 254,5" a' 105,4" a" J05,4' 

292,5" 222.2' 222.2' 332,6' 332,6' 222Z 222,2' 27,4' 27.4' 

3J5' 105.4' a' 254.5" a' 254,5' a" 105,4' a' 
337,5' 27,4' 222,2" 222,2' 332,6' 332,6' 222,2' 222.2' 27,4' 

of using three-bit phase shifters, an active phase array 
using different frequencies of each clement according 
to the injection locking technique is used. 

ACTIVE SPHERICAL SLOT ARRAY ANTENNA 

This section describes an active phase array, which 
a segmented spherical cavity-backed slot antenna, as 
shown in Fig 4 (a), is employed as a load of an active 
device (here is the field effect transistor (FET)) to 
perform as an oscillator. Fig 4 (b) shows the prinCiple 
of the injection locking technique in a spherical array. 
In order to obtain the phase distribution as described 
in Table I in the previous section, each oscillator has 
to oscillate the frequency within the injection 
bandwidth such that lO 

(a) 

¢(degree) 

de 1 \i A 
W=-=W [1--'" E--.Lsin(¢ +e -e)], (8)

dt " 2Q t=J 'J A, 'I' J 

where UJ" is the free, running angular frequency of 
the oscillators, Q is the quality factor of an oscillator 
circuit, and Eil is the coupling factor between the 
element i and j, and 8, and 8 are the phase 

1 

distribution of element number i and j, respectively. 
For a load of an oscillator, the measured input 

impedance of a segmented cavity-backed slot 
antenna, with the dimensions of .1Rb, .18 and t1¢ 
equal to O.5A, 22.5° and 45°, respectively, are measured 
at the frequency of 2.45 GHz, The variation of im­
pedance as a function of probe length is shown in 
Fig 5, At a probe length of 20 mm, for instance, the 
impedance is 40+j57 12, 
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Fig 3, Power pattern of the antenna, (a) azimuthal plane at e = 45° (b) elevatiDn plane, 
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For coupling coefficient between each element, 
we measured the Stj of the element in the array and 
plotted it in term of Eli as shown in Fig 6. 

The active spherical slot array antenna was 
fabricated to test its characteristic. To do so, each 
oscillator was designed according to the design 
procedure as described in 15 The 2SK571 GaAs 
MESFET was used as an active device and the 
micros trip matching network was designed on a 
Teflon substrate. Its E, equals 2.45 and the thickness 
is 1.6 mm. For the frequency 2.45 GHz, the circuit 
is shown in Fig 7. The Q of the resonator can be 
measured from the oscillator circuit. In this work, it 
was measured that Q is 206. From the measured Q 
and Ell' the frequency of each element can be 
calculated from.s According to the phase in Table I, 
the frequency of each oscillator will be shown in 
Table II. 

In order to measure the power pattern, the 
experiment was set up as described in l6 to measure 
the power pattern. The calculated elevation and 
azimuthal power patterns are compared with the 
measured results as shown in Fig 3 (a) and Fig 3 

Y 

(a) 

Fig 4. (a) A segmented cavity-backed slot element. 
(b) Active spherical slot array antenna. 
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(b). The main beam can be steered to the desired 
direction, but the beam shape is not exactly fit to 
the calculated results. 

DISCUSSIONS AND CONCLUSIONS 

This paper proposed a steerable spherical slot 
array antenna which combines the advantage of a 
spherical array antenna and an active phased array 
antenna. Therefore, its pattern can be steered to any 
directions, with constant pattern, very easy by 
changing the frequencies of each element properly. 

100 -. 
75 . 

50 1 

15.0 ]00 J5.0 30.0 3j() 4(}.O 

Fig 5.	 Measured input impedance of a segmented cavity-backed 
slot antenna for various probe lengths. 
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Fig 6. Coupling coefficients between slots on spherical surface. 
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Table 2, Frequency of the oscillators, 

!<GHz) f, f, fJ f, f, f, f, f, 

!/Jot 

0' 2,449 2.450 2.452 2,449 2.452 2,449 2,450 2,45/ 

22,5' 2,449 2,449 2,448 2.449 2.450 2,450 2,449 2.450 

45' 2,45/ 2.450 2.45/ 2.451 2.450 2,45/ 2,450 2.450 

67.5 0 2,449 2,449 2.448 2,449 2.450 2.450 2,450 2.450 

90' 2,450 2.450 2,450 2.452 2.450 2.449 2,450 2,450 

112,5' 2,449 2,449 2,448 2,448 2.450 2,449 2,450 2,450 

135' 2.450 2.451 2,45/ 2,449 2.452 2,449 2,450 2,45/ 

/57,5 0 2.450 2,448 2.450 2,449 2,449 2,450 2.450 2,449 

/80' 2.451 2.450 2.450 2,452 2,448 2,450 2,450 2,450 

202,5" 2.450 2,449 2.450 2,450 2,449 2,45/ 2,450 2,449 

225 0 2.450 2.450 2,451 2,450 2.452 2.45/ 2,451 2.451 

247.5" 2.450 2,449 2,449 2,450 2.450 2.450 2,449 2,448 

270" 2.450 2.45/ 2,45/ 2,449 2.450 2,450 2,450 2.451 

292,5' 2,449 2.450 2,448 2.450 2.450 2,449 2.449 2,448 

3/5' 2.45/ 2.450 2.450 2.452 2,449 2,450 2.451 2,449 

337,5' 2,449 2.450 2,448 2.450 2.450 2,448 2,449 2,449 

The prototype antenna was designed and fabricated 
to test its characteristic. It was found that there was 
difficulty in tuning the oscillating frequencies, but 
the experimental results can verify the proposed idea. 
Currently, an optimum condition is not available, 
consequently, the sidelobe level is high. This problem 
is left for further study. In this work, we employ 
measured data in the design. Analysis by using 
Finite-Difference Time-Domain (FDTD) method to 
investigate the impedance of a spherical cavity 
backed slot antenna which is used as an array 
element is under investigation in addition to the 
coupling coefficient between each slot. The data are 
essential in the deSign of a cost effective steerable 
antenna in mobile communication system. 
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