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Low-Profile Helical Array Antenna Fed from a 
Radial Waveguide 

Hisamatsu Nakano, Fellow, IEEE, Haruo Takeda, Yorihiro Kitamura, Hiroaki Mimaki, and 
Junji Yamauchi, Member, IEEE 

Abstract-A low-profile array antenna composed of 2-turn 4" 
pitch angle helices is designed for a frequency band of 11.7 GHz 
to 12.0 GHz. The feed wire of each helix is inserted into a radial 
waveguide through a small hole and excited by a traveling wave 
flowing in the transverse electromagnetic (TEM) mode between 
the two parallel plates of the waveguide. The measured aperture 
efficiency shows a maximum value of 77% for a beam radiated 
in the normal direction and 69% for a 30" beam tilt. 

I. INTRODUCTION 

EW aspects of a forward-fire mode helical antenna have N been revealed [l]  by using a numerical technique [2]. 
The combination of low pitch and a small number of turns 
leads to a low-profile helix as a radiating element of circular 
polarization. A 2-turn helix of 4" pitch angle shows a band- 
width of 12% for a 3-& axial-ratio criterion. 

This paper is a sequel to a previous paper [l] and describes 
the application of the 2-turn low-pitch helix to an array 
antenna fed by a radial waveguide [3], [4]. The motivation to 
apply the helix to the array antenna comes from the require- 
ment of developing a high-efficiency flat-type antenna for 

reception of the broadcasting satellite TV programs 
in Japan. Tilting the beam from the normal direction 

of the helical array is discussed and experimental results are 
presented. 

II. EXTREMELY LOW-PROFILE HELIX 

First we specify the configuration of a low-profile helical 
antenna and describe the applicability to a flat-type array 
antenna. 

The low-profile wire helix mounted on an infinite ground 
plane, corresponding to the upper plate surface of a radial 
waveguide of infinite extent, is shown in Fig. 1. The wire 
connected to the feed point is bent at a height h above the 
ground plane and extended to the starting point of the helix 
proper. The bending angle is 90". 

the numerical analysis, image theory is used and a 
function generator is assumed at the feed point [ 11. The 

configuration parameters are as follows: pitch angle (Y = 4", 
helical circumference c = 25 mm = lX,,, wire radius p = 
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Fig. 1. Configuration of low profile helix. 

0.5 mm = 0.02h1,, number of helical turns n = 2, 
bending height h = 1.25 mm = 
mm) is the free-space wavelength 

the radiation patterns in any azimuth +planes be the same. 
In the application to an array antenna, it is desir 

of the principal polarization CO 

Since the frequency band for direct reception of broadcast- 
ing satellite TV programs ranges from 11.7 to 12.0 GHz, we 
also investigate the frequency response of the radiation pat- 
tern. Calculations show that the remains almost con- 
stant (70 k 1 ") in a frequency ra 1.7 GHz to 12 GHz. 
This allows us to approximate the radiation pattern with the 
function cos' ' 6 in volts per meter. The approximated 
pattern is used in the evaluation 
the pattern multiplication 

III. LOW-PROFILE HE 
WAVEGUIDE 

A .  Configuration of Array Antenna 

Now we array low-profile helice 
antenna [4], as shown in Fig. 3. The t 
netic (TEM) mode propagates 
vided the spacing of the two 
small compared with the waveleng 
the spacing S ,  is chosen to be 7. 
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Fig. 2. Radiation pattern of low profile helix at 11.85 GHz ( a  = 4", 
n = 2). 
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Fig. 3. Flat type antenna consisting of low profile helices. 

The feed wire of each helix is inserted into the radial 
waveguide through a small hole and excited by a traveling 
wave flowing from the radial waveguide center (coaxial line) 
toward the waveguide edge. The radius of the feed wire is the 
same as that of the helix proper. It should be noted that the 
axial length H of the helical element above the surface of the 
radial waveguide is extremely low ( H  = 4.7 mm). The array 

antenna has a thickness of 15 mm (= S,(=  7.5 mm) + 
H(  = 4.7 mm) + plate thickness). 

B. Determination of Spacing of Helical Elements 
When we install a flat-type antenna, such as a microstrip 

antenna, on a wall in our home for direct reception from a 
broadcasting satellite, it is necessary to tilt the radiation beam 
toward the satellite. Array theory indicates that beam tilt can 
be realized by adjustment of the excitation phase of each 
element [SI. In the helical array antenna, the adjustment of 
the excitation phase can be performed by the mechanical 
rotation of each helical element around its axis [7], without 
the need for phase shifters. 

As the beam tilt angle is increased, the sidelobes become 
larger, resulting in a decrease in the array antenna directiv- 
ity. It is therefore important to suppress the sidelobes. This 
can be achieved by proper spacing of the helical elements. 

The spacing is determined, taking the directivity in the 
direction of (O0, q50) into account. The directivity of an 
N-element circular array antenna, shown in Fig. 4(a), can be 
expressed as 1101 

in which F(8, 4) is the field pattern of the array antenna, and 
is given as 

N 
~ ( 0 ,  4) = ,ro(6, 4) C 1,ej[kp,sinBcos(~-~,)+6,1 ( 2 )  

n = l  

where Eo(8, 4) is the pattern of the single element, p, is the 
distance from the origin to the nth element, and k is the 
wavenumber. I, and 6, are, respectively, the excitation 
amplitude and phase of the nth element. For the case of a 
tilted beam in the ( O o ,  bo) direction, we set 6, to 

6, = - kp, sin B o  cos ( 4o - 4,). (3) 
Equation (1) (or (6) in Appendix I) can be calculated by 
numerical integration, where Eo is approximated by the 
principal component ER (the cross-polarized component EL 
is neglected). 

Fig. 4(b) shows the calculated directivity of a helical array 
antenna for various spadings of the helical elements as a 
function of the beam tilt angle from the Z-axis. The testing 
frequency is chosen to be 11.85 GHz. In the calculation, the 
diameter of the helical array antenna, 2p,,,, is kept constant 
(38.5 cm), and the helical array antenna is assumed to have a 
uniform amplitude distribution in its excitation ( I ,  = I2 = 
. . . = I,,,). It is also assumed that each helical element has a 
radiation pattern of ER = ~ 0 s ' ' ~  19. Based on the results 
shown in Fig. 4(b), a helical array antenna consisting of 396 
elements is designed with a circumferential spacing of Scir = 
1.83 cm and a radial spacing Srad = 1.75 cm. 

C. Determination of Insertion Length of Feed Wire 
To easily design the array antenna, the field distribution in 

the radial waveguide should consist of only a forward travel- 
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Fig. 4. Calculated directivity versus beam tilt angle. 

ing wave flowing from the waveguide center toward the 
waveguide edge. This means that we have to eliminate a 
backward traveling wave reflected from the waveguide edge. 
In the ideal situation, the input power completely couples into 
the feed wires, i.e., no energy exists at the waveguide edge. 
In practice, however, some portion of the forward traveling 
wave appears at the waveguide edge and becomes a backward 
traveling wave. To minimize the backward traveling wave, 
we insert the feed wires of the outermost helices at a distance 
of a quarter-wavelength from the waveguide edge, where the 
standing wave is maximum. The backward traveling wave 
can be absorbed by the outermost helices and becomes negli- 
gible over the waveguide except near the edge. 

In addition, we should notice the fact that the forward 
traveling wave in the waveguide decays as it progresses 
toward the edge. Therefore, to maintain a uniform amplitude 
distribution (or a uniform power distribution) over the array 
surface, we should gradually lengthen the feed wires as the 
radial distance increases. 

On the basis of the above-mentioned considerations, we 
performed several preliminary experiments, in which the 
insertion length was changed in 0.25 mm increments. As a 
result, the insertion lengths are selected to be 2, 2.5, 3, 3, 
3.5, 3.5, 3.75, 4.5, 4.5, 5.5, and 7 mm, from the center to 
the edge. 

Fig. 5 shows the measured result of the relative power 
over the array surface at 11.85 GHz. The power is repre- 
sented by the radius of the black dot. It is found that the array 

y Mano and Katagi [8], 
ven in Appendix II. 

insertion of the inner conductor of the coaxial line into the 
waveguide. Good impedance matching is shown in Fig. 6 ,  
where the measured retur is less than - 18 dB in the 
frequency band from 11.7 

D. Radiation Characteristics of the Helical Array 
The radiation beam can be tilted by realizing the required 

phase condition, as shown in (3). The amplitude distribution 
remains almost unchanged regardless of the helix rotation, so 
that there is no need to readjust the insertion length of the 
feed wire. Since the relative phase of each helix can be 
determined, as described in Appendix 11, the only thing we 
have to do is to rotate each 
the phase requirement deter 

Fig. 7 shows the measured gain at a frequency of 11.85 
GHz, as a function of the beam tilt angle. The gain at a beam 
tilt angle of 30" is found to be only 1.1 dB lower than that 
without the beam tilt (normal beam). The aperture efficiency 
is calculated to be between 69% and 77% over a beam tilt 
angle of 0-30". The aperture e 
the beam tilt angle B o ,  is 
{ (rDarray cos B o } ,  where 
Damay is the physical array a 
cm [ = 2( pmax + Srad /2) = 
cm) + (edge space of Srad 

should be noted that convention 
have never attained such hi 
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Fig. 6. Measured return loss. 
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Fig. 7. Measured gain and aperture efficiency at 11.85 GHz. 

The measured radiation patterns at 11.85 GHz are pre- 
sented in Fig. 8 for beam tilt angles of 0 and 30". The 
half-power beamwidths are 3.7 and 4.2 ', respectively, and 
the first sidelobe levels are - 18 dB and - 17 dB. The axial 
ratio shows a value of less than 1 dB for each tilt angle. For 
comparison, the patterns calculated from (2) are also plotted 
by dotted lines in Fig. 8. We can find good agreement 
between the calculated and experimental results. Fig. 9 shows 
the measured frequency responses of the gain and aperture 
efficiency for these two tilt angles. For a 30" beam tilt, the 
aperture efficiency varies from 54% to 69%, while for a 
normal beam (0" beam tilt), the aperture efficiency changes 
from 66% to 77%. 

It is noted that the beam direction is a function of fre- 
quency. Calculations show that the overall beam-shift is 0.4" 
over a frequency band from 11.7 GHz to 12 GHz for a 30" 
beam tilt. This leads to only a slight degradation of 0.12 dB 
in the gain. 

Finally, we refer to the mutual coupling among helices. In 
[9], we describe a mutual coupling among low-profile he- 
lices. The mutual coupling changes not only by the spacing 
but also by the rotation angle. 

If each helix radiates without the mutual coupling and only 
a forward traveling wave flows in the waveguide, the phase 
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Fig. 8. Measured radiation patterns at 11.85 GHz. 

n o p a l  beam - cal  --c exp, 30 beam t i l t  - - - - -  col:: -4.- exP. 

35 3 
34 

m 

.F 32 - 
1 

normal beam 
m -- - - - -__ - ~ 

30"beam t i l t  
30 ' I 

9 0 1  I 

normal beam 1 
+------- 

r' 30"beom t i  I t  
- -. -- --- A-- 

- ,,,' I 

5 0 '  ' I 
11.7 11.8 11.9 12.0 

Frequency (GHz 1 

Measured frequency responses of gain and aperture efficiency. Fig. 9. 

corresponding to the rotation angle of each helix is deter- 
mined by the electrical distance that the traveling wave passes 
through in the radial direction. In practical design, however, 
we are forced to adjust the rotation angle, due to the presence 
of mutual coupling. Repetition of the technique, taking ac- 
count of the mutual coupling among helices, described in 
Appendix 11, determines the amplitude and phase of each 
helix. 
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IV. CONCLUSION 
An extremely low-profile helical array antenna fed from a 

radial waveguide has been designed for a frequency band of 
11.7 to 12.0 GHz. A 2-turn helix of 4" pitch angle is 
employed as an array element. The calculation shows how 
proper spacing of the helical elements serves to reduce the 
deterioration in the directivity of the helical array antenna, 
when the radiation beam is tilted from the normal direction of 
the array plane. The measured aperture efficiency shows a 
maximum value of 77% for a beam radiated in the normal 
direction and 69% for a 30" beam tilt. 

where 

a,,(O, 4 ,  B o ,  $,, 4,,) = sin e cos (4  - +,,I 
- sin B o  cos (4, - 4n). ( 5 )  

Consequently, (1) can be written as 

W O 9  40) = Qllt 

where the asterisk denotes complex conjugate quantity, and 
b,,,,, is the mutual radiation resistance given by 

1 E,(O, 4) 2eJk(pnan-p,'a,') sin 0 dB d 4 .  (7) 

imilarly, the directivity in the case of a normal beam 
(e, = 0,  4, = 0) is 

D(0,  = O , &  = 0)  = on,, 

. (8) - 1 E,(e, = 0 ,  4, = o)c~=l~,,  I 
I;='=, c;=,b,,,, - ( e ,  4,eo = 0 ,  4, = o ) v ;  

- 

he relation between Dtllt and On,, is given as 

Dtllt - I Eo(e0,40) I - -  
on,, I &(e, = 0940 = 0 )  I 

N 

. (9) 
c,,=~ ~;=,b,, , , , (e,  d7 0, = 0 ,  4, = o)mI ;  

C,=1 c;=l&n@ 4 , 0 0 ,  4 , ) v ;  N 

ote that the ratio of Dtllt to Dnom cannot be determined 
by only the element pattern E,(O, $), due to the existence of 
the mutual radiation resistance b,,,,. 

Fig. 10. Vectors of radi 

Measurement of the Amplitude and P 
Element [a] 

The total electric field vector E 
array antenna consisting 
2;.. ,  in,..., n ; . . ,  N) can b 
exp (j6,), where E, and 6, are 
of the total electric field for the 
and 6, are those for the mth element, respectively. When 
we change the phase of the nth element 
can be written as 

E = ( EoeJ60 - E,,eJ*n) + E,,eJ(*n+ 

The relative power of the total 

I l ? 1 2 / E i = g 2 +  f ~ + 2 f n g c o ~ ( A + A 0 )  (11) 

where f , ,  is 
vector of the 

and g is the normalized magni 
without the contribution of the 

ectric field vector 

N 

g = I f,eJSmI = (13) 
m= 1 

( m + n )  

Equation (1 1) reveals that maximum relative power is ob- 
tained for A = - A,. This fact is explicitly shown in Fig. 10. 
Now, we define the ratio of the maximum and minimum 
values of (1 1) as 

r 2  = ( g  + f J 2 / ( g  - f , , ) 2 .  

For the condition f , ,  < g ,  the relative am 
phase 6 of the nth element can be given as 

f , ,  = 

Authorized licensed use limited to: HOSEI UNIVERSITY KOGANEI LIBRARY. Downloaded on October 2, 2009 at 01:59 from IEEE Xplore.  Restrictions apply. 



284 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 40, NO. 3, MARCH 1992 

and Dr. Nakano was a recipient of an international scientific exchange award 
from the Natural Sciences and Engineering Research Council of Canada. In 
1987 he received the Best Paper Award of the IEE Fifth International 
Conference on Antennas and Propagation. He is an Associate Editor of the 
IEEE Antennas and Propagation Magazine, and a member of the Institute 
of Electronics, Information and Communication Engineers of Japan. 

sin A. 
a=m-’(  ) (18) cos + r 

respectively, where 

r = f , / g  = ( r  - i ) / (r  + 1) 

In summary, we measure the variation of the relative power 
I E I * /E:  while rotating the nth element, and then obtain 
-Ao and r .  The relative amplitude and phase can be evalu- 
ated using (17) and (1 8), respectively. 
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