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SUMMARY A radial line slot antenna (RLSA) is a slotted
waveguide planar array for the direct broadcast from satellite
(DBS) subscriber antennas. A single-layered RLSA (SL-
RLSA) is excited by a radially outward traveling wave. The
antenna efficiency of more than 85% has already been realized.
These antennas are designed on the assumption of perfectly
rotationally symmetrical traveling wave excitation; the slot
design is based upon the analysis of a slot pair on the rectangular
waveguide model with periodic boundary walls. However, the
slots perturb the inner field and the actual antenna operation is
not perfectly symmetrical. This causes the efficiency reduction
especially for very small size antenna. This paper presents a
fundamental analysis of the inner field of the radial waveguide.
It is impossible to analyze all the slot pairs in the aperture as it
is and only the slots in the inner few turns are considered since
these provide dominant perturbation. The calculated results are
verified by the experiments and reasonable agreement is demon-
strated. Some design policies are suggested for enhancing the
rotational symmetry.

key word: RLSA, radial waveguide, planar antenna, method
of moment, rotational symmetry, inner field

1. Introduction

A radial line slot antenna (RLSA) is a slotted
waveguide planar array for the direct broadcast from
satellite (DBS) subscriber antennas [1],[2]. A single-
layered RLSA (SL-RLSA) is attractive in term of
structural simplicity as well. It utilizes spirally arrayed
stots with non-uniform length which cancels the ta-
pered aperture illumination associated with a radially
outward traveling wave excitation [3],[4]. The antenna
efficiency of more than 85% has been realized. Some of
these antennas are now released for commercial use [5].

These antennas are designed on the assumption of
rotationally symmetrical traveling wave excitation.
The slot design is conducted by using the rectangular
waveguide model which reflects symmetry [6]. How-
ever, this analysis model does not perfectly explain the
operation of RLSAs. Figure 1 shows the example of
experimental aperture field distribution measured
above the slot plate, which reflects the inner field in the
oversized radial line. The change in amplitude along
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¢-direction is no less than 5dB. This figure indicates
the rotational symmetry of the inner field is consider-
ably perturbed due to the spiral slot arrangement [7].
This causes the antenna efficiency reduction, which
becomes notable in smaller antenna where larger slot
coupling is adopted. In the latest design of RLSA, the
matching element [8],[9] is adopted at the periphery of
the aperture to perfectly reduce the termination loss
power. The rotationally symmetrical traveling wave
operation is highly desired for the utilization of these
ultimate elements. The conventional waveguide model
with periodic wall gives us no information about the
symmetry at all.

This paper presents a fundamental analysis of the
inner field of the radial line slot antenna. Inner field
perturbation due to spiral arrangement of slots is
analyzed. In terms of computational capability, it is
impossible to analyze all the slot pairs in the aperture
as they are. The coupling of the slots in the first few
turns of the spiral in the central aperture are analyzed
by the method of moment, since they seems to disturb
the inner field seriously. The effects of the slot length
and the spacings between slot pairs are mentioned.
The calculated results are verified by the experiments
and fine agreement is demonstrated. To enhance the
rotational symmetry, some design policies in spiral
arrangement are presented. As an ideal design, an-
nularly arrayed slot pairs excited by a rotating mode is
proposed.

Fig. 1 Aperture amplitude distribution along ¢-direction on
RLSA
Diameter=0.6 m.
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Fig. 2 Analysis model.
(a) SL-RLSA.

(b) Analysis model.
(c) Waveguide model.

2. Analysis
2.1 Analysis Model

Figure 2(a) presents a structure of a single-layered
RLSA. Slots on the top plate consisting of many pairs,
each one of which is a unit radiator of circular polari-
zation, is arrayed spirally with the spacing Sp equal to
the guide-wavelength A;. They are excited by a radial-
ly outward traveling wave in principle.

It is difficult to analyze more than a thousand slot
pairs as it is. In practical design, we have analyzed the
slot coupling in a linear array model on the rectangu-
lar waveguide with the periodic boundary conditions
on its narrow walls [6] as is shown in Fig. 2(c) by
assuming the rotational symmetry of the field. How-
ever, this model does not express spiral arrangement of
slots rigorously. It also neglects the curvature of inci-
dence wave which become notable in the central part
of the aperture. Rotational symmetry of fields can only
be discussed by analyzing the actual slot arrangement
model in Fig. 2(b). We analyze the slot coupling in
the first few turns of spiral cut on infinite parallel
plates for a cylindrical traveling wave excitation. The
upper and lower plates lie on the position z=d, 0,
respectively. The power is fed at (x, y)=(0, 0).

2.2 Basis Function

The method of moment is applied to determine the
aperture field of the slots. To derive a set of integral
equations, the field equivalence theorem is applied.
Every slot is replaced by an unknown equivalent
magnetic current sheet backed with a perfectly con-

ducting wall. The analysis model is then divided into
two regions; the waveguide region (region 1) and the
upper half space (region 2). For respective regions,
the dyadic Green’s functions Gi» and Gou for the
magnetic field produced by a unit magnetic current is
derived. The continuity condition for the tangential
magnetic fields on the j-th slot aperture S; requires the
integral relation as below:

S Gou (rlr) (E:x 2) dS,
=Ha(r) + 3 [[ Gl {Eix (= D)}dS: (1)

where E;, £ and H;, are unknown electric field on the
i-th slot, a unit vector in the z direction and the
incident magnetic field, respectively.

For the reduction of Eq. (1) to a system of linear
equations, Galerkin’s method of moments is adopted.
Firstly, the functional form of the unknown electric
field E; is assumed in the ith slot. A slot width is
narrow in comparison with its length; the aperture
electric field E; is assumed to be purely polarized along
the slot width. It is expressed in terms of unknown slot
excitation coefficient v; as

E;=vf (&) g(n:) 7=ve; (2)

where &; and 7; are the local co-ordinates on the i-th
slot, in the length and the width direction, respectively.
The functions f (&;) and g(7:) are defined as

_ sin{ke (L/2—|&:D}
S &) = Gnkel2) ¥

B 1
9(n:) T = (4)
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where /; and w are the slot length of i-th slot and the
slot width (common for all the slots), k, is the
wavenumber in free space.

2.3 Dyadic Green’s Function

The external region is readily calculated in the spatial
domain. The free space dyadic function in region 2 is
given as [6]

VVexp( kol

o) =~ Joe 1+ )2 I )

where @ is the angular frequency, & is the permittivity
of free space. The vectors’ r and r, denote the observa-
tion point and the source point, respectively. I is the
unit dyadic. The operator V indicates differentiation
with respect to r.

On the other hand, the dyadic Green’s function for
the fields inside the waveguide is calculated in spectral
domain including all multimodes. The Fourier trans-
formation is defined as

& Uz, k f "6, yeossmnaxay ()

The dyadic Green’s functions for the waveguide region
satisfying the boundary conditions at z=0 and d are
easily obtained as follows [10],[11];

Ginea e, K) = 92FEE o) ()
éinyx(kzy ky) = _] %1621 kklg cot (klzd) (8)
klzelko.' k%z:klz_k.g_ky <9)

where ¢, k&1 and d is the permittivity, the wavenumber
in region 1 and waveguide height, respectively.

2.4 Integral Equation

The integral equation (1) is multiplied by the basis
function of the jth slot ;X £=M; and is integrated
over the slot aperture. A set of linear equations for the
unknown excitation coefficient v; is given as [12]

N
ZIYWJZL- (i=1,2, -, N) (10)

where Y;; is expressed as follows;
Yij: Yiﬂij+ Youtij (11)

The external aperture admittance Y,,: and the internal
one Y, are calculated in the spatial domain and the
spectral domain, respectively; Y;, is expressed in term
of the spectrum by using Parseval’s theorem.

Yiny == [ W G Mk, (12)

where* denotes the complex conjugate. On the other
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hand You: and I; are calculated in spatial domain as

[13],[14]

Your= [[ [ M+ G- M.dS.is; (13)

L= / ﬁ  Ho MdS; (14)

where H, is the cylindrical incident magnetic field.
The integrals in both sides of Egs. (12) (13) contain
only known functions én, Gout, and then the excita-
tion coefficients of all the slots v;(j=1, 2, --+, n) are
determined in Eq. (10).

2.5 Inner Field

The inner field H (r) in the radial waveguide is the
sum of the incident field and the scattering field from
slots in Eq. (15).

H (r) = Hun(r) + 3 Hocar (1) (15)

where Hic,: is the scattering field from slot as follows.

Hocor (l‘fl‘z') :Vi/Gin (r|rz'> M.dS; (16)

3. Numerical Results

The first few turns of slot pairs seem to disturb the
inner fleld seriously. We calculated the inner field
distribution in radial waveguide. Slot arrangement
parameters of analysis model are listed in Table 1. To
see the slot perturbations clearly, excessively coupled
slots (number 1, 2) are analyzed first. The slot length
(=8 mm) for the first turn in actual antennas is much
smaller than this slot length (=11 mm). The measure-
ment system is shown in Fig. 3. The probe (0.17
monopole antenna) receives the power leaking from
the annular slit in the aperture edge at =12 cm. The
waveguide end with slit is designed by using BEM
(Boundary element method) [15], so that the reflection
of less than —20 dB may be realized. The z component
of the electric field is measured for the cylindrical
outward traveling wave. If the wave is seriously

Table 1 Parameters of analysis models.

Slot Position Slot Length | Slot Number | Arrangement Figure
p(cm) (mm) Number
4.2 113 2 | Fig. 5
3.6~53 7.8,11.3 48 Spiral Fig. 6
3.6~5.3 78~83 4,10,48 Spiral Fig. 7
3.6~72 7.8~8.7 112
1.5~3.2 113 26 Spiral Fig. 10(a)
3.5~5.2 11.3 46 Spiral Fig. 10(b)
5.6~7.3 113 68 Spiral Fig. 10(c)
4.2 11.3 44 Concentric | Fig. 11

Waveguide height d=3mm; Permittivity £1=1.53
Frequency 12.0GHz; Observing point p=12cm
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perturbed from the cylindrical one, reflection and
measurement error may increase. The unwanted
reflection from the structure is further removed by
using time gating technique of the network analyzer
HP-8510C. Inner field of a radial line without slots is
measured first to evaluate the errors in experiment.
The measured amplitude and the phase are plotted in
Fig. 4. The errors for cylindrical wave are less than
about 0.5 dB in amplitude and 10 deg in phase.
Figure 5 shows the calculated inner field distribu-
tion for one slot pair. The inner field just behind slot
pairs ($=0°) is weak since the power is radiated from
slots. On the other hand, the field becomes strong in
angular regions on both sides of slot pairs (¢=40°,
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Fig. 3 Measurement system.

Amplitude [dB]

Phase [deg]

Fig. 4 Inner field distribution (no slots).
waveguide height d =3 mm; permittivity &;=1.53.
frequency 12.0 GHz; observing point p=12 cm.
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320°), these angles correspond to main radiation direc-
tion of slots. Experimental results are also plotted by
QO in Fig. 5. The calculated values reasonably agree
with theoretical one though the ripples in amplitude
are a bit erroneous. These are the results for very
strongly coupled slots and the inner field is seriously
perturbed from the cylindrical wave. As is stated
before, the measurement system in Fig. 3 is not so
reliable. Figure 6 shows the predicted inner field
distribution for 24 pairs array, where relatively shorter
slots are used and the spacings between the adjacent
pair is about 0.8 wavelength. These parameters are
practically adopted in the commercialized model.
Experimental results are also plotted by O, showing
good agreement with calculations. The predicted
results for excessively coupling slots are also included
in the figure for comparison. The rotational symmetry
for weakly coupling slots is slightly better than that for
strongly coupling ones but the perturbation of about
1dB and 20° still exists. Hereafter, we discuss strongly
coupled slots for the application to prospective smaller
aperture antennas.

In order to explain that the inner field disturbance
is caused by the innermost slot pair in the spiral
arrangement, Fig. 7 compares the field distributions for
various number of slot pairs in two turns spiral
arrangement; they are the innermost (A) two (0°<¢
<35°) and (B) five (0°<@<90°) slot pairs, (C) slot
pairs on the first turn and (D) those on the two turns.
The first pair is at ¢=0° in all cases. In the angular
region 300~330°, the two ripples appear in every case
and indicate the influence of the innermost slot pair. It
is understood that once the field is disturbed by the
first pair, it propagates radially outward as it is, and
the location of ripples is not changed. This fact indi-
cates that the influence of the innermost slot pair
dominates the illumination disturbance (in Fig. 1).

To extract the necessary condition for suppressing
the higher mode with ¢ variation, we may focus upon
the annularly arrayed pairs as in Fig. 8 instead of
actual spiral array (Fig. 2(b)). The number of slot

Phase [deg]

Fig. 5
O: Exp.

Cal.

Inner field distribution (1 slot pair).
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Fig. 6 Inner field distribution as a various slot coupllng
(a) Strong coupling: slot length=11.3 mm------ .
(b) Actual coupling: slot length=7.8 mm——.

O: Exp.

Amplitude [dB]

180

Fig. 7 Influence of the innermost slot pair.

..... 2slot pairs (A)

_____ 5 slot pairs (B)

1 turn (24 slot pairs) (C)

2 turns (56 slot pairs) (D)

pairs in a turn is m; the lowest higher mode in Fig. 8
has the mode number m. Ry is the radial location of
the innermost slot pairs and S, is the spacing in the
angular direction. The cutoff wavelength in the radial
waveguide is given in Eq. (17) [16].

/1 — /1c0 — 1
G R
2d 27Z'Rmm
— 28 = 5, (n=0) a”

where 7 is the mode number of the waveguide height
direction and Aco is the cutoff wavelength in the free
space. Since the waveguide height 4 is thin enough, »
=0 is assumed. In order to maintain only the TEM
mode, A>y/e, Sy is necessary, where A is the free space

Periodic
—boundary

Fig. 8 Definition of Sy and Run. (Annular model).
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Fig. 9 Disturbance of the iner field for the actual array.
er=1.53.
Cutoff mode number: +&,27Run, from Eq. (17).

wavelength in operating frequency. This corresponds
to the dominant mode condition for the conventional
analysis model of rectangular waveguide with periodic
boundary (Fig. 2(c)). This observation is valid only
for annular array in Fig. 8 but is giving the necessary
condition for the practical spiral array in Fig. 2(b) as
well. To confirm the applicability of this condition to
the spiral model, Fig. 9 shows the simulated distur-
bance of the inner field for the actual spiral array in
Fig. 2(b) as a function of Rpyy,. The radius of a circle
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Fig. 10 Inner field distribution (various slot location) (8p=0.54).
(a) 13 slot pairs. (b) 23 slot pairs. (c) 34 slot pairs.
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Fig. 11 Inner field distribution (22 slot pairs—Concentric—).
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indicates the value of peak disturbance. When the
number of slot pairs (m) is reduced to ve- %, the

disturbance becomes large. This suggests the general
design requirement that the slot pair spacings in the
angular direction should be much smaller than the
guide wavelength. This reflects the defect of the spiral
arrangement in comparison with the annular arrange-
ment.

One observation which is unique for spiral is
discussed next. In Fig. 10, S, and the slot length
remain unchanged in all the cases but only radial
location of the innermost slot pairs (Rmn) is varied.
The rotational symmetry is getting better as the loca-
tion of innermost slot pair becomes outer. In the strict
sense, Sp<A/ye, is only the necessary and is not the
sufficient condition.

We have proposed concentric slot arrangement of
RLSA excited by a rotating mode instead of rotational-
ly symmetric mode [17]. In Fig. 11, slot pairs are
concentrically arranged and are excited by a rotating
mode e’ for S,=0.51. The phase distribution for the
rotation is subtracted from the results in the figure.
Note that, in Fig. 11, ripples are smaller than the spiral
arrangement in Fig. 10(b) with the same Ss. In spiral
arrangement, two ripples at ¢=300, 330° indicate the
effect of the innermost pairs. However, in concentric
slot pair’s arrangement (Fig. 11), the inner field distri-
bution is almost uniform. The concentric slot arrange-
ment of RLSA is very attractive for smaller RLSA
where stronger slot coupling and higher efficiency is
aimed. This will be used jointly with the matching
element [9] at the terminal of the aperture to reduced
the reflection and the loss power at the termination.
The reflection of less than —20 dB has already been
confirmed by experiments of 25 cm diameter model
antenna, therefore the results derived assuming only
the outward traveling wave is directly applicable for
smaller antennas.

4. Conclusion

This paper presented the analysis of the inner field in
radial waveguide. We calculate the perturbation of the
inner field distribution due to the first few turns of
spiral arrangement. The calculated results are verified
by the experiments and fine agreement is demonstrated.
The main reason of the inner field disturbance is highly
dependent upon the slot pair arrangement and its
coupling strength. Theoretical results show that the
innermost pair has the most important affects. Exces-
sive coupling may seriously disturb the symmetry. For
enhancing the rotational symmetry, the slot pair
should be located as far as possible from the center. In
addition, slot pairs in the first turn are arranged as
densely as possible. The inner field disturbance is
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drastically reduced when slot pairs are arranged con-
centric and a rotating mode excitation is adopted. The
analysis for full array seems computationally impos-
sible even in the future but the results obtained in this
paper for smaller number of slots give fruitful informa-
tion for the practical design of RLSAs.
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