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An improved analysis procedure for planar waveguide slot arrays has been devised
and assessed. It takes into account the main interferences between radiating and
coupling slots, and between coupling slots and 7-junctions, and waveguide bends
used in the array feeding network. All these effects have been modeled using
in-house MoM codes, and Elliott’s slot array model has been extended to include
them. The results of this improved procedure have been compared with experimental
data showing a very good agreement.
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1. Introduction

Planar arrays of longitudinal slots are very popular microwave antennas because of their
high performance,[1,2] especially in the X-band and beyond.[3—5] Their most important
advantages are the low loss, the high power they can carry, the polarization purity
(either linear [6,7] or circular [8]), the high efficiency and gain, and good mechanical
strength. For these reasons, planar slot arrays are frequently used as radar antennas,
since they can also provide a very low-level of side lobes, so that the position of the
object can be detected with the least possible ambiguity. As a matter of fact, high-per-
formance Radars require Ultra-Low-Side Lobes antennas,[9] characterized by a Side
Lobe Level (SLL) significantly lower than the typically required SLL. Therefore, for
such antennas, an increase in the level of the near-in side lobes as small as 2dB, or
even an inaccurate prediction of their topography, can be unacceptable. This calls for
an accurate characterization of planar waveguide slot arrays for high-performance
applications.

The most accurate slot array model has been proposed by Elliott [6]. In this model,
the slot excitation is related to both the waveguide mode voltage at the slot location
and to the mutual coupling, but the Elliott model allows for an accurate analysis of the
array only at the design frequency. In [10], the Elliott analysis procedure has been
extended to compute the frequency response of a complete planar slot array, taking into
account both the beam forming network and the frequency behavior of the slot couplers
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used in the feeding network. However, the performance of waveguide slot arrays, both
in terms of return loss and radiated field is influenced by several second-order effects in
the feeding network,[11] such as the higher-order mode interaction between coupling
slots,[12] the interaction between slot couplers and radiating slots,[13,14] and the inter-
action between slot couplers and waveguide bends.[15] Therefore, high-performance
slot antennas require more sophisticated models than.[6,10] This is fundamental also to
devise design procedures for slot arrays, either based on the Elliott model itself [2,16]
or using random optimization techniques.[17-22]

In many radar applications, a waveguide slot array is divided into an appropriate
number of sub-arrays (as that in [10] Figures 1 and 2), mainly to increase the frequency
bandwidth. The main feeding point of each sub-array is usually realized using a
THjunction, as in Figure 1, or sometimes using a rotated slot. Here we concentrate on the
former, which is the most popular by far. Planar arrays fed by one or more 7-junctions
placed in the array E-plane are, in fact, quite common, especially for the implementation
of monopulse arrays. In such arrays, the feeding guide must terminate with a shorted
termination, half a wavelength beyond the last coupling slot, and this is usually realized
with an “L” or “U” bend, which interacts with the coupling slot.[15] This configuration
has been used, for example, in monopulse waveguide slot arrays of the GRIFO family by
Selex Galileo [23]. In this case, the array feeding network must be considered non ideal,
even in the first approximation.

The starting point of all analysis procedures for slot arrays is the Elliott analysis
procedure,[2] extended to take into account the frequency behavior of both the radiating
waveguide [24] and the feeding network.[10,25] From them many rigorous techniques
have been proposed, aiming at evaluating different radiating structures [26-28] or to
include second-order effects.[3,10,15,25,29,30] It is worth noting that this latter point is
by no means straightforward. So, some important effects have been described (and eval-
uated) but not integrated into a complete analysis procedure. For the monopulse array
described before, we must take into account:

(1) the strong interaction between the 7-junction and the coupling slots connecting
the feeding and radiating waveguide;
(i) the interaction between the coupling slot and the nearby radiating slots;
(iii) the effect of the bent terminations.

As discussed in [26], the T-junction introduces a perturbation on the slots’
excitations which can cause a rise in the first side lobes as large as 3 dB (and sometimes
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Figure 1. (a) Geometry of a sub-array with a feeding 7-junction: side view; (b) Geometry of a
sub-array with a feeding 7-junction: top view.



Journal of Electromagnetic Waves and Applications 2157

Port 5

Port d

ide h
Feeding N
Port 1 Coupling Slot
ori

Figure 2. Inclined coupling slot and nearby radiating slots.

even beyond), if compared to the ideal case. However, even with this effect included,
the simulated side-lobe topography can be very different from the actual one.

In this work, we show that a very good agreement between the simulated side-lobe
(and, more generally, pattern) topography and the measured one can be obtained only if
all three interference effects are taken into account for the analysis. In order to include
(1)—(iii) into an analysis procedure, first a suitable model must be devised for the specific
effect (the interaction between the coupling slot and the nearby radiating slots, or the
effect of the bent terminations in our case), for example by using an appropriate matrix
model (an hybrid matrix in our case), and then the equations used to devise this model
must be appropriately inserted into the equations describing the arrays’ behavior.[10]

The results of our model have been compared with experimental data, showing a
very good agreement.

2. Array model

In this section we describe how the analysis procedure, first proposed in [10] and then
improved in [26], has been further extended in order to take into account the interaction
between the coupling slots (feeding the radiating waveguides of the array) and both the
nearby radiating slots (Figure 1(b)), and the waveguide bends. Therefore, for the sake
of simplicity and as matter of coherence, and so as to ease the discussion, all the sym-
bols and variables used in this paper are the same as in [10], and we will also refer to
some figures and equations presented in [10]. Following Elliott [6], the radiating part of
a waveguide slot array can be modeled using two sets of equations ([6], Equations (10),
(33)), which express the slot voltages 75, as a function of both the active slot admit-
tances ¥°, and of the mode voltages ¥, (in the radiating guide) at the position of each
slot. The model of a feeding waveguide is shown in ([10], Figure 3), where the array is
directly fed from one side by the current /,. We call this kind of feeding an “ideal feed-
ing”, since in this case the feeding port does not interact with the slot couplers. The
analysis of the waveguide slot array, fed by an ideal feeding amounts to the solution of
the linear system built by:

(1) the equations linking currents and voltages on the feeding waveguide ([10],
Equations (10.a), (10.b));

(2) the equations related to the mode voltages in the radiating waveguides ([10],
Equation (3)), taking into account that, for non-resonant spacing, the mode volt-
age distribution depends on the active admittances of all the slots of the array;

(3) the two Elliott’s design equations describing the behavior of the radiating slots
in the radiating waveguides ([10], Equations (1.a) and (1.b)).
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Figure 3. 6-Port matrix modeling the interferences between the inclined coupling slot and the
two nearby radiating slots.

Actual feeding usually employs a 7-junction, as in Figure 1. The interaction of this
T-junction with the coupling slots cannot be underestimated, as discussed in [26]. How-
ever, as we will demonstrate here, the interaction between the feeding slot couplers and
the nearest radiating slots is equally important in order to design arrays with very strin-
gent requirements. In order to include its effect in the analysis model, we represent the
portion of the array, composed of the slot coupler and its nearest radiating slots,
together with the appropriate portion of the feeding and radiating waveguides (Figure 2),
as a six-port network (Figure 3).

As listed in Figure 2, ports 1-4 are standard (namely, TE;o-mode) waveguide
ports, whereas ports 5 and 6 are “slot” ports, where the slot voltage, defined in ([6],
Equation (10)), and widely used to describe the slot array aperture distribution, is the
main quantity. Since the ports are of different kinds, we use a hybrid representation
for the network matrix. More precisely, we use, as port quantities, the incident and
scattered wave amplitudes for ports 1-4 (the waveguide ports), and the total currents
and voltages for ports 5-6 (the slot ports). The Hybrid matrix corresponding to the
six-port network in Figure 3 is therefore:

Vf = S11 V;L + S12 V2+ + S13 V; + S14 V4+ + BISISSIOt + Bl()[éSlm
Vy =Sa Vi + 8SuVs + SVt + SV, + BosI3® + Bygly™
Vi =Su V) + SnVy + 83V + SsaV,) + BssIS© + By IS
Vi =SaV +SuVs + SV + SuV, + BusIE® + Bygl3™
VU= A V" + Ay Vo + AssVE + AsaVyF + Zss IS + Zs I3
VIt = A Vi + A Vs + A Vs + AV + Zes IS + Zgo I3

where in B;; and Z; are impedances, and 4;; and S;; are adimensional coefficients. All the
6 x 6 matrix coefficients of Equations (1) have been computed using an in-house MoM
procedure for the analysis of the structure depicted in Figure 2. The reader is addressed
to [15,31] for further details about this procedure. Equations (1) have been suitably inte-
grated in the analysis model presented in [26]. The effect of the bent waveguide termina-
tions has also been included in the array analysis using the model described in [15]. The
resulting linear system allows to analyze the array taking into account all three effects (i)
— (ii1) listed in the Introduction section. Starting from the linear system described in [10],
formed by Equations (1.a), (1.b), (3), (10.a), (10.b), and the one between (11.a) and (11.
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b) (depending on the source model), each of the effects (i) — (iii) can be taken into
account by adding further equations to the linear system. In particular:

(1) the inclusion of the interaction between each 7-junction and the nearby coupling
slots connecting the feeding and radiating waveguide requires five new equations
(Equation (1) of [26]) to be added to the linear system, describing the 7-junction
as a five-port network. The five new unknowns we must add to the system are,
referring to Equation (1) of [26]: Var (or Iar depending on the source model),
IL sx. It pxs ICSX, and ICDX. Therefore, for an array with N7 T-junctions we
have to add 5*N; new equations, and 5*N; unknowns to the linear system of
[10].

(2) the inclusion of the interaction between each coupling slot and the nearby radiating
slots requires six new equations (Equation (1)) to be added to the linear system,
describing the interaction between the feeding slot couplers and the nearest
radiating slots as a six-port network. The 6 new unknowns we must add to the sys-
tem are referring to Equation (1): V7, Vy , V5,V , VS and V9. Therefore, for
an array with Nc couplers, we have to add 6"N. new equations, and 6"N¢
unknowns to the linear system of [10].

(3) the inclusion of the effect of each bent termination requires 2 new equations
([15]) to be added to the linear system, describing the bent termination as a two-
port network. The two new unknowns we must add to the system are, referring
to [15]: V5, VSB,, representing respectively the voltage at port 1 and at port
two of the two-port network modeling the bend termination. Therefore, for an
array with N bent terminations, we have to add 2*Np new equations, and 2Ny
unknowns to the linear system of [10].

3. Results and discussion

The improved array analysis procedure described above has been tested on several
planar arrays with different configurations and architectures (Ssymmetric or asymmetric,
balanced or unbalanced, uniform or non-uniform, with or without sub-array architec-
ture). We have found that all the effects included in our improved model are significant
only when the array, or the sub-array, has an asymmetric or unbalanced configuration,
and when the required side lobe level is low enough (namely, below —20dB). How-
ever, the four sub-arrays of all monopulse radar slot arrays are asymmetric, and usually
such arrays also require very low SLL,[9] so that they belong to this group.[23,32,33]
On the other hand, for symmetric configurations, these effects have a marginal repercus-
sion on the array behavior, since the array symmetry almost compensates them.

The first two examples shown in this section are referred to an asymmetric and
unbalanced array with 24 radiating waveguides, each one with six radiating slots
(Figure 4). This array is divided into two sub-arrays, each one fed by a feeding wave-
guide, which is in turn fed by a 7-junction. The 7-junction is placed between the 8th
and the 9th radiating guide in the sub-array 1, and between the 4th and the 5th radiating
guide in the sub-array 2 (the array structure is therefore 8-4, 4-8). These arrays have
been designed with a synthesis procedure based on Elliott’s model [6,16] at the operat-
ing frequency of 9 GHz, requiring two different aperture distributions, namely a Taylor
pattern with —25dB side-lobes (array 1) and a Chebycheff pattern with —25dB



2160 G.A. Casula et al.

58.214 mm
PP e e ey ey efe{e{r{ejeyl
Rl <
o
LR b b | | &
Nt E
P{O{E(Efn e e ey ey efefrprpepepejeje|ngl
LTI et
(a)
slot couplers o .
sub-array 1 A\ sub-array 2 "“d"ﬁ"_"’é.’ guide
t:'_l.__I.__L___L__L__L__L,-\_.l.._-‘.l__L__L_]t_L__L__L__L__L__L_‘_L_I.__I.__L__L_]j
- P
feeding guide Tjunction Tjunction waveguide bend
(b)

Figure 4. Geometry of the 24 x 6 planar array: (a) top view; (b) sectional view.

side-lobes (array 2) for the E-plane. A uniform pattern in the H-plane has been required
in both cases. For these two test cases, the model presented in this paper has been
assessed by comparison with the results of Ansys HFSS.

In Figures 5 and 6, the radiation patterns in the E-plane are reported for the two-
designed arrays. The range is limited to +30° in order to highlight the interferences
effects. Both cases have been analysed including only the effect of the 7-junction, and
using the complete improved model described in this work, taking into account also the
interaction between the coupling slots and the nearby radiating slots and the effect of
the bent terminations.

T T
— Simulated data
=-= Complete Model
=== Model withT-junction

Normalized far-field pattern [dB]

30 20 -10 0 10 20 30
Angle from broadside [Degrees]

Figure 5. E-plane radiation pattern of the 24 x 6 planar array with a 25 dB Taylor distribution.



Journal of Electromagnetic Waves and Applications 2161

0 1 I 1 Ll
— Simulated data
--= Complete Model
-—- Model withT-junction
-10 F <

Normalized far-field pattern [dB]

=30 20 -10 0 10 20 30
Angle from broadside [Degrees]

Figure 6. E-plane radiation pattern of the 24 x 6 planar array with a 25dB Chebycheff
distribution.

The results shown in Figures 5 and 6, confirm that the prediction of the model tak-
ing into account only the effect of the 7-junctions can sometimes be acceptable, while
using the improved analysis model the prediction of the array behavior is significantly
closer to the simulated data. The deterioration of the far-field caused by the second-
order effects described here (7-junction, slot couplers, short bends) cannot be neglected,
since they produce an increase of about 5dB of the SLL. Inclusion of the 7-junction
alone (as in [26]) reduces the deterioration to about 3 dB.

The last reported example, which will be described in more detail, is an X-Band
monopulse array with a diameter equal to 72 cm, and whose geometry is depicted in
Figure 7. The array has been designed with a synthesis procedure based on Elliott’s
model,[6] and its prototype has been manufactured and measured by Selex Galileo. This
array consists of 56 radiating waveguides, each one with a different number of slots,
and is divided into four sub-arrays. The array carries a total number of 656 radiating
slots, and its beam forming network has 56 inclined coupling slots. Each sub-array is
fed by a feeding waveguide, fed in turn by a 7-junction, and each feeding waveguide
ends with two-shorted bends,[15] one for each side, as indicated in Figure 7. Hence,
there are a total of 8 shorted bends in the beam forming network of the array. The posi-
tion of the 7-junctions is between the 9th and thelOth radiating guide for sub-arrays 1
and 2, and between the 5th and the 6th radiating guide for sub-arrays 3 and 4, with an
array structure (9-5, 5-9, 9-5, 5-9). This array has been designed to radiate a Taylor
pattern with —30dB side-lobes both in the E-plane and in the H-plane. The results
presented in this section will be used both to assess our analysis model, and to show
the relevance of the proposed improvement. In order to assess the improved model, we
have compared, for two different lengths of the bent short circuits, the measured
far-field pattern with the results of our analysis procedure, which includes all three
effects listed in Section I. Figure 8 shows the comparison between the measured and
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Far-field pattern in the E-plane of the array in Figure 7 with the short bends length
equal to 9.9 mm. The analysis model with the 7-junction has been done using a straight shorted
termination for the feeding waveguides with an impedance of 0 Q.

the computed E-plane radiation pattern using the improved analysis model, for the array
with the 8 shorted bends having a length of 9.9mm. This length corresponds to an
equivalent input impedance of the shorted bends equal to a short circuit (0€Q). In
Figure 9, the same comparison is reported when the 8 shorted bends have a length of
12.4mm, which corresponds to an equivalent input impedance of the shorted bends
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Figure 9. Far-field pattern in the E-plane of the array in Figure 7 with the short bends length
equal to 12.4 mm. The analysis model with the 7-junction has been done using a straight shorted
termination for the feeding waveguides with an impedance of 200 Q.

equal to 0+j 200 Q. The range is limited to [0°, 35°] in order to highlight the interfer-
ences effects.

Then, both the cases have been also analyzed including only the effect of the
THjunction, and the comparison with the measurement has been reported in Figures
8 and 9. In both cases, the analysis has been done using a straight-shorted termina-
tion for the feeding waveguides. From the data shown in Figures 8 and 9, it is
apparent that the prediction of the model, taking into account only the effect of the
T-junctions, is not satisfactory. On the other hand, the array behavior is very accu-
rately predicted by the improved analysis model, which is significantly closer to the
experimental data.

For the arrays under test, we have found that the effect of the interferences between
the coupler, the bent terminations and the nearby radiating slots, consists of a variation
around 2% of the excitation amplitude of these radiating slots, and a variation of the
excitation phase of 5°-10°, compared to the “ideal” case. As we can see in Figures 5
and 6, this effect on the slot excitations causes an important variation of the first side
lobes. The degradation on the far-field pattern is significant only in the array E-plane,
whereas the H-plane is not affected by the interaction between the coupling and radiat-
ing slots, showing only a negligible variation on the side lobes. Therefore, the H-plane-
radiated fields have not been reported here.

4. Conclusion

An improved analysis procedure for planar waveguide slot arrays has been devised, tak-
ing into account both the effect of the feeding 7-junction and the interaction between
the slot couplers and the nearest radiating slots on one side and the waveguide bends
on the other one. These effects cause a significant elevation of the first side lobes with
respect to an ideal case [6,10] (up to 5-6dB for the example considered in this paper),
with an important degradation of the array behavior. Therefore, these effects cannot be
neglected in the design of high-performance waveguide slot arrays, such as arrays with
a very low SLL. The analysis model presented in this paper has been assessed by com-
parison with experimental data on a prototype realized by Selex Galileo.
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