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Off-Center-Frequency Analysis of a Complete Planar
Slotted-Waveguide Array Consisting of Subarrays
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Abstract—An iterative procedure for calculating the off-center-
frequency performance of a complete planar slotted-waveguide
array, which consists of an arbitrary number of subarrays, is
presented. The analysis includes the effects of the coupling slots
from the main feed lines to the branch line guides, as well as
the effects of RF manifolds, power slitters, or comparators used
to distribute the power from the antenna input to the multiple
subarray main lines. The procedure is applied to a large planar
array for which dimensions have been obtained from an accurate
metrology exercise. Good agreement between the predicted and
measured performance of the array is demonstrated.

Index Terms—Iterative methods, slot arrays, waveguide an-
tennas.

I. INTRODUCTION

SLOTTED-WAVEGUIDE arrays find wide application in
communication and radar systems that require narrow-

beam or shaped-beam radiation patterns, especially when high
power, light weight, and limited scan volume are priorities
[1]–[4]. Resonant arrays of longitudinal slots in the broad wall
of rectangular waveguides have the added advantage of very
low cross-polarization levels. Design procedures for these ar-
rays are largely based on the work published by Elliott [5]–[7].
The slot spacing of such an array is one-half guide wavelength
at the design frequency, so that the slots are located at the
standing wave peaks. They radiate broadside beams, and all
radiators have the same phase. Planar arrays are implemented
using a number of rectangular waveguides (branch line guides),
arranged side-by-side, while waveguides (main lines), which
are located behind and at right angles to the branch lines, excite
the radiating waveguides via centered-inclined coupling slots.

These arrays suffer from severe bandwidth limitations, and
a usable bandwidth of a few percent is usually the norm. Var-
ious factors cause the off-center-frequency performance degra-
dation. The frequency dependence of both the radiating slot
properties and the coupling slot properties affects the excitation
of the individual radiators. Frequency variations also cause the
peaks of the standing waves to move significantly from the slot
locations, resulting in phase differences in the slot fields. Var-
ious efforts have been made to reduce these effects. Techniques
to improve the bandwidth of individual radiators include the use
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of wider slots and special slot geometries [8], and the reduction
of the number of slots in waveguide sections through the use
of subarrays [2]. In [2], guidelines for the expected bandwidth
improvements that may be obtained by limiting the number of
slots in any waveguide section are provided. However, this data
is only approximate and does not take specific array geometries
into consideration. Slotted-array seeker antennas also make use
of subarraying, where a monopulse comparator network effec-
tively feeds the four quadrants of the antenna either in-phase or
out of phase with respect to each other [4]. An accurate analysis
procedure would thus be useful for the prediction of the perfor-
mance of monopulse arrays, and also in quantifying the effects
that the implementation of subarraying have on the frequency
performance of a planar array.

Hamadallah [9] proposed an analysis technique that is suit-
able for the theoretical calculation of linear slot-array perfor-
mance parameters. An amended procedure, which includes the
effects of higher order internal coupling between slots, was de-
veloped [10]. Neither of these procedures makes provision for
the inclusion of the effects of the coupling slots between the
main lines and the branch line guides of planar arrays. Details
for doing this are provided in [11], but this procedure is only
valid at the center frequency.

In this paper, an iterative procedure for the off-center-fre-
quency analysis of a planar slotted-waveguide array consisting
of an arbitrary number of subarrays, is presented. The formu-
lation includes the frequency-dependent effects of the coupling
slots, which is not a trivial extension of the center-frequency
analysis. The influence of RF manifolds, power splitters, or
comparators used to distribute the power from the antenna input
to the multiple subarray main lines, is also accounted for. The
procedure is applied to a large planar array for which dimen-
sions have been obtained from a metrology exercise, and very
good agreement between calculated and measured pattern per-
formance is demonstrated.

II. THEORY

A. Geometry

Consider a planar slot array consisting of a total ofsubar-
rays. The th subarray shown in Fig. 1 consists of a total of
branch lines, while theth branch line has a total of slots.
The slots are resonantly spaced, i.e., and
at the design frequency . The subarray is fed by means of a
main line, which is connected to the different branch line guides
via centered-inclined coupling slots. The coupling-slot feeding
branch line of subarray has an inclination angle of and a
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Fig. 1. Geometry of thesth subarray.

slot length of . The angle is taken as positive in a clock-
wise direction, as measured from the positive-axis. This cou-
pling slot is located between the th and the th radi-
ating slot of branch line. The term is the unit vector
in the direction toward the shorted end of the main line, so that

for subarrays fed from the bottom and the top, respec-
tively. Two distinct radiating slot indexing conventions are used:

1) A local numbering system with a triple index
denoting slot in branch line of subarray . The slot
has a slot offset of relative to the center line of
the branch line, and a slot length of . Slots in a
branch line are numbered from left to right, irrespective of
whether the subarray is fed from the bottom (as in Fig. 1)
or from the top. The branch lines are numbered such that
the line closest to the feeding end is denoted by and
the line at the shorted end of the main line by .

2) A global numbering system with a single index,. The
slot with local index has a global index of

The complete array has a total number of

slots.

B. Equivalent Circuit for a Branch Line

The equivalent network for branch lineof subarray is
shown in Fig. 2, where is the normalized active admit-
tance of the th slot. The design procedure involves the repeated
solution of a set of nonlinear equations in order to determine the

slot offsets and lengths. The nonlinear equations are related to
the so-called design equations, given by [6]

(1)

and [7]

(2)

For the slot with local index and global index, the slot
voltage is denoted as or , while the corresponding
voltage on the equivalent network is . The term

) represents the normalized self-impedance
of this slot. It is calculated by applying a bivariate spline inter-
polation scheme on the precomputed slot data [12]. Both (1) and
(2) remain valid at frequencies other than the design frequency.
The terms , , and are given by [6] and [7]. For
the sake of completeness, and due to some differences in termi-
nology, they are repeated here:

(3)

where

(4)

and with the coordinates of the center of theth slot in
the global coordinate system. Furthermore

(5)

and are the phase constant and attenuation constant of
the TE and TE modes in the waveguide of width, height
, and filled with a dielectric material of permittivity . The

terms and are the wavenumbers in free space and in the
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Fig. 2. Equivalent transmission line network for thetth branchline of thesth subarray.

dielectric, while and are the corresponding wavelengths.
The constants , , and are defined by

(6)

where is the arbitrary transmission-line characteristic
impedance of the model in Fig. 2, while is the free-space
intrinsic impedance. Although not explicitly stated in [7],
the application of image theory reveals that for branch lines
shorted at both ends, the terms , , , and

in (2) are given by

(7)

C. Equivalent Circuit for a Main Line

Consider the crossed-guide coupler with inclination angle
and slot length as shown in Fig. 3. The length of the

coupling slot is usually chosen to be resonant at the design
frequency. However, at an arbitrary frequency, the slots are no
longer resonant. With each port terminated in a matched load,
the scattering parameters of the coupler become

(8)

where and
may be calculated by performing an interpolation scheme on
precomputed data. Using the general relation between the scat-
tering matrix elements of lossless networks, is obtained
from

(9)

Fig. 3. Crossed-guide coupler geometry for the main line of thesth subarray
and thetth branch line.

All network parameters are referenced to the center of the cou-
pling slot.

Now consider the case where Ports 3 and 4 are terminated
in normalized admittances and . The corresponding
reflection coefficients are then given by

(10)

Therefore,

(11)

Substitution of (11) into (8) yields the equivalent scattering pa-
rameters of the resulting two-port network, given by [13]

(12)

where

(13)

The expressions for the scattering parameters in (12) imply that
the terminated crossed-guides coupler may be modeled as a se-
ries equivalent impedance, even at frequencies other than the
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center frequency. The equivalent impedances shown in Fig. 4
may be calculated from

(14)

At the center frequency, (14) reduces to the simple expression
for provided in [11].

D. Analysis of the Equivalent Circuits

Consider the equivalent circuit for branch lineof subarray
, as shown in Fig. 2. For , the total normalized ad-

mittance as seen from theth slot looking toward the right end
of the branch line is obtained from the following recursive for-
mulas:

(15)

Similarly, for , the total normalized admittance as seen
from slot and looking toward the left end of the branch line,
is given by

(16)

The corresponding reflection coefficients as seen looking down
the transmission line toward the left and right ends at theth
and the th slots, respectively, are then given by

(17)

Transformed to the center of the coupling slot, these become

(18)

The voltages on the equivalent transmission-line circuit refer-
enced to the center of the coupling slot, are given by

(19)

Fig. 4. Equivalent network for the main line of thesth subarray.

and

(20)

The voltages over the shunt elements in Fig. 2 are then given in
terms of those in (19) and (20) by

(21)

and

(22)

Refer to the equivalent circuit of the main line, shown in
Fig. 4. The total normalized impedance as seen from theth cou-
pling slot looking toward the shorted end of the line is given by

(23)

where is the electrical length of the short-circuited section
at the end of the main line (which might be a folded short if space
limitations so require), and where is calculated using (14).
The term , therefore, represents the input impedance of the
th main line, as seen from the first coupling slot. The input

reflection coefficient for theth main line is given by

(24)
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Fig. 5. Schematic representation of the physical array.

Furthermore,

(25)

The current terms at the series impedances may be obtained
from

(26)

E. Modeling of Power Splitters or Comparators

An array consisting of a number of subarrays would naturally
require some sort of a power-splitter network. This network dis-
tributes the power from the antenna input to the multiple sub-
array main lines. In general, an array consisting ofsubarrays
would require a splitter with ports. For the sake of
clarity, it is assumed that each of the firstports is connected
to its corresponding subarray, while theth port serves as the
common feed port. From the definition of the scattering param-
eters, it follows that

(27)

is the scattering parameter matrix of the network,
specified with the phase reference of port 1 to portat the center
of the first coupling slot of the main line it is connected to. The

elements of the scattering matrix are obtained either through
measurement or analysis. However, the subarrays are not nec-
essarily matched and consequently

(28)

with defined in (24). At the same time, it is true that

(29)

Substitution of (28) and (29) into (27) yields the following
system of linear equations, from which the wave intensities
incident at the first coupling slot of each main line may be
calculated:

(30)

The reflection coefficient at port is given by

(31)
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Fig. 6. Calculated and measuredH-plane radiation pattern at a frequency of 8.8 GHz.

Fig. 7. Calculated and measuredH-plane radiation pattern at a frequency of 8.9 GHz.

F. Analysis Procedure

By combining (1) and (2), the following set of linear equa-
tions is obtained:

(32)

This may be written in matrix notation as

(33)
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Fig. 8. Calculated and measuredH-plane radiation pattern at a frequency of 9 GHz.

The term is a square matrix with elements and
where 0. Submatrix is a square
matrix, with its elements given by

(34)

and are column vectors of dimension ,
where the former represents the unknown slot voltages in
branch line of subarray , while the components of the latter
are defined by

(35)

As in [9], an iterative approach may be followed in order
to calculate the slot voltage as a function of frequency. The
number of subarrays, branch lines per subarray , and slots
per branch line , are assumed to be specified. The offsets,
lengths, and global coordinates for radiating slots, as well as
the inclination angles and lengths for the coupling slots are also
required. Additionally, the waveguide dimensions, interelement
spacing , radiating slot width , unit vector component for
each subarray, and the index for each branch line, are

to be specified. At each frequency point, the steps of the itera-
tive analysis procedure are as follows.

1) Obtain for all radiating slots, and ,

and for all coupling slots.
2) Calculate the elements using (3).
3) Assume initial values .
4) Calculate using (15) and (16).

5) From (17) and (18), calculate and .
6) Calculate and using (13) and (14).
7) Calculate using the recursive relations given in (23).

8) Compute from (24).
9) Determine the values of by setting 1 and

solving the system of linear equations defined in (30).
10) Calculate using (26).
11) From (25), obtain values for .
12) Compute and from (19) and (20).
13) Calculate using (21) and (22).
14) Solve the system of linear equations defined in (33)–(35)

for the unknowns .
15) Use the new values for and recalculate

using (2).
16) Repeat steps 4 to 15 until the values for converge.
17) Calculate the input reflection coefficient of the entire

array using (31).
Six to eight iterations are usually sufficient to ensure conver-

gence for .
Note that at each frequency point at which the array perfor-

mance is to be evaluated, a database of the self-impedance prop-
erties of isolated radiating slots and the scattering parameters for
the crossed-guide coupler is required. An alternative approach
is to gather this data only at a number of distinct frequencies,
and to use a higher order interpolation scheme to calculate the
self-impedances and scattering parameters in order to analyze
the array at frequency points where slot data has not been gen-
erated explicitly.
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Fig. 9. Calculated and measuredE-plane radiation pattern at a frequency of 8.8 GHz.

Fig. 10. Calculated and measuredE-plane radiation pattern at a frequency of 8.9 GHz.

G. Calculation of the Radiation Patterns and Gain

Once the slot voltages are known, the radiation pattern of the
array may be calculated. For this purpose, a piecewise sinusoidal
approximation for the slot electric fields is used, which simpli-
fies the expression for the radiated fields to

(36)

where

(37)

The gain in the direction may be approximated by

(38)
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Fig. 11. Calculated and measuredE-plane radiation pattern at a frequency of 9 GHz.

III. RESULTS

The analysis procedure was applied to an existing planar array
consisting of four subarrays, and with 312 radiating slots, sim-
ilar to the antenna depicted in Fig. 5. The array was originally
designed to operate at a frequency of 8.9 GHz. The array dimen-
sions were obtained from an accurate metrology exercise. The
method described in [14] was used to generate a database for
the network model elements of isolated, rectangular radiating
slots. The array had roundended slots, and a correction factor
[15] was used to account for this. The scattering parameters for
the inclined feeding slots were calculated using the method de-
scribed in [13]. The coupling slots of the physical array were
also roundended. For lack of a suitable correction factor, an as-
sumption was made and the factor derived for radiating slots
was again used. The splitter network, which fed the four subar-
rays, was assumed to be ideal. The radiation patterns in both the

-plane ( 90 and 30 150 ) and the -plane (
90 and 30 150 ) were calculated at frequencies of 8.8
GHz, 8.9 GHz, and 9 GHz. The theoretical results are compared
to experimental data in Figs. 6–11. The agreement between the
predicted and measured pattern performance in the-plane
is excellent. The correlation between calculated and measured

-plane radiation patterns is high, but minor deviations in the
sidelobes might be ascribed to errors arising from the use of
the untested correction factor for the lengths of the round-ended
coupling slots. These errors would intuitively affect the-plane
radiation pattern more severely than it would in the case of the

-plane pattern. Note that commercially available finite-ele-
ment analysis software is also suitable for the generation of data
on the properties of the radiating and coupling slots [16]. Al-
though the finite element software may not be as computation-
ally efficient as the integral equation techniques, it does offer
the possibility of a more direct analysis of round-ended slots.
The proposed analysis procedure does not include the effects
of higher order-mode coupling between coupling slots and the

two radiating slots straddling them, which may be an additional
source of error [11]. Calculated values for the on-axis gain are
slightly optimistic, though within an acceptable tolerance range.
Since the theoretical formulation is based on the assumption that
the antenna is lossless, this is to be expected. For example, at
the center frequency the gain was calculated as 32.3 dB, while
a value of 31.5 dB was measured.

IV. CONCLUSION

An iterative procedure for the off-center-frequency analysis
of a planar slotted-waveguide array consisting of an arbitrary
number of subarrays was presented. The formulation includes
the frequency-dependent effects of the main line to branch line
couplers, and also of the power splitters responsible for the dis-
tribution of RF power to the main lines. Very good agreement
between the predicted and measured pattern performance of a
large slot array was demonstrated. The procedure may be em-
ployed for the accurate analysis of monopulse arrays in either
the sum or the difference modes, merely by adjusting the pa-
rameters of the comparator network. It should also be useful
in deciding between different geometries for an array when at-
tempting to maximize the bandwidth of the antenna.
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