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CAD of Waveguide Array Antennas
Based on “Filter” Concepts

Huib J. Visser,Member, IEEE and Marco GuglielmiSenior Member, IEEE

Abstract—in this paper, an alternative approach for the design  discontinuity problems is the scattering matrix formulation
of open-ended waveguide array antennas is presented. The ap-of the mode-matching procedure [4]. This approach has also
proach is based on microwave filter concepts. The exploitation een seqd in the analysis of open-ended waveguide phased-
of this alternative viewpoint has been made possible by the 51-(7]. Th i des. h ith h
availability of a very efficient computer-aided design (CAD) array antennas [5]-{7]. e.resu ting CO. es'_ pwever, at.QUQ
tool which is based on a full-wave modal analysis technique. accurate, can be computationally very inefficient. In addition,
In this paper, we first outline the technique for the efficient mode matching can be affected by “relative convergence”
analysis of open-ended waveguide array antennas. Using theproblems [8], potentially giving rise to erroneous solutions.
software developed and following the alternative design approach, pocenty a multimode equivalent network representation for
two different application examples are then shown, indicating . . . .
how the alternative viewpoint introduced gives indeed significant arPitrary planar waveguide junctions has been developed in
additional degrees of freedom. terms of multimode admittance or impedance parameters [9].
This technique was originally developed in the context of CAD
tools for microwave filters and is extended here to the efficient
analysis of waveguide-to-free-space unit cell junctions.

I. INTRODUCTION It is important to note that both the mode-matching method

HE demand for increased sophistication and decreastitfl the multimode equivalent network representation method
T development effort for phased-array antennas, motivateglong to the family of modal analysis, but there are substantial
the continuous development of new computationally efficieffifferences. In applying a mode-matching procedure to the
computer-aided design (CAD) tools. In this paper, we preseitalysis of a waveguide junction, the unknown fields are
an accurate and computationally efficient full-wave theory thgkPanded in infinite sets of normal modes [5]-{7]. Then the
can be used to study and design open-ended waveguide aﬁ@ytinuity of tangential electric and magnetic fields at the
antennas. The increased computational efficiency achiev@igcontinuity is enforced. The resulting equations are rewritten
opens up the possibility of exploring new viewpoints iinto a set of equations involving unknown coefficients only.
the design of such antennas as clearly demonstrated by thte series are then simultaneously truncated and the system
applications discussed in Section V. is solved. The fact that infinite series are truncated simultane-

Phased-array antennas generally consist of a large num®@ésgly can give rise to “relative convergence” problems. Fur-
of identical radiators arranged into a periodic lattice. Th&ermore, in the scattering formulation of the mode-matching
infinitely periodic structure is therefore a convenient startingfocedure, a frequency dependent matrix inversion is required
point for the antenna design. To study an infinitely periodi®r the characterization of every discontinuity [6], [7]. Then,
structure, we only need to analyze one “unit cell” elemenit) order to characterize cascaded discontinuities, an additional
which consists, in its most basic form, of the transition frofffequency dependent matrix inversion is required for every
a cylindrical waveguide to the free-space unit cell [1]-[3}cascading operation [6], [7]. As we will see, using the method
In the free-space unit cell, the electromagnetic fields can bkthe multimode equivalent network representation, no matrix
decomposed into Floquet modes so that the unit cell is, in faityersions are required to characterize a discontinuity and,
equivalent to a cylindrical waveguide with phase-shift wallsn order to characterize cascaded discontinuities, only one
The study of the infinite array problem is therefore reducedatrix inverse operation is required. Furthermore, because of
to a waveguide discontinuity problem, namely the transitidts specific formulation, the method is uniformly convergent,
from a metallic waveguide to a phase-shift wall waveguide thus not susceptible to “relative convergence” problems.

The design of modern microwave components generallyln this paper, we first describe in detail the development
requires full-wave analysis techniques in order to accuratedy the multimode admittance network formulation as well
account for all higher order mode interactions. A populars additional means to further improve the computational
procedure which is frequently used in the context of waveguiefficiency. We then compare the results obtained with our
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Fig. 1. Planar junction between two arbitrary waveguides. A short circuit is placed at port 2 of Fig. 1 and the distafcg is introduced
between in and output ports.
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S S— g “ ,# (1) are the amplitudes of the vector mode functidnﬁ%) and
— 0} L — ' relevant to the waveguide cross sectidi. (The vector
A 8 . s .
— —_ mode functions for standard cylindrical waveguides can be
-_— — found in [10], the vector mode functions for a phase-shift wall
M 2 waveguide are derived in the Appendix.
_— — The system in (1) can now be used to actually obtiiactly
e — . . .
V(l)‘ Yoo ‘V(2) a formal expression for the evaluation of thg, ,, elements.
- ’ — We can, in fact, write
——— | .
M @ 5 Ly ©
Iy — - I3 Y,%;,?)IW; VvV =0,1#n,§#y 2)
— n
— o} B — : .
Vs Vs where~v and ¢ can be 1 for region (1) or 2 for region (2),
— respectively. The expression in (2) can now be rewritten in
. the form
’ s
Fig. 2. Multimode equivalent network representation of the junction shown / ) H(‘S)[V,EA’)].hgn) ds’
in Fig. 1. y (&) — Cs(s) 3)
™ n 1AS2
n

finally discussed indicating how the new approach presenigflere H(é)[vrg“/)] is the TM field generated at port)( by
indeed gives significant additional degrees of freedom. the incident mode of amplitud@,ﬁ”) in port (). CSE) is the
cross section §).
II. THE BASIC ADMITTANCE FORMULATION To explain the use of (2) and (3), we can start with the

The structure to be analyzed is a planar junction betwe8fmittance elements",,”. For these elements, the definition
two arbitrary waveguides, as shown in Fig. 1. The two wavefduires a single-mode incident from the left (port 1) and a
uides could be, for instance, the feeding rectangular waveguilort circuitin port 2. The distanég; must now be introduced
of the array and the phase-shift wall waveguide, as aIreaG?twee” the input and output ports since we can not measure
discussed. The objective of this section is to discuss a mettfbdoltage on a short circuit. The resulting structure becomes
for the development of the multimode equivalent networ€ one shown in Fig. 3 for which we can write directly
representation for the junction in t_he fo_rm shoyvn in Fig. 2. The Yrgll,riL) _ _j-Yo(r];l)-COt(ﬁr(y]{)lref)-énl B (4)
key feature of the method described is that it starts from the : ’
wanted final results, the equivalent network representation,vitere,,, ,, is the Kronecker delta (equal to one for = »;
order to obtain analytical expressions for the evaluation of tlegual to zero otherwise).
relevant matrix elements. The procedure is based on generator the elementﬁsfﬁﬁ), the definition in (2) requires again
network theory and is equivalent to ideattyeasuring directly a single-mode incident from the left (port 1) and a short circuit

the value of the admittance parameters. in port 2. The current response will now be measured at port
In mathematical terms, the network in Fig. 2 is equivaler® using standard orthogonality [10] and the same structure in
to the following linear system: Fig. 3. Using then simple transmission line calculations, the
oo oo resulting expression is
=3 eIV e verve o
n=1 n=l1 Y3 = —j——mi), hd") (5)
’ sin(B% L £)

whereI,(,f) and Vn(,é) are modal currents and voltages, respec- Lo
tively, and wheres can be 1 for region (1) or 2 for regionwhich can also be used fm’;,(ljn) since the junction is lossless
(2), as shown in Fig. 1. The modal currents and voltages amd reciprocal. Finally, for the eIemerYéZ’nQ), the definition
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in (2) requires a single mode exciting from the right (port 2)y ['----- H----- ! z‘v::i“gi“lif

and a short circuit at port 1. The situation is now as indicated D

in Fig. 4 and the current response is again taken at port 2. To >
use (3), we now need to write an expressionEB¢f). Taking top view side view
into account the continuity of the TM field at port (2), we (a)

can write

H® =3 190 =3 ¥ cot(B k) VR,
k=1 k=1

15000

10000 : : g

(6)

Using again the orthogonality of the modes and simple tran
mission line theory, we then obtain

5000

oo

Y22 =3 Y cot(B e e, e ) (b, h2").

m,n
k=1

-5000

-10000 - -

(7)

In all of the expressions derived, the symi§olstands for the
scalar product of the quantities involved (coupling integrals re-

Y22 etements (*10°6), wéﬁe numbers

-15000 -

-20000

sulting from the use of the orthogonality conditions) anand 0 200 a00 600 800 1000 1200 1400
h are the normalized vector mode functions of the waveguides Number of terms

in the appropriate regionﬁ,(&) iS the propagation constant Series1 = =wave number m, region (2) - - -wave number k, region (1)
of the modes in region (1) anﬁ’oil is the corresponding (b)

char.ac.terlst|c admittance. denotes the compllex Conjuga;)e' Fig. 5. Evolution of Y,EZ’,;Z) as function of the summing index for a
It is important to note that only the calculation of tl’féljn rectangular waveguide to free-space junction in an infinite waveguide array
elements require summations and that the running index of @féenna. (a) Array configuration. (bju, n) = (40, 40).

summations affect only the modes of the larger waveguide,
namely region (1). Furthermore, the indexesndn represent regyits and thus eliminates “relative convergence” problems.

TE and TM modes at port (1) and (2) of the multimodene summations involved however, can be treated in order to

equivalent network representation, whiterepresents TE and gjgpjficantly further increase the computational efficiency.

TM modes in region (1). In all summations, TE and TM modes

are sorted according to their increasing cutoff wave number.

The energy stored in the discontinuity is correctly accounted IIl. I MPROVING COMPUTATIONAL EFFICIENCY

for once theY,,(f’,f) summations reach numerical convergence. In order to investigate the behavior M%Qn?) as function
When the admittance coupling matrices of individual dissf the summing index:, we analyze an infinite rectangular

continuities have been obtained, cascaded discontinuities geaveguide array antenna as shown in Fig. 5(a). The array

be easily analyzed by constructing a global multimode equikattice is triangular, an inductive iris is placed into every

alent network representation. An important feature of thisaveguide aperture, and a dielectric sheet is placed in front

method is that the analysis of the global network thus obtaineti the antenna aperture for wide-angle impedance-matching

requires only one inversion per frequency point (or angle) ptirposes [5]. Fig. 5(b) shows a typical example of the evo-

a banded linear system and can therefore be performed vietyon of Ym%’n? for the waveguide to free-space unit cell

efficiently [11]. The dimension of this system is determined bjyinction of the structure as function & for a given set of

the accuracy required in the final solution. The separate contfal, n). As we increase the maximum number of terms in the

over the required accuracy from the one over the stored esummation of (7), we can see that there are distinct areas of

ergy [Y,,(Z’,?) summations] ensure uniform convergence of theinning indexk where the main contribution tdﬂg’f) can
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be found. Rather than starting the summatiorkat 1 and 0
proceed till convergence is reached, we would like to start the

summation at the centers of main contribution and proceed in®|
both directions till convergence is reached. To do so, we need;
to find a way to pinpoint the starting points of the summations.
In the same figure, we also show the eigenvalue associate®’ |
with modem and moden (m = n for this particular example) %_zo
and the value of the eigenvalue associated with summing ind&x
k. The figure shows that the main contribution can be found® |-
where the eigenvalues coincide, a result in correspondencg, |
with intuition. By using a linear interpolation, we can easily
determine the appropriate starting points for the summationss{ -
in k, i.e., the centers of the areas of strong contribution, thus

strongly improving the computational efficiency. 0 10 20 P ey 60 70 80
. . « o« . eta (degr.
Another method to improve the computational efficiency is g direum;ts;a*:agﬁ

to reduce the frequency dependent computations. To this end, i o :
dd and subtract to (7)static series [12], defined as Fig. 6. Reflection coefficient in the diagonal plane for the array an-
we can a ' tenna shown in Fig. 5(@)a/b = 4.14,¢/d = 298, s/t = 1.73,

tl/tz = 0.4, tl/t3 = 0.91, a//\o = (.84.

Yo =3 Y5 cot(Bller)(e, e ) mP, n?")
k=1 0
(8) 25
obtaining for theY,gf’nQ) elements the following expression &
S S @ L

B)

o ———

where the second term in the right-hand side of (9) (called thé 125
dynamicseries) is given by

15 1
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Fig. 7. CalculatedZ-plane reflection coefficient for the infinite array shown
. " . in Fig. 5(a) with irises and dielectric sheet removed & t2 = t3 = 0).
and where the bars denote static quantities obtained by lettif}g measured reflection coefficient fofiaite 175-elements array antenna is

the frequency go to zero in the original expressions. also shown.
Following this formulation, the static term in (8) needs to
be calculated only once before starting the frequency or angge, method, however, is computationally more efficient and

loop. The convergence of the dynamic sum is now much fas €Mot susceptible to “relative convergence” problems.
due to the fact that the summation term in (10) tends to zeror, give an idea of the typical central processing unit

for large values of the running index (CPU) time improvement, the use of the techniques described
produces an increase of speed over the basic direct method by
IV. NUMERICAL VALIDATION nearly a factor 3 for the structure in Fig. 5(a) (21.8 s per point,
Fig. 6 shows the computed reflection coefficient in thesing an IBM RISC 6000 platform). The same structure was
diagonal plane for the embedded element of the structuredl$o analyzed with standard mode matching [13]. The direct
Fig. 5(a), obtained using the admittance formulation (frommethod is about an order of magnitude faster.
now on called the direct method) and as calculated using aln Fig. 7 we show the results obtained from a simulation
mode-matching procedure. Inspection of the embedded dlsing the direct method for an infinite array and the measure-
ment reflection coefficient shows that for this array antenmaents performed on a finite 175-element array. The array is
a “blind scan angle” occurs at 53rom broadside, meaning the same as the one used in the calculations of Fig. 6, but now
that when used as phasedarray antenna at a scan anglevith the irises and the dielectric sheet removed. The reflection
of 53° from broadside in the diagonal plane, all the energyoefficient in theE plane is shown. In this plane no “blind
will be reflected. For operation within a scan cone of #%¢ scan angles occur.” In the measurements we see a periodic
reflection is “reasonably” low; the corresponding VSWR isariation of the reflection coefficient. This effect is due to the
less than 2:1. Very good agreement can be observed, provimiteness of the array. We do see, however, that the measured
that the same accuracy can be obtained by both methods. Vakies follow the simulated ones. Taking into consideration
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that we compare infinite array calculations and small siz&y. 11. Frequency response of the embedded element in the array antenna
finite-array measurements, the agreement between calculati@ingg- 10(2).
and measurements is very reasonable. The agreement between

calculations and measurements will improve with increasingq rejection, in complete analogy to a microwave filter. This
nhumber of array elements. . oal is achieved by introducing between input and output the
, As a further .valldau-on, we a”a'Yze .the transmission Coer‘%’umber of required resonators and appropriate coupling struc-
cient for the thick grating (shown in Fig. 8) for two angles of o5 in order to achieve an electrically compliant response.
m_mdencc_a. The rt_asults are shown in Fig. 9 and coincide eXaclt—léﬁllowing this approach, the array design can be performed
with earlier published results [14], [15] following, for instance, the filter design procedure described

in [16]. Following this approach two different situations arise.

V. “FILTER" DESIGN OF WAVEGUIDE The first is when the complete filter structure is inside the
PHASED-ARRAY ANTENNAS feeding waveguide, the second is when the filter structure is

Having described the analysis technique and having shoWnthe phase-shift wall waveguide.

the accuracy of the CAD tool developed, we now discuss The first design that we present consists of a two-pole

an alternative design procedure for open-ended waveguRieucture inside the feeding waveguide [see Fig. 10(a)]. The
phased-array antennas. The basic concept is to view the dfgguency response of the structure is shown in Fig. 11. The
cell of the infinite array as a filter structure. In other wordsjngular variation of the frequency response (not shown here)
we consider the input feeding waveguide as the input p@ppears to be largely invariant with respect to the angle of

and the phase shift wall waveguide as the output port. Theidence.

objective of the design is to obtain a phased-array antenna witiThe second structure that we present, again has two poles,
a prescribed useful bandwidth, in-band return loss, and out-bfit now they are implemented in the phase-shift wall wave-
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Theta (degr.) wherek,,  andk, _ are the wave numbers in the transverse

._T—' =5.385 GHz — -1{=5.605 GHz

1= 5605 Ghz, nofiter directions. The scalar-mode functigh, ,(, y) must satisfy

Fig. 12. H-plane angular response of the embedded element in the arfle two-dimensional Helmholtz equation
antenna of Fig. 10(b) as function of frequency. 2 2 2
(Vi + ky, .+ Icypﬁq)d)M =0 (A.3)

guide, as shown in Fig. 10(b) [17]. With this antenna Wg)g_eth_er with the proper b_oundary conditions. I_Due to the
can get the same frequency response at broadside as \fﬁHOdIC structure, the solution of (A.3) can be written in the
"

the previous antenna, but now the angular behavior depe
on frequency. This is shown in Fig. 12 where we show the bp. oz, y) = flz, y)e T Fao+hug¥) (A.9)
transmission pattern of an infinite array of square waveguides

arranged in a rectangular grid. From this figure we see th4t'€®

when the frequency is increased, the antenna beam is launched ky, = ko sin(d9) cos(yp) (A.5)
gt an _angle_wnh respect to the array norm_al, the_ angle ky, = ko sin(0) sin(e) (A.6)
increasing with frequency. The beam is invariant with the

azimuth angle, so that “conical ring” antenna patterns afeand ¢ being the angles with respect to theand = axis,
generated. The opening angle of the cone is controlled tgspectively, and

s “space it or a fxed frequency. {6 angular slement. fts =il (A
pattern can be significantly narrowed. flz+1tcos(€), y+tsin(Q)) = f(z, y).  (A8)
Introducing (A.4)—(A.8) into (A.3), we obtain
VI. CONCLUSIONS bp.o(, Y)
A simple and efficient procedure for the study of infinite 1

open-ended waveguide array antennas has been presented. A /st sin(Q)

number of comparisons have been performed with both sim- —i{kng +(p27/ ) o+ {kyy —(p27/ 5 tan(Q))+(g27/t sin(2))]y}
ulated and measured data thus fully validating the theoretical ¢ ’
approach presented. In addition to theory, a novel phased- (A.9)

array antenna design procedure has been presented which,gﬁg”y' for the TM vector-mode functions, we obtain
significantly increase the degrees of freedom in the electrical

! 1 1 - N
design. erm, (7, y) = — Tor 5t Sin(Q) (Up, 0%0 + Vp, ¢¥0)
c eI 0@ tup qy) (A.10)
APPENDIX 1 1 )
PHASE-SHIFT WALL WAVEGUIDE MODES hTMp,q(aZ, y) = — ? P (—vp, ¢%0 + up 00)
Ty o 4/ St s1n

Fig. 13 shows the phase-shift wall waveguide for an infinite it oty )
array with a general triangular lattice. The key parameters are e T 0F T el (A.11)
the distances andt¢ and the anglé€2 (for 2 = «/2, we have

where
a rectangular lattice). For an empty waveguide with constant
cross section under TM excitation, the vector mode functions kr, , = /47 o +v2 , (A.12)
ep o andh, , can be derived from the scalar-mode function _ p2m
bp.q(z, y) via [18] up, o0 = ko sin(?) cos(y) + —~ (A.13)
. . p2m q2m
=k 9 - . (A.14
e o(z, y) = — _Vitpal® y) (A1) U, =Ko sin(?) sin(e) s tan(€2) + t sin(Q2) ( )
a 2 2
Ty/ Koo T Ko The derivation of the TE vector-mode functions follows the

hp, o(x, ¥) =20 X ey o(z, ¥) (A.2) same procedure and, therefore, is not repeated.
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