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Automated Design of Corrugated Feeds
by the Adjoint Network Method

Mauro Mongiardo,Member, IEEE and Rodolfo Ravanelli

~ Abstract—Automated full-wave design of corrugated feeds cuits. As noted in [4, p. 80], Cohn established and used in
is_generally accomplished by repeated numerical analysis of [5] what amounts to be the Tellegen theorem [6], [7] two
different feed geometries as obtained by slightly varying the years pefore Tellegen. Later, thanks to the work of Director

geometrical dimensions of the corrugations. Since a corrugated . .
feed contains hundreds of discontinuities, the above procedure is and Rohrer [8] the latter theorem became a basic tool in the

very time-consuming. In order to reduce the numerical effort, the COMputer-aided sensitivity analysis of electrical circuits.

adjoint network method (ANM) has been applied to the design ~ The pioneering work of Bandler [9]-[12] has paved the
and sensitivity analysis of circular corrugated feeds radiating way to the application of sensitivity analysis and optimization
into free space. By using the ANM, the return loss sensitiv- of |arge microwave systems [13]. Although the sensitivity
ities with respect to variations of all geometrical dimensions theorem has found wide applications for electrical circuits [4],

are obtained with just oneanalysis of the entire feed. When a it in the full vsis of | . ircuit
geometrical parameter is varied, only the discontinuity containing Its use In the full-wave analysIs oI compiex microwave Circuits

that parameter need to be analyzed: the overall sensitivities being IS rather new. Up to this present time, a few applications have
computed by means of a simple formula. Corrugated feeds with been made in [14]-[16] by considering common microwave
more than 100 corrugations have been designed by using the components such as filters, multiplexers, etc.
ANM. They have been built and measured demonstrating the In this paper, the authors apply the adjoint network method
efficiency of the proposed approach. (ANM) to radiating structures, by introducing a way to account
Index Terms—Adjoint network method, corrugated feeds sen- for radiation losses. Despite its importance, this subject has
sitivities, modal analysis, tolerance analysis. received modest attention thus far. In fact, historically, a
great interest has been devoted to the calculation of radiation
properties of hollow pipes and horns (see [17]-[21]). However,
I. INTRODUCTION the problem of the efficient computer-aided design (CAD) of
o i corrugated horns has not been addressed, apart from a few
S{/;\‘lTELLITE communication antennas require keen perforéxceptions, as in [22]-[24].

ances in terms of return loss, polarization purity, high |, 1141 the ANM has been used in conjunction with the
power handling capability, and low intermodulation produc eneralized admittance matrix (GAM) analysis method in
[1]-[3]. As a consequence, all the relative subsystem, includi

; : er to develop efficient optimization routines for filters in
the feed, must be designed so as to satisfy the antenpgy,nqyiar waveguides. In this paper, the authors apply the

specifications. A severe control is also required for the Sha?@nsitivity theorem together with the more commonly used
of the feed radiation pattern, in terms of amplitude, phasg, ... based on the generalized scattering matrix (GSM)
cross-polar peak, and return loss, often over a band more thalhe gesign of corrugated circular feeds. For example, with
300/9 W'de'_ . . . the proposed method, return loss sensitivities with respect to
Given this scenario, it is not surprising that efficient fuII—t e variation ofall geometrical parameters can be computed
wave electromagnetic simulators, rigorously accounting for Q/Uit just one analysisf the entire network, irrespective of the
the electrical phenomena, are employed in order to analyze gl her of geometrical parameters. Note that on the contrary,

design the fegd s.truct_ure..ReceptIy, an automate_d design.ei 'standard approaches based on numerical evaluation of the
ronment of this kind (i.e., including modal analysis of conic

. ; -~ ““erivatives, each derivative requires a distinct analysis of the
corrugated feed, free-space radiation, appropriate optimizatight: .o feed.

techniques, and yield analysis of manufacturing tolerances)l-he results obtainable by the proposed approach are il-

has been Iset up and tfesteq for several cases, allowing,&ated by the example of a corrugated horn operating in
considerable reduction of design time and costs. the frequency range of 10.70-14.50 GHz. This feed, which
This paper presents the procedures developed in ordefdogyqyn in ‘Fig. 1, has been designed, manufactured, and
design feeds and the techniques used for optimizing thelfs g red, providing excellent agreement between theoretical
performances toward prescribed values. Of fundamental IMd measured data. as well as very good performances in
portance in this context is the use of the Cohn’s sensitivif¥ s of low return ioss (less than34 dB) and low cross-
theorem applied to the full-wave analysis of microwave Cits\arization (better thar-41 dB) over the band of interest.
Manuscript received June 7, 1996; revised October 31, 1996. This workl_n SeCtiqn I, th_e overall design procedl_”e is briefly OUt_"_n?d’
was supported in part by M.U.R.S.T. under 40% and 60% programs. while Section Il is devoted to a formulation of the sensitivity
M. Mongiarcjo is with the Istituto di Elettronica, Universitdi Perugia, theorem suitable for antenna feeds. Fina”y, the theory is ap-
106100 Perugia, ltaly. plied to the solution of a practical case for which experimental
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use of the Cohn’s sensitivity theorem joined with the overall
description of the circuit by the GSM. This is described in the
next section.

I1l. A PPLICATION OF THE SENSITIVITY
THEOREM TO THE FEED DESIGN

A. External Ports

Before applying the ANM it is necessary to define the quan-
tities with respect to which one needs to perform optimization
and tolerance analyses. For a typical feed these quantities are:

* return loss;

* radiation pattern.

In order to extract information on these quantities one needs
to define the so-calledxternal ports

The external port relative to return loss is that port con-
necting the input guide, see Fig. 4, with the feed structure. It
is noted that just one electrical port is needed (i.e., just one

Fig. 1. Photograph of the conical corrugated feed.

Il. AUTOMATED DESIGN PROCEDURE mode) provided the reference plane is placed far enough away
For reference convenience, the automated design procedi@& the feed discontinuities. S
may be divided into the fo”owing three main parts_ Radiated power depends on both the field distribution on the

1) Preliminary determination of the dimensions of the fee perture and the current distribution on the outer wall of the
2ed. In order to analyze the feed a combined fields integral

which are evaluated by using analytical methods (surfa L . X 2

impedance approximation, space harmonic analysis). qguation is used, as proposed in [22], which allows to optimize

this time, an error function relative to the desired pe both the current distributions on the outer wall of the feed
' and the electric field distribution on the aperture. For ease of

formance is also defined. - . ) )
2) Optimization of the dimensions of the inside Corrugae_xposmon, the authors will refer in the following to only the

tions. This optimization is based on the full-wave Char@Iectric field on the aperture, the extension to radiation from
acterization of the various discontinuities as obtainegH"eNts being straightforward. The aperture electric figld,

by standard modal analysis technique. The optimizati(may be expressed_ as a modal sum, by denoting w,ithr_\e
algorithm is a quasi-Newton search method for th@th mode of the circular waveguide on the aperture, it may

minimum of the error function. It is possible to optimizebe written as

either all the corrugations or only a limited number of N
them. It is also possible to optimize the corrugation depth E= Z Vaen 1)
only, its thickness, or both quantities. n=1

3) Overall evaluation of effects of the manufacturing tol-

erances by a sensitivity analysis and by a statisticghere theV,, are the amplitudes of the modal components
method. and the sum has been truncated /b terms. Each mode

The first part provides the dimension of the aperture, ti§i¢nerates a radiated field; hence, by indicating wjhthe
type of feed (either narrow flared, wide flared, muItifIareJar'f'eld transform of the mode,,, the radiated electric field

profiled, dual depth, axially corrugated, etc.) and the length §ris given by
the feed. The initial number of corrugations are also chosen N
according to analytical considerations. £ Z Vi, ©)
The initial optimization acts on a small number of pa- —
rameters such as flare angles, aperture diameter, number of
corrugations, groove depths, groove-ridge ratio for the thro&tote that since the aperture dimensions are considered as fixed,
and flared section. the variation of geometrical parameters inside the feed only
A subsequent optimization starts from the geometry praffects the amplitude coefficienis,. In order to evaluate the
viously obtained and considers all the dimensions of tleensitivities of the radiated field, one needs to calculate the
corrugations by using the GSM of the various discontinuitiesensitivities ofV,, with respect to variations of the geometrical
Finally, a sensitivity analysis with respect to changes of tlgarameters. To this end, one needs to place external ports on
geometrical dimensions is performed. the radiating aperture. The voltages at these external ports are
From the above description it is apparent that optimizatiotisose appearing in (1) and (2). The network performing the
and sensitivity analyses (i.e., the evaluation of how the reask of collecting the voltages on the aperture has been called
sponse changes when one geometrical parameter is altethd)“output reference” network; it is simply made by open-
play a fundamental role in the design procedure. The keircuited ports. The use of this network when applying the
factor in order to efficiently accomplish these evaluations is tAeNM will become clearer in the following two subsections.
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Fig. 4. Equivalent network for the application of the ANM to a radiating
corrugated feed. For each network, t€") represents the wave impinging
on it andb(*) the relative outgoing waves. Note that for the external ports,
the external networks are taken as reference.

_ The relationship between incoming and outgoing waves for
tAe kth network are given by

p*) — gk () 4 o(®) 3)

Fig. 2. Cross section of a corrugated horn. Although the design is not
scale, the number of corrugations is that effectively used.

wherea®) represents the waves impinging on #tte network
andb(®) the relative outgoing waves. The terft’ takes into
account possible generators present inside Atte network;
in this case, it can be different from zero only fbr= 1,
i.e., for the input waveguide, and for thdth network, which
corresponds to the output reference network.

In order to make use of the sensitivity theorem, the basic
idea is to avoid solution of the network by cascading the

Blermermany cel

dy various elementsOn the contrary, it is expedient to consider
eura the entire network by introducing the arrays
al® b® e
a® b hb® c@ @
a= . = . CcC = .
| dy : : :
__i i a(M) b (M)
hy ha hs and the global GSM given by
o s
elementary cell S@)
S= . . (5)

Fig. 3. A section of the corrugated feed showing the definition of the .
elementary cell is plotted on the left side. On the right side, the geometry g(M)
of the elementary cell is shown. As is apparent, there are six geometrical

parameters with respect to which optimization is possible.ds are half the ; e ;
distance between two adjacent stubs; ho, h3 are the radii of the circular By using the above definitions one may write

waveguides. Sa+c=b (6)

In order to solve for the amplitudes of the waves present in
B. Circuit Analysis this actual circuit one has also to consider ifrconnection
A corrugated circular feed, as shown in Fig. 2, is entireljpatrixI' (see [26, Sec. 3.2.1]) which describes the relationship
made by step discontinuities in circular waveguides and Bgtween incoming and outgoing waves at the ports of the
sections of waveguide. As will be apparent in the following}€tworks connected together. Such a matrix is sparse, made
it is convenient to consider aslementary celthe structure Py 0 and 1 only, and provides a relationship of the type
shown in Fig. 3 (i.e., two step discontinuities and three sec- b = I'a. )
tions of waveguide). Note that each elementary cell may
be represented by a network, with ports corresponding toThe last two equations relate the amplitudes of the waves
the selected accessible modes. As a consequence, the fak@ach port of the whole network to the excitations provided
together with input waveguide and the radiating aperturey the generators, as
is represented by the cascaded networks shown in Fig. 4. .
s c=(T'-8S)a. (8)
Observe that the output reference network is just made by
open-circuited ports in standard analysis; however, as one wiénce, in order to find the wave amplitudesadit ports in
see, for the ANM computations sources and matched loaitis circuit one needs to solve the above system for the given
are connected to it. excitations. However, since the matilix— S is highly sparse,
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very efficient algorithms can be used for the system solutidthree heights and the three lengths. A variation of the height or
(see e.g., [26, Appendix II]). It is also interesting to notéength of the central sectionl{, ho with reference to Fig. 3)
that although one is solving the entire network at once of the cell affects only the GSM of that particular cell. A
order to expedite sensitivities’ computations, the numericaériation of the geometrical parameter corresponding to the
efficiency of this type of analysis is the same as that obtainegbut/output sections, i.e., df;, hs, di, ds, also affects the

by cascading subnetworks. adjacent cell.
It is now clear what the considerations to follow are when
C. Waves Sensitivities choosing the elementary cell. From one side it is convenient to

L d?al with single discontinuities, which results in the necessity
In order to compute the sensitivities one makes use 0 . . :
e . to evaluate less terms in the sum in (10). On the other side, the
the distinction betweeimternal and externalports as shown : . .
Iﬁger choice also provides a larger number of internal ports,

in Fig. 4. For the external ports one takes as reference : . ; .
external networks; thus incident and reflected waves aret:%gs making the solution of the system (8) slower. Itis obvious

illustrated in Fig. 4. By suitably numbering the various portgsattgzeng?r?tl)ecrg;c?nf d;hsei;ef’#g (S)Lssgg{;) %r;)rglze. rlzgtgrﬂ':r?;n
one may write the vectora, b, c as 9

the number of modes in the adjacent sections, since hq,

_ [{a b b. [ 9 hs, it is more convenient to choose the modes in the narrower
a= = “=lg (9 sections as this basis.
where the subscripts, 7 refer to external and internal ports
respectively. It is noted that, in the case considered,
generators are placed inside the feed so that 0. : _ _ _ _

The quantities relative to the adjoint network are now The above discussion can be summarized in the following
introduced. For a reciprocal network, as in this case, the latiiocedure.
corresponds to the original one; hence, one may write thee Instead of calculating the scattering matrix of the overall

'E. Summary of the ANM as Applied to the
BUll-wave Analysis of Microwave Feeds

Tellegen theorem as [26, p. 125] circuit by cascading the various elementary GSM’s one
M1 " considers .the_ entire ngtwork and solves the system (8) for
(b )T<8ae> _ Z )T 08 ™), (10) N +1 excitations provided one ha¥ + 1 external ports.
I\ 9p )/, —~ 7 dp Z'  The termsdS*/dp are readily determined by numerical
B differences.
In the above,M is the number of networks, whilg is the * All the elementsds;;/dp for 4, j = 1,---, N + 1 are

generic variable, e.g., it may be the guide height, the length now computed by using (10).
of a corrugation, etc. The indices j refer to the quantities
calculated during the and j analysis, respectively. A few £ aqditional Remarks

words are in order to explain how to use (10). )
One external port with a unit amplitude wave while match- ONe can compare the proposed approach with the standard

ing all the other external ports is excited. Hence, @bg)]T is one by _brie_ﬂy summarize the latter. In the s'_candard approach,
an array with all zero elements apart for ffth element whose the derivative of a scattering parameter with respect to the

value is 1 (this is equivalent to saying that one has placed?§ometrical dimensiop is evaluated by performing the anal-
) ysis of the entire feed. Most of the computer time is spent by

gascading the scattering matrices, which apart from a few of
hem, have not been changed by the variation in the parameter

the arrays(ak)]T. This process is repeated by exciting, in turrF, ; ) ‘
all the external ports. p. In this approach, the entire feed is analyzed for a few

By following this approach, the left-hand side (LHS) ofxcitations. In order to compute the derivative of the scattering

(10) is the derivative of the scattering parameegr of the parameter with respect to the variation of the paramegtenly
feed when the parameter is changed. In this way whenthe GSM relative to that parameter has to be calculated. In

consideringV modes on the aperture and one input mode, éhis respect, as noted in [14], the efficiency of this approach
the sought sensitivities are obtained by performing just 1 is remarkably better.
analyses of the entire network.

IV. RESULTS

D. The Elementary Cell Several feeds have been designed by using the described
However, in the application of (10), it is also importanprocedure. As an example of the results, some data concerning
to recognize that when changing one geometrical paramegefeed designed so as to satisfy the following requirements
only a few of the scattering matrices of tlié sub-networks have been reported: return loss less than 33 dB over the band-
depend on that parameter; that is, most of the ted®iydp width 10.95-14.5 GHz and cross-polar less than 42 dB over the
appearing in (10) are zero, thus significantly simplifying itsame bandwidth. The approximate formulas reported in [21]
numerical evaluation. have been used in order to obtain a suitable starting point. In
It is particularly convenient to use, as the elementary cethis way, a feed geometry consisting of 108 discontinuities,
the structure shown in Fig. 3. From the latter it is clear thabtal length of the feed being 292 mm, while the diameter of
for each cell one has six geometrical parameters, namely the input guide is 17.66 mm, and the diameter of the aperture is
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TABLE |
COMPARISON OF MEASURED AND THEORETICAL VALUES FOR THE c0°
DIRECTIVITY AND RETURN LOSS oF ACORRUGATED CIRCULAR FEED — — -x45°
— -¢45°
Return | Return — - -¢90°
frequency Direct. | Direct. loss loss @
(GHz) meas. theory meas. theory b
O
10.70 19.34 19.33 -26.8 -26.6 % #=12.75 GHz
10.95 19.49 19.52 -33.6 -35.0 £
11.85 20.18 | 2021 350 | -35.5 N measured
12.75 20.85 20.82 -42.1 -48.7
14.00 21.54 21.58 -37.8 -36.8
14.50 21.79 21.78 -33.5 -38.0
................ i
90
theta
TABLE I

Fig. 5. Measured radiation pattern at the frequency of 12.75 GHz. Plotted
are the co-polar (c) pattern for three different angles and the cross-polar (x)
pattern at an angle of 45

COMPARISON OF MEASURED AND THEORETICAL VALUES FOR
CROSSPOLARIZATION AND HPBW oOF A CORRUGATED CIRCULAR FEED

frequency Cross Cross HPBW | HPBW

(GHz) meas. | theory meas. theory 0—

10.70 -39.92° | 41.09 [[ 2072 | 20.92 - co°

10.95 -43.76 | -45.92 20.34 20.36 10 + - — - x45°

11.85 -46.65 | -45.25 18.82 18.94 r — - c45°

12.75 -45.21 | -46.37 17.28 17.42 [ — - -c90°
= -20 +

14.00 -43.69 | -47.16 15.98 15.94 :

14.50 -46.05 | -47.97 15.46 1541 F

N

f=12.75 GHz
theory

Amplitude (dB
w
(&)

100.26 mm, has been obtained. The manufacturing tolerances

required for the various sections, with reference to Fig. 3, are 0T

3/100 of mm ford;, do, ds, hy, hs, and of 1/10 of mm for 60 »4../.\ v L l‘./. . .j./, S
he. For optimization purposes a scalar functional obtained by -90 -60 -30 0 30 60 90
summing over 20 frequency points has been used. For each theta

frequency point the functional is obtained as the weighted sug. 6. Theoretical radiation pattern at the frequency of 12.75 GHz. Plotted
of the squared differences of actual and desired directivife the co-polar (c) pattern for three different angles and the cross-polar (x)
. . . attern at an angle of 45
return loss, cross-polar peak, and nine different beamwidths.
In Table I, measured and theoretical values for directivity

and return loss have been reported. On the average, about 180 #=12.75 GHz

40 modes (TE+ TM) at each sides of the elementary cells 135 —— measured

have been used; hence, since there are 52 cells, the required %0 £

memory for storing all GSM’s is about 2 MB per frequency. It C

is noted that the modest differences between experimental and § 5T

computed results may be ascribed to manufacturing tolerances. %l o+ 0 =

In Table Il, a similar comparison is shown for the cross- é a5 b |

polarization and the half-power beamwidth (HPBW). Again, . \ c0° \

good agreement is observed. 0 T T T4 ‘/ | —~
In order to provide an example of the radiated field, mea-  -135 & " 1 T e -

sured and theoretical values have been plotted in Figs. 5 180 M e o WL

and 6. It is apparent that by using the automated design 90 60 30 0 30 60 90

process, excellent results are obtained. In Figs. 7 and 8, theta

measured and theoretical behavior of the phases of the radiatgd7. Measured phase of the radiated field at the frequency of 12.75 GHz.
field is shown. Also in this case, a noticeable agreement Reported are the results for the co-polar (c) fields for three different angles.
found; however, the measured phases are different from the
computed ones only for very small amplitudes (below 40 dBjplerance of 0.03 mm for the internal dimensions of the
This is in accordance with the amount of reflections due trrugations and of the ridges has been investigated, while
the nonperfect absorbing panels, which typically provide & tolerance of 0.1 mm for depth of the ridge was used. In
reflection coefficient for normal incidence of about 45-50 dBrder to compute the manufacturing tolerances, all dimensions
(see, e.g.eccosorb VHP-NRLEmMerson & Cumming). have been changed in a random way by following a Gaussian
It is interesting to note that the ANM allows tolerancelistribution with variance equal to the above tolerances or to
analyses to be performed with modest computer effort. Fdf2 and 1/3 of this value. This criteria defines a probability
example, the degradation of the return loss when usingof68.27%, 95.45%, and 99.73%, respectively, that the error
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180 =12.75 GHz has been found to be excellent, and a sensitivity analysis has
135 theory also provided the manufacturing tolerances necessary to meet
specifications.
90
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