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Optimal Horn Antenna Design to Excite
High-Order Gaussian Beam Modes from
TEy,, Smooth Circular Waveguide Modes
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Abstract—The availability of medium-power gyrotron tubes 0.00 ey - 0 o
(10-30 kW, CW) at millimeter-wave frequencies (30-100 GHz) .00 DIMETER = 27.8 mm
allows applications such as advanced ceramic sintering, surface SCAN ANGLE PHI = 80
coating, radar, remote sensing, deep-space communications, etc. ** te ons
The concept of high-order Gaussian beam modes, which, under 150 P oo ox e

0 1854 0

some conditions, can be assumed to be free-space modes, is
applied to transport efficiently the power generated by a gyrotron

for technological applications. A family of optimized nonlinear
horn antennas is investigated in order to get the maximum
coupling between the guided output mode of the gyrotron and 35,00
the Gaussian beam modes. The numerical simulations show very
favorable coupling with a conversion efficiency of about 99.8%.

-20.00
0 2 14.6 180

-25.00

~30.00

PHMI INTENSITY (d8m)

-40.00

45 .00

Index Terms—Circular waveguides, Gaussian beams, horn an-
tennas.

-50.00
-65.00 -52.00 -39.00 -26.00 -43.00 0.00 13.00 2600 39.00 52.00 65.00
THETA (degrees)

@

I. INTRODUCTION
POUER (4B)

microwave beam radiated from a circular waveguide with -2

strongly reduced diffraction (suppression of sidelobes) is-s.ee / /
desired for a wide range of applications. In order to get it, the sp.ea | /
technique used up to now was to look for the proper waveguide,_ .| /

aperture illumination design by playing with waveguide mode.ls'ﬁe /

relations. To create a good far-field radiation pattern like that of w0y
the fundamental Gaussian beam mode, a mixture of corrugateéf-2 |
circular waveguide HE,, modes is required. Furthermore, for -zs.ee |
some specific applications, a hollow cone Gaussian beam iSg g |
desirable and it can be generated by an appropriate mixturgﬂlw
of smooth circular waveguide Bk modes. In [1]-[3], the o e orahonm rg
previous work done in relation with this topic is presented. *® |
In these papers, the authors give some good mode miXture@igg.aa -52.00 ’39.;!6 »ze.;e —13.;10 8.0 13.80 26.88 39.88 52.88 65.88
to obtain a far-field pattern with reduced sidelobes. As an

example, Fig. 1 shows the calculated and measured far-field
radiation pattern of the mixture: B (85%) and Tig, (15%) ()

modes with proper phase working at 70 GHz and 27.8-mfp. 1. Theoretical and experimental far-field intensity distribution of a
inner waveguide diameter. A good agreement between #HgPerly phased T&/TEo> (85.4%/14.6%) mode mixture.

calculations and the measurements can be observed.

——

ANGLE (DEG)

In this paper, we present a solution to achieve low sidelobe

_ , _ . beams by means of an original and optimal nonlinear horn
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the rectangular waveguide case would be the Hermite—Gauasso on the propagation axis, thus, it will be very convenient

beam-modes family [6], [7]. if all the eigenmodes have also a zero on the propagation axis.
First, in order to validate the applied testing method, we will As a result of these considerations, we propose the following

proceed to show the compatibility between these free-spayenerating basis [10]:

Gaussian beam modes and the smooth waveguide modes, _ 1z . Lo .

representing the far-field pattern of an open-ended waveguide U (r, ¢, 2) = Ui (r, 0, 2) - 2+ Wi (r, 4, 2) -5 (1)

as combination of Gaussian modes and conversely expandaijn%nd § are two orthogonal directions, andiL# are the

thedGaUSS'a” beam modes as combinations of waveguidg, o rre_Gaussian modes, which are solutions of the paraxial
modes. W}f;lve equation defined as [6]

The profile of the proposed antenna is determined basica
by the expansion formula of the Gaussian beam modes. From . b
several “good field distributions” inside the waveguide (i.e., Y2 (r,p,2) = L v
Sy a 1 ¥V~ > _ >
TEo,, HE;1 circular waveguide modes), we can excite very V1+&E\ @1+

efficiently a pure Gaussian beam mode. In addition, we can ) 2r?
. . . . x cos(by — o)Ly | <
consider these antennas as an optimal impedance matching * \wi(1+¢?2)
device between the waveguide and the free-space. PO 2

In communication applications, the preferred mode to carry x el (b2t tg (O wgu-so 2
the power or information through the system is the fundamen-

tal Gaussian beam mode because of its low diffraction Ioss\g%?re’ n t:]he nqtau;)hn IOf cyllmdncal To;dmatgs,ys :Ee
[8]. For material processing applications the final beam shab% IUS,-tp e_az|mu _a an(%)e, angd = Z/TWO IS the
lized axial coordinatd,,; * are the generalized Laguerre

is not so relevant, because the experiment has to be done ifl'gHNa!12¢ \ : gL
applicator having a metallic mode diffusor in order to obtain BOlYnomials, and, the beam waist defined as the minimum
uniform distribution of the electromagnetic field. Thus highef/ist for the fundamental Gaussian modg,”, in this case,
order Gaussian beam modes can be guided by an optimiZ&¢fted ag = 0. The fact thatb;* is a solution of the scalar
high-order beam waveguide to the final applicator [9], [10ParaX|§1I wave equation |mpI|es’ that eac_:h Cartesian component
The only problem in the design of a beam waveguide is hd (1) iS @ solution of Maxwell's equations.

to generate the beam mode from the waveguide mode; thidf We combine two identical modes with = 1, rotated
problem is solved by using the proposed horn antennas. 2&round the axis by S0to each other, as is proposed in (1), an
azimuthally polarized concentric hollow cone distribution of

the electric field is generated. The final expression for these
Il. GAUSSIAN BEAM MODES AND WAVEGUIDE MODES modes of the new basis can be written as

In this paper, we will focus on the generation of high-ordeé% (r, 0,2) < V2r )L(1)< 2r )
conical Gaussian modes from the smooth circular waveguide™\"» >~/ = " 7= =5\ — /T ez | ™\ 52(1 + £2)
TEo,, modes. The waveguide modes are obtained directly as P& GV . o+
the output of a classical medium power gyrotron. Nevertheless, w F2m+ta™ () Cfmgdﬂ——m B (3)
the principle presented here is also valid to generate the
fundamental Gaussian beam mode from a corrugated circuldrere the superindexes disappear as well as the azimuthal de-
waveguide HE; mode and even for other cases with differerpendence. In Fig. 2, the power density in a plane perpendicular
waveguide geometries. In general, we can shape any oversitethe propagation axis of the first three modes is presented.
waveguide field distribution in order to obtain the Gaussidarom now on, we refer to these Gaussian modes as conical
structure. Gaussian modes, because of their shape in a transverse plane.
At this point, we study the compatibility of the selected In order to test the compatibility between the inner wave-
basis inside and outside the antenna. For the inside bagiside basis, Tk, modes and the above defined paraxial
we can use the well-known waveguide modes because free-space basids,,,, we will try, first of all, to represent
horn antenna is a circular waveguide structure. To define tie far-field radiation patterns of the §E modes as a
launched field outside the antenna, we can choose as the fammbination of free-space modes and then we will obtain
space beam mode the generating basis that is defined in [6]. fier Gaussian far-field radiation pattern by combining,fE
a coherent representation of a ghEmode field distribution waveguide modes and radiating them from an open-ended
in terms of this basis we will need a large number of beagircular waveguide.
modes. By choosing a subfamily of these modes as generating
basis, we are limiting the basis generation domain, but tie Far-Field Pattern of TE,,, Modes as Combination of
number of eigenmodes necessary to represegt, TTBodes is Conical Gaussian Beam Modes

considerably reduced. To obtain the far-field pattern of the conical Gaussian

Since the Tk, modes are represented only by the 3%eam modes is very simple because we know the analytical

imuthal electric field component, the aim will be to look fqt%gpressions of the electric fields everywhere. We simply have

circularly symmetric eigenmodes, which are defined only wi look for the fields over a sphere of large radius
the azimuthal component of the electric field like thegLE

modes. Another important feature of the JFEmodes is their FFP (0, ¢) x U,,(psin(f), ¢, pcos(f)) 4)
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Fig. 3. Far-field radiation pattern of a §E waveguide mode and the linear combination of Gaussian beam modes to recoverthe/deguide mode
(71.8% of ¥q, 25.5% of ¥y and 1.9% of¥s). (f = 30.3 GHz, R = 50 mm, &y = 20 mm).

wherep is the radius of the sphere. The azimuthal coordinatenical Gaussian beam modes obtained with (5) and (6)

@ can be fixed because the far-field radiation pattern will H&ig. 3) to recover the T waveguide mode. For the chosen

also symmetric, then we know the three-dimensional far-fietnditions (working frequency of 30.3 GHz, inner waveguide

radiation pattern with only one plane representation. radius of 50 mm and beam waist radius of 20 mm), the
As it has been already shown, to fully define the electritecessary mixture of Gaussian beam modes to represent the

field of the Tk,,, waveguide modes and the conical GaussiarE,; waveguide mode is

structures only the azimuthal component is necessary. Thus,

we will reduce the problem to a two-dimensional one. TheHo — 71.8%, W1 — 25.5%, V2 — 1.9%, WY,.> — 0.8%.

we can decompose the azimuthal electric field component of

the TE,,,, waveguide modes in terms of the beam mode basis e two curves of Fig. 3 are in very good agreement only
for lower values of angle, clearly limited by the paraxial

> behavior of the conical Gaussian structures. If we change
Eetho, = Z CrnWion, for m > 1 (5) the working frequency, keeping constant the relation between
=0 the waveguide radius and the beam waist of the Gaussian
whereC,,,,, are the correlation coefficients calculated as  structures, the needed conical Gaussian beam-mode mixture
that represents the Ewaveguide mode remains unchanged.
R . . ¥ g Thus, in Fig. 4, the Gaussian beam-mode mixtures needed to
Cn = /0 Eorin, (.9, 2)Vin(r, ¢, 2) 2mrdr (8) represent the T§& mode are plotted as a function of the ratio
between the beam waisty and the waveguide radiug. A
R being the waveguide radius where the gJEmodes are maximum coupling coefficient between the ¢iEmode and
defined. the first conical Gaussian mode is found fay = 0.565R.

For example, we will present the far-field pattern of a These results are independent of the frequency. Neverthe-
circular smooth waveguide HE mode radiated from an open-less, we will have to obey the paraxiality conditions for the
ended waveguide, using the conventional formalism [11] ai@hussian structures presented in [13] to consider these modes
[12], where the aperture effect has been neglected dueato free-space modes. This imposes a lower frequency limit
the oversized waveguide, and combining the correspondittgbe accurate. Translating the paraxiality condition to these

¥=0
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Fig. 5. TH),, waveguide mode mixtures needed to represent a fundamental conical Gaussiaw’ gode

conical modes, we obtain after some algebraic manipulationatural diffraction effect of a Gaussian structure, a relative
phase change is necessary.

kiso > 6(m + 2). () As in the previous study, the curves represented in Fig. 5
are also independent of the operating frequency, and only the
relation between the waveguide radiisand the beam waist
wo defines the desired mixture of §E waveguide modes to
achieve, as well as possible, a conical Gaussian beam field
distribution.

where we have to remember thais the free-space wavenum-
ber, &y the beam waist of the beam mode amdthe radial
index of the mode.

B. Representation of a Conical Gaussian Mode
as Combination of T¢;,, Modes IIl. PROPOSEDHORN ANTENNA PROFILE
By means of an analogous procedure, we can obtain therpg sejected profile should be appropriate to guide Gaussian

TEo, waveguide mode mixture necessary t0 representsgqrres and, simultaneously, it should have good matching
conical Gaussian beam mode. Now (5) has to be changed)i8erties at the interfaces to the waveguide and to the free-

the following: space. In order to fit as well as possible these desired features
00 for the proposed antenna profile, we will expand the waveguide
W = Z CrinEyrE,,, (8) as the inner Gaussian structure expands, i.e.,
m=1 5
. . _ Az
where theC,,,, are defined as in (6). r(z) < @or |1+ ) - 9)
0

Now we can get some T, mode combinations with a
good Gaussian behavior, i.e., low sidelobe levels. In Fig. 5, theFrom the point of view of impedance matching, this profile
necessary T§, waveguide mode mixtures to get the conicatan be a good solution, because it has a continuous derivative
Gaussian modey,, are plotted as a function of the ratioat the input, and a large radius at the output. Actually,
between the waveguide radius where theyJEmodes are Belousovet al. [14] proposed, as an optimal way to match
defined and the beam waist of the considered beam modethe waveguide with the free-space, a very similar formula,

This figure has been calculated fer= 0 for which the which includes a higher order term, in order to take the field
coefficients are real numbers. Nevertheless, if we repeat thtensity smoothly off the wall of the horn.
calculations for any value of, the amplitude coefficients To be consistent with the philosophy of the proposed
remain unchanged. But in order to represent correctly th@tenna profile, the input waveguide field should have some
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Fig. 6. Far-field radiation pattern of the Gaussian input and output of an antenna that are defined as combination of waveguide modes. The far-field
pattern of the theoretical fundamental conical Gaussian mode is also presented.

Gaussian behavior. The similarity between the cross section
of the TEk); and the¥, Gaussian field distributions is very 3
high; for @, = 0.565R, the cross correlation between both w(r)=w, 1+( ’"2)
structures is about 96.7% (see Figs. 4 and 5). In relation to D
the phase, the beam waist of the antenna should be placed

at the input; this means, constant phase along a plane at the S 1+( Az )z

input—the constant phase surfaces of the waveguide modes :2

nwy 1.77-@(z) w(z)
are assumed to be plane.

IV. SIMULATION RESULTS

The first study should be to show the real possibility to guide
Gaussian structures along the antenna, i.e., that the natural_____

be reproduced inside. In Fig. 6, we can see that the far-field e

pattern at the input and output of one antenna defined with _ _ _

(9) are in very gOOd agreement. The input and the OUtp@Eﬁ;, Schematic representation of the effects on the beam waist and phase
are defined as T§, mode mixtures with about 99.95% of

correlation factor with the real Gaussian structure. We onfjie original phase center. However, the new asymptotic slope
will have a window effect which generates some sidelobes i in good agreement with the slope defined by the antenna
the far-field pattern. It is clear that the further away the waveue to the change of the beam waist value and the phase
guide structure is placed from the significant fields the moenter shifting. Thus, in the final section of the antenna, a new
the window effect goes down. This means that we can use taussian beam modg (> — Az) is properly excited.
profile to drive Gaussian structures, but nevertheless we wouldylasov and Shapiro [15] propose a parabolic profile for
need at the input the same structure that we obtain as outgiich antennas to be used in a quasi-optical elbow. For some

In our case, the input will be the BE waveguide mode, particular cases, the results obtained can be very similar with
which does not have a perfect Gaussian field distributieegard to the conversion efficiency. The reason why these two
but has a high correlation factor. During the simulations, grofiles, the Gaussian and the parabolic, are in some cases
has been observed that the initial giEmode distribution is in good agreement is basically the similarity between the two
gradually modified to a Gaussian structure at the end. This fatirves during the “transition area” defined above (Fig. 8). And
can be explained by means of the generation of a “transititiie most important problem for the parabolic profiles is that
area” at the input of the antenna. The presence of this transittbe area of coherent excitation of one particular Gaussian beam
area generates a small change of the beam waist in this panafde (in Fig. 7, shown for the case of a Gaussian profile,
the antenna. This can be understood as a change in the exa@idcidence between the curveq z — Az), excited Gaussian
beam waist value and some shift in the position of the phaseam mode, andw(=), proportional to the antenna profile)
center, defined by the position of the beam waist. is strongly reduced.

In Fig. 7, the input beam waist value is representedd@s  In Table |, the desired values for the ratio,/R used
and the obtained beam waist valag shifted by Az from in the profile formula (9), and the obtained values for this
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TABLE |
OBTAINED BEAM WAIST-INPUT RADIUS RATIO AND THE EFFICIENCIES VALUES FOR DIFFERENT ANTENNA LENGTHS

L=z L=1.5z, L=2z, L=2.52, L=3z,
R,u=1.414R;, R...=1.802R;, Rou=2.236R;, R,.=2.09R;, Rou=3.16R;,

By/Rin | T'WRin M (%) [ @'WRw N (%) [@WRy N(%) [EBWRn N(%) | YR M (%)
0.55 0.6 199723 | 0.61 | 99.84 | 0.61 |99.826

0.54 0.595 | 99.736 | 0.605 | 99.87 0.6l 99.877 - - -

0.53 0.595 | 99.74 | 0.605 | 99.897 | 0.605 | 99.91 - - - -

0.52 0.595 | 99.728 0.6 99.916 | 0.605 |99.925 | 0.605 | 99.921 | 0.605 | 99.913

0.51 0.59 99.7 0.6 99.92 0.6 99.934 0.6 99.928 | 0.605 | 99.924
0.50 0.59 99.67 | 0.595 |99.918 | 0.595 | 99.927 0.6 99.924 0.6 99.926

0.49 0.59 99.6 0.595 99.9 0.595 99.9 - - 0.595 | 99.91
0.48 - - 0.59 99.87 0.59 99.874
e 0 va <
” \ 7 \\
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ratio, with the different conversion efficiencies, are presented.  ~ FFP of mode mixture obtained at L=1.520
. .. . . . FFP of mode mixture obtained at L=2z0
The conversion efficiency is defined as the correlation factor ~ FFP of mode mixture obtained at =2.520

between the Tg” output mode mixture and the eXCItedFig. 9. Far-field radiation pattern of Bk waveguide mode mixtures pre-
conical Gaussian structure sented in Table IIl.

R
= / Z[E%@TEOWL(T? 2 Z)] ' \IJ‘PO(Tv ¥R (DO)* - 2mr dr . . g . .. .
(1~ oversized factor of the significant fields inside the waveguide
(10) structure is also increasing, and then the efficiency can be a
. : : " little bit higher. It is clear also that all the obtained ratios
where/ftis the output radius. The parametgyand its position between waveguide radius and beam waist are close to the

(related with the value ofy) has to be optimized to get ) . )
the maximum conversion efficiency to know which conica\faIue 0.6. The input is always the JEwaveguide mode,

Gaussian beam has finally been excited and this mode determines the equivalent input beam waist. By

Table | is calculated for the horn antenna lengths (yf’:lrying the coefficient used in the pr(_)file fo_rmula (). we
20, 1.570, 220, 2.570, and 3z, Where zo = 7wg/A is half can choose another output beam waist, losing some efficiency

of the Rayleigh distance. In all these cases, we will ha@® @ penalty. . .
practically the same results, theoretical efficiencies overBY fiXing the ratioaw,/ 1t used in the profile formula (9) to
99.6%. It is important to remember that for different antenrfz>1 and cutting the antenna at different poihfsz, 2zo, and
lengths we will have different output radii and because of tie>?o the output radii will bel .802Rin,2.236 Rin, and2.69 Ry,
beam waist value is approximately maintained, also differe@fd. by knowing the output beam waist value (aproximate in
TEoy output mode mixtures are needed (see Figs. 4 and 5§l cases0.6/;,), we could check the obtained 3& mode
Some important conclusions are obtained from these resuftéxtures (Table Il), which are in very good agreement with
First of all, the presence of the transition area has bebie abscissas 3.003, 3.726, and 4.483 of Fig. 5.
demostrated, because the input is the purg, TBode (corre- In Fig. 9, the far-field radiation patterns of the threeg LE
lation of 96.7%) and at the, point the efficiency is higher waveguide mode mixtures presented in Table Il are shown.
than 99.6%, and the apparent beam waist value and its positidgspite of the different output radius values, the far-field
have been modified. Due to the fact that the apparent bepattern remains constant along the antenna. This is a proof
waist value along the antenna is continuously increasing, ttiat inside the antenna a Gaussian structure has been generated
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TABLE I
REsuLTS (POWER AND PHASE) FOR DIFFERENT LENGTHS OF THEANTENNA DEFINED WITH &g = 0.51R;,,, FED wiTH A TEj1 WAVEGUIDE MODE
L=1.5z, L=2z, L=2.5z,
R,.,=1.802R;, R, =2.236R;, R, =2.69R;,
Modes % Phase % Phase % Phase
TEy 49,9483 83.527 28.5747 -144.52 15.865 -12.57
TEg: 43.2747 -49.92 48.2282 80.748 40.61 -152.1
TEg3 6.5951 -161 19.9385 -32.05 31.033 90.49
TEg4 0.1754 115.9 3.063 -123.6 10.44 -6.906
TEgs 0.18877 170.33 1.8382 -84.68
TEgy 0.193 -140.5
100 j } | ‘ ‘ ‘ I
90 . : *“*“* B -
80 }7%4% T ‘ ! ! TEO!
[] | : ‘
T 70 ; ‘ : : — — — TEO02;
£ 60 ‘ ‘ - - EEERE TEOS‘
£ 5o | . — - — - TEO4 |
m H — - —
2 40 B ; | i TEO5
% ' TEO6
r 30 - -

R/w0

Fig. 10. Th., waveguide mode mixtures to represent a conical Gaussian beam inade

and that it propagates toward the final part of the antenmneell, and the final obtained efficiencies are lower than the
These antennas do not have an optimal length and we eatues of the previous case (96.6%).
cut the antenna anywhere over a minimum distance. In theSweeping the beam waist values used in the profile formula
case to feed the antenna with ti&y; mode, the minimum (9), &y = 0.51R is found to be the optimum; this is the same
difference is approximately,. as the value we used in the fundamental conical Gaussian
In this paper, we have not given any working frequencynode case. We have a very interesting compatibility, the same
The results presented here are to some extent independerdraénna can be used to couglg from TEy; or ¥y from TEys,.
the selected working frequency. Only in extreme cases We the Table Ill, the obtained mixtures for different antenna
will have problems, i.e., frequencies and radius for which tHengths with&, = 0.51 R, are presented. The far-field pattern
needed mixture is impossible because some relevant modéshese Tk,,-mode mixtures are plotted in Fig. 11. In this
are in cut-off. In others words, the paraxiality condition whiclecase, we can see that the coincidence between the curves is
defines the validity of the selected Gaussian beam modes mustt as good as for the first conical Gaussian beam mode, but
be satisfied. we have to remember that now the maximum efficiency is
“only” 96.6%. The main problem to work with a higher conical
Gaussian beam mode, is the diffraction, because it increases
V. GENERATING HIGHER ORDER MODES with the index of the mode. The angle needed to include at

For the first conical Gaussian beam mode, the desib?ﬁs'f 86% of the total carried power has to be increased for
conditions have been presented. It is also possible to couplése conical Gaussian modes as follows:
the second conical Gaussian beam moHe by exciting N~V -l -
the antenna with a T§ waveguide mode. The analogy b = VHm+ Dboo oo =19~ (r@0/})
between these two examples is clear and it can be easiljerey  is the needed angle for the fundamental Gaussian
generalized for higher order modes, oLE — ¥,,—:. It is beam to include 86% of the total power.
easy to show that an efficient conversion will need a longerin order to reduce the diffraction losses in the case of
waveguide component as the input correlation factor is lowewoupling higher order modes to free-space, one can intro-
The maximum correlation factor between the,Jl&nd thel; duce efficient rippled-wall mode transducers to convert the
modes is about 83.8% far, = 0.49R (Fig. 10). For this case, circular symmetric mode to a mode mixture appropriate for
the transition area is longer, the antennas should be longercaapling to the first-orderry mode [16]. This method has

(11)
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RESuLTS (POWER AND PHASE) FOR DIFFERENT LENGTHS OF THEAI\L?EEI\IIAE E;IEIFINED WITH &g = 0.51R;,, FED wiTH A TEg2 WAVEGUIDE MODE
L=2z, L=2.5z, L=3z, L=3.5z,
R,.=2.236R;, R,.=2.69R;, R,.=3.16R;, R,.=3.64R,,
Modes % Phase % Phase % Phase % Phase
TEy 29.088 -79.32 21.57 46.8 13.03 174.9 7.72 -52.4
TE,: 1.1405 -169.4 11.89 -70.38 20.6 46.7 20.35 167.3
TEy; 27.573 -140.3 7.363 -31.364 1.32 2.68 6.99 66.36
TEy, 30.5 134.98 30.5 -109.1 17.91 -2.479 5.37 89.77
TEs 9.68 69.22 20.52 179.1 26.54 -75.7 22.52 25.52
TEq 1.664 25.53 6.365 123.4 14.35 -138.6 21.6 -41.5
TEy, 0.302 1.382 1.38 85.015 4.61 172.1 10.56 -98.1
TEqs 03183 64.99 1.19 137.2 3.524 -142.5
TEgy -—-- - - - 0.3 117.47 0.975 -174.9
TEq0 0.267 163.3

line, opening the possibility to build cheap and compact high-
efficiency beam waveguides operating with high-order beam
modes.
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