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and quasuniform antennas[11]. In parallel, modulated

AbstracB Reducing the profile, footprint and weight of surfaces were analyzed for the propagation of surface and
antennas embarked on aircrafts, dones or satellites has been a leaky waves in[12] and, soon after, for radiation from
long pursued objective. Here we tackle this issue by developing a periodic structuregl3]. Jaclson, Guglielmi and other authors
millimeter-wave 96 GHze | | i pt i-Eya lantefna With®®% |5, presented the leakave propagation and beam

axis radiation at 16.5° that has been fabricated by low cost 3D . i ) .
printing stereolithography, followed by metal coating. The scanning  capabilities of diverse structurgd4Ji[16].

theoretical basis for optimum offaxis operations is explained. Nowadays, an extensive bibliography can be found on the
Measurement results show an overall good agreement with Subject{17]i[19].
simulations, displaying a gain of 17 dBand a 3.5° beamwidth(E- Among the periodic structures, an interesting kind of
plane) at the operational frequency. The offaxis beaming antenna was reported in the microwave range as an evolution
enlarges the potential applicability of this technology with respect ot {he extraordinary optical transmission works developed in
to the broadside beam solution. - . .
[20]i[22]. These antennas consist of a radiating slot
surrounded by straight paralf@3]i [25] or annular concentric
Index Term® Leaky wave horn antenna, offaxis beaming, [26] corrugaions. In the latter case, the structure is usually
stereol it og+wwwphnyenna, karrlghtéds surface, C a I 1 e dEyeB(EI) antersnaBE antennas can be designed
millimeter -waves for broadside operation at a specific frequency. Due to the
symmetry of the BE structure, they can also be designed to
produce a conicadector leam pattern within certain

. INTRODUCTION frequency range[27], although this pattern can also be
HE INCREASING data transfer volume driven by achieved with a half BE28].
mobile communications, surveillance, and spbased The interpretabn proposed in the optical regime was

navigation systems is risingireless bandwidth demand on anbased on the coupling of the incident light to surface plasmon
unprecedented scal#], [2]. To give solution to thigrowing polaritons supported by the metit interface, excited thanks
exigence, engineers are moving into the millimetave to the periodic structure milled on the mef20]. Although
region[3]i [5]. In this range one may reduce the footprint anthis explanatiorwas valid in that range given that the real part
profile of high and medium gain antennas, resorting to af the permittivity of metals is negative and comparable in
leaky-wave radiation mechanisni6]. This is particularly magnitude to the permittivity of air, it was not completely
appealing for antennas mounted on unmanned aerial vehickesurate at lower frequency ranges, such as microwaves or
(UAV), microsatellites and cubeSdH. millimeter-waves where metalare better described using a

Leakywave antennas are classical radiating structures tHagh conductivity approximation. Therefore, an alternative
have been known for a long time. Hansen, in 1946, patente@xplanation was put in terms of the leakgve theory[29],
slitted electromagnetic waveguide capable of radiating [80], complementing the plasmonic interpretation. These
steerable bearf8]. Later, Olineret al. studied the lakage of antennas have been demonstrated at millimeteres for
waveguides with different discontinuities along a side walhutomobile radaf31] and space research applicatidiif as
performing a thorough analysis for uniform antenj@ds[10], well as in the terahert{32] and midinfrared band for

guantumcascade lasef83].
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metallic grating to suppress the TE field distributions was [I. FORMULATION OF THE GROOVE EQUATIONS

presented. Previously, iff37], Encinar had presented & | this section, we derive design equations for the
thorough analysis of the methods which permitted to obtaiyyilinear grooves tobtainan offaxis beam. With reference
the fields in any region and the radiatiocharacteristics of {4 Fig. 1, the upper half of the antenna (with 0) is designed
dielectric slabs loaded with metal strips, when the strip suppot a forward leakymode (from here on we will call
thicknegs was takgn into account (mode_ ma.tching method) @8 to this part) and the lower halBV part) is designed to
not (point matching method). Closer in time, the modal,pport a backward leakyode. The grooves are designed so
properties of the leaky and surface waves propagating alogg at the operation frequency both parts of the aperture
the metallic gratings on the GDS were scrupulously describggbnerate a beam in the sadiieection, see Fig. 1(b). In the

in [39]_- o _ _ following we describe the physical mechanism that leads to
While clarifying the physical connection between thgpe design formulas.

optical concept of holography and thakg wave mechanism,

a double period strip grating enabling-bfioadside beaming
was reported in 200[40]. Likewise in[41], [42] a thorough
analysis was done about the beam sweeping capability of
asymmetric structures based on subwavelength slits perorat —
in slabs surrounded by gratings at both sides. Tilted beams can "=~ " © S S )
be also obtained at lower frequencies with the use of ’
metasurfaces made of subwavelength patches printed over &
substratd43], [44].

Taking as a basis the results d#5], different
modi fications of the symmetric
studied for multiple discretely steerable bedifjs Namely, a
mechanically rotating plate containing a-sector ring pattern
placed over a central slot wasoposed to obtain six different
radiation angles for CubeSat applicatiqd§]. In parallel to
this work, but unrelated to the steering capabilities of the” w,, D,
antenna, the increase of its directivity I tsole addition of a
dielectric superstrate was prover4m]. _ _ _ o _

Here, motiated by the fapfototyping and lightweight £ Beemern)80 v ) Ceesecina v b e plne,
advantages provided 3D printing technology, an ofixis
BE antenna working at 96 GHz has been designed, fabricatedrhe depth of the grooves is less than a quarter wavelength
and experimentally characterized. Although a similar antenig the operation frequency and the wigtl(= Weyw = Way) is
was presented if#8], design criteria were not disclosed in theyery small compared to the wavelength. Both parameters can
above reference, and areingerpreted here on the basis of ae adjusted with different values in tR&V and BW partsof
diffracted ray model. This asymmetric structure allows thgye grooves to improve the antenna performapgg, o-w and
antenna to radiate a steered beam in a direction goveynad g, wey, depths and widths respectively).We assume that the
forward (backward) interaction between the cylindricastructure is excited by an open ended waveguide centered at
wavefront of the wave launched by the feed and the annut@e origin of the reference systemy-z. The observation point
corrugations in theupper (lower) part of the structure. at the free-space interface is described by the cylindrical
Meanwhile, the stereolithography (SLA) 3D printing followedc o o r di nat es § , a. T h egrogagaéng e x ¢
by chemical and ettro-plating metallization offers a rapid with vertical electric field and cylindrical wavefront with free

and. cqsteffectlve fabrication solut|_on of antennas, WhlchSpace radial wavenumbér =w./ @ Jn. Let us assume that the
easily includes the feed. The fabricated antenna presents a

peak gain of 17 dB with a narrow beamwidth ofdrazng wave can be described by radial rays at the first
approximately 3.5°in the Eplane Experimental ad 9roove (Fig. 1(a)). , _ _
numerical results show good agreement when fabricationConsider first the coupling of the grazing wave with the
tolerances are taken into account in the model. This struct@dVilinear groove closest to the origin. We assume that the
offers a medium gain with the benefits of a reduced profi@XS of this first groove is described by the polar coordinate
and a weight less than a fourth of a solid copper antenna. ~ equations = d(/ ), wheredi v (0°, 180°) for thé"W part andi

The paper is om@nized as follows. Section Il presentst (180°, 360°) for th@Wpart of the aperture (see Fig. 1(a)).
design formulas for the gr ooQuegbais fihding thganalyticSl @xpressionrof tHe fuhction | |
the details of the design procedure and the full WaVQ:dO') for ensuring a phaseoherence condition for the

3|mulat|0n-s. Section IV presents the fabncatlon Process aegattered field fronthe first curvilinear groove in a direction
the experimental measurement. Sectibrconcludes with a &= cos §E sin Y (namely in a direction which forms an

summary. _ o _ .
angle g' with the z-axis in the plang-z, see Fig. 1). To this

wer €
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end, we can substitute the groove apertures with magnegig & and £, the unit vector normal and tangent to= d(/)
current rings radiating on top of the ground plane and fed

b : i . : :
the grazing rajfield. The phasenatching conditions of &t each poinP® (¢ )i, respectively (see Fig. Jalmagine

scattered rays in directioff can be formulated as: that the aperture domain is decomposed into angular sectors of
elementary angular apertuwig , each sector fed by a grazing
kd(/ ) +K[r - d(/ ) EQE] = kd, +kr, j1©020) (1)  rayfield propagating alonff. The magnetic currents that

_ _ . ~ represent eacgroove can be locally thought of as obtained
where r is the far field distance from the origin, from the interaction between a local planar wavefront and 1D
IE cos % siny is the radial (ray) direction and rectilinear oblique grooves locally tangent to the curvilinear

d,=d( | ©) is the distance of the first groove from thedrooves, and with local period aloriggiven by D(j ) . The

origin in thex direction. The term in the square bracketsin (1) 2t t er is a sort of local fcan
is the far feld distance of a generic point of the ring indttribute a generalized Floguetaive expansion with dominant
direction € (see Fig. 1(a)). We note that (1) is valid in bott{0-indexed) Iocal' wavevector given by, The other
FW and BW regions because of the sign inversion of thaavevectors of this local expansion dagé found as follows.

vertical electric field launched by the source in the two regiorFirst, one projectkf along the two direction& and£. The
(see Fig. 1b). Sinde B sin 'sig , we may rewrite (1) @s:  component alongE is preserved along the rgath, while the
, d o ki iodicitid (]
4 )= LT /1 (0.20) @) component alog Ik is affected by the _Iocal p(-ErIOdICItE(J )
1- sing'siry and therefore by a periodic shift equal to

. . . . _ 2om/aD( ) BOErgn¥0, 1, 2. '

which defines the equation of the first groove as an elllpsze‘o € (/) g The dominant LW
with one focus at the origin. The intersection distance of thecal wavevectorb,,, is obtained by setting=- 1, which is
first groove with they axis is obtained by substituting the only spatial harmonic inside the visible region. This
j =kand j3=/:in (2). We denote this distance byprocedure leads to

d., and d,, respectively: (A B ma W P = 2k 6
Fw BW by =k(£ & Egk( @olméga S (6)
Oy =G/ (1 -sin |, dy, def1 sin) (3) Introducing in the above equation the
valueD(j ) = /(1 sin 'siq ) and the analytical expression
The equations of the other magnetic current rings (grooves) fe:
can be alculated by assuming that the magnetic currents on
all rings essentially depend on the incident field ancondhe  g=b,[r(1- sing'siry )]/B,[ (- sing'siry )] (7)

field scattered by the other grooves. Therefore, we can fin_d[E(1 sing'siy )- Esing'co ]/ /(1 sing'siry J +(sing'cog |
their equations just settingd, +2n pn ©,1,2,.. in place of sty 7eog sty n7coy

kd, in the second member of (1). This implies that all rings , ) N
it can be easily shown that (6) impl =ksing '{.
radiate in phase with the first ring € 0). This leads to: y (6) implizg, 9%

This means that the direction of the local LW wavevector is
d+nl independent ofi  f or al | the angul ar
d”() =—>2——,n 812P (4)  define a global linear phasing of the aperture along the
1- sin gsin | directiony. In the interpretation we have just described, the
angular sectors relevant o< 0 andy > 0 contribute with
where | is the free space waveldhg and by |ocal backward and forward loclaky modes contributions,
definitond®(j ) *d( ). Equation (4) represents therespectively.

equations of confocal ellipses with one focus at the origin.

Note that in theFW region siri is positive, and then the Ill. PROTOTYPEDESIGNAND SIMULATION RESULTS
interspace between grooves, represented by For a complete characterization of the antenna, the whole
D(G) =A@ si 'siq ), is larger than the wavelength, structure was designed and studied using the commercial
while in the BW region sirii is negative and the groove Software CST Microwave Studi [49]. A magnetic
interspace is less than a wavelength. In particular, f§ymmetry was defined in the-z plane to reduce the

j = f2and j3=/ae obtain, respectively, the following computational effort. The opimized parameters are
summarized in Table I.

The grooves have been designed usingTHhe open ended
waveguide cross section, hereinafter simply denoted by slot,
has the next parametesg:= 1.627 mm xs, = 0.470 mm; the

slot depth iss,= 0.77 mm perfoated on a metallic 74 mm x 71
Equation (5) has an interesting interpretation. Let us denote

interspaces

Doy = /(@ sin )gDg, KLl sin ¥ (%)
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mm slab, fed by a WRO standard waveguide fixed on thedue to the fact that the field is almost completely radiated
rear part. This slot permits the coupling of the power to when it arrives at the peripherahg. Thus, as observed in
transverse magnetic (TM, with H field normal zp surface [23], at a sufficiently large number of periqdie increase of
wave, which propagates along the metalinterface, through the gain for consecutive number of grooves will be negligible
the transversal resonance determined by its widthe This was also reported if26] and very recently inf31].

arbitrary constanthas we | | as the groo

for both FW and BW regions were obtained by means of an 20

optimization routine, based on the Trust Region Framework, =

setting asigoal achieving the highest possible gaini@t = 153 15

and as low side lobe level as possible at the ddeiguency. FS 10

Due to the asymmetry of the antenna, the optimization routine 3

for the grooveds dimensions 3 .| b
of different widths and depths. Based on previous wofkg, &

was chosen as a seed for both width and depth at both sides 9 ' ' ' ' '

. , 80 85 20 95 100 105 110
The optimization, which returned values betweéf6 and (a) Frequency (GH2)

//8, is essential for a maximum gain at the design 20
wavelength, given that a shgt variation of @
dimensions may lead to a shift of the frequency of the =15

c

maximum radiation. Thus, both the period of the corrugations &

0 1o |
and their dimensions must be chosen adequately to obtain the g
largest gain at the frequency of design. 2 5
i
TABLE |
PARAMETER VALUES (OPERATING FREQUENCYI3GHz) 0 ‘ ‘ ‘ ‘
0 5 10 15 20 25

Para Description Value Value (b) o' (deg)

meter (mm) 1)

drw * Forward Offset 4501 144 Fig. 2. Realized gain vs frequency @td 15° (a) and Eplane radiation pattern

dew* Backward Offset 2650 0.85 atf = 91.6 GHzas the number of periods is increased fRmMO0 toP = 8 (b).

Drw?  Forward Period 4142 1.33

Dew 2 Backward Period 2438 0.78 : . : .

S Slot Width 1627 052 _F|g. 2(b) d|spI:a1ys a deti';ul of the_ evolution of theplqu

s, Slot Heigh 470 0.15 diagram, fromd & 0° tod & 25°, with P. Remarkably, with

S Slot Depth 770 0.25 just P = 2 theantenna shows a beam aroudfd = 15A,

gFW Forwar ? g Gg‘r’g ggg 8'% comparison with the near isotropic radiation of a -non

BW . . .
Wew Forward Groo 510 0.16 corrugated structureP(= 0), and as the number of periods is
Waw Backward Gro 420 0.13 increased, both the beamwidth and the side lobe level are

E'O 'Sr‘lgegsﬁg};h’l distance with ?41132 . 2?;’0 reduced. Notice that although = 8 hasthe higher gain, its

L Slab Width 71139 2276 side lobe level is slightly worse th#&h= 7. Hence, the choice

of P =7 for the prototype.
;Oﬁs_et goes from slot center to groove center. Fig. 3 presents simulation and measurements (commented
Period goes from groove center to groove centér. 1 in the following sections) for the antenna with seven rings.

In this case, the optimized groove dimensions excithe plue curve in Fig. 3(aprresponds to the simulated return
predominantly the Tk mode (referred to the fundamentalioss of the ideal structure, which presents a dip at ~93 GHz
mode of the coaxial waveguide that can be associated to eﬁq;;é other curves will be commented in the next section). The
groove). If wider corrugations were employed, the first highgpcation of the minimum return loss is governed by the
order mode (TMy) could be also excitef50]. However, this ansversal resonance fixed by the sldtity s,, which is
option was disaaled as the wide corrugations at the |0W9&pproximately half the operating wavelengtfat 93 GHz (
half merged into a single cavity due to their proximity. Anon-= 3 o o mm) and its depsg.tBludepen
uniformNhexahvedraI mesh wi~th smallest mesh cell ofv44 MM Xurves in Fig. 3(bg) represent the realized gain and the E
32 Om I 127 Om (108) 6wasl us gfinR §-PplamfrBdiation diagram &t 91.6 GHzwhich is
accurately the geometry. the frequency of maximum gain, respectively. i\ shown,

The numbe of rings was chosen as a good tradeoff betwegRe simulated ideal antenna presents a peak gain of 19.3 dB at
size, gain and side lobe level, as explained next. A simulatigie design frequency and the maximum radiation points
study has been performed to observe the evolution of the 9giards 15°. It has a relatively narre®dB beamwidthd 8qs

with the number of rings fronP = 0 to 8. The results - 5 104314 the side lobe (appearing as a slight shoulder at 0.5°)
presented in Fig. 2(a) demstrate that a higher gain as well 33avel is near 10.8 dB

a narrower bandwidth is obtained as more ringsaaiged to

. I _ ) The Hplane radiation pattern dt= 91.6 GHz (elevation
the grating. The gain increment is reduced wReincreases,

angled & 15°) is displayed in Fig. 3(d). The corresponding
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beamwidth in this plane 8 G4 = 10.2°, and the css level
value is at least23.2 dB within this beamwidth. Needless to
say, the magnetic symmetry of the structure inyzeplane,
corresponding to the-glane, imposes a null of crepslar at
G 6= 0° The crospolar observedor the Hplane can be
assgned to the TE mode excited in the grooves that possess ™
Ex (andE,) components.

IA/m (log)
100

0.9494

0 T 0.538

0.293

0.147

& -10 D.DEE;
kA
—

5 (@) (b)

Aldeal (sim)
.30 1 éFa_bricated (meas.) Fig. 4. Surface currenmagnitudedistribution in planex-y (a) and nearH,-
Adjusted (sim) field in planey-z (b) atf = 91.6 GHz. Inset: detail of the slot and ffirisg.

(a) 80 85 9% 95 100 105 110
Frequency (GHz) Fig. 5(a) presents contour plots showing the simulated
5 20 realizedgain as a function of frequency and angle in the E
=15 plane (Figs. 5(b¢) will be commented in the next section). It
3 10 can be seen that from 91 to 96 GHz, the antenna presents a
% 5 maximum @in exceeding 18 dB with a narrow beaf {;5 ~
2y F— 59) pointing at 15° and side lobe level Iar_ger than 10 dB_ out of
e R Fabricated (meas) the 90 GHz 92.5 GHz range though. It is also interesting to
> ‘ ‘ ‘ | Aduusted (sim) observe thatinverting (5), the equation which governs the
(b) 80 85 90 95 100 105 110 beam directionl6 , i #plarte Is givelkcby:
Frequency (GHz)
20 1 A el ) sing'=1- / | Dgy; Sing'=//Dgy - 1 (8)
E)\ AFabricated (meas.)
3;, 10 | A Adjusted (sim.) N .
g By fixing D, and Dy, two sets of cves are obtained by
2 0] means of (Bas a function of frequency, that are represented in
% Fig. 5(ac) as white and black dashed lines fbk,, and
@ -10 |

-10

—~
O
~

0 10 20 30 40

50 60 70 80 90

D, respectively. These curves identify the pointing angles
relevant to thdW andBW part of theantennavhen changing

0' (deg) frequency. They cross approximately at the operating
20 ko—polar H-plane Idgal - Cross-polar H-plane Ideal frequency and beam direCtion'
g 10 o-polar H-plane Adjus. == Cross-polar H-plane Adius.| By means of (6) the phase constant is both analytically and
z ol numerically obtained. Fig. 6 presents a comparison of the
'S_lo | numerically computed (red curves) and simulated (blue
§_207 W ;:\ L curves.) beam directions as a
E N Tt for FW (continuous curvesand BW (dashed curves) parts. A
o -30 1 ’ ’ good agreement can be observed for the forward leaky mode.
-40 L — ‘ ‘ ‘ ‘ ‘ ‘ ‘ The backward leaky mode shows, however, a slight frequency
(d) 80 -60 -40 -20 o (geq) 20 40 60 80 shift between theory and simulation that we attribute to a

Fig. 3. Return loss (a), realized gain @mdE-plane radiation diagramat the ~COMbination of numerical error (mainly, origited from the

frequency of the maximum gaift) for the simulated ideal (blue curves), meshing) and antenna finite size effect.
experimentally reasured (black curves) asiinulated adjustetgreen curves)

antenna.Co-polar (continuous line) and crepslar (dashed line) Hlane

radiation diagrams at the frequency of the maximum fmisimulated ideal

(blue curves) and adjusted (green curvespramas (d).

As it can be seen in Fig. 4(a), the current density is higher in
the vertical direction, corresponding to theplne. Thus, this
antenna presents a higher leaky wave radiation contribution
for this plane (Fig. 4(b)). Regarding thpertureefficiency, as
expected for this kind of antennas, a low value of slightly
more thare, = 6% is obtained.
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consisted of 50 periods so as to avoid reflections at the edge
of the structure, which thwar
of the GOPF method. In addition, the equation in (9) is only
valid for a periodic streture for which the propagating
power remaining on the surface is negligible, which in
practical terms is equivalent to a very long structure.
However, these values allow us gain an overall view of

the behavior of the 7 period structures.

90 95 100 105
Frequency (GHz)
’ ; ‘ . 20

(b) 80 85 90 95 100 105 110 Fig. 6. Numerically computed (red curves) and simulated (blue curves) beam
Frequency (GHz) directions as a function of the phase constanFfr(continuous curves) and
. - BW (dashed curves) parts

IV. FABRICATION AND EXPERIMENTAL MEASUREMENTS

The antenna was printed in a SLA 3D SystenigeW™
| machine, based on the laylgy-layer solidification of a photo
208 = . N | reactive resin by means of an ultraviolet light beam. The 3D
printed splitblock antenna can be seen in FigT@.minimize
radiation losses, theincturewas along the fplane[52]. Once
80 85 90 95 100 105 each half of the antenna was obtained and properly cured, they
(C) Frequency (GHz) underwent a four stage chemical process to make them
Fig. 5. Realized gain in dB for $lane simulation for the ideal antenna (a), cOnductive with an electrtess nickel layer, over which a
measurements (b) and simulations for the adjusted antenna (c). Black gshbper layer 30 pmhick (conductivitys = 5.8x10 S/m) was
white dashedurvescorrespond to the anaigally calculateddddirection vs. deposited using an electpiating process. Then, the
frequency for the beam radiated e BWandFW part, respectively. . ' '
metallized halves were fastened by means of screws. The

For the sake of compl et e n efdbdcated gnienna was Jweighed, ysigg, aldOy,Cokog ¢
also obtained for botFW and BW halves. For this, two 1D Precision balance. The total weight of the final stve was
corrugated antennas, one witietparameters diw and the 111.2 g, of which 50.95 g corresponded to the fasteners. In
other one with the ones &W part were simulated. Then, the comparison, a solid copper antenna would weight ~ 456 g
attenuation constant was calculated by applying tHee st i mation based on’. Jupprero6s
generalized peneibf-function (GPOF) method51] to the antenna with a weight less than 75% of a solid metal antenna
decayingH, field observed along the propagating surfaces iis obtaired.
the y direction, once the contribution of the flat surface Fig. 7(a, b) show a half uncoated antenna and the metallized
(inversely proportional to the square root of the distance) wasitenna, as well as a side view of the flange for both
subtracted. Wi t h t k= 0026nad t K osit rwuec toubrteasi.n eTh ed/ant ennads di me
= 0.041 for theFW and BW sections atf ~ 92 GHz, means of a Mitutoyo 17806D electronic microscope in order
respectively. In order to validate these results, these values®fquantify the dferences introduced due to the fabrication
the attenuation constant were introduced in the next equatiofglerances. Figs. 74€) display a detail of the front view, the

slot and the intersection between upper and Ilower
corrugations, respectively. The largest differences were found

9 for the sl ot gmeskntigraciboOeumdlotwi d t
and ~160 pm narrower grooves (350 um for B region

where dsgs is the width of the beam obsed for the and 260 pm for th&W region). A_ new serigs of simulations

simulated 1D structures at the pointing angd@ndk is the were subsequently launched incorporating the measured

freespace radial wavenumber The semianalytical parameters in _order to have_ a more accurate correlation
beamwidth and the beamwidth obtained directly from the f&€tween numerical and experimental results. This corrected
field simulationwere in very good agreementO® forthe desi gn will be referred to ir

FW part and 463° for the BW part. The simulated structures antenna.




