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Abstract—We describe the design of a radial line slot array
antenna with a shaped and focused near field. The antenna
is designed in such a way to control the side lobe level and
beamwidth of the normal component of the electric field with
respect to the radiating aperture. The design procedure caosists
of two steps. In the first step the requirements on the near-
field pattern are provided over a focusing plane at a given
distance from the radiating aperture. A set theoretic apprach
is then used to derive the aperture field distribution fitting the
requirements over the near field. In the second step, the aptre
field distribution is synthesized by accurately placing andsizing
the slots of the antenna. The spillover efficiency is maximed
during the design process. The antenna is centrally fed by a
simple coaxial probe. The antenna design is validated by a
prototype and measurements atl2.5 GHz.

Index Terms—Near field, focusing, radial line slot array, RLSA,
near-field shaping.

|I. INTRODUCTION
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Fig. 1. Geometry of the problem with two generic surfacesngefion two
parallel planes orthogonal to theaxis. The focusing aperturg, is located
at z = 0. The focusing planéSr is at z = h. On the focusing plane the

ADIAL line slot array (RLSA) antennas have beersurfacesA; and A, are used in the first step of the design procedure for

widely investigated in literature for far-field applicati®
[1]-[4]. RLSAs are attractive antenna solutions thankshisirt

defining the field constraints.

compactness, planarity and high efficiency. Such features a

also extremely appealing for several near-field applicatiojs imposed to the tangential field distribution of the fongsi
such as near-field probing, radiometry, non-invasive m&dicaperture. Therefore, the optimization/shaping of the $ietd

imaging, etc. [5]-[11]. The design techniques used for &g
and shaping the electromagnetic field in the near-field

the Fresnel zone is generally done by using classical far-
fleld techniques. This is strictly valid as long as the focal

Fresnel zone of an antenna stem from the seminal worksgpne is placed at distance larger than one aperture size and
[12]-[14]. In these works, large (in terms of wavelengthfiangenerally beyond the near-field or reactive zone of an aatenn

linearly-polarized apertures are considered and an elgnive

In addition, there is no control or design flexibility on the

betWe.en theil’ nei':ll’ and far f|e|dS iS deriV.ed. The ConsiderQSerture and Spi”over efﬁciency’ po'arization and sizehaf
near fields are either transversal or longitudinal to thes axdystem. Besides, complicated and lossy beam forming net-

of a defined focal plane parallel to the focusing aperture.

Works are used to practically implement the required apertu

brief, it is shown that the fields in the Fresnel and far-fielfeld distribution introducing inevitable distortions [§]].
zones present the same properties if a quadratic phase tapgj this paper the design of a RLSA antenna focusing its main
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beam in the near field is proposed. A novel design procedure
is adopted for shaping the electromagnetic field radiated by
the antenna without any limitation on the location of the
focusing plane and polarization as in previous works [H]}H1

In particular the possibility to control and shape the ndrma
component of the electric field radiated by the antenna is
considered as in [15]-[20]. In addition, the antenna is i@yt

fed by a coaxial probe avoiding lossy and cumbersome feeding
networks [6], [7], [17]. The design methodology is divided i
two main steps: (1) derivation of the aperture field genegati
the required focal pattern; (2) automatic design of the RLSA
with the required aperture field distribution.



In the first stepthe required pattern or field distribution isplane as:
provided based on the particular application or needs. Here B (o) _
we consider the possibility to control the side lobe leved an Mask — J max(E-=(z,y,h)) >c o in Ay, )
beamwidth of the normal component of the electric field of % < cg in Asg,
the focused beam within the near field of the structure. A set U _
theoretic approach and alternate projection method [213ésl Where0 < ¢z < ¢ < 1 are fixed limits for the normalized

to derive the aperture field distribution generating theunegt Medule of £, in some space domaind, and A, over
pattern. the focusing plane, respectively (see Fig. 1). The function

In the second stepnd in contrast to previous works [5]-™ax(|E:|) indicates the maximum value of thecomponent
[11], the optimization tool is linked to an in-house Method®f the_ electric field in the focusing plane. For clarlty, |r_eth
of Moment (MoM) [22]-[27] for deriving the RLSA structure followmg th(_a normahz_ed_Ez _component of the electric field
having the required aperture profile. The automatic desigh an the focusing plane is indicated as:
qptimizati_on ;cheme propo;ed in [4] is ge_nera_llized forﬂear = 1) — E.(z,y,h) 5
field apphcayon_s. The requ!red aperture field is achieved b 2(2,y,h) = max(|E. (2, y, h)]) )
properly designing the slot dimensions and locations adioes
radiating aperture. Finally, a prototype has been manufdt Note that the mask also defines a reference soliRichequal
and tested at the operating frequencyfgt= 12.5 GHz to ¢; andes in the two domainsd; and A,, respectively. The

The paper is organized as follows. Sec. Il introduces the figiZ€ of the focusing aperturé'f) is another constraint of the
step of the design procedure where the required apertude figPtimization procedure.
distribution of the near-field focusing antenna is derivid. Once the constraints of the problem are defined, an iterative
Sec. Ill, the second step of the design procedure is preﬁ;er@éocedure based on an alternative projection method is used
together with the RLSA geometry. The complete tool is usé@ derive the aperture field distribution [21]. To this end an
in Sec. IV for designing a prototype able to focus its maifrbitrary complex field distributiort, is defined at beginning
beam at a distance equal to half the antenna size. DetailsQ¥§" the focusing apertur&™ (z,y,0). The apex: indicates
the convergence, accuracy of the design and coaxial feedth§ iteration step of the procedure. The field is defined only
transition are also provided. The prototype is validatedégr- over the surfaceS, and it is assumed zero outside this
field measurements of the normal component of the electfRgion. A uniform field distribution may be assumed as guess
field at different frequencies and at various planes paraile distribution (stepn = 1). The Fourier transform (FT) of the
the antenna aperture. Finally, conclusions are drawn in\&ec aperture field distribution is then derived:

B (ks 0) = [ EO oy 0t dudy, (3)
Sa

II. DERIVATION OF THE APERTUREFIELD DISTRIBUTION

The geometry of the problem is shown in Fig. 1. Awith k, andk, the spectral frequencies extending over the
aperture of sizeS, is located atz = 0 and is radiating in entire frequency spectrum-6o < k,, k, < 4+00). The electric
free space. The required pattern is defined over a focusiigd E.(x,y, h) over the focusing plane can be calculated as
plane Gr) located at a distance = h and parallel to [28]:
the radiating aperture. In the following discussion, treamnse 1 Foo md
magnetic (TM) modes with respect to thealirection will only Egn)(:c,y,h) = — /
be considered [15], [16]. However, the proposed procedure 4 —o0J —
can be extended to transverse electric (TE) modes or any xe‘j(kw“kyy)dk;wdky, 4)
combination of modes.

The goal of any synthesis procedure is to derive the apertiyéh k. = /&% — k2 — k2 andk the propagation constant in
field distribution that generates the required pattern. idrpr free space. Therefore, for the next stepH1), the module of
such a pattern may also not be a physical solution of thlee derived electric field is modified accordingly to the dedin
problem at hand. The technique adopted here is based omask as:
set theoretic approach and alternate projection methof [21 {

E;(n)(kz7 ky, 0)67jkzh

oo

In these approaches, each requirement or relevant infamat | g(r+1; 4 p)[={! max(|EL")) if |%E z| <c1in Ay,
(fabrication tolerances, synthesis error, etc.) is exqaésas 2 max(|E§")|) if (B2 > coin As.

a set of constraints for the possible solution. The solutibn (5)
the problem will belong to the intersection of all these sdts  Note that the phase of the electric field is not modified.
constraints or will be the closest one, according to a pexyidIn addition, at each iteration the squared error of the field
measure criterion. Circularly- and linearly-polarizedd&can distribution is derived over the focusing plaSe as:

be considered as well as single components of the field. In the

present case we will focus our attention on the possibibity t A 7//
control the beamwidth and sidelobe level of theomponent o )s,
of electric field ) in the focusing plane (see Fig. 1). In

addition ¢ invariance is assumed for the radiated field. Thd he FT of the electric field over the focusing plafig is then

requirements define a mask for the near field in the focusiegaluated as in Eq.(3) and indicated?ésgnﬂ)(kz, ky,h). The

|ES (2, y, b))

2
— Ref| . (6)
max(|ES (x,y, b))
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Fig. 2.  Geometry of the RLSA (top view). The slots on each rraye
the same lengthl(). The width of the slots«() is constant. The slots are
uniformly distributed over the rings along. The generic control point (red 4
dot) of the optimization procedure is indicated by the index 3t N
2t — 4
5 ° Mo(ﬁt)/Mo
: o . . . g M/M
integration is limited to the physical size of the focusingne ool o M/M
Sr. The novel aperture field is obtained: §_1_ —M,/M, ]
o
, ~(n+1 I |
E) (2 = // K, by, h)e?*=" 2
z ( ay7 4’/T k2 k2<k2 ( Ty vy, ) 4l /'/5\ |
xe et i, dky, () 40 50 100 150
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where the integral has been limited to the visible spectrum

avoiding super-oscillating aperture distributions [ZBje pro- ()
cedure is repeated untll, lays within the imposed require-
ments in the focusing plane or the squared erxgr is lower

than a certain threshold. It is worth saying that the FTs in 138_ N T - N~
Egs. (4), (7) have been evaluated with a Fast Fourier Tramsfo s R «Na
(FFT) algorithm speeding up their computation and the divera B S - A,
time convergency of the design procedure. = 50 Lo _ |
_ The present procedl_Jre provides thieomponent of elec_:tnc <5007 1 Slot basis L 5 Slot basis 1
field E, over the focusing aperture [15]-[16]. However, in the & 40l * function i functions
next step the tangential electric field distribution is riegd 30F .
for designing the RLSA. Thanks to the invariance of the 20t "'\A,’,\ _,,"
ir:dlslt:: k1;|e.ld, the-component of the tangential electric field 13- . : \:VVNW\A *\!\’; AL
given by 0 50 100 150 200 250 300
+oo p4oo k — Iteration step s
E/)(ma:%o) = 4’/T2 / (kd,akJaO)
C
xeiths ”kyy)dkzdky, (8) ©
with k. =  /k2 + k2 Fig. 3. (color) Ideal and synthesized magnetic dipole mdnakstribution
P z T Y- provided by the two steps of the design procedure for the Rb&A antenna:
Finally, the scalar procedure presented here can be eagilymagnitude; (b) phase. (c) Spillover efficienays) and average aperture

ribution error QA 4) vs. iteration stepsd) with a different number of entire
extended to a more general vector approach In addition, gﬁ main basis functions for the analysis of the RLSA with theNMcode.
procedure can be directly applied to the tangential compisne
of the electric field in place of the vertical one.

[Il. SYNTHESIS OF THEAPERTUREFIELD DISTRIBUTION  the first step of the design process. The current distrihitio
The design of the RLSA structure follows the same stegynthesized by using the slots of the RLSA.

outlined in [4]. The derived aperture field distribution in Each slot is equivalent to a magnetic dipole oriented along

Eq.(8) corresponds to an equivalent aperture magnetiewcurrthe slot length. The dipole moment is proportional to the

distribution: Mo(p) = Mo(p)¢ = —E,(p)¢. Note that the feeding mode (outwards cylindrical wave) within the pagll

current distribution is oriented along and is a function only plate waveguide (PPW) of the RLSA antenna and function of

of p due to theg-invariance of the assumed TM modes irthe position and size of the corresponding slot. The slaid, a



TABLE |
POSITION AND DIMENSIONS(in mim) OF THE SLOTS IN EACH RING OF THERLSA

Ring number| 1 2 3 4 5 6 7 8 9 10
Length 5.23 5.9 8.08 7.35 8.3 7.89 7.28 8.33 8.68 10.19
Pt 8.15 | 19.54 | 33.61 | 47.13 | 58.38 | 73.80 | 93.57 | 106.16 | 119.05 | 129.20
0
I — Ideal |
-5 Mask ---RLSA, x-axis
-10f -- RLSA, y-axis |

Normalized |E,| [dB]
o

-25¢ /

/‘\
L Y

JANEN li L
-150 -100 -50 0 50 100 150
Axis [mm]

Fig. 4. (color) Normalized. component of the electric field in the focusing
plane ¢ = 150 mm) radiated by: ideal aperture field distribution (solidel;
synthesised RLSA (blue dashed line along thaxis, red dash-dotted line Fig. 5. Final prototype. The slots have been etched by laslatian.
along they-axis). The reference mask is also provided for comparison.

TABLE I
GEOMETRICAL DIMENSIONS(in mm) FOR THE COAXIAL TRANSITION OF

as a consequence their equivalent magnetic dipoles, must be THE PROTOTYPE
oriented in the same direction as the current distributidiy Y Di 1 D: | Ds | I g
for its synthesis [4]. 1.28 | 2.34 | 7.68 | 1.58 | 3.175

The resulting geometry of the RLSA antenna is shown in
Fig. 2 (top view). The slots are placed in the upper plate of
a PPW structure filled by a dielectric with permittivity [1], aperture. The fitness function is used to modify the position
[2]. Slots of same length) are uniformly spaced in each ring(p;) and length of the slotsl{) within an optimization loop.
and oriented along thanks tog-invariance of the assumedAt each iteration ) of the optimization process, the in-
current distribution. It is worth saying that the mutual pbng house MoM is used to evaluate the slots’ magnetic dipole
between each slot of any ring and the surrounding slots mgment distribution. The fitting functio* is then derived.
be different and may induce small asymmetries in the radiatg addition, the spillover efficiency of the antenna is also

field. The width of the slots is constant. calculated:
For each slot of the RLSA the equivalent magnetic dipole (s) _ Pacc = Pres (11)
momentM(p,) = M(p,)¢ is derived with an in-house MoM a” = Py

[22.]' [23]. The posmon ko) and_Ien.gth i(t) of one represen- with P,.. and P,.s the power accepted by the antenna and the
tative slot per ring (control point in Fig. 2) is adjusted for

synthesising the derived aperture magnetic current bigtdn rifsi::(ii;? é p?sw r?]ragﬁggiz 'Qut:if F;E\évbr?isrgii(:tli\;er:y.TLZe ﬁ?
M. This is possible thanks to the assumption of equal slote y 9 P i P

in each ring of the RLSA. In other words the magnetic dipol%nd length of the slots are updated accordingly as:

moment is averaged over each ring, yielding: p§s+1) _ pgs) +€pAFt(5)/kd, (12)
N;

Myp) = — 3 M(p), ©) Y= 1 g, RO, s
Ne i

wherekq = k,/€, is the wavenumber in the dielectric filling
the PPW, and) < ¢,,&, < 1 are damping factors used in the
optimization loop [4]. Note that the number of slots in each

where N, is the number of slot on ring. For each slot or
control point (see Fig. 2) a complex fithess function is define

My (ps) My ring (V) is calculated as:
t = Ev (10)
MO(Pt) M (s+1)
o N _ NG 2T (14)
where M = 1" | My(pe)|Ne/Nsiow and My = t Iman ;

Zi\gi‘"g | Mo (pt)|Nt/Nsior are the realized and target average
magnetic dipole moment amplitude, witfi;;,; and N,,,, the wherel,, ., is the upper limit for the slot length which is set
total number of slots and rings. The phaséy) and amplitude to the resonant slot length [4]. The notatipn indicates the
(|F¢]) of the fitness function represent the error between tfleor function. The convergence criteria of the optimizatio
target and actual magnetic dipole moment distribution tiver loop are based on the spillover efficiency, and the average
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Fig. 7. Simulated and measured input reflection coefficithe simulation
results have been obtained by the general purpose softwassS Hi30].
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Ay =
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Note that the proposed optimization loop adopts a projactio
method as in the first step of the design procedure [21]. X from
In addition, the procedure proposed in this section can be

extended to more general configurations with different slot © C)
patterns for the RLSA structure, as shown in [4] for far-field

applications using RLSA antennas as those in [1]-[3]. Fig. 8. (color) Normalized®, component of the electric field g on the

focusing plane. (a) Comparison between measured and MaMsedong the
z-axis. (b) Comparison between measured and MoM resultg dlwwy-axis.
(c) 2D MoM electric field plot. (d) 2D measured electric fieltbp

0
X [mm]

IV. PROTOTYPE ANDEXPERIMENTAL RESULTS

The procedure presented in the previous sections is used to
design a RLSA with a shapedcomponent of the electric field
(E.) (see Fig. 1). The operating frequency is chosen equal fdote that this mask is chosen as an example. However, other
fo = 12.5 GHz. The physical constraints for the first stepequirements may be defined based on the considered target
of the design procedure in Sec. Il ai®; < 300 mm?; h = application.
150 mm. The antenna focusds, at a distance equal to half For the second step (Sec. lll), the convergence criteria are
the antenna size. In addition the following mask is imposehe followings:na > 95%; A4 < 3%. The RLSA antenna is
on the normalizedv, profile over the focusing plane in termsmade by a PPW of heighti; = 3.175 mm and filled by a

of side lobe level (SLL) and beamwidth: dielectric with permittivitye,, = 2.17. The final positions and
Bl _3dB  forp< 10 mm lenghts qf the slots are given in Taple I. The diameter of the

Mask — { ma‘)cé‘|E|z\) P ' (16) antennais sm_al_ler thed®0 mm. The final RLSA structure has

ey < —14dB for p > 20 mm. a spillover efficiency and average aperture distributiomrer
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Fig. 9. (color) NormalizedE', component of the electric field g on two  Fig. 10. (color) Normalized 2D measurdd, component of the electric
different planes parallel to the RLSA aperture. (a) 2D MoMc#lic field plot  field on the focusing plane at various frequencies. fay 12.3 GHz. (b)
at z = 100 mm. (b) 2D measured electric field plot at= 100 mm. (c) 2D f = 12.4 GHz. (¢) f = 12.6 GHz. (d) f = 12.7 GHz.

MoM electric field plot atz = 200 mm. (d) 2D measured electric field plot

at z = 200 mm.

increased to 5 for a higher accuracy of the MoM analysis and
of 97.8% and?2.2%, respectively. The ideal and synthesizetinal results. This approach is possible thanks to the exdrem
magnetic dipole moment distribution are shown and comparéficiency in computational time of the in-house MoM [22],
in Fig. 3 in amplitude and phase. The blue and grey circlé3]. Note that the final RLSA has00 slots.
indicate the averaged magnetic dipole moment at the controilhe normalized®, component of the electric field radiated
point (M;/M) and at each slot in the rings of the RLSAPY the RLSA along the:- andy-axis on the focusing plane is
(M /M), respectively. The black line is the ideal averageshown in Fig. 4. The field radiated by the derived ideal apertu
magnetic current distribution over the aperture providgd Hield distribution in Eq.(8) is also shown for comparison. A
Eq.(8) (Mo/M,). The red circles are the samples of thismall difference can be noticed in the lobes lower tha0 dB
distribution at the location of the control poip in each but in all cases the patterns are within the imposed mask.
ring (Mo(p:)/Mo). A good agreement can be appreciateBesides, the field radiated by the RLSA antenna have a good
between the ideal profile (black curve and red circles) ard tt invariance.
real one (blue circles) of the RLSA antenna. In some casesA prototype of the RLSA has been manufactured and tested
a small variation in absolute value can be noticed betweahlETR. The prototype is shown in Fig. 5. The slots of the
the slots’ magnetic dipole moment of a particular ring (grelRLSA are etched by laser ablation on the upper face of a
circles in Fig. 3 (a)) and their average distribution (blireles double grounded Neltec NY9217 substrate with permittivity
in Fig. 3 (a)). This is due to the different mutual coupling, = 2.17 and thickness; = 3.175 mm. The prototype is
between each slot of each ring and the surrounding slotsagitrally fed by a coaxial probe attached on the back side
the RLSA structure. of the prototype to a SMA connector. The coaxial transition

The variation of the spillover efficiencyy4) and average shown in Fig. 6 is used to match the antenna to3he&hm

aperture distribution errorX4) with respect to the iteration SMA connector. The transition is made by a metallic disc of
step 6) is shown in Fig. 3. It can be noticed that converges diameterDs and thicknes&, connected to the inner conductor
faster thanA 4 to acceptable values. Fig. 3 also shows thef the SMA connector. The final dimensions for the coaxial
effect of using a different number of entire domain basisansition are provided in Table Il. The symbols refer to. g
functions in the MoM code for the analysis of the RLSA. InThe simulated and measured reflection coefficients areeplott
particular, 1 basis function is used at the beginning of Rtepin Fig. 7, and show good agreement.
of the design procedure to speed up the optimization processThe E, component of the electric field was measured
Once a solution is reached, the number of basis functionsaisove the prototype using a short electric probe attached to



_—_— - Finally, Fig. 11 provides the 2D plot of the normalizéd

200 along thexz- and yz-plane. The field was measured with a
5 e step of 100 mm in z. At the time of the measurements the
60 near-field scanner did not have a translation stage forzthe
o™ axis. Therefore, the probe was manually adjusted aleng
F For this reason, the measured fields are normalized atong
- using the MoM results to prevent any artefact or misleading

z [mm]

o o o information due to the measurement limitations. In other
words, the maximum along theaxis is the same for both the
(a) (b) measured and MoM results. The focusing behaviour and good

accuracy of the measured near field alar@an be appreciated.

IE,| [dB] |E,| [dB]
200

V. CONCLUSION

- In this paper, the design and measurement results of a
15 radial line slot array antenna focusing in its near field have
20 been presented. The possibility to control the side lobellev
2 and beamwidth of the vertical component of the electric field
30 has been considered. The RLSA structure is automatically
generated by a novel design procedure. The input informatio
of the design procedure are the size of the antenna and the re-
qguirements on the near-field pattern. The procedure is eivid
Fig. 11.  (color) NormalizedE. component of the electric field at the In two m.am steps. Ir.‘ the first s_tep Fhe aperture field distrau
operating frequency. (a) 2D MoM electric field plot along the-plane. (b) denerating the required near field is derived. In the sectep s
2D measured electric field plot along the:-plane. (c) 2D MoM electric the position and size of the slots of the RLSA are adjusted
field plot along theyz-plane. (d) 2D measured electric field plot along thqor synthesizing the derived aperture field and maximizing
y=-plane. the spillover efficiency. An in-house fast MoM is used in
the second step of the design procedure and for the analysis
of the structure. General purpose software can not be used

an automatically controlled 2D translation stage. The shduring this step due to their prohibitive computationaleim
electric probe is made out of a semi-rigid coaxial cabl® addition, the antenna can not be designed with classical
(UT-85) by removing the external conductor and dielectriaear-field methodologies based on an equivalence between th
insulator. The inner conductor extends for a lengtle.6fmm Near and far field of an antenna. Exhaustive 2D measurements
(about)/10 with A the free space wavelength at the operatingfidated the proposed approach and realized prototype. Th
frequency) beyond the outer conducting shield. The neat fidifoPosed structure and design technique may find applicatio
was measured over an area 610 x 150 mm? with a step in areas such as near-field probing and radiometry, wireless
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