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Abstract—Single- and multiple-beam circularly polarized A successful technique for implementing mm-wave subsys-
ellipsoidal substrate lenses suitable for millimeter-wave wireless tems has been the integration of planar antennas and electronics
communications have been designed, implemented, and exper-a¢ the hack of substrate lenses [3]-[17]. The main advantages of
imentally characterized at 30 GHz. The lenses are made out of thi hinclude hiahlv directi t tt t
low-cost low-permittivity Rexolite material. The single-beam | 'S apProaC LS u_ € highly direc _'Ve a_n .er.ma patteérns, compat-
lens achieves a directivity of 25.9 dB, a front-to-back ratio of 30 ibility with IC techniques, mechanical rigidity, and thermal sta-
dB, and an axial ratio of 0.5 dB is maintained within the main  bility, as well as the capability of multiple-beam formation in a
lobe. The measured impedance bandwidth is 12.5% within a simple way. In addition, this approach is capable of suppressing
Er‘c?;gj{-basn g vlvirsei els'sTSc?in??(glsgi):ﬁmkimc')emﬁelsotleglrl rf;;]tgdtggr surface-wave losses, which become an important consideration
multiple-beam lens launches 31 beams with a minimum’3-dB atmm-wave frequgnmes: The properties of hy_perhe.mlspherlc.al
Over|apping level among adjacent beams. The coverage of theand extended hemISpherlca| |enseS, SUCh as dll’eCtIVIty, GaUSSIan
lens antenna system has been optimized through the utilization coupling efficiency, reflection losses, and off-axis imaging char-
of a hexagonal patch arrangement leading to a scan coverage ofacteristics have been extensively investigated in [15]-[17]. This
45.4° with a maximum loss in directivity of 1.8 dB due to multiple reported work has been based on a geometrical optics approach
reflections. The multiple-beam lens antenna is suitable for indoor bined with diffraction th ¢ dict the far-field radi
point-to-multipoint wireless communications such as a broad-band C_Om ined wi iifraction meory 1o predict the Tar-neld ra |a_-
local area network or as a switched beam smart antenna. During tion patterns through the lens. On the other hand, the modeling
the proposed design process, some fundamental issues pertainingof the input impedance of printed feed antennas at the back of
to substrate lens antennas are discussed and clarified. This includessypstrate lenses has been based on the method of moments and
the depolarization properties of the lenses, the effect of multiple e 455umption that the lens behaves like an infinite dielectric
internal reflections on the far-field patterns and the directivity, the half 31 141 [16]. R tv. th k has b tended
nature of the far-field patterns, the estimation of the lens system alf-space [3], [4], [16]. Recently, '_S work has been extende
F/B ratio, and the off-axis characteristics of ellipsoidal lenses. to account for second-order reflections from the lens surface

. . . on the input impedance of printed slots by means of a physical

Index Terms—Broad-band wireless communications, circular . ; oo . . .

polarization, millimeter waves, multiple-beam antennas, substrate optics approach in comblnatlon. W'th the 'ndu.ced eleCtromQt'Ve
lenses. force (EMF) method [5]. In addition, the design of appropriate
matching layers to reduce the reflections from the lens surface
have been investigated in [6].

Most of the work reported thus far has been concentrated
S THE need for broad-band wireless communicatiopn the fundamental properties of elementary linearly polarized
systems is growing, the microwave frequency band eithglot antennas as feeds to Si or quartz lenses. These structures

becomes too congested or simply cannot support the evieave been optimized for radio-astronomical, remote-sensing, or
increasing data-rate requirements. Therefore, the correspondingging applications for which specific properties such as cou-
operating frequency is gradually shifting toward millimeterpling to Gaussian beams become significant. However, for wire-
wave (mm-wave) frequencies [1], [2]. In recent years, thiess communication applications, other features such as circular
has generated an increased interest in developing mm-wg@arization, high directivity, reduced cost, and multiple-beam
integrated circuit (IC) antennas for indoor and outdoor wireleggrmation with extended coverage become more relevant. In this
communications. paper, a realistic circularly polarized (CP) substrate lens an-
tenna system suitable for mm-wave wireless communications
. . _ is demonstrated. Both single- and multiple-beam CP substrate
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Fig. 1. Layout for the CP single-beam ellipsoidal substrate lens.

effectively reduce multipath effects and maintain a proper linkhe feedline of the antenna is built on a high-permittivity
margin while conserving precious mm-wave power. In additiospybstrate RT/Duroid 600&{ = 6.15) and the patch antenna
multiple-beam antennas can be utilized either for point-to-mué printed on a low-permittivity substrate RT/Duroid 5870
tipoint links or for incorporating “smart” antenna features basdd,. = 2.33), which is close to the permittivity of the Rexolite
on a switched beam approach in mobile applications [18]. lens. These choices for the substrate are made to increase the
In the above framework, a CP single-beam antenna is filsdindwidth, as well as to reduce the parasitic radiation losses
introduced based on a low-cost easily machined Rexolite sulite to the feed network. The circular polarization is realized
strate lens. For the single-beam design, an ellipsoidal lens withyameans of a cross-shaped slot in the ground plane, which
cylindrical extension slab is utilized, which leads to diffractiomexcites two orthogonal modes in the nearly square patch [19].
limited patterns on axis. The chosen feed is an aperture-coupldt main advantage of this aperture-coupled patch antenna is
patch antenna, which minimizes back radiation arising from tieat the feeding network and the radiating element are well
low permittivity of Rexolite [7], [8], [14]. For the design of the separated by a ground plane and, thus, the patterns are immune
multiple-beam antenna, the on- and off-axis polarization profe parasitic radiation [7]-[9]. Also, the ground plane yields an
erties of Rexaolite elliptical lenses with a cylindrical extensiomcreased front-to-back (F/B) ratio, which is important since
slab have been thoroughly investigated. Previously, the off-axisv-permittivity materials are used. Another advantage is that
limitations of extended hemispherical Si or quartz lenses hathe single line feed structure is well suited for IC applications.
been characterized based on the level of reflection losses [15]lnraddition, the cross aperture-coupled structure was reported
this paper, these off-axis properties are examined for ellipsoidal yield a significant improvement to CP bandwidth [19].
lenses and from the point-of-view of maintaining a good CPinally, it was found through simulations that the circular
axial ratio (AR) in addition to low reflection losses. By means gbolarization properties of the structure are not very sensitive
this analysis, a 31-beam CP substrate lens antenna is designadanufacturing tolerances. The cross-slot coupled antenna is
and implemented based on a hexagonal arrangement of prirdedigned using HP Momentum, with the lens modeled as an
patch elements at the back of the lens. Supporting experimerntdihite half-space of dielectric constant = 2.54 [3], [4]. The
results are presented throughout this paper. radiation patterns through the ellipsoidal lens are computed
using a geometrical-optics/diffraction theory approach [16],

Il. ANTENNA STRUCTURE—GENERAL ANALYSIS AND DesigN  [17]. For this purpose, the following cavity model is utilized to

o ) generate the feed patterns for the lens:
A general schematic diagram of the single-beam substrate

lens antenna is shown in Fig. 1. The lens is made out of By = cosy A ST b

Rexolite €, = 2.54), a low-cost plastic material, which is X ]

easy to machine and exhibits low loss at mm-wave frequencies +jCOSXSlnY sin Z cos ¢ (1a)
[20]. For generating diffraction limited patterns, an ellip- ] Y Z

soidal lens £2/a® + y?/a® + 22/ = 1) is chosen, with E,= cos y X sin Z cosfcosd

a = by/(e. —1)/e,, whereq, b are the minor and major . .

axes of the ellipsoidal lens, respectively, as shown in Fig. 1. —j o x SRY sinZ cos fsin ¢ (1b)

However, the extension length beyond the major axis Y
cylindrical instead of elliptical to facilitate the machiningwith

process. According to geometrical optics, the length of the kaL,

cylindrical extension layet. should be equal td/,/e, in =—5 sinfcos¢ (2a)
order to generate parallel rays through the lens when the feed kaL, . _

antenna is located on axis at the far focal point of the ellipsoidal =—5  sinfsing (2b)
lens. The radiating element used to feed the lens is realized kah

by a single-feed aperture-coupled CP patch antenna (Fig. 1). Z =—— cosf (2c)
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Fig. 2. Second-order ray-tracing of reflected waves inside the lens.

where k, is the wavenumber for the intrinsic lens dielectricsecond-order ray-tracing of reflected waves inside the designed
h is the thickness of the patch substrate, dnd the length lens. In this work, second-order analysis is defined so that a ray
of the patch. Circular polarization is modeled by introducing traced after it hits the lens surface for the first time and until
a quadrature component (imaginary part) together with titeeemerges for a second time. For this analysis, the entire lens
in-phase component (real part). In the literature [15]-[173urface, including the ellipsoidal lens surface and cylindrical
reflections at the lens/air interface were only characterized egension layer, can be divided into six different regions, each
reflection loss and have not been taken into account for thegion corresponding to a different multiple reflection path.
prediction of the radiation patterns. For a silicon leas & Table | lists the corresponding source elevation angle for each
11.7) without a matching layer, a typical reflection loss ofegion and its trace points on the lens/air interface before the
1.5 dB is reported in [15], which implies that 30% of the poweray exits the lens. For example, Case 1 represents rays with
is reflected at the lens/air interface. In fact, these reflectsdurce elevation angles betweehahd 2.65 and having all
rays are not lost, they eventually come out of the lens afteace points for the first hit lying on the ellipsoidal surface.
multiple reflections inside the lens, reducing the directivitfhe transmitted waves are accounted for in the first-order
and contributing to the final radiation pattern. Fig. 2 showsy-tracing, as reported in [15]-[17], and the reflected waves
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TABLE |
RAY-TRACING OF REFLECTION WAVES FORDIFFERENT REGIONS
Case [Source Isthit Pnd hit 3rd hit Wdth hit
elevation
1 °~2.65° Ellip GP Ellip | (out)

Eg (dB)

2 | 2.65°-6.15° | Ellip | GP | Ellip | Ellip
3 | 6.15~7.5° | Ellip | GP | Cylin | Ellip
7.5°~12.5° Cylin GP (out)
4 12.5°~51.1° | Ellip Ellip (out) -
5 | 51.1°~75.0° | Cylin | Ellip | (out) -
6 75.0°~90° | Cylin | Cylin | (out) -

-80 -60 -40 -20 0 20 40 60 80

Elevation 6 (Deg)
continue traveling inside the lens. The trace points for tt a)
second hit lie on the ground plane where the rays get tota 0
reflected. Finally, the rays hit the lens boundary for the thir
time on the ellipsoidal surface and they exit out of the len
Other cases are similar to Case 1, except Case 2 for wh
the rays suffer multiple total internal reflections~(50 times)
before finding their way out of the lens.

From the point-of-view of ray tracing, the effect of the len: .
can be understood in terms of the culmination of the wavefror B0 )
emanating from the feeding patch antenna. In this framewo ¥
the relationship between the F/B ratio of the substrate lens .
terms of the lens antenna directivity and the corresponding pre 40 20 0 20 40
erties of the feed patch can be derived as follows. Accordil Elevation 6 (Deg)
to the definition, the F/B ratio of the patch and lens antenne b)

(F'/B), and(F'/B),, respectively, can be written as

20 b

E, (dB)

[

80

-40

---- Simulation (1st order) — Simulation (Ist+2nd order) -- Measurement

. . . Fig. 3. Comparison between measured and simulated radiation patterns alon
(F/B), =U! /U (inthe dielectric half-space) (3a) th2¢ = 90° cput at 30 GHz. P ’

(F/B), =U/ /Ut (in air) (3b)
) _ Equation (5) can be rewritten in decibels as
wherelU represents the maximum forward or backward radia-
tion intensity of the patch or lens antenna. Furthermore, super-
scriptsf, b represent forward and backward radiation, whereas ~ ) ~(%) +(Di—D,) indB. (6)
subscriptsp, [ represent the patch and lens, respectively. The B/, B/,
ratio between the F/B ratios and directivities for the patch and
lens antennas can be calculated as
lll. SINGLE-BEAM ANTENNA

b
(F/B)p _ U]{/Up _ B (4a) The previously described lens antenna has been manufac-
D, 47rUIf /P 47FU§ tured and characterized experimentally. The measured and cal-
(F/B), Ulf/Ulb P, culated radiation patterns for the two orthogonal electric field

(4b)  componentss, and 4 along thep = 90° cut at 30 GHz are
shown in Fig. 3. The pattern along tlie = 0° cut demon-

whereD,, D, are the directivities of the patch and lens antenngirates a similar behavior. These patterns have been mea_sured
respectively, and, is the common input power to the patch and the 6.5 mx 3.5 m x 3.0 m anechoic chamber of the Uni-
lens. We now assume that the back radiation of the patch anteMfEItY Of Toronto, Toronto, ON, Canada. The antenna under
is not significantly affected when replacing the infinite dielecteSt (Iens) and the transmittifigearly polarized standard gain

tric half-space above the patch by a finite ellipsoidal lens witfP'n have been separated by a distance of 4.5 m. The test
the same dielectric constant. This is a reasonable approximaf@enna resides on a rotating pedestal controlled by an Orbit
since the lens is electrically large~5 free-space wavelengths)yAL-4802-3A positioner. A dedicated Wiltron 360B network
and the ground plane provides good isolation between the fréf@!yzer is used for both magnitude and phase pattern mea-

and back radiation. From (4a) and (4b), and m% Ub we Surements to 40 GHz. The dotted line in Fig. 3 represents
obtain ! the simulation with first-order ray tracing only and the solid

line corresponds to the total contributions from both first-order
) ray-tracing and second-order multiple reflections. As shown
D, in Fig. 3, the measurements and simulations agree quite well

Di 4xUl Py AU}

(F/B), _ (F/B)
D

p
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MEASURED AND SIMULATED 3-dB FULL-BEAMWIDTH AND FIRST SIDELOBE
1st order LEVEL FOR¢ = 90° CuT
3 dB full-beamwidth first sidelobe level
measurement | simulation | measurement| simulation
)
A Ey 6.4° 6.7° -135dB -14.0dB
<
w
Ey 6.8° 7.1° -15.5dB -16.0 dB
14
_ 13 ¢ — Ey (Reverse taper)
=}
Elevation 6 (Deg) g 12 [ Ey (Tapered)
a ®©
) g 11t
0 z
o 1
-10 | g .
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c . Fo A
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60 - T N Cases S ] Fig. 5. Magnitude distributions of thE, andE, components along the =
PN D s K T ’I: 90° cut over a circular aperture of radius= 38.9 mm in front of the lens.
70 | S AVE TN
. «——Case6 . . ..
- H . , . . . than the£;, component. This can be explained by examinin
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the field distribution on an effective circular radiating aperture
Elevation 6 (Deg) in front of the lens. The equivalent current distributions on
b) this circular aperture can be determined by a ray-tracing
] o ] technique. Since the off-axis transmission coefficient forhe
Fig. 4. Contributions of second-order reflected waves to the far-field patterr&SOmponent (parallel polarization) through the lens/air interface
is greater than the one for thi8, component (perpendicular
within the main lobe, first sidelobe, as well as the second sideslarization) and the”, component vanishes over the patch
lobe. According to the simulations, the second-order reflectigmound plane, the resulting current distribution for theg
waves are quite small compared with the first-order ray-tracimgmponent exhibits a reverse tapering while Hyecomponent
and contribute mainly to high-order sidelobes. Fig. 4 shovexhibits a positive one, as shown in Fig. 5. On the other hand,
simulation results for each case defined in Fig. 2. As shown éince the far-field pattern is the Fourier transform of the aper-
Fig. 4, Cases 1 and 3 mainly contribute to low-order sidelobeare fields, it is implied that a current distribution with a reverse
Cases 4 and 5 mainly contribute to high-order sidelobes and thpering generates a pattern with smaller beamwidth and higher
contribution from Case 6 is much weaker than the other caséist sidelobe level than the tapered one. This explains why
This is true since Cases 1 and 3 correspond to smaller soutee £y, component has a smaller beamwidth and a higher first
elevation angles, whereas Cases 4 and 5 correspond to lagjeelobe level than th&,, component. In addition, due to this
source elevation angles. Case 2 is too complicated to be tracaokr of theE, field, the resulting high-order sidelobes arising
in a simple way. However, an effort has been made to tracdram first-order ray tracing are lower than those of thg
few rays in this region, from which it is found that Case 2 has@mponent. This makes the contribution from second-order
similar contribution to Cases 1 and 3, i.e., mainly to lower-ordegflections comparable to the effect of first-order ray tracing for
sidelobes. It should be pointed out that Cases 1 and 3 arise diige elevation angles [see Figs. 3(b) and 4(b)]. As a result, the
to the presence of the ground plane. Without the ground plaiggh-order sidelobes in the final pattern of the component
these waves would have been radiated backward increasingidbeome higher than what first-order ray-tracing predicts, a
back radiation. This implies that the introduction of the grounglend that is also experimentally observed in Fig. 3(b). Fig. 6
plane enhances the F/B ratio. shows the measured and calculated phase fothend E,,
Table Il lists the measured and simulated 3-dB fulleomponents along the = 90° cut (see Fig. 1) at 30 GHz.
beamwidth and first sidelobe level for thi&, and £, compo- The measurements and simulations agree quite well within
nents. From Table 1, it is observed that thg component has the entire main lobe. The property of flat phase within the
a slightly smaller beamwidth and a higher first sidelobe levetain lobe indicates that diffraction limited patterns have been
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Fig. 8. Measured and simulated AR as a function of frequency.
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3] . . . . .
<, | corresponding perpendicular and parallel polarization transmis-
g sion coefficients, although unequal, are constant. Therefore, the
< 5| | vector integrals of the perpendicular and parallel polarization
electric-field components along any circular boundary parallel
0 ‘ L to thex—y-plane contribute a perfect CP to the on-axis far-field
-50 -40 -30 -20 -10 O 10 20 30 40 50 pattern. As aresult, ideally the lens antenna exhibits an AR value
Elevation 6 (Deg) of 0 dB on axis. The imperfect CP for off-axis positions is in-
troduced by the different taper characteristics ofZheand £,
Fig. 7. Calculated AR as a function of the elevation angle. components (see Fig. 5). Fig. 8 shows the measured and simu-

lated broadside AR values as a function of frequency. The AR

was constructed from the measured magnitude and phase of the
achieved. As shown in Fig. 6, there is a’9hase difference linear component&y, and E.,. On the other hand, for the sim-
between the two measured orthogonal field components utions, HP Momentum was used to predict the feed patterns
broadside. rather than the cavity model. Since the lens introduces zero de-

Fig. 7 shows the calculated AR as a function of elevatigoolarization at broadside, the imperfections of the AR in Fig. 8

angle, which indicates that the CP through the lens is unaffects@ only due to the nonideal feed patch. The best AR of 0.5 dB
at broadside and a good AR is maintained within the main lol®achieved around 29.9 GHz and the corresponding 3-dB AR
(as small as 0.5 dB within the 3-dB full beamwidth of %J.JAt  bandwidth is 2.6%. The corresponding decomposition into co-
first, this may seem surprising, given that the reflection coefffleft-hand side) and cross-polarization (right-hand side) com-
cients for thekly and £, components are, in general, differenponents at broadside as a function of frequency is shown in
over the lens surface. However, this rather fortunate result is deig. 9. These patterns have also been constructed from the cor-
to the rotational symmetry of the lens and the fact that alomgsponding measured magnitude and phase of the linear com-
any circular boundary parallel to the4-plane (see Fig. 1), the ponentsEy and £.
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A gain of 23.4£0.2 dB at 30 GHz was measured by the SN
comparison method with a standard gain horn. The inc ol
cated £0.2-dB experimental error is estimated from a cor :
sideration of two error sources: 1) reflections in cables ai
transitions and 2) ambiguity in the standard gain horn ce
ibration curve provided by the manufacturer. On the oth
hand, the estimated directivity as computed from a far-fie
integration of the measured fields is 25@.3 dB. The in-
dicated error arises from the involved numerical integratic -0 ¢
on a finite set of measured sample pattern points. The cor 35 . . . ‘
sponding loss factor can then be estimated as being equa o8 285 29 295 30 305 31 315 a2
25.94+0.3dB—23.4£0.2dB = 2.54+0.5 dB. This loss can be Frequency (GHz)
decomposed in 1.0-dB transmission-line loss, 0.5-dB mismal
loss, 0.5-dB lens absorption, as well as 0.5-dB ohmic/diele - — - Without misalignment -~~~ With 127127 pm patch misalignment
tric loss on the patch itself. The ohmic/dielectric efficienc' — wfeasurement - - — With 127X127 pm feedline misalignment
of the patch has been calculated from [21] to k80%.

The apparently higher efficiency than what is expected froRig. 10. Comparison between measured and simulated return loss.
comparable conventional patches at the same frequency arises

from the effectively infinite superstrate (lens) which: 1) e'imray-tracing/diffraction approach, arfd, is the feed power, as
inates surface-wave losses, thus increasing the efficiency bbfoﬁ‘nputed by integrating the cavity model fields of the patch
factor of ~1.12 compared to a similar patch printed on a thipside the dielectric lens. In this formula, reflection losses are
(h/Ao & 0.03) dielectric substrate and 2) reduces the radiatiofytomatically accounted for in the directivity. It should be
resistance of the patch by a factor of abaut/z,.. This, in  pointed out that reflection losses should not be accounted for in
its turn, lowers the quality factor due to radiati@.a, thus  the gain, but in the directivity. This is due to the simple fact that
dominatingthe total quality factor®;, resulting in a higher reflected rays eventually reemerge from the lens and contribute
than expected efficiency = Q/Q:.a. On the other hand, {5 increased sidelobes and lower directivity. Using this approach,
the 1.0-dB transmission-line loss has been computed using f@ computed directivity amounts to 25.3 dB, which agrees
Momentum and cross verified with Sonnet, and correspongsry well with the 25.9 dB estimated from measurements. If
to about 3.9-cm-long microstrip lines running from the patchyfiections were not accounted for in calculating the directivity,
antennas to the rim of the lens where they are terminatéd tothen with a forward efficiency of 87%, the directivity would
connectors for testing purposes. Therefore, the estimated Igg§e beerd) = 27.0 dB instead of the measured 25.9 dB. This
amounts tol.0 dB + 0.5 dB+ 0.5 dB + 0.5 dB = 2.5 dB, jpgicates that there is a 1.1-dB degradation to the directivity due
which is well within the experimental range of the measurag reflections.
2.5+0.5 dB loss. Note that the error arising from the ambiguity Fig. 10 shows the measured return loss of the feed patch an-
in exactly detecting the peak of the lens radiation pattern hgsna, using an HP8722C vector network analyzer, compared
not been included because it is cancelled out when taking {igh simulation results. The air gaps between substrates due to
difference between theeasuredyain and directivity. the metallization thickness are included in the simulations. The
The measured directivity of 25.9 dB corresponds to an apefash line corresponds to the nominal case, which includes two
ture efficiency ofn, = 65%. This aperture efficiency corre- 17-;m-thick air gaps, one between the lens and the patch sub-
sponds to 87% forward coupling efficiency (i.e., neglecting restrate and another between the feedline and patch substrates.
flections), 18% degradation due to multiple reflections, and 9%he air gaps can be minimized by tightly assembling the lens an-
back-radiation loss making up a total = (0.87)(1-0.18)(1—  tenna. However, physical misalignment between printed layers
0.09) = 65% aperture efficiency. Furthermore, the measurad more difficult to control. For the structure of Fig. 1, there
F/B ratio at 30 GHz is 30 dB, while the simulated F/B ratio ofre two sources of misalignment, namely, patch and feedline
the feed patch antenna from HP Momentum is about 14 dB afisalignment with reference to the center of the cross slots.
the isolated patch directivity is computed to be 7.4 dB. Therg Fig. 10, the dotted line and dash—dotted line represent the
fore, the estimated F/B ratio from (6), including 0.5-dB lens aimulation results, which include an additional 127127 ;zm
sorption loss, i25.9—0.5—7.4414 = 32 dB, which is close to patch misalignment and feedline misalignment, respectively. As
the measured 30-dB F/B ratio of the lens. The 2-dB discrepanstyown, the input impedance is much more sensitive to the feed-
can be attributed to the finite ground plane and the presencdiné misalignment than to the patch one. The simulations and
the mounting structure at the back of the lens, which seemrasurements (solid line) agree better after including an addi-
increase the back radiation beyond the original level of the istienal feedline misalignment. The residual discrepancy between
lated patch radiating in an infinite dielectric half-space. theory and measurement in Fig. 10 may be attributed to the exact
A very convenient and elegant way of computing the lemaisalignment pattern, which can only be guessed (in Fig. 10
system directivity D was implemented through the simpleonly square patterns are considered), and to second-order reflec-
formulaD = 47rUlf/Pin, WhereUlf is the on-axis maximum tions from the lens surface, the effect of which becomes nonneg-
radiation intensity through the lens, as computed from thigible for ellipsoidal lenses [5].
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2a =778 mm

Array layout

L b= 50mm

Fig. 11. Multiple-beam launching through substrate lens antenna.
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Fig. 12. Comparison of off-axis scan characteristics (lens radigs38.9 mm,b = 50 mm, z,. = 2.54, f = 30 GHz).

V. MULTIPLE-BEAM ANTENNA As shown in Fig. 12, the peak directivity drops quickly as
off-axis displacement increases. In order to launch beams with
equal radiation power density and reduce reflection losses, the

The lens antenna can be used to launch multiple beamsdffect of the extension length has been numerically investi-
printing an array at the back of the lens [8], [14], [15], as showgated and the optimum position has been found to lie around
in Fig. 11. As shown, a honeycomb patch array at the back bf~ a/,/€,. This seems to correspond to the “intermediate”
the lens has been chosen as will be discussed below. The gwasition previously observed for extended hyperhemispherical
angle depends on the off-axis displacem&n, where X is lenses [15], [16]. Fig. 12 shows the comparison of the simu-
the off-axis distance, and is the minor axis of the designedlated scan angle, loss in directivity due to multiple reflections,
ellipsoidal lens. For wireless communications, one of the maetd peak directivity, as well as the AR as a function of the
important features for multiple-beam antennas is scan coveragfaxis displacemenk /a between the ellipsoidal lens with ex-

As demonstrated in [15], the off-axis total internal reflectiotension lengthl. ~ b/,/e,. and the one with the shorter exten-

loss is the limiting factor in the design of larger multiple-bearsion lengthL ~ a/,/e,. As shown, the peak directivity of the

arrays on substrate lenses. For the present CP design, andtdres becomes much flatter with the smaller extension length.
possible limitation is off-axis depolarization. However, this is accompanied by a penalty of 2.7-dB reduction

A. Design
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Fig. 13. Off-axis radiation patterns for a linear array of patches along the
z-axis,L = a/\/¢, = 24.4 mm.

of the on-axis directivity. The scan angle and the loss in direc-
tivity are also better with the shorter extension length, an ob-
servation that is consistent with the case of an extended hemi-
spherical lens in [15]. For the ellipsoidal lens with the shorter

extension lengt, ~ a/\/E_r, the loss in directivity is only 0.3 Fig. 14. Hexagonal arrangement of the antenna patch array at the back of the
dB on axis and increases rapidly after off-axis displacemen?gs'
of X/a = 0.16. The loss in directivity remains smaller than

1.8 dB for a maximum off-axis displacement &/a = 0.34. RELATIVE DIRECTIVITY AJQBCIJ_\I/EEF:&PMNG LEVEL IN SHADED
On the other hand, the corresponding AR exhibits a value of EQUILATERAL TRIANGLE OF FiG. 14

0 dB on axis and remains smaller than 0.25 dB within an off-axis - - -
displacement of{/a = 0.40. This indicates that the induced = b¢am |  Relative | Overlapping Beams | Overlapping
depolarization for off-axis cases is fairly small and can be ne- Directivity (dB) level (dB)
glected. From the above discussion, it can be concluded that the— 0 #ONA1(#2) 2.0
designed lens structure can be used up to off-axis displacement

of X/a = 0.34, resulting in a maximum loss in directivity of #1 +0.2 #lr#2 -2.0
1.8 dB due to multiple reflections, which corresponds to a scan™ #2 +0.2 HONH1H2 2.7

angle of£20 (i.e., a total of 40).

Once the maximum allowed off-axis displacement
X/a = 0.34 has been determined based on the maximuﬁﬁown in Flg 14, the allowed Iargest off-axis displacement
tolerable loss in directivity, the array at the back of the lens cé® therefore/7A ~ 0.32a. The hexagon array launches 31
be designed. First, a linear array has been designed with be®8ms and achieves a 3-dB scan coverage of 4%able Il
that overlap at a 3-dB level, with the corresponding simulatéigts a summary of beam overlapping levels within the shaded
radiation patterns shown in Fig. 13. To achieve the 3-dB bedfgngular area of Fig. 14. The first two overlapping levels of
overlapping for the linear array, the distance between adjacdable I refer to the midpoints of the sides of the equilateral
elementsds gp has been determined to lel4a. Note that triangle, while the third refers to its center. As indicated, the
the patterns are fairly circularly symmetric and, thereforéQwest beam coupling level is-2.7 dB at the center of the
this interelement distance of; 45 ensures a 3-dB beamshaded triangle poird®’ in Fig. 14. Since the peak directivity
overlapping in any azimuthal cut plane. Next, a planar arrﬁsas been optimized not to vary drastically with distance, the
has been designed and implemented based on a hexagona$ahe design procedure can be extended to the remaining
rangement of the patches at the back of the lens for maximizifitangles in Fig. 14, ensuring a 3-dB coupling level for all
scan coverage with a minimum number of array elemerdgjacent beams.

(see Fig. 11). The distance between neighboring eleménts .

in Fig. 14 should be optimized based on the beamwidth Bf ExPerimental Results

adjacent beams and the required beam overlapping level (e.gThe previously described multiple-beam lens antenna has
3 dB). The maximum radius of this hexagonal array is limitedeen implemented at the nominal design frequency of 30 GHz.
by the allowed off-axis displacement @f34q in this case. For Fig. 15 shows the measured and simulaféd patterns for

the shaded equilateral triangle of Fig. 14, the point of minimufour representative patch elements at 30.4 GHz. Each patch
overlapping power among beams 0, 1, and 2 occurs at t@responds to different off-axis displacemeRté: of 0, 0.12,
center of the triangle (poin®’). In order to get 3-dB beam 0.24, and 0.32, respectively. The measurements and simulations
overlapping at point)’, the distance)(’ should be equal to agree quite well within the main lobe and the peak positions
ds g = 0.07a. The distance between neighbor elements of the off-axis beams have been exactly predicted. This is also
can then be determined as equal8 x OO’ ~ 0.12a. As true for the measured and simulated phase patterns, which
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6 (deg) variation for each element across the array in the frequency
range of 28-32 GHz does not exceed 1.5 dB.

V. CONCLUSIONS

A single- and multiple-beam CP ellipsoidal type of substrate
lens antennas suitable for future broad-band mm-wave wireless
communications have been designed, implemented using Rexo-
lite, and experimentally characterized. For this purpose, a com-
prehensive design procedure has been introduced.

The single-beam lens antenna exhibits clean axially sym-
metric patterns, a directivity of 2549.3 dB, a F/B ratio of
30 dB, and a 3-dB pattern full-beamwidth of 6& 30 GHz.

It is found and explicitly explained that circular polarization
through the ellipsoidal lens is maintained within the main lobe.
The measured AR is about 0.5 dB and the corresponding 3 dB
s éo: - AR bandwidth is 2.6%. In addition, the measured impedance
6 (deg) bandwidth is 12.5% within &W R < 1.8:1. During the
design procedure, the depolarization properties of the lenses
— Simulation  ---- Measurement have been investigated, the role of multiple internal reflections
on the patterns and directivity of the lens has been clarified, and
Fig. 15. Multiple-beam patterns #t= 30.4 GHz. a useful expression for computing the lens F/B ratio has been
provided. The presented substrate lens antenna is well suited for
mm-wave broad-band point-to-point wireless communications.
The multiple-beam lens antenna has been designed for
ximum beam coverage with a minimum number of patch

Magnitude (dB)

Magnitude (dB)

are not shown here for brevity. In addition, the measuted
magnitude and phase patterns exhibit similar behavior, but a

also not shown _here due to space fimitations. It shpuld be qot& ments. For this purpose, the off-axis characteristics of the el-
that the oper.atlng frequency has bgen found slightly Sh'ft‘ﬁ soidal lens have been characterized and a hexagonal array has
from the ”OrT‘”.”a' 3010 30.4 GHz. This becomes more appar ten chosen and designed. The lens antenna launches 31 beams
when examining the measured AR for the selected patc%l a 3-dB minimum overlapping level between adjacentbeams

shqwn in Fig. 16 CO”?F"'?“EO'_ to HP _'V"_’”."e“tFJm S|mulat|ons f%rnd a 3-dB scan coverage of 45 The effect of mutual coupling
an isolated patch radiating into an infinite dielectric half-spac

. oS . - aemongthe patch elements has been experimentally characterized
J— =

with & = 2.54. .In all I|keI|hood_, this frequency shift is dug and the measured isolation between adjacent patches is typically

to mutual coupling effects, which have not been taken int

0 : : ;
S —30 dB at the design frequency. The multiple-beam lens is
account for designing the hexagonal patch array. Neverthel 11 sui ! R N
L o ted fi t-to-mult tind licat h
as shown in Fig. 16 at 30.4 GHz, all patches exhibit an A sutted for poin-1o-multipoint INdoor applcations such as a

which is smaller than 2 dB, a level that should be adequatgoad_bancI wireless local area network (LAN).

for most applications. Furthermore, the measured isolation
between adjacent patches is typicalg0 dB at 30.4 GHz and
does not exceed the level 26 dB in the frequency range of Author Eleftheriades would like to thank Prof. K. G. Bal-
28-32 GHz. It should be pointed out that these isolation resuttein, University of Toronto, Toronto, ON, Canada, for his con-
include mutual coupling effects between the interconnectirsgant support and encouragement. The skillful machining and
microstrip transmission lines that connect the patches to assembly of the lenses by P. Kremer, University of Toronto,
connectors at the rim of the lens. In addition, the measured gdwronto, ON, Canada, deserves special acknowledgment.
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