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Constant Flux Illumination of Square Cells for
Millimeter-Wave Wireless Communications

Carlos A. Fernandes, Member, IEEE,and Luis M. Anunciada

Abstract—The use of highly shaped-beam base-station an-
tennas in millimeter-wave wireless communication systems
may contribute to significantly enhance system performance.
Previously proposed axial symmetric dielectric lenses provide a
most useful constant-flux circular footprint, but they may fail to
cover the regions near the vertices of square or rectangular cells,
unless excessive wall illumination is allowed. This paper presents a
simplified procedure to design shaped three-dimensional dielectric
lenses that produce constant-flux illumination with square or
rectangular footprints, suitable for indoor cells. The procedure is
based on circular symmetric dielectric-lens design formulation,
yet very sharp rectangular-cell boundary is obtained. Calculated
and measured antenna performance is presented, not only in
terms of radiation pattern, but also in terms of coverage and
time-dispersion characteristic. The procedure is demonstrated for
a square-cell lens and is extended for the rectangular-cell case.

Index Terms—Dielectric lenses, millimeter-waves, shaped-beam
antennas, wireless communications.

I. INTRODUCTION

T HE growing demand for high data rates in the fixed
network, driven in part by multimedia applications and

computer communication, is gradually extending to wireless
systems. The envisaged bandwidths and spectrum congestion
at lower frequency bands make millimeter waves attractive for
these wireless applications. The mobile broad-band system
(MBS) is one example of such systems that was proposed,
extensively studied, and demonstrated in the 1990’s [1], [2].
Especially at these frequencies, antenna characteristics must be
carefully chosen so that the antenna can cooperate with other
system components to mitigate the harsh propagation channel
impairments.

Previous work has shown that fixed-shaped beam antennas
can provide an acceptable compromise between performance
enhancement and antenna complexity and cost, enabling data
rates up to 170 Msymbol/s without significant mobility restric-
tion [3], [4]. Circular symmetric dielectric lenses were designed
to produce radiation pattern within a circular cell with
quite a sharp boundary. An interesting characteristic of these an-
tennas is that cell radius is proportional to antenna installation
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height, maintaining constant flux illumination. This provides a
simple means to control the amount of energy that illuminates
the walls at the cell edge, allowing to choose an adequate com-
promise between multipath effects and the need for alternative
paths in case of line-of-sight (LOS) blocking.

Further improvement of the previous concept can be obtained
by adapting the sharp cell boundary produced by the centrally
located base-station (BS) lens to the usual rectangular room
shape. The limited power available from solid-state devices at
millimeter waves is directed only to where it is needed and mul-
tipath effects caused by wall illumination are reduced. Circular
symmetric lenses fail to cover the regions near the farther walls
of the rectangular room, unless excessive illumination of the
closer walls is allowed.

A three-dimensional (3-D) lens is required to obtain such
coverage. The general formulation for arbitrary 3-D lens design
is described in [5], but a less involved approximate procedure
is proposed and verified in this paper: the 3-D lens is generated
from profiles that are independently calculated for two or three
principal planes of the lens. These profiles are obtained from
simple formulation developed for circular symmetric lenses,
based on geometrical optics (GO). The adopted single-surface
dielectric-lens approach is simpler and much more compact
then dual-reflector solutions [6] and does not suffer from
frontal blocking by the feed. Circular polarization, which is
useful to reduce multipath effects, can be easily integrated
into this lens configuration and is considered here. This paper
addresses not only lens design, but also its assessment in a real
scenario providing measured coverage plots and statistical data
on received power and signal time dispersion characteristics.
The proposed procedure is first demonstrated for square cells
and then extended for rectangular cells.

Other antenna approaches reported in the literature for
coverage in wireless systems at millimeter waves do not pay
attention to cell edge geometry [7]–[9] and its implication on
system performance.

II. SQUARE-CELL CASE

Consider the geometry shown in Fig. 1. The fixed-terminal
antenna is mounted near the ceiling at the center of the room and
is required to produce illumination within a square region
that extends from nadir ( ) up to (but excluding) the walls
( ). The desired characteristic compensates
free-space attenuation at each-direction, producing constant
flux illumination at constant height everywhere within the cell
limits.
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Fig. 1. Cell geometry.

Fig. 2. Basic dielectric-lens configuration.

A. Lens Design

The basic lens configuration is shown in Fig. 2. The lens is fed
by the circularly polarized mode of a circular waveguide
that is immersed in the lens body. The waveguide is aligned with
a lens -axis and with a cell vertical axis.

An approximate procedure is adopted for the lens design. The
3-D lens surface is generated from two profiles that
are independently calculated for lens and
planes. The lens is positioned such that the plane is
perpendicular to one room wall and the plane is
aligned with the room diagonal. Note that the maximum ele-
vation angle that defines the cell edge is a function of the
azimuth angle , being minimum for and max-
imum for .

The lens profiles for the and planes are
taken as equal to the profiles of circular symmetric lenses de-
signed to produce circular cells with radius and , respec-
tively (half-side and half-diagonal of the room), when located at
a common height above the mobile. The design of circular
symmetric lenses is based on GO formulation. The procedure is
well established [3], [4] and will not be repeated here. The lens
profile obtained for will henceforth be referenced with
index 1 and the profile for with index 2. The 3-D lens
surface is generated by the combination of profiles 1
and 2 according to the heuristic equation

(1a)

(1b)

where represents profile 1 and represents profile
2. They are calculated subject to the initial condition

. From the above expression, coincides with pro-
file 1 for and with profile 2 for .
This procedure yields good results when does not exceed

10% of at any point of the lens. Otherwise, refraction in
the horizontal plane (which does not exist in circular symmetric
lenses) may significantly change the elevation pattern with re-
spect to a circular symmetric lens with the same profile.

(a)

(b)

Fig. 3. Dielectric-lens antenna for a square cell, fed by a circular waveguide.
(a) Lens profiles 1 and 2. (b) Constructed lens.

B. Simulation and Experimental Results

Using the proposed procedure, a dielectric lens is designed
to produce illumination within a square spot of 10 m
10 m when positioned 1.5 m above the mobile terminal antenna
level. The lens is designed for 60-GHz-band operation. Fig. 3(a)
shows the lens profiles calculated for and
planes. The fabricated Plexiglas prototype ( ,

) is shown in Fig. 3(b). A reasonably compact lens is ob-
tained (the lens diagonal is 84 mm and the lens depth is 32 mm).
This is henceforth referred to as Lens-1. The corresponding el-
evation power patterns shown in Fig. 4(a) are measured for the

and planes. They comply well with the desired
characteristic in both planes and with the required

specification. Radiation falls off rapidly for , meaning
that this lens will hardly see ceiling reflection paths. Ripple is
due to the lens internal reflections. These can be reduced, but
the required procedure is not discussed in this paper.

In order to demonstrate the effectiveness of Lens-1 to produce
a square-shaped cell with constant flux illumination, continuous
wave (CW) measurements were carried out in a 10.8 m8.7 m
laboratoryclutteredwithnormal furniture.Apreviouslydesigned
omnidirectional lens antenna [4], hereafter referred as Lens-2,
was used at the portable terminal and displaced along several
straight paths in the room at constant height m, while
retrieving the received power. Besides being independent of the
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(a)

(b)

Fig. 4. Power patterns measured at 62.5 GHz. (a) Lens-1, used for fixed
terminal (D = 8:5 dBi). (b) Lens-2, used for moving terminal (D = 5:3 dBi).

azimuth angle , the radiation pattern of the moving antenna
is also independent of the elevation angle within a compatible
elevation interval [see Fig. 4(b)], which eliminates movement
restrictions. The sharp fall of radiation for greatly
reduces ground reflection pickup. This antenna also operates in
circular polarization. The resulting power distribution over the
laboratory is shown in Fig. 5(a) for m and in Fig. 5(b)
for m. Measurements were skipped in the white spot
near the center, where the lens antenna support structure and
equipment blocked the path. The square shape of the illuminated
region is quite apparent, as well as the sharp boundary. Fig. 5 also
confirms that, intrinsic to the illumination, the length of
the illuminated square region is proportional to .

A quantitative measure of coverage and time dispersion can
be obtained from Fig. 6, which shows the cumulative distribu-
tion function (CDF) of normalized received power (NRP) and
the CDF of sliding delay window parameter containing 90% of
the energy of the channel impulse response (SDW90%). These
are simulated results and correspond to different values of
in the empty room.

They confirm that room coverage improves until m
(when the illuminated region reaches the walls). In this limit,
SDW90% becomes less then 3 ns for 100% of the room, which
enables very high data transmission rates even without an
equalizer. Increasing further does not change much in this
case because of the circular polarization used in both antennas.

III. EXTENSION FORRECTANGULAR CELLS

The previous design procedure can be extended for rectan-
gular cells, provided that cell length to width ratio is not sig-

(a)

(b)

Fig. 5. Received power distribution measured in the laboratory at 62.5 GHz,
for the combination of Lens-1 and Lens-2. (a)�H = 0:5 m, h = 2:0 m.
(b) �H = 1 m, h = 2:5 m.

nificantly larger that unity. Three lens principal planes need to
be defined: plane , which is perpendicular to the far-
ther walls of the rectangular room, plane , which is
aligned with room diagonal, and plane , which is per-
pendicular to the closer walls. Three lens profiles, i.e., ,

, and associated with the above planes, are calcu-
lated from circular symmetric lenses as described for the square
lens in Section II-A. The heuristic expression (2) is used for gen-
eration of the 3-D lens surface , from the above ,

, and profiles

(2)

where

(3a)

(3b)

(3c)

(3d)

(3e)
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(a)

(b)

Fig. 6. CDF of NRP and SDW90% for different values of�H .

The resulting surface has continuous derivatives
with respect to and and coincides with for
and , with for and with for
and . Expression (1) presented in Section II-A for the
square-cell lens is a particular case of the above expressions,
when and . Note that the room
diagonal angle in (3e) is restricted to a narrow interval
to ensure small values of . A different lens design
approach exists for extremely elongated rectangular cells [10].

Fig. 7 shows the principal plane profiles of a dielectric lens
designed according to the above procedure to produce constant
flux illumination within a rectangular area with 12 m8 m,
when located 1.5 m above the mobile antenna level. Thus,
is taken as 76, 78 , and 69.5 for the design of profiles 1–3, re-
spectively. As in the previous case, the lens is fed by the
mode of the circular waveguide, with circular polarization. It
will be referenced as Lens-3.

The simulated distribution of the NRP shown in Fig. 8 corre-
sponds to Lens-3, when centrally positioned in a 8 m12 m
6 m (width (W), length (L), and height (H), respectively) room,
at 1 m above the mobile terminal antenna level. The measured
circularly polarized radiation pattern of Fig. 4(b) is used for the
mobile antenna in these simulations. The obtained cell boundary
is reasonably rectangular and sharp, and, as expected, its dimen-
sions are shown to change linearly with the antenna height dif-
ference . Simulation results for the NRP and SDW90% in
this case are very similar to those presented in Fig. 6 for the
square cell. This proves the effectiveness of the shaped radia-
tion patterns of BS and mobile antennas and the benefit obtained
from circular polarization.

Fig. 7. Principal plane profiles of dielectric lens for rectangular cell (Lens-3).

Fig. 8. Received power distribution (normalized to maximum) calculated at
62.5 GHz for the combination of Lens-3 and Lens-2.�H = 1m,h = 2:5m.

However, simulations also show that circular polarization can
be a disadvantage when the LOS path between the transmitter
and receiver is blocked, even when is larger than the lens
design value ( m in this example), a situation where
the walls become illuminated. The thick line of Fig. 9 shows
the CDF of the NRP obtained in the same room of Fig. 8 for
the combination of Lens-3 and Lens-2, but removing the con-
tribution from the LOS path for every position of the mobile
antenna in the cell. Only the contributions from reflection paths
are retained. This is an extreme and unlikely situation to happen
everywhere in the room, but it gives the worst-case design con-
dition. The increase of signal level in the room with in these
conditions is weak for circular polarization.

Linear polarization (thin line) is preferred when LOS
blocking probability is high. The linear polarization curves in
Fig. 9 correspond to Lens-4, designed with the same specifica-
tions of Lens-3, but fed by the circular waveguide mode.
However, Lens-4 is paired with the previous Lens-2 at the
mobile terminal, which uses circular polarization. The increase
in received power level with in non-LOS conditions is
higher then for the Lens-3 case. As a drawback, it is noted
that because on-axis radiation is null for linear polarization, an
under-illuminated spot appears near the center of the room.

As a general rule, for circular polarization, the BS lens must
be installed as high as possible in the center of the room, with a
footprint designed to prevent wall illumination. In this way, the
LOS blocking probability is reduced and gain is enhanced. With
linear polarization, BS antenna height can be adjusted to control
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Fig. 9. CDF of the NRP in non-LOS conditions for different values of
�H . Thick line: circular polarization (Lens-3 and Lens-2), thin line: linear
polarization (Lens-4 and Lens-2).

the amount of wall illumination as a compromise between mul-
tipath effects and the need for alternative paths in case of LOS
blocking.

IV. CONCLUSIONS

An easy-to-design compact 3-D-dielectric lens is proposed to
produce illumination with a square or rectangular foot-
print, intended for the BS of wireless millimeter-wave commu-
nication systems. The design procedure relies on simple formu-
lation for circular symmetric lenses based on GO. It is valid
for target rectangular-cell shapes with moderate length to width
ratio.

The developed BS lens can be paired with a hemispherical
lens antenna at the mobile terminal when high mobility is re-
quired, or with other high gain antennas for quasi-static ter-
minals. Besides constant flux, shaping the cell boundary con-
tributes to conservation of power and favors the reduction of
multipath effects. Using the correct lens antenna installation
height, almost 100% of the room is illuminated with an appro-
priate signal level and negligible time dispersion, enabling high
data transmission rates.

A 84 mm 32 mm (diagonal depth) lens prototype was
fabricated and experimentally assessed in anechoic chamber
measurements and coverage measurements in a real scenario at
62.5 GHz, showing good agreement with developed prediction
tools. No optimization was tried for the constructed prototype,
although it can be easily integrated into the design procedure.
A computer numeric control (CNC) milling machine was used
to produce the 3-D lens surface, but molding can be used in
mass production to obtain very inexpensive antennas.
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