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Planar discrete lens antenna integrated on
dielectric substrate for millimeter-wave
transceiver module
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A novel topology of high-gain millimeter-wave antenna compatible with substrate integration is presented. The antenna is
composed of a planar discrete lens laid on top of a core dielectric, while the planar focal source is assembled on the
bottom side. The antenna can be fabricated as a single, robust and compact module using standard low-cost PCB technologies,
and is compatible with IC integration such as a transceiver circuit for fully integrated millimeter-wave front-end modules. The
proposed architecture is studied with two compact V-band antennas (32 mm × 32 mm × 13.2 mm). The main design rules
are demonstrated for unit cells, focal source, and planar lens at V-band. Promising performances in terms of gain (17.6 and
20.4 dBi), aperture efficiency (14 and 26%), and fractional 3-dB gain bandwidth (17 and 18%) are obtained experimentally
for the two considered compact antennas.
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I . I N T R O D U C T I O N

In recent years, the massive expansion of wireless applications
and the progress of integrated radio technologies have trig-
gered a strong interest for millimeter-wave frequencies. The
large available bandwidths in these frequency bands allow
the emergence of high-data rate short- and long-range
wireless communications for, e.g. wireless networks, high-
definition video transmission or point-to-point communica-
tions. Millimeter-wave frequencies offer also high-resolution
and low-interference performance for radar and imaging
applications in security, automotive, and industrial domains.
The small size of millimeter-wave circuits and antennas
enables a high integration density of full radio systems
through cost-efficient packaging solutions. Nevertheless,
large-aperture high-gain antennas are required to compensate
for the high propagation losses associated to millimeter-wave
frequencies and several antenna configurations can be consid-
ered to this aim [1]. Phased-array antennas [2–4] are a low
profile and compact solution with high integration and full
beamforming abilities, but they suffer from power losses in
the feeding network and power consumption of active circuits
(phase shifters, amplifiers); besides, they are expensive and
complex to design. Waveguide-fed antennas like slotted wave-
guide arrays [5–7] and grid arrays [8–10] are low profile but
suffer from frequency-dependent performances. Reflector-

type antennas [11] are also a possible solution, such as reflec-
tarrays [12–14] which are low-profile and power-efficient but
have limited bandwidth and feed blockage issues.

Lenses exhibit similar radiation performances as reflectors
[15–18] but do not suffer from feed blockage and allows the
integration of the focal source with the RF-integrated circuits.
Many lens topologies are available such as three-dimensional
dielectric lenses [19–21] which have a very high aperture effi-
ciency and large gain bandwidth to the detriment of bulkiness,
weight, and cost. Three-dimensional printing techniques offer
ways to reduce cost and weight of dielectric lenses but are still
limited in low-loss materials and accuracy for high millimeter-
wave frequencies [20]. Planar lenses, such as metallic-ring
Fresnel-zone plate lenses [22, 23], are likewise interesting in
terms of low-profile integration and cost but are characterized
by a very low aperture efficiency. Other types of Fresnel lenses
have interesting aperture efficiencies like the grooved Fresnel-
zone lens [24, 25] or the dielectric phase-correcting Fresnel
lens [26, 27], but require complex and expensive fabrication
process. Finally, discrete lenses [28–30] have been proven to
be attractive at millimeter-wave frequencies by demonstrating
good radiation performances, large bandwidth, high aperture
efficiency, beam steering capabilities and can be manufactured
with low-cost processes. As all quasi-optically-fed antennas, a
significant focal distance is needed to ensure optimal radiation
performances, but it usually remains acceptable at millimeter-
wave frequencies [28].

A novel antenna architecture based on discrete-lens
topology adapted for highly integrated millimeter-wave trans-
ceiver modules is presented in this paper. This work originates
from our previous work where a V-band packaged transceiver
with integrated focal sources was associated to a discrete lens

Corresponding author:
K. Medrar
Email: kossaila.medrar@cea.fr

1Univ. Grenoble-Alpes, 38000 Grenoble, France
2CEA, LETI, MINATEC Campus, 38054 Grenoble, France

25

International Journal of Microwave and Wireless Technologies, 2018, 10(1), 25–38. # Cambridge University Press and the European Microwave Association, 2017
doi:10.1017/S1759078717001416

https://doi.org/10.1017/S1759078717001416 Published online by Cambridge University Press

mailto:kossaila.medrar@cea.fr
https://doi.org/10.1017/S1759078717001416


[31]. An aperture efficiency of 18% at 60 GHz and a 3 dB gain
bandwidth of 12.5% (56.5–64 GHz) were obtained. However,
this architecture featured an important drawback as the dis-
crete lens and the transceiver module (with integrated focal
source) came as two separate parts which needed to be
mounted and aligned carefully during the system assembly.

In this work, this issue is solved by mounting the discrete
lens and the focal source on two opposite faces of a thick
core dielectric layer, so that the transceiver module and the
discrete-lens antenna can be manufactured as a single compo-
nent using standard planar technologies (Fig. 1). This novel
architecture exhibits a good mechanical robustness and
compactness. Unlike classical architectures where they come
as separate parts, the lens and the focal source can be
accurately assembled at the manufacturing stage and the
system assembly line is relieved from any constraint linked
to the antenna. This architecture is particularly relevant at
millimeter-wave frequencies beyond 60 GHz where the total
thickness of the module is reduced to a few millimeters.
Since the lens is now fed through a core dielectric layer, the
impact on the design of the discrete lens antenna is investi-
gated in this work. Excellent radiation performances are
preserved as shown through the design of two discrete
lenses based on two different unit-cell configurations,
namely rotated-patch and via-less unit cells.

In the following, a 60 GHz waveguide-fed planar focal
source radiating in the core dielectric substrate is designed
in Section II. In Section III, the design of rotated-patch and
via-less unit cells is presented; these unit cells enable 1-bit
and 3-bit phase shift in transmission, respectively. Next, two
discrete lenses are designed and optimized in Section IV-A
through an in-house code and full-wave simulations; these
lenses are prototyped and characterized experimentally in

Section IV-B. Finally, conclusions of this work are drawn in
Section V.

I I . F O C A L S O U R C E D E S I G N

For cost-effectiveness, the same material stack is used to fab-
ricate both the focal source and the discrete lens (Fig. 2). It is
composed of three 17 mm thickness copper layers, and two
Astra MT77 Isola (1rs ¼ 3, tands ¼ 0.0017) dielectric layers
of 254 and 381 mm thickness bonded by a 59.2 mm thickness
prepreg layer of the same material. The dielectric constant and
loss tangent of Astra MT77 are specified by the manufacturer
at 10 GHz, but have shown to be quite constant up to at least
60 GHz [30]. The focal source is designed on layers M1 and
M2 only (Fig. 2(a)) while the unit cells presented in the next
section use the three metal layers (Fig. 2(b)).

A thick plastic substrate is used between the focal source
and the discrete lens as the core dielectric. Since the dielectric
characteristics of most plastic materials are not available at
millimeter-wave frequencies, five materials have been charac-
terized in V-band. The characterization procedure is pre-
sented in Appendix A and the extracted properties are
presented in Table 1 at 60 GHz. The PEEK material is selected
for the antenna fabrication because it has low losses and its
permittivity is closer to the dielectric substrate used for the
unit cells (1r ¼ 3; tand , 0.002).

While the final objective is to interface the focal source with
a transceiver chip through a planar transmission line as repre-
sented in Fig. 1, a waveguide feed was selected here to ease the
experimental tests of the discrete lens and validate the antenna
concept.

Fig. 1. Integration scheme of a millimeter-wave module in BGA organic technology with a transceiver integrated circuit and a substrate-integrated discrete lens
antenna.
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As a straight transition between the WR15 waveguide and
the core dielectric involves about 0.9 dB reflection losses
(S11 � 27.3 dB) as shown in Fig. 3(b), a planar focal source
is designed for a wideband impedance matching and a wide
beamwidth to illuminate the discrete lens. The radiating
element is composed of two metallic layers. The bottom
metallic layer (M1) is a WR15-size aperture and the top one
is a half-wavelength square metallic ring on M2 coupled to
the TE10 mode of the waveguide (Fig. 3(a)). The substrate
thickness (381 mm) was selected for an adequate coupling to
the waveguide aperture and the ring size (1.5/1.7 mm inner/
outer edge length) was optimized to resonate close to
60 GHz and achieve a low reflection loss across the
50–70 GHz band. As for the unit-cells simulation, the focal
source is assumed to radiate in a semi-infinite dielectric
medium of relative permittivity 1r ¼ 3 representing the core
dielectric layer of the structure. The simulated and measured

reflection coefficient exhibit a 210 dB impedance bandwidth
larger than 50–70 GHz (Fig. 3(b)). The simulated maximum
gain of the focal source is 8.6 dBi at 60 GHz; note that this
gain value assumes an infinite dielectric medium and therefore
cannot be measured experimentally.

The E and H plane radiation patterns of the focal source are
presented in Figs 4(a) and 4(b) at 60 GHz, respectively. A
8.6 dBi gain and a beamwidth of 49 and 1188 in H and E
planes, respectively, are obtained.

I I I . U N I T - C E L L D E S I G N

Discrete-lens unit cells have a typical size of 0.5–0.7 free-space
wavelength in order to support only fundamental Floquet
modes (these modes have no cut-off frequency) and avoid
higher order modes for normal or low incidence angles [28].
The lens investigated here is mounted on a thick dielectric
substrate and requires to reduce the unit-cell dimensions
[32] according to equation (1).

Cs

l0
≤ 1���

1r
√ (1 + sin(umax))

, (1)

where Cs is the unit-cell size for which only fundamental
Floquet modes can exist, 1r is the relative dielectric constant,

Fig. 2. Material stack, (a) focal source, (b) discrete-lens.

Table 1. Plastic samples thickness and experimental extracted dielectric
properties at 60 GHz.

Material PC ABS PBI PEEK PPS

Sample thickness (mm) 1.8 2.2 2.6 3.7 2.5
Relative dielectric constant 2.85 2.52 3.5 3 3.9
Loss tangent 0.003 0.001 0.008 0.001 0.008

Fig. 3. Cross-section of the focal source geometry (a). Simulated and measured reflection coefficient and simulated focal source gain (b).
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l0 the free-space wavelength, and umax the highest incident
angle impinging the unit cells (at the edge of the lens). The
core dielectric substrate between the focal source and the dis-
crete lens is a plastic-type material with a relative permittivity
of 3. The nature and the dielectric characteristics of the actual
material used for the antennas investigated here will be dis-
cussed in Section III. umax is related to the diameter of the dis-
crete lens (D) and the focal distance (F ) through equation (2).

umax = tan−1 D
2F

( )
. (2)

Figure 5 shows the maximum incident angle umax and the
unit-cell size Cs as a function of the focal ratio F/D using (1)
and (2). The focal ratio F/D is usually chosen as a trade-off
between the antenna height and the optimal illumination of
the lens to achieve the highest aperture efficiency. For
typical focal sources like patch antennas, horns and open
waveguides, the focal ratio is in the range of 0.4–0.6 [28]. In
the following, a focal ratio of 0.4 is selected, corresponding
to a maximum incidence angle of 528 and a maximum cell
size of 0.32l0.

As mentioned in the introduction, two kinds of unit cells,
namely rotated-patch and via-less unit cells, are investigated
and presented in the following Sections III-A and III-B.

A) Rotated-patch unit cell
This first unit-cell geometry is presented in Fig. 6. It is made of
two linearly polarized U-slot patch antennas printed on the
top and bottom layers, and interconnected by a 100 mm diam-
eter via. The intermediate metallic layer acts as a common
ground plane for the two patch antennas. A 300 mm diameter
aperture is etched in the ground plane around the via
connection. The unit-cell geometrical dimensions have been
chosen according to the manufacturing design rules and are
summarized in Table 2. The cell size is smaller than a third
of a wavelength with 1.6 mm × 1.6 mm (0.328l0 × 0.328l0

at 61.5 GHz). With a rotation of the upper patch around the
central via by 1808, a 1808 phase shift is obtained for the

Fig. 4. Simulated focal source radiation patterns at 60 GHz in (a) H plane and (b) E plane.

Fig. 5. Maximum incidence angle and unit-cell size as a function of focal ratio
for 1r ¼ 3.

Fig. 6. Linearly polarized rotated-patch unit-cell geometry (dimensions given in Table 2).
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radiated signal. This scheme enables the design of 1-bit lin-
early polarized discrete lenses using 0 and 1808 unit cells. Its
advantages are the compactness of the unit-cell and the
similar S-parameters and radiation performances of both
phase states. Other patch rotation angles would allow a finer
phase resolution but would lead to a circularly polarized dis-
crete lens using the sequential-rotation principle. Such
schemes have been demonstrated in previous works [28, 31].

The unit-cell simulation is performed with Ansys-
HFSS using periodic boundary conditions and Floquet ports.
The core dielectric below the bottom patch antenna is
assumed to be semi-infinite. The S-parameters of 0 and 1808
unit cells under normal incidence are presented in Figs 7(a)
and 7(b). A reflection coefficient lower than 210 dB is
obtained over a bandwidth of 23% (54.5–68.5 GHz) and a
1 dB transmission bandwidth of 30% (51.5–70 GHz). The
unit-cell insertion losses are very low with 0.26 dB at
60 GHz. Simulations under oblique incidences up to 528
showed stable responses.

The unit-cell radiation patterns are also simulated with
Ansys-HFSS by replacing the top (free space side) or the
bottom (dielectric core side) Floquet port by a radiation
boundary condition in order to obtain the top or bottom
patches radiation patterns, respectively. The radiation pat-
terns at 60 GHz in E and H planes of the 08 unit-cell
bottom and top patch antennas are shown in Figs 8(a) and
8(b) (1808 unit cell has identical radiation patterns). The radi-
ation gain and 3 dB beamwidth of the bottom patch antenna
are 5.6 dBi and 80 × 808, respectively. In contrast, the top
patch antenna radiates in air so that its electrical area is
three times smaller (the relative dielectric constant of the
core dielectric substrate equals to 3); accordingly, its gain is
reduced to 0.9 dBi and beamwidth enlarged to 125 × 1258.
The cross-polarization levels are below 245 dB over all
angles in both E and H planes.

B) Via-less unit cell
In order to avoid via connections, which can be bulky at milli-
meter-wave frequencies, via-less unit cells have been designed
on the same substrate stack presented in Fig. 2(b). In contrast
to coupled-resonators designs where metal layers are sepa-
rated by about quarter-wavelength distances, the thin sub-
strates (0.12lg) here limit the achievable transmission phase
range.

Fig. 7. Linearly polarized rotated-patch S parameters of 0 and 1808 unit cell. (a) Transmission and reflection magnitude, and (b) transmission phase.

Fig. 8. Top (free-space side) and bottom (dielectric side) linearly polarized rotated-patch unit-cell simulated radiation patterns at 60 GHz. (a) H plane, and (b) E
plane.

Table 2. Linearly polarized rotated-patch unit-cell dimensions.

Parameters cs a b c d E f g h

Value (mm) 1.6 0.9 1.1 0.9 0.5 0.65 0.25 0.14 0.46
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Three types of unit cells have been designed to provide
eight-phase states while keeping a good transmission magni-
tude over the 57–66 GHz bandwidth. The design of such
unit cells is more difficult than with the rotated-patch
scheme since each unit cell has to be optimized individually
for the specific transmission phases. The unit-cell geometries
are presented in Fig. 9 and Table 3. The cell size is identical to
the rotated-patch design (1.6 mm × 1.6 mm).

The type-1 unit cells provide the 0, 45, 90, 135, 1808 phase
states and are composed of identical top and bottom rect-
angular patch antennas coupled through an H coupling slot
in the intermediate metallic layer (M2). Type-2 unit cells
provide the 225, 2708 phase shifts. For this cell type, the H
coupling slot is replaced by a double slot. The 3158 phase
state is obtained with the type-3 unit cell only composed of
an array of five slots in the middle layer (M2). The eight-phase
states are obtained with the unit-cells dimensions reported in
Table 3.

The eight unit cells defined in Table 3 are simulated using
Ansys-HFSS software with periodic conditions and Floquet
ports under normal incidence. Oblique incidences up to 528
were also considered and did not affect significantly the
unit-cell performances. The transmission magnitude and
phase are presented in Figs 10(a) and 10(b) and summarized
in Table 4.

The eight unit cells demonstrate a wide (.30%) 1 dB
transmission bandwidth except for the 08 (3.6%) and the
458 (12%) unit cells. This may be due to the fact that to
achieve these two phase states with the type 1 unit cell, the
top and bottom patches are large resulting to a resonant
behavior close to the lens operating frequency. The eight
unit-cells insertion losses are between 0.1 and 0.5 dB. It is
also important to notice that the actual transmission phase
of the unit cells is not uniformly distributed. These two
issues are addressed in the lens design by selecting an
optimal phase distribution maximizing the phase shift range
covered by the unit cells and minimizing the number of 0
and 458 unit cells. Thanks to the careful selection, it will be
demonstrated in the lens design that the phase error losses
remain quite low.

I V . D I S C R E T E L E N S D E S I G N A N D
C H A R A C T E R I Z A T I O N

A) Discrete lens design
Using the unit cells and the focal source presented above, the
focal distance and the lens phase distribution were optimized

Fig. 9. Linearly polarized via-less 3-bit unit-cells geometry (dimensions given in Table 3).

Table 3. Via-less 3-bit unit-cells dimensions (in mm).

Unit cell Cell type LPatch WPatch LSlot WSlot HSlot

Cell 08 1 1.50 1.45 1.20 0.10 0.55
Cell 458 1 1.25 1.40 1.20 0.10 1.20
Cell 908 1 1.15 1.40 1.20 0.10 1.20
Cell 1358 1 1.05 0.85 0.60 0.10 1.00
Cell 1808 1 0.85 1.40 0.60 0.10 0.80
Cell 2258 2 0.85 1.10 1.40 0.10 0.40
Cell 2708 2 0.80 0.80 1.37 0.10 0.90
Cell 3158 3 2 2 1.40 0.10 0.20
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using an in-house code. Based on our previous works [28], the
code was modified to take into account the dielectric substrate
between the focal source and the discrete lens. This is done
using a general expression of the Friis equation to calculate
the transmission between the focal source and each unit cell
of the lens. The wave received by the i-th cell is expressed as:

a1(i) =
���
P1

√
Hfs(ui,wi)HRx(i)(ui,wi)

lg

4pd(i) e
−

2jpd(i)
l0/

������������
1r(1−j tan(d))

√
,

(3)

where a1(i) is the incident wave received by the i-th cell, P1 is
the focal source input power, Hfs and HRx(i) are the radiation
patterns of the focal source and the i-th unit cell, respectively.
d(i) is the distance between the i-th unit cell and the focal
source. lg = l0/

���
1r

√
is the guided wavelength.

To clearly evaluate the performances of the lenses designed
in the proposed antenna architecture, four 32 mm diameter
circular lenses using unit cells of size 1.6 mm × 1.6 mm
(0.32l0 × 0.32l0 at 60 GHz) are compared using our in-
house simulation code:

a. Lens ‘a’ is an ideal discrete lens composed of lossless and
reflection-free unit cells (the equations defining these unit
cells are presented in the appendix). The focal source is
an ideal 10 dBi gain (cos4u) antenna. The phase compensa-
tion for this lens is perfect, which means that all the
radiated waves are perfectly constructive.

b. Lens ‘b’ is composed of 3-bit via-less unit cells and illumi-
nated with the focal source presented in Section III. The
PEEK material characterized in Section III-B is used as
core substrate between the focal source and the lens.

c. Lens ‘c’ is composed of 1-bit rotated-patch unit cells lens
illuminated with the focal source presented in Section III.
The PEEK material characterized in Section III-B is used
as core substrate between the focal source and the lens.

d. Lens ‘d’ is composed of 1-bit rotated-patch unit cells
without the core dielectric between the focal source and
the discrete lens in this case. This lens is illuminated with
a 10 dBi horn antenna. This lens is similar to the linearly
polarized lens presented in [28], but it has the same size
as the three lenses involved in this comparison.

The four lenses were simulated using the in-house code for
different focal ratios. The power efficiency (the ratio of the
total lens radiated power to the net power accepter by the
feeder) and the aperture efficiency at 60 GHz as a function
of the focal ratio are shown in Figs 11(a) and 11(b), respect-
ively. It is important to notice that the phase distributions
maximizing the aperture efficiency is calculated at each focal
distance in these graphs.

Nevertheless, the difference with other lenses remains
below 10%, which indicates that the unit-cell losses of lenses
‘b’ and ‘c’ are very low.

Fig. 11(b) shows that the optimal focal ratio for ‘b’ and ‘c’
lenses is 0.4, while it is about 0.5 for lenses ‘a’ and ‘d’ which
both are illuminated by a 10-dBi antenna of smaller beam-
width as compared with the planar focal source presented in
Section III and chosen to reduce the thickness of the overall
antenna. It can also be noted that the presence of the core
dielectric layer does not affect significantly the aperture effi-
ciency of the antenna since lenses ‘c’ and ‘d’ have very
similar aperture efficiencies. Comparing lenses ‘b’ and ‘c’, we
can attribute the 20% difference in aperture efficiency to the
3-bit and 1-bit phase quantization, respectively.

The aperture efficiency as a function of the frequency is
given for a focal ratio of 0.4 in Fig. 11(c).

The half-maximum aperture-efficiency bandwidth of
lenses ‘a’, ‘b’, ‘c’, and ‘d’ are 33, 20, 26, and 26%, respectively.
The larger bandwidth of lens ‘a’ is expected as it is based on
ideal unit cells of infinite transmission bandwidth and there-
fore the lens bandwidth is only limited by electrical path

Fig. 10. Via-less 3-bit unit-cells transmission coefficient: (a) magnitude and (b) phase.

Table 4. Via-less 3-bit unit-cells transmission characteristics.

Unit
cell

1 dB transmission
bandwidth (GHz)

Transmission phase
at 61.5 GHz (88888)

08 60.5–62.75 30
458 56.5–63.75 50
908 42. 5–67 81
1358 51–72.5 130
1808 43.2–74.5 171
2258 42.5–71.5 213
2708 52–80 254
3158 55–100 302
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differences between the source and each unit cell. The lower
bandwidth of lens ‘b’ can be explained by the lower bandwidth
of via-less unit cells, in particular 0 and 458 unit cells as noted
in Section II-B, even if a phase distribution containing the
minimum number of these unit cells has been chosen.
Lenses ‘c’ and ‘d’ are using the same unit cells and exhibit
the same bandwidth, despite their different propagation
medium between the focal source and the lens. This highlights
that the core dielectric layer does not degrade significantly the
lens bandwidth and the proposed architecture can be used for
wideband applications.

In the following, lenses ‘b’ and ‘c’, based on via-less and
rotated-patch unit cells, respectively, and using the core
dielectric substrate are further investigated by comparing
their performances using the in-house code and the full-wave
simulations. The optimal focal ratio chosen for the two lenses
is 0.4. The phase distributions corresponding to a maximum
aperture efficiency for each discrete lens are shown in Figs
12(a) and 12(b) along with a view of the top layer.

B) Simulation and experimental results
The fabricated prototype of lenses ‘c’ is shown in Fig. 13. The
antennas have an effective diameter of 32 mm and a total
thickness of 13.2 mm. The substrates and the ground planes
were extended by 4 mm on each side in order to ease the
assembly so that the total dimensions of the prototypes are
40 mm × 40 mm × 13.2 mm.

The simulated and measured radiation patterns of lenses ‘b’
and ‘c’ are presented in Figs 14 and 15, respectively.
Simulations are performed both using our in-house code
and a full-wave Finite-Element Method simulator (Ansys

HFSS). The radiation patterns are measured in an anechoic
chamber in a standard far-field set-up. The rotated-patch dis-
crete lens exhibits 17.6 dBi of measured gain at 60 GHz
against 18.6 dBi in full-wave simulation, which corresponds
to 14% aperture efficiency. The measured side-lobe levels
are 220 dB in the H plane and 214 dB in the E plane. The
measured cross-polarization levels in the broadside direction
are below 230 dB. Thanks to the 3-bit phase quantization,
the via-less discrete lens demonstrates a higher gain of
20.4 dBi in measurements at 61.5 GHz against 22.1 dBi in
full-wave simulations, which corresponds to 26% aperture
efficiency. The measured side-lobe levels are also lower
(223 dB in H plane and 218 dB in E plane). The measured
cross-polarization levels in broadside direction are below
240 dB.

A good agreement between simulated and measured radi-
ation patterns is obtained at broadside angles with similar
gain values and 3 dB beamwidths. For angles beyond 308
from the broadside direction, significant differences are
noticed on the side-lobe levels between the full-wave simula-
tions and the in-house code simulations; these differences
are mostly attributed to spillover radiations that are not
taken into account in the in-house code and represents 35%
(21.9 dB) of the power radiated by the focal source. In con-
trast to discrete lenses fed through air, the thick dielectric
layer between the focal source and the discrete lens introduces
a dielectric–air interface at the edges which generates some
residual reflection and refraction of the spillover radiation
toward angles larger than 308. Figures 16(a) and 16(b)
showing the electric field distribution in and around the
antenna suggest that these effects are small, although they
cannot be easily quantified. Figure 16(c) shows the phase of

Fig. 11. In-house code simulation of the four lenses ‘a’, ‘b’, ‘c’, and ‘d’; (a) power efficiency at 60 GHz; (b) aperture efficiency versus focal ratio at 60 GHz; (c)
aperture efficiency versus frequency for F/D ¼ 0.4.
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the E field at 61.5 GHz in the horizontal plane at half a wave-
length above lens ‘c’ (as an example) where a quasi-constant
phase is observed on most of the aperture.

Other causes of discrepancy between simulations and mea-
surements include the assumptions of normal incidence and
perfect periodicity in unit-cells simulations, the limited accur-
acy of full-wave simulations for antennas of such large elec-
trical size due to limited computer resources and simulation
time, and fabrication tolerances, in particular with possible
air gaps on both sides of the core dielectric substrate.

The simulated and measured reflection coefficient of the
rotated patch and via-less discrete lenses exhibit a good agree-
ment (Fig. 17(a)). The measured reflection coefficients are
below 210 dB over the 50–68 GHz band and are similar to

the one of the focal source alone ‘without lens’ observed in
Fig. 3(b).

The gain-frequency response of both lenses is presented in
Fig. 17(b). A good agreement (�1 dB difference) between full-
wave simulations and measurements is observed for both
antenna prototypes, while the in-house code slightly overesti-
mates gain levels. Over the 57–66 GHz band, the errors
between the two simulations amount to 2.4 dB maximum,
as well as between full-wave simulation and measurement.
The 3 dB measured fractional-gain bandwidths are 17 and
18% for the rotated-patch and the via-less lenses, respectively.
For the former lens, the bandwidth is quite close to the result
(19%) reported earlier from the in-house code simulation,
while it is slightly lower for the latter lens (26% in the

Fig. 12. Discrete lens phase distribution (left) and top layer layout (right). (a) One-bit rotated-patch design (lens ‘c’), (b) 3-bit via-less design (lens ‘b’).

Fig. 13. Photos of the lens ‘c’ prototype.
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in-house code simulation). These bandwidth values are sig-
nificantly lower than those simulated for the unit cells in
Section II, which shows that the bandwidth of these antennas
is primarily limited by the chosen focal ratio. Nevertheless,

these performances in terms of bandwidth and gain are
expected to be suitable for many short-range wireless applica-
tions. Scaling the structure to larger apertures should allow to
reach higher gain values provided an appropriate focal source

Fig. 14. Linearly polarized 1-bit rotated-patch discrete lens simulated radiation pattern at 60 GHz; (a) H plane, (b) E plane.

Fig. 15. Linearly polarized 3-bit via-less discrete lens simulated radiation pattern at 61.5 GHz; (a) H plane, (b) E plane.

Fig. 16. Electric field distribution at 61.5 GHz for lens ‘c’: (a) magnitude in E plane and (b) H plane; (c) phase in an horizontal (XY) plane half-wavelength above
the discrete lens.
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is designed to illuminate the aperture efficiently, which usually
requires a larger focal distance and therefore a thicker core
dielectric layer. The power budget presented further indicates
that the core dielectric layer losses are low and its thickness
could be significantly increased before strongly degrading
the overall efficiency; for instance, 1 dB of dielectric losses at
60 GHz is estimated to correspond to a dielectric thickness
of about 86 mm and a lens of about 250 mm diameter (with
F/D � 0.35) and 39 dBi gain (�30% aperture efficiency).

The power budget of both lenses is presented in Table 5. It
is clear that the main difference between them is the phase
quantization error (4 dB for the 1-bit lens against 0.2 dB for
the 3-bit lens). The low-phase quantization losses of the
3-bit lens (0.2 dB) shows that a unit cell offering a finer
phase quantization would only slightly improve the antenna
efficiency at the risk of a more complex design. Except from
phase quantization, the main losses are associated to the spill-
over radiation and illumination taper, which are mostly
dependent on the focal source. These losses are comparable
to classical discrete lenses (without core substrate) with the
same focal distances and fed by horn antennas [28]. The add-
ition of the core substrate does not affect the power budget as
the added dielectric losses are very low (0.15 dB) and makes
this topology suitable for highly integrated and efficient
millimeter-wave antennas. As discussed in Section III, the

unit-cell losses are low (�0.3 dB) for both unit cells and
comparable to those of similar structures designed in air in
this frequency band.

V I . C O N C L U S I O N

A new topology of low-cost high-gain integrated antenna
compatible with millimeter-wave transceivers integration is
introduced. It consists in a planar discrete lens and a planar
focal source printed on both sides of a core dielectric substrate.
Two linearly polarized discrete lenses based on the proposed
architecture have been designed using rotated-patch and
via-less unit cells. The design rules and performance of each
antenna element are discussed and attractive experimental
radiation performances are presented in V-band with 14–
26% aperture efficiency and 17–18% 3 dB fractional-gain
bandwidth for 1-bit and 3-bit designs, respectively. It is
shown that the core substrate does not degrade significantly
the radiation performances but improves compactness (0.4
focal ratio, 13.2 mm thickness), eases alignment and position-
ing of elements constituting the antenna, and is compatible
with standard planar technologies and pave the way to cost-
effective, efficient, and robust discrete lens at higher frequen-
cies in a standard and monolithic planar technology.

Fig. 17. One-bit rotated-patch and 3-bit via-less discrete-lenses frequency responses. (a) Reflection coefficient, (b) gain.

Table 5. Power budget of the 1-bit rotated-patch and 3-bit via-less discrete lenses.

Parameter 1-bit rotated-patch 3-bit via-less

Sim Meas Sim Meas

Frequency 60 GHz 60 GHz 61.5 GHz 61.5 GHz
Focal source gain 8.6 dBi – 8.9 dBi –
Focal source efficiency 98% – 98% –
Spillover losses 1.9 dB – 1.9 dB –
Dielectric lossesUnit-cell losses 0.14 dB0.27 dB – 0.15 dB0.3 dB –
Power efficiency 63.4% – 63% –
Phase quantization losses 4 dB – 0.2 dB –
Taper losses 1.2 dB – 1.2 dB –
Aperture efficiency 18% 14% 39% 26%
Gain 18.6 dBi 17.6 dBi 22.1 dBi 20.4 dBi
3 dB Gain bandwidth 17% 17% 18% 18%
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A P P E N D I X A

A.1 Core Dielectric Characterization
Five materials have been characterized in V-band: polycar-
bonate (PC), acrylonitrile butadiene styrene (ABS), polybenzi-
midazole (PBI), polyether ether ketone (PEEK), and

polyphenylene sulphide (PPS). Material samples were
machined to fit in a standard WR15 rectangular waveguide
(3.76 mm × 1.88 mm section) with different thicknesses
ranging from 0.5 to 1.5 lg. Two-port S-parameter measure-
ments were performed using a standard vector network ana-
lyzer and a short-open-load-thru calibration at the interface
plane of the sample holder (Fig. 18). Multiple samples have

Fig. 19. Simulated (solid line) and experimental (dashed lines) S parameters of the dielectric material samples: reflection coefficient (a) magnitude and (c) phase;
transmission coefficient (b) magnitude and (d) phase.

Fig. 18. Plastic material (a) characterization setup and (b) WR15 sample holder.
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been measured for each material to mitigate the uncertainties
on samples dimensions and positioning in the holder [33].

The measurements were fitted to full-wave electromagnetic
simulations in order to extract the dielectric characteristics of
each material, which are assumed to be constant over the
V-band. As shown in Figs 19(a) to 19(d), a good agreement
in both magnitude and phase is obtained between measure-
ments and simulations.

A.2 Ideal Unit Cells Model
The ideal unit cells used in the in-house code is a rectangular
aperture on infinite ground plane with normalized radiation
pattern equations defined as follow [34]:

Hu(u,w) =
cos(u) cos(w)(sin(X))(sin(Y))

XY
, (A.1)

Hw(u,w) =
sin(w)(sin(X))(sin(Y))

XY
, (A.2)

where:

X = pa
lg

sin(u)cos(w), (A.3)

Y = pb
lg

sin(u)sin(w). (A.4)

And H is the normalized antenna radiation pattern, the guided
wavelength, and a and b the length and width of the aperture.
The directivity D0 of the lg aperture is defined as

D0 = 4pab
l2

g

. (A.5)

For the presented case (a ¼ b ¼ 1.6 mm, 1r ¼ 3, tand ¼
0.001), D0 is equal to 5.9 dBi.
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