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ABSTRACT A new antenna system concept is presented where a wide-scan focal plane array antenna
is used to achieve point-to-multipoint communication. The focal plane of a parabolic toroid reflector is
populated with several antenna arrays, the positions of which determine the directions of the beams. This
concept is investigated for beams pointed towards 0◦ (broadside) and 28◦ in azimuth. Each array allows
for scanning an additional ±1◦ in azimuth and elevation. This allows for compensation of twist and sway
of the antenna mast. Several array configurations are compared in terms of directivity and scan loss for
such a system at E-band. It is found that an 8-by-8 array with an inter-element spacing of 0.7λ0 results
in an optimal directivity with a scan loss lower than 1dB when scanning ±1◦ in azimuth and elevation.
For the 0◦ beam direction the directivity is 45.5dBi and for the 28◦ beam direction the directivity is
44.4dBi, showing the wide angle scanning properties of this system. An experimental system is built at
K-band and measurements are performed showing this system in action. In the measurements an array
of 8-by-8 is used with an inter-element spacing of 0.5λ0. The scan loss when scanning ±2◦ in azimuth
and elevation is below 1dB. The directivity is 37.0dBi and 35.4dBi for the 0◦ and 28◦ beam directions,
respectively. The spillover losses and aperture efficiencies are also found, as well as a relative metric for
the transmitted power and the effective isotropic radiated power for both the E-band and K-band systems.

INDEX TERMS Focal plane array, point-to-multipoint communication, reflector antenna, mmWave,
5G, 6G.

I. INTRODUCTION

FUTURE fifth generation (5G) and sixth generation (6G)
wireless communication systems promise data-rates in

the order of gigabits per second (Gbit/s) per user for multiple
users simultaneously [1]. To achieve such high data rates,
new frequency bands in the millimeter-wave (mmWave)
range are being allocated in order to take advantage of
the large amount of available spectrum. Furthermore, the
distance between cells is reduced in comparison to cur-
rent networks, resulting in shorter link distances. Hence,
mmWave E-band (71-86 GHz) wireless fronthaul point-
to-multipoint (P2MP) systems are proposed [2]. High-gain
beamforming antenna systems are required to generate a
high effective isotropic radiated power (EIRP) to overcome
the large path loss and attenuation due to atmospheric

conditions [3]. Due to the high antenna gain, these antenna
systems have a narrow beam-width, in the range of 1◦ or
smaller [4]. This necessitates electronic beam steering to
simplify the alignment during installation and to solve the
issue of twist and sway of the mast on which the antenna is
mounted [5], [6]. In addition, electronic beam steering facili-
tates the flexible use of wireless fronthaul systems, allowing
multi-beam operation and flexible routing of data streams.
Such an antenna system should provide wide-angle scanning
capabilities to provide coverage to various points at different
locations.
An antenna system with high antenna gain, electronic

beam steering and wide scan range can be realized using
phased arrays. Such systems have been widely used in
radio-astronomy and radar applications [7], [8]. Achieving a
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FIGURE 1. A sketch of the situation. One antenna system is able to communicate
with two (or more) different remote stations simultaneously. The proposed system
consists of a single reflector with multiple subarrays in the focal plane to achieve
point-to-multipoint communication.

directivity high enough for fronthaul or backhaul at E-band
with a phased array is cost prohibitive, as several hundreds, if
not thousands, of antenna elements are required, each hav-
ing a phase shifter or vector modulator. Furthermore, this
approach will require expensive active cooling since every
element in the array is always active [9]. Therefore we pro-
pose the use of focal plane array (FPA) antennas as a solution
for such application [10]. An FPA antenna is a system that
consists of a reflector and an array of antenna elements in
its focal plane. By changing the excitation weights of the
antenna elements it is possible to change the beam shape and
direction. This can make initial alignment easier and solves
the mast twist and sway problem. Wide-scan FPA anten-
nas have been used in various applications such as radio
astronomy, passive remote sensing, and satellite communica-
tion [11]. With an FPA the required number of active antenna
elements can be significantly reduced compared to a phased
array. The benefit is that this decreases cost. However, with
fewer elements active, the transmit power is also reduced.
It is possible to intentionally increase the number of active
antenna elements of an FPA by shaping the reflector or sub-
reflector [12], [13], or by axially displacing the array [14],
increasing the EIRP. Regardless of this design choice, to
achieve wide angle scanning it is still needed to populate
the full focal plane also resulting in an expensive system.
For point-to-multipoint operation it is not required to pop-

ulate the full focal plane because it is known at the time of
deployment in which directions the antenna system should
scan. Therefore only the regions in the focal plane that con-
tribute to the main beams need be populated with antenna
elements. As such we propose an FPA antenna system where
the focal plane is populated with several smaller arrays, each
of which is responsible for communication with one site.
This situation is depicted in Fig. 1. Each subarray opti-
mally illuminates the reflector resulting in a highly directive
beam. This novel combination of a reflector with subarrays
for P2MP operation and twist and sway compensation allows
for reliable and adaptive fronthaul and backhaul for 5G and
6G infrastructure.
This paper includes the following original contributions;
1) A study on the required size and inter-element spacing

of a feed array for the proposed P2MP antenna system at

E-band. Included are simulations of the directivity, aperture
efficiency, spillover and estimations of the transmitted power
and EIRP for such a system, relative to the maximum trans-
mitted power of one antenna element (PTX,rel, EIRPrel). The
reflector that is used allows for scanning to ±30◦. Details
about the design are given in Section III. The simulations are
done in the cases where the beam is pointed towards 0◦ and
28◦ in azimuth. The margin of 2◦ is used for evaluating the
performance when scanning an additional ±1◦ in azimuth
and elevation. During the measurements the scan range is
extended to ±2◦. It is shown how the scan loss depends on
the array size, the inter-element spacing, and the position of
the array in the focal plane.
2) A comparison of the proposed system with antenna

arrays as feeds to a system with typical horn antennas as
feeds. To this end, a feed is defined with a Gaussian shaped
radiation pattern, which is compared to the array case in
terms of directivity, aperture efficiency and spillover loss.
3) Validation of the proposed system concept with mea-

surements. Included are measurements of the embedded
element patterns of an active beamforming array at K-band,
and measurements of the FPA system when this beamform-
ing array is used as the feed of the reflector. This includes
measurements of the 0◦ and 28◦ configurations and for both
the horizontal and vertical polarizations, as well as mea-
surements when scanning an additional ±1◦ and ±2◦ in
azimuth and elevation. Estimations of the directivity, aperture
efficiency, spillover, relative transmitted power and relative
EIRP are given. The excitation weights and phases of the
antenna elements are shown. Measurements are performed
at K-band because an E-band beamforming array was not
available during this study. Given the losses are increased
at E-band, it is difficult to compare the systems at K- and
E-band in terms of radiation efficiency, and losses in the
feed network. As such these kind of losses and inefficien-
cies are ignored, and we only look at a relative measure
for EIRP and transmitted power. The reflector itself is con-
sidered lossless at both frequencies, and the operation and
challenges are similar for E-band and K-band which allows
for a useful comparison.
The remainder of this paper is structured as follows. In

Section II the system concept is described in more detail
and in Section III the model of this system is presented.
In Section IV simulations are conducted at 80GHz and the
optimum array size is determined. In Section V measure-
ments are conducted with a demonstrator at 25.9GHz. The
simulation results are compared to the experimental results
in the discussion in Section VI and finally the conclusions
are given in Section VII.

II. PROPOSED SYSTEM CONCEPT AND REQUIREMENTS
In the proposed concept the parabolic toroid reflector design
as described in [15] is used. Rather than a single focus,
this type of reflector has a circularly shaped focal arc. By
moving a feed along the arc, the beam can be scanned in
a different direction. The advantage of this type of reflector
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FIGURE 2. Picture of the simulation setup in GRASP. The cones represent the
farfield sources that are imported from CST Microwave Studio. Depicted is a setup
with N = 10 and d = 1.0λ0 at 80GHz. The 2D cut of the reflector shows how it is
generated. az Runs clockwise in the uv-plane, el runs clockwise in the vw -plane.

is that it allows for nearly identical beams when scanning
the feed along the focal arc. The reflector from [15] is used
here as well. The parabolic generating curve (Fig. 2) has a
focal distance F of 26.3cm. The distance from the origin of
the parabola to the rotational axis P is 65.5cm. The angle of
the rotational axis with the horizontal axis is α = 70◦. The
z-axis of the feed is parallel to the rotational axis. By rotat-
ing the feed and the parabola around the rotational axis the
focal arc and the parabolic toroid are generated. The opening
angle of the feed γ is 14.14◦. The reflector is traced out of
the parabolic toroid by removing the part that falls outside
the opening angle of the feed for the full scanning range
of β = ±30◦. The resulting reflector has a surface area of
0.1m2. The diameter D and width W of the reflector, as
depicted in Fig. 2, are 22cm and 55cm, respectively. For
more information and a more extensive explanation on the
design and operation principles of such reflector the reader
is referred to [15], [16] and [17]. For the feeds, we pro-
pose to use square antenna arrays of dual-polarized patch
antennas. For the power amplifiers (PAs), we propose to use
silicon technologies (such as CMOS or BiCMOS), because
large arrays of III-V technologies such as GaN at E-band
are cost prohibitive. By using [18] and specifying a power
back-off, one can arrive at an estimate of the absolute mea-
sure of transmitted power (PTX) for various technologies
and frequency ranges, which allows one to contextualize the
relative metrics presented in this paper.
Finally, the requirements for such a system must fulfill

are summarized as follows.

1) According to [19] the directivity of point-to-point
antenna systems is required to be higher than 38dBi.
With automatic gain control implemented the maxi-
mum transmission power is limited to 35dBm, and the
total EIRP is limited to 85dBm.

2) For twist and sway compensation the requirement is
to scan between ±1◦ in azimuth and elevation with

a scan-loss of at most 1dB. The ±1◦ target is based
on [6], where a study is conducted on twisting and
swaying on different types of masts, and the effect on
the quality of the link.

3) The system needs to allow dual-polarized operation
such that two simultaneous data streams can be trans-
mitted or received on the same channel, increasing the
capacity.

III. SYSTEM MODEL
For the investigation of the proposed system concept, a model
is required that can be used to calculate the directivity, rel-
ative transmitted power and relative EIRP. This model is
defined as follows.

1) A mechanical model of the reflector is created in
MATLAB and exported to GRASP, which is simulation
software used for simulating reflector antennas [20].

2) In CST Microwave Studio a model of a square pin-
fed balanced patch antenna is defined that is resonant
at 80GHz. The far-field of one patch antenna is also
exported to GRASP.

3) An array of patches is defined in GRASP that illumi-
nates the reflector. Each patch has the farfield pattern
as found in the previous step. The array is square and
has a size of N-by-N antennas, with inter-element spac-
ing d, which is the same in both the x and y directions.
The resulting situation is depicted in Fig. 2.

4) In GRASP the resulting secondary element patterns are
found for each array element separately. These patterns
Eco and Ecross ∈ C

Npoints×Nt are electric fields normal-
ized to the free-space impedance and the wavenumber,
as will be explained later in this section. Nt is the
total number of antennas equal to N2 for square arrays.
Npoints is the number of spatial points the electric fields
are calculated on.

5) The secondary element patterns are retrieved from
GRASP and loaded into MATLAB where maximum
ratio transmission (MRT) beamforming is applied.

MRT is a beamforming strategy that maximizes the
received signal power at the intended user under the condi-
tion that the total transmitted power is limited to some power
P. This is the optimal beamforming strategy when there is
only one user, but not when there are multiple users, because
the interference is not taken into account [21]. Here, the users
are separated by a large angle, and the beam widths are small.
The interference in this case is therefore ignored. To scan
the beam in the intended direction using MRT beamforming,
the excitation vector w ∈ C

Nt×1 is found using

w = h† (1)

where h ∈ C
1×Nt is the channel vector. The dagger symbol

† represents the hermitian transpose. In this context, the
coefficients of h represent the co-component of the electric
field of antenna n in the intended direction of the main beam.
As such, the complex coefficients hn that build h are found
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by evaluating the complex value of Eco for antenna n in the
intended beam direction.
After finding the weights, and taking into account that the

electric fields are normalized to the free-space impedance,
we can find the directivity vector resulting from the
beamforming D ∈ C

Npoints×1 using [22]

D = 4πU
Prad

(2)

with U ∈ C
Npoints×1 the radiation intensity and Prad the total

radiated power. Here D represents the directivity function
D(az, el) as a vector with Npoints combinations of az and el.
GRASP normalizes the electric fields such that

E = 1

k
√

2Z0
ESI (3)

with ESI in the standard SI definition of electric field, k
the wavenumber and Z0 the free-space impedance. With this
definition the unit of E is

√
W. U is related to ESI by [22]

U = 1

2Z0

(∣∣ESI,co
∣∣2 + ∣∣ESI,cross

∣∣2
)

(4)

and as such to E by (3) resulting in

U = k2
(
|Eco|2 + |Ecross|2

)
. (5)

With this the radiation intensity can be found by multiplying
E by the weights as in

U = k2
(
|Ecow|2 + |Ecrossw|2

)
(6)

which together with (4) results in

D = 4πk2
(|Ecow|2 + |Ecrossw|2)

Prad
(7)

where the total radiated power Prad is computed by integrat-
ing U over a spherical grid that encloses the antenna array,
meaning this can be written as

D = 4π
(|Ecow|2 + |Ecrossw|2)∫∫ |Ecow|2 + |Ecrossw|2 d� (8)

which is not dependent on k anymore. The gain function is
related to the directivity function by the radiation efficiency
ηrad as in

G(az, el) = ηradD(az, el). (9)

Given the reflector is considered lossless at the frequencies
we are interested in, and the losses in the feed network and
the losses in the antenna elements themselves are ignored,
this means ηrad = 1. We can then find the effective aperture
Ae and the aperture efficiency ηAp using [22]

Ae = ηApA = max(D(az, el))
λ2

0

4π
(10)

with A the physical area of the reflector. In order to calculate
the spillover the power that is radiated from the array that

TABLE 1. Reflector performance for scanning an ideal Gaussian feed through the
focal arc from 0◦-30◦ , in addition to a 28◦ scan in azimuth direction.

does not hit the reflector (Pmiss) is found and compared to
Prad using

spilloverdB = 10 log10

(
Prad
Pmiss

)
(11)

where it should be noted that finding Pmiss requires an inten-
sive simulation because it must be calculated by integrating
over a sphere (as in the denominator of (8)) surrounding
the complete setup, including the reflector. Because of the
diffraction of the edges of the reflector, this must be done
with a high resolution. Furthermore, there is no clear dis-
tinction between the fields that result from reflection and
refraction of the reflector, and the fields radiated by the array
that actually ’miss’ the reflector. As such, to find Pmiss we
integrated the power on the full sphere, excluding the region
of the main beam and its direct side lobes. This requires
some hand work, but results in a good approximation of the
actual spillover loss.
Since h is found by evaluating Eco in the intended beam

direction, the elements of h and w have the unit
√
W. We

can therefore find the relative power in W of element n
by squaring its weight wn. As such, we can estimate the
total transmitted power relative to the maximum transmitted
power of a single element, PTX,rel, in dB, by summing the
powers of all N elements as in

PTX,rel = 10 log10

N∑
n=1

|wn|2 (12)

and finally, we can estimate EIRPrel in dB with

EIRPrel = 10 log10(max(G)) + PTX,rel. (13)

IV. SIMULATION RESULTS AT E-BAND
In this section a reference is defined which the focal plane
array system can be compared to in terms of directivity,
spillover and aperture efficiency. Furthermore we investi-
gate the required number of patch antenna elements and the
optimum inter-element spacing in order to perform MRT
beamforming with low scan-loss at 80GHz.

A. REFERENCE SIMULATIONS WITH GAUSSIAN FEEDS
In order to create a reference, a feed is defined with Gaussian
shaped radiation pattern. This Gaussian pattern has a 10dB
taper at an angle of γ = 14.14◦, corresponding exactly to
the edges of the reflector as explained in Section II. The
Gaussian feed is scanned along the focal arc by an angle
ranging from β = 0◦ to β = 30◦ in steps of 10◦, and the
directivity, spillover loss and aperture efficiency are found
for each case. These results are summarized in Table 1. From
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FIGURE 3. A depiction of the electric fields in the focal plane, when the reflector is illuminated by a plane wave arriving from the directions el = −1◦ , el = 0◦ and el = +1◦
respectively, with az = 0◦ . The squares depict the optimum locations for the d = 0.5λ0 (white) and d = 0.7λ0 (red) N = 8 arrays. The figure shows that the scan loss decreases
for an increased array size, because larger arrays are able to sample a larger part of the aperture distribution when scanning.

TABLE 2. Array positions for minimum scan loss for E-band simulations.

this data it is shown that the directivity is slightly reduced
for scanning up to 30◦, by only 0.3dB. However, in this
configuration where the feed is scanned across the focal arc,
the beam is also scanning in elevation plane. For the 0◦
beam it scans to boresight, e.g., to 0◦ in elevation, but it
scans downward in elevation when scanning in azimuth. As
such a fifth case is added to the table where the feed is
placed away from the focal arc, such that it is scanning to
az = 28◦, el = 0◦. In this case the directivity reduction is
1.7dB and the spillover is increased from 0.26dB to 0.44dB.
The aperture efficiency is reduced from 23.9% to 17.3%.
The relatively low aperture efficiency is a consequence

from the design of this reflector. By using Gaussian feed
patterns, only a relatively small area of the reflector is illumi-
nated. In contrast, patch antennas can illuminate a larger area
of the reflector and as such increase the aperture efficiency
and therefore the directivity.

B. OPTIMUM ARRAY POSITION FOR BROADSIDE
SCANNING
In order to reach the optimum directivity and lowest scan
loss using the array of patch antennas, the array must be
positioned at the optimum location. Because the reflector is
symmetric around the vw-plane (see Fig. 2) the optimum
y-coordinate for broadside radiation is 0mm. However, the
reflector is not symmetric in around the uw-plane, so the
optimum x-coordinate is not as obvious. In order to find the
optimum coordinate, the array is iteratively moved by an
offset in the x-direction until the scan loss in the positive and
negative elevation directions are equal. The optimum offset
depends on the array size and the inter-element spacing. This
is shown in Fig. 3. Here the electric fields arriving at the focal

FIGURE 4. Scan loss for different array setups. The depicted scan loss is the
highest scan loss measured for the directions ±1◦ in az and el. The goal is to achieve
a scan loss lower than 1dB, which is achieved by either increasing the number of
antennas or the inter-element spacing.

plane are plotted resulting from a plane-wave illumination of
the reflector. The directions of the plane waves are −1◦, 0◦
and 1◦ in elevation, respectively. The white square represents
the area sampled by an N = 8 array with d = 0.5λ0 and the
red square represents and N = 8 array with d = 0.7λ0. The
arrays both have the optimal offsets, which are clearly different
for each size. This illustrates the importance of finding the
optimum position for each configuration that is tested.
The described process is done for several array sizes

(N = 4 − 12) and for several inter-element spacings (d =
0.5λ0, 0.7λ0, 1.0λ0). For each configuration the optimum
offset was found and the offsets are listed in Table 2.
The resulting scan losses are shown in Fig. 4. The figure
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FIGURE 5. Directivity towards az = el = 0◦ when using MRT beamforming for
different setups. An inter-element spacing of 0.7λ0 is optimal.

shows that the 1dB scan loss requirement is satisfied for the
N ≥ 10, d = 0.5λ0 arrays, the N ≥ 8, d = 0.7λ0 arrays and
N ≥ 6, d = 1.0λ0 arrays. Clearly the scan loss decreases
as either N or d is increased. Looking at Fig. 3 this indeed
makes sense because an array with a larger aperture can still
sample the focal field when the scan angle is increased.

C. RESULTING PARAMETERS AND COMPARISON TO
REFERENCE FEEDS
By using the optimum offsets resulting from this iterative
procedure, the directivity can be found. The directivity is
calculated for each array size and inter-element spacing and
the results are shown in Fig. 5. From this it becomes clear
that the 0.7λ0 setup has the highest directivity when scanning
to broadside. Knowing this, and knowing the scan-loss is
below 1dB for the d = 0.7λ0 N = 8 setup (see Fig. 4), this
array meets our specifications. The array that is used for the
measurements is 8-by-8 but has an inter-element spacing of
0.5λ0. Therefore we will include some calculations of an
0.5λ0 array as well.
Now PTX,rel and EIRPrel can be found, as well as Ae, ηAp

and the spillover losses. These results are summarized in
Table 3. It is shown that not only the directivity and scan-
loss benefit from the increased inter-element spacing, as the
aperture efficiency is higher and the spillover is lower in
the 0.7λ0 case, for both the boresight and scanning beams.
Furthermore, comparing the results of the 0.7λ0 array to
the reference in Table 1, it is clear that the directivity and
therefore the aperture efficiency is increased when using
such array antenna. For the 0◦ beam direction the directivity
is improved by 1.9dB, and for the 28◦ beam direction it is
improved by 2.5dB. The spillover loss is also decreased for
the 28◦ beam by 0.12dB, although it is 0.09dB higher for
the 0◦ beam. It should be noted that the reference that uses
the Gaussian patterns lacks the benefit from the flexibility of
the proposed FPA antenna, since no compensation of twist
and sway is possible with the fixed Gaussian excitation.

TABLE 3. Results of simulations at E-band using arrays of patch antennas with
N = 8 and for a maximum scan angle of 1◦.

FIGURE 6. A picture of the dual-polarized beamforming array during the planar near
field measurement.

V. DEMONSTRATOR
To experimentally validate the performance of the proposed
system, measurements are conducted at 25.9GHz with an
experimental setup. The reflector used here has the same
size and parameters as the simulated reflector.

A. EXPERIMENTAL SETUP
For these measurements the 8-by-8 dual-polarized beam-
forming array shown in Fig. 6 is used consisting of circular
patch antennas. Each antenna element has a vector modulator
that allows the phases and weights to be changed digitally
with an 8-bit weight. The array in the picture has 10-by-10
elements, but the elements on the edges are dummies, and
only the inner 8-by-8 are active. The inter-element spacing
is 0.5λ0, or 5.8mm. The beamformer is controlled by an
FPGA, and in turn the FPGA is controlled through USB by
a computer running MATLAB.
The full 2D embedded element pattern for each antenna

is measured using a planar near field scanner. The results
are shown in Fig. 7 in a (θ, φ) coordinate system, in terms
of cuts in the horizontal (φ = 0◦, xz-plane) and vertical
(φ = 90◦, yz-plane) directions, for both polarizations. The
figure shows that the co/cross-polarization ratio of this array
at boresight is on average 10dB. There is also a spread
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FIGURE 7. Cuts of the embedded element patterns of the 64 antenna elements in
the array for both polarizations. The bold lines represent the average of all elements,
the grey lines show the responses of each individual antenna element.

between the levels of the radiation patterns at boresight of up
to 4.5dB for the co-polarization. The average 3dB beamwidth
is around 55◦.

FIGURE 8. The reflector and the array in first configuration where it can scan to ±2◦
in azimuth and elevation.

B. MEASUREMENTS SCANNING TOWARDS AZ = 0◦
The array is placed in the focal plane of the reflector as
shown in Fig. 8. A characterization is done as follows.

1) An idle radiation pattern measurement is taken, by
turning off all antenna elements and measuring the
quiescent radiation.

2) A measurement is taken of the radiation pattern for
each antenna element separately, by setting the weight
of the element under test to the highest value, and
turning off all other elements.

3) The idle radiation pattern is subtracted from the
measured patterns of the elements.

4) The channel vector h is built by extracting the com-
plex value of co-component of the measured electric
fields for each antenna in the intended beam direction.
The results are used to find the excitation weights
in MATLAB, according to the strategy described in
Section III.

5) These weights are normalized such that the element
with the highest power has a weight of 255.

6) The weights that were calculated are used to excite
the array in the experimental setup.

7) A measurement is taken of the resulting radiation
pattern and the directivity function is found.

Steps 4 through 7 are repeated for each measured beam.
Because the planar near-field measurement only measures
the power on the front half of the sphere, the measured
directivity is overestimated. To adjust for this, an estimate
of the spillover is found by simulating the system follow-
ing the same strategy outlined in Section III, using the
measured embedded element patterns shown in Fig. 7 and
with the frequency set to 25.9GHz. The power is then
found on the back half of the sphere. As a result, for
the beams towards 0◦ ± 2◦ a spillover of 0.40dB is found,
and for the beams towards 28◦ ± 2◦ a spillover of 0.44dB
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FIGURE 9. The reflector and the array second configuration where it can scan to
28 ± 2◦ in azimuth and ±2◦ in elevation.

is found. The spillover is subtracted from the measured
directivity.
The full characterization for both polarizations (H and V)

is done. For beams towards az = 0◦, el = 0◦ in both the
H-pol and V-pol, the resulting weights and radiation patterns
are shown in Fig. 10. Several observations can be made from
this figure. It becomes clear that each antenna/amplifier com-
bination has a considerably different power gain resulting in
some antennas having a much higher excitation than oth-
ers. This is the result from inaccuracies in the beamforming
ICs, and the chosen beamforming strategy that excludes an
extensive calibration of the array. It is also apparent that the
cross-polarization is high in both the H-pol and V-pol case.
This can be attributed to the cross-polarization levels of the
antenna elements themselves as observed in Fig. 7.
To evaluate the performance of this FPA antenna, the

main beam is scanned in steps of 1◦ between −2◦ and
+2◦ in azimuth and elevation. Cuts of these beams are
shown in Fig. 10. It shows that the scan-loss is lower
than 1dB for both polarizations up to ±2◦ in both direc-
tions. What stands out is that the directivity is slightly
increased when scanning in positive elevation direction.
By moving the array in the focal plane it is possible to
decrease this effect and make the scanning in positive and
negative elevation behave more similar, as described in
Section IV.
For the center beam the directivity is 37.1dBi in H-pol and

37.0dBi in V-pol. The relative transmitted powers are 11.8dB
and 9.6dB for the H-pol and V-pol beams, respectively.
The difference between the powers results in a difference
in EIRPrel as well, 48.9dB in H-pol and 46.6dB in V-pol.
The reason for this difference is that one of the vertically
polarized antenna elements operates at a much higher power
level compared to the surrounding elements. Because of the
chosen scaling strategy this leads to a reduction in transmit-
ted power. A method to decrease this difference would be

TABLE 4. K-band measurement results.

to scale the weights to a total transmitted power, instead of
scaling to the weight of the highest excited element, or by
slightly lowering the weight of the highest excited element
relative to the other elements.

C. MEASUREMENTS SCANNING TOWARDS AZ = 28◦
Now the array is displaced by 28mm in −x-direction and
195mm in −y-direction. This corresponds to pointing a beam
towards an angle of +28◦ in azimuth and 0◦ in elevation.
The reflector itself is rotated by −28◦ such that the beam is
pointed towards the near field scanner. This setup is shown
in Fig. 9. It is shown that the array is not rotated around
the z-axis, because the experimental setup does not allow
this. Due to the geometry of the reflector, this results in
a rotation of the polarization. This means that exciting an
H-pol element does not result in an H-pol beam. The same
holds for the V-pol. Instead, two new planes are defined, H’
and V’, which are rotated clockwise by 14◦ with respect to
the H and V planes, respectively. This corresponds to a scan
angle of 28◦. As such, exciting the H-pol elements results
in an H’-pol beam, and exciting the V-pol elements results
in a V’-pol beam. With this in mind the same measurements
are repeated. In post-processing the measured electric fields
are found the newly defined H’ and V’ planes.
The resulting beams in the H’-pol and V’-pol are shown

in Fig. 11. The cuts of beams between ±2◦ in azimuth and
elevation are also shown. The highest scan-loss is 0.60dB
and 0.65dB for the H’-pol and V’-pol beams, respectively.
The directivity for the center beams are 35.4dBi in H’-pol
and 35.5dBi in V’-pol. The relative transmitted power for
H’-pol is 12.7dB and for V’-pol 11.7dB. This difference
in power is smaller than when scanning to az = 0◦. The
resulting EIRPrel is 48.2dB and 47.3dB for H’-pol and V’-pol
respectively. The findings are summarized in Table 4.

VI. DISCUSSION
To validate the performance of the E-band system concept,
which optimally uses an 8-by-8 0.7λ0 array, it is possible to
compare the simulations with the experimental setup at K-
band. The most important difference is that the measurement
array has a physical area that is 4.9 times larger. This is
the reason that the experimental setup has a wider scan
range, since the location of the focal spot, when scanning,
moves by the same distance in the focal plane regardless of
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FIGURE 10. Measurement results of the 25.9GHz experimental setup when scanning to broadside. In the left column the excitations for the H- and V-polarized beams are
shown in terms of weights and phases. The displayed phases are rounded to degrees. In the middle column the co- and cross-components of the H- and V-polarized beams are
shown. In the right column the beam cuts are shown in terms of directivity when scanning to ±2◦ in azimuth and elevation for both polarizations. az0 and el0 denote the
scanning directions.

frequency. This is evidenced by the measurements, where
at most 0.80dB of scan loss is observed when scanning up
to ±2◦, whereas this is 0.94dB for the simulated E-band
system when scanning only up to ±1◦.

There are also some important similarities between
the experimental setup and the simulations. We see in
Tables 3 and 4 that the aperture efficiency is lower for
the beam in the az = 28◦ direction compared to the

beam in the az = 0◦ direction. However, the scan-loss
to ±1◦ and ±2◦ is actually lower for the az = 28◦
case.
Ptx,rel and EIRPrel are relatively unchanged for the az = 0◦

and az = 28◦ beams, both in simulations and measurements,
where the largest decrease in EIRP is 1.03dB for the E-band
d = 0.7λ0 system. This shows that this system is indeed well
suited for wide-angle scanning.
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FIGURE 11. Measurement results of the 25.9GHz experimental setup when scanning to az = 28◦ . In the left column the excitations for the H’- and V’-polarized beams are
shown in terms of weights and phases. The displayed phases are rounded to degrees. In the middle column the co- and cross-components of the H’- and V’-polarized beams are
shown. In the right column the beam cuts are shown in terms of directivity when scanning to 28 ± 2◦ in azimuth and ±2◦ in elevation for both polarizations. az0 and el0 denote
the scanning directions.

The benefits of moving from a 0.5λ0 to a 0.7λ0
have been shown to be many, including an improve-
ment in directivity, a lowering of the scan-loss, and
a decreased spillover loss. It is also shown that the
EIRPrel is slightly reduced, because less power is trans-
mitted. However it should be mentioned that one power
amplifier can now occupy a larger area, which gives
some freedom in thermal design, allowing the power
per PA to be improved to compensate. Furthermore the

increased spacing is also beneficial in terms of mutual
coupling.

VII. CONCLUSION
A new system concept for point-to-multipoint communica-
tion was proposed at E-band for fronthaul and backhaul
applications. With this concept several beams can be formed
by placing multiple antenna arrays in the focal plane. It
was shown that a parabolic toroid reflector with an array
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of 8-by-8 patch antennas with an inter-element spacing of
0.7λ0 is sufficient for achieving high directivity and low scan
loss. An EIRP relative to the maximum transmitted power
of one element can be achieved higher than 56.9dB with a
directivity higher than 45.0dBi for the beams towards 0◦ and
28◦ in azimuth. Furthermore, each beam can be scanned up
to ±1◦ in azimuth and elevation by changing the excitation
weights of the array, with at most 0.94dB of scan loss. This
alleviates twist and sway issues and simplifies initial align-
ment. It was shown that this system employing an antenna
array outperforms the reference which uses Gaussian shaped
element patterns.
A demonstrator is built at K-band which uses an 8-by-8

analog beamforming array. At this frequency the relative
EIRP is higher than 46.6dB and the measured directivity is
higher than 35.9dBi for the beams towards 0◦ and 28◦ and
both polarizations. The scan-loss is at most 0.80dB for a
scan range of ±2◦ in azimuth and elevation.
From comparing the simulations of this system at E-band

with the measurements of the experimental setup at K-band
we can conclude that this system achieves good performance
in both the simulations and the measurements. The results of
the experiment are in line with results form the simulations.
In conclusion, this system is shown to be a good candidate
for robust and adaptive fronthaul or backhaul for 5G and
6G wireless networks.

REFERENCES
[1] “5G wireless access: An overview,” Stockholm, Sweden, Ericsson,

White Paper. Accessed: Jan. 6, 2021. [Online]. Available: https://
www.ericsson.com/en/reports-and-papers/white-papers/5g-wireless-
access-an-overview

[2] R. Lombardi, “Microwave and millimetre-wave for 5G transport,”
Sophia Antipolis, France, ETSI, White Paper, 2018. [Online].
Available: https://www.etsi.org/images/files/ETSIWhitePapers/etsi_
wp25_mwt_and_5g_FINAL.pdf

[3] S. Geng and X. Zhao, “Feasibility study of E-band mm-wave for giga-
bit point-to-point wireless communications,” Microw. Opt. Technol.
Lett., vol. 55, no. 8, pp. 1969–1972, 2013.

[4] “Ericsson Microwave Outlook 2019.” Ericsson. [Online]. Available:
https://www.ericsson.com/en/reports-and-papers/microwave-
outlook/reports/2019 (Accessed: Aug. 16, 2021).

[5] A. Al-Rawi, A. Dubok, M. Herben, and A. Smolders, “Point-to-point
radio link variation at E-band and its effect on antenna design,” in
Proc. Progr. Electromagn. Res. Symp., 2015, pp. 913–917.

[6] R. Kalimulin, A. Artemenko, R. Maslennikov, J. Putkonen, and
J. Salmelin, “Impact of mounting structures twists and sways on
point-to-point millimeter-wave backhaul links,” in Proc. IEEE Int.
Conf. Commun. Workshop (ICCW), 2015, pp. 19–24.

[7] A. van Ardenne, J. D. Bregman, W. A. van Cappellen, G. W. Kant,
and J. G. Bij de Vaate, “Extending the field of view with phased array
techniques: Results of European SKA research,” Proc. IEEE, vol. 97,
no. 8, pp. 1531–1542, Aug. 2009.

[8] D. Parker and D. C. Zimmermann, “Phased arrays-part II:
Implementations, applications, and future trends,” IEEE Trans.
Microw. Theory Techn., vol. 50, no. 3, pp. 688–698, Mar. 2002.

[9] B. Sadhu et al., “7.2 A 28GHz 32-element phased-array transceiver
IC with concurrent dual polarized beams and 1.4 degree beam-
steering resolution for 5G communication,” in Proc. IEEE Int. Solid-
State Circuits Conf. (ISSCC), San Francisco, CA, USA, Feb. 2017,
pp. 128–129.

[10] A. B. Smolders et al., “Building 5G millimeter-wave wireless
infrastructure: Wide-scan focal-plane arrays with broadband opti-
cal beamforming,” IEEE Antennas Propag. Mag., vol. 61, no. 2,
pp. 53–62, Apr. 2019.

[11] K. F. Warnick, R. Maaskant, M. V. Ivashina, D. B. Davidson, and
B. D. Jeffs, Phased Arrays for Radio Astronomy, Remote Sensing,
and Satellite Communications (EuMA High Frequency Technologies).
Cambridge, U.K.: Cambridge Univ. Press, 2018.

[12] A. Dubok, A. Al-Rawi, G. Gerini, and A. Smolders, “Reflector syn-
thesis for wide-scanning focal plane arrays,” IEEE Trans. Antennas
Propag., vol. 67, no. 4, pp. 2305–2319, Apr. 2019.

[13] A. Dubok, G. Gerini, and A. Smolders, “Extreme scanning double
shaped-reflector antenna with multiple interactions for focal plane
array applications,” IEEE Trans. Antennas Propag., vol. 68, no. 7,
pp. 5686–5690, Jul. 2020.

[14] A. Al-Rawi, A. Dubok, S. J. Geluk, B. P. de Hon, M. H. A. J. Herben,
and A. B. Smolders, “Increasing the eirp by using fpa-fed reflector
antennas,” in Proc. IEEE Int. Symp. Antennas Propag. (APSURSI),
2016, pp. 1623–1624.

[15] A. Elsakka, U. Johannsen, O. Iupikov, M. N. Johansson,
M. V. Ivashina, and A. B. Smolders, “A design concept of power
efficient, high gain antenna system for mm-Waves base stations,” in
Proc. Eur. Conf. Antennas Propag. (EuCAP), Apr. 2021, pp. 1–3.

[16] O. A. Iupikov, M. V. Ivashina, N. Skou, C. Cappellin, K. Pontoppidan,
and C. G. M. van’t Klooster, “Multibeam focal plane arrays with digi-
tal beamforming for high precision space-borne ocean remote sensing,”
IEEE Trans. Antennas Propag., vol. 66, no. 2, pp. 737–748, Feb. 2018.

[17] P. Nielsen, K. Pontoppidan, J. Heeboell, and B. Le Stradic, “Design,
manufacture and test of a pushbroom radiometer,” in Proc. 6th Int.
Conf. Antennas Propag., vol. 1, 1989, pp. 126–130.

[18] H. Wang et al. “Power Amplifiers Performance Survey 2000-Present.”
[Online]. Available: https://gems.ece.gatech.edu/PA_survey.html
(Accessed: Mar. 1, 2021).

[19] “Fixed Radio Systems; Characteristics and Requirements for
Point-to-Point Equipment and Antennas; Part 3.” European
Telecommunications Standards Institute. [Online]. Available:
https://www.etsi.org/deliver/etsi_en/302200_302299/30221703/02.
02.01_60/en_30221703v020201p.pdf (Accessed: Feb. 5, 2021).

[20] “GRASP.” Ticra. [Online]. Available: https://www.ticra.com/software/
grasp/ (Accessed: Dec. 8, 2021).

[21] E. Björnson, M. Bengtsson, and B. Ottersten, “Optimal multiuser
transmit beamforming: A difficult problem with a simple solution
structure [lecture notes],” IEEE Signal Process. Mag., vol. 31, no. 4,
pp. 142–148, Jul. 2014.

[22] C. A. Balanis, Antenna Theory: Analysis and Design. Hoboken, NJ,
USA: Wiley, 2015.

ROEL X. F. BUDÉ (Student Member, IEEE) was
born in Geleen, The Netherlands, on November 5,
1995. He received the B.Sc. and M.Sc. degrees
in electrical engineering from the Eindhoven
University of Technology in 2017 and 2019,
respectively, where he is currently pursuing the
Ph.D. degree. His field of research is focused on
antenna arrays and focal plane arrays at mmWave
for fronthaul and backhaul applications.

AMR ELSAKKA (Student Member, IEEE) received
the B.Sc. degree in electronics and communica-
tions engineering from Cairo University in 2008,
the Postgraduate Diploma degree in telecom-
munications and information engineering from
National Telecommunications Institute, Egypt, in
2014, and the M.Sc. degree in radio science and
engineering from Aalto University, Finland, in
2016. He is currently pursuing the Ph.D. degree
with the Eindhoven University of Technology,
The Netherlands, and Chalmers University of

Technology, Sweden. From 2010 to 2014, he worked as an Automation
Engineer with Invensys–Schneider Electric, Cairo, Egypt. He was a Former
Visiting Researcher with Ericsson A.B., Sweden. His current research is
focused on focal plane array antennas at mm-waves for mobile base stations
applications.

122 VOLUME 3, 2022



ULF JOHANNSEN (Member, IEEE) received the
Dipl.-Ing. degree in communications engineer-
ing from the Hamburg University of Technology,
Germany, in 2009, and the Ph.D. degree in elec-
trical engineering from the Eindhoven University
of Technology (TU/e), The Netherlands, in 2013.
From 2013 to 2016, he worked as a Senior
Systems Engineer with ATLAS ELEKTRONIK
GmbH, Bremen, Germany, where his role was
a System Designer and an Engineering Manager
on autonomous underwater vehicle systems with

sonar payloads. In 2016, he was appointed as an Assistant Professor with the
Electromagnetics Group, Department of Electrical Engineering, TU/e. His
research interest is focused on millimetre-wave antenna systems and antenna
integration. He is the Chair Person of the IEEE Benelux Joint AP/MTT
Chapter, a member of EuMA, and an Associate Member of INCOSE.

A. BART SMOLDERS (Senior Member, IEEE) was
born in Hilvarenbeek, The Netherlands, in 1965.
He received the M.Sc. and Ph.D. degrees in electri-
cal engineering from the Eindhoven University of
Technology (TU/e) in 1989 and 1994, respectively.
From 1989 to 1991, he worked as an IC Designer
with FEL-TNO, Hague. From 1994 to 1997,
he was a Radar System Designer with Thales,
The Netherlands. From 1997 to 2000, he was
a Project Leader of the Square Kilometer Array
with the Netherlands Foundation for Research in

Astronomy (ASTRON). From 2000 to 2010, he was with NXP (formerly,
Philips) Semiconductors, The Netherlands, responsible for the innovation
in the RF business line. Since 2010, he has been a Full-Time Professor
with the Electromagnetics Group, TU/e, with special interest in antenna
systems and applications. He has published more than 150 papers. He cur-
rently leads several research projects in the area of integrated antenna
systems operating at frequencies up to 150 GHz for several applica-
tion domains, including 5G/6G wireless communications, radar sensors,
and radio-astronomy. Next to his research activities, he is the Dean
of the Electrical Engineering Department, TU/e. He is the Junior-Past
Chairman of the IEEE Benelux section and the Past-Chair of the NERG
(Nederlands Radio-en Elektronica Genootschap). He is a Board Member
of the SWAN (Stichting Wetenschappelijke Activiteiten van het Nederlands
URSI Committee) and a member of the Advisory Board of ASTRON and
PhotonDelta.

VOLUME 3, 2022 123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


