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Abstract — The impact of the human body blockage

on the beamforming performance of a multi-user an-

tenna system is studied. The considered beamform-

ing algorithms are the matched filter (MF) and the

zero forcing (ZF) precoding schemes. The body is

modelled as an ideal perfect electric conductor (PEC)

cylinder. The two users are assumed to be located in

the far-field of an access point equipped with a uni-

form linear array antenna comprised of ideal isotropic

radiators separated a half-wavelength apart. Two fig-

ures of merit are evaluated: (i) the directivity radia-

tion pattern obtained with the precoding vectors, and

(ii) the downlink signal-to-interference-plus noise ra-

tio. As a result of numerical simulations it is observed

that the signal attenuation in the direction of the

main beam relative the free space (i.e., no blocking

body present) depends on the frequency, the num-

ber of antennas and the separation distance of the

blocking body (i.e., the PEC cylinder). It is observed

that at the higher frequency the signal attenuation

in the direction of the main beam is larger. More-

over, the higher frequency, the blockage effects be-

come also larger for the larger ULA, as compared to

the smaller one, since the elements sense a more un-

even field strength.

I. INTRODUCTION

Antenna systems are becoming increasingly important
in everyday life. Over the last decades the use of
wireless communication systems employing multiple
antennas, i.e., array antennas, has become a vital part
of modern day society. The use of multiple-input and
multiple-output (MIMO) systems plays a major role in
the increasing improvements of nowadays networking
systems. In these MIMO systems, beamforming can
be implemented. This technique is widely used in
wireless communication technology (e.g. 5G and beyond
networking systems)[1]. Complex precoding of the
beamformer is mostly done at the base station (BS) or
the access point (AP) sides of the link. At this side of the
link, a human being may be present. A person blocking
the incoming or transmitted signal on an antenna may
impact communication performance, especially at higher
frequencies.
Dozens of studies have been done on the blockage of
millimeter waves (mmWaves) by the human body, like
the ones in [2] and [3]. Furthermore, some progress has
been made previously towards understanding what the
blockage impact of a human body is on beamforming[4].
Even though previous research has been done in the
past, there is still room for expanding the amount of
knowledge. The previous research will be extended.
In this paper, the blockage impact of the human body
on the beamforming performance at an access point
is studied. The considered beamforming algorithms
are the matched filter (MF) and the zero forcing (ZF)

precoding schemes[5]. The analyzed figures of merit are
the directivity pattern and the signal-to-interference-
plus-noise ratio (SINR). The access point antenna is
assumed to be equipped with a uniform linear array
(ULA) of ideal isotropic radiating elements separated
a half-wavelength apart. No mutual coupling between
the antenna elements is considered. The human body is
modelled as a perfect electric conductor (PEC) cylinder
of infinite extent located at a distance from the array an-
tenna in the broadside direction. The access point serves
two users located in the far-field of the array antenna.
Hence, the fields scattered by the cylinder are modelled
as two plane waves arriving from two different directions
perpendicular to the main axis of the cylinder. The
MIMO channel matrix of the two-user communication
system is computed by superposition of the canonical so-
lution of the plane wave scattering by a PEC cylinder [6].

Two main propagation scenarios are considered in which
several parameters have been varied. The first propaga-
tion scenario assumes that the plane waves are impinging
at the cylinder from two symmetrical directions relative
to the broadside direction of the antenna. The second
scenario assumes that one plane wave is impinging at
the cylinder exactly at the broadside direction of the an-
tenna, while the second wave is impinging at an angle.
The above-mentioned figures of merit are computed as
a function of the separation angle between the two im-
pinging waves. The computations are repeated for two
frequencies, i.e., 1 and 30 GHz, for two separation dis-
tances of the cylinder from the array antenna, i.e., 0.5
and 1 m, and various numbers of elements of the array
antenna, i.e., 4, 8, 16 and 32. The results are compared
with the case when the cylinder is absent, i.e., in free
space.

II. SYSTEM MODEL

First, the uplink from both user equipments (UE1 and
UE2) to the AP is considered. This is a single-cell, nar-
rowband multi-user MIMO link. The number of single-
antenna users is K and the number of AP ULA antenna
elements isN . The input-output relationship of the chan-
nel is modelled as

y =
√

SNRHx + n, (1)

where y ∈ CN×1 is the received signal vector and x ∈
CK×1 is the transmitted signal vector from both users
[5]. The channel matrix is H ∈ CN×K . The noise vector
n ∈ CN×1 describes the additive white Gaussian noise
(AWGN) added by the channel. The transmitted signal

vector is normalized in power with E{||x||2} = 1, where

E{||x||2} stands for the expected value of the squared
norm of x.
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A. 2D simulation scenario

The ULA consists out of ideal isotropic elements, so
the mutual coupling effects between the elements are ne-
glected. A so-called toy model is set up for the simulation
scenario. The human body is modelled as a homoge-
neous, infinite PEC cylinder. The reason for this is a
previous study which implies the behavior of the waves
scattering off the PEC cylinder approximates the behav-
ior of the ones scattering off a real human body[4]. The
advantage of having an infinite cylinder is that the sim-
ulation can be done in 2D. A drawing of the simulation
scenario is shown in Fig. 1. Two linearly polarized plane
waves are incoming at angles ϕ1 and ϕ2 representing the
radiated fields by UE1 and UE2 in far field, respectively.
The electric field is pointing in the z-direction, which is
the direction perpendicular to the propagation direction
of the plane wave. The sum of ϕ1 and ϕ2 is α. The cylin-
der is centered in the origin and has radius r. The ULA
has N number of elements enumerated as 1, 2, ..., N sep-
arated by a distance del = λ/2 at the frequency of oper-
ation f . The distance between the center of the cylinder
and the center of the ULA is D. The angle θ is the an-
gle towards a point in far field with respect to the access
point antenna, at which the directivity pattern is evalu-
ated. In the simulation, the total electric field in every

Fig. 1: Sketch of the simulation scenario including
parameters.

point in the proximity of the cylinder is computed. The
total field is computed as the sum of the incoming plane
wave and the waves scattered off the cylinder[7]. Follow-
ing the assumptions of the toy-model presented above,
the channel matrix H is then computed as the total field
at the antenna element position due a given user. For ex-
ample H3,2 is the total field at antenna element position
3 due to the impinging field from user 2.

B. Beamforming

As can be seen from (1), the received signal vector
at the ULA depends on the channel matrix between the
users and the ULA. In order to transmit information from
the AP to an UE, the downlink channel matrix Hdownlink

has to be known. In this study, perfect channel estima-
tion of the uplink channel is assumed as well as perfect
channel reciprocity. The electric field is computed by
numerical simulations. The downlink channel matrix is
then computed as

Hdownlink = HT
uplink, (2)

where the operation HT
uplink denotes the transpose of

the uplink channel matrix Huplink. This can be done
since the uplink channel and the downlink channels are
reciprocal.[8].
Now that the channel state information is known, lin-
ear precoding is used to make the antenna form a beam
towards the UE. The transmitting signal vector which
describes the signals which have to be applied to every
single element of the ULA is x. One could also say that
x is the vector which describes the weighting of every
element. The difference with the uplink is that now the
signal vector is a N by 1 complex vector instead of a K by
1. With two users, let q1 and q2 be the symbols intended
for respectively UE1 and UE2. The symbols intended for
the two UE’s can be put into a vector q ∈ C2×1. The
relation between x and q is

x =
√
βWq, (3)

where x ∈ CN×1 is the input signal to the ULA at the
AP and the matrix W ∈ CN×K is the precoding matrix.
The factor β normalizes the transmitting vector to make
sure the power constraint mentioned above is fulfilled.
The normalization factor is given by

β =
1

E{tr(WWH)}
, (4)

where the matrix W is defined according to the employed
precoding scheme.

Two different beamformers are considered

WMF = HH (5)

and

WZF = HH(HHH)−1, (6)

where (5) and (6) are the matched filter (MF) and the
zero-forcing (ZF) beamformers. The precoding matrix
for MF is obtained by taking the complex conjugate of
the channel matrix and is given by (5). The ZF beam-
former has a higher computational complexity as can be
seen from (6). The two beamformers have different goals.
The MF precoding scheme aims to maximize the SNR at
the user side, whilst the ZF precoding scheme tries to

3



suppress interference from other users.[9] The interfer-
ence of other users can be big while using MF. On the
other hand, when using ZF, the noise power can be en-
hanced.

C. Figures of Merit

In order to quantify the impact of blockage, two figures
of merit are computed. The first one is the directivity
pattern and the second one is the SINR.

1. Directivity pattern

Every linear array antenna has its own array factor
(AF). It is a function of the number of elements, the dis-
tance between the elements and the phase and magnitude
of the signals applied to the elements. The ULA at the
AP has N number of elements which are equally spaced.
The array is symmetric in the x-axis with N/2 elements
on each side of the axis as shown in Fig. 1 for the case of
N = 4. The array factor for this array configuration is
described by

AF (θ) =

N∑
n=1

xne
j(

N−(2n−1)
2 )kdelsin(θ), (7)

where xn is the signal applied to element n, which is the
nth entry of the transmitting vector x of (3)[10].

The directivity pattern of an antenna can be evaluated
as a function of angle θ, i.e., the direction of radiation

Dant(θ) =

∣∣∣∣U(θ)

U0

∣∣∣∣ , (8)

where the radiation intensity U(θ) is given by

U(θ) = [AF (θ)]2, (9)

and U0 is the average radiation intensity and can be com-
puted as

U0 =
1

4π

∫ 2π

0

∫ π/2

−π/2
|U(θ)|cos(θ) dθ dφ

=
1

2

∫ π/2

−π/2
|U(θ)|cos(θ)dθ.

(10)

In other words, U0 is the total radiation intensity that
would be radiated by an ideal isotropic antenna with
equal intensity over all directions, i.e., evenly over the
sphere of unit radius[11]. In (7), (8), (9) and (10), θ is
the angle described in Fig. 1. This means θ = 0 corre-
sponds to the broadside direction of the array φ is the
azimuth angle.

In order to evaluate the impact of the user body mod-
elled by the PEC cylinder on the far-field directivity pat-
tern of the array we define the beamforming directivity
loss (BFDL)

LBFD(α) = 10 log

(
Dmax(α)

Dref(α)

)
, (11)

where Dmax(α) = max{Dant (θ, α)}, and Dref(α) =
max{Dant,ref (θ, α)} are the maximum of the computed
directivity pattern at each angle α in the presence of the
human body (i.e., PEC cylinder) and in its absence (i.e.,
free space), respectively. Then, we compute the maxi-
mum of (11) LBFD,max = max{LBFD(α)} and the angle
αmax at which it occurs. Similarly we compute the min-
imum of (11) LBFD,min = min{LBFD(α)} and the angle
αmin at which it occurs. The parameters LBFD,max and
LBFD,min evaluate the variation of the directivity in the
main beam of the far-field directivity pattern as the re-
sult of the presence of the human body. Results will be
computed for the different scenarios and parameters.

2. SINR

The per-user received signal-to-interference-plus-noise
ratio (SINR) is a fundamental parameter to quantify the
quality of wireless communication systems. This ratio,
which is different from the SNR, also takes interference
from other signals into account. The received SINR of
the user k can be computed by

SINRk =
βSNR|Hk:W:k|2

βSNR
∑K
k′ 6=k|Hk:W:k′ |2 + 1

, (12)

where Hk: is the kth row of matrix H and W:k is the kth
column of the matrix W . β is the normalization factor
found in (4). Here, K is the number of interfering users.
Since there is only one interfering user in this research,
(12) can be simplified to

SINRk =
βSNR|Hk:W:k|2

βSNR|Hk:W:k′ |2 + 1
, (13)

where k′ 6= k. In the fraction, the numerator defines
the received signal power of the signal of interest. The
denominator defines the sum of the interference power
and noise power.

Furthermore, in order to evaluate the impact of the
user body modelled by the PEC cylinder on the per-user
SINR, we compute the per-user SINR loss at a fixed SNR
value and angle α

LSINR,k(α, SNR) = 10 log

(
SINRk(α,SNR)

SINRref
k (α,SNR)

)
, (14)

where SINRk and SINRref
k are the per-user SINR in the

presence of the human body (i.e., PEC cylinder) and in
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its absence (i.e., free space), respectively. Then, we com-
pute the maximum of (14) LSINR,max = max{LSINR(α)}
for a given SNR value and the angle αmax at which it oc-
curs. It is worthwhile to note that we have dropped the
index ”k” for the sake of compactness. Similarly we com-
pute the minimum of (14) LSINR,min = min{LSINR(α)}
and the angle αmin at which it occurs. The parameters
LSINR,max and LSINR,min evaluate the variation of the
per-user SINR as the result of the presence of the human
body. Results will be computed for the different scenarios
and parameters.

III. SIMULATION RESULTS AND ANALYSIS

The scenario is simulated using a modified MATLAB
code for a plane wave scattering on a cylinder made by G.
Kevin Zhu.[7] In this MATLAB code, several parameters
can be set. The (variable) parameters and the values for
which the simulations are done can be seen in Table I.
The simulations with the different parameters will be
done for two cases:

• Case I is the case where the impinging plane waves
are coming in from directions relative to the broad-
side direction of the array defined by the angles
ϕ1,2 ∈ ±[0.5◦ 60◦]. Here, α ∈ [1◦ 120◦].

• Case II is the case where one wave is always coming
in at broadside direction (ϕ2 = 0◦) and the second
wave is coming from angle ϕ1 ∈ [0.5◦ 60◦] relative
to the broadside direction. Here, α ∈ [0.5◦ 60◦].

The existing MATLAB code also allows plotting the elec-
tric field of the impinging plane waves. This is done in
Fig. 2 to visualise the simulation scenario. The red dots
in each plot are the elements of the ULA.
Since we assume ideal isotropic antennas with no mu-
tual coupling, we compute the electric field in the points
where the antenna elements are located. When the elec-
tric field in the elements are known the downlink channel
matrix can be computed and the precoding matrix can
be obtained. For now the other points around the cylin-
der are also computed and plotted, only for visualizing
the electric field and clarifying the simulation scenario.

Table I: Simulation parameters. See Fig. 1 for the
geometrical parameter definition.

Parameter Value
cylinder radius r 15 cm
inter-element distance del λ/2 m
frequency f {1 GHz, 30 GHz}

separation angle α
[1◦...120◦] (symmetric)
[1◦...60◦] (non-symmetric)

number of elements N {4, 8, 16, 32}
ULA-cylinder distance D {0.5 m, 1.0 m}

A. Directivity pattern

For all angles α showed in Table I, the directivity pat-
tern is computed. All radiation patterns from −90◦

to 90◦ are plotted for every value of α.

A 2D surface plot is a clear way to plot the radiation
patterns for all different angles of α. The magnitude
of the directivity pattern is displayed by using a color
scale. The directivity is given in linear scale. This is
a unitless quantity. First, only the plots for Case I are
plotted and analyzed. Secondly, the same is done for the
plots in case II.

In order to be able to show what the influence of the
cylinder (human body) is on the beamforming perfor-
mance of the antenna, the simulations were also done for
the situation where there is no cylinder. Subsequently,
the outcome of the simulations with and without cylinder
can be compared.

1. Directivity Case I

The directivity 2D surface plots in the symmetric
Case I for N = 4 and N = 32 at 1 GHz are shown in
Figs. 3 and 4, respectively. Corresponding results at 30
GHz are given in Figs. 5 and 6, respectively. In order to
reduce the number of figures, only the plots for N = 4
and N = 32 are presented because the ones for N = 8
and N = 16 show similar trends. When increasing the
number of elements, the beam becomes narrower and
the magnitude of the beam becomes higher. Only the
directivity from UE1 is plotted because the plots for
UE2 are exactly the same plot as for UE1, but mirrored
at θ = 0.

When comparing the directivity plots with and
without the cylinder for D = 0.5 m at 1 GHz in Fig. 3,
several observations can be made. For example, compare
Fig. 3a with Fig. 3c showing the directivity pattern for
the MF beamforming, with and without the cylinder,
respectively. As can be seen from Fig. 3a, for N=4, the
angle of maximum directivity does not always coincides
with the angle where the UE is located. The main lobe
often deviates from the line-of-sight radiation. This is
most clearly the case for α < 80◦. Furthermore, as can
be seen from Fig. 3c, in free space, the main beam is
always directed towards the UE. Hence, the cylinder
is clearly blocking the incoming signal at values of
α < 80◦. When performing the MF precoding the beam
is not formed towards the line-of-sight direction towards
the user because of the blocking attenuation. Instead,
beams are pointed towards directions of the scattered
field.

With ZF precoding (Fig. 3d-f), the results are some-
what similar. However, the most important is to look
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Fig. 2: Plane waves scattering off the cylinder. Figures a) to c) are for case I. Figures d) to f) are for case II.
The wave from UE1 is shown in plots a) and d). The one from UE2 is seen in b) and e). The sum of the two

waves can be seen in figures c) and f) for respectively Case I and case II. f = 1GHz, N = 4 and D = 0.5m. The
angle of arrival with respect to the broadside direction in the plots is ±30◦ for case I. For case II, this is 30◦ for

UE1 and 0◦ for UE2.

in the direction of the ”main null” of the directivity
pattern, i.e., the line towards the direction of UE2.
The difference is that around α = 30◦ the magnitude
of the main lobe is lower when compared to the free
space line-of-sight simulation. At for example α = 27◦,
for D = 0.5 m the directivity is attenuated by 3.4 dB.
A possible reason for this is the blocking effect being
higher for the ZF algorithm in terms of the radiated
power towards the UE since the the ZF algorithm does
not maximize power, but minimizes interference. More-
over, it is clear from the figures that when the distance
D gets lower, even less energy is received around α = 30◦.

Furthermore, when comparing the simulations for
D = 0.5 m and D = 1 m it is clearly visible that for
the lower separation distance (Figs. 3a and 3d) the
magnitude of the directivity is lower at small angles of
α. For the case of matched filter, which is shown in
Fig. 3a, the directivity loss for α < 70◦ can get as high
as 1.8 dB. When looking at Fig. 3b, the directivity loss
at α < 60◦ can get to at most 1.0 dB. These results can
be explained by looking at Fig. 2a-c. It illustrates the
case where α = 60◦. It becomes clear there are certain
areas where destructive interference occurs. When this is
precisely the case at the location of an antenna element,
the power this element receives is low.

Fig. 4 shows similar results as in Fig. 3, but for
N=32. However, when comparing the figures without
the cylinder Fig. 4c and Fig. 4f to the other ones which
have a cylinder, what stands out is the magnitude of
the line of maximum directivity, which is 14.2 dBi at
its lowest. This is slightly lower than the directivity
of 15.05 dBi when there is a cylinder. Therefore, the
directivity loss can get up to 0.85 dB. When there is no
cylinder the maximum directivity is equal to the number
of elements (Dant,max = N). Furthermore, the plots
which include a cylinder (Fig. 4a, b, d, e) have a sidelobe
magnitude which is considerably higher than without the
cylinder. The reason for this is the relatively big number
of antenna elements. The antenna has 32 elements, so
it becomes 4.65 meters in total size. Compared to the
cylinder size of 15 cm, this is large. Therefore the cylin-
der does not have a lot of influence on the directivity of
the antenna, except for adding some additional sidelobes
for some values of α. The additional sidelobes result
in a lower magnitude of the main lobe (14.2 dBi) since
the radiated power is more spread out to different angles.

Fig. 5 shows similar plots to Fig. 3, but now f = 30
GHz. Now we compare Figs. 5a and 5b with Figs. 3a
and 3b. For a frequency of 30 GHz, at separation
angles α < 20◦, the main beam direction oscillates faster
compared to the results of 1 GHz. Furthermore, with

6



f = 30 GHz the directivity loss is approximately 1.6 dB
and 0.8 dB for values of D of 0.5 m and 1 m, respectively.
In Figs. 5d and 5e the plots closely corresponds to the
plot without the cylinder shown in Fig. 5f. A possible
reason for the change in radiation pattern plots with
respect to the case without cylinder are the dimensions
of the objects in the simulation. For the cylinder the
dimensions are fixed, while the frequency changes. With
a higher frequency the size of the ULA changes. The
separation distance between the elements is λ/2. With
N = 4 and f = 1 GHz, the total size of the array is
45 cm. When having a higher frequency of 30 GHz,
the total size of the array is 1.5 cm. Only for α < 20◦

the directivity plot of the 30 GHz case is not the same
as the non-cylinder case. This can be explained by
the fact that here the cylinder is exactly in the line of
sight between the antenna elements and the UE. At
larger angles of arrival (α > 20◦), the scattering of the
incoming wave on the cylinder does not have influence
on the electric field seen in the antenna elements. In
this case the line-of-sight is not fully obstructed. At the
frequency of 1 GHz the size of the ULA is higher and the
plane wave which is altered significantly by the cylinder
reaches the elements. Due to the size of the ULA, often
the cylinder is blocking the line of sight of at least one
element towards the UE.

Fig. 6 shows similar results as in Fig. 4, but for f = 30
GHz. When having a high number of elements (N = 32)
and a high frequency (f = 30 GHz), the directivity is
only attenuated at low angles of α. The magnitude of
the directivity is low for a wider range of separation
angles when having a lower D. For D = 1 m there is an
attenuation in directivity only for α < 10◦. For D = 0.5
m this range extends to α < 25◦. For a separation
distance D of 0.5 m the range of α being affected by
the cylinder is more than twice as big as for the case of
D = 1 m. The closer the ULA is to the cylinder, the
more impact the cylinder has on the beamforming of the
ULA at f = 30 GHz and N = 32. For both values of D,
with a lower α the attenuation gets bigger. For some
angles the magnitude of the directivity loss can get as
high as 5.0 dB. This is because of the ULA being closer
to the cylinder and therefore less elements have a free
line of sight towards the UE. By increasing the angle of
arrival at some point all elements have a direct line of
sight towards the UE.

In case of having no cylinder next to the antenna, the
frequency of operation does not matter for the directivity
pattern of the antenna. The whole antenna scales with
the frequency because del = λ/2. The electrical behavior
of the antenna is exactly the same as expected.

The minimum and the maximum of the beamforming
directivity loss and the corresponding α angles at which
they occur are summarized in Table II for Case I and 1
GHz. The corresponding results for 30 GHz are given in
Table III.
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Fig. 3: 2D surface plots of the directivity pattern for N = 4 and f = 1GHz in case I. From left to the right, the three
columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF plots.

All plots are in linear scale.

Fig. 4: 2D surface plots of the directivity pattern for N = 32 and f = 1 GHz in case I. From left to the right, the
three columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF

plots. All plots are in linear scale.
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Fig. 5: 2D surface plots of the directivity pattern for N = 32 and f = 30 GHz in case I. From left to the right, the
three columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF

plots. All plots are in linear scale.

Fig. 6: 2D surface plots of the directivity pattern for N = 32 and f = 30 GHz in case I. From left to the right, the
three columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF

plots. All plots are in linear scale.
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Table II: Beamforming directivity loss for UE1 (same for UE2) Case I at 1 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -1.8 1 -0.4 108 D=0.5 m -3.4 27 0.0 1
D=1 m -1.0 38 -0.1 72 D=1 m -1.9 31 0.5 8

N=8 D=0.5 m -1.8 55 -0.9 120 D=0.5 m -4.2 23 -0.5 1
D=1 m -1.3 22 -0.3 108 D=1 m -3.0 21 -0.1 107

N=16 D=0.5 m -1.2 103 -0.9 15 D=0.5 m -1.5 10 -0.2 1
D=1 m -0.8 21 -0.4 120 D=1 m -1.5 10 -0.2 1

N=32 D=0.5 m -0.8 120 -0.5 1 D=0.5 m -0.8 113 -0.2 1
D=1 m -0.6 101 -0.5 1 D=1 m -0.7 5 -0.2 1

Table III: Beamforming directivity loss for UE1 (same for UE2) Case I at 30 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -1.6 2 0 92 D=0.5 m -0.5 5 1.3 3
D=1 m -0.8 4 0 22 D=1 m -0.2 18 1.5 3

N=8 D=0.5 m -2.4 1 0 117 D=0.5 m -1.5 11 0.3 7
D=1 m -1.2 4 0 120 D=1 m -0.3 5 1.4 3

N=16 D=0.5 m -3.1 2 0 120 D=0.5 m -2.6 7 0 118
D=1 m -2.0 1 0 116 D=1 m -2.2 4 0.3 1

N=32 D=0.5 m -5.0 1 0 116 D=0.5 m -4.9 3 0 119
D=1 m -4.0 2 0 120 D=1 m -2.7 1 0 120
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2. Directivity Case II

After treating Case I where the waves were coming
in symmetrically, the directivity pattern 2D surface
plots for Case II were plotted. In case II, one wave is
coming in from broadside (UE2) and the other one from
a variable angle (UE1). The plots of UE1 are similar
to the plots of UE1 in Case I so these are not plotted
again. The angle of UE1, ϕ1, is exactly the same for
both cases I and II. The directivity 2D surface plots for
UE2 with N = 4 and f = 1 GHz are shown in Fig. 7.
Directivity plots with N = 32 and f = 30 GHz for Case
II are shown in Fig. 8.

As can be seen from Fig. 7a-c the sidelobes increase
with lower distance between cylinder and antenna.
Higher side lobes magnitude means less power is radi-
ated in the main beam. For D = 0.5 m the sidelobe
magntiude in Fig. 7a is 1.4 (1.5 dBi). For D = 1 m
the magnitude of the sidelobes in Fig. 7b is already
0.4 (−4.0 dBi). The main beam is at θ = 0◦ with a
directivity attenuation of 1.8 dB and 0.4 dB for D = 0.5
m and D = 1 m, respectively. This behavior can be
explained by the scattering of the incoming wave off
the cylinder. Since the incoming wave is coming from
UE2 at an angle of θ = 0◦, the cylinder is exactly in
between the transmitting and receiving antenna. This
can be further understood by inspecting Fig. 2e. The
magnitude of the electric field is low on the opposite side
of where the plane wave is coming from. However, when
moving further away from the cylinder the magnitude
of the electric field increases again. When the ULA is
closer to the cylinder the blockage effect is higher. The
sidelobes increase because the ULA is receiving power
from angles other than θ = 0◦ as well. This is because
of the scattered waves. For example, in Fig. 7a and 7b
there are sidelobes between θ = ±30◦ and θ = ±60◦.
The antenna receives power from these angles as well
even though the main power only comes from one
specific angle.

For plots 7d-f the magnitude of the sidelobe which is
present at α < 10◦ is higher for D = 0.5 m as well. The
zero forcing scheme works such that it puts a null on
the interfering UE, while it still needs to radiated power
at the desired user. Due to a low number of antenna
elements this is not possible because the sidelobes are
large and the directivity of UE1 and UE2, when they are
close to each other, can not be maximized and nulled
respectively at the same time.

As can be seen from the plots in Fig. 8a,b,d,e for
N = 32 the beamformers can not succeed to focus the
transmit power towards the broadside direction because
there is a cylinder in the line-of-sight. Multiple small
beams are formed to angles just above and below θ = 0.
The maximum directivity attenuation with respect to
the free space case for the matched filter is 5.5 dB

and 3.5 dB at D = 0.5 m and D = 1 m, respectively.
Because of the cylinder blocking the incoming signal, the
electric field at the ULA elements does not come from
the broadside direction. The ULA receives the waves at
approximately θ = ±10◦. The beamwidth of the two
beams increases with a lower distance D. With a wider
beam, there is a lower maximum directivity. Power is
received from a wider range of angles θ. Because of the
ULA being closer to the cylinder, it looks like the signal
is coming in from a range of different angles.

The minimum and the maximum of the beamforming
directivity loss and the corresponding α angles at which
they occur are summarized in Table IV and Table V, for
UE1 and UE 2, respectively, for Case II and 1 GHz. The
corresponding results for 30 GHz are given in Table VI
and Table VII.
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Fig. 7: 2D surface plots of the directivity pattern for N = 4 and f = 1 GHz in case II. From left to the right, the
three columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF

plots. The plot are made for UE2 which is located at broadside of the antenna. All plots are in linear scale.

Fig. 8: 2D surface plots of the directivity pattern for N = 32 and f = 30 GHz in case II. From left to the right, the
three columns represent respectively D = 0.5 m, D = 1 m and no cylinder. Plots a)-c) are MF plots and d)-f) are ZF

plots. The plot are made for UE2 which is located at broadside of the antenna. All plots are in linear scale.
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Table IV: Beamforming directivity loss for UE1, Case II at 1 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -1.8 0.5 -0.4 54 D=0.5 m -2.0 54.5 0 0.5
D=1 m -1.0 19 -0.1 36 D=1 m -0.5 14.5 0 0.5

N=8 D=0.5 m -1.8 27.5 -0.9 60 D=0.5 m -3.4 21 -0.4 0.5
D=1 m -1.3 11 -0.3 54 D=1 m -2.3 19 -0.2 0.5

N=16 D=0.5 m -1.2 51.5 -0.9 7.5 D=0.5 m -1.6 10.5 -0.1 0.5
D=1 m -0.8 10.5 -0.4 60 D=1 m -1.5 10 -0.1 0.5

N=32 D=0.5 m -0.8 60 -0.5 0.5 D=0.5 m -0.8 0.5 -0.1 0.5
D=1 m -0.6 50.5 -0.5 0.5 D=1 m -0.7 0.5 -0.1 0.5

Table V: Beamforming directivity loss for UE2, Case II at 1 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -1.8 all -1.8 all D=0.5 m -3.7 27.5 0.1 2
D=1 m -0.4 all -0.4 all D=1 m -1.1 22.5 0.9 5.5

N=8 D=0.5 m -1.6 all -1.6 all D=0.5 m -3.5 20.5 -0.4 0.5
D=1 m -1.2 all -1.2 all D=1 m -2.5 18.5 -0.2 0.5

N=16 D=0.5 m -1.0 all -1.0 all D=0.5 m -1.6 10.5 -0.1 0.5
D=1 m -0.8 all -0.8 all D=1 m -1.4 10 -0.1 0.5

N=32 D=0.5 m -0.5 all -0.5 all D=0.5 m -0.8 5 -0.1 0.5
D=1 m -0.5 all -0.5 all D=1 m -0.7 5 -0.1 0.5

Table VI: Beamforming directivity loss for UE1, Case II at 30 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -1.6 1 0 47 D=0.5 m -0.6 11.5 0.2 47
D=1 m -0.8 2 0 11 D=1 m -0.3 7.5 0.1 44.5

N=8 D=0.5 m -2.4 0.5 0 58.5 D=0.5 m -1.8 11 0.1 0.5
D=1 m -1.2 2 0 60 D=1 m -0.6 5 0.2 20

N=16 D=0.5 m -3.1 1 0 60 D=0.5 m -4.6 4 0 16.5
D=1 m -2.0 0.5 0 58 D=1 m -1.8 4.5 0 12.5

N=32 D=0.5 m -5.0 0.5 0 58 D=0.5 m -5.3 3.5 0 54.5
D=1 m -4.0 1 0 60 D=1 m -4.7 2 0 54.5
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Table VII: Beamforming directivity loss for UE2, Case II at 30 GHz.

MF ZF

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

LBFDL,min

[dB]
αmin[◦]

LBFDL,max

[dB]
αmax[◦]

N=4 D=0.5 m -0.1 23 -0.1 8 D=0.5 m -0.2 2.5 1.5 1.5
D=1 m 0 54.5 0 35 D=1 m -0.1 51.5 1.6 1.5

N=8 D=0.5 m -3.1 4.5 -3.1 34 D=0.5 m -3.1 48 1.0 3.5
D=1 m -0.1 27 -0.1 49.5 D=1 m -0.2 23 1.9 1.5

N=16 D=0.5 m -2.8 11 -2.8 58 D=0.5 m -2.9 34.5 -0.2 2
D=1 m -3.2 54.5 -3.2 9.5 D=1 m -3.2 12.5 0.7 0.5

N=32 D=0.5 m -5.5 20 -5.5 11.5 D=0.5 m -5.5 13.5 -3.0 0.5
D=1 m -3.5 7 -3.5 34 D=1 m -3.6 15.5 -1.4 1.5
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B. SINR plots

Next, 2D surface plots of the SINR are produced as
a function of the separation angle α given in Table I
and as function of the signal-to-noise ratio for SNR =
[−10 dB, ..., 30 dB]. As above, we consider the cases I
and II.

1. SINR Case I

The SINR surface plots in Case I are always the
same for both UE1 and UE2. The reason for this is the
locations of the users being symmetric with respect to
the antenna and the cylinder. Therefore, when looking
at UE2 as interferer and UE1 as desired signal or vice
versa, either way the SINR is always the same. This is
because both incoming waves are the exact same linearly
polarized plane waves, only with an angle of arrival of
opposite sign. In the plots for Case I only the plots for
UE1 are shown. Just like the plots for the directivity,
the plots for f = 1 GHz and f = 30 GHz are exactly the
same when there is no cylinder in the proximity of the
ULA.

In Fig. 9 the SINR is plotted for N = 4 with MF
precoding. All five subfigures in this figure have 3 peaks
at certain values of α for high SNR. The value for α at
where the peaks occur is different for every simulation
scenario. However, to some extent there is a pattern
in the regions in which the peaks occur. When the
separation distance D between the cylinder and the
antenna changes, the angles where the peaks are located
change slightly. At low SNR (lower than 5 dB), there
are no peaks visible. In case of having a cylinder next
to the antenna, the SINR for low SNR increases with a
higher separation angle α. The reason for this is when
the plane waves are coming in too closely together,
they have more interference with each other. This will
increase the interference power and therefore the SINR
is lower. What can also play a role here is the received
power from the wanted signal being low because the
plane wave is scattered by the cylinder.

All SINR plot shows minima and maxima. In order
to understand the origin of these peaks and valleys in
SINR, the directivity plots for UE1 and UE2 at a value
of α at which a peak, or a valley, occurs are shown next.
For example, in Fig. 9e a peak occurs at α = 29◦, and
a valley appears at α = 44◦. The directivity patterns
for the peak and the valley are plotted in respectively
Fig. 11 and Fig. 12. There is no cylinder next to the
antenna for these data.

The UE1 is located at an angle of θ = α/2. For the
case of the maximum θ = 14.5◦ and for the minimum
θ = 22◦. In Fig. 11, the directivity of UE1 is 6.02 dBi
and the directivity of UE2 is −49.44 dBi at θ = 14.5◦.

That is a difference of 55.46 dB. The power of the
interfering UE is low because it is exactly in between
two lobes. Compared to the power of the wanted signal,
the received signal power of the interferer is much lower.
In Fig. 12, the directivity of UE1 is 6.02 dBi and the
directivity of UE2 is −5.33 dBi at θ = 22◦. That
is a difference of only 11.35 dB. The signal power is
approximately the same as in the previous case, but now
the interference power is higher. The directivity pattern
from the opposite UE has a sidelobe at exactly the angle
where the wanted UE is located. When looking at (12),
it makes sense the SINR is high in case of α = 29◦ and
low for α = 44◦.

For comparison, also the directivity patterns when
using the zero forcing precoding scheme are plotted.
They can be seen in Figs. 13 and 14 for α = 29◦ and
α = 44◦, respectively. The directivity of the main lobe
with ZF precoding is again 6.02 dBi for both values
of α, just like the MF case. In contrast with the MF
precoding, now the directivity from the UE which is not
of interest is forced to zero. For both values of α the
directivity of the interferer is 0. The interference power
does not play a role when calculating the SINR.

The peaks and valleys of the plots in Fig. 9 shift
depending on the simulation scenario and value of the
parameters. At some values for α the SINR is improved
by at most 21.6 dB with respect to the plot without
cylinder when looking at a SNR of 30 dB. When looking
at a SNR of −10 dB, the SINR can be improved by at
most 0.9 dB because there are no peaks in this region of
the plot. Contrary, for some plots the SINR will decrease
by maximally 26.7 dB with respect to the simulation
without cylinder for SNR=30 dB. When the SNR is −10
dB, the attenuation of the SINR can get up to 7.6 dB.
However, the magnitude of the attenuation is dependent
on the magnitude of the directivity of the interferer at
the angle at which the main beam of the wanted user
is directed to. For a higher frequency of 30 GHz, the
values of the SINR loss can also be seen in the tables
mentioned above. The improvement in SINR can get up
to 20.2 dB and the attenuation in SINR can get to 29.5
dB for this frequency of operation.

In Fig. 10 the SINR’s are plotted for increasing
number of antenna elements. Also, the plots for a ZF
precoding scheme can be seen here. As can be seen
from Fig. 10a-c, the number of peaks increases with
the number of antenna elements for the Matched Filter.
There are still minima and maxima, but they occur
more frequently. This can be explained by the number
of sidelobes which increase when increasing the number
of elements. So, with more elements there are more
sidelobes which can interfere with the wanted signal.
On the other hand, there are also more angles where
the directivity goes to zero. At these angles there is no
interference and therefore a peak in SINR.
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In Fig. 10d-f the SINR for the ZF precoding scheme
is shown. For most separation angles the SINR depends
linearly on the SNR. The reason for this is that by us-
ing zero forcing, the interference from the other UE is
always suppressed. The directivity at the angle of inter-
est goes to 0 for the interferer. This can be clearly seen
in Figs. 13 and 14. For zero forcing the denominator
in (12) becomes 1 so the SINR becomes proportional to
the SNR. In Fig. 10d, there is a difference in SINR of
approximately 3 dB for α = 20◦ with respect to other
values of α. When the number of elements increases this
difference gets smaller and eventually approaches zero.
In Fig. 10f, N = 32 and the SINR plots are almost the
same for every α. There is a small difference in value,
but the shape is the same. Only for extremely low values
of α the magnitude of the SINR gets lower. When the
number of antenna elements increases the ZF scheme is
able to null the interferer better and better. Just as the
array with a high number of elements is able to direct the
beam towards a certain angle accurately, it is also able
to null the radiating power of a certain angle.

The minimum and the maximum of the SINR loss at
1 GHz for UE1, and the corresponding α angles at which
they occur are summarized in Table VIII and Table IX,
for SNR = −10 dB and SNR = 30 dB, respectively.

The corresponding values of the SINR loss at 30 GHz
for UE1, and the corresponding α angles at which they
occur are summarized in Table X and Table XI, for
SNR = −10 dB and SNR = 30 dB, respectively.
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Fig. 9: SINR surface plots for N=4 and case I. Plots a) and c) are for D=0.5 m. Plots b) and d) are for D=1 m.
Furthermore, a) and b) are for a frequency of operation of 1 GHz. c) and d) are for f = 30 GHz. The last plot, e),

is for the case without a cylinder.

Fig. 10: SINR surface plots for Case I with f = 1 GHz and D=0.5 m. Plots a)-c) use the MF precoding scheme
and plots d)-f) use the ZF precoding scheme. The number of elements increases form left to the right. Plots a) and

d) have N = 8, plots b) and e) have N = 16 and plots c) and f) have N = 32.
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Fig. 11: Matched filter directivity pattern for
separation angle α of 29◦. Simulated without

cylinder.

Fig. 12: Matched filter directivity pattern for
separation angle α of 44◦. Simulated without

cylinder.

Fig. 13: Zero forcing directivity pattern for
separation angle α of 29◦. Simulated without

cylinder.

Fig. 14: Zero forcing directivity pattern for
separation angle α of 44◦. Simulated without

cylinder.
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Table VIII: SINR loss for Case I for f = 1 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -7.6 1 0.6 120 D=0.5 m -6.8 25 1.5 120
D=1 m -6.9 1 0.9 99 D=1 m -5.2 23 1.0 76

N=8 D=0.5 m -2.4 43 -0.1 120 D=0.5 m -5.1 21 0.1 1
D=1 m -2.4 17 0.9 107 D=1 m -4.1 19 1.0 107

N=16 D=0.5 m -1.5 95 -0.3 3 D=0.5 m -1.5 95 -0.1 1
D=1 m -1.2 68 0 120 D=1 m -1.2 67 0 120

N=32 D=0.5 m -1.0 120 0 2 D=0.5 m -1.0 120 0 1
D=1 m -0.9 108 0 2 D=1 m -0.9 107 0 1

Table IX: SINR loss for Case I for f = 1 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -26.5 29 21.5 15 D=0.5 m -6.8 25 1.5 120
D=1 m -26.2 29 21.6 13 D=1 m -5.2 23 1.0 76

N=8 D=0.5 m -26.7 29 20.8 11 D=0.5 m -5.1 21 0.1 1
D=1 m -21.7 14 18.1 102 D=1 m -4.1 19 1.0 107

N=16 D=0.5 m -21.6 87 16.1 33 D=0.5 m -1.5 95 -0.1 1
D=1 m -17.7 68 18.2 19 D=1 m -1.2 67 0 120

N=32 D=0.5 m -19.6 115 14.1 31 D=0.5 m -1.0 120 0 1
D=1 m -16.6 18 15.7 23 D=1 m -0.9 107 0 1

Table X: SINR loss for Case I for f = 30 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -14.7 3 1.3 32 D=0.5 m -11.2 7 6.6 1
D=1 m -15.0 3 1.3 19 D=1 m -6.6 7 4.5 1

N=8 D=0.5 m -12.6 1 0.9 34 D=0.5 m -13.6 7 3.0 1
D=1 m -10.9 3 1.2 19 D=1 m -7.1 7 3.5 1

N=16 D=0.5 m -11.8 4 0.4 38 D=0.5 m -15.3 3 0.4 38
D=1 m -8.8 1 0.6 20 D=1 m -12.5 3 0.6 20

N=32 D=0.5 m -9.9 3 0.2 44 D=0.5 m -16.3 3 0.2 44
D=1 m -8.6 3 0.3 26 D=1 m -12.8 3 0.3 26

Table XI: SINR loss for Case I for f = 30 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -8.8 27 16.9 17 D=0.5 m -11.2 7 6.6 1
D=1 m -7.0 32 15.7 3 D=1 m -6.6 7 4.5 1

N=8 D=0.5 m -19.6 29 16.1 21 D=0.5 m -13.6 7 3.0 1
D=1 m -9.7 15 20.2 18 D=1 m -7.1 7 3.5 1

N=16 D=0.5 m -29.5 7 18.2 5 D=0.5 m -15.3 3 0.4 38
D=1 m -21.1 7 10.7 30 D=1 m -12.5 3 0.6 20

N=32 D=0.5 m -25.8 7 12.5 34 D=0.5 m -16.3 3 0.2 44
D=1 m -17.9 7 18.4 16 D=1 m -12.8 3 0.3 26
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2. SINR Case II

Just as for case I, the SINR plots were also made for
case II. The difference is that for Case II it is interesting
to look at the plot for UE2 as well. Since the waves are
not coming in symmetrically anymore, the plots for UE1
and UE2 are not the same. In Fig. 16 the SINR’s for the
matched filter at a frequency of operation of 1 GHz are
plotted. Fig. 17 contains the same plots as Fig. 16, but
f = 30 GHz.

For N = 4 in Figs. 16a and 16b, the received SINR
at UE1 improves gradually with increasing angle α. On
the other hand, the received SINR gets worse at UE2
for increasing α in Figs. 16d and 16e. Especially for
low SNR this pattern is clearly visible. At low values
of α the signal from UE1 experiences a relatively high
interference from the signal of UE2. When increasing α,
the incoming angle for UE1 gets higher and moves away
from the incoming wave from UE2. Less interference is
experienced. Contrary, when having a low α the SINR of
UE2 is at its highest. This is because this wave is coming
in at broadside, on the other side of the cylinder. At
low α both incoming waves are blocked by the cylinder.
However, when increasing α the incoming wave of UE1
gets the chance to reach the ULA without getting
blocked by the cylinder. Therefore, more interference
from UE1 is coming in when the signal from UE2 is the
wanted signal. This is why there is a decreasing line in
α vs. SINR for UE2.

At high SNR this relation does not hold. There is a
peak in SINR at a certain values for α, depending on D.
For example, for D = 1 m (Fig. 16b and e) there is a
maximum around α = 30◦. The SINR for case I, N = 4
and without the cylinder can be seen in Fig. 15. In this
plot there is a peak around α = 30◦ as well. This appears
to be a separation angle for N = 4 where the SINR is
high. The cylinder has no influence on this. It is caused
by the properties of the ULA itself.

Fig. 15: SINR plot for Case I with N = 4 and
f = 1 GHz. This plot was made for a simulation

without cylinder.

Furthermore, the SINR plots when N = 32 and

f = 1 GHz look exactly the same for both UE’s. This
can be seen when comparing Fig. 16c and f. For an
increasing number of elements, the plots for UE1 and
UE2 are looking more and more alike when consider-
ing a lower frequency. The size of the antenna gets
bigger with more elements. This makes the cylinder
relatively small. When there is no cylinder, both plots
are the same because the power of a plane wave is
the same everywhere. So when the size of the ULA is
becomes bigger, the cylinder plays a smaller role and
the situation approaches free space line-of-sight situation.

Contrary, when having a frequency of 30 GHz as in
Fig. 17, the plots for both UE’s always look different.
The reason is the frequency of operation. The cylinder
now does play a role because at the frequency of oper-
ation the size of the ULA is not as big as when having
f = 1 GHz. The cylinder blocking the incoming waves
has an impact on the SINR plots. Moreover, When
having N = 32 like in Fig. 17c and f, at low SNR the
SINR is increasing with α for UE1 and decreasing with
α for UE2. This is for the same reason as mentioned
earlier for Fig. 16a and 16d. In these plots, exactly the
same behavior was seen.

Apart from the difference at low values of α, the
Fig. 17a, b, d and e look similar to the Fig. 16a, b, d
and e. The change in frequency does not have a lot of in-
fluence on what the SINR looks like when having N = 4.
Again what comes back is the maximum in SINR at a
separation angle of around 30◦.

The minimum and the maximum of the SINR loss at
1 GHz for UE1, and the corresponding α angles at which
they occur are summarized in Table XII and Table XIII,
for SNR = −10 dB and SNR = 30 dB, respectively.

The corresponding values of the SINR loss at 30 GHz
for UE1, and the corresponding α angles at which they
occur are summarized in Table XIV and Table XV, for
SNR = −10 dB and SNR = 30 dB, respectively.

The minimum and the maximum of the SINR loss at
1 GHz for UE2, and the corresponding α angles at which
they occur are summarized in Table XVI and Table XVII,
for SNR = −10 dB and SNR = 30 dB, respectively.

The corresponding values of the SINR loss at 30 GHz
for UE2, and the corresponding α angles at which they
occur are summarized in Table XVIII and Table XIX, for
SNR = −10 dB and SNR = 30 dB, respectively.
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Fig. 16: SINR surface plots for f = 1 GHz with use of MF beamformer. Plots a)-c) are for UE1 and plots d)-f) are
for UE2. Plots a) and d) are for D = 0.5 m and N = 4. Plots b) and e) are for D = 1 m and N = 4. Lastly, plots c)

and f) are for D = 1 m and N = 32.

Fig. 17: SINR surface plots for f = 30 GHz with use of MF beamformer. Plots a)-c) are for UE1 and plots d)-f) are
for UE2. Plots a) and d) are for D = 0.5 m and N = 4. Plots b) and e) are for D = 1 m and N = 4. Lastly, plots c)

and f) are for D = 1 m and N = 32.
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Table XII: SINR loss for UE1 in Case II for f = 1 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -7.6 0.5 2.9 60 D=0.5 m -9.7 28.5 -2.8 0.5
D=1 m -6.9 0.5 3.4 48.5 D=1 m -7.0 24 -0.9 0.5

N=8 D=0.5 m -3.4 20.5 0.4 60 D=0.5 m -3.7 19.5 0.1 0.5
D=1 m -1.9 14.5 2.1 53 D=1 m -4.0 17 -0.6 0.5

N=16 D=0.5 m -2.0 47 -0.1 4.5 D=0.5 m -1.1 47 0 0.5
D=1 m -1.5 34.5 0.3 60 D=1 m -1.1 10 0 0.5

N=32 D=0.5 m -1.5 60 0 1.5 D=0.5 m -0.6 60 0 0.5
D=1 m -1.3 53.5 -0.1 1.5 D=1 m -0.6 53.5 0 0.5

Table XIII: SINR loss for UE1 in Case II for f = 1 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -23.8 30 5.6 13 D=0.5 m -9.7 28.5 -2.8 0.5
D=1 m -18.7 30 16.3 41 D=1 m -7.0 24 -0.9 0.5

N=8 D=0.5 m -29.0 14.5 5.3 57 D=0.5 m -3.7 19.5 0.1 0.5
D=1 m -30.2 14.5 2.2 8.5 D=1 m -4.0 17 -0.6 0.5

N=16 D=0.5 m -22.2 14.5 18.1 6.5 D=0.5 m -1.1 47 0 0.5
D=1 m -22.3 22 6.8 6 D=1 m -1.1 10 0 0.5

N=32 D=0.5 m -17.8 54.5 9.1 10.5 D=0.5 m -0.6 60 0 0.5
D=1 m -16.8 30 11.0 7.5 D=1 m -0.6 53.5 0 0.5

Table XIV: SINR loss for UE1 in Case II for f = 30 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -16.7 1.5 4.3 16 D=0.5 m -11.8 3.5 7.3 0.5
D=1 m -19.8 1.5 4.5 9 D=1 m -8.0 3.5 5.2 1

N=8 D=0.5 m -12.4 0.5 3.7 17 D=0.5 m -14.7 3.5 4.1 0.5
D=1 m -12.1 1.5 4.0 9.5 D=1 m -8.9 3.5 4.2 0.5

N=16 D=0.5 m -11.0 1.5 3.2 19 D=0.5 m -18.9 3.5 -2.3 0.5
D=1 m -8.6 0.5 3.4 10 D=1 m -12.0 3 1.2 0.5

N=32 D=0.5 m -8.3 3 2.9 22 D=0.5 m -16.4 3 -4.5 0.5
D=1 m -5.5 0.5 2.9 12.5 D=1 m -12.7 3 -3.2 0.5

Table XV: SINR loss for UE1 in Case II for f = 30 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -4.2 30 20.4 37 D=0.5 m -11.8 3.5 7.3 0.5
D=1 m -3.8 1.5 11.1 38 D=1 m -8.0 3.5 5.2 1

N=8 D=0.5 m -15.0 14.5 21.5 25.5 D=0.5 m -14.7 3.5 4.1 0.5
D=1 m -9.7 14.5 19.0 17.5 D=1 m -8.9 3.5 4.2 0.5

N=16 D=0.5 m -24.0 7 17.6 25.5 D=0.5 m -18.9 3.5 -2.3 0.5
D=1 m -15.3 7 22.9 12 D=1 m -12.0 3 1.2 0.5

N=32 D=0.5 m -28.4 3.5 16.9 21 D=0.5 m -16.4 3 -4.5 0.5
D=1 m -25.6 3.5 18.8 16.5 D=1 m -12.7 3 -3.2 0.5
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Table XVI: SINR loss for UE2 in Case II for f = 1 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -14.6 60 -7.7 0.5 D=0.5 m -9.7 28.5 -2.8 0.5
D=1 m -13.5 49.5 -6.9 0.5 D=1 m -7.0 24 -0.9 0.5

N=8 D=0.5 m -1.7 60 -0.7 26 D=0.5 m -3.7 19.5 0.1 0.5
D=1 m -4.3 53.5 -1.8 0.5 D=1 m -4.0 17 -0.6 0.5

N=16 D=0.5 m -1.0 10 -0.2 47 D=0.5 m -1.1 47 0 0.5
D=1 m -0.9 60 -03 3.5 D=1 m -1.1 10 0 0.5

N=32 D=0.5 m -0.2 5 0.3 60 D=0.5 m -0.6 60 0 0.5
D=1 m -0.3 5 0.2 53.5 D=1 m -0.6 53.5 0 0.5

Table XVII: SINR loss for UE2 in Case II for f = 1 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -37.2 30 1.2 10 D=0.5 m -9.7 28.5 -2.8 0.5
D=1 m -34.5 30 1.3 9.5 D=1 m -7.0 24 -0.9 0.5

N=8 D=0.5 m -27.2 14.5 5.9 10.5 D=0.5 m -3.7 19.5 0.1 0.5
D=1 m -31.1 14.5 1.8 8 D=1 m -4.0 17 -0.6 0.5

N=16 D=0.5 m -22.2 14.5 17.7 6.5 D=0.5 m -1.1 47 0 0.5
D=1 m -21.9 22 6.9 6 D=1 m -1.1 10 0 0.5

N=32 D=0.5 m -17.4 54.5 9.2 10.5 D=0.5 m -0.6 60 0 0.5
D=1 m -16.6 30 11.0 7.5 D=1 m -0.6 53.5 0 0.5

Table XVIII: SINR loss for UE2 in Case II for f = 30 GHz and for SNR = −10 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -22.1 16 -9.8 1.5 D=0.5 m -11.8 3.5 7.3 0.5
D=1 m -15.9 9 -5.7 1.5 D=1 m -8.0 3.5 5.2 1

N=8 D=0.5 m -26.9 16.5 -13.3 0.5 D=0.5 m -14.7 3.5 4.1 0.5
D=1 m -17.9 9.5 -7.4 1.5 D=1 m -8.9 3.5 4.2 0.5

N=16 D=0.5 m -22.3 19.5 -9.8 1 D=0.5 m -18.9 3.5 -2.3 0.5
D=1 m -21.3 9.5 -9.7 0.5 D=1 m -12.0 3 1.2 0.5

N=32 D=0.5 m -18.4 22 -6.9 0.5 D=0.5 m -16.4 3 -4.5 0.5
D=1 m -15.4 13 -5.5 0.5 D=1 m -12.7 3 -3.2 0.5

Table XIX: SINR loss for UE2 in Case II for f = 30 GHz and for SNR = 30 dB.

MF ZF
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]
LSINR,min

[dB]
αmin, [

◦]
LSINR,max

[dB]
αmax, [

◦]

N=4 D=0.5 m -28.1 30 11.6 1.5 D=0.5 m -11.8 3.5 7.3 0.5
D=1 m -20.8 30 10.3 1.5 D=1 m -8.0 3.5 5.2 1

N=8 D=0.5 m -44.9 14.5 11.2 1.5 D=0.5 m -14.7 3.5 4.1 0.5
D=1 m -29.9 14.5 10.5 1.5 D=1 m -8.9 3.5 4.2 0.5

N=16 D=0.5 m -38.4 14.5 11.3 1.5 D=0.5 m -18.9 3.5 -2.3 0.5
D=1 m -36.8 7 9.5 1.5 D=1 m -12.0 3 1.2 0.5

N=32 D=0.5 m -35.1 14.5 9.9 1.5 D=0.5 m -16.4 3 -4.5 0.5
D=1 m -32.9 3.5 7.8504 1.5 D=1 m -12.7 3 -3.2 0.5
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IV. CONCLUSION

To conclude, the blockage impact of a cylinder on the
beamforming performance of the ideal matched filter
and the zero forcing precoding schemes depends on the
number of antenna elements, the frequency of operation
and the separation distance between cylinder and array
antenna. Both beamforming algorithms adapt to the
scattered field by the cylinder emulating the human
body. We have considered a multi-user scenario with 2
users.

By increasing the number of antenna elements,
the beamwidth gets lower and the magnitude of the
directivity increases since it is equal to the number of
elements, Dant,max = N . In the presence of a cylinder,
the attenuation of the directivity of the main beam at
N = 4 can go up to 1.85 dB for the MF precoder and 3.4
dB for the ZF precoder at a frequency of operation of 1
GHz. By increasing the number of elements to 32, the
attenuation is 1.6 dB and 0.5 for the MF and ZF precod-
ing schemes at 1 GHz, respectively. Furthermore, the
direction of the main beam is pointed more accurately
towards the desired UE when having a high number of
antenna elements. For example, with N = 4 in case I,
the main beam is often pointed to a direction other than
θ = ±α/2 when α < 80◦. For N = 32 the main beam is
always located at θ = ±α/2 for every value of α.

If the ZF precoding scheme is used, the SINR can
potentially be improved by approximately 6 dB by
increasing the number of elements in the array because
the antenna is able to more accurately null the interferer.
When using the MF precoding scheme, the number of
peaks in the SINR increases. The SINR is improved
at specific values for the separation angles, depending
on the number of elements. The SINR can improve by
approximately 20 dB. On the other hand, the SINR
can also become worse since it can also decrease by
approximately 30 dB.

By increasing the frequency of operation, the size of
the array goes down because the inter-element distance
is dependent on the wavelength. For N = 4, the
directivity of the main beam goes from 4.3 dBi to 5.9
dBi when increasing the frequency from 1 GHz to 30
GHz. For N = 32, the directivity was attenuated by
maximally ±10 dB at angles α < 30◦ when going from
1 GHz to 30 GHz. Therefore, when using N = 4 the
increase in frequency improves the directivity, while for
N = 32 it decreases the directivity.

The frequency of operation can also have influence on
the received SINR when using the MF precoder. The
size of the array goes down with a higher frequency,
so then the cylinder becomes relatively bigger. The
array can be hidden behind the cylinder. Depending on
the angles of the incoming waves, the SINR can either

improve or deteriorate by a maximum of 20 dB. For
example, when the interferer is coming in at broadside
at f = 30 GHz, the array is hidden and there is not a
lot of interference. Contrary, when the desired signal is
coming in at broadside, the SINR becomes worse since
this signal power is blocked.

The separation distance between the cylinder and the
ULA has significant impact on the performance of the
antenna. The improvement in directivity when changing
the distance D = 0.5 m to D = 1.0 can go up to 10 dB
for certain angles α. The range of incoming angles α for
which the directivity is attenuated is extended by up
to 15◦ when locating the cylinder 0.5 m closer to the
antenna. Moreover, in most cases when the cylinder is
located closer to the antenna, the sidelobe magnitudes
are higher. For example, when going from D = 1 m to
D = 0.5 m when the wave is coming in at broadside for
the MF, the sidelobes are increased by 6.5 dB for N = 4
at 1 GHz.

Only at a small number of antenna elements (e.g.
N = 4) and at a frequency of 1 GHz, the separation
distance also has influence on the received SINR if the
MF precoder is used. At high SNR, peaks in the SINR
appear at different separation angles when the array is
located further away from the cylinder. Where first a
valley was located, now a peak is located, so this can be
a maximum improvement of around 20 dB as well.
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