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carefully executed three-dimensional ray tracing (RT) simulations represent a more
flexible option. Nevertheless, a careful validation of simulation methodology is needed.
The first target of this article is to highlight the benefits of an in-house built three-
dimensional RT tool at 60 GHz and shows the effectiveness of simulations in predict-
ing different characteristics of the channel. To validate the simulation results against
the measurements, two different transmitter (Tx) positions and antenna types along
with ten receiver (Rx) positions are considered in a typical conference room. In first
system configuration, an omnidirectional antenna is placed in the middle of the table,
while in the second system configuration a directed horn antenna is located in the
corner of the meeting room. After validating the simulation results with the measure-
ment data, in the second part of this work, the impact of a small change, i.e, 20 cm in
the receiver position, is studied. To characterize the impact, we apply as performance
indicators the received power level, root mean square delay spread (RMS-DS) and RMS
angular spread (RMS-AS) in azimuth plane. The channel characteristics are considered
with respect to the direct orientation (DO), i.e., the Rx antenna is directed toward the
strongest incoming path. Different antenna configurations at the Tx and Rx side are
applied to highlight the role of antenna properties on the considered channel charac-
teristics. Especially, in the second system configuration the impact of different antenna
half power beamwidth on different considered channel characteristics is highlighted
through acquired simulation results. The validation of results shows the RMS error of
only 2-3 dB between the measured and simulated received power levels for different
Tx configurations in the direction of DO. Results indicate that only a small change of
the Rx position may result a large difference in the received power level even in the
presence of line-of-sight between the Tx and Rx. It is found that the STD of received
power level across the room increases with the decrease in HPBW of the antenna. As
can be expected, directed antennas offer lower value of RMS-DS and RMS-AS com-
pared with isotropic antenna.
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1 Introduction

Mobile communication technology is evolving at an accelerated pace due to widely
growing usage of wireless devices over the past years. The development of fifth-genera-
tion (5G) enhanced mobile broadband (eMBB) services require higher capacity and data
rates. Traditional mobile communication systems operating below 6 GHz frequency
band are no longer fully able to satisfy the demand for extremely high user date rates
and network capacity. Yet, the large frequency spectrum available at millimeter wave
(mmWave) frequencies represents a potential solution to attain Gbps user data rate and
multi-giga bytes (GBs) of cell capacity [1, 2].

The frequency spectrum around 60 GHz has been considered as a good candidate
for 5@G since the large available bandwidth provides a promising solution to fulfill the
high data rate and high capacity requirements. On one hand, there are certain chal-
lenges associated with 60 GHz propagation, i.e., higher propagation and penetration
loss, higher atmospheric absorption and rain attenuation, higher blockage loss induced
by the people. Whereas, on the other hand, the small wavelength at 60 GHz facilitates
the integration of large number of antenna elements and makes it more feasible to use
directive antenna arrays at the transmitter and receiver end to perform beamforming [3,
4]. Tt is widely acknowledged that the 60 GHz band is suitable for short-range commu-
nication, i.e., for deploying wireless local and personal area network (WLAN/WPAN),
and for indoor scenarios [5, 6]. In addition, large integrated antenna arrays with closely
space elements become feasible at 60 GHz due to short wavelength [4]. Adding more
number of antennas means more power is required, and it increases with the increase in
the number of antennas.

While channel measurements provide a good insight to the indoor signal propagation
at mmWave frequencies, the use of measurements in the wireless system performance
evaluation is limited due to practical reasons: they are time consuming, complex and
costly. In contrary, carefully executed simulations represent easier and more flexible
option. In order to plan and design an efficient communication network operating at
60 GHz, accurate radio channel characterization and coverage prediction methodology
are required [7]. In that task, the deterministic channel models, e.g., ray tracing (RT)
models, are valuable since they are able to properly characterize the propagation phe-
nomena. Here, accurate channel modeling requires information about the physical prop-
erties of the objects as well as a detailed geometrical plan of the environment [8].

Deterministic ray tracing models are valuable since they can be flexibly used to char-
acterize the propagation phenomena. Descriptions of some RT and ray launching
approaches can be found, e.g., from [8-10]. Actually, RT accurately describes multi-
path effects provided that radio environment and deployment configuration are well
modeled. As such, RT has been applied in indoor and urban environments from early
1990s but interest toward RT simulation platforms has recently got increased as they
provide more realistic results than stochastic models at mmWave frequencies. Also,
the improved availability of computational resources in research organizations has sup-
ported the development. Besides accurate modeling, RT admits a notable advantage: it
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is much less dependent on the bandwidth and carrier frequency than stochastic models
those are based on measurements. Therefore, RT can be used with minor modifications
to propagation simulations spanning from sub-6 GHz up to THz frequencies. Relevant
and recent surveys on the topic can be found from [11, 12].

There are some recent studies on indoor mmWave channel modeling. In [13], authors
modeled the 60 GHz indoor channel by shoot and bouncing ray (SBR) method and
compared the small-scale properties of the channel with the measurements performed
using a uniform virtual array. In [14], authors evaluated the accuracy of the simulations
by comparing different channel properties like path loss, root mean square delay spread
(RMS-DS), power delay profile (PDP) and spatial fading characteristics with the meas-
urements. In [15], authors computed the PDP using a RT tool and modeled the diffuse
scattering propagation mechanism by employing the directive model. Furthermore, in
references [16, 17], authors investigated and validated the results of the RT simulations
based on image theory with the measurement data in an outdoor microcellular and
courtyard environment at 15 GHz, 28 GHz and 60 GHz and provided PDP and power
angular spectrum (PAS) for different locations. In [18], authors examined the influence
of the geometry on the clustering phenomenon at 60 GHz by applying a RT tool. Similar
to the previous studies [13-20], in this paper we highlight the importance of using a RT
tool in acquiring the channel responses in the direct orientation at 60 GHz.

In this article, the authors extended their work about the impact of type and position
of the Tx and Rx antenna on the characteristics of channel at 60 GHz frequency in a con-
ference room [21]. At first, the simulation results acquired with the in-house built RT
tool are validated with the measurement data provided in [22]. In the second part of this
research work, the main target is to study about the variation in the characteristics of
the channel, i.e., received power, RMS-DS and root mean square angular spread (RMS-
AS) in azimuth plane, while the receiver position is shifted by a small distance of around
20 cm. For this purpose, we have considered a grid of 3 x 3 points at each receiver loca-
tion with a separation of 20 cm. This study highlights the impact of error that is made
while estimating the position of the receiver for simulations. Different configurations of
the Tx and Rx antennas are compared and investigated through 3D RT simulations, and
in the last part of this research work, the impact of utilizing different antenna half power
beamwidth (HPBW) at the Tx side is studied.

The rest of the paper is organized as follows. The measurement setup and measure-
ment scenario are described in Sect. 2. The details of the simulation methodology, setup
and simulation tool are described in Sect. 3. Section 4 presents a comparison between
the measurement and the simulation results and provides discussion about acquired

results. Finally, Sect. 5 concludes the paper.

2 Measurement setup and scenario

2.1 Measurement setup

Figure 1 shows the detailed block diagram of the measurement setup and highlights the
function of each element. The measurement setup consists of different elements, e.g.,
vector network analyzer (VNA) operating at the center frequency of 3.5 GHz, multipliers
and mixers for up and down conversion of signals, 70 MHz oscillator, 18.83 GHz phase
locked oscillator (PLO), filters and antennas. The function of the VNA is to measure the
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Fig. 1 Block diagram of measurement setup

magnitude and phase of the S»; parameter over 2 GHz bandwidth, i.e., at 401 equidis-
tant carriers with a step of 5 MHz. The frequency band of the measurement system is
59-61 GHz with a centre frequency of 60 GHz. Measurements were conducted with two
types of antennas for the transmitter (Tx), i.e., an omnidirectional antenna (SAGE Mil-
limeter 5836230230-15-S1) in the horizontal/azimuth plane and 30° half power beam-
width (HPBW) in the vertical/elevation plane, and the other type of antenna used at the
Tx is a vertically polarized horn antenna with 100° HPBW in both horizontal (H) and
vertical (H) planes. The maximum antenna gain for omnidirectional and horn antenna
used at the Tx is 2 dBi and 7.3 dBi, respectively, while the receiver is equipped with
narrow beamwidth horn antenna and has 10° and 13° HPBW in vertical and horizon-
tal plane, respectively. The Rx antenna has a maximum antenna gain of 22.5 dBi. The
narrow beam Rx antenna provides good spatial resolution and that helps in capturing
the angle of arrival of the multipaths. The radiation patterns of the antennas utilized in
the measurements and simulations are shown in Fig. 2. These antenna radiation patterns
are supplied by the antenna manufacturers in their data sheets. The Rx and Tx are con-
nected to VNA through coaxial cables of length 1 m and 20 m, respectively. A full two-
port calibration was performed to compensate the cable losses. The transmission power
is set to 0 dBm. The receiver antenna is placed on the positioner/motor, and the direc-
tion of the Rx antenna is set by the PC installed with LabVIEW program. The PC sends a
command to the positioner via RS232 cable. Finally, the measurement data are collected
at PC and that are connected to VNA via a GPIB cable.
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Fig. 2 Antenna radiation patterns, a Antenna with 10° and 13° HPBW in V and H-plane, respectively, b
antenna with 100° HPBW in both V and H-plane, and ¢ omnidirectional antenna with 30° and 360° HPBW in V
and H-plane, respectively

2.2 Measurement scenario

Measurements were conducted in a typical conference room of dimension 6.6 x 3.2 m,
having a central conference table and ten chairs around the table. It is critical to high-
light here that measurements were performed in the absence of the people, and hence,
the impact of human obstruction is not considered. The conference room is equipped
with two white boards on the walls, and there is a big glass window on one side of the
room as highlighted in Fig. 3. In order to provide best possible coverage in the room,
the enigma is to optimally locate the Tx antenna and to select the type of the antenna.
The measurements were realized for two different positions and configurations of the Tx
antenna, as stated here:

Tx1-Configl In this configuration, the measurement scenario depicts an event of the
conference where an omnidirectional antenna in the horizontal plane is placed at the
center of the conference table at the height of 1.2 m with respect to the ground as
highlighted by Tx1 and red filled circle in Fig. 3. The positions of the sitting users
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around the table with their wireless equipment at 1 m height are highlighted with
triangles in Fig. 3.

Tx2-Configl In the second configuration, a directed horn antenna is raised to the
height of 1.9 m above the ground and is placed in the bottom-left corner of the room
as indicated by red filled circle and text Tx2 in Fig. 3. The main beam of the Tx2
antenna was pointing in the direction of the up-right corner of the room.

3 Simulation methodology

The first target of this study is to compare and validate the RT simulation results with
the measurement results. Therefore, at first the measurement cases discussed in Sect. 2.2
are simulated while utilizing an in-house built 3D RT tool in MATLAB. The ray tracing
simulations are generally used to exploit the spatial characteristics of the environment
and that helps in better understanding the radio channel response. The deterministic
approach of RT utilizes the geometry of the environment, and the location of the Tx and
Rx for finding different propagation paths. Our RT tool works on the principle of Image
Theory (IT), presented in [8]. The radio environment and the objects present in the radio
environment is modeled with the help of multiple lines as shown in Fig. 3. In case of IT
method, for finding a propagation path with single reflection, a mirror image of the Tx is
created with respect to each line of the radio environment model. For next order reflec-
tion, the next level images are created and so on. Whereas, for diffracted paths, each
corner of the object acts as a source point. Ray tracing tool finds the LoS path along with
other propagation paths between the Tx and the Rx with the given number of interac-
tions, i.e., reflections, diffractions and a mix of reflections and diffractions. As a result
of adequately high penetration/transmission loss through the materials at 60 GHz, the
penetrated paths through the obstacles and walls are not considered in the simulations.
We have only considered the ray paths with two reflections and one diftraction at maxi-
mum. Each path has certain amplitude, delay and phase. Antenna radiation patterns
shown in Fig. 2 are used for antenna masking over ray tracing data to include the impact
of the antennas at the Tx and Rx end. Other general parameters, e.g., antenna heights,
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transmission power, frequency of operation, azimuth and downtilt of the Tx and Rx
antennas are set in the simulations as were used in measurements. Figure 4a, b illustrates
the propagation paths obtained through ray tracing simulations for receiver position 10
with Tx1-Configl and Tx2-Configl, respectively.

In the second part of this study, we extended our 3D RT simulations in two ways.
Initially, from the measurement scenarios the exact position of the receiver points was
extracted, and simulations were done only for those positions. Later, we created a grid of
test positions around the actual receiver position as shown in Fig. 5, in order to investi-
gate the change in channel characteristics while the receiver position is altered by a small
distance of just 20 cm. In Fig. 5, the red circle represents the position of the receiver
used during the measurement, while the green circles represent the position of extra test
points around the original position of the receiver.

Next, we have considered two more special antenna configurations for simulations, as
stated here:

Tx1-Config2 In this configuration, same Tx antenna position is used as in TX1-Con-
figl. However, an ideal isotropic antenna with 0 dBi gain and perfect circular antenna
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Fig. 4 Propagation paths obtained through ray tracing for position 10 with, a Tx1, and b Tx2
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radiation pattern in both horizontal and vertical domain is considered at Tx and Rx
end. Hence, in this way the impact of only radio channel can be analyzed, independ-
ent of the antenna type used at the Tx and Rx.

Tx2-Config2 Similarly, in this case same Tx antenna location is used as in TX2-Con-
figl, but isotropic antenna is used at the Tx and Rx side. The measurement data for
Tx1-Config2 and Tx2-Config2 are not available.

Finally, we have investigated the impact of Tx antenna HPBW on different considered
channel characteristics. In case of Tx1, the antenna is placed in the centre of the confer-
ence room, therefore, it is not feasible to use a directional antenna for Tx1. Whereas, in
case of Tx2, the antenna is located in the corner of the room, therefore, we studied the
impact of antenna HPBW for Tx2 only. For this purpose, we have considered five dif-
ferent horn antennas with 100°, 44°, 29°, 16.5° and 10° HPBW in both H and V-plane.
The radiation pattern of the 100° HPBW antenna is shown in Fig. 2b, whereas, radiation
patterns of other horn antennas are shown in Fig. 6. The maximum antenna gain is 7.3,
10, 15, 20, and 25 dBi for antenna with 100°, 44°, 29°, 16.5° and 10° HPBW, respectively.
These antenna radiation patterns of horn antennas are supplied by the antenna manu-
facturer, and other technical specification can be found in their data sheets given at [23].

4 Results and discussion

This section discusses about acquired results and shows a comparison between the
measurement and simulation results. Figure 7 shows the received power levels at vari-
ous receiver positions with different Tx—Rx configurations, where the x-axis shows
the position number of the Rx, and the y-axis is the received power in dBm. In Fig. 7a,
b, blue line shows the measured received power levels, black solid line indicates the
simulated received power levels at absolute receiver positions, the red dots repre-
sent the received power levels at those extra test points around the actual position of
the receiver, and black dashed line shows the mean received power of nine test posi-
tions. It is important to highlight here that for Tx1-Configl and Tx2-Configl cases
the results are reported with DO, that means the antenna of the receiver was ori-

ented in the direction of the strongest incoming path. Now, it is fascinating to see
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that a remarkable good match is found between the measured and simulated received
power levels for both Tx1-Configl and Tx2-Configl for all ten Rx positions. The RMS
error between the measured and simulated received power level is around 2.6 dB and
2.9 dB in case of Tx1-Configl and Tx2-Configl, respectively. It highlights the ability
of ray tracing simulations done with in-house built RT tool to predict the received
power with quite good accuracy level. Figure 7a, b shows that due to high directive
gain of the Rx antenna and with small Tx antenna gain the received power levels
were adequately high, and it is learned from the RT simulation results that the aver-
age received power of ten receiver positions is around —45 dBm and —59.3 dBm for
Tx1-Configl and Tx2-Configl, respectively. Furthermore, it can be seen in Fig. 7a, b
that even in a static environment the received power level fluctuates significantly due
to constructive and destructive addition of multipaths, while the receiver position is
shifted by a small margin of just 20 cm. The average standard deviation (STD) of sig-
nal variation caused by the displacement of Rx position at eight different positions
around the central position in grid is around 6.5 dB in both Tx1-Configl and Tx2-

Configl. Interestingly, the mean of nine points grid is again found in close harmony
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Fig. 7 Received power at receiver positions with, a Tx1-Config1, b Tx2-Config1, ¢ Tx1-Config2 and d
Tx2-Config2

with the measured received power level of the central point. Whereas, the RMS error
between the measured value and the mean of nine points is around 5.4 dB and 2.2 dB
for Tx1-Configl and Tx2-Configl configurations, respectively. Hence, it shows that in
the absence of exact information about the receiver location, it is more beneficial to
consider a mean of multiple nearby locations in order to minimize the coverage pre-
diction error with RT simulations.

Figure 7c, d presents the received power levels for the configurations with ideal
isotropic antennas at the Tx and Rx, i.e., for Tx1-Config2 and Tx2-Config2, respec-
tively. Ideal isotropic antenna does not filter the multipaths in spatial domain. The
solid black line shows the result of central location of the receiver grid, and black
dashed line represents the mean of nine points of the grid. The received power levels
shown in Fig. 7c, d are significantly lower, and the average STD is around 9.5 dB and
8.5 dB with Tx1-Config2 and Tx2-Config2, respectively. It can be seen that the signal
level fluctuates more in case of isotropic antennas, and there were few samples with
below — 100 dBm. Remember, we have only considered a LoS scenario in our simula-
tions, while the signal levels would be much lower in case of obstructed or non-LoS.
Again, the results presented in Fig. 7c, d indicate that it is better to consider the mean
of several near by points while estimating the received power levels, otherwise RT
simulation results may lead to either highly optimistic or pessimistic outcome due to

Page 10 of 24
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varying nature of the signal at 60 GHz. One of its example can be seen in Fig. 7d that
at receiver position 8, the received power level at central point is — 102 dBm whereas
the mean value of 9 points is around — 81 dBm.

We have investigated the power delay profile (PDP) and power angular profile (PAP)
through RT simulations at each receiver position with respect to four different con-
sidered Tx—Rx configurations, in the direction of DO. However, here we are discuss-
ing only the PDP and PAP at Pos 3 in detail. Figure 8a, b shows the PDP of Pos 3
for different configurations of Tx1 and Tx2 antennas, respectively, where the x-axis
is time in ns, and the y-axis is the normalized power in dB. The power for each con-
figuration is separately normalized with respect to the strongest in coming path, i.e.,
a direct LoS path in our case. Although, we have considered a large dynamic range of
60 dB power for showing the multipaths in PDP; however, major contribution is com-
ing from the path within 20-25 dB range [7]. Figure 8¢, d shows the PAP in azimuth
plane at the receiver Pos 3 for different configurations of Tx1 and Tx2, respectively,
where the x-axis is the direction of arrival (DoA) in horizontal plane of incoming
paths at the Rx end in degrees, and the y-axis is the normalized power. The right
side of the Rx corresponds to 0° of DoA. In order to better understand the temporal
characteristics of the channel, both PDP and PAP are discussed together. In Fig. 8a, it
can be seen that in case of configuration with directed antenna at the Tx and Rx, i.e.,
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Tx1-Configl (red line), major share of the received power is coming with a delay of
3.7 ns, and that corresponds to a path length of 1.1 m. In Fig. 8b, it can be seen that
strongest path has a DoA = 153° and this coincides with the actual measurement/
simulation environment. As a result of directive Tx—Rx antennas, rest of the mul-
tipaths are spatially filtered out. However, in case of isotropic-isotropic configuration,
i.e., Tx1-Config2 (blue lines), a large number of multipaths can be seen in Fig. 8a, c.
The second strongest path is the reflected path from the nearby wall of Pos 3, and
the strength of reflected path is 13.8 dB less as compared to the strongest path, and
it arrives with a delay of 9.6 ns, and that corresponds to the path length of 2.88 m
and has a DoA = 250°. With these results, one should expect a smaller value of delay
spread and angular spread in case Tx1-Configl, whereas it is clearly evident in Fig. 8a,
c that the Tx1-Config2 has large DS and AS due to wide spread PDP and PAP.

Similarly, in Fig. 8b, d it can be seen that in case of Tx2, the strongest path arrives
with a delay of 13.6 ns that corresponds to the path length of 4.1 m with DoA = 192°.
The PDP of Tx2-Config2 presented in Fig. 8b shows that it is highly multipath rich
environment. However, narrow HPBW antennas filter most of the multipath in spatial
domain and hence only few paths are left with significant power with directive anten-
nas. With Tx2-Configl, the second strongest path is the first-order reflected path from
the nearby wall on the right side of the Tx2, and that reflected path arrives almost
together with the strongest path. The power of the first-order reflected path is about
13.2 dB lower than the direct path and has a delay of 14.5 ns which corresponds to the
path length of 4.35 m with DoA = 200°. There is another second-order reflected path
that arrives with a delay on 57 ns, and the power of the second reflected path is around
21 dB lower with reference to strongest path. The PDP and PAP of nine positions with
respect to all considered Tx—Rx configurations are shown in “Appendix”

In radio propagation, the most commonly used parameter to characterize the time
domain dispersion of the radio channel is the RMS-DS [5, 24], and it has a high depend-
ence on the HPBW of the applied antennas. Figure 9 shows the root mean square delay
spread for ten receiver positions with different configurations. It was found while com-
paring Figs. 7 and 9 that for any particular Tx position in LoS condition, there exists a
relationship between the received power level and delay spread, and RMS-DS is found
inversely proportional to the received power level. The simulation results revealed that
the receiver positions with higher received power have lower RMS delay spread, and
vice versa. Again, the average value of 9 points grid seems to be a safer choice for esti-
mating the RMS-DS of channel, as RMS-DS was also found varying with minor Rx dis-
placement. Secondly, as mentioned earlier while discussing the PDP of Pos 3 that it is
intuitive that directional antennas provide smaller values of RMS-DS than wide beam
antennas. Considering average value of 9 points grid at each receiver position, the mean
value of DS is 1.1 ns and 4 ns for Tx1-Configl and Tx1-Config2, respectively. Similarly,
for Tx2-Configl and Tx2-Config2 the mean value of RMS-DS in the room is 3.2 ns and
4.3 ns, respectively. In Fig. 9b, there are few samples of RMS-DS with values greater than
10 ns. In case of isotropic antennas, RMS-DS value depends on the room size and on
the reflective properties of the material and walls of the environment. It is learned from
these results that RMS-DS can be significantly reduced by employing high gain directive
antennas, and in turn increases the coherence bandwidth of the channel.
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Fig. 9 Root mean square delay spread at ten receiver positions with a Tx1-Config1, b Tx2-Config1, ¢

Tx1-Config2 and d Tx2-Config2

Figure 10 shows the result of RMS-AS in azimuth plane at receiver positions. The
RMS-AS is computed similar to RMS-DS, where the factor delay spread is replaced
with angular spread as given in reference [24]. The configurations with directive
antennas clearly have a narrow angular spread compared with the configuration
with isotropic antennas at the Tx and Rx. Obviously, an isotropic antenna has a bet-
ter capability to collect the energy coming from all directions than a directed beam
antenna. However, in case of directional antennas the beams of the Tx and Rx anten-
nas should be properly aligned in order to capture maximum energy. It can be seen in
Fig. 10a that for Tx1-Configl the angular spread in azimuth plane does not vary much
while the receiver position is shifted by a distance of 20 cm around the central point.
Whereas, few points with large variations are observed with Tx2-Configl in Fig. 10b.
However, a comparatively larger variation in RMS-AS can be found for isotropic-iso-
tropic Tx—Rx configuration while the Tx antenna is placed in the middle of the con-
ference room, i.e., Tx1-Configl. The mean value of RMS-AS in the room is 0.4° and
1.4° for Tx1-Configl and Tx1-Config2, respectively, whereas the average value of AS is
32.0° and 32.8° for Tx1-Config2 and Tx2-Config2, respectively. Finally, Table 1 shows
the summary of simulation results acquired through 3 x 3 grid points at each receiver

location for different Tx—Rx configurations.

Page 13 of 24



Sheikh et al. J Wireless Com Network

(2021) 2021:81

Angular Spread [degree]
N w £ (4] [=>] ~ ©

= © —Center pt
—— Mean 9pts
®  Variation

&

Angular Spread [ °]
w IS

- © —Center pt
—— Mean 9pts
®  Variation

60

50

Angular Spread [°]

Position

a

- © —Center pt
—— Mean 9pts
®  Variation

Position

b

60

50

Angular Spread [°]

= © =Center pt
—%— Mean 9pts
®  Variation

Tx2-Config2

.
.
4

5 6
Position

c

~

Position

d

Fig. 10 Angular spread at receiver positions with, a Tx1-Config1, b Tx2-Config1, ¢ Tx1-Config2 and d

-50
-55
P
T . -
g 65
k=2
5 70
g
g 75
B gL [F—100°HPBW
3 - 8 —44°HPBW '
3 gs| [TO—20°HPBW \ /
o —4—17°HPBW \ /
- —10° \ /
90 * —10° HPBW y *

Position

Fig. 11 Received power at receiver positions with different Tx2 antenna HPBWs

In the last part of this study, we have investigated the impact of antenna HPBW on
channel characteristics. Figure 11 shows the mean received power of grid points for ten
receiver locations, acquired through different antenna types at Tx2 position. For better
understanding the received power results presented in Fig. 11, the Tx and receiver posi-
tions shown in Fig. 3 should be kept in mind. It can be seen in Fig. 11 that 100° HPBW
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antenna provides almost homogeneous coverage in the room due to wide beamwidth of
the antenna; however, the overall received signal power was improved with 29° HPBW
antenna compared with 100° HPBW antenna except for receiver positions 6 and 7. Sec-
ondly, it can also be seen that the STD of the received signal level across the receiver
positions increases with the decrease in HPBW of the antenna. It must be noted that
position 6 is badly impacted by using narrow antenna, as position 6 is located off the
main beam direction. It is interesting to see that although 17° and 10° HPBW antennas
have higher gain compared with other considered antennas, yet due to narrow HPBW
the received power level of all positions except positions 9 and 10 is inferior compared
with other antennas. Interestingly, the acquired results of received power show that 44°
and 29° HPBW antennas are a good choice for providing adequate coverage in a confer-
ence room.

Figure 12 shows the average RMS-DS of grid points for ten receiver locations. It should
be noted that positions 9 and 10 lie close to the main beam of the Tx antenna, and at
those positions the RMS-DS is the direct function of the antenna HPBWj, i.e., narrow the
HPBW of the antenna the smaller is the RMS-DS. However, the same trend is not valid
for all the positions in the room, as in case of other positions they are off the main beam.
Again, with narrow HPBW antennas, i.e., 17° and 10°, the value of RMS-DS at position
6 is quite high compared with other positions. The results presented in Fig. 12 reveal
that 29° HPBW antenna provides comparatively better, i.e., lower values of RMS-DS, and
lower STD than other antennas.

Finally, Fig. 13 shows the average RMS-AS of grid points for ten receiver locations.
It can be seen in Fig. 13 that 44° and 29° HPBW antennas provide low angular spread
in azimuth plane compared with other antennas, and the average value of RMS-AS is
1.4°,1° and 0.9° is obtained with 44° and 29° HPBW antenna, respectively. Similarly, the
STD of RMS-AS across 10 receiver positions is 0.8°, 0.6° and 0.8° with 100°, 44° and 29°
HPBW antenna, respectively.

Finally, the summary of simulation results acquired through 3 x 3 grid points at each
receiver location is presented in Table 1. The first column shows the transmitter posi-
tion, the second and third columns show the HPBW of the antenna in both V and H
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=-©--29° HPBW
—9—17°HPBW
= % —10° HPBW

Delay Spread [ns]
o

1 2 3 4 5 6 7 8 9 10
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Fig. 12 Root mean square delay spread at receiver positions with different antenna HPBWs
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Fig. 13 Root mean square angular spread at receiver positions with different antenna HPBWs

plane at the Tx and Rx side, respectively. Next two columns show the mean and the STD
of received power level considering ten receiver locations, and the sixth column shows
the average STD of received signal across the points within the 3 x 3 grid. Similarly, the
seventh and eighth columns show the average and the STD of RMS-DS considering ten
receiver locations, and the ninth column shows the average STD of RMS-DS across the
points within the 3 x 3 grid. Similarly, the statistical results of RMS-AS are also pre-
sented in Table 1.

5 Conclusions

This article investigated the characteristics of the 60 GHz radio signal propagation
in a typical conference room. The room dimensions were 6.6 x 3.2 m, and signal data
were obtained through measurements and 3D RT simulations from ten different posi-
tions around the central table. In the first part of the work, we examined the impact
of the location and type of the applied antenna on the radio channel in the LoS condi-
tion. In addition, we validated the acquired 3D RT simulation results against meas-
urements by using two system configurations called as Tx1-Configl and Tx2-Configl.
The received power RMS error was only 2.6 dB and 2.9 dB between the measured
and simulated results for TxI-Configl and Tx2-Configl, respectively. In the second
part of the work, we investigated the channel characteristics using simulations only.
We carried out the simulations such that the Rx was shifted step-by-step by around
20 cm to eight different positions around the central position to obtain a uniform grid
of 3 x 3 Rx points. In addition, we investigated several Tx—Rx configurations with
directed antennas of different HPBW, omnidirectional antenna and isotropic antenna.
As performance indicators, we considered receiver power level, power delay profile,
power angular profile, RMS delay spread and RMS angular spread in azimuth plane,
assuming the Rx antenna is directly oriented in the direction of the Tx. Interestingly,
we found that even with LoS a slight displacement of Rx by 20 cm causes an average
STD of around 6.5 dB in the received power level in case of directed antennas. With
isotropic antennas such displacement leads up to 9.5 dB STD. However, the average

received power over nine points in a grid (nearby Rx locations) was found to be in
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a close harmony with the measured received power levels. Accordingly, we propose
that in an absence of exact information about the Rx position for 60 GHz propagation
simulations, a grid of 3 x 3 Rx points should be used instead of using single point val-
ues in order to minimize the received power prediction error.

The simulated PDP and PAP results demonstrate the strong relationship between
the acquired RT multipaths and the propagation environment. Results show that in
case of directed antennas and LoS the major signal power is coming through the LoS
path and reflected paths within the main beam direction, while in case of isotropic
antenna the signal energy is collected from all directions. While considering the
average value over a 9-point grid within each receiver position, the obtained results
show that the Tx antenna placed in the centre of the table provides lower RMS-DS
as compared to the Tx antenna placed in the corner of the conference room. It was
also found that the deployment of directed antennas at Tx and Rx lowers the RMS-
DS. Furthermore, the RMS angular spread depends upon the HPBW of the applied
antennas and, with directed antennas, the average RMS-AS in the room was found to
be around 0.4° and 1.4° for TxI-Configl and Tx2-Configl with 100° HPBW antenna,
respectively, whereas the average value of AS is increased to 32.0° and 32.8° for TxI
and Tx2 with isotropic antennas, respectively.

In the last part of this study, for the transmitter located in the corner of the con-
ference room, the impact of antenna HPBW on different channel characteristics was
investigated. The simulations were done with 100°, 44°, 29°, 16.5° and 10° HPBW
antennas, and the obtained simulation results revealed that 100° HPBW antenna pro-
vides almost homogeneous coverage in the room, whereas 44° and 29° HPBW anten-
nas are also a good choice in terms of offering adequate coverage in the conference
room. The acquired simulation results show that the STD of received power level in
the conference room increases with the decrease in HPBW of the Tx antenna. Inter-
estingly, 29° HPBW antenna shows best performance among all considered antennas
in terms of RMS-DS and RMS-AS.

In future, our aim is to extend this work and study the impact of minute displace-
ment, i.e., 20 mm of the receiver position on different channel characteristics. In our
current work, a grid of 3 x 3 Rx points was considered, whereas in our future work
our target is to create a fine grid of 20 x 20 points with 20 mm separation between
them. It will help us in better understanding the variation of signal level due to small
and large scale fading.

Appendix
See Figs. 14, 15, 16, 17.
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