

  electronics-10-00393




electronics-10-00393







Electronics 2021, 10(4), 393; doi:10.3390/electronics10040393




Article



Channel Impulse Response at 60 GHz and Impact of Electrical Parameters Properties on Ray Tracing Validations



Huthaifa Obeidat 1,*[image: Orcid], Atta Ullah 2, Ali AlAbdullah 2, Waqas Manan 2, Omar Obeidat 3, Wafa Shauieb 4, Yousef Dama 5[image: Orcid], Chakib Kara-Zaïtri 2 and Raed Abd-Alhameed 2,6[image: Orcid]





1



Faculty of Engineering, Jerash University, Jerash 26150, Jordan






2



Faculty of Engineering and Informatics, University of Bradford, Bradford BD7 1DP, UK






3



College of Engineering, Wayne State University, Detroit, MI 48202, USA






4



Faculty of Engineering, Omar Al-Mukhtar University, Al Bayda 00218-84, Libya






5



Faculty of Engineering and Information Technology, An-Najah National University, Nablus 44859, Palestine






6



Information and Communication Department, Basra University College of Science and Technology, Basra 61004, Iraq









*



Correspondence: h.obeidat@jpu.edu.jo







Academic Editors: Giovanni Leone and Athanasios Kanatas



Received: 5 December 2020 / Accepted: 28 January 2021 / Published: 5 February 2021



Abstract

:

This paper outlines a study of the effect of changing the electrical properties of materials when applied in the Wireless InSite (WI) ray-tracing software. The study was performed at 60 GHz in an indoor propagation environment and supported by Line of Sight (LoS) and Non-LoS measurements data. The study also investigates other factors that may affect the WI sensitivity, including antenna dimensions, antenna pattern, and accuracy of the environment design. In the experiment, single and double reflections from concrete walls and wooden doors are analysed. Experimental results were compared to those obtained from simulation using the WI. It was found that materials selected from the literature should be similar to those of the environment under study in order to have accurate results. WI was found to have an acceptable performance provided certain conditions are met.
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1. Introduction


With recent development in manufacturing front-end devices, it is now possible to utilise high frequencies in communications, including the 60 GHz band [1] which is suitable for 5G systems [2]. The use of high-frequency bands in communication systems is advantageous as it allows for higher bandwidths and hence higher data rates. Since the coverage area is small, frequency reuse is widely applicable. Moreover, using higher frequencies allows a smaller size of radio frequency RF components. This saves more space and therefore supports the use of antenna arrays—an essential feature for beamforming (BF) techniques which yield higher density cells and a higher throughput [3,4]. Unlike WLAN systems, interference is not a concern. However, the manufacturing process is more complicated [5].



At millimetre frequencies, the free space propagation losses (FSPL) is larger compared to those at lower frequencies. For example, over a 5 km distance, FSPL at 60 GHz is 35.6 dB more than at 1 GHz [6]. Moreover, wall penetration losses are larger since conductivity increases with frequency. Moreover, the effect of reflection and scattering becomes more apparent because object sizes become comparable to the wavelength [7]. Moreover, the atmospheric attenuation caused by oxygen and water drops adds more to the path loss especially at 60 GHz [7]. Due to the aforementioned causes and the small antenna aperture at this band, highly directional antennas with large arrays are used [3]. Additionally, since the total noise power for wider bandwidth is higher, 60 GHz systems operate a 10 dB higher power compared to the IEEE 802.11n systems, where the local mean of power reduces the fast fading effect [8].



Different countries have different frequency allocations for the 60 GHz band. In the USA and Canada, the allocated band is within 57–64 GHz, while the EU, Japan and China have bands within 57–66 GHz, 59–66 GHz and 59–66 GHz respectively.



The data rate can reach up to 6.7 Gbps using directional antennas [9] within indoor environments. IEEE 802.11 ay standard has been issued as a follow-up to IEEE 802.11 ad, with the aim of having data rate in the range 20–40 Gbps [10,11]. The available 60 GHz band has 14 GHz bandwidth approximately, and this can be divided into 2.16, 4.32, 6.48 and 8.64 GHz channels [12]. High order modulation schemes with channel bonding are used to extend the available bandwidth [10], for example, a data rate of 42.24 Gbps can be achieved using a 4-channel bonding (each channel with 2.16 GHz) with 0.04 m distance, 64 quadrature amplitude modulation (QAM) and 169 mW consumed power at transmission mode and 139 mW at reception mode [10]. The 60 GHz band propagation has been investigated for indoor environments [13,14,15,16], outdoor environments [16,17,18] and outdoor to indoor environments [19,20].



In the non-line-of-sight (NLOS) propagation, the effect of building materials is more evident. Many studies investigated their effect on propagation by identifying the relative permittivity and conductivity of these materials, for mm-wave frequencies, permittivity tends to increase unnoticeably with frequency, however; conductivity tends to increase remarkably [21]. In this study, two materials have been investigated: namely concrete and wood.



Wireless InSite Ray-tracer is a commercial software used to predict channel parameters within indoor and outdoor environments. The software has been validated at 900 MHz and 1800 MHz [22] and at 2.4 GHz and 5 GHz [23,24]. Wireless InSite considers the effects of material electrical properties. It also allows the user to configure waveform, antenna types and the properties of the transmitter and receivers. In this scenario, a sinusoidal waveform is used for simulation at 60 GHz [25]. This paper aims to investigate the accuracy of the results when applying different electrical properties of concrete and wood in Wireless InSite. This paper is divided into four main sections, including the design of the channel sounder, an explanation of the experimental setup, a discussion of the results obtained, and finally concluding remarks.




2. Channel Sounder


A channel sounder is usually used to measure channel impulse response h(τ) or its frequency response H(f) in the frequency domain. Since the channel is dependent on frequency, time and position, a channel can be identified by the delay spread, the angle of arrival/departure, the Doppler shift and the signal strength received. Figure 1 and Figure 2 show the architecture of the channel sounder.



The message signal is implemented using the Altera FPGA board (Figure 2d) which is programmed to provide a pseudo-random binary sequence of 2m-1 sequence, where m ranges from 6 to 10. A CO2201A converter evaluation board (Figure 2b) controls the transmitter Tx and receiver Rx converter modules. The system developed has power detectors, a power amplifier, automatic gain control and a USB interface to control the modules. The Keysight digital storage oscilloscope (DSO) X-3014A (Figure 2a) has four channels. Each channel has a 200 MHz Bandwidth, which is equivalent to 400 MHz bandwidth (±200 MHz). Both the CO2201A and the DSO are connected to a PC via a USB, which generates commands. The sounder can readily be integrated with MATLAB, thus providing another facility for generating commands. Table 1 illustrates the channel sounder characteristics.




3. Experimental Setup


The 60 GHz band channel sounder can be used for two types of measurements: back-to-back measurements and radar measurements (Figure 3). In order to compensate for the non-ideal hardware transfer functions of the transmitter and receiver chains, system calibration is necessary.



Calibration aims to reduce any measurement uncertainty by ensuring the accuracy of the test equipment. Calibration measures and controls uncertainties within measurement processes to an acceptable level. The anechoic chamber is used to provide a controlled environment, with a minimized electromagnetic interference, and walls of the chamber are covered with radio-frequency absorbers [26].



The COST2201A evaluation board has two sections as seen in Figure 2c: transmitter section and receiver section. Therefore, the board can operate only the transmitter as in Figure 4b, also, it can operate only the receiver as in Figure 4c. And finally, it can operate both sections as a transceiver. The first two functions are used the back-back measurements. While the transceiver function is used in radar mode. Therefore, we need two types of calibrations.



In the radar mode, the transmitter and receiver are co-located on the same board, so the transmitter antenna will transmit waves while the reflected/scattered wave will be received by the receiver antenna. In the case of back-back measurements, the transmitter section mounted on the board will operate (Figure 4b), and only the receiver section mounted on the board will receive (Figure 4c).



Each type of measurement requires its own calibration (Figure 3). Since Radars have the transmitter and receiver co-located, the synchronization is easier, and the absolute delay can be measured and yield the distance. In the calibration process, the distance between the transmitter and the receiver is 1 m. This distance ensures that the radiation pattern is in the far-field. Measurements over the whole frequency range of the sounder with 250 MHz steps were taken in radar mode. The distance between the antenna horn and the flat metal board is 0.5 m. Given that the wave will move forward and backwards, the total distance is 1 m. The calibration was performed in an anechoic chamber at the University of Bradford. The radar calibration setup includes reflections from a flat reflector and corner reflectors, it’s worth mentioning that the size of the metal board has to be large enough to contain the first Fresnel zone of propagation.



The receiver and transmitter were synchronised, the synchronization is easier at radar mode since we used single evaluation board. However, while using two boards at back-back mode, both boards have to be synchronised. This can be achieved by controlling the two boards from one of them by giving the order through MATLAB.



Validation of Wireless InSite was performed in two indoor scenarios, LOS and NLOS. Both scenarios are conducted at the University of Bradford. The simulated environment took into account the fine details of the building for accurate validation. For all cases, the transmitted power was set to 30 dBm, while the transmitter antenna gain was set to 18 dBi.



3.1. LOS Experiment


The first step of this validation is the direct LOS propagation which was conducted in a lab room. Both the transmitter and the receiver used vertically polarised pyramidal horn antenna. The devices were placed in the lab room in LOS at 1.5 m height and separated by 5 m as shown in Figure 4. (Receiver’s antenna gain is 18 dBi).




3.2. NLOS Experiment


In the NLOS scenario, measurements were conducted at three positions distributed in the lab area while rotating the receiver clockwise about the Z-axis (assuming the floor is on the xy plane). The same instruments used in the LOS experiment, are also used in the NLOS experiment part. The transmitter was placed at the height of 2m, while the receiver was set to 1.5 m at all receiver points, as shown in Figure 5.



Material’s electrical properties effect



Material dependence on operating frequency plays a major role in determining the radio coverage. The attenuation rate A (dB/m) is a function of conductivity  σ  and relative permittivity    ε r    [27]:


  A =       1636  σ     ε r              D i e l e c t r i c       545.8   σ  f  G H z       C o n d u c t o r        



(1)







Both    ε r    and  σ  are frequency-dependent as shown as:


   ε r  = α  f  G H z  β   



(2)






  σ = γ  f  G H z  δ   



(3)




where   α ,   β ,   γ    and    δ   are given by [27]. Many experimental studies have been conducted to find the values of    ε r    and  σ . It was noted for the same type of material the values tend to vary, for example at 60 GHz, typical values of    ε r    and  σ  for aerated concrete are 2.26 and 0.3759 and for concrete are 6.14 and 1.0049 [28]. For plain wood,    ε r    and  σ  found to be 2.068 and 1.38 respectively at 60 GHz while for floor board    ε r    and  σ  are 3.91 and 1.1 respectively at the same frequency. For chipboard    ε r    and  σ  found to be 2.85 and 0.53 [29]. For structural bricks (i.e., with holes within),    ε r    and  σ  found to be 3.95 and 0.244 respectively at 60 GHz while paving bricks (without holes)    ε r    and  σ  found to be 3.26 and 0 for the same frequency.



Literature suggests that concrete complex permittivity changes with the type of concrete sample (i.e., aerated, lightweight or hardened) rather than changing the operating frequency for the same type of materials [30].



Complex permittivity of wood depends on the type of wood species, wood density, water content, temperature, the electric field orientation with respect to the grain, operating frequency and whether the wood experienced chemical treatment [30]. It was found that dielectric constant increases as temperature increases [31] while conductivity increases as water content increases [30]. Therefore chipboard, plywood, floorboard, Beechwood, Sipo and plain wood are expected to have different values for electrical constitutive parameters.



Typical values for relative permittivity and conductivity of concrete and wood from the literature at 60 GHz are presented in Table 2. These values will be used by Wireless InSite to predict the channel impulse response, which will be compared to the channel sounder results.



The software allows the user to set the number of paths. The more paths are considered, the more accurate the results, albeit with more processing time is required. Results show that having more than 10 paths does not improve the accuracy of the results. For this reason, the maximum number of paths was set to 10. Moreover, the maximum number of reflections and transmissions were set to 6 and 4 respectively. The Shoot and Bouncing Ray (SBR) was used as a ray-tracing method and the propagation method used was full 3D.





4. Results and Discussion


Among the locations and rotations used, the receiver successfully received a signal from 18 receiver points. In the first position, measurements were observed successfully with rotations of 0°, 10°, 20° and 30°. In the second position, measurements were observed successfully with rotations of 120–180° and 210–250°. In the third position, only two rotations demonstrated reliable results; the simulated scenario was only for rotations 150° and 160°.



4.1. LOS Scenario


The propagation paths for this scenario are presented Figure 6, where the loudest seven paths are shown; the colour of each path represents its strength as shown in the legend. The direct path is clearly the one with the strongest signal level.



The LOS scenario was conducted as in Figure 4a. Every effort was made to make the locations of Tx and Rx the same for both simulation and experimentation. The sounder was set up in such a way that it can be entirely controlled using MATLAB. This required the setup and control of the SiversIMA transceiver via the CO2201A evaluation board as well as control of the DSO-X3014A oscilloscope, which is used for data logging. The setup, control and measurements can automatically be carried out using a visa serial protocol over USB. In MATLAB, the operation frequency was chosen, then the calibration data to be applied (back-back mode or radar mode) was chosen, and the measured impulse response is calibrated. The output can be saved in a suitable MATLAB format, where the channel response can be extracted, including the time delay and the signal strength received. Figure 7 shows an example of the impulse response of the channel for the LOS measurements.



Figure 7 shows a comparison between the simulation and measurements for the LOS scenario. Both results show good corroboration. For example, the direct path received power at −14.57 dBm in the measurements, whilst −16.07 dBm was recorded in the simulations.




4.2. NLOS Scenario


4.2.1. Position 1


For all rotations in Position 1, it was found that the strongest ray is reflected from one concrete wall as seen in Figure 8. This shows the propagation paths between the transmitter and receiver Rx1_20° (receiver at the first position with 20° rotation). The colour of the Path represents the strength of the ray.



Figure 9 displays the power delay profile (PDP) at receiver Rx1_20°, when the receiver antenna gain was set to 26 dB. The value of the concrete relative permittivity was 13 [33] and that for the conductivity was 0.8967 S/m [31]. The strongest ray arrived at 40 ns due to the reflection from the concrete wall as shown in Figure 8. Figure 9 shows good agreement between simulations and measurements. The received signal strength (RSS) was −23.91 dBm in the measurements, while the simulated value was −25.63 dBm. It can be seen in the same figure, that three simulated rays arrived at 40 ns, while the channel sounder has a wide peak, encompassing the convolved arrival paths, as it becomes difficult to distinguish between these incoming rays.



For any signal, the time resolution Δt and the spectral bandwidth Δf are related by:


  Δ t × Δ f ≥ 1  



(4)







As seen in Equation (4), for a good time resolution (Δt is very small), the spectral BW should be large.



Figure 10 shows a performance comparison between measurements and simulated results at all Rx1 rotations, where various permittivity values, derived from the literature, are taken from Table 2. By using such values for concrete, simulated results appear to have up to 6 dB difference as indicated in the same figure. Having said this, the best-simulated results have a mean error of only around 2 dB when compared to those obtained from measurements.



Since it is very difficult to make the location/alignment of the transmitter and receiver exactly the same as in the measurements, despite careful practical preparations, the location of the receiver in the software was replaced within ±4 cm in all dimensions and rotated ±2°. Despite this, no significant difference was observed in the results.




4.2.2. Position 2


In the second position, when the receiver was rotated with angles 120–180°, the strongest ray was found to be in LOS with the transmitter, while for 210–250° rotations, the strongest ray is reflected from a wooden board.



	
Case 1: LOS for (120–180°) rotation






As seen in Figure 11, both Tx and Rx are in LOS while bore-sight for both antennae is not in direct contact. Since it is a LOS propagation, changing various permittivity values for building material will not affect the RSS of the strongest ray. Figure 11 shows the LOS and two reflected ray propagation paths from the transmitter to the receiver at the second position with a 150° rotation (receiver’s antenna gain was set to 26 dB). The strongest path is the direct LOS between the transmitter and the receiver, whilst the second one is reflected from two concrete walls. From hereinafter, the display of propagation paths was limited to the strongest and most important path so the reader can follow the path more easily.



The power of these rays is shown diagrammatically in Figure 12. The RSS of the LOS measurement is −24.16 dBm, while the simulated result is −28.31 dBm. Table 3 presents a comparison between simulations and measurements at Rx2 (120–180°) for the LOS component. As seen in the same table, the root mean square error (RMSE) is around 8.64 dB. It is worth mentioning that the receiver antenna sides are tilted to reduce the side lobes level. Such a feature is not available in WI, therefore, simulation results are expected to be slightly different from those in measurements, especially if both the transmitter and receiver are not in the boresight.



The second ray reflected from two concrete walls, have a measured value of −40.34 dBm while the simulated value is −48.39 dB. Such a significant difference may be attributed to the effect of reflection from two concrete walls. It was found that the results are sensitive to changing the dimensions of the antenna. For example, adjusting the dimensions of the antenna around 1 cm can change the simulated results by more than 2 dB.



The results in the two reflections case shown in Table 4 demonstrate a similar behaviour to the single reflection case shown in Figure 10. The simulations that have the minimum average error with measurements in the two-reflection case have the closest RSS strength value to the measurements in the one reflection case. Moreover, the order of best and worst results did not change.



When we examined the values of µ and ε from literature, we took the average losses for position 1 with all rotations (due to single wall reflection) and the average losses for position 2 with all rotations (due to two reflections). It was found that when using the same values of µ and ε, losses due to two reflections are 1.8 times of losses due to a single reflection. This suggests that multiple reflections are likely to be the dominant cause for such losses.



Simulated results for the ray reflected from two concrete walls are presented in Table 4. Values are taken from [29], Refs. [33] and [32] (a) give the best result while values taken from [35] give the worst results.



	
Case 2: Reflection from a wooden board for 210–250° rotations






The paths with the strongest RSS at the second location with rotations (210–250°) were reflected from the wooden board as shown in Figure 13. The ray is clearly not from the bore-sight as shown in this figure; therefore, the simulated values will be slightly different from those from the measurements.



Figure 14 shows a performance comparison between measurements and simulations at Rx2 (receiver’s antenna gain was set to 26 dB). The closest performance is obtained when using values from [35], while the worst performance is obtained when using values from [29] (b), where the mean difference between simulation results is around 5.26 dB. The RMSE between the best results and measurements is around 12.26 dB, which is a relatively high value.




4.2.3. Position 3: (Reflection on Two Wooden Surfaces)


Figure 15 presents the strongest path between the transmitter and the receiver at the third position with 150° and 160° rotations and a 24 dBi receiver antenna gain. As seen in this figure, the strongest ray is reflected from two wooden surfaces.



The PDP is presented in Figure 16. The RSS of the strongest path in the measurements is −37.11 dBm while the simulation result is −37.25 dBm and shows near-perfect agreement. However, another three measurements have an RSS bigger than −70 dBm, where the Wireless InSite did not show; and the software overestimated the transmission losses and thus yielding pessimistic results.



Table 5 presents a performance comparison between references from the literature and measurements at the receiver Position 3. As seen from this table, the effect of rotating 10 degrees resulted in the measured value being more than 14 dB. This clearly shows how sensitive and unpredictable the channel is. For all data taken from the literature, such a sudden change was not observed when changing the complex permittivity values.



In general, best results are obtained for wooden surfaces, when complex permittivity values from reference [35] are used. In contrast, best results are obtained for concrete when relative permittivity values are within the range 11–13 as in [33] and [29], and conductivity values in the range 0.8967–0.988 as in [32] (a) and [29].



The obtained results suggest that the building material in references [33] and [32] (a) for concrete and in [35] for wood may be more similar to the building material in the examined environment compared to other references. Therefore, values in other references are not necessarily inaccurate and may be suitable for other environments. Results also show that WI can be used for channel propagation estimation at the 60 GHz band.



Wireless InSite software is sensitive to complex permittivity values, antenna pattern, dimensions of the environment and the exact locations of transmitters and receivers. As long as the user takes into account these factors, results can be considered as representative.






5. Conclusions


In this paper, the sensitivity of Wireless InSite results is explored when applied at different material properties from literature at 60 GHz. The study includes indoor LOS and NLOS propagation scenarios. It was found that WI is sensitive to changes in complex permittivity values, antenna dimensions, antenna pattern, and accuracy of the environment design. It was also observed that results integrity heavily depends on selecting the correct complex permittivity values from the literature. In short, the materials selected from the literature should be similar to those of the environment understudy to have accurate results. Values of the same material found in other references are not necessarily inaccurate and they may be suitable for other environments. Generally speaking, WI is sensitive to input parameters and the environment design. The more accurate parameters and design, the better real-life propagation scenarios.
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Figure 1. Channel Sounder architecture. 
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Figure 2. Channel sounder: (a) Keysight’s DSO, (b) COST2201A evaluation board, (c) evaluation board antenna, (d) Altera FPGA board. 
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Figure 3. Calibration in the anechoic chamber, (a) back-back mode and (b) radar mode. 
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Figure 4. 60 GHz Channel Sounder in Lab B3.26, (a) LOS scenario, (b) Transmitter, (c) Receiver. 
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Figure 5. NLOS experiment at receiver position 1. 
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Figure 6. Strongest propagation paths for the LOS experiment. 
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Figure 7. Comparison between simulations and measurements at LOS scenario. 
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Figure 8. Reflection from the concrete wall (strongest path for all Rx1 points). 
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Figure 9. PDP at Rx1_20°. 
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Figure 10. Performance comparison between measurements and data taken from references at Rx1. 
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Figure 11. LOS and two reflected ray propagation paths from the transmitter to Rx2_150°. 






Figure 11. LOS and two reflected ray propagation paths from the transmitter to Rx2_150°.



[image: Electronics 10 00393 g011]







[image: Electronics 10 00393 g012 550] 





Figure 12. PDP at Rx2_150°. 
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Figure 13. Reflection from the wooden wall (strongest paths for all Rx2 (210–250°)). 
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Figure 14. Performance comparison between references at Rx2 (210–250°). 
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Figure 15. Reflection from two wooden surfaces strongest paths for all Rx3, RSS = −37.25 dBm. 
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Figure 16. PDP at Rx3_150. 
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Table 1. Channel Sounder characteristics.






Table 1. Channel Sounder characteristics.





	Item
	Value





	Internal pulse amplitude
	5 V peak



	Bit period
	4 ns



	Bandwidth of operation
	400 MHz



	EIRP *
	32 dBm



	Data rate
	250 bps



	sampling interval
	2 ns



	Sweep speed
	10 µs/div



	HPBW * E (dB)
	18.72°



	HPBW H (dB)
	23.03°







* where EIRP is the effective isotropic radiated power and HPBW is the half-power beamwidth.
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Table 2. Electrical constitutive parameters values for concrete and wood at 60 GHz.
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Material

	
Reference

	
εr

	
σ

	
Description






	
Concrete

	
[32] (a)

	
5.31

	
0.897

	
ITU-A




	
[32] (b)

	
6.5

	
0.228

	
ITU-B




	
[33]

	
7–13

	
-

	
Fares




	
[34]

	
6.13

	
1.005

	
Fakharzadeh




	
[35]

	
3.3

	
1.267

	
Lu




	
[36] (a)

	
6.14

	
1.005

	
Correia-A




	
[36] (b)

	
6.5

	
1.428

	
Correia-B




	
[29]

	
11.47

	
0.988

	
Pinhasi




	
Wood

	
[32]

	
1.99

	
0.378

	
ITU




	
[31]

	
2.1

	
0.2

	
Torgovnikov




	
[34]

	
1.57

	
0.321

	
Fakharzadeh




	
[37]

	
3.3

	
-

	
Affum




	
[35]

	
2.8

	
0.001

	
Lu




	
[36] (a)

	
1.57

	
0.321

	
Correia-A




	
[36] (b)

	
1.54

	
0.118

	
Correia-B




	
[38]

	
2.4

	
0.4

	
Salous




	
[29] (a)

	
1.64

	
3.717

	
Pinhasi-A




	
[29] (b)

	
2.068

	
1.38

	
Pinhasi-B
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Table 3. Performance comparison between simulation and measurements at Rx2 (120–180°) for LOS component.
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	Receiver
	Measured
	Simulated





	Rx2_120
	−42.89
	−51.742



	Rx2_130
	−33.82
	−46.533



	Rx2_140
	−23.86
	−34.464



	Rx2_150
	−24.16
	−28.308



	Rx2_160
	−25.78
	−30.812



	Rx2_170
	−52.46
	−41.34



	Rx2_180
	−50.37
	−48.37
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Table 4. Performance comparison between simulation and measurements at Rx2 (120–180°) for two walls reflection components.
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Receiver

	
Measured

	
[33] + [32] (a)

	
[32] (a)

	
[32] (b)

	
[34]

	
[35]

	
[36] (a)

	
[36] (b)

	
[29]






	
Rx2_120

	
−58.53

	
−63.45

	
−69.61

	
−67.90

	
−68.36

	
−74.76

	
−68.35

	
−67.87

	
−64.12




	
Rx2_130

	
−54.30

	
−63.97

	
−70.13

	
−68.42

	
−68.88

	
−75.28

	
−68.87

	
−68.39

	
−64.64




	
Rx2_140

	
−54.98

	
−53.36

	
−59.51

	
−57.81

	
−58.26

	
−64.66

	
−58.25

	
−57.78

	
−54.02




	
Rx2_150

	
−40.34

	
−48.39

	
−54.60

	
−52.89

	
−53.35

	
−59.75

	
−53.34

	
−52.86

	
−49.11




	
Rx2_160

	
−37.92

	
−35.65

	
−41.81

	
−40.10

	
−40.56

	
−46.96

	
−40.55

	
−40.07

	
−36.32




	
Rx2_170

	
−39.38

	
−31.34

	
−37.50

	
−35.79

	
−36.24

	
−42.65

	
−36.23

	
−35.76

	
−32.01




	
Rx2_180

	
−46.20

	
−35.01

	
−35.50

	
−39.44

	
−39.89

	
−46.30

	
−39.88

	
−39.41

	
−35.66




	
RMSE

	
7.3694

	
10.2147

	
8.5859

	
8.8307

	
13.4507

	
8.8252

	
8.5706

	
7.4062
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Table 5. Performance comparison between references from literature and measurements at the third receiver position.
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Rotations




	
Rx3_150°

	
Rx3_160°






	
Measured

	
−37.11

	
−52.14




	
[32] (a)

	
−50.05

	
−49.03




	
[31]

	
−48.73

	
−47.72




	
[34]

	
−54.60

	
−53.60




	
[37] + [32] (a)

	
−44.70

	
−43.70




	
[35]

	
−37.25

	
−39.77




	
[36] (a)

	
−54.55

	
−53.54




	
[36] (b)

	
−56.93

	
−55.91




	
[38]

	
−47.70

	
−46.69




	
[29] (a)

	
−46.80

	
−45.79




	
[29] (b)

	
−48.94

	
−47.93
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