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Abstract

:

With the increased resolution and frame rates of video recordings, in combination with the current evolution towards video-on-demand streaming services and the user expecting ubiquitous wireless connectivity, it is necessary to design wireless communication systems that allow high-rate data transfer. The large bandwidths that are available in the mmWave frequency band allow such high data rates. In this paper, we provide an experimental and simulated indoor residential radio channel model at V-band frequencies and perform packet error rate and throughput measurements at 60 GHz using IEEE 802.11ad transceivers. We compare the path loss and throughput measurements to simulations using a network performance prediction tool. The path loss measurement results using an omnidirectional transmit antenna correspond well to generic indoor mmWave channel models. Double-directional path loss measurements show that generic models underestimate path loss of non-Line-of-Sight (NLOS) links. A ray-launching algorithm is designed and validated, and used for IEEE 802.11ad throughput estimation based on link budget calculations. The link budget underestimates the achieved throughput, when comparing to adaptive-rate MCS selection in a commercial transceiver, based on the measured signal-to-noise ratio. Packet error rate measurements confirm that, even for NLOS links, throughputs exceeding 1 Gbps are possible.
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1. Introduction


Wireless connectivity has become essential in our daily lives, and as the amount of internet traffic exponentially increases, e.g., due to high-definition and high-framerate video streaming, there is a need for high-throughput wireless communication systems. At mmWave frequencies, large bandwidths are available that enable establishing such high-capacity wireless links. In the last decade, transceivers and standards have been developed for communication using a 60 GHz carrier [1,2], but the characterization of the mmWave radio channel for both indoor and outdoor environments is still ongoing.



Cellular connectivity at mmWave frequencies is introduced in fifth-generation (5G) wireless communication, and the 60 GHz industrial, scientific, and medical (ISM) band is targeted for wireless fiber technology in which high-throughput wireless communication technologies replace wired access networks. Standardization activities took place for the design of wireless technologies in the mmWave frequency bands, resulting in the IEEE 802.11ad standard for high-throughput wireless communication using 2 GHz channels and a center frequency of 60 GHz [1], and its successor IEEE 802.11ay [2,3] that introduces channel bonding and supports up to four multiple-input multiple-output (MIMO) streams, amongst others. The international telecommunication union (ITU) has a recommendation on wireless systems using the 60 GHz frequency band [4].



1.1. Background and Related Work


1.1.1. Channel Models


Channel modeling for fixed wireless access applications is discussed in [5,6,7], and the third generation partnership project (3GPP) released a channel model for mmWave frequencies [8]. Outdoor radio channel measurements at mmWave frequencies are presented in [5], noting the sparsity of the outdoor radio channel. Building penetration loss measurements for fixed wireless access applications are presented in [6], with reported losses ranging from 9 dB to 17 dB. In [7], the authors performed outdoor measurements at 32 GHz and compared the measurement results to channel simulations.



Channel models at mmWave frequencies for indoor environments are presented in [9,10,11,12,13,14,15,16,17,18,19,20]. An overview of research on indoor propagation at mmWave and sub-THz frequencies, including a living room scenario, is presented in [9]. Only a Line-of-Sight (LOS) link is considered, and a single reflection is measured. 60 GHz channel models for a public shopping mall and office environments are discussed in [10,11,12] presents the 60 GHz channel model for a ship hull. Path loss differences between mmWave and sub-6 GHz bands are limited, whereas delay and angular spread differ significantly [10]. Path loss (PL) and delay spread of the 60 GHz radio channel of a hospital environment are presented in [13], and are found to be lower than for other indoor environments such as an office room. The indoor radio channel for large office and laboratory environments is characterized in [14], reporting few multipath components at 60 GHz. The directional characterization of the 60 GHz office channel is discussed in [15,16], concluding that scattering from smaller objects, including desktop displays, is characterized by specular reflections, and that channel clusters correspond to first-order and second-order reflections. Compared to indoor LOS channels, there is a larger variability in non-Line-of-Sight (NLOS) mmWave channel models [21]. PL exponent values for NLOS channel models for an office environment range from 2.7 to 5.4 [22,23]. Angular characteristics of the mmWave channel in the azimuth plane are found to be more dependent on antenna position and the environment, whereas in the elevation plane, they depend on the height difference [24]. Passive reflectors can be used to enhance coverage for NLOS links [25,26,27]. A statistical channel model for a conference room is provided in [17], i.e., blockage probabilities are assigned to channel clusters. In [28], the spatio-temporal channel model at 60 GHz is compared to the characteristics of the 70 GHz channel model. Spatio-temporal characteristics at the two frequencies are similar and reveal only weak diffuse scattering. Spatial and temporal characteristics of the 60 GHz indoor radio channel are provided in [18,19], confirming that only first-order and second-order reflections form relevant multipath components. In [29], the angular spread is simulated based on the 3GPP standard for different antenna types, and 6 GHz results are compared to 60 GHz, showing that directional antennas significantly reduce the angular dispersion. In [20], an indoor radio channel model for an office environment at 73 GHz is provided, and the indoor radio channel for an office environment at 140 GHz is characterized in [30,31,32]. In [33,34,35], the influence of human activity on an indoor 60 GHz wireless link is investigated, reporting an attenuation exceeding 20 dB when a body blocks the communication path. Estimation of walking speed using Doppler shift of a 60 GHz indoor signal is presented in [36]. In [37], it is shown that furniture in a residential environment greatly impacts the channel.



Indoor MIMO channel measurements in a lab at frequencies up to 30 GHz are presented in [38], concluding that the size of the antenna array influences the number of multipath components that are captured. Simulations and measurements in an office room for frequencies up to 30 GHz are presented in [39], and the indoor radio channel of a corridor and stairwell is characterized in [40] at 38 GHz. In [39], the authors draw the same conclusion as in [37], i.e., room furniture impacts the multipath characteristics of the channel. The indoor industrial channel at 28 GHz is characterized in [41], where a mean root-mean-square (RMS) angular spread value of 36   ∘   is reported for LOS scenarios, and 63.6   ∘   for NLOS.




1.1.2. Network Performance Simulations


Different methods exist for obtaining channel information and estimating network performance. A ray-tracer defines propagation paths between two antennas using a geometric approach, i.e., reflections and transmissions are defined, and losses are calculated via Fresnel coefficients. A ray-launcher uses a fixed transmit antenna location, and launches rays in the azimuth and elevation field, defining interactions with the environment using electric properties of the materials. Both methods work well if we have an accurate description of the environment, i.e., both the object dimensions as well as the electrical properties are known. If such information is not known, we can use generic channel models or use statistical ray-tracing methods. In this approach, scattering objects are positioned randomly, and the number of clusters depends on statistical channel parameters, including angular spread and diffuse scattering.



In [5], outdoor channel measurements are compared to the outcomes of a proprietary ray-tracer. The main drawback of this ray-tracer is that it relies on highly accurate light detection and ranging (LiDAR) point cloud data, and gathering such data is expensive. Statistical ray-tracing methods allow channel simulations when an accurate environmental layout is not available. In [7], it is found that QuaDRiGa, originally developed for sub-6 GHz systems, works well at 32 GHz and allows network performance evaluation for generic environments, based on statistical channel parameters such as the angular spread. Link budget estimation via ray-tracing for mmWave communication in outdoor environments is discussed in [42], but results are limited to a very simple environmental layout, with both antennas sandwiched between two parallel walls. In [43,44], the indoor coverage of 5G mmWave networks is discussed using system-level simulations, and a radio resource mapping scheme is proposed.




1.1.3. IEEE 802.11ad Network Performance, Transceivers and Radios


System-level simulations for wireless fiber using IEEE 802.11ad are presented in [45], A receiver design for an IEEE 802.11ad radio is presented in [46], and a configurable transmitter architecture is presented in [47]. A fully integrated transceiver chipset is presented in [48]. In [49], the authors investigate the performance of different modulation and coding schemes (MCS) in a Gaussian noise and multipath fading channel, concluding that the single-carrier modes (MCS 1 to 12) outperform the orthogonal frequency division multiplex (OFDM) modes in most cases. The performance of the IEEE 802.11ad medium access control (MAC) layer is discussed in [50]. Throughput measurements are presented in [51,52], and transmission control protocol (TCP) performance in an office room is discussed in [53]. In [54], a channel sounder is presented for mmWave radio channel modeling and IEEE 802.11ad system validation, which is being used by different research institutions [5,12,55,56,57,58,59,60].





1.2. Contributions


mmWave channel models do not exist for a residential environment, which differs significantly from other indoor environments such as an office room. However, high-throughput communication in residential environments is the main use case for mmWave wireless communication using the IEEE 802.11ad standard. In this paper, we performed indoor radio channel measurements in a living room environment, at frequencies ranging from 50 to 75 GHz, using a spectrum analyzer-based channel sounder. We also compared them to double-directional PL measurements using the Terragraph (TG) platform. Next to providing a residential channel model, it is the first time that network performance, i.e., packet error rate (PER) and throughput, is analyzed via measurements and channel model-based simulations. The channel model is implemented in a network coverage prediction algorithm that estimates received power and throughput for every location in an indoor environment, using a ray-launching algorithm. The network performance simulations combine environmental layout information with stochastic channel models. Therefore, coverage prediction for a specific environment is possible, and it will be shown that no cm-level accuracy of the environment model is required.



The outline of this paper is as follows. In Section 2, we first present the measurement equipment that we used for the channel measurement campaign and system-level measurements, followed by a description of the measurement setup. We present the prediction tool that we designed to analyze network performance of mmWave wireless systems for indoor environments in Section 3, In Section 4, we provide the angular PL measurement results and link the results to the PER and throughput measurements. We then compare the results to simulations using the coverage prediction tool. Section 5 concludes this paper.





2. Measurement Methodology


2.1. Measurement Equipment


2.1.1. V-Band Channel Sounder


The architecture of the channel sounder is presented in Figure 1. We use a signal generator type R&S SMB100A and spectrum analyzer type R&S FSVR40 to perform angular PL measurements. The signal generator generates a radio frequency (RF) source in the frequency range 8.3 GHz to 12.5 GHz, which is up-converted to the V-band via a frequency multiplier type R&S SMZ75 with multiplication factor 6. The signal is transmitted with 5 dBm output power using an omnidirectional antenna type Mi-Wave 267V/385 with a gain of 3 dBi and gain variations of 2 dB over the complete band. The transmit (TX) antenna has an elevation half-power beamwidth (HPBW) of 45   ∘   and is connected via a WR-15 rectangular waveguide. The signal is captured by a directional horn antenna type Steatite QSH-SL-50-75-V-20 with a gain of 20 dBi, and down-converted to an intermediate frequency (IF) in the range 5 MHz to 2 GHz, using a harmonic mixer type R&S FS-Z75. The receiving (RX) antenna has an HPBW of 18   ∘   at 60 GHz in both the elevation and azimuth plane. The harmonic mixer has a conversion loss of 18 dB and uses a local oscillator in the frequency range 8.0 GHz to 12.8 GHz which is provided by a spectrum analyzer that displays the received power. The analyzer’s displayed average noise level (DANL) is −174 dBm/Hz and the noise figure at the IF port is 3 dB. The mixer’s conversion loss is taken into account by the spectrum analyzer, and the cable losses and noise figure of the equipment are calibrated out. Therefore, the error margin is mainly defined by the gain variations of the antennas.



A frequency sweep with a continuous wave signal is executed, with a frequency ranging from 50 to 75 GHz, in steps of 500 MHz. For each frequency, we perform a power measurement with the spectrum analyzer, using 501 frequency points, a span of 5 MHz, and an averaging factor of 4. We perform an angular scan, i.e., the receiving antenna is rotated in steps of 12   ∘  , which corresponds to the antenna’s HPBW at the upper frequency. For every angle, we convert the measured received power   P RX   in dBm to directional PL in dB via (1), with   P TX   the transmit power in dBm,   G TX   the antenna gain of the TX antenna in dBi, and   G RX   the antenna gain of the RX antenna in dBi.


  PL =  P TX  +  G TX  +  G RX  −  P RX   



(1)







Omnidirectional PL is calculated by interpolating the directional received power to an angle step-size equal to the antennas’ HPBW, and summation of interpolated linear power values. With a TX power of 5 dBm, a total antenna gain of 23 dBi, a DANL of −151 dBm using a resolution bandwidth of 100 Hz, a noise figure of 3 dB, a minimum signal-to-noise ratio (SNR) of 8 dB, and a conversion loss of 18 dB, the maximum measurable PL is 150 dB.



Based on the angular PL measurements, we calculate the mean angle of arrival AoA   avg   via (2) and root-mean-square (RMS) angular spread AoA   RMS   via (3), with    P  R X    ( θ )    the received power at an angle  θ  in degrees.


   AoA avg  =    ∑ θ    P  R X    ( θ )  · θ     ∑ θ    P  R X    ( θ )      



(2)






   AoA RMS  =      ∑ θ    P  R X    ( θ )  ·  θ 2      ∑ θ    P  R X    ( θ )     −    AoA avg   2     



(3)








2.1.2. Terragraph Platform


Next to power measurements using the channel sounder presented in Section 2.1.1, we also use the TG sounder platform presented in [54] to perform PL, PER, and throughput measurements. The TG platform consists of a pair of customized IEEE 802.11ad nodes each having an antenna array of 36 by 8 elements with an interspacing of 0.55  λ  and the possibility for beamsteering via a phase shifter. When using all antenna elements, the antennas’ HPBW is 2.8   ∘  . The azimuthal scanning range is −45   ∘   to 45   ∘   in steps of 1.4   ∘  .



The nodes transmit and receive IEEE 802.11ad waveforms at RF channel identifier 2, with a center frequency of 60.48 GHz and a channel bandwidth of 2.16 GHz. At the transmitting node, we calculate the effective isotropically radiated power (EIRP) by combining antenna gain (which depends on the beam configuration) and power settings. The EIRP in our PL, throughput, and PER measurements is 32.8 dBm. The transceiver chipset of the receiving node reports received signal strength information (RSSI) which is combined with the receiver gain settings to obtain received power. The receiver sensitivity is −81 dBm. The nodes are calibrated and can be used to measure PL, by subtracting the received power from the EIRP and taking into account the RF and IF gain. Prior to the measurement campaign, the TG platform is validated in an anechoic room for a distance of 2 m between the nodes, as can be seen in Figure 2.



The measured PL is 74.22 dB which differs less than 1 dB from the free space PL (FSPL) of 74.09 dB, but sidelobes are present in the antenna radiation pattern, which results in a cross pattern when visualizing PL as a function of angle of departure (AoD) and angle of arrival (AoA).



In addition to PL measurements, we also use the TG platform for PER and throughput measurements. Prior to these measurements, a scan is performed over all TX-RX beam combinations, and the beam combination for which the maximum SNR is obtained, is selected. The MCS index can be set from 1 to 12, all using a single-carrier physical (PHY) layer. The PER is measured by sending packets using the best beam combination, for all MCS indices and counting the number of packets that are correctly received. For the throughput measurements, frames are continuously sent using the best beam combination, and throughput is estimated based on the MCS that the IEEE 802.11ad transceiver would select in a real deployment. The adaptive rate mechanism of IEEE 802.11ad is not standardized, and the MCS selection is done in the transceiver’s baseband, based on the channel information, mainly SNR, embedded with the data frames. The resulting throughput estimation provides an upper bound, based on the MCS index. Actual throughputs can be lower, due to packet loss.





2.2. Measurement Setup


Measurements are performed in an indoor residential environment, i.e., a living room with an area of 40 m   2  , shown in Figure 3. We compare results of a LOS link with a distance of 4.7 m between the two antennas, to results of two NLOS links. The distance between the two antennas is 4.7 m for link NLOS1, and 3.4 m for link NLOS2. For both links, a wall obstructs the direct path, and communication is established through a reflecting path.



The goal of the measurements is to determine the link quality of a high-throughput wireless link for residential scenarios, such as high-throughput video streaming of high-resolution video and virtual reality. In realistic scenarios, the access point will be mounted close to the ceiling to decrease the number of obstacles in a cluttered environment. Therefore, we put the TX antenna at a height of 1.9 m. As the receiver represents a client device such as a notebook or tablet, the receiver is placed at a lower height of 1 m. Both antennas are tilted so that they face each other.



For the PL measurements, we use an omnidirectional TX antenna, and a full angular scan is performed with the directional RX antenna. The TG nodes, used for PL measurements as well as PER and throughput tests, are directed towards each other, i.e., along the direction of the obstructed path. As only reflections that are within an azimuth range of 90   ∘   of the obstructed path are captured, we also perform measurements rotating the TX or RX node of the TG sounder. For the throughput measurements, we also measure the effect of human body blockage by obstructing the LOS and NLOS links during the measurement by a male person with a height of 175 cm and a weight of 70 kg.





3. Coverage Prediction Tool


For the coverage prediction, we extend the WHIPP tool presented in [61]. It was first developed for mmWave coverage prediction in the highly metallic environment of a ship hull where multipath components (MPC) due to reflections are dominant. In residential environments, there is not only reflection on objects, but also diffraction around objects and humans, and transmission through objects. Therefore, we added transmission and diffraction models. As can be seen in Figure 3a, we use a simplified floorplan, where furniture is represented by simple geometric objects, without cm-level accuracy of the environment.



We first present the ray-launching algorithm in Section 3.1. In Section 3.2, the methodology for network performance estimation is presented. The validation of the ray-launching algorithm by comparison to an analytic solver is presented in Section 3.3, Section 3.4 provides the settings for the simulations of the living room.



3.1. Ray-Launching Algorithm


The floor plan is discretized into a finite set of grid points, and at every grid point, we calculate the received power, given a certain access point configuration. For each grid point, we launch rays from the access point in both azimuth (360   ∘  ) and elevation (180   ∘  ) planes with a predefined angle increment, and determine the interactions with the environment. An accurate description of the environment and material characteristics is required for the calculation of reflection and transmission losses. An object is characterized by its relative permittivity, and the loss is calculated via Fresnel reflection and transmission coefficients. A lookup table with reflection and transmission losses for a broad set of materials and incidence angles is implemented, for materials for which the permittivity is not defined. The loss values in the lookup table are taken from [62]. The path information of the best paths is stored, including path loss, total distance, and interactions. The ray-launching algorithm is presented in Figure 4.



For each ray, we first verify whether the ray hits the considered grid point, i.e., whether there is a direct path between the launch point of the ray and the receiver following the considered azimuth and elevation angles. If a direct path exists and is not obstructed, we add it to the path vector. If a direct path exists but is obstructed, we distinguish between an object and human body blockage. Blockage by a human body is modeled via a double knife-edge diffraction (KED) [63]. If an object blocks the direct path, we calculate the transmission loss and add the path information to the path vector. We also consider reflection on the object or body. If no direct ray hits the grid point, we define the next object interaction and calculate the angles of the reflected ray, in both azimuth and elevation fields. Based on the incidence angle, we calculate the reflection losses and add it to the PL of the considered path up to the reflection point. If the total PL does not exceed the maximum PL and the maximum number of interactions are not reached, we perform the same analysis for the departed ray, i.e., verify whether the reflected ray hits the grid point. When the receiver is reached, when the total PL exceeds the maximum PL threshold, or when the number of interactions reaches its threshold, the next ray is launched from the access point location. We use a receiver margin, i.e., we consider that the receiver is reached when a ray is within a certain distance of the receiver location. The simulation settings are presented in Section 3.4.



The result of the ray-launching algorithm is a path information matrix for every grid point, that contains PL, distance, AoA, AoD, and coordinates for all object interactions of every path between the access point location and grid point. From this matrix, we have the option to investigate omnidirectional PL by summing the received powers from the different MPCs, or to select the path with minimum PL, which makes it more realistic for real network deployments.



We consider an omnidirectional TX antenna, which corresponds to the measurement equipment presented in Section 2.1.1 and is similar to previous work [61]. However, as practical mmWave wireless systems need directional antennas to overcome the high free space PL, we also add antenna directivity to the coverage prediction tool. For this implementation, we need the antenna gain in dBi as a function of azimuth and elevation.




3.2. Throughput Estimation


From the simulated PL, we calculate the received power at every grid point via the inverse of (1), i.e., we subtract PL from the sum of TX power and antenna gains, assuming there are no losses. When a directional antenna is used, the calculated received power for every ray is corrected based on the antenna gain and AoD of the ray. We then select the MCS for which the receiver sensitivity is closest to, but lower than, the calculated received power. Table 1 presents the receiver sensitivities and corresponding data rates for the different MCS indices. These data rates, based on received power, are theoretic values and differ from throughputs based on the MCS selection by an IEEE 802.11ad transceiver.




3.3. Validation


For the validation of the ray-launching algorithm, we compare simulation results for a simple environment to results from FEKO, which is an analytic electromagnetic (EM) wave solver based on the Method of Moments integral formulation of Maxwell’s equations. As the room dimension is electrically large considering the high carrier frequency, we use an engine based on the uniform theory of diffraction (UTD), which is a ray-based asymptotic high-frequency numerical method similar to our ray-launching algorithm. We use a room measuring 3 m by 2 m with an L-shaped wall in the middle and define 1 TX location and 4 RX locations, all at the same height. Three RX locations have an NLOS link for which reflected and diffracted paths exist. One RX location has a LOS link. We compare the received power of the EM solver to the ray-launching result. For all RX locations, the estimated power of the ray-launching tool is below the calculated power using the EM solver, with an average offset of 1.4 dB. Not taking into account diffracted paths in the ray-launching algorithm explains the underestimation of the ray-launching tool compared to the EM solver. We also performed simulations with a physical optics (PO) engine, which uses a current-based asymptotic high-frequency numerical method. EM fields are approximated by optical fields using ray optics, and scatterer surfaces are illuminated by an incident current source, which is computed via MoM. To limit the required computational resources, all room dimensions are lowered by a factor of 5, i.e., the outer walls measure 60 cm by 40 cm. The simulations with the PO engine result in lower received powers compared to our ray-launching tool, with an average offset of 6 dB. In [61], we also compare the simulation results using the UTD solver for a larger room, measuring 10 by 6 m, and come to the same conclusions.




3.4. Simulation Settings


Similar to the measurement setup, both antennas are vertically polarized, and the access point is placed at a height of 2 m, whereas the receiver is at a height of 1 m. The parameters used for testing the implementation are summarized in Table 2. To compare the simulation results to the measurements, we perform simulations with the same access point locations as in the experiments. These simulations yield a coverage map with a received power or maximum throughput for every grid point. For the grid points corresponding to the RX antenna locations of the measurements, we store all propagation paths. The maximum PL threshold is set to 140 dB. The maximum number of reflections is set to 5, but it should be noted that the number of paths consisting of 5 reflections and still having a PL less than 140 dB is limited.





4. Results and Discussion


Table 3 summarizes the overall measurement and simulation results for the three scenarios, i.e., one LOS scenario and two NLOS scenarios. PL    min , meas    is the minimum measured PL at 60 GHz over all AoAs, measured with the spectrum analyzer-based sounder. PL    omni , meas    is the omnidirectional PL, by interpolating and summing the received powers over all AoAs. Based on the angular PL measurements, the angular spread (AS) is obtained. PL    min , TG    is the minimum measured PL using the TG platform, i.e., the PL of the TX-RX beam configuration for which the PL is minimal. PL    min , sim    is the total PL of the best path from the ray-launching simulations.



In the next sections, we discuss the measurement and simulation results in detail, starting with the angular PL measurements, continuing with PER measurements and throughput estimation, and concluding with the simulation results from the coverage prediction tool.



4.1. Angular Path Loss


Figure 5 shows the angular PL measurement results at 60 GHz for the three scenarios, using the spectrum analyzer-based channel sounder. For the LOS scenario, the minimum PL is 83.1 dB and corresponds to FSPL for a distance of 4.7 m. The minimum PL corresponds to the direct path with AoA 0   ∘  , but first-order wall reflections are visible in the angular profile. Measured PL is 98.7 dB at AoA 84   ∘   and 99.7 dB at AoA 132   ∘  . There is also a reflection at AoA −96   ∘   on wooden furniture, with a corresponding PL of 109.2 dB. The mean AoA is 6.9   ∘   and the RMS angular spread is 30.5   ∘  . Omnidirectional PL for the LOS scenario is 81.8 dB. For scenario NLOS1, with an obstructed LOS path with a distance of 4.7 m, the minimum PL is only slightly higher than the FSPL, i.e., 88.7 dB for AoA 96   ∘  , which corresponds to a first-order wall reflection. A path around the corner, with AoA 12   ∘  , has a PL of 92.6 dB. Omnidirectional PL is slightly lower, i.e., 87.0 dB. The diffracted path is the path with minimum PL for scenario NLOS2, with a PL of 95.6 dB for AoA −60   ∘  . A first-order wall reflection occurs at AoA −144   ∘  , with PL 101.7 dB. The minimum PL of 95.6 dB is found for AoA −50   ∘  , and omnidirectional PL is 92.1 dB, The mean AoA values for the two NLOS scenarios are 71.4   ∘   and −47.0   ∘  , respectively, the RMS angular spread values of 52.8   ∘   and 65.0   ∘  , respectively, are higher than for the LOS scenario. These RMS angular spread values are larger than the azimuth angular spread values of 15.6   ∘   for a small office room reported in [15] and 14.5   ∘   for a corridor environment in [18]. On the other hand, the LOS RMS angular spread is smaller than the measured LOS angular spread of 39.1   ∘   at 28 GHz in a larger office environment [31].



Figure 6 presents the PL as a function of frequency for the 3 scenarios. For each scenario, we show PL for the best path, i.e., for the AoA for which the PL is minimal. As expected, PL increases with frequency, and the measured PL for the LOS link corresponds to the FSPL, considering the gain variations of the measurement antennas. Surprisingly, PL for the shorter link NLOS2 is higher than for the longer link NLOS1. The frequency variations are larger than the gain variation of 2 dB, which shows the frequency selectivity of the channel.



The indoor 3GPP LOS PL model estimates a PL value of 79.6 dB which is a slight underestimation of the measured omnidirectional PL of 81.8 dB, whereas the ITU-R P.1238 PL model for an office environment slightly overestimates PL, with a PL of 82.3 dB for distance 4.7 m. FSPL is a better fit based on the measurement result. The PL estimation of scenario NLOS2 using the indoor 3GPP NLOS PL model yields 87.3 dB which corresponds to the measured PL.




4.2. Path Loss, Packet Error Rate, and Throughput Estimation Measurements Using TG Platform


We use the TG platform for directional PL measurements, as well as PER measurements and a maximum throughput estimation based on the transceiver’s adaptive rate implementation, i.e., MCS selection. An angular scan is performed over an azimuthal range of 90   ∘   at the TX and RX nodes. From the angular scan, we select the TX-RX beam combination with minimum PL. For the LOS link, this is the beam with AoD and AoA 0   ∘  , with PL 82.9 dB. The SNR of the frames is 20 dB, which results in an estimated throughput of 4.62 Gbps. One reflected path is measured with the TG platform, with a PL of 100 dB, and an AoD and AoA of 40   ∘  . The SNR for this reflected component is 12 dB.



For link NLOS1, with both nodes positioned in the direction of the obstructed LOS path, the minimum PL of 105.2 dB is found for a beam combination TX −25.3   ∘   and RX −32.3   ∘  . If we rotate the nodes, both facing in the direction of window 3, the minimum PL decreases to 87.5 dB, as can be seen in Figure 7. This path corresponds to a first-order reflection on the window and the corresponding SNR of 15 dB allows a maximum PHY data rate of 3.85 Gbps. Reflections on the wall are also visible in the angular PL profile, e.g., with PL 98 dB for TX 35.2   ∘   and RX 22.5   ∘  . For link NLOS2, the minimum PL of 106 dB is found for AoD 47.8   ∘   and AoA 53.4   ∘  , i.e., via a first-order wall reflection. The SNR of 10 dB also results in a throughput of 3.85 Gbps. The minimum PL for the NLOS scenarios, measured with the TG platform, is higher than the minimum PL measured with the channel sounder. By using an omnidirectional transmit antenna with the channel sounder, more reflected power is received, whereas with the double-directional TG platform (and sequential beamsteering), less transmitted power is received.



As no adaptive beamforming is used, the estimated throughput drops when a person obstructs the communication link. For the LOS link, the PL increases from 83 dB to 120 dB, which is in line with the human blockage model from [35], and the SNR decreases from 20 dB to 3 dB. The decreased SNR results in a throughput estimate decrease from 4.62 Gbps to 962 Mbps. It only decreases to 3.85 Gbps if the reflected path is used, with AoD and AoA 40   ∘  . When a person obstructs the reflected path for the NLOS scenarios, the SNR also decreases to 3 dB. The throughput decreases to 962 Mbps.



Figure 8 shows the measured PER as a function of the MCS index. For the LOS link, the packet error rate is below 4% for all MCS indices. For the NLOS scenarios, the PER starts increasing from MCS index 4. E.g., for link NLOS2, there is 50% packet loss for MCS index 6. Starting from MCS index 7, all packets are lost. The PER measurements indicate that the throughput estimation of the TG sounder, which is based on the measured SNR, is optimistic, but even for NLOS scenarios, a throughput exceeding 1.25 Gbps is expected, i.e., a data rate corresponding to MCS index 5.




4.3. Coverage Prediction via Ray-Tracing


We performed simulations using the ray-launching algorithm presented in Section 3 for access point locations corresponding to the TX antenna locations used in the measurements, and we analyzed the multipath components for a grid point corresponding to the RX locations used in the measurements. The simulation time using the settings from Table 2 is 67 min on a notebook computer with a 2.3 GHz Intel Core i5 processor.



4.3.1. Line-of-Sight


For a simulation with the same TX and RX location as in the LOS measurement, the minimum PL of 82 dB corresponds to the direct LOS path and is equal to the measured PL. Two paths exist with a total PL of 97 dB, i.e., the path via a first-order ceiling reflection, as well as the path with reflections on windows 3 and 4. This last path corresponds to the measured PL of 99 dB using the channel sounder, with AoA 132   ∘  . With the TG platform, we have not measured this path, as it is outside the 90   ∘   azimuth scanning range. Ceiling reflections were not measured with the channel sounder or TG platform, due to the limited HPBW in the elevation plane. A path with reflection on furniture, followed by a reflection on window 2 and a ground reflection, has a PL of 99 dB. Two paths have a PL of 111 dB. We conclude that simulated PL corresponds well to measured PL, even though we do not have a detailed representation of the environment. The throughput estimation of 4.62 Gbps, when using a TX power of 13 dBm and antenna gain of 20 dBi, corresponds to the throughput estimation using the TG platform, and is in line with the PER measurement results.




4.3.2. Non-Line-of-Sight Link NLOS1


Figure 9 shows the coverage map with the received power at every grid point for the access point located at the same location as the TX antenna of scenario NLOS1. In Figure 9a, an omnidirectional TX antenna with a gain of 3 dBi is considered, which is equivalent to the PL measurement setup, whereas in Figure 9b a directional TX antenna with a gain of 23 dBi and an HPBW of 18   ∘   is considered, which is similar to the horn antenna used as RX antenna in the PL measurement setup. Figure 9a also visualizes the best reflected paths. The simulated minimum PL at the grid point corresponding to the RX antenna of scenario NLOS1 is the same for the omnidirectional and directional antennas, but the throughput estimation takes into account the antenna gain, which is higher for a directional antenna, and therefore the directional antenna has an advantage. Two paths exist with a minimum PL of 98 dB. The first path consists of a ceiling reflection, the second path reflects on the wall of the upper-right corner, i.e., from where the photograph in Figure 3b is taken. This second path is also captured with the TG platform, i.e., TX beam 35.2   ∘  , RX beam 22.5   ∘   with PL 98.4 dB, as can be seen in Figure 7. Two paths have a total PL of 111 dB. The first path undergoes three reflections with a small incident angle (two wall reflections and one window reflection) before reaching the receiver. The second path undergoes five reflections, including one ceiling reflection. Two more paths, with PL values of 117 dB and 120 dB, undergo five reflections. For this scenario, the ray-launching algorithm misses the reflected path with AoA 95   ∘   and PL 87 dB, as well as the diffracted path with AoA 11   ∘  . The throughput estimation for the grid point corresponding to the RX location of NLOS1, is 2.5 Gbps, which is lower than the throughput based on SNR (3.85 Gbps) but larger than the estimation based on PER (1.25 Gbps).




4.3.3. Non-Line-of-Sight Link Nlos2


For link NLOS2, the PL of the first-order wall reflection is 92.4 dB, with a path length of 6.4 m. This corresponds well to the angular PL measurement. The reflected path via a ceiling and wall reflection has a PL of 98 dB, and the path via a reflection on window 4, followed by a wall reflection and another window reflection (on window 5), has a PL of 104 dB. Three more paths involve a ceiling reflection and multiple wall reflections, with PL values ranging from 107 dB to 125 dB.



The throughput estimation for the grid point corresponding to the RX location of NLOS2, is 2.5 Gbps, which is lower than the estimation based on SNR (3.85 Gbps), but higher than the throughput based on PER (1.15 Gbps).




4.3.4. Human Body Shadowing


A human body obstructing the LOS path causes significant attenuation, with additional losses up to 20 dB. The simulated PL decreases by 10 dB at the shadow border when taking into account diffraction loss using a double KED model, which corresponds to the measurements using the TG platform. However, if we take into account reflection in the PL simulations, the path with minimum PL is mostly a reflected path. We conclude that the simulation time decreases with a limited impact on simulation accuracy by not taking diffraction into account. For simulation of a fixed link, i.e., when estimating the performance of a system without adaptive beamsteering, the diffraction model is needed.






5. Conclusions


In this paper, we have presented V-band measurements in an indoor residential environment. Angular PL measurements are performed for both LOS and NLOS scenarios, as well as PER and throughput estimation measurements at 60 GHz using IEEE 802.11ad nodes. The channel model is implemented in a ray-launching algorithm used for simulating network performance, including coverage and throughput, based on a pre-defined access point location.



The angular PL measurements using a spectrum analyzer-based channel sounder with an omnidirectional TX antenna show that multiple reflections are received, via wall and window reflections. Double-directional angular PL, measured via the TG platform, differs from the angular PL measurements, as the TG platform only scans the azimuth plane over a sector of 90   ∘  . In the network performance simulation tool, rays are launched in both azimuth and elevation planes, and multipath components are present that were not captured via the channel sounder or TG platform, e.g., the floor and ceiling reflections, due to the antenna radiation patterns and polarizations. When taking the transmitter’s antenna radiation pattern into account, simulation results correspond to the measurement results using the TG platform, whereas a generic indoor model underestimates PL. Simulated throughput corresponds well to the throughput obtained via the TG platform for LOS scenarios, whereas for NLOS scenarios, the simulated throughput is lower. Furthermore, PER measurements show that the maximum simulated throughput cannot be obtained.



Future work includes further optimization of the ray-launching algorithm by taking into account spatial correlation of multipath components so that it is not necessary to not perform the full algorithm for every single grid point. When the simulation time is lowered, a heuristic will be deployed to perform network planning, i.e., define the optimal location of the access point. Furthermore, the current implementation is only applicable for vertically or horizontally polarized antennas and does not consider de-polarization effects of reflection and transmission. This could be extended to allow generic polarizations, i.e., allow the antennas to be rotated in the three-dimensional space.
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The following abbreviations are used in this manuscript:
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	Third Generation Partnership Project



	5G
	Fifth generation



	AoA
	Angle of arrival



	AoD
	Angle of departure



	DANL
	Displayed average noise level



	EIRP
	Effective isotropically radiated power



	EM
	Electromagnetic



	FSPL
	Free space path loss



	HPBW
	Half power beam width



	IEEE
	Institute of Electrical and Electronics Engineers



	IF
	Intermediate frequency



	ISM
	Industrial, scientific, and medical



	ITU
	International Telecommunication Union



	KED
	Knife-edge diffraction



	LOS
	Line-of-sight



	MAC
	Medium Access Control



	MCS
	Modulation and coding scheme



	MDPI
	Multidisciplinary Digital Publishing Institute



	MIMO
	Multiple-Input Multiple-Output



	MoM
	Method of moments



	MPC
	Multipath components



	NLOS
	Non-line-of-sight



	PER
	Packet error rate



	PHY
	physical layer



	PL
	Path loss



	PO
	Physical optics



	RF
	Radio frequency



	RSSI
	Received signal strength information



	RX
	Receiving



	RMS
	Root mean squared



	SNR
	Signal to noise ratio



	TCP
	Transmission Control Protocol



	TG
	Terragraph



	TX
	Transmitting



	UTD
	Uniform theory of diffraction
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Figure 1. V-band channel sounding architecture. 
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Figure 2. IEEE 802.11ad Terragraph platform validation in anechoic room, with a distance of 2 m between the antennas. (a) Measurement setup; (b) Angular path loss profile. 
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Figure 3. Living room environment. (a) Floor plan; (b) Picture of non-Line-of-Sight (NLOS) measurement setup NLOS2 with obstructed path distance 4.7 m. 
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Figure 4. Flowchart presentation of ray-launching algorithm, with elevation angle  ϕ , azimuth angle  θ , and elevation and azimuth increment   Δ ϕ  ,   Δ θ  . 
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Figure 5. Angular path loss profiles at 60 GHz for Line-of-Sight (LOS) and non-Line-of-Sight (NLOS) scenarios. (a) LOS, distance 4.7 m; (b) NLOS, distance 4.7 m; (c) NLOS, distance 3.4 m. 
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Figure 6. Measured path loss as a function of frequency for angle of arrival (AoA) with minimum PL at 60 GHz. 
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Figure 7. Angular path loss profile measured with Terragraph platform for link NLOS1 with distance 4.7 m. 
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Figure 8. Measured packet error rate as a function of modulation and coding scheme index for the different measurement scenarios. 
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Figure 9. Received power prediction using ray-launching algorithm, for an access point location identical to the TX antenna location used in the NLOS1 path loss measurements. (a) Omnidirectional antenna with 3 dBi gain. Full lines represent the best reflected paths, and dashed lines represent paths with ceiling reflections. (b) Directional antenna with 23 dBi gain. (c) Legend. 
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Table 1. Receiver sensitivity (  P  R S   ), modulation, and data rate (DR) used in IEEE 802.11ad for the different modulation and coding schemes (MCS) [1].
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	MCS
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	   P RS   [dBm]
	−78
	−68
	−66
	−64
	−64
	−62
	−63
	−62
	−61
	−59
	−55
	−54
	−53



	Modulation
	DBPSK
	  π / 2  -BPSK
	  π / 2  -BPSK
	  π / 2  -BPSK
	  π / 2  -BPSK
	  π / 2  -BPSK
	  π / 2  -QPSK
	  π / 2  -QPSK
	  π / 2  -QPSK
	  π / 2  -QPSK
	  π / 2  -16QAM
	  π / 2  -16QAM
	  π / 2  -16QAM



	DR [Mbps]
	27.5
	385
	770
	962.5
	1155
	1251
	1540
	1925
	2310
	2502
	3080
	3850
	4620
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Table 2. Simulation parameters coverage prediction tool.
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	Parameter
	Value





	Grid size
	20 cm



	Receiver margin
	10 cm



	Angular resolution
	 π /48



	Maximum PL
	140 dB



	Maximum # reflections
	5



	Transmit power
	15 dBm
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Table 3. Summary of measurement and simulation results for the different scenarios, with PL    min , meas    the minimum measured PL, PL    omni , meas    the omnidirectional measured PL, AS the measured angular spread, PL    min , TG    the minimum measured PL using the TG platform, and PL    min , sim    the minimum simulated PL.






Table 3. Summary of measurement and simulation results for the different scenarios, with PL    min , meas    the minimum measured PL, PL    omni , meas    the omnidirectional measured PL, AS the measured angular spread, PL    min , TG    the minimum measured PL using the TG platform, and PL    min , sim    the minimum simulated PL.





	Scenario
	PL     min , meas    
	PL     omni , meas    
	AS
	PL     min , TG    
	PL     min , sim    





	LOS
	83.1 dB
	81.8 dB
	30.5   ∘  
	82.9 dB
	83.0 dB



	NLOS 1
	88.7 dB
	87.0 dB
	52.8   ∘  
	87.5 dB
	97.5 dB



	NLOS 2
	95.6 dB
	92.1 dB
	65.0   ∘  
	106.1 dB
	92.4 dB
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