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Abstract

:

5G New Radio (NR) systems promise to expand offered services to enable industrial automation scenarios. To enable ultra-low latency at the air interface and to exploit spatial redundancy for applications such as synchronization and motion control, user equipment (UE) will naturally require device-to-device (D2D) and base station (BS) to UE communications and directional transmissions provided by millimeter wave (mmWave) frequencies. However, the performance of such systems is affected by the blockage phenomenon. In this paper, we propose a simple line-of-sight (LoS) blockage model for Industrial mmWave-based industrial Internet of Things (IIoT) deployments. The model is based on two sub-models, where each part can be changed/replaced to fit the scenario of interest. The first part is based on photogrammetry and provides the transparency probability for a single element on the factory floor. The second one utilizes these models of industrial elements to form the deployment and then applies stochastic geometry to derive the blockage probability. The proposed model can be utilized for any type of industrial machine, accounts for their inherent regular deployments on the factory floor, and provides the final results in an easy-to-compute form. Our results indicate that direct UE-UE communications are feasible in sparse deployments (less than 0.1 machine/m2) or at small communications distances (less than 5–10 m) or in deployments with highly transparent machines (machine transparency less than 0.5). Otherwise, BS-UE communications need to be utilized. In this case, BS height becomes a critical parameter affecting the LoS probability. Specifically, using a BS height of 10 m allows blockage probability to be improved by 20–30% as compared to a BS of height 4 m. Finally, as UE height produces more impact on the blockage probability as compared to a machine height, in real deployments, one needs to ensure that the height of communications modules at UEs are maximized.
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1. Introduction


5G NR systems are already appearing on the market providing broadband connectivity in both microwave (μWave) and millimeter wave (mmWave) bands. The critical distinguishing feature of 5G is that its services are not limited to enhanced mobile broadband (eMBB) but cover a wide range of use-cases and applications in various deployments including the Industrial Internet of Things (IIoT) [1]. In these deployments mmWave promises to bring a lot of opportunities due to the abundance of bandwidth available at the air interface and extreme directionality of communications [2].



In industrial scenarios, 5G NR promises new applications, such as the joint remote control of mobile robots, wireless time synchronization, positioning, augmented reality services for personnel, and telepresence-based maintenance operations [3]. Examples of such applications include the systems that control the moving elements of manufacturing equipment and commonly generate low-rate traffic but require ultra-reliable low-latency service (URLLC), and video-guided machinery or mobile robots that require enhanced mobile broadband (eMBB) service [4]. The strict latency requirements of URLLC applications may require utilization of device-to-device (D2D) communications in industrial deployments [5]. In this operational regime, to avoid excessive interference in highly dense deployments of sensory equipment, the latter naturally requires directional transmissions at the user equipment (UE) side, which is available in mmWave band. This mode allows UEs to operate in D2D mode with coordination of transmissions from the BS or even without it [5]. This also allows the number of UEs in the deployment to be increased without drastically increasing the overall interference level [6].



In general, blockage of the propagation paths in an industrial environment is a generally more complex modeling task as compared to capturing human body blockage. The rationale is that factory spaces can contain many large metal racks, robots, and moving devices. In mmWave, most of the signal power is delivered to the receiver through the LoS path. The presence of multiple adjacent blockers interferes with the LoS between two UEs that are operating directly either by the BS or the UE. Therefore, it is extremely important to pay attention to the characteristics of blocking in such specific conditions: (i) the predominant material utilized for construction, such as concrete and the material used for equipment in industrial installations, such as different type of metals; (ii) careful spatial planning of UEs to avoid LoS blockage.



In industrial environments, there are a large number of factors that have a strong influence on the propagation of a mmWave signal, with blockage having a strong impact on the communications in mmWave band. Depending on the communications scenario, blockage may occur between two UEs that communicate directly (e.g., performing synchronization or other time-critical tasks), or between UE to BS communications. Blockage leads to serious consequences only at high frequencies, in the mmWave range. At the same time, such frequencies are preferable for UEs, since they allow to significantly reduce the size of the antennas, leading to miniaturization, and also resulting in a much lower interference level which is critical for both considered scenarios.



A blockage phenomenon in the industrial environment is drastically different from the human blockage [7,8] or building blockage scenarios [9,10,11] that have been studied in detail recently. First of all, machines performing actions on the factory floor are inherently mobile, performing periodic movements such as those executed by mechanical arms [12,13]. As opposed to purely stochastic mobility such as that inherent for humans in open spaces, this type of periodic mobility is more complicated to deal with using the stochastic geometry that is conventionally utilized to characterize blockage probability [14]. Secondly, the industrial deployments are not fully stochastic, while the ones conventionally utilized in human body blockage models are. Instead, industrial machines are deployed on the grids and associated with production lines [15]. Dealing with semi-regular deployments is usually more complicated as compared to purely random ones, governed by, e.g., the Poisson point process [10].



In this paper, we develop the blockage model for complex IIoT deployments with machines performing periodic actions. To this aim, we combine the tools of photogrammetry and stochastic geometry on random lattice grids. The former is utilized to build the so-called transparency map of mechanical equipment utilized at the factory floor while the latter is further applied to build and solve the deployment scenarios of interest suitable for different types of industries by using standard methods of stochastic geometry techniques.



Our main contributions are:




	
a composite model for blockage probability in industrial deployments of mmWave 5G technology based on photogrammetry and stochastic geometry;



	
numerical results characterizing blockage probability in light and heavy industry environments as a function of machine deployment density and link distance;



	
observations that: (i) direct UE-UE communications are feasible in sparse deployments or at small communications distances; (ii) base station (BS) height is a critical parameter affecting LoS blockage in UE-BS communications mode; (iii) to maximize BS-UE blockage probability one needs to deploy UEs at the highest possible height that typically coincides with machine heights.








The rest of the paper is organized as follows. The related work is provided in Section 2. We present our system model in Section 3. In Section 4 we develop the blockage model by an individual machine. Further, in Section 5, we derive the blockage probability in industrial deployments. Numerical results are provided and discussed in Section 6. Conclusions are drawn in the last section.




2. Related Work


The blockage phenomenon in industrial deployments has recently attracted significant attention from the research community. Specifically, the authors in [16] utilized computer simulations to obtain the line-of-sight (LoS) blockage probability in the factory environment with a size of 120 m × 50 m × 11 m, as stipulated by 3GPP TR 38.824 [17]. The walls of the factory are made of concrete, and the space of the hall is equipped with various types of machines, robots, piles of metal objects, cranes, and other obstacles that are modeled as blockers. Dense deployment of BS according to TR 38.901 [18] is assumed, implying that   40 %   of the factory’s floor is covered with metal blockers and the transmitters are placed above the blocking units. The blockers have a size of 3 × 3 m with a variable height in the range of 2–7 m.



Specifically, in [16], two homogeneous network schemes with 12 and 6 BSs are investigated. BSs are installed on the ceiling at a height of 11 m. The minimum distance between the transmitters is 28.28 m for the case of 6 BSs and 20 m for 12 BSs. Three operational bands have been considered, 3.5 GHz, 28 GHz and 60 GHz. The same downlink transmission power has been used for all BS without power control functionality.



By utilizing computer simulations, the authors compared the results of simple LoS blockage and ray-tracing based LoS blockage. In the former case, a user’s equipment is assumed to be in an outage when LoS is blocked while in the detailed ray-traced model, outage is explicitly modeled based on the received power. The obtained simulation results show that the simplified LoS-based blockage model may produce pessimistic results in terms of the fraction of time in outage conditions.



In [19], extensive measurements of mmWave channels have been carried out in industrial environments by using both specialized measuring equipment at 60 GHz. In [19], the measurements have been carried out at the ALBA synchrotron, which is an elementary particle accelerator in Barcelona. This facility was chosen because of its diverse characteristics that resemble various industrial environments. The authors utilized IEEE 802.11ad WiGig access point (AP) operating in mmWave 60 GHz band. The following methodology has been utilized. AP mounted at a certain place has been utilized to measure signal quality indicator (SQI), packet error rate (PER), blockage, and throughput with UE located in several places. To generate traffic perf tool has been utilized [20]. The results of the study demonstrate that blockage has a principal impact on the achieved UE rate. Furthermore, reflectors play a fundamental role in IIoT deployments. Authors even suggest that highly irregular characteristics of industrial scenarios is not a challenge for mmWave communications, but rather are an advantage in most cases.



In [21], the authors address the challenge of efficient content distribution in typical industrial automation scenarios, offering the use of moving industrial machines as caching assistants. Specifically, mobile content is cached on intermediate nodes to reduce the volume of transmitted traffic and avoid duplicate downloads of popular data. This approach has been shown to reduce the response time in case of outages of UEs, improve spectral efficiency, and reduce energy consumption. To characterize blockage probability, the authors suggested utilizing photogrammetry to construct a transparency map of the deployment as UE moves around. However, the proposed methodology was purely simulation-based, providing no convenient way to assess blockage probability. Note that in our study we utilize photogrammetry differently to construct a transparency map of specific industrial machines.



To the best of the authors’ knowledge, the study in [5] is the only one where analytical blockage model for industrial deployments has been proposed. Specifically, they utilized the integral geometry approach to assess whether a LoS path crosses at least one industrial machine. Although the blockage probability is provided in an analytical form, it features the binomial coefficients of high order, making the calculations cumbersome. Additionally, completely stochastic deployment of machines on the factory floor has been assumed, which contradicts conventional semi-regular deployment conditions [15].



The abovementioned review illustrates that blockage of propagation paths in IIoT deployments is a critical question affecting the performance of UEs. It is also a challenging task due to complex deployment conditions characterized by the semi-regular deployment of production lines on the factory floor, presence of metallic components in the environment, and also the periodic movement of machines. Furthermore, there is a clear lack of mathematical models allowing to build reliable performance evaluation scenarios. In this paper, we fill this void by proposing a simple model that captures these inherent properties of industrial deployments.




3. System Model


In this section, we introduce our system model. We start with the deployment model, then introduce models of individual machines for light and heavy industry. Finally, we sketch the proposed methodology.



3.1. Deployment Model


We consider a mmWave 5G NR deployment model in an industrial environment, such as an automated factory with multiple production lines, as illustrated in Figure 1. Here, various industrial robotized machines are installed along the production lines (conveyors) performing some actions while producing goods. During the production process these machines are expected to require communications between each other to exchange the current state information leading to D2D communications scenario. On top of this, remote monitoring of the production process via cameras installed at machines may further require UE to BS connectivity. These are two communications scenarios we address in what follows.



The considered factory deployment scenario is illustrated in Figure 1a. We assume that machines are located on the factory floor according to Manhattan Poisson Line process (MPLP) [22,23]. The process is defined by two homogeneous Poisson processes along x- and y-axes with intensities   λ x   and   λ y  , accordingly, where the mean inter-line distances,   1 /  λ x    and   1 /  λ y   , correspond to the width and length of industrial machines. Each point is associated with a line parallel to coordinate axes as shown in Figure 1b. The rationale for choosing this process is that it includes stochastic factors related to random locations of production lines in different factories but still maintains a certain degree of regularity related to constant distances between machines on adjacent lines reflecting basics of industrial deployments [15].



The resulting MPLP process organizes a stochastic lattice grid. To capture industrial deployments with different densities of equipment, we assume that the probability that a lattice cell contains an autonomous machine is  ν . Thus, as one may observe, the overall number of machines in any limited area follows a binomial distribution. Without the loss of generality, BS or UE is assumed to be located at the height   h A   in the bottom-left corner of the grid. The UE under analysis is located on the factory floor at   l x   and   l y   distance as measured from the bottom-left corner, see Figure 1b. This UE is assumed to be installed at height   h U  . Note that when the first UE is a machine itself, we consider D2D communications,    h A  =  h U   , otherwise, the height of BS is assumed to be higher than that of UE, i.e.,    h A  >  h U   .




3.2. Models of Individual Machines


For individual machines, we utilize 3D high-precision animated models freely available in the BlenderKit database [24]. To assess LoS blockage probability in different mmWave 5G deployment conditions, we differentiate between models inherent for light and heavy industries. The size of machines—width   u M  , length   u M  , and height   h M  —are dictated by the model and provided as a part of the model’s description. For heavy industry, the following models have been selected:




	
Universal Robot Ur5e with two-finger grip RG2 [25]. A lightweight, very flexible, and compatible industrial robot arm allows to automate repetitive and dangerous tasks with a load capacity of up to 50 kg. This robot is ideal for optimizing small collaborative processes such as collection, placement, and testing. Thanks to a working radius of up to 0.85 m, it ensures accessibility of everything within reach. The RG2 flexible gripper can be used for parts of a wide variety of sizes and shapes;



	
Kuka Quantec robot with pallet gripper [26]. A heavy-weight robot equipped with a pallet gripper. It has a load capacity of up to 240 kg and a range of up to 3.2 m. It is specially designed for complex pallet stacking tasks, its power and dynamic characteristics are suitable for trouble-free stacking of several pallets to a large height. It is also possible to use in conditions of low temperatures up to −30 degrees. Due to its versatility, the robot is suitable for use in almost all industries from the medical sector to the automotive industry and foundry.








For the light industry, the following have been chosen:




	
Two-handed robot KUKA Iiwa 14 [27]. A special robot with a double lever with an additional central vertical axis and two parallel grips. Each arm has a load capacity of up to 14 kg and a range of up to 0.9 m. It is excellent for coating, machining and polishing, palletizing, assembling, moving and other operations with materials;



	
KUKA Iiwa 14 robot with linear block and two-finger grip [27]. A lightweight robot with a load capacity of up to 14 kg and a linear block, which is used as an additional axis, significantly expands the working space of the robot, in this case, up to 3.8 m. Up to four robots can be used on one control unit. This model is suitable for delicate assembly work.








Note that all the considered autonomous machines perform periodic movements of their mobile parts. The intensity of these movements depends on the particular use case. We also assume that movements of different machines appear to be de-synchronized for an external observer, i.e., communications technology. Note that this does not necessarily mean that these machines do not perform a certain procedure aligned in time. Synchronized movements can also be taken into account by redesigning the model as discussed below. When deriving the generic model below we will also consider two cases of machines’ heights,   H B  : (i)   H B   is a random variable with probability density function (pdf),    f  H B    ( x )   , and cumulative distribution function    F  H B    ( x )   ; and (ii)   H B   is constant and given by the machine model’s dimension.




3.3. The Proposed Methodology


The overall proposed methodology for LoS blockage analysis consists of two stages. At the first one, photogrammetry is utilized to build the so-called “transparency map” of the autonomous machines listed in the previous section. This map provides the probability of having an unobstructed LoS path “through” a certain geometric location of the autonomous machine. The snapshots taken at different yaw (normal axis) and pitch (transverse axis) angles are then superimposed to produce the final transparency map of a machine providing a probabilistic assessment of blockage for different geometric locations of LoS passing through a machine. Depending on the required accuracy, the LoS blockage probability can be further averaged over different angles to produce an averaged blockage probability. Alternatively, one may utilize the produced transparency maps without averaging. In this case, the LoS probability will depend on the geometric coordinates of the LoS path crossing a machine.



Once the first stage is completed, an MPLP process with a certain composition of autonomous machines and site occupancy probability fitting a scenario of interest is defined. This process is then analyzed by utilizing conventional tools of stochastic geometry to produce the sought LoS blockage probability with a UE located at coordinates   (  l x  ,  l y  )  . To produce the final average blockage probability we will integrate it over different locations of UE in the environment.





4. Individual Machine LoS Blockage Probability


In this section, we formulate the individual machine blockage probability by utilizing photogrammetric approach.



To assess the blockage probability of an individual machine we will utilize photogrammetric approach. At the glance, the procedure consists in observing the animated model over the full period of action at different yaw and pitch angles and creating the associated static transparency maps. A transparency map consists of 0 s and 1 s, where 1 represents the blocked LoS while 0 corresponds to the non-blocked conditions. Blocked and non-blocked conditions are distinguished based on the background color serving as a template. A timestamp    t i  ∈  ( 0 , T )   , where T is the fill action period of a model, and yaw and pitch angles  α  and  β  fully define a blockage probability of an individual machine in time and space. Note that in the case of D2D communications, the only pitch angle is sufficient. The rest of the procedure is performed by utilizing binary transparency maps. Specifically, to obtain an average transparency map, we average individual maps based on the timestamps and angles.



To perform this, step we utilize a free and multi-functional 3D modeling program—Blender Modeller [28]. This tool allows the creation and animation of 3D models of realistic industrial environments, namely, perfectly implemented animation of solids, several built-in visualization tools with various renderers, a large selection of tools for 3D modeling, a wide selection of textures, and shader sets. The transformation of illustrations into matrices was performed in the Matlab/Simulink software environment using the MATLAB language.



The step-by-step methodology is as follows:




	
Setting up the scene. By utilizing Blender, we place the model at the starting point of the coordinate system. Next, we install the camera at the selected height that depends on the heights of UE/BS and the analyzed UE and fix the middle frame to the center of our object. Then, we rotate the camera 360 degrees around the model. We select the correct focal length to fully capture the dynamics of the object in each picture. As a result, a minimum bounding rectangle can be calculated for each device, considering the viewing angle, see Figure 2a.



	
Tracing the objects. For each model, we run a dynamic animation lasting the full operational period of a machine with a well-distinguishable background, and take pictures with a frequency of 60 frames per second. Thus, we obtain N static illustrations. See an example in Figure 2b.



	
Characterizing LoS paths. By utilizing Matlab, we calculate the static blockage probability for a given space-time coordinate   (  t i  , α , β )  . For each image and each pixel, we get the color value. If the color is equal to the background value, then we write the value 0 for this image to the pixel matrix, i.e., there is unobstructed LoS path. Otherwise, we write the value 1, i.e., there is no LoS path through an object in this direction. At the output, we obtain N binary matrices consisting of 0 and 1. Then, for each pixel, we calculate the sum of ones and divide by the number of images to obtain the average blockage probability. The stage is shown in Figure 2c.



	
Averaged blockage probability. We repeat this procedure for M “typical” angles of view per model in 45 degree increments. Having superimposed the results of different angles of view on each other, i.e., having found the average in the angles of view, we obtain the LoS blockage value by one industrial device, see Figure 3.









5. Blockage in Industrial Deployments


In this section, we determine the LoS blockage probability in industrial deployments. We first outline the proposed approach and then proceed to address the case of BS-to-UE and UE-to-UE communications separately.



5.1. The Proposed Approach


Consider the LoS probability   P  L o S    as depicted in Figure 4. To estimate it, we need to first determine the probability that the LoS path does not intersect any machine higher than the LoS path at the point of intersection. Second, we need to count the number of intersections of the LoS path with the contact sides by determining the probability that the machine side at the 2D distance of x is lower than the LoS height at this distance. Since the LoS path can intersect each line perpendicular to the x- or y-axis only once, the number of intersections of the projection with the contact sides is equal to the number of points on the x- or y-axis corresponding to these lines.



By taking into account the features of the LoS probability, we note that in order to meet its requirements, all contact sides crossing the LoS trajectory must be lower than the height of the LoS at the point of their intersection. Therefore, to calculate the density of points that block the LoS path, we need to take into account (i) the probability that the machine will be higher than the LoS path and (ii) probability that a LoS path crossing the blocker is in fact blocking it,   1 − κ  . Note that the former condition results in a non-homogeneous PPP over the considered axes while the latter adds a constant filtering term, estimated at the previous stage. Further, we can find the probability that there are no sides blocking the LoS path by calculating the void probability of the resulting non-homogeneous PPP. In what follows, we start considering the case of D2D communications and then present the case of LoS blockage between BS and UE.




5.2. UE to UE Communications


We start with the simple case of UE to UE communications, where the height of the UEs,   h U  , is always lower than the machine height,   H B  . In these conditions, the LoS path might be occluded by any machine it intersects with.



Consider projection of the LoS path to the x- and y-axes. Observe that number of cells it crosses equals the sum of the number of lines over both axes contained within LoS path projection. Thus, we can consider the occlusion of the LoS path independently over the x- and y-axes. Further, observe that in D2D case    h U  <  H B   , the occlusion of the LoS path is independent of the height of machines and LoS height. Since the cell contains a machine with probability  ν  while each machine occludes LoS path with probability   ( 1 − κ )  , where  κ  is the transparency of a machine estimated in Section 4, the task is thus to determine the intensity of machines over the x- and y-axes occluding the LoS path.



The abovementioned task can be efficiently solved by utilizing thinning of the Poisson process over individual axes [29]. Indeed, the actual intensity of lines over x-axis resulting in LoS path occlusion is simply given by thinning the initial intensity with a factor of   ν ( 1 − κ )  . Thus, The blockage probability induced by lines over x- and y-axes are given by void probabilities of the Poisson processes


      p  B , x   =  e  −  λ x   ( 1 − κ )   l x  ν   ,   p  B , y   =  e  −  λ y   ( 1 − κ )   l y  ν   .     



(1)







By recalling that line processes over x- and y-axes are independent of each other, the resulting LoS blockage probability takes the following form


      p B   (  l x  ,  l y  )  =  e  −  λ x  κ   l x  ν   ×   e  −  λ x  κ   l x  ν   =  e  − κ ν (  λ x   l x  +  λ y   l y  )   .     



(2)








5.3. BS to UE Communications


Consider first the case of BS to UE communications, where the height of the former,   h A  , is such that    h A  >  h U   . We first consider the case of random machine height.



5.3.1. Random Machines’ Height


Similarly to the UE to UE communications, we can consider the occlusion of the LoS path created by lines over x- and y-axes independently. However we now need to take into account whether a machine is high enough to potentially block the LoS path. To this aim, consider Figure 4 illustrating the side view of the LoS path as seen from the x-axis perspective. We are interested in determining the height of the LoS path at coordinate x of this axis,    f  L , x    ( x )   . By utilizing geometrical arguments we see that


     tan α =   l x    h A  −  h U    =  x   h A  − y  ( x )    ,     



(3)




leading to the following LoS height equation


      f  L , x    ( x )  =  h A  −   (  h A  −  h U  ) x   l x   .     



(4)







Similarly, for the y-axis, we obtain


      f  L , y    ( y )  =  h A  −   (  h A  −  h U  ) y   l y   .     



(5)







At certain x- and y-coordinates, the probabilities that the LoS path can be occluded by a machine coincide with the probabilities that the machine height is higher than the LoS path and are given by


         p B   ( x )  = 1 −  F  H B     h A  −   (  h A  −  h U  ) x   l x    ,           p B   ( y )  = 1 −  F  H B     h A  −   (  h A  −  h U  ) y   l y    ,     



(6)




where    F  H B    ( x )    is CDF of machine height.



The mean intensity of lines over x- and y-axes inducing machines capable of occluding the LoS paths are given by


      Λ x  =  ∫  0   l x    λ x   1 −  F  H B     h A  −   (  h A  −  h U  ) x   l x     d x ,        Λ y  =  ∫  0   l y    λ y   1 −  F  H B     h A  −   (  h A  −  h U  ) y   l y     d x .     



(7)







Recall that the thinning procedure for Poisson processes also holds when the thinning probability is varying. By applying it and also utilizing the independence property of MPLP, we arrive at the final result for the blockage probability in the following form


      p B   (  l x  ,  l y  )  =  e  − κ ν (  Λ x   l x  +  Λ y   l y  )   .     



(8)








5.3.2. Constant Machines’ Height


A special case of interest is when the height of industrial machines is the constant and the same. In this case, for a given heights of BS, UE, and machines as well as for coordinates of UE, there are such coordinates at LoS projections at axes,   x P   and   y P  , that the machines’ height starts to be higher than the LoS height. These coordinates can be found by solving (4) and (5) with respect to   x =  H B   . We have,


      x P  =  l x     h A  −  H B     h A  −  h U    ,   y P  =  l y     h A  −  H B     h A  −  h U    .     



(9)







Now, the intensity of lines over x- and y-axes inducing machines that may potentially block the LoS path can be found as the ratio of segments, where the machines’ height is always higher than the LoS path to the overall lengths of projections on axes, i.e.,


      Λ x  =  λ x     l x  −  x p    l x   ,   Λ y  =  λ y     l y  −  y p    l y   ,     



(10)




that need to be further substituted to (8).





5.4. Averaged Blockage Probability


In realistic deployments, the number of UEs can be large. In such cases, we might be interested in the average blockage probability between BS and a randomly chosen UE in the coverage area or between two randomly chosen UEs. These results can be obtained by assuming a certain random distance between communicating entities. For BS-to-UE communications, uniform distribution of UEs in the coverage area of BS is often assumed. By considering a square factory compartment with side R, for BS to UE communications, this average blockage probability is immediately given by


      p B  =  ∫  0  R   ∫  0  R   1  R 2    p B   ( x , y )  d x d y .     



(11)









6. Numerical Results


In this section, we elaborate on our numerical results. We start assessing the accuracy of the model. Then, we proceed analyzing the qualitative response of the blockage probability to system variables. Finally, we will consider specific deployments related to light and heavy industry with industrial machines analyzed in Section 4.



6.1. Accuracy Assessment


Unfortunately, at the moment of writing the authors do not have access to the operational deployment of mmWave NR technology in an industrial environment. As a result, we cannot benchmark the model against real data. However, understanding the importance of benchmarking, we offer the following simulation-based solution. Recall that our model is characterized by a two-staged decomposed structure, where we first utilize photogrammetry to derive the transparency probabilities and then apply the tools of stochastic geometry to derive the blockage probability. Here, the first part is already a simulation model itself that can only be tested using realistic industrial machines. However, the second part—stochastic geometry assessment—can indeed be tested to ensure that we do not allow for technical errors in the analysis.



To this aim, we utilized Matlab to create a geometry-based simulation model to assess accuracy of the proposed stochastic geometry analysis. The results are shown in Figure 5 as a function of mean machine width for UE-UE and BS-UE with blockers random heights communications scenarios. The rest of the parameters are: site occupation probability   ν = 1  , and transparency probability   κ = 0.9  , UE coordinates   ( 5 , 5 )  ,   E [  H B  ] = 1   m,    h U  = 1   m. As one may observe, the developed model allows to precisely capture geometry of the considered scenario returning coinciding LoS blockage probabilities. Similar observations are made for other input parameters.




6.2. UE to UE Communications Scenario


We start with the simplest considered scenario of UE to UE communications. Recall that in this scenario, all the machines crossing the LoS path may potentially block it as the height of both UEs is equal and less than the constant height of machines. Figure 6 illustrates the impact of the machine dimensions (i.e., width and length),   1 /  λ x  = 1 /  λ y    and the transparency probability  κ  on the blockage probability    p B   (  l x  ,  l x  )   , for different values of the UE coordinates. Note that   κ = 0.9   in Figure 6a while   1 /  λ x  = 1 /  λ y  = 3   m in Figure 6b while the site occupancy probability is set to   ν = 1   in both illustrations.



Analyzing the presented results, we observe the expected trends. First of all, the blockage probability decreases with the size of the machine as the LoS path can intersect fewer number of machines. Secondly, the transparency probability of a machine drastically affects the LoS blockage for given UE coordinates and machine dimensions. However, for medium-to-large separation distances between UEs, ∼14 m and ∼42 m corresponding to UE location   ( 10 , 10 )   and   ( 30 , 30 )   respectively, the value of the blockage probability is greater than   0.8   even for   κ = 0.8  . This implies that direct UE-UE communications can be feasible at rather small inter-UE distances or in less dense machine deployments.




6.3. BS to UE Communications Scenario


The utilization of UE-to-BS communications can efficiently solve the problem of high direct UE-UE blockage probability. Here, the additional critical parameters that define the blockage probability are machine height,   H B  , UE height,   h U  , and BS height   h A  . We start exploring their effects in Figure 7, where the blockage probability    p B   (  l x  ,  l y  )    is shown as a function of exponentially distributed machine height   H B   and constant UE height   h U   for different BS heights. Note that in Figure 7a, UE height is 1 m, while in Figure 7b the mean machine height is also 1 m. The rest of the parameters are: site occupation probability   ν = 0.5  , machine width and length 3 m, and transparency probability   κ = 0.5  , UE coordinates   ( 10 , 10 )  .



By analyzing the presented results, we observe that increasing the BS height allows the blockage probability to be drastically improved. Specifically, even having a BS height of 10 m allows the blockage probability to be decreased from approximately   0.8   corresponding to the UE-to-UE case to just   0.45  , see Figure 7a. Another important takeaway is that randomness in machine heights may even make the situation worse as compared to direct UE-UE communications. In both, Figure 7a,b we observe that even for BS height of 4 m the LoS blockage probability is slightly higher than that of indirect UE-UE communications,   0.84   vs.   0.8  . Finally, by comparing the results for different UE height and mean machine height, we see that the former produces more impact on the blockage probability. This implies that in practical deployments, all efforts need to be made to install communications modules at higher possible locations at machines.



In Figure 7 we observed that the randomness of the machines’ height produces substantial impact on blockage probability. To quantify this impact, Figure 8 compares the blockage probabilities for constant and random machines height with coinciding means as a function of the cite occupancy probability,  ν . The rest of the parameters are the same as in Figure 7. Here, we observe that the difference may indeed be drastic, reaching   0.6   (for   E  [  H B  ]  =  H B  = 2   m and   ν = 0.2  ). However, this difference diminishes as the height of blockers increases. Nevertheless, whenever possible, an attempt needs to be made to ensure that the height of the deployed machines is constant.



Finally, in this section, we present the average blockage probability for a square compartment, calculated according to (11). Recall that the average blockage probability is a typical measure utilized for dimensioning of wireless access networks, where a geometrical location of the session is expected to be random instead of fixed [30]. Using this metric, one may further utilize the proposed model in capacity planning and dimensioning of such industrial systems. Figure 9 shows the average blockage probability for UE randomly and uniformly distributed in a square factory compartment with side R as a function of R and for multiple BS heights. The rest of the parameters are: site occupancy probability   ν = 0.5  , mean width and length of the machine of   1 /  λ x  = 1 /  λ y  = 3   m, transparency probability   κ = 0.5  ,    h A  = 4   m, UE height    h U  = 1   m, and constant machine height of    H B  = 2   m. The presented results show the expected behavior—the average blockage probability increases with the factory side length R. For the chosen parameters, the increase is rather mild for all considered BS heights and the probability never reaches   0.8   even for BS height    h A  = 4   m and   R = 50   m. This implies that BS-to-UE communications, even in the rather dense considered deployment, is actually feasible.




6.4. Realistic Deployments


We now proceed to assess realistic deployments for light and heavy industries with machines introduced in Section 3. To this aim, Table 1 summarizes the machines’ dimensions (width   1 /  λ x    and length   1 /  λ y   ) and transparencies,  κ . One critical observation is that the transparency of the chosen machines is quite high. The rationale is that their operational range is rather large, especially for RG2 and Iiwa 2 machines, while the structure is slim. Note that other machines may have significantly different transparency values.



The blockage probability as a function of site occupancy probability is shown in Figure 10 for UE location of   ( 10 , 10 )   m, BS height of    h A  = 4   m, UE height of 1 m. Analyzing the presented results, one may observe that for such high transparency probabilities, the blockage probability is mainly determined by machine size as this parameter affects denseness of machine deployment. Nevertheless, for all types of machines, the blockage probability is very low, implying that communications are feasible at almost all times.





7. Conclusions


In this paper, motivated by the usage of 5G private NR systems in industrial deployments, we proposed a methodology to evaluate the LoS blockage probability for UE-UE and BS-UE communications scenarios. The proposed methodology is based on the use of photogrammetry to obtain transparency probability of individual machines and stochastic geometry to determine the blockage probability in specific deployments characterized by a certain density of industrial machines. This methodology can be utilized in system-level mathematical or simulation-based performance assessment and of mmWave 5G NR deployments in the industrial environment.



We also investigated in detail the blockage probability as a function of industrial deployments. Specifically, we have shown that direct UE-UE communications are feasible in sparse machine deployments (less than 0.1 machine/m2) or at small communications distances (less than 5–10 m). Otherwise, BS-UE communications need to be utilized. In this case, BS height is a critical parameter affecting LoS blockage probability. Specifically, by improving the BS height from 4 m to 10 m allows the the blockage probability to be decreased by 20–30% depending on other system parameters. Furthermore, UE height produces more impact on the blockage probability as compared to machine height. In real deployments, one needs to ensure that the height of communications modules at UEs is maximized. Finally, random machine heights affect blockage probability more heavily, by 10–20% more, as compared to constant heights.



We specifically note that the model proposed in our study accounts for LoS blockage probability only. In practice, the received signal strength dictates whether communication is feasible or not. We envision that the proposed model can be utilized together with other radio part model specific for a given technology such as modulation and coding schemes [31], propagation models [32], antenna models [33,34], etc., to produce the received signal strength at BS or UE. An overview of these models can be found in [35].
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Figure 1. The considered deployment scenario and two-dimensional view of the abstracted model. (a) The considered deployment scenario. (b) Abstracted model. 
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Figure 2. Methodological steps for LoS blockage probability assessment. (a) Setting up the scene. (b) Tracking objects in motion. (c) Visibility paths. 
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Figure 3. LoS blockage probability for selected objects. 
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Figure 4. The side view of the BS-UE communications scenario. 
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Figure 5. Accuracy assessment of the proposed model. 
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Figure 6. UE to UE communications scenario. (a) The effect of machines dimensions. (b) The effect of machine’s transparency. 
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Figure 7. BS to UE communications with random machine heights. (a) The effect of machine height. (b) The effect of UE height. 
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Figure 8. Comparison of random and constant machine heights. 
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Figure 9. Average blockage probability. 






Figure 9. Average blockage probability.



[image: Futureinternet 14 00193 g009]







[image: Futureinternet 14 00193 g010 550] 





Figure 10. Blockage probability in deployments with considered machines. 
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Table 1. Dimensions and calculated transparency of machines.






Table 1. Dimensions and calculated transparency of machines.





	Machine Name
	Width
	Length
	Transparency,   κ  





	BS array
	   R M   
	   R  T , 1    
	   R  T , 2    



	RG2
	0.85
	0.85
	0.9983



	Quantec
	3.2
	3.2
	0.9896



	Iiwa 1
	0.9
	0.9
	0.9932



	Iiwa 2
	3.8
	3.8
	0.9974
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