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Introduction
The radio channel modelling of electromagnetically rich multipath environments is a challenging task, regardless of the method used. In map–based models, it is virtually possible to model the environment up to a desired accuracy but with the penalty of computational cost. To reduce the computational cost a normal procedure is to reduce the complexity of the environment, e.g. smooth walls, etc. and to limit the number of paths, e.g., to no more than a certain number of interactions or neglect paths which have minimal energy. As discussed in [1],[2] scattering occurs typically within the vicinity of specular reflections. In the bandlimited case a multipath component typically consists of the specular reflection and multiple rays that are close in angle and delay [1]. The multiple rays are potentially caused by the structure of the surface and will create fading of the otherwise deterministic specular reflections. 
Figure 1 shows measurement results from a street canyon [1],[2] and corresponding simulation results for mmW frequencies. In the top panel the measurement results are shown for the receiver moving towards the transmitter. The bottom panel shows simulation results with the map-based model (ray-tracer) of [1],[2]. Clearly, the main contributions from reflections on the building facades are well reconstructed. Rich scattering contributions are missing in the simulations with the map-based model. The authors of [1],[2] consider a stochastic model similar to the famous Saleh&Valenzuela model [10] to include the rich scattering contributions. However, their approach does not include directional information in this part of the channel response. The rich scattering is possibly caused by multiple higher order reflections and scattering on the building facades and neglected objects. 
In this contribution we propose a hybrid model consisting of the map-based model [4],[5] and the propagation graph [3]. The hybrid model includes the fading behavior on the “deterministic” paths and includes the missing rich scattering in the impulse response with directional properties.
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[bookmark: _Ref440394467]Figure 1. Example of mmW measurements top and simulations with map-based model bottom from [1],[2]. Copyright IEEE. 
[bookmark: _Ref129681832]Motivation on the Use of Graph Theory
In [3] the authors introduce the propagation graph framework. As stated in [3] various known channel models can be represented in the graph structure, i.e. the stochastic models by Turin [11] and Saleh&Valenzuela [10], or geometric stochastic interpretations etc. The framework of the propagation graph model becomes computationally very attractive when the graph has a recursive structure. In this case an impulse response with infinitely many impulses can be generated in closed form. 
As described in [3], the propagation graph can be obtained from a geometric representation of the environment. As such the propagation graph model was considered for indoor scenarios in [3] and outdoor to indoor scenario in [7]. In [8] a variant of the propagation graph model was used to evaluate the design of capacity-optimized MIMO antennas and millimeter-wave communication links. Modeling of the scattering effects on buildings was investigated in [9] with the use of the propagation graph. In [12], the propagation graph was considered for modeling channels in high speed railway scenarios.
The Propagation Graph Framework in the Context of Map–Based Model
We follow a similar approach as presented in [6] of a hybrid model consisting of a ray-tracing tool and the propagation graph model. Here we propose to use the map-based model from METIS [4],[5] which provides the “deterministic” channel transfer function. The propagation graph calculates the channel transfer function of the “diffuse” part (rich multipath scattering) of the channel response. 
The channel transfer function of the map-based model is composed of propagation paths originating from paths like line of sight (LOS), multiple specular reflections and diffraction. Note that these paths are calculated considering the electromagnetic characteristics of building materials, etc., and are not included in the channel transfer function of the propagation graph. 
To obtain the channel transfer function of the propagation graph we consider the geometric results of the map-based model for the generation of the graph, see Figure 2. The map based model provides interaction points, obtained from a ray-tracing procedure up to a certain order of interactions. These interaction points are used to place/select scattering vertices for the graph. For two paths with single interaction and a path with two interactions this is indicated in Figure 2, left hand side. The right hand side in Figure 2 shows an interpretation of the propagation graph considering scattering vertices placed randomly on the façade of the building in the close proximity of the interaction points. Depending on the modeling interpretation and purpose, the scattering vertices may have two interpretations, i) they represent a random sub-selection of diffuse scattering tiles of a ray-tracing tool (diffuse scattering implementation) similar as in [9] or ii) they represent propagation paths from details and objects on the building façade such as windows or ornamental decoration. The choice of parameter values in the graph may differ for the two interpretations.
[image: ]	[image: C:\Users\gs\Documents\Phd\virtuoso\3GPP with Anite\streetcanyon_graph_representation.png]
[bookmark: _Ref441148075]Figure 2. A street canyon with two interaction points from first order paths and two from a second order path are shown in the left figure. The figure includes “geometric clusters” centered at the interaction point plus some randomly placed scattering vertices. The right figure shows a simplified representation in the graph form with transmit, receive and scattering vertices. 
The transmit antennas represent the set of transmit vertices . The receive antennas are the receive vertices  and the scattering vertices  represent scattering/reflecting points. Edges[footnoteRef:1] in the set  model the channel transfer function from  to  . In a similar fashion we have edges  and  representing the propagation condition from  to  and  to , respectively. We do not consider the edges  ( to ), as the line of sight path is included in the map-based model. Note that we assume that there are no edges  between scattering vertices on the same façade or building façades on the same side of the street canyon. This specific creation of edges creates a recursive structure in the graph by scattering from one side of the street canyon to the other side or the ground. One may compare this to a map-based model which considers diffuse scattering. Assuming a Lambertian scattering model, scattering occurs only from a tile to other tiles which are not on the same plane.  [1:  “Edge” is the graph theoretic term and should not be confused with edges on buildings in the map-based model.] 

The placement of scatterer vertices can be done similar to geometric stochastic channel models, e.g. the METIS stochastic model [5], except that “clusters” are centered at the interaction points from the map-based model. Scatterer vertices are placed randomly in the cluster similar to previously proposed geometric stochastic channel models. Alternatively, at the start of a simulation, the scattering vertices are placed on the surfaces of buildings given a certain point process with a density adjusted to the types of building façades. The specification of the cluster centers by the map-based model and the cluster size provide a sub selection of scattering vertices for the propagation graph. 
A spatially consistent generation/selection of scattering vertices is obtained by the use of the interaction points from the map-based model. For instance if multiple mobile terminals are closely spaced, the placement of geometric stochastic clusters will be similar/the same for the terminals. This leads to a similar/same selection of scattering vertices for closely spaced mobile terminals. Additional clusters representing objects which potentially generate high computational loads in the map-based model, e.g. objects with complex or unknown shapes, cars randomly passing by, trees, etc. might be included in the propagation graph as randomly placed clusters too. 
Simulation Results
For simulation purposes we consider a single street canyon. Dimensions of the street canyon and transmitter and receiver placement are chosen similar to the setup in the measurements shown in Figure 1. Although, we neglect in our simulations for simplicity the shapes of buildings and street crossings. We consider the LOS path and specular reflections up to second order from the map-based model. Geometric stochastic clusters are placed around the interaction points, see Figure 3. A geometric stochastic cluster is considered as a disc centered at the interaction point. In the disc, with radius 5 m, are placed 7 scattering vertices following a uniform distribution. 
We consider a simulated frequency range from 2.75 to 3 GHz (250 MHz bandwidth) which is different to the mmW measurements in Figure 1. In the frequency domain we apply a Hann window to suppress sidelobes in the delay domain. The decay rate of the diffuse tail is set to -5dB/100ns. This rate corresponds to an rms delay spread of the diffuse tail of approx. 86 ns. The edge transfer functions are obtained similarly as in [3] or [6]. However, they are slightly modified to accommodate the outdoor case. 
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[bookmark: _Ref441505776]Figure 3: Graphical depiction of street canyon with Tx, Rx, first order interaction points (cyan circles) and the scattering vertices (magenta circles). The right hand figure is a top view of the street canyon illustrating the edges of the propagation graph. For clarity of the illustration, we consider only first order interaction points.
Similar as in the measurements of Figure 1, we consider a moving receiver. Channel impulse responses versus distance for the map-based model (LOS and specular reflections up to 2nd order) are shown in Figure 4. This figure also shows the channel responses of the propagation graph. Simulation results for the hybrid model are shown in Figure 5. We clearly see the contributions from the propagation graph filling in the gaps between the deterministic components. 
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[bookmark: _Ref442192972]Figure 4: The results of the map-based model and the propagation graph on the left and right side, respectively. 
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[bookmark: _Ref441505932]Figure 5: Magnitude squared impulse response of the hybrid model. Note the fading behavior of the “determinist” components and the inclusion of the rich scattering tails with the propagation graph.
Summary
We introduced a hybrid model consisting of a map-based model and the propagation graph. The geometric placement of scattering vertices in the propagation graph is done in clusters centered at the interaction points from the map-based model.
· Clusters of scattering vertices in the graph are placed according to the results of the map-based model.
· Thus clusters are placed spatially consistent.
· Cluster center move along the walls according to the mobile terminals movement. 
· Additional clusters can be generated semi-deterministically/stochastically in the propagation graph to represent objects which would create otherwise high computational loads in the map-based model, e.g. objects with complex or unknown shapes, scattering on moving cars, trees, etc.
· The propagation graph allows to generate rich scattering behavior with directional properties associated to the directions of the specular propagation paths of the map-based model.
· Only few additional parameters, such as cluster size, distribution and density of scattering vertices, and the decay rate are required in the propagation graph. 
· Some of these parameters might be readily available from geometric stochastic channel models (e.g. METIS stochastic model, Winner, 3GPP SCME,…).

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal: Consider adding the propagation graph to the map–based model to include the missing “diffuse” tail of the impulse response.
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