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EXECUTIVESUMMARY


This deliverable presents the intermediate research results, achieved in WHERE2 WP1 for
 the purpose of channel modeling for localization with heterogenous communication systems.


The deliverable contains two parts: A body part (Section 2 to 5) which summarizes the
 reported activities and outcomes organized topic-wise and an appendix containing the related
 publications and reports which provide further details.


Section 2 summarizes the envisioned common channel simulation scenario. This sce-
 nario is heterogenous with respect to the used radio access technologies and the considered
 environments.


Section 3 presents results on channel modeling for cooperative communication and lo-
 calization systems. It is the continuation of the work previously reported in deliverable D1.3.


We present in Subsection 3.1 additional results on the model for the distance dependent de-
 lay power spectrum introduced in D1.3, i.e. higher moment generating function, kurtosis
 and Rice factor versus transmitter-receiver distance and the characterization of the so called
 reverberation region. We report in Subsection 3.2 results on the delay dispersion modeling
 using spatial point processes and provide a mathematical framework to study the impact
 of the delay dispersion on time of arrival-based ranging. Additionally, we report results
 on the behavior of the received power in a multi-link scenario. Combining the results of
 Subsection 3.3 “In-room Reverberant Multi-link Channels: Preliminary Investigations” and
 Subsection 3.4 “Multi-link Channel: Statistical Description of Received Power and Ongoing
 Work”, we obtain a multi-link model for the received power.


Section 4 reports ray tracing technologies for the use in the envisioned heterogenous
 channel simulation scenario. This is a continuation of the work presented in deliverables
 D1.5 and D1.6. This section covers the conversion of a narrowband ray tracing tool to oper-
 ate in the ultra wideband regime in Subsection 4.1. We consider heterogenous environment
 aspects in Subsection 4.2. Furthermore, we contrast indoor-to-outdoor measurements from
 a specific site with ray tracing simulations of the said site. This lead to several extensions
 in the ray tracing tool. Subsection 4.3 discusses the refinement of ray tracing results by
 insertion of measurements. The use of a graph based ray tracing simulator for multi-link
 scenarios is detailed in Subsection 4.4.


Section 5 is concerned with estimation and modeling of channel variability. A proposal
 to estimate common multipath components (common scattering objects) in a multi-link in-
 door scenario is introduced in Subsection 5.1. The proposal is based on the estimator already
 described in D1.4 to investigate e.g. the multipath life time (distance) in outdoor-to-indoor
 scenarios. Subsection 5.2 presents simulation and measurement results on the variation of
 received power due to human crowd activity. The human crowd activity is part of the en-
 visioned common channel simulation scenario. Subsection 5.3 introduces a measurement
 campaign of frequency dependent antenna responses for ultra wideband antennas. We use
 these measurements to study and model the influence of the antenna response and its vari-
 ability on fingerprint databases. Sparse channel estimation in the context of communications
 is presented in Subsection 5.4. This estimator may be used to extract channel features for
 fingerprint databases or to extract the “essential” radio channel parameters for localization
 and communication purposes from measurements.


The results and the ongoing activities presented in this deliverable extend the achieve-
 ments reported previously in deliverable D1.3 to D1.6 to characterize the multi-link radio
 propagation channel for heterogenous communication systems. The work is continuously
 extended and parts are already used in other work packages, i.e. WP2 T2.2 and T2.3, within
 WHERE2.
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1 INTRODUCTION


This deliverable is entitled “Intermediate Report on the WHERE2 Channel Model”. During
 the progress of the project we realized that a single channel model will not suffice to fulfill
 the needs in radio localization; rather a collection of models with different specific purposes
 will be necessary. Based on the WHERE2 deliverable D1.1 [1] we define in this deliverable
 a synthetic heterogenous scenario. We consider heterogeneity of the radio channel in two
 respects: i) heterogeneity of the radio access technology (RAT) and ii) heterogeneity of the
 propagation environment. The WHERE2 Workpackage 1 (WP1) deliverables D1.3 to D1.6
 [2, 3, 4, 5] focused on different aspects of modeling such heterogenous environments for
 localization. In the present deliverable we combine and extend this work. Thus, we describe
 the progress of the research focussing on obtaining a collection of models that cover the
 different aspects in heterogenous channels.


This report is structured in two parts: a body part that provides a summary of the activi-
 ties and results towards the common channel simulation scenario; and an appendix contain-
 ing related publications and reports produced within WP1 after the submission of previous
 deliverables. The latter part is meant to provide the readers with more detailed information
 on the activities if needed or wanted. The structure of the deliverable is as follows:


Section 2: The envisioned channel simulation scenario. The challenges of heterogenous
 radio channel modeling are also emphasized.


Section 3: Results on channel modeling for cooperative communication and localization
 systems. The section includes for instance extensions of the distance dependent de-
 lay power spectrum model and the use of this model in multi-link scenarios. For the
 multi-link scenario the experimentally obtained received power values have been ana-
 lyzed and a preliminary model is presented. Furthermore the mathematical framework
 of spatial point process is studied. This framework is important for the stochastic de-
 scription of the delay dispersion of impulse responses as these random characteristics
 impact the accuracy of time of arrival-based range estimators.


Section 4: Improvements of ray tracing techniques for heterogenous channel simulations.


Those improvements include the extension towards ultra wideband (UWB) ray trac-
 ing, indoor to outdoor simulation scenarios, the refinement of ray tracing simulations
 with measurement data for RSS fingerprinting databases and as well the graph based
 ray tracing to improve the simulation of multi-link (multi-user) scenarios.


Section 5: Results and ongoing investigations of the channel variability due to movement
 and human interaction. This is part in the considered channel simulation scenario. Ex-
 perimental investigations and simulations have been conducted to study the received
 signal strength (RSS) variability due to human crowd activity. A measurement cam-
 paign of different UWB-antenna responses and the influence of human interaction on
 the antenna responses is presented. These measurements aim at aiding the statistical
 description of antenna responses and the influence of these responses on e.g. RSS fin-
 gerprinting databases. Furthermore, we discuss a proposal for the estimation of path
 life time and common paths in an indoor multi-link scenario. We include results of
 a novel sparse channel estimator. This estimator may provide reliable estimation of
 channel parameters to be used for localization.


Section 6: Conclusions.


Appendix A: The appendix contains a collection of already published or soon to be pub-
 lished articles and reports produced within WP1 of WHERE2. These documents pro-
 vide with additional detail information on Sections 3 to 5.
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2 COMMON CHANNEL SIMULATIONSCENARIO


WP1 partners have decided to simulate channel realizations from a common realistic sce-
 nario that combines new channel prediction techniques developed in WHERE2. This sce-
 nario, derived from the D1.1 scenarios [1], includes multiple Access Points (APs), multiple
 Radio Access Technologies (RATs), fixed and mobile terminals as well as human crowd ac-
 tivity. The selected environment is an indoor office (based on the SIRADEL realistic layout
 [6]) including mobile pedestrians equipped or not with multi-standard terminals. Two kinds
 of radio links are addressed: Indoor-to-indoor short range links (between fixed APs and
 terminals as well as between terminals) and outdoor-to-indoor long-range links. Proposed
 radio network includes 3 LTE macrocell Base Stations (BS), 2 LTE and 2 Wi-Fi APs, and 2
 short-range Low Data Rate Wireless Sensor Networks (LDR-WSN) based on Impulse Radio
 – Ultra Wideband (IR-UWB). Figure 1 illustrates the scenario.


Figure 1: Target scenario.


Locations of APs and terminals are selected to correspond to a realistic scenario occur-
 ring during working hours. Fixed multi-standard terminals (green circles) are supposed to
 be located either on desk, in a pants pocket or in a jacket set on coat rack whereas the mobile
 multi-standard terminals are supposed to be held either in hand or in a pocket by 3 pedes-
 trians (orange circles). Furthermore, 2 other pedestrians not equipped with terminals (blue
 circles) are supposedly moving inside the office.


Scenario duration is expected to be 30 s with a time resolution of 10 ms (i.e. a spatial
 resolution of 1 cm if pedestrians are moving at 1 m/s). Obviously, this target scenario is quite
 complex and involves many links and many time-variant situations to simulate. Its realiza-
 tion will be progressive: the definition and realization of simpler basic scenarios dedicated
 to the investigation of a particular technology (only Wi-Fi, LTE, LDR-WSN) or modeling
 method (pedestrian mobility model, impact of human crowd activity) is imagined. Each of
 them may be thus considered as a brick of the target scenario and supports a part of its real-
 ization. Results generated with this scenario will be available for any WHERE2 simulation
 test. Channel realizations will be provided as MatlabR files: one data structure for each
 time-variant radio link.
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3 CHANNELMODELING FORCOOPERATIVECOMMUNICATION ANDLO-


CALIZATION SYSTEMS


In Section 3.1 AAU and DLR present further developments of the distance dependent de-
 lay power spectrum model introduced in deliverable D1.3 considering single-link scenarios.


AAU investigates the delay dispersion of impulse responses obtained from radio channel
 models exhibiting similar delay power spectra. This is essential for the ranging accuracy of
 time of arrival (ToA) based range estimators. Subsection 3.2 presents a mathematical frame-
 work relying on spatial point processes to analyze and contrast different delay dispersive
 channel models. This mathematical framework can provide further insight for localization
 purposes. As appears from the scenario in Section 2, multiple links are an important part
 of the heterogenous simulation scenario. In Subsection 3.3 AAU and DLR investigate the
 use of the delay power spectrum model of Subsection 3.1 in multi-link situations. AAU
 and DLR devise a model for the correlation of the received power in multi-link situations in
 Subsection 3.4. We propose to use this correlation model together with the path loss model
 from Subsection 3.1.


3.1 Modeling the Delay Power Spectrum of Reverberant In-Room Channels
 Experimental observations [7, 8] of the behavior of the delay-power spectrum for reverberant
 in-room channels show that the tail of the delay-power spectrum exhibits the same constant
 exponential decay regardless of the transmitter and receiver positions. Furthermore, a peak
 at the early part of the delay-power spectrum is strong at short transmitter-receiver distances
 and gradually vanishes as the distance increases. A similar behavior is observed in room
 acoustics [9] and electromagnetic fields in cavities [10].


Based on the observations from [7, 8], we propose in [11] a model for the distance de-
 pendent delay-power spectrum with a “primary” and a “reverberant” component. As already
 presented in deliverable D1.3 this model allows to predict the path loss, the mean delay and
 the rms delay spread as a function of transmitter-receiver distance via closed form expres-
 sions. This work is continued and elaborated in the paper included in Appendix A.2 where
 additionally the distance dependent higher order moments of the delay power spectrum, the
 kurtosis and the Rice factor from the proposed delay-power spectrum model are investigated.


The Appendix also includes a detailed investigation of the distance dependence of the
 primary and the reverberant components, leading to the definition of the reverberation region,
 i.e. the range of distances where the reverberant component has equal or larger power than
 the primary component. The implications of the reverberation region on path gain, main
 delay, rms delay spread and kurtosis are also discussed. The predictions of the model agree
 well with experimental observations.


An open issue is the coupling between neighboring rooms, which would allow for the
 extension of the proposed model to neighboring rooms. Ray tracing simulations may be used
 to predict the reverberation time for specific environments if measurements of the reverbera-
 tion time are lacking. Or if reverberation time measurements are available, ray tracing tools
 may be “calibrated” when a detailed environment description is lacking.


3.2 Statistical Characterization of Delay Dispersion for Time of Arrival Based Range
 Estimators


The delay dispersion of radio signals is an important effect, which impacts e.g. the accuracy
 of time of arrival (TOA)-based range estimators. For TOA-based estimation, the early part
 of the channel impulse response is particularly important, as this part governs the estimation
 errors. Stochastic radio channel models relying on a random spikes representation of the
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channel impulse response are commonplace for wideband and ultra-wideband communica-
 tions. In this context, location-dependent parameters of the channel response can be seen
 as random variables with statistical properties depending on the random mechanism under-
 lying the generation of this response. Interestingly, the random mechanism for generating
 the channel response is traditionally well-known, but the resulting statistical properties of
 features in the response that are potentially critical for localization purpose, such as the rate
 (intensity) of occurrence of the delays of multipath components and the delay power profile
 are not familiar within the localization community, and actually the communications com-
 munity as well. An emblematic example is the model by Saleh & Valenzuela that we discuss
 below.


Two classic and seminal stochastic radio channel models are those by Turin et al. [13]


and Saleh & Valenzuela [14]. To some extent the model by Saleh & Valenzuela (the S-V
 model) can be seen as a generalization of the model by Turin. Specifically, this general-
 ization aims at mimicking cluster alike behavior. Subsequently, several variants of the S-V
 model have appeared since it was originally proposed in 1987. Unfortunately, these channel
 models have not been developed within any unifying mathematical framework. Instead their
 individual treatment is of rather ad-hoc nature and for this reason any two different models
 are not easily contrasted.


In Appendix A.1 we showcase how the general theory for spatial point processes pro-
 vides an insightful view upon the inherent structure of the classical S-V model. Specifically,
 we revisit the model and reformulate it as a particular point process. Contrary to Saleh


& Valenzuela’s original double-layer construct we show that the component delays can be
 identified as the union of a Poisson point process and a Cox point process. We derive the
 associated intensity function as an immediate consequence ofCampbell’s Theorem. This in-
 tensity function increases linearly with propagation delay. Furthermore, we obtain the delay-
 power intensity in a simple and direct way by invoking once more Campbell’s Theorem. In
 fact, this function does not decay exponentially. Our approach and results demonstrate the
 wide potential of Campbell’s well-known theorem from the theory of spatial point processes
 in the context of stochastic radio channel modeling. In view of this, our conclusion is that
 the theory of spatial point processes and its powerful tools have not been fully exploited
 yet to analyze the properties of most proposed stochastic radio channel models. This the-
 ory appears to provide the necessary unifying framework for these models to be contrasted
 within.


3.3 In-room Reverberant Multi-link Channels: Preliminary Investigations


The distance dependent delay power spectrum model introduced in Section 3.1 and detailed
 in [12] characterizes the behavior for an entire room. As such, the model parameters are
 valid for the entire room regardless of the transmitter receiver locations within the room.


Thus a single set of model parameters allows for the prediction of path gain (inverse of path
 loss), mean delay and rms delay spread versus transmitter receiver distance.


Appendix A.3 describes preliminary results on the delay power spectrum model used in
 a multi-link scenario. We validate the model by comparing the predicted received power,
 mean delay and rms delay spread with estimates obtained from multi-link measurements.


We observe a good agreement of the model prediction trends with the estimates from the
 multi-link measurements. We observe a random fluctuation of the estimates around the
 model predictions. Those fluctuations may be generated as a combination of small and large
 scale fading. To obtain a full multi-link model we need to statistically characterize these
 fluctuations. Such a model may be used to obtain more robust distance estimators. Thus it is
 important to investigate the statistical dependencies of received power, mean delay and rms
 delay spread between different links and the inter parameter dependencies on each link. In
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Section 3.4 is the statistical behavior of the power fluctuations investigated for the multi-link
 case. Investigation of the statistical characterization of the mean delay and rms delay spread
 and the inter parameter dependencies are ongoing work.


3.4 Multi-link Channel: Statistical Description of Received Power and Ongoing
 Work


We characterize the received power for cooperative positioning. The characterization is
 based on the indoor channel measurement campaign conducted at the German Aerospace
 Center (DLR) facilities as presented in WP1 D1.3 [2]. The measurements were performed
 with a measurement platform allowing for accurate transceiver position information during
 the quasi-static measurement. In Appendix A.4 we evaluate the multi-link cross covariance
 characteristics of the received power in a cooperative scenario. The correlation between the
 log power values of different links is insignificant. This is in accordance with the obser-
 vations in [15]. We observe the log power values to be Gaussian distributed with a range
 dependent mean. The behavior of the mean versus range can be described according to a path
 loss model as for instance described in Appendix A.2. In the presented results the variance
 of the log power values appears to be constant with range. As a result, the received power
 can be modeled as a summation of two terms, the distance dependent mean value plus an
 additional random term which is generated by a zero mean Gaussian process independently
 for individual links.


Apart from the power, preliminary observations in ongoing work indicate a similar be-
 havior for the root mean square (RMS) delay spread and mean delay. The varying terms of
 these delay dispersion parameters are found to be uncorrelated between links. Further eval-
 uations similar to the one conducted for the received power in Appendix A.4 are currently
 performed for the time dispersive parameters. A joint model describing the received power,
 mean delay and rms delay spread in multi-link scenarios is envisioned.


Another open topic is a similar description of the joint multi-link model for received
 power and delay dispersion parameters in the NLoS scenario, where transceiver antennas
 are located in different rooms.
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4 EVOLVEDRAY TRACING FOR LOCALIZATION


The heterogenous channel simulation scenario in Section 2 uses various radio access tech-
 nologies and considers the combination of different environments. The radio access tech-
 nologies vary for instance in the used bandwidth. Material properties depend on the con-
 sidered frequency range and this needs to be considered in ray tracing simulations. Sigint
 presents in Subsection 4.1 a method to extend ray tracing tools from narrowband (or wide-
 band) to ultra wideband. Subsection 4.2 considers indoor to outdoor measurements which
 Siradel uses to improve a ray tracing tool. In indoor environments Siradel uses measurements
 to refine ray tracing simulations in Subsection 4.3. Such refinement improves predictions of
 radio maps used in RSS fingerprinting-based localization techniques. Finally, UR1 presents
 in Subsection 4.4 improvements for ray tracing in multi-link scenarios. UR1 uses graphs to
 structure and reuse communalities for multi-link scenarios which reduces complexity in the
 simulation.


4.1 Conversion of a Ray Tracing Tool from Narrowband into Ultra Wideband
 This section presents the implementation and results of the band-divided method for con-
 verting a narrowband (NB) ray tracing (RT) simulator into ultra-wideband (UWB). As pre-
 sented in Deliverable D1.6 [5] the band-divided method proposed by [16] is implemented to
 convert Sigint Solutions RT simulator (3DTruEM) into UWB. The algorithm is detailed in
 Appendix A.10.


The method, implemented inMATLAB, reads the impulse responses (IR) of each narrow-
 band simulation, obtained using3DTruEM, combines them and generates an UWB impulse
 response. Depending on the required bandwidth of the UWB simulation the UWB band is
 split into a number of sub-bands of narrower bandwidth in each of which the characteristics
 of the antennas and electrical parameters are constant.


In order to verify the developed technique we carried out UWB measurements in an
 indoor environment using a vector network analyzer (VNA). The considered bandwidth is
 1.5 GHz (3.1-4.6 GHz). This band is split into 15 subbands each with 100 MHz bandwidth.


The indoor environment was recreated in the ray tracing tool. The subbands were simulated
 in the ray tracing tool 3DTruEM and combined to obtain the full measured bandwidth for
 validation purposes. First results and a more detailed information regarding the simulations
 and the measurements can be found in Appendix A.10.


For the purpose of the simulations presented in the Appendix A.10 were constant values
 assumed for all the electrical parameters of the walls in the modeled environment throughout
 the whole UWB frequency band. Practically this is not the case, therefore we plan to carry
 out measurements in order to characterize the frequency dependence of the materials in the
 environment in the bandwidth of the simulation (3.1-4.6 GHz). This work will be done in
 the frame work of task T2.2.2.3 (See deliverable D2.2 [17]). Also we plan to investigate
 the accuracy of the UWB simulation against the number and bandwidth of the individual
 narrowband simulations which are needed to generate the UWB IR.


4.2 Design of a Novel Indoor-to-outdoor Site Specific Model


We propose an advanced ray-tracing model to predict the indoor-to-outdoor radio wave prop-
 agation. This model is an enriched version of a ray-tracing tool already developed for urban
 environments that is able to predict the path-loss for indoor-to-outdoor radio links [18]. Sev-
 eral successive enhancements have been first designed and introduced in the model in order
 to improve the path-loss prediction. These enhancements are based on a fine characterization
 of the initial model performance from a large CW measurement campaign. Enhancements


11 / 132



(13)ICT–248894 WHERE2 D1.7


notably include the integration of building windows and internal partitions in the environ-
 ment representation in order to make distinction between different indoor-to-outdoor inter-
 face losses (>=2dB for the window, >=10dB for the exterior building wall) and generate
 diffractions at the window vertical frames. Besides, the path from the indoor terminal to the
 first outdoor interaction is no more necessarily a straight line; the model searches for a dom-
 inant path with lowest possible loss (short indoor paths and propagation through window are
 then favored). These first enhancements sensibly improve the matching between measured
 and predicted path loss (see D1.6 [5] for more details).


Though the model calculates 3D ray paths from interaction with the building facades
 (or with any other outdoor clutter like vegetation or ground), it does not yet allow getting
 a fully realistic multipath channel prediction for indoor-to-outdoor links. Current investiga-
 tions are focused on the enhancement of the prediction of multipath characteristics (power
 delay profile and angle power profiles in particular). To that end, new dominant multi-paths
 are computed, which are resulting from in-building interactions on the partitions as well as
 diffraction at window frames. This computation is based on the Uniform Theory of Diffrac-
 tion (UTD). An evaluation of these enhancements is on-going based on wideband MIMO
 channel measurements collected in another environment. These measurements were col-
 lected (in frame of a previous project) for several indoor/outdoor radio links from a channel
 sounder operating at the frequency of 3.5 GHz. Measured multi-paths have been extracted
 from application of a high resolution algorithm (i.e. SAGE algorithm [19]). The measure-
 ment environment is a typical 6-floor building located in a university campus, composed of
 offices, classrooms and long corridors. The analysis is currently based on six radio links for
 which the direct-path is only obstructed by a window. These radio links have been selected
 in order to be the most confident as possible on the multipath parameters extracted from the
 measurements. The receiver locations are distributed on the first and second floor.


This model is expected to be used in task T2.3 to investigate extraction of context-aware
 features from indoor-to-outdoor data (see D2.3 [20] for details).


4.3 Refined Ray Tracing Simulations by Measurement Insertion


The initial approach for this task was introduced in deliverable D1.5 [4] and was to lo-
 cally correct the ray-tracing coverage maps with the insertion of measurement data. This
 technique should ease the construction of the RSS fingerprint database (which requires sig-
 nificant time and effort if only based on measurements) as well as its accuracy (compared
 to common techniques using only propagation models). Nevertheless, as detailed in the
 previous deliverable D1.6 [5], we recently refined the scope of our work to investigate an-
 other promising solution: manifold alignment. This solution is based on a semi-supervised
 transfer learning algorithm that exploits manifold properties between the radio model and
 calibration fingerprints for direct localization. It has the advantage to combine both ob-
 jectives of radio map and localization refinements into a joint formulation. Indeed, once
 alignment between the three input data sets (ray-tracing coverage maps, measured calibra-
 tion data (limited number of data) and observations collected without any supervision) is
 achieved, this solution provides an enriched and refined RSS fingerprint database as well as
 an estimated localization for the observations. We currently evaluate its performance from
 the WHERE1 indoor measurements [21] [22], for which 4 access points are disseminated in
 a typical recent office building (350 m2) and a receiver is moved over a grid of 302 points
 (resolution of the grid is lower than 1 m). A small part of measured points have been arbi-
 trarily extracted from the database to emulate the calibration measurements whereas another
 part is used to emulate the observations collected by a walking person. First outcomes show
 that this solution provides accurate location performances for a limited number of calibra-
 tion measurements. A complete description of this evaluation will be detailed in the next
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WP2 T2.2 deliverable.


4.4 Ray Tracing Propagation Modeling for Indoor Localization Purposes Using
 Graphs


Ray-tracing tools have been used for many years to deterministically model radio propa-
 gation channels in order to design communications systems [23, 24, 25]. Recently, these
 tools are also being used for the design of localization systems [26, 27, 28, 29]. Within
 WHERE2project,UR1is continuing developing the ray-tracing toolPyRayand adapting it
 to heterogeneous radio channels.


PyRayis reinforced by a graph-based description of indoor channels based on four types
 of graphs: the structure graph, the visibility graph, the topological graph and the graph of
 rooms [30]. Based on this graph representation and using Dijkstra’s algorithm, the signature
 of a ray is determined as the sequence of interactions of the ray from the transmitter to the
 receiver. In addition, a two-step process is developed in order to determine rays from their
 signatures. This ray determining process is used together with the graph-based representa-
 tion of the radio channel to make its simulation faster [30]. This graph-based ray tracing
 technique is presented in Appendix A.6.


PyRayis used to carry out UWB simulations of the synthetic environment defined within
 Task T2.3 [20]. The obtained realistic simulations are used within localization algorithms.


The applications of those simulations are the extraction of location dependent parameters
 and the establishment of fingerprinting databases. These two applications would allow to
 substitute and/or complement measurement campaigns which are usually very laborious to
 carry out. The results obtained using simulations are compared to those obtained using
 measurements in the same environment in order to show the reliability of ray tracing tools
 in localization algorithms. The comparison shows a good agreement between measurements
 and simulations provided that environment and antennas are fairly described in the ray-
 tracing tool. All these results are shown and developed in Appendix A.7


13 / 132



(15)ICT–248894 WHERE2 D1.7


5 ESTIMATION ANDMODELING OFCHANNELVARIABILITY


In this Section DLR considers variability due to path lifetime (Subsection 5.1). Siradel
 investigates channel variability due to human crowds in Subsection 5.2. Together, AAU and
 UR1 conducted a antenna response measurement campaign to study the channel variation
 due to antenna responses (Subsection 5.3). AAU presents in Subsection 5.4 a novel sparse
 channel estimator which is able to estimate parameters of an unknown number of multipath
 components.


5.1 Estimation of In-room Time Variant Channel Parameters


In realistic scenarios for location-tracking/navigation applications, the multipaths are time-
 variant in delays, amplitudes, phases and incoming angles due to movements of transmitters,
 receivers, and/or reflectors. This results into the requirement of knowledge of spatial char-
 acteristics of the channel. We have evaluated the measurement data of outdoor-to-indoor
 scenarios as described in [3, 31]. The paths are tracked in terms of delay in sub-sample
 domain and furthermore the smooth time evolution of the CIR based on the estimated pa-
 rameters using the SAGE based Kalman filter.


In the future contribution we are going to perform the same evaluations based on the
 measurement data in the in-room cooperative scenarios. One open topic in this contribution
 is to investigate the spatial features, like life-time or life-distance like in [31, 32]. Fur-
 thermore, we will evaluate the correlation of path lives from different links together with
 corresponding AoAs.


5.2 Time-variant Channel Modeling Related to Indoor Human Crowd Activity
 We extended a geometric stochastic channel model (GSCM) and a deterministic ray-tracing
 model to simulate indoor time-variant channel properties related to human crowd activity.


The deterministic method, detailed in the previous deliverables D1.5 [4] and D1.6 [5], has
 been recently evaluated and refined based on a CW measurement campaign conducted in
 January and March 2012 at the Siradel premises. The main specifications of the measure-
 ments are provided in the Appendix A.5. Two different scenarios are addressed for the same
 static LoS radio link:


• Scenario M1: Measurements collected during long periods at different times without
 Human Crowd Activity (HCA) or with a monitored (but uncontrolled) HCA.


• Scenario M2: Characterization of time variations from the controlled movement of
 one single person.


Scenario M1 aims at collecting some reference statistics (quantitative data) for character-
 ization of the radio channel dynamic in the measurement area, whereas scenario M2 is used
 to validate and refine the simulation methods as well as to provide a precise characterization
 of the fading (on large and small scale components).


Analysis of scenario M1 allows to demonstrate that the received power is very stable
 (standard deviation is 0.013dB) when there is no human crowd activity. It globally increases
 and is more dispersive when there are several moving or static standing persons in the open
 space: the mean standard deviation is 5.5dB when 5 persons are standing in the room. The
 analysis has also put forward that the Ricean K-factor sensibly decreases as soon as a person
 moves near the radio link. Scenario M2 has been divided in 6 different sub-scenarios. Each
 one has been measured several times with same HCA, or changing the direction of the person
 movement to the opposite, in order to confirm the reproducibility of the observations. The
 sub-scenarios are detailed in Appendix A.5.
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A shadowing pattern has been extracted from each scenario, obtained from a 70ms-long
 (i.e. half-wavelength for a walking speed of 1 m/s) sliding window filtering of received
 power plus an averaging of all reproductions of the same measurement. These measured
 patterns are compared to the ones simulated by the deterministic simulation method. We get
 two important conclusions:


• The phase associated to the simulated ray paths (before adding impact of the human
 body) strongly impacts the simulated pattern; the importance of these initial phases is
 confirmed by analysis of one measured sub-scenario (i.e. M2.6 in Appendix A.5).


• The measured patterns may be reproduced by the deterministic approach once the
 initial phases are tuned. The tuning process is detailed in Appendix A.5 and results
 are shown.


Several enhancements have been derived from this analysis, including a new technique
 for simulation of the time-variant phase spectrum and calculation of the Doppler shift.


A detailed description of this work can be found in Appendix A.5. Next step are first
 to derive new enhancements for the GSCM simulation method, and second to integrate the
 human crowd activity impact in the simulation of the common WHERE2 channel scenario
 (see Section 2).


5.3 UWB Antenna Measurement Campaign


In fingerprinting, the position is found by comparing an observed measurement with finger-
 prints in a pre-recorded database. One cannot assume, that the database is recorded with
 exactly the same equipment as the equipment used for the positioning and in particular the
 antennas used to record the database and at the terminal to be localized. The observed sig-
 nal, and thus the matching of fingerprints, are affected by the antenna systems used to record
 the database and to record new fingerprints at the terminal to be localized. As a result, the
 observed signal may differ from the fingerprints in the database, even when the terminal is
 located at exactly the same position as used in the database. Moreover, this difference is
 affected by an unknown antenna response due to user operation, along with an unknown
 antenna orientation due to user movement. To study the variability of fingerprints induced
 by the unknown and varying antenna response, along with the unknown, and possibly time-
 varying antenna orientation, it is necessary to propose stochastic models including these
 effects.


As a first stage in this effort we have planned and conducted a two-day antenna mea-
 surement campaign performed in cooperation between AAU and UR1 using the nearfield
 measurement chamber at INSA, Rennes, April 2012. The objective of the campaign is
 to collect data for characterizing the variability of the radiation pattern of ultra wideband
 (UWB) antennas due to antenna structure and the human body in the vicinity of the an-
 tenna. In the measurements the human body was represented by a phantom of an arm. The
 complete measurement campaign consists of a series of four measurements: S1: Responses
 were measured of 17 UWB antennas for the purpose of characterizing the variability due to
 change of antennas. S2: Antenna responses were measured in the presence of the phantom
 at various antenna-phantom distances. S3: The antenna responses were measured for differ-
 ent phantom-antenna angles and distances. S4: The measurement series S4 is an auxiliary
 measurement series. The measurement report in Appendix A.9 gives a full description of
 the equipment and measurement series.


The next steps are to finalize the necessary postprocessing software, to run it on the
 data, and to propose a stochastic model for the antenna responses which can be used in the
 evaluation of fingerprinting techniques.
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5.4 Bayesian Hierarchical Prior Modeling for Sparse Channel Estimation


In today’s broad spectrum systems, the need to estimate frequency responses over a wide
 range of frequencies is not uncommon; in modern multicarrier communication systems, for
 instance, the wireless receiver needs to estimate a channel frequency response coefficient for
 each data subcarrier in the system, which could amount to hundreds of coefficients to esti-
 mate. Improved estimation accuracy can be obtained by, instead, estimating the parameters
 of the channel response in the delay domain, in which the response is expected to be sparse.


In Appendix A.8, we present an application of a sparse estimation technique to the prob-
 lem of channel estimation for orthogonal frequency-division multiplexing (OFDM) for com-
 munication purposes. A sparse channel representation, however, may as well be used in
 localization for instance using those sparse channel representations as finger prints. Addi-
 tionally estimating sparse channel representations from radio channel measurements may
 indicate the most important channel features to be included in simulation models, not only
 for communication but as well for localization purposes.


The proposed approach relies on the Bayesian formalism presented in [33] for the design
 of hierarchical prior models capturing the sparsity properties of the signal to be estimated.


Based on the proposed models, realized with complex Gaussian scale mixtures, iterative
 inference schemes yielding sparse estimates of the signal of interest can be applied. The
 hierarchical models proposed in [33] are used in Appendix A.8 to model the prior distribu-
 tions of the complex weights of the channel multipath components. By doing so and using
 a Fourier matrix as a basis, channel estimation for OFDM can be re-cast into the canonical
 form of sparse Bayesian learning [34]. Inference in the proposed model is solved by means
 of a variational message-passing algorithm.


From the analysis in Appendix A.8, the virtues of using sparse estimation techniques
 compared to linear filtering techniques become apparent. In addition, the numerical results
 illustrate how the models proposed in [33] lead to an improved accuracy of the estimates
 compared to other sparse estimation methods, thus resulting in an improved BER perfor-
 mance of the overall receiver. In the future, the robustness of the proposed technique against
 different types of channels (e.g. including a diffuse component) shall be tested. Another
 result of the estimation technique is the “optimum” number of estimated multipath compo-
 nents for the sparse channel representation. This for instance is of particular interest for
 tracking of multipath components in Section 5.1 where new components may be added and
 others fade out over time.
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6 CONCLUSIONS


This intermediate deliverable summarizes the works conducted within the ongoing activities
 of task T1.2 in WP1. The envisioned common channel simulation scenario encompasses het-
 erogenous radio access technologies and heterogenous environments. The scenario clearly
 shows the challenge for radio channel modeling and indicates that not all aspects for local-
 ization purposes can be modeled with a single channel model. Instead this challenge calls
 for a selection of different models with different specific purposes. We observe, however,
 that some of these models share commonalities and complement each other.


Consequently the ongoing and future work for the characterization of the radio channel
 still focuses for instance on multi-link channel characterization, channel variability caused
 by transmitter receiver movement, human crowd activity, antenna response variability and
 characterization of the delay power spectra versus distance. Additionally, the heterogeneous
 channel aspects related to the different radio access technologies are studied, i.e. the exten-
 sion from narrowband to ultra wideband ray tracing tools or how to efficiently model the
 multi-user case in ray tracing with the use of graphs. The heterogenous channel related to
 different environments is covered by investigations of ray tracing in indoor and indoor to
 outdoor environments. Refinement of ray tracing results by measurement insertion is con-
 sidered too.


The combination of all these channel modeling technologies leads to a common het-
 erogeneous channel modeling “environment” covering the different purposes in localization
 which is envisioned for the final deliverable. The results obtained so far are already used in
 other work packages, for instance WP2 T2.2 and T2.3. The continuous work towards the
 common channel simulation scenario is shared with the other work packages of WHERE2
 to support their contributions.
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A APPENDIX


The appendix contains the collection of articles and reports which have been produced so far
 within the activities in WP1 of WHERE2. These documents provide the reader with more
 detailed and specific information on the outcome of these activities.The appendix contains
 the contributions:


Appendix Title Page


A.1 Analysis of the Stochastic Channel Model by Saleh &


Valenzuela via the Theory of Point Processes


19
 A.2 Distance Dependent Model for the Delay Power Spectrum


of In-room Reverberant Channels 24


A.3 In-room Reverberant Multi-link Channels: Preliminary In-


vestigations 35


A.4 Channel Measurements and Characteristics for Coopera-
 tive Positioning Applications


44
 A.5 Time-variant Channel Modeling Related to Indoor Human


Crowd Activity 50


A.6 Exploiting the Graph Description of Indoor Layout for Ray
 Persistency Modeling in Moving Channel 64
 A.7 Technical Report on UWB Simulations of the WHERE2


Synthetic Environment


70
 A.8 Application of Bayesian Hierarchical Prior Modeling to


Sparse Channel Estimation 85


A.9 UWB Antenna Measurement Report 92


A.10 UWB Measurement and Simulation Report for the Verifi-
 cation of the Band-divided UWB Ray Tracing Method 117
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A.1 Analysis of the Stochastic Channel Model by Saleh & Valenzuela via the Theory
 of Point Processes


M. L. Jakobsen, T. Pedersen, and B.H. Fleury Analysis of the Stochastic Channel Model
 by Saleh & Valenzuela via the Theory of Point Processes. International Zurich Semi-
 nar on Communications proceedings Eidgenössische Technische Hochschule Zürich (2012).,
 February 29-March 2, 2012, Sorell Hotel Zürichberg, Zurich, Switzerland.


http://dx.doi.org/10.3929/ethz-a-007023900
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 Section Navigation and Communications, Dept. of Electronic Systems, Aalborg University


Fredrik Bajers Vej 7B, DK-9220 Aalborg East, Denmark


Abstract—In this paper we revisit the classical channel model
 by Saleh & Valenzuela via the theory of spatial point processes.


By reformulating this model as a particular point process and by
 repeated application of Campbell’s Theorem we provide concise
 and elegant access to its overall structure and underlying features,
 like the intensity function of the component delays and the delay-
 power intensity. The flexibility and clarity of the mathematical
 instruments utilized to obtain these results lead us to conjecture
 that the theory of spatial point processes provides a unifying
 mathematical framework to define, analyze, and compare most
 channel models already suggested in literature and that the
 powerful tools of this framework have not been fully exploited
 in this context yet.


I. INTRODUCTION


Literature regarding channel models for (indoor) radio prop-
 agation dates back earlier than 1960, and most commonly the
 wireless multipath channel is characterized via its (time and
 space varying) impulse response [1]. Two classic and seminal
 contributions within channel modeling are those by Turin et al.


[2] and Saleh & Valenzuela [3]. To some extent the (indoor)
 model by Saleh & Valenzuela can be seen as a generalization
 of the (urban) model by Turin. Specifically, the generalization
 aimed at mimicking cluster alike behavior since this effect was
 reported to have been observed experimentally.


Ever since the model by Saleh & Valenzuela (for short the
 S-V model) was proposed in 1987, many refined or marginally
 extended variants have appeared, see e.g. [4] and [5]. Unfortu-
 nately, these channel models have not been developed within
 any unifying mathematical framework. Instead their treatment
 is of rather ad-hoc nature and, as a result, their inherent
 features remain essentially veiled and any two different models
 are not easily comparable.


Recently the authors of [6] and [7] reformulated and outlined
 the S-V model in terms of marked point processes. The S-V
 model has also been revisited in [8] by use of shot-noise tools
 and point process theory. Among other things the analysis in
 [7] and [8] show that the overall intensity of the relative delays
 of multipath components grows linearly with the propagation
 delay. Unfortunately, the mathematical tools used in [7] to
 extract the features of the model are not directly associated
 with the general theory of point processes. On the other hand,
 the tools used in [8] are rather advanced and the derivations
 less transparent. Accordingly, the potential theoretical benefits
 arising through these point process reformulations are not
 immediately evident.


In this paper we showcase how the general theory of spatial
 point processes provides an insightful view upon the inherent
 structure and features of the classical S-V model. Like [7] and


[8] we revisit the model and reformulate it as a particular point
 process. Aligned with [7] we show that the component delays
 consist of the union of a Poisson point process and a Cox
 point process and we derive the associated intensity function
 as an immediate consequence of Campbell’s Theorem. The
 derivation in [7] is similar but with no reference to Campbell’s
 Theorem. Furthermore, and in contrast to the involved proofs
 relying on shot-noise tools in [8], we obtain the delay-power
 intensity in a simple and direct way by invoking once more
 Campbell’s Theorem. These results demonstrate the potential
 of this well-known theorem from the theory of spatial point
 processes in the context of stochastic channel modeling. In
 view of this, our conclusion is that the theory of spatial point
 processes and its powerful tools have not been fully exploited
 yet to analyze the properties of most proposed stochastic
 channel models. This theory appears to provide the necessary
 unifying framework for which these models can be contrasted
 within.


II. POINTPROCESSFRAMEWORK


We assume familiarity with the basics of the theory of spatial
 point processes (see [9, Sec. 1.3, Chap. 2] and [10, Sec. 1.5,
 6.2] for highly recommendable introductions). Concepts from
 abstract measure theory will be kept at a minimum.


A. Locally finiteness and simplicity


Denote byY alocally finiteandsimplepoint process defined
 on ad-dimensional spaceS⊆Rd. For intuitive, practical and
 mathematical reasons, these two properties are convenient to
 impose since several technical aspects can then be disregarded.


A point process is locally finite if the number of points falling
 in every bounded Borel set B ⊆ S is almost surely finite.


A point process is simple if, almost surely, no two points
 of the process coincide. Accordingly, any realization of the
 point processY can be identified as a countable set of points
 y1,y2,y3, . . . , yi ∈ S, where the index i of yi serves
 solely as a dummy label. Thus, the index is used only to
 distinguish points and to indicate countability. It does not
 indicate any ordering of the points.


B. The intensity function and Campbell’s Theorem


Consider the counting function defined, using a generic
 indicator function1[·]∈ {0,1}, as


NY(B) := X


y∈Y


1[y∈B],


which equals the random number of points fromY falling in
the setB. For any fixed andboundedB, the countNY(B)is



(22)a non-negative integer-valued random variable. The expected
 value of the counting function µY(B) :=E


NY(B)
 defines
 a measure onS, the so-calledintensity measureof Y. If the
 intensity measure can be expressed as


µY(B) =
 Z


B


%Y(y)dy, B⊆S,


for a locally integrablefunction %Y :S→[0,∞), then%Y is
 called theintensity functionofY. The case when the intensity
 function exists is by far the most important for applications
 [11]. The importance of the intensity function is evident from
 the following result, often referred to asCampbell’s Theorem.


Campbell’s Theorem. LetY be a point process onS⊆Rd
 with intensity function%Y. Then for a real or complex-valued
 measurable functionP h:S→R(orC), the random variable


y∈Y


h(y)has expected valued
 E X


y∈Y


h(y)
 


=
 Z


S


h(y)%Y(y)dy, (1)
 provided that the integral on the right exists.


Proofs with varying degrees of detail can be found in [9,Sec.


3.2], [11, Prop. 4.1] and [12,Thm. 2.2]. Often, the theorem is
 stated only for non-negative functionsh, since the equality in
 (1) is then unconditionally true, i.e. the integral is always well-
 defined but possibly divergent. When h is real-valued some
 care must be taken since the integral at the right hand side of
 (1) has no meaning if the positive and the negative part of h
 are not integrable. Similar care must be taken for complexh.


C. Poisson and Cox point processes


We now define two classes of point processes which are
 particularly important for our treatment in the forthcoming sec-
 tion, namely Poisson point processes and Cox point processes.


These definitions can be found in many text books covering
 the theory of spatial point processes. Our treatment is directly
 inspired by [11] and the interested reader may consult [10]–


[12] for further details.


Definition. A point processY onS⊆Rd is called a Poisson
 point process with intensity function%Y if:


(i) For any B ⊆ S with µY(B) = R


B%Y(s)ds < ∞ the
 countNY(B)is Poisson distributed with meanµY(B).


(ii) Given that NY(B) =n ∈N where 0 < µY(B) < ∞,
 the distribution ofY ∩B is the same as that ofnpoints
 drawn i.i.d. according to fB, where


fB(s) := %Y(s)1[s∈B]


µY(B) .
 We write Y ∼PoissonPP S, %Y


.


Definition. LetZ(s), s∈S,be a non-negative random field
 such that, almost surely, every realization of Z is a locally
 integrable function onS. If a point processY, conditioned on
 Z, is a Poisson point process with intensity function Z, then
 Y is called a Cox point process driven byZ.


Cox point processes (also often referred to as doubly
 stochastic Poisson point processes[10]) are flexible models for


clustered point patterns. Specifically, the two-level construction
 most commonly entails the Cox class to exhibit so-calledover-
 dispersioncompared to the Poisson class [11,Sec. 5.2].


III. THEMODEL BYSALEH& VALENZUELA


In this section we analyze the impulse response of the classi-
 cal S-V model within the framework of spatial point processes.


The main purpose of this effort is to straightforwardly derive
 the features of this model through a flexible and powerful
 theory. Several relevant aspects of the model are revealed
 through this reformulation, e.g. its overall delay intensity, a
 concise and clear derivation of the average power gain and, a
 simple derivation of the delay-power intensity as well.


A. Classical formulation


Saleh & Valenzuela define the channel impulse response
 withclusterandwithin-clusterdelays as [3,Eq. (25)]


h(t) =
 X∞


`=0


X∞
 k=0


βk,`exp(jθk,`)δ t−(T`+τk,`)
 , (2)
 whereδ is the Dirac delta and j is the imaginary unit. The
 index` indicates a certain cluster andk is the within-cluster
 index. By definition in [3], T0 = 0 and τ0,` = 0 for each


`∈N0 :={0} ∪N. Beside these fixed delay components, a
 sequence of Poisson point processes are suggested such that


• 


T` `∈N∼PoissonPP R


+, Λ


• 


τk,` k∈N∼PoissonPP R


+, λ


for each`∈N0,
 with Λ, λ > 0 being two parameters. Moreover, conditional
 second-order moments are modeled such that [3,Eq. (26)]


E


β2k,`T`, τk,`


=Qexp −T`/Γ


exp −τk,`/γ
 , (3)
 with Γ, γ > 0 and Q being the average power gain of the
 first component within the first cluster (i.e. corresponding to
 the fixed delay T0). Conditioned on all T`’s and all τk,`’s,
 the βk,`’s are assumed to be mutually independent random
 variables. Specifically, each power gainβk,`2 , conditioned onT`


andτk,`, should follow an exponential distribution with mean
 parameter decaying as described by (3). Fig. 1 illustrates the
 Poisson point processes involved in the S-V model.


Finally, it was mentioned in [3] that practically the doubly-
 infinite sum in (2) should ”stop” whenever each of the ex-
 ponentially decaying terms in (3) had become small enough.


Through the insight gained via the forthcoming reformulation
 of this classical channel model we are able to motivate a less
 heuristic ”stopping criterion”.


B. Point process formulation


Naturally, we select the space S =R


+ and let T0 = 0as
 above. In addition, we introduce the point processes:


C :=


T` `∈N allclusterdelays exceptT0





W`:=


T`+τk,` k∈N delayswithinthe`’th cluster
 W :=


[∞


`=0


W` allwithin-cluster delays


Y :=C∪W all propagation delays exceptT0
.
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