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Document Overview

The CMD contains descriptions of the propagation characteristics and channel models of the operational environments relevant for the considered applications (e. g. data required to calculate link budgets)
The CMD will support the evaluation of the proposals submitted to P802.15.3d for consideration by the 15.3d task group.
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[bookmark: _Toc419279965]Scope

This document details the characteristics of the air interface channels for the suite of applications described in the current revision of the 802.15.3d Application Requirements Document, 15-14-304-16-003d.
[bookmark: _Toc419279966]Methodology 

Descriptions of the applications and associated channel modeling parameters are listed in paragraphs 4-7. 
[bookmark: _Toc419279967]General Structure of the Channel Model
Structure of the CIR equation
[bookmark: _Toc419279968]Multipath and Polarization Characteristics
Description of the ray-optical propagation paths and the considerartion of polarization characteristics by means of the Jones calculus
[bookmark: _Toc419279969]Usage of the Channel Model in System Simulations
[bookmark: _Toc419279970]General Channel Parameters
[bookmark: _Toc419279971]Operating frequency band(s)
[bookmark: _Toc419279972]Path loss model 
[bookmark: _Toc419279973]Antenna gain/pattern


[bookmark: _Toc419279974]Scenario-Specific Channel Parameters
[bookmark: _Toc419279975]Angular Dispersion
[bookmark: _Toc419279976]Temporal Dispersion
[bookmark: _Toc419279977]Other

[bookmark: _Toc387803403]

[bookmark: _Toc419279978]Close Proximity P2P Applications
[bookmark: _Toc419279979]Environments
Regarding to the application requirement document [x1] and the contribution on application usage [x2], environments in where IEEE802.15.3d devices shall be operated can be defined. Two environments are characterized in this report. Table x1 summarizes the two characterized environments.  
The scenario can be uniformed to line-of-sight (LOS) channel with transmission distance of a quite short range.  Even for LOS scenario, we have to consider the case which metal chassis or metal cover exists on consumer electronics (CE) in which IEEE802.15.3d devices are implemented inside. That metal must be object for the path between the transmitter (TX) and the receiver (RX). 
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[bookmark: _Toc419279980]Channel Characterization
Close Proximity P2P (300 GHz): 
Concerning the usage model of close proximity P2P wireless communications, the channel is assumed to be line-of-sight propagation in millimeterwave, 300 GHz band. 
Generally, TSV model is introduced in millimeterwave PAN/LAN systems in IEEE802.15.3c and IEEE802.11ad operating both at 60 GHz. For proximity communications usage, reflections are observed inside terminals and at surface of terminals, etc. The channel model shall be modified to represent such propagation mechanisms and the frequency band at 300 GHz.  

The channel model shall apply at least one of the several kinds of propagation depending on the antenna configurations.

[bookmark: _Toc419279981]Path Loss

Molecular attenuation can be ignored because transmission distance along application usage is a short range of up to 50 millimeters. 
[bookmark: _Toc419279982]Power Delay Profile
[bookmark: _Toc419279983]Fading Model
[bookmark: _Toc419279984]Polarization

[bookmark: _Toc419279985]Model Parameterization
[bookmark: _Toc419279986]List of Parameters
The complete list of parameters used in this report can be summarize as follows:

1. K, K factor of Rice distributions for the first arrival path
2. , the cluster decay rate
3. initial decay between the first arrival path and delayed paths
[bookmark: _Toc393354312]
The parameters are given in Table x.

[bookmark: _Toc419279987]Model Parametrization 
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[bookmark: _Toc387803410][bookmark: _Toc419279989]Intra-Device Communication
[bookmark: _Toc419279990]Operating frequency band(s)
As envisaged in the ARD, the desired transmission rates for wireless intra-device communication  reach up to almost 100Gbps. Furthermore, the use of frequency-domain and spatial multiplexing shall be possible. The operational environment is restricted to some 10cm and usually trapped by a device casing. Consequently, a huge frequency range might be exploited, for example between 270 GHz and 320 GHz. 

[bookmark: _Toc419279991]Intruductory Measurement Example

In the following, the peculiarities of the intra- device propagation channel shall be introduced by a set of measurements. In the case of board-to-board communication, the transmission channel consists of two antennas mounted on opposing surfaces at close proximity without any obstructions between the antennas. A sketch of the scenario definition is provided in Figure 1.



[bookmark: _Ref419195816]Figure 1: Board-to-board communication scenario (top view)
Tx and Rx mounted on opposing positions on PCB surfaces (green)    

With this configuration, a range of exemplary measurements has been performed to get a first insight in the channel characteristics. The measurements have been based on a setup comprising a vector network analyzer along with the necessary frequency extension modules to reach the frequency band between 270 GHz and 320 Ghz. Information regarding the setup and mechanical arrangement can be found in [x7]. As seen in Figure 2 below, four configurations with diagonal antenna positioning have been measured. The measurements comprise two different box sizes d as well as two box setups, one including Printed Circuit Boards (PCB) at front- and backside and one without.
[image: ]
[bookmark: _Ref419277114]Figure 2: Measured board-to-board scenarios 
two box sizes (first and second row) 
full plastic or PCB-equipped box (left and right column)

In particular, the impact of printed circuit boards and the behaviour of the channel for the possible sub-bands have been investigated. Figure 3 exemplarily shows a measurement result over the full bandwidth along with the effects arising when only a sub-band of the complete channel is evaluated.


[bookmark: _Ref419277190]Figure 3: Measured channel transfer function (CTF) and channel impulse response (CIR) 
for the full frequency range (left) and two chosen sub-bands (middle and right)

The channel transfer function (CTF) over the complete bandwidth shows the typical profile of a strong propagation path interfering with some attenuated echoes. Its Fourier-Transform, the channel impulse response (CIR), reveals a strong peak corresponding to the direct path between Tx and Rx followed by the expected signal echoes from reflections inside the casing. It must be noted that the CIR is influenced by the leakage-effect introduced by the inverse Fourier Transform. Comparing the CIR of the full bandwidth to the CIR of the sub-bands band 1 between 270 GHz and 280 GHz and band 3 between 290 GHz and 300 GHz, a varying channel can be observed for the two bands. For band 1, the propagation channel seems to be almost free of echoes; the peaks seen in the full-bandwidth CTF are reduced almost to the FFT-leakage floor. In band 3, the reflections appear even stronger than in the original signal. This effect stems from the reflections at the plastic casing of the device. A signal reflected from a thin layer of plastic will interfere with itself due to two reflection processes at front- and backside of the plastic surface. Depending on the absolute frequency of the signal, these two reflection processes may add up constructively or destructively. A detailed investigation of the reflection and transmission behaviour at THz frequenies is found in [x8] Thus, the same propagation path may lead to varying contributions to the total channel behaviour if different sub-bands are considered.

In the following, the CIRs obtained for the scenarios introduced in Figure 2 are presented. First, the result for the whole bandwidth is discussed. Subsequently, the results for sub-band 1 and sub-band 3 are presented.
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Figure 4: Channel impulse responses for the full bandwidth between 270 GHz and 320 GHz

As introduced in the generic example in Figure 3, one strong main peak, corresponding to the direct transmission path between Tx and Rx, followed by a range of echoes from the casing walls is observed in all four cases. For the small box with plastic walls, the path loss of the main signal is as low as -20dB. In case of the large box, the path loss rises to about -30dB due to the additional propagation distance; furthermore, the far-field distance of the employed horn antennas is reached in the large box only. It can be observed that the path loss is around -30dB in case of the small box equipped with PCBs as well. This is due to the fact that the direct path between the antennas or, more precisely, the first Fresnel zone has been blocked by the building parts at the PCB surfaces. While the first echos arrive after around 1ns in the small box, the echoes in the large box arrive after 2 or more nanoseconds. The amplitude of the echo paths is only slightly influenced by the size of the box or the presence of PCBs. 
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[bookmark: _Ref419277759]Figure 5: Channel impulse responses for sub-band 1 between 270 GHz and 280 GHz

Comparing the impulse responses at full bandwidth to the impulse responses in sub-band 2 (Figure 5) and sub-band 3 (Figure 6), the lower temporal resolution of the impulse responses due to the smaller bandwidth of the sub-bands can be observed. It leads to a virtual pulse broadening which can be observed when comparing the impulse responses of the large box scenario with plastic walls. This effect is due to the missing temporal synchronization of the pulse delay to the time steps of the impulse responses; i.e. it can be compensated by receiver synchronization in a real transmission system.
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[bookmark: _Ref419277764]Figure 6: Channel impulse responses for sub-band 2 between 290 GHz and 300 GHz

Apart from this, the behaviour of the main signal remains constant for both sub-bands when compared to the full bandwidth. The amplitude of the reflected paths varies clearly between the sub-bands for transmission inside the plastic boxes. For the small box, the multipath component at about 1ns after the main peak almost vanishes in sub-band 1. The same effect is observed for two multipath components at around 1.5ns after the main peak in the large box. Both multipath clusters are clearly present in sub-band 3. Looking at the scenarios with PCB walls, no significant difference exists between the sub-bands. This backs up the observation that the (systematically) varying channel behaviour is induced by the thin layers of the plastic casing rather than the PCB bulding parts.

Concludingly, it is observed that one dominant propagation path exists in the case of board-to-board communications with no obstructions. Its amplitude generally lies 20dB over that of the strongest echo path. However, the amplitude of the echo paths may vary strongly between different sub-bands, with some echo paths disappearing for some bands. In a smaller environment, the echo cluster arrives earlier compared to the more spacious environment. If a narrow environment is packed with obstacles, e.g. PCB building parts, a significant attenuation of the main signal is observed. Overall, the presence of printed circuit boards does not seem to have a significant impact to the direct line-of-sight communication channel; compared to the effects induced by the plastic surfaces, the multipath characteristics are not increased. 

[bookmark: _Toc419279992]Path loss model 
[bookmark: _Toc419279993]Antenna gain/pattern

[bookmark: _Toc419279994]Scenario Definitions
[bookmark: _Toc419279995]Direct Board-to-Board Communication

Transmission between two chips mounted on opposing surfaces

Angular Dispersion
Temporal Dispersion
Other



[bookmark: _Toc419279996]Directed NLOS Board-toBoard Communication
Transmission between two chips with obstructed or without line of sight
Angular Dispersion
Temporal Dispersion
Other

[bookmark: _Toc419279997]Chip-toChip Communication
Transmission between two chips mounted on the same surface
Angular Dispersion
Temporal Dispersion
Other



[bookmark: _Toc387803417][bookmark: _Toc419279998]Backhaul/Fronthaul
Introductory Remarks
The mitigation of the high path loss at 300 GHz requires high gain antennas in the order of 40 dB at both sides of the link for a transmission distance of several hundred meters. This requires a LOS connection. In addition such high gain antennas are spatial filters, that supress multi path propagation at large. A path loss model to evaluate the link budget is sufficient as a first approximation.

[bookmark: _Toc419280000]Path loss model 
The relevant propagation mechanism in such an environment, which are contributing to increase the free space loss are described in [6.1]:

· Atmospheric gas attenuation 
· Cloud attenuation 
· Rain attenuation 

Cloud attenuation is relevant for satellite-earth propagation mainly. For terrestrial links it can be assumed that the link is operated below the height of clouds. The situation that a link penerates clouds may happen for example in some alpine regions with one transceiver at a high mountain, but it is unlikely, that ultra-high capacity links are required there. However, the influence of fog may be interest also for dense urban area.

Calculation of the Overall Path Loss
The overall path loss at a distance d and a carrier frequency f can be modelled as:

												(1)


where





Specific Attenuation by Atmospheric Gases according to ITU-R P.676-10 
Two methods are decribed in ITU-R P.676-10 [6.2]:

· A more detailed line –by-line calculation of gaseous attenuation 

· A simplified method, based on curve-fitting of the line-by-line calculation agrees with the more accurate calculations to within an average of about 10% at frequencies removed from the centres of major absorption lines. The absolute difference between the results from these algorithms and the line-by-line calculation is generally less than 0.1 dB/km and reaches a maximum of 0.7 dB/km near 60 GHz. 

In the following the specific attenuation due to dry air and water vapour, is estimated using the  simplified algorithms, valid for the frequency range 120 to 350 GHz:

The specific attenuation o due to dry air is calculated using the following equations: 

												(2)



												(3)



												(4)


Where		f 	frequency (GHz) 
		rp  =	ptot/1013, where ptot represents total air pressure 
		rt  	288/(273  t) 
		p 	pressure (hPa)
		t 	temperature (C) 


The specific attenuation w due to water vapour is calculated using the following equations: 






												(5)









												(6)

												(7)


												(8)



where  is the water-vapour density (g/m3).

Exemplary result for the specific attenuation from 1 to 350 GHz at sea-level for dry air (p=1013 hPa, t=15°C) and water vapour with a density of =7.5 g/m3 (from [6.2])


[image: ]

Figure 7: Exemplary results for specific attenution due to dry air and water vapour

Calculation Specific Attenuation R by Rain according to ITU-R P. 838-3 

The specific rain attenuation R is calculated according to according to ITU-R P. 838-3 [6.3]:

												(9)

where: 
		R 	rain rate in mm/h 
		k  	either kH or kV for horizontal and vertical polarization, respectively 
		  	either H or V. for horizontal and vertical polarization, respectively 

Values for k and a for the frequencies 200, 300 and 400 GHz and horizontal/vertical polarization are given in Table 6.1

Table 6.1: Values for k and  in the frequency range 200-400 GHz

	Frequency
(GHz) 
	kh 
	H 
	kV 
	V 

	200 
	1.6378 
	0.6382 
	1.6443 
	0.6343 

	300 
	1.6286 
	0.6296 
	1.6286 
	0.6262 

	400 
	1.5860 
	0.6262 
	1.5820 
	0.6256 



For linear and circular polarization, and for all path geometries, the coefficients in equation (9) can be calculated from the values given the previous table using the following equations


												(10)


												(11)



where  is the path elevation angle and  is the polarization tilt angle relative to the horizontal ( = 45° for circular polarization).

Typical rain rates for various rain intensities, which are required in equation (9)  are listed in table 6.2.

Table 6.2: Typical rain rates [6.1, 6.4]

	Type of Precipitation 
	Range of R (mm/h) 
	Intensity 

	Drizzle 
	R < 0,1 
	Light 

	Drizzle 
	0,1 < R < 0,5 
	Moderate 

	Drizzle 
	R > 0,5 
	Heavy 

	Rain 
	R < 2,5 
	Light 

	Rain 
	2,5 < R < 10 
	Moderate 



Exemplary results for specific rain attenuation R at  the carrier frequencies 200, 300 and 400 GHz are listed in Table 6.3

Table 6.3: Exemplary results for specific rain attenuation R

	f/GHz
	Horizontal Polarisation
	Horizontal Polarisation

	
	R/ mm/h
	R/mm/h

	
	0,1
	5
	50
	0,1
	5
	50

	200
	0,38
	4,57
	19,89
	0,38
	4,56
	19,66

	300
	0,38
	4,49
	19,12
	0,39
	4,46
	18,87

	400
	0,38
	4,35
	18,37
	0,37
	4,33
	18,28
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[bookmark: _Toc387803424][bookmark: _Toc419280006]Data Center
The wireless data center uses wireless data links to replace/complement the traditional cable connections, which brings various advantages e.g. high flexibility, low maintenance cost and favorable cooling environment. The high data rate requirement makes the THz technology a competitive candidate because of its high available bandwidth up to 50 GHz.

This document provides a realistic THz wireless channel model in a typical wireless data center scenario. The results presented here are based on [x9] and are submitted to ISWCS 2015 (currently under review).

As shown in Figure 7, the scenario consists of several server chassis, 4 walls and a roof (the 2 front walls and the ceiling are set invisible to illustrate the chassis). The transmitter (Tx) and the receiver (Rx) are marked as blue circles. Using the ray tracing simulator calibrated for the frequency 300 GHz, the propagation channel can be obtained. In figure 1, the propagation paths are illustrated as blue lines.
[image: paper/figures/scenario.pdf]
[bookmark: _Ref419278484]Figure 7: The data center scenario
 
[bookmark: _Toc419280007]Propagation Path Types
Figure 2 illustrates the possible propagation path types. When the antennas are located on the chassis roof, the signal can be transmitted in a Line of Sight (LoS) path (type 1), or reflected on the ceiling (type 2). In case that Tx and Rx are placed on identical or adjacent chassis, the antenna can be mounted below the chassis roof (type 3) and the propagation path is either LoS or via a reflector to reduce the interference on the propagation path type 1 and 2.
[image: ]
Figure 8: Propagation path types

[bookmark: _Toc419280008]Selection Between Path Types
When Tx and Rx are on identical or adjacent chassis, path type 3 would have advantage over type 1 and 2 because the lower antenna position produces less interference on other channels. If Tx and Rx are further departed therefore the antennas have to be placed on the chassis roof, type 2 is favorable if the propagation distance is limited whereas type 1 shows more advantage over a longer range. This selection is based on 2 considerations: 1) a shorter distance results in less free space propagation loss and therefore allows for additional reflection loss, 2) the elevation of path type 2 deviates from the horizontal direction more significantly with a shorter horizontal direction, therefore a vertically directive antenna would cause less interference on the horizontal LoS paths (because all the chassis have the identical size). We make the general suggestion that if the AoD/AoA elevation is at least 2 times the antenna Half Power Beam Width (HPBW) in the vertical direction away from the horizontal direction, type 2 has an advantage over type 1. The criterion should be adapted for every concrete scenario.
[bookmark: _Toc419280009]Stochastic Channel Modelling
The stochastic channel modelling is based on massive ray tracing simulations. We choose a Tx position in the room corner (Tx 1) and in the room center (Tx 2) for propagation path type 1/2. For path type 3, we selected Tx and Rx positions randomly on identical or adjacent chassis.

Based on the simulation results, we derive a stochastic channel model in the following approach:

1. Determine number of propagation paths.
2. Assign a delay to each propagation path.
3. Determine the pathloss of each propagation path according to its delay.
4. Define the angular difference of each NLoS path to the LoS path.
5. Generate uniformly distributed phase for each path.
6. Generate frequency dispersion for each path.

[bookmark: _Toc419280010]Path Numbers
There is always 1 LoS path. The empirical distributions of the numbers of NLoS paths are presented in Table 1.
[bookmark: _Ref419098752][bookmark: _Ref419098736][bookmark: _Ref419099283] Table 1 NLoS Path number distributions
	Type 1/2, Tx 1

	Number of paths
	17
	18
	19
	20
	21

	Probability (%)
	27
	35
	22
	15
	1

	Type 1/2, Tx 2

	Number of paths
	16
	17
	18
	19
	20
	21

	Probability (%)
	32
	29
	12
	16
	8
	3

	Type 3

	Number of paths
	3
	4
	5
	6
	7
	8
	9
	10
	11

	Probability (%)
	22
	13
	8
	15
	8
	17
	8
	6
	3



[bookmark: _Toc419280011]Delay distribution
Figure 9 illustrates the delay distributions. Note that the LoS delay is the absolute value whereas the NLoS delay is the relative delay, i.e. the difference between the NLoS delay and the corresponding LoS delay.

	[image: paper/figures/delay_distribution/delay_distribution_type12_1.emf]
(a) Type 1/2, Tx 1
	[image: paper/figures/delay_distribution/delay_distribution_type12_2.emf]
(b) Type 1/2, Tx 2
[bookmark: _Ref419278767]Figure 9: Delay distributions

	[image: paper/figures/delay_distribution/delay_distribution_type3.emf]
(c) Type 3


Table 2 lists the distribution types and the corresponding parameter values.

[bookmark: _Ref419098685]Table 2 Delay distributions
	Path
	Distribution
	Parameters

	Type 1/2, Tx 1, LoS
	Normal distribution
	=2.26x10-8, =8.76x10-9

	Type 1/2, Tx 1, NLoS
	Negative EXP
	=8.76x109

	Type 1/2, Tx 2, LoS
	Normal distribution
	=1.20x10-8, =4.56x10-9

	Type 1/2, Tx 2, NLoS
	Normal distribution
	=2.98x10-8, =1.79x10-9

	Type 3, LoS
	Normal distribution
	=1.80x10-8, =8.60x10-9

	Type 3, NLoS
	Negative EXP
	=4.92x107



[bookmark: _Toc419280012]Delay-Pathloss Correlation
The delay has a positive correlation with the pathloss, as depicted in Figure 10. As in the last section, the pathlosses and delays for the LoS paths are absolute values whereas the NLoS carries relative pathlosses and delays. The definition of the relative pathloss is the pathloss of the considered path divided by the pathloss of the corresponding LoS pathloss.
	[image: paper/figures/delay_distribution/delay_distribution_type12_1.emf]
(a) Type 1/2, Tx 1
	[image: paper/figures/delay_distribution/delay_distribution_type12_2.emf]
(b) Type 1/2, Tx 2
[bookmark: _Ref419278885]Figure 10: Delay-pathloss distributions

	[image: paper/figures/delay_distribution/delay_distribution_type3.emf]
(c) Type 3

	
	
	


Table 3 lists the correlations between delay and pathloss. The subscript “r” stands for “relative”. The correlation for the LoS paths can be completely described by the Friss equation. Therefore the random part is 0. For the NLoS paths, the additional loss due to reflections etc. contributes to the random part.

[bookmark: _Ref419099299]Table 3 Delay-pathloss correlations
	Path
	Deterministic part
	Random part

	Type 1/2, Tx 1, LoS
	p=-20log10(d)-71.52
	=0

	Type 1/2, Tx 1, NLoS
	pr=-0.294dr-17.44
	=4

	Type 1/2, Tx 2, LoS
	p=-20log10(d)-71.52
	=0

	Type 1/2, Tx 2, NLoS
	pr=-0.385dr-17.95
	=4

	Type 3, LoS
	p=-20log10(d)-71.52
	=0

	Type 3, NLoS
	pr=-0.429dr-30.30
	=6



With delays for every path available from the last section, the pathloss can be derived from Table 3.

[bookmark: _Toc419280013]Pathloss-angle Correlation
The simulation shows some certain degree of correlation between pathloss and the angular difference between the considered NLoS path and the corresponding LoS path. This correlation is important because it has impact on the spatial filtering performance of the directive antennas. The correlations are depicted in Figure 5.
	[image: paper/figures/delay_distribution/delay_distribution_type12_1.emf]
(a) Type 1/2, Tx 1
	[image: paper/figures/delay_distribution/delay_distribution_type12_2.emf]
(b) Type 1/2, Tx 2
Figure 11: Pathloss-angle correlations
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(c) Type 3

	
	
	



The angular difference can be determined given the pathloss from the last section.

[bookmark: _Toc419280014]Phase and Frequency Dispersion
The phase can be safely assumed to be uniformly distributed. The frequency dispersion can be described by

where f0 and g0 are the reference frequency and the channel gain at the reference frequency, respectively.
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