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1	Source information
This contribution was developed by IEEE Project 802®, the Local and Metropolitan Area Network Standards Committee (“IEEE 802”), an international standards development committee organized under the IEEE and the IEEE Standards Association (“IEEE-SA”). 
The content herein was approved for submission by the IEEE 802.15™ Working Group for WPAN, the IEEE 802.18 Radio Regulatory Technical Advisory Group, and the IEEE 802 Executive Committee, in accordance with the IEEE 802 policies and procedures, and represents the view of IEEE 802.
2	Discussion
WP 1A informed to IEEE that since the bands 275-325 GHz are identified for the passive services by No. 5.565 of the Radio Regulations (RR), the studies are needed to review RR No. 5.565 for use of these bands by active services in the future. WP1A further informed to IEEE that since the band 252-275 GHz is also allocated to the mobile and fixed services, the additional contiguous bandwidth of 23 GHz could be utilized for terahertz communications discussed within IEEE 802 group. IEEE is also invited to provide information on spectrum requirements and technical and operational characteristics of their systems operating in these bands or other bands for sharing studies to Working Parties 5A and 5C.
IEEE 802 has initiated the sharing study between passive and active services. Although the results are still discussed by IEEE 802.15™ Working Group, IEEE 802 would like to inform ITU-R WP1A the input contributions attached as attachments 1 -3 in annex 1 as related to the sharing issues for information only.
IEEE 802 has reviewed the frequency range 252-275 GHz as well as 275-325 GHz and agreed to conduct studies on  theses frequency bands for terahertz applications which utilize a contiguous bandwidth of 7378 GHz. 
In JanuaryFor March 2016 IEEE 802.15 TG3d plans tohas issued a call for proposals targeting at an amendment to IEEE  802.15.3 for a switched point-to-point links operating at the frequency bands 252-325 GHz. The current drafts for call for proposal including the drafts of the supporting documents areis included in attachments 1-5 of annex 2. Since all the detailed technical and operational characteristics will be fixed only after completion of the amendment, IEEE 802 TG 3d has issued a Call for Contribution in its September 2015 meeting to request further contributions on technical details on technical and operational characteristics from current research projects in these frequency ranges. The call and tThe responses are summarized in attachment 1-y 3 in annex 3. Please note that  IEEE 802 is also interested in other higher frequency ranges above 325 GHz especially for  but not limited to close proximity and intra-device terahertz applications. 
[bookmark: _GoBack]If IEEE 802 has made significant progress in the technical studies in these frequency ranges, the results above 325 GHz as well as in the frequency range 252-325 GHz will be informed accordingly.
3	Summary
We applaud the efforts of the participants in WP 1A for undertaking this work and giving IEEE 802 the opportunity to respond to the terahertz related matters.

	Contact:	Thomas Kürner
		Michael Lynch
	E-mail: Kuerner@ifn.ing.tu-bs.de
	MJLynch@MJLALLC.COM 





Annex 1: Sharing studies  with passive services presented within the IEEE 802.15 Interest Group THz in the period 2010 to 2012


Attachment 1:  Doc.: IEEE 802.15-15-10-0829-00-0thz
https://mentor.ieee.org/802.15/dcn/10/15-10-0829-00-0thz-sharing-between-active-and-passive-services-at-thz-frequencies.ppt






Attachment 2:  Doc.: IEEE 802.15-15-12-0101-00-0thz
https://mentor.ieee.org/802.15/dcn/12/15-12-0101-00-0thz-will-thz-communication-interfere-with-passive-remote-sensing.pdf






Attachment 3: Doc.: IEEE 802.15-15-12-0324-00-0thz
https://mentor.ieee.org/802.15/dcn/12/15-12-0324-00-0thz-interference-between-thz-communications-and-spaceborne-earth-exploration-services.pdf




Annex 2: Draft Call for Proposals and draft supporting documents

Attachment 1: Draft Call for Proposals
https://mentor.ieee.org/802.15/dcn/15/15-15-0936-02-003d-tg3d-100g-call-for-proposals.docx




Attachment 2: Application Requirements Document
https://mentor.ieee.org/802.15/dcn/14/15-14-0304-16-003d-applications-requirement-document-ard.docx






Attachment 3: Draft Technical  Requirements Document 
https://mentor.ieee.org/802.15/dcn/14/15-14-0309-17-003d-technical-requirements-document.docx


Attachment 4: Draft Channel Modeling Document
https://mentor.ieee.org/802.15/dcn/14/15-14-0310-16-003d-channel-modeling-document.docx


Attachment 5: Draft Evaluation Criteria Document
https://mentor.ieee.org/802.15/dcn/15/15-15-0412-10-003d-evaluation-criteria-document.docx






Annex 3: Call for contributions addressing information on spectrum requirements and technical and operational characteristics of systems operating in the band 252 to 325 GHz and adjacent bands for sharing studies


Attachment 1: Call for contributions
https://mentor.ieee.org/802.15/dcn/15/15-15-0733-01-003d-call-for-contributions-for-the-response-to-itu-r-wp1a.docx





Attachment 2: Response from H2020 iBROWa
https://mentor.ieee.org/802.15/dcn/16/15-16-0034-00-003d-input-from-the-horizon-2020-ibrow-project-to-the-tg3d-call-for-contributions-to-the-response-on-the-liaison-statement-from-itu-r-wp1a.docx






Attachment 3: Response  from BMBF-VIP-Terapanb
https://mentor.ieee.org/802.15/dcn/16/15-16-0082-01-003d-input-from-the-terapan-project-to-the-tg3d-call-for-contributions-to-the-response-on-the-liaison-statement-from-itu-r-wp1a.docx
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Project: IEEE P802.15 Working Group for Wireless Personal Area Networks (WPANs)



Submission Title: Sharing between radio astronomy and active services at THz frequencies	

Date Submitted: 8 November, 2010	

Source: Andrew CLEGG    Agency: U.S. National Science Foundation

Address: 4201 Wilson Blvd, Suite 1045, Arlington, Virginia  22230 USA

Voice:+1-703-292-4892, FAX: +1-703-292-9034, E-Mail: aclegg@nsf.gov	

Abstract:	Passive services such as radio astronomy and Earth remote sensing are already using radio frequencies well beyond 275 GHz, which is the upper range of the International Telecommunication Union Table of Frequency Allocations. At frequencies below 275 GHz, sharing between active (transmitting) and passive services can be difficult, due to the extreme sensitivity of passive service receivers. At unallocated frequencies above 275 GHz, sharing is generally possible, due to the combined effects of greater propagation loss, atmospheric attenuation, smaller antenna beamwidths, and lower available transmit power. This presentation summarizes passive uses of spectrum from 275 GHz – 3 THz (particularly radio astronomy) and the considerations for sharing between radio astronomy and active services in this frequency range.

Purpose:	The information herein will be useful in the design and coordination of future WPANS operating in the 275 – 3,000 GHz range.

Notice:	This document has been prepared to assist the IEEE P802.15.  It is offered as a basis for discussion and is not binding on the contributing individual(s) or organization(s). The material in this document is subject to change in form and content after further study. The contributor reserves the right to add, amend or withdraw material contained herein.

Release:	The contributor acknowledges and accepts that this contribution becomes the property of IEEE and may be made publicly available by P802.15.
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Outline

		Nature of radio astronomy

		Radio astronomy use of frequencies above 275 GHz

		Frequency allocations and regulatory status of frequencies between 275 – 3,000 GHz

		Power loss, propagation, attenuation, and antenna considerations

		Radio astronomy protection criteria

		Coordination distances between active services and radio astronomy systems

		Conclusions
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The Sky at 500 THz
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The Sky at 500 THz

= visible light
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The Sky at 30 – 857 GHz
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Radio astronomy background

		Although astronomical research at optical frequencies has been conducted for hundreds (perhaps thousands) of years, it took a surprisingly long time to discover cosmic electromagnetic radiation at other frequencies.
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The Beginning

The 20.5 MHz directional, rotatable receive antenna at Bell Laboratories in Holmdel, NJ, built by Bell Labs engineer Karl Jansky to investigate the source of interference on long distance telephone circuits (1929-1933)
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Jansky was trying to track down sources of interference to long-distance radiotelephone traffic. He determined that the majority of interference was coming from three sources:



1. Local lightning storms



2. The aggregate of distant lightning storms



3. A persistent but variable source that came and went on a slightly-less-than daily rate
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1933: The Discovery of Radio Astronomy

The periodicity of the third component was equal to the sidereal rate

(23 hr 56 min)



When Jansky plotted the direction of the interference, it coincided with the plane of our Milky Way galaxy



Observations over several months confirmed the result, and in 1933, radio astronomy was born
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Radio Astronomy Today

		Mature science using frequencies from

10 MHz to 3 THz (upper end of definition of radio waves)

		Astronomers use frequencies from HF to gamma rays

		Extensive radio astronomy facilities worldwide

		Radio astronomy systems in space
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Atacama Large Millimeter/submillimeter Array (ALMA)

		The most sophisticated THz radio telescope in the world is the ALMA array, under construction in the Atacama dessert in Chile

		International project (U.S., Europe, Japan, Taiwan, Canada, Chile)

		Approximately $1 billion total cost

		30 GHz – 1 THz

		Expected completion: 2015







Submission

Slide *

Andrew CLEGG, U.S. National Science Foundation

November 2010

Doc. IEEE 802.15-15-10-0829-00-0thz



ALMA Site

Cerro Chajnantor, Chile

5000 m (16,400 ft) elevation
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ALMA Concept

		Interferometer

		Up to 64 12-m dishes

		Maximum baseline ~16 km

		10 bands covering 30 GHz – 1 THz
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ALMA Antenna Transporter
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ALMA stats

		Frequency coverage: 30 – 950 GHz

		Best angular resolution: 6 milliarcseconds (largest configuration, highest frequency)

		6 millarcseconds is about one millionth of a degreee

		Corresponds to the size of a quarter at 900 km

		Better resolution than Hubble

		Maximum observing bandwidth: 8 GHz divided into as many as 8192 channels

		Best sensitivity: 6x10-31 W/m2/Hz

		Comparable to about –260 dBm in an isotropic antenna across a 1 MHz bandwidth at 30 GHz

		Extreme sensitivity predominantly due to very high antenna gain
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Many other THz telescopes

		Caltech submillimeter observatory (Hawaii)

		Steward Observatory Submillimeter Telescope (Arizona)

		Balloon-borne Large-Aperture Submillimeter Telescope (BLAST) (Antarctic)

		IRAM (France)
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THz astronomy from air & space

		Stratospheric Observatory for Infrared Astronomy (SOFIA)

		Herschel satellite

		Planck satellite

		Submm Wave Astronomy Satellite (SWAS)
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Co-existence of mm/submm radio astronomy with active services
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U.S. Spectrum Allocations
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Radio Astronomy Allocations
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RR No. 5.565

	The frequency band 275 – 1000 GHz may be used by administrations for experimentation with, and development of, various active and passive services. In this band a need has been identified for the following spectral line measurements for passive services:

Radio astronomy service: 275-323 GHz, 327-371 GHz, 388-424 GHz, 426- 442 GHz, 453-510 GHz, 623-711 GHz, 795-909 GHz and 926-945 GHz; 

Earth exploration-satellite service (passive) and space research service (passive): 275-277 GHz, 294-306 GHz, 316-334 GHz, 342-349 GHz, 363-365 GHz, 371-389 GHz, 416-434 GHz, 442-444 GHz, 496-506 GHz, 546-568 GHz, 624-629 GHz, 634-654 GHz, 659-661 GHz, 684-692 GHz, 730-732 GHz, 851-853 GHz and 951-956 GHz. 

	Future research in this largely unexplored spectral region may yield additional spectral lines and continuum bands of interest to the passive services. Administrations are urged to take all practicable steps to protect these passive services from harmful interference until the date when the allocation Table is established in the above-mentioned frequency band.
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WRC-2012 Agenda Item 1.6

		to review No. 5.565 of the Radio Regulations to update the spectrum use by the passive services, between 275 GHz and 3 000 GHz in accordance with Resolution 950 (Rev.WRC-07) 

		Responsible ITU Working Party: 1A (spectrum management) with input from Working Parties 7C (remote sensing) and 7D (radio astronomy)
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ITU Resolution 950

		 Resolution 950 considers the use of the frequencies between 275 and 3 000 GHz, and invites the ITU-R:

		 to conduct the necessary studies in time for consideration by WRC-12 with a view to the modification of No. 5.565

		 “Necessary studies” for radio astronomy are contained in ITU-R Report RA.2189, “Sharing between the radio astronomy service and active services in the frequency range 275 – 3 000 GHz”
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Co-existence Studies

(ITU-R Report RA.2189)

		Considers:

		Propagation and atmospheric absorption at THz frequencies

		Narrow beam sizes of THz antennas

		Low available transmit power at THz frequencies

		Computes mutual coupling likelihood and necessary separation distances between THz transmitters and radio astronomy systems
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Coupling Formula at THz Frequencies

PR = received power

PT = transmitted power

GT = transmit antenna gain in direction of receiver

GR = gain of receive antenna in direction of transmitter

PL = “normal” propagation loss

A = additional term due to atmospheric attenuation
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Submm Power Generation

		State-of-the-art power generation

		Solid-state multipliers1:

		1 mW @ 1 THz

		10 μW @ 3 THz

		Tube devices can generate greater power but are not practical and are not widely used

		Empirical parameterization:



1 Nagatsuma, T. (2009), “Generating Millimeter and Terahertz Waves”, IEEE Microwave Magazine, v. 10 No. 4 (June 2009), p. 64 (see esp. Fig. 9).
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Propagation Loss

		Because of high attenuation, most interference cases would have to be line of sight, where free space loss is generally applicable:



		Sample data point:

		Loss over 1 km at 1 THz is 152 dB

		At sea level (standard atmosphere), attenuation = free space loss over ~1/2 km (total signal loss is nearly 300 dB)
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Atmospheric Attenuation (A)

		Two key factors:

		Oxygen (mainly O2 with some O3)

		Water vapor

		Attenuation drops with altitude

		Lower atmospheric pressure (less oxygen)

		Less water vapor (water vapor scale height is less than oxygen scale height)

		Frequency dependence – two components:

		Molecular resonances where attenuation can be tremendous (exceeding 500,000 dB/km)

		General continuum of absorption caused by overlapping pressure-broadened resonances (roughly varies from 5 dB/km at 275 GHz to 4,000 dB/km at 3 THz)
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Computing Atmospheric Absorption

		Requires atmosphere model (or measurements) as input

		U.S. Standard Atmosphere, with the addition of a column of 2 cm precipitable water vapor, used in this study

		Good atmospheric calculator available at http://www.luizmonteiro.com/StdAtm.aspx

		Methodology contained in ITU-R Recommendation P.676, “Attenuation by atmospheric gases” for frequencies up to

1 THz

		Calculations over this range and beyond are coded into the am atmospheric attenuation model

		Paine, Scott, “The am Atmospheric Model,” Submillimeter Array Technical Memo #152 (Revision 3); http://www.cfa.harvard.edu/~spaine/am/. 
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Atmospheric Attenuation (horizontal 1 km path)







Submission

Slide *

Andrew CLEGG, U.S. National Science Foundation

November 2010

Doc. IEEE 802.15-15-10-0829-00-0thz



Vertical Transmittance

		Radio telescopes look up, through the entire atmosphere

		Important consideration is the atmospheric “windows” through which the vertical transmittance of the atmosphere is good enough to make useful observations

		Terrestrial submm radio telescopes are placed at very high and very dry sites to maximize vertical transmittance

		ALMA is the highest and driest: 5,000 m

		Submm telescopes at sea level or a few thousand feet are not feasible

		Beyond 2 THz, even assuming an excellent site and only a 1% transmittance, there are no atmospheric windows
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Vertical transmittance (atmospheric windows)
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Antenna main beam coupling

		THz  antenna beams are very narrow, even for very small antennas





		α is fraction of main beam illuminated by feed (assumed to be 0.75)

		30 cm dish at 275 GHz gives 0.28 deg beam, about the extent of a computer monitor at the far end of a football field

		At 3,000 GHz, beam is 0.025 deg, or smaller than a tennis ball across a football field
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Antenna main beam coupling (2D)

		Assume typical horizontal-pointed antenna

		Chance of a random point (isotropic) source of interference being within the beam is ~θdeg/360

		5x10-3 for 5 cm antenna at 275 GHz

		5x10-5 for 30 cm antenna at 3,000 GHz

		If both antennas are directional (and assumed to be identical), chance of coupling is P2D~(θdeg/360)2

		2x10-5 for 5 cm antenna at 275 GHz

		5x10-9 for 30 cm antenna at 3,000 GHz
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Antenna main beam coupling (2D)





			Frequency
(GHz)


			Antenna
diameter (cm)


			Probability of isotropic
source in main beam (θdeg/360°)


			Probability of main
beam coupling (P2D)





			275


			5


			5 × 10–3


			2 × 10–5





			275


			10


			2 × 10–3


			5 × 10–6





			275


			30


			8 × 10–4


			6 × 10–7





			1 000


			5


			1 × 10–3


			2 × 10–6





			1 000


			10


			6 × 10–4


			4 × 10–7





			1 000


			30


			2 × 10–4


			5 × 10–8





			2 000


			5


			6 × 10–4


			4 × 10–7





			2 000


			10


			3 × 10–4


			1 × 10–7





			2 000


			30


			1 × 10–4


			1 × 10–8





			3 000


			5


			4 × 10–4


			2 × 10–7





			3 000


			10


			2 × 10–4


			5 × 10–8





			3 000


			30


			7 × 10–5


			5 × 10–9
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Antenna main beam coupling (3D)

		Fraction of sphere occupied by antenna beam is



		Gain of antenna is inverse of this quantity:





		Probability of main beam coupling in three dimensions is P3D ~ (Ω/4π)2
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Antenna main beam coupling (3D)





			Frequency
(GHz)


			Antenna
diameter (cm)


			G
(dBi)


			Ω/4π


			Probability of main
beam coupling (P3D)





			275


			5


			43


			5 × 10–5


			3 × 10–9





			275


			10


			49


			1 × 10–5


			2 × 10–10





			275


			30


			58


			1 × 10–6


			2 × 10–12





			1 000


			5


			54


			4 × 10–6


			2 × 10–11





			1 000


			10


			60


			1 × 10–6


			1 × 10–12





			1 000


			30


			70


			1 × 10–7


			1 × 10–14





			2 000


			5


			60


			1 × 10–6


			1 × 10–12





			2 000


			10


			66


			3 × 10–7


			6 × 10–14





			2 000


			30


			76


			3 × 10–8


			8 × 10–16





			3 000


			5


			64


			4 × 10–7


			2 × 10–13





			3 000


			10


			70


			1 × 10–7


			1 × 10–14





			3 000


			30


			79


			1 × 10–8


			2 × 10–16
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Other coupling considerations

		Angular extent of a typical radio telescope at a distance of 1 km is ~ 5 deg

		Because angular extent is larger than THz beam, it is controlling factor for beam coupling

		But THz antennas in immediate vicinity of telescope would be subject to local coordination

		Space THz antennas are even larger

		Herschel satellite uses 3.5m antenna

		Beam at 1 THz is 0.007 deg (therefore very high immunity to off-axis interference)

		Spacecraft is also 1.5 million km from Earth
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Radio astronomy protection criteria

		Contained in ITU-R Recommendation RA.769

		Does not cover frequencies beyond 275 GHz because there are no allocations

		Gain of radio telescope in direction of interference (GT) is assumed to be 0 dBi

		Maximum tolerable harmful interference power (at radio telescope) is denoted by PH

		An extrapolation of protection criteria at lower frequencies can be used, which results in the following:







			Frequency
(GHz)


			SH
dB(mW/m2Hz)


			SH × 8 GHz
dB(mW/m2)


			PH = SH × 8 GHz × λ2/4π
(dBm)





			275


			-186


			-87


			-157





			1 000


			–172


			–73


			–154





			2 000


			–164


			–65


			–153





			3 000


			–160


			–61


			–152
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Bringing it all together

		Using parameterization of maximum transmit power, antenna gain, propagation loss, atmospheric attenuation, and radio astronomy protection criteria, we can calculate the distance over which a THz system, transmitting maximum power, located at 3000 m elevation and pointed in the direction of a radio telescope, would cause interference in excess of extrapolated Recommendation 769 values 

		Assumptions: 3000 m elevation, standard atmosphere with 2 cm PWV, 30 cm transmit antenna (α=0.75), Rec 769 protection criteria

		Assumed that interference will occur if the radio telescope and the active transmit antenna are close enough such that:
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Distance (km) beyond which THz transmitter will not cause interference to radio telescope (275 – 1,000 GHz)
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Distance (km) beyond which THz transmitter will not cause interference to radio telescope (1,000 – 3,000 GHz)
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Conclusions

		Radio astronomy is already using THz frequencies for a wide range of research programs from many state-of-the-art ground- and space-based facilities

		Although protection criteria for radio telescopes are very stringent, the nature of THz signals makes interference unlikely

		Propagation loss and attenuation are very large

		Currently only small transmit powers are feasible

		Antenna coupling is exceedingly unlikely due to very small size of antenna beams

		THz radio astronomy facilities are located in very high, very dry, and very remote sites, far from terrestrial interference sources

		Space-based missions are protected due to narrow antenna beams and the vastness of space
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Summary Conclusion

		Sharing between radio astronomy and active services at frequencies between 275 – 3,000 GHz should be feasible

		Physical constraints at frequencies beyond 1,000 GHz make interference especially unlikely

		For this reason, a recommendation for satisfying WRC-2012 agenda item 1.6 is to modify No. 5.565 to express radio astronomy interest in all frequencies between 1,000 – 3,000 GHz, noting that this will not preclude the use by active services

		List of specific bands of interest in 5.565 between 275 – 1,000 GHz (corresponding to atmospheric windows) should remain as is
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•  Current spectrum allocation in the THz band: 


ITU Radio Regulations Footnote 5.565 
The frequency band 275-1000 GHz may be used by administrations 
for experimentation with, and development of, various active and 
passive services.   


 -  Radio astronomy service: 275-323 GHz, 327-371 GHz, 
388-424 GHz, [...] 
 -    Earth exploration-satellite service and space research service 
275-277 GHz, 294-306 GHz, 316-334 GHz, [...] 


 


Administrations are urged to take all practicable steps to protect 
these passive services from harmful interference.  
 
à  Coexistent spectrum usage favourable 
à  Interference studies crucial for the standardization 


of THz communication systems 
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•  Interference with radio astronomy: 
•  Investigations carried out by the National Science Foundation 
•  Distance of THz transmitter from telescope for interference-free conditions: 


 
à  Interference very unlikely in face of typical telescope locations on 


high mountains 
à  How about spaceborne Earth exploration services? 


Introduction (2) 
<March 2012> 


Sebastian Priebe, TU Braunschweig Slide 5 
IE


E
E


 d
oc


. 8
02


.1
5-


15
-1


0-
08


29
-0


0-
0t


hz
  60 


 50 


 40 


 30 


 20 


 10 


d 
(k


m
) 


   0 







doc.: IEEE 802.15-15-12-0101-00-0thz 


Submission 


<March 2012> 


Sebastian Priebe, TU Braunschweig Slide 6 


Outline 


1.  Introduction 
2.  Interference-Critical Scenarios 
-  Nomadic Links 
-  Fixed Links 
-  Airborne Systems 
-  Multiple Interferers 


3.  Interference Mitigation Concepts  
4.  Summary/Outlook 







doc.: IEEE 802.15-15-12-0101-00-0thz 


Submission 


•  Nomadic devices operated outdoor may accidentially be 
mispointed: 


 
 


•  Points to be studied: 
à  How much interference power will reach satellites in the 


worst case? 
à  Which maximum interference power can be tolerated? 
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•  Directional links with reflecting/scattering objects close to ray 
path: 


 
 


 


à  Interference possible despite highly directive antennas 
à  Environmental conditions relevant 
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•  THz systems operated inflight: 


 
 


à  THz up-/downlinks or in-cabin connections thinkable 
à  Transmission of THz radiation through windows or composite 


fuselages 
à  Critical due to lower atmospheric attenuation 
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•  Interference from multiple stations may reach the satellite: 


 
 
 
 


à  Superposition of signals from multiple interferers 
à  Significant increase of total interference power 
à  Stochastic models for interference caused by multiple stations 


required (e.g. interference probability of one station) 
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1.  Transmit power limitations 
•  Which is the worst case? 
•  Which interference powers will be allowed at maximum? 
•  In which way do the transmit powers depend on the 


scenarios? 
•  Which frequencies will be affected? 
•  Are there preferable bands for transmission? 


à  Transmit power control 


2.  Intelligent transceiver units 
•  How can the TX be switched off automatically in case of 


skyward orientation? 
•  How can devices utilize their orientation and position? 
•  How can satellite position data be respected? 


à  Sensor data usage 
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(source: ECCx Report 64) 
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3.  Highly directive antennas 
•  How likely is radiation in skyward direction at any rate? 
•  Can steerable antennas help? 


à Smart antennas 
 
4.  Environment control: Fixed links 


•  How does the TX and RX positioning affect the propagation? 
•  How can the propagation environment be utilized? 


à Careful transeiver placement and absorbers 


5.  Environment control: Airborne systems 
•  How transparent are composite fuselage and windows in the 


THz range? 
•  What can be achieved with purposeful TX positioning? 


à Absorbing materials/coatings 
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•  Interference between active communication services and passive 
remote sensing must be prevented 


•  Critical scenarios are: 
–  Nomadic devices operated outdoor 
–  Fixed links with reflecting objects close to ray path 
–  Airborne systems 
–  Superposition of multiple interferers 
 


Necessary steps: 
à  Worst-case estimation of interference powers in the scenarios 
à  Determination of maximum allowed interference powers 
à  Development of interference avoidance concepts 


-  Transmit power control 
-  Intelligent transeiver units 
-  ... 
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ITU Radio Regulations Footnote 5.565: 


 


The frequency band 275-1000 GHz may be used by administrations for 
experimentation with, and development of, various active and passive 
services.   


 -  Radio astronomy service: 275-323 GHz, 327-371 GHz, 388-424 
GHz, [...] 
 -    Earth exploration-satellite service and space research service 
275-277 GHz, 294-306 GHz, 316-334 GHz, [...] 


 


Administrations are urged to take all practicable steps to protect these 
passive services from harmful interference.  
 
 


à  Two options for THz communications: 
1.  Operation in bands not of interest for radio astronomy/


Earth exploration 
2.  Coexistent spectrum usage 
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1.  Operation in uncritical bands only 
+  No interference 
+  No power constraints 
-  Very small bandwidths (typically << 10 GHz) 
-  Widespread over the THz spectrum 


à  No option for data rates >> 10 Gbit/s 
 


2.  Coexistent spectrum usage between THz 
communications and radio astronomy/Earth exploration 
+  Flexible spectrum usage 
+  Practically no bandwidth limitations 
+  Simultaneous operation of various systems 
-  Potential interference  
-  Power constraints 


à  Interference studies inevitable 
à  Possible interference-free coexistence with radio astronomy 


already proven (IEEE doc. 802.15-15-10-0829-00-0thz) 
à  Interference with Earth exploration? 
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5.) Transmit power limits for 
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3.) Satellite data 
-  Heigths 
-  Antennas 
-  Scanning modes 
-  Receiver sensitivities 
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•  Motivation: Path loss (PL) modeling required to estimate 
the interference power received at the satellite 


•  Problem: Satellite path cannot be measured directly 
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•  Propagation loss measurements in cooperation with Northrop 
Grumman (contact: Stephen Sarkozy) 


•  Transmission of a continuous wave test signal at f = 300 GHz over a 
free space propagation path with variable length 


•  Comparison of the transmitted and received amplitude à path loss 
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•  Photo of the measurement setup: 
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•  Multiple measurement points at distances between 10 and 30 m 
•  Log-linear approximation of the measurements 
•  Modeling of the propagation path with the free space loss (FSL) 


+ atmospheric attenuation LAtm 


 


à  Very good agreement of measurements and simulations 
à  Extrapolation of the modeled propagation loss possible 
 
 


Path Loss Measurements (4) 
<July 2012> 


Sebastian Priebe, TU Braunschweig Slide 11 


10 30 100
95


105


115


125


d [m]


Pa
th


 L
os


s [
dB


]


 


 
FSL + L


Atm
Measurements
Approximation







doc.: IEEE 802.15-15-12-0324-00-0thz 


Submission 


•  So far: One discrete frequency f = 300 GHz only 
•  Open aspects of the atmospheric attenuation: 


1.  Frequency dependency? 
2.  Transmitter orientation (horizontal vs. vertical)? 
3.  Height dependency? 


à  Application of the atmospheric modeling tool MODTRAN 
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à  Highly attenuated frequency 
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molecular absorption 
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•  Idea: Identification of critical scenarios based on the path loss 
•  Illustration of the frequency, height and distance dependence: 


à  Only atmospheric windows relevant on ground 
à  Ground-based TX irrelevant in horizontal orientation 
à  Airborne transmitter (h = 10 km) critical regardless of frequency 


and orientation 
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•  Idea: Estimation of maximum occurring interference powers 
à  Worst case assumptions throughout all scenarios 
à  No additional attenuation due to weather impact 


1.  Nomadic devices operated outdoors in rural environment 
 


Critical Scenarios (1) 
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reflection 
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2.  Nomadic devices operated outdoors in urban environment 


 
•  Indoor-operated devices cannot become relevant due to transmission 


losses, if the introduced outdoor scenarios are uncritical 
à Indoor setups are implicitly covered by the outdoor scenarios 
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3.  Fixed links with scattering objects close to direct ray path 


 
4.  Relevant emission from antenna sidelobes 
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à  Objects close to the direct ray 
path may scatter/reflect power 
in skyward direction 


à  Unwanted scattering is 
thinkable despite highly 
directive antennas 


à  High sidelobe levels may cause 
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skyward direction 


à  Fixed links become especially 
critical because of potentially 
high output powers 
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5.  Airborne operated transmitters 


 
6.  Satellite in limb scanning mode 
 
 


Critical Scenarios (4) 
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à  Radiation through the fuselage or 
windows is thinkable 


à  Transmitted rays may not be 
attenuated like e.g. by composite 
fuselages 


à  Hardly any atmospheric absorption 
occurs 


à  THz waves may be radiated in the 
immediate direction of the limb 
scanner 


à  Ground-based transmitters do not 
become relevant due to the long 
horizontal path 
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3.) Satellite data 
-  Heigths 
-  Antennas 
-  Scanning modes 
-  Receiver sensitivities 
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1.  Nomadic rural: 
1.  Free space loss 
2.  Vertical atmospheric path from ground to satellite 
3.  Worst case: Constructive superposition of direct ray and ground 


reflection, ideal reflection factor r = 1 
 
 
 
 


2.  Nomadic urban: 
1.  Free space loss 
2.  Vertical atmospheric path from ground to satellite 
3.  Worst case: Direct ray, ground reflection and additional four rays 


from buildings around the TX, r = 1 (e.g. metal structures) 
 


Scenario Path Losses (1) 
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3.  Fixed link (scattering object): 
1.  Free space loss 
2.  Horizontal atmospheric path from TX to scattering object 


(500 m assumed here) 
3.  Vertical path from scattering object to satellite 
4.  Worst case: Specular reflection with an ideal reflection factor 


of r = 1 (e.g. metalized glass) 


 
 


4.  Sidelobes: 
1.  Free space loss 
2.  Vertical atmospheric path from ground to satellite 
3.  Worst case: High sidelobe level with respect to gain in main 


beam direction (40 dB sidelobe attenuation assumed here) 
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5.  Airborne TX: 
1.  Free space loss 
2.  Vertical path from aircraft to satellite 
3.  Worst case: No transmission attenuation by the fuselage (e.g. 


composite materials); outside mounted transmitters  


 
 


6.  Limb scanning (airborne TX): 
1.  Free space loss 
2.  Slanted atmospheric path from aircraft to satellite 
3.  Worst case: Shortest occurring atmospheric path length 


Scenario Path Losses (3) 
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•  Resulting path losses from TX to satellite (altitude 705 km): 


 
à  Basis to determine the interference powers at the satellite 
à  Most critical scenarios: 


à Atmospheric windows regardless of the setup 
à Airborne transmitters regardless of the frequency range 


à  Which TX power is permitted at maximum? 
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f [GHz] 300 380 650 850 


PL1 [dB] Rural 205 >600 300 329 


PL2 [dB] Urban 196 >600 290 319 


PL3 [dB] Fixed 214 >600 330 365 


PL4 [dB] Sidelobe 251 >600 346 376 


PL5 [dB] Airborne 198 203 205 208 


PL6 [dB] Limb 214 276 228 232 
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2.) Modeling of path losses 
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3.) Satellite data 
-  Heigths 
-  Antennas 
-  Scanning modes 
-  Receiver sensitivities 
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à  Worst case: Very high gain 60 dBi, 0.23° HPBW 
 
 


•  Operational heights of Earth exploration satellites: 
705 – 850 km 


à  Worst case: Shortest distance 705 km 
 


•  Antenna gains: Dish antennas with adjustable 
gain and HPBW via dish size; typically 40 – 60 dBi 
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f  [GHz] 300 400 500 750 1000 


dDish [cm] 33.3 25 20 13.3 10 


Required dish sizes 
for 60 dBi gain 
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•  Receiver sensitivities:  
•  Dependent on RX noise temperature and noise figure 
•  Different for the two scanning modes nadir and limb 


à  Maximum allowed interferences powers specified by ITU-R 
Report RS.1092-2 “Interference Criteria for Satellite Passive 
Remote Sensing” in accordance with actual RX sensitivities 


à  Very strict interference power constraints 
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5.) Transmit power limits for 
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3.) Satellite data 
-  Heigths 
-  Antennas 
-  Scanning modes 
-  Receiver sensitivities 


1.) Path loss measurements 
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•  Maximum equivalent isotropically radiated power (EIRP): 
•  Becomes scenario-specific through the path loss 
•  Must respect the satellite antenna gain 
•  Must not exceed the maximum allowed interference power 
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•  Definition of transmit power spectrum masks 
•  Constraints for the isotropically radiated power spectral density: 


 
à Simple approximation with line segments  (line parameter sets 


given in [1]) 
à Effective limitation to several 10 dBm EIRP for bandwidths of 


several 10 GHz 
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1.) Nomadic device rural 2.) Nomadic device urban 
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à  Fixed links far less critical than nomadic transmitter 
à  Higher output powers and longer distances achievable 
à  No significant limitation by sidelobes 
à  Relevant constraints below 500 GHz only 
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3.) Fixed links 4.) Sidelobes 
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à  Airborne transmitters most critical 
à  Constraints in almost the entire THz range 
à  Restriction to low powers and short ranges 
 
•  Open aspect: Affection of the system performance by the 


power limitations? 
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5.) Airborne TX 6.) Limb scanning 
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•  Hypothetical THz transceiver system for performance analysis: 
•  Fixed maximum transmit power according to power masks 
•  Receive antenna gain GRX = 25 dBi (nomadic, airborne), 55 dBi (fixed links) 
•  Noise figure NF = 5 dB 
•  QPSK modulation with various data rates from 10 to 100 Gbit/s 
•  White Gaussian noise N 
•  Required SNR of 13.5 dB (corresponds to bit error rate of 10-6) 


à  Which range is achievable despite the TX power limitations? 
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dmax? TX RX 
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•  Maximum EIRPs and achievable distances: 
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300 – 320 GHz 330 – 370 GHz 640 – 690 GHz 
Data rate [Gbit/s] 10 40 20 80 50 100 


1.) Rural 
PTX,EIRP,max [dBm] 31.2 35.9 38.4 41.6 135.1 138.1 


dmax [m] 38 33 49 37 1115 1115 


2.) Urban 
PTX,EIRP,max [dBm] 21.7 26.3 28.8 32.1 125.5 128.5 


dmax [m] 13 12 18 13 964 964 


3.) Fixed 
PTX,EIRP,max [dBm] 40.9 44.8 50.3 52.1 164.8 167.8 


dmax [m] 964 867 840 710 2101 2101 


4.) Sidelobe 
PTX,EIRP,max [dBm] 77.2 81.9 84.4 87.6 181.1 184.1 


dmax [m] 3075 2986 2041 1937 2378 2378 


5.) Airborne 
PTX,EIRP,max [dBm] 20.5 26.5 17.6 23.6 39.9 40.6 


dmax [m] 12 12 6 6 20 16 


6.) Limb 
PTX,EIRP,max [dBm] 22.5 28.3 26.7 31.9 38.6 40.9 


dmax [m] 15 14 14 13 18 17 


THz WLANs 
and WPANs 
possible 


Sidelobes 
uncritical 


Airborne 
TXs limited 
to short 
ranges 


Fixed links 
realizable 


Very high 
powers allowed 
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•  So far: One transmitter only 
•  Illuminated area by satellite on ground within 


3 dB half power beamwidth: 
 
 
 
 
 
à Simultaneous reception of signals from 


multiple stations 
à  Superposition of interference powers 
à  Preventive reduction of maximum allowed 


transmit power per station obligatory 
•  Interference margin: 
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Gain 40 dBi 50 dBi 60 dBi 
HPBW 2.29° 0.72° 0.23° 
Area 627 km2 62 km2 6.3 km2 


Number of expected 
simultaneous interferers 
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•  dmax after respecting interference margin (40 Gbit/s, 300 – 320 GHz): 


à  Significant performance impairments in case of multiple interferers 
à  Active interference countermeasures necessary 
 


Multiple Interfering Stations (2) 
<July 2012> 
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Simultaneous interferers  nint 2 5 10 50 100 
Interferer density [km-2] 0.32 0.79 1.59 7.59 15.9 
Average separation [km] 1.77 1.12 0.79 0.35 0.25 
Required interference margin [dB] 3 7 10 17 20 


- 


Down to only several meters 
link coverage under adoption 
of interference margin 1 10 100
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•  General idea: Prevention of relevant skyward radiation 
à  Circumvention of transmit power constraints 
à  Longer link distances, higher system performance 


Interference Avoidance Concepts (1) 
<July 2012> 
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Simulation
Approximation


 
 
 
 
1.  Transmit power masks 


•  Limitation of TX powers 
•  Unwanted performance impairments 


à  No interference at any rate 
 
2.  Transmission in highly attenuated frequency 


ranges 
•  Option for shorter distances only 
•  Not applicable to airborne links (no significant 


atmospheric attenuation) 
à   Virtually no power restrictions 
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3.  Transmit power control with handshake 
•  Negotiation of necessary link power 
•  Power reduction 
•  Relevant only if link operable below power limits 


à  No contribution to relevant interference power 
 


 
4.  Electrically switchable/steerable antennas 


•  Tracking of RX position 
•  Regulation of beam direction 


à  No skyward radiation 
 


 
5.  Automatic link deactivation (nomadic devices) 


•  Orientation detection with gyrosensors 
•  Consideration of satellite and device position (GPS and 


data bases) 
à  Power masks irrelevant 
 


Interference Avoidance Concepts (2) 
<July 2012> 
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6.  Environmental control (fixed link) 
•  Careful TX/RX placement 
•  Absorbing materials 


à  No limitations, if reflections preventable 
 
 
7.  Environmental control (airborne TX) 


•  Careful TX placement 
•  Coatings with high transmission attenuations 


à  Significantly higher TX powers possible 


Interference Avoidance Concepts (3) 
<July 2012> 
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à  Harmful interference can be prevented at any rate 
à  System performance impairments can be avoided 


with active interference countermeasures 
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•  Coexistent THz spectrum usage between active and passive 
services is envisaged 


•  Remote sensing must be prevented from potential interference 
•  Critical scenarios are: 


–  Outdoor-operated nomadic devices in rural or urban environments 
–  Fixed links with scattering objects close to ray path or sidelobe emission 
–  Airborne transmitters relevant for both nadir and limb scanning 


•  Multiple interferers can superimpose 
 
•  Power masks have been derived: 
à  Worst case assumptions have been made 
à  Relevant interference is possible  
à  Significant output power constraints may apply 
à  Simultaneous interference from multiple stations becomes critical 
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•  Interference from multiple stations has to be considered in detail 
-  Stochastic position distributions  
-  Random transmission times 
-  Moving satellites 


à  Probabilities for simultaneous interference? 
à  Effect on transmit power constraints? 


•  Active interference countermeasures will have to be considered 
-  Intelligent transceiver units 
-  Transmission at frequencies with high atmospheric attenuation 
-  Precise beamswitching/beamsteering 
-  Careful TX/RX positioning 
-  Absorbing materials 


à  Interference-free conditions can be ensured 


à  Transmit power and performance constraints can be avoided 
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All information contained in this presentation is meant to be included 
in the technical expectations document 15-11-0745-05-0thz-thz-ig-
technical-expectations-document-ted.doc. 
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Thank you for paying attention. 
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RELEASE DATE: <tbd>

Candidate Technical proposals are requested for the IEEE P802.15.3d 100 Gbit/s (100G) in Wireless Personal Area Networks (WPANs).  This document describes the process and requirements for responding to this Call.



CALL FOR INTENT: (Due <tbd>, 2016 11:59 PM EDT)
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The proposal must be submitted in two styles: one in MS word document as an amendment to IEEE Std 802.15.3-2003, IEEE Std 802.15.3b-2005, IEEE Std 802.15.3c-2009 and a separate supporting document explaining how your proposal satisfies all the items in the evaluation criteria in ECD and TRD . YOUR PROPOSAL MUST BE UPLOADED TO MENTOR ON OR BEFORE <tbd> , 2016 11:59 PM EDT TO BE CONSIDERED AS A CANDIDATE. 



The IEEE 802.15 Task Group 3d is chartered to develop an IEEE Standard 802.15.3d based on its Project Authorization Request (PAR) and Criteria for Standards Development (CSD).  The P802.15.3d PAR, which describes the Scope and Purpose of the project and the CSD (document IEEE P802.15), can be found on the 802.15 Working Group web page at: http://ieee802.org/15/par.html . The related documents for TG3d CFP can be found on mentor at: http://mentor.ieee.org/802.15/documents .  
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The project timeline for the work of TG3d is found in the groups meeting minutes.



All submissions and questions should be forwarded to the TG3d Chair and Vice Chair. 



TG3d:

· Chairman: Thomas Kürner (e-mail:t.kuerner@tu-bs.de)

· Vice Chairman: Iwao Hosako (e-mail: hosako@nict.go.jp)

· Technical Editor: Andrew Estrada 

· Secretary: Ken Hiraga 



Submission	Page 	Thomas Kürner, TUBS




image7.emf
15-14-0304-16-003d- applications-requirement-document-ard.docx


15-14-0304-16-003d-applications-requirement-document-ard.docx
March, 1994	      DOC: IEEE P802.11-94/xxx

May, 2015                                          IEEE 802.15 Doc Number 14/0304r16





IEEE P802.15

Wireless Personal Area Networks



		Project

		IEEE P802.15 Working Group for Wireless Personal Area Networks (WPANs)



		Title

		TG3d Applications Requirements Document (ARD)



		Date Submitted

		[May 12, 2015]



		Source

		Thomas Kürner

		E-mail: t.kuerner@tu-bs.de



		Re:

		



		Abstract

		The ARD contains descriptions on applications and use cases with performance and functional requirements



		Purpose

		Supporting document for the development of the amendment 3d of IEEE 802.15.3



		Notice

		This document has been prepared to assist the IEEE P802.15.  It is offered as a basis for discussion and is not binding on the contributing individual(s) or organization(s). The material in this document is subject to change in form and content after further study. The contributor(s) reserve(s) the right to add, amend or withdraw material contained herein.



		Release

		The contributor acknowledges and accepts that this contribution becomes the property of IEEE and may be made publicly available by P802.15.






























Document Overview



The ARD contains descriptions on applications and use cases with performance and functional requirements. The  document will serve as a base line for all other supporting documente  developed within TG3d:



· the Channel Modeling Document (CMD)

· Technical Requirements Document (TRD)

· Evaluation Criteria Document (ECD)

· Call for Proposals (CfP)








		List of contributors



		Thomas Kürner

		TU Braunschweig



		Ken Hiraga

		NTT Corporation



		Keiji Akiyama

		Sony



		Kiyoshi Toshimitsu

		Toshiba



		Ichiro Seto

		Toshiba



		Akifumi Kasamatsu 

		NICT



		Norihiko Sekine

		NICT



		Atshushi Kanno

		NICT



		Toshiaki Kuri

		NICT



		Tetsuya Kawanishi

		NICT



		Hiroyo Ogawa

		NICT



		Iwao Hosako

		NICT



		Toru Taniguchi

		JRC



		Makoto Yaita

		NTT



		Andrew Estrada

		Sony



		Masashi Shimizu

		NTT Corporation



		Hiroyuki Matsumura

		Sony



		Ko Togashi

		Toshiba



		Itaru Maekawa

		JRC



		Mounir ACHIR

		Canon



		Philippe LEBARS

		Canon



		François THOUMY

		Canon



		Gyung-Chul Sihn

		ETRI



		Hoo-Sung Lee

		ETRI



		Ik-Jae Chun

		ETRI



		Seok-Jin Lee

		ETRI



		Moon-Sik Lee

		ETRI



		Kap-Seok Chang

		ETRI



		Byung-Jae Lee

		ETRI



		Alexander Fricke

		TUBS



		Rick Roberts

		Intel








Table of Contents

1	Definitions:	7

2	Scope	8

3	Methodology	8

4	Close Proximity P2P applications	8

4.1	Description of the operational environment	9

4.1.1	Point to point (P2P) communication [1]	9

4.1.2	Actual data Downloading Time	11

4.1.3	Time duration for link establishment	12

4.2	Definition of a typical transmission range	15

4.3	Description of the conditions to achieve the target data rate	15

4.4	Specific issues with respect to regulations	15

4.5	Specific requirements with respect to the MAC	16

4.6	References	16

5	Intra-Device Communication	16

5.1	Description of the operational environment	16

5.1.1	Typical Transmission Rates	17

5.2	Definition of a typical transmission range	18

5.3	Description of the conditions to achive the Target data rate	18

5.4	Specific issues with respect to regulation	18

5.5	Specific requirements with respect to the MAC	19

5.6	References	19

6	Fronthaul	19

6.1	Description of the operational environment	20

6.2	Definition of a typical transmission range	22

6.3	Description of the conditions to achive the Target data rate	22

6.4	Specific issues with respect to regulation	22

6.5	Specific requirements with respect to the MAC	23

6.6	Other issues	23

6.7	References	23

7	Backhaul	24

7.1	Description of the operational environment	24

7.1.1	Backhaul for ultra-dense Network Deployments	24

7.1.2	Backhaul for the Deployment of Cooperative Multipoint Transmission	25

7.2	Definition of a typical transmission range	26

7.3	Description of the conditions to achieve the Target data rate	26

7.4	Specific issues with respect to regulations	28

7.5	Specific requirements with respect to the MAC	28

7.6	Other issues	28

7.7	References	28

8	Data Center	29

8.1	Description of the operational environment	29

8.1.1	Physical Structure of a Data Center and the Potential to introduce Wireless Links	29

8.1.2	Logical Structure of Data Centers	32

8.2	Definition of a typical transmission range	33

8.3	Description of the conditions to achive the Target data rate	33

8.4	Specific issues with respect to regulation	34

8.5	Specific requirements with respect to the MAC	34

8.6	Required BER	34

8.7	Multi-user Access	34

8.8	Other issues	34

8.9	References	34








[bookmark: _Toc308600288][bookmark: _Toc367096789][bookmark: _Toc418197148][bookmark: OLE_LINK1]Definitions:



		Close Proximity P2P 

		Kiosk downloading and file exchange between two electronic products such as smartphones, digital cameras, camcorders, computers, TVs, game products, and  printers are the representative use cases for close proximity P2P applications.



		Intra-Device Communication

		Intra-device communication is a communication link within a device and includes inter-chip communication to allow for pin count reduction.



		Switched Point-to-Point Link

		A switched point-to-point link means to reconfigure of a set of elsewise fixed wireless links. This means that of the physical beams of a device at one end of the  wireless links are switched from one antenna between stationary devices at the other end of the links resulting in a different configuration.



		Wireless Backhaul

		A backhaul link in a cellular network is a connection between the base station and a more centralized network element



		Wireless Fronthaul

		The connection between the Base Band Unit (BBU) and the Remote Radio head  (RRH) of a cellular base station  is called “fronthaul”, and currently, ITU-T SG15 defines mobile fronthaul including Radio over Fiber (RoF)











[bookmark: _Toc418197149]
Scope



The amendment 3d to IEEE 802.15.3 defines a wireless switched point-to-point physical layer to IEEE Std. 802.15.3 operating at PHY data rates of 100 Gbps with fallback solutions at lower data rates. The purpose is to provide a standard for low complexity, low cost, low power consumption, and high data rate wireless connectivity among devices. Data rates will be high enough to satisfy a set of consumer multimedia industry needs, and to support emerging wireless switched point-to-point applications in 



· data centers

· wireless backhaul/fronthaul 

· intra-device communication and 

· close proximity P2P applications (eg., kiosk downloading, file exchange)

· touchless gate systems



The commonality of all these applications lies in its point-to-point character with known positions of transmit and receive antennas and the option to switch between different links.
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The descriptions of the applications and use cases with performance and functional requirements as listed in Clause 2 are described in clauses 4 teparately for each application using the following structure:



1. Description of the operational environment (including a meaningful graphic and a statement on the operations under LOS/NLOS/OLOS conditions) 

2. Definition of a typical transmission range

3. Description of the conditions to achieve the Target data rate 

4. Specific issues with respect to regulations

5. Specific requirements with respect to the MAC (e.g. supporting 48/64 bit MAC addresses, issues with respect to bridging)

6. Other issues

[bookmark: _Toc418197151]


Close Proximity P2P applications

Kiosk downloading and file exchange between two electronic products such as smartphones, digital cameras, camcorders, computers, TVs, game products, and  printers are the representative use cases for close proximity P2P applications. Clause 4 presents the requirements for such close proximity P2P applications. Where appropriate, a distinction is made between kiosk downloading and file exchange.



[bookmark: _Toc418197152]Description of the operational environment 

[bookmark: _Toc418197153]Point to point (P2P) communication [1]

Firstly, background of the need of the system is described. One of the key issues is density of access points (AP) in wireless local area networks (LAN). For example, at the venue of the 802 wireless interim meeting in January 2014 (Hyatt Century Plaza, Los Angeles), a laptop PC showed a lot of SSIDs in the 2.4 GHz band (802.11 b/g), indicating there were a lot of APs out there, as shown in 

Figure 4.1. In such an environment where APs interfere with each other, actual observed transmission rates are far from the maximum rate specified in the standard (e.g. 54 Mbit/s). Actual measured throughput for 11g at that time was down to 1.1 Mbit/s.



[bookmark: _Ref389496582][image: ]

Figure 4.1.　Observed wireless LAN APs （Hyatt Century Plaza Los Angeles, January 2014）

Uploading and downloading large-sized files in such wireless LAN environments take a long time, which obviously lead to users’ inconvenience and frustration. 

Kiosk systems will help alleviate and overcome such problems. An overview of the service provided by the kiosk system is illustrated in Figure 4.2. This service supports portable terminal users transferring high-speed files from/to content providers or storage services (cloud services). The user’s portable terminal and the network are connected via a kiosk terminal. Wireless connection between the portable terminal and the kiosk terminal is not provided by conventional cellular systems nor a wireless LAN but by a non-contact wireless communication system whose transmission range is 50 mm or less. The kiosk terminals are typically located in public areas such as train stations, airports, malls, convenience stores, rental video shops, libraries, and public telephone boxes. When a user touches the kiosk terminal with his/her portable terminal, data files are uploaded to the network or downloaded to the portable terminal. A close proximity P2P system having a basic connecting image shown in Figure 4.3  and offering this non-contact wireless transmission will be defined in the standard.
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[bookmark: _Ref389569112]Figure 4.2 An overview of typical services provided by the kiosk system
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[bookmark: _Ref397017349]Figure 4.3 The basic image of a close proximity P2P
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Close proximity P2P application such as file exchange enables high speed transfer of large data files (photo, video, images, etc.) between  two electronic products such as smart phones, digital cameras, camcorders, computers, TVs, game products, and printers. Using this technology in its simplest form, data can be sent at high speed with just a single touch. In this use case, a user can push any data file from her/his mobile terminal to another mobile/stationary terminal with just a touching action. In certain cases, the user may select specific data to send as well as location to store (or method to process) received data before the actual touch operation. For example, students can share music with friends merely by touching the smartphone to the music player. A tourist can store and archive digital video simply by placing the smartphone close to the PC. 

Meanwhile, the devices used in the close proximity P2P applications will be wireless storage products such as wireless flash memory devices, wireless SSD(solid-state drive) devices, game cards, and smart posters as well as electronic products. The necessary reasons which the wireless storage product are required are the following:

1) The size of contents will grow increasingly: movies, music, mobile app-zines, video clips, etc.

2) In data file transferring, P2P will be useful to users in that it reduces user mobile payments, mobile data usages via networks, and to network operator in that it provides a way of data off loading to reduce the burden of networks



Hence, user devices in close proximity P2P communications will generally be mobile devices. Occasionally, user devices will be wireless storage devices such as wireless flash memory. Wireless storage products have a power source (or battery) or not. In case of wireless storage products without power source, the devices with power source have to supply the power to devices without power source via wireless power transmission.

Alternatively, the user can get any data file from another mobile/stationary terminal or wireless storage with a similar touch operation. In most cases, the data to transfer has been selected by the sender and, therefore, the receiver does not have to select the file but just touch to retrieve it.



[bookmark: _Toc398043726][bookmark: _Toc418197154]Actual data Downloading Time

Tablke 4.1 compares download times between systems using this standard and conventional systems (TransferJetTM and IEEE802.11ac). In the File Exchange　(vending machine) use case, a user may send/receive these large data files between her/his smartphone and another mobile/stationary terminal (kiosk terminal) by means of a short distance (close proximity) connection. Data transmission rate shall be maintained above a few Gbps since it is important to complete data transfer almost instantaneously.

[bookmark: _Ref389581302]Table 4.1: Actual Data Downloading Time Comparison
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		[bookmark: _Toc392508525][bookmark: _Toc392508586]Effective Throughput

[bookmark: _Toc392508526][bookmark: _Toc392508587]740 Mbps



		Book

		1

		0.002

		0.001

		0.0001

		0.021

		[bookmark: _Toc392508527][bookmark: _Toc392508588]0.011



		Comic

		30

		0.05

		0.03

		0.003

		0.64

		[bookmark: _Toc392508528][bookmark: _Toc392508589]0.32



		Magazine

		300

		0.5

		0.3

		0.03

		6.4

		[bookmark: _Toc392508529][bookmark: _Toc392508590]3.2



		Music (1hour) *1

		60

		0.10

		0.07

		0.007

		1.3

		[bookmark: _Toc392508530][bookmark: _Toc392508591]0.65



		Movie (1hour) *2

		450

		0.8

		0.5

		0.05

		9.6

		[bookmark: _Toc392508531][bookmark: _Toc392508592]4.9



		Movie (2hour) *2

		900

		1.6

		1.1

		0.11

		19.2

		[bookmark: _Toc392508532][bookmark: _Toc392508593]9.7



		Short 4K Video (1 min) *6

		263

		0.5

		0.3

		0.031

		5.65

		2.8



		Short 4K Video (5 min) *6

		1313

		2.3

		1.5

		0.15

		28.0

		14.2



		

		[bookmark: _Toc392508533][bookmark: _Toc392508594]*1: 　MP3 (Bitrate = 128 kbps)　

[bookmark: _Toc392508534][bookmark: _Toc392508595]*2:　H.265 （Hi-definition, Bitrate = 1 Mbps）

*3:    Data rates in Table 3 are used. MAC efficiency is assumed to be 70%

*4:    Nss = 1，MCS#9，Bandwidth=160MHz，GI = 400 nsec，MAC efficiency is assumed to be 85%

*5　 four channels aggregated

*6 　4K/60p, HEVC/H.265 (bit rate=35Mbps)







[bookmark: _Toc398043727][bookmark: _Toc418197155]Time duration for link establishment

Figure 4.4 shows a use case example of high-speed file downloading from a kiosk terminal located in a public space. The user stops in front of  the kiosk terminal, lays his/her portable terminal on the indicated area of the kiosk terminal and selects a content from the list shown in the kiosk menu. After the user sends a command to start downloading, the file of the selected content is transmitted wirelessly and stored in his/her portable terminal.　Total transmission time should be no more than 3 seconds for which 83 % people can wait without undue stress, as shown in Table 4.2[1].

[image: ]

[bookmark: _Ref390453783]Figure 4.4. A use case of content downloading at a kiosk terminal in a public area



Table 4.2.Surveillance of Waiting Time for Website Response:

How long can you wait for a response from a website without stress ?[1]



		Waiting Time for Website Response

		Cumulative percentage (%)



		3 sec

		83.0



		5 sec

		59.2



		8 sec

		51.7



		10 sec

		26.7



		15 sec

		13.4



		More than　30　sec

		5.4







In addition, in a related use case, such downloading services can be provided at toll gates (wickets) in train stations where the passengers use IC-card tickets having non-contact communication functions (Figure 4.5). The difference between Fig. 4 and that described in the previous paragraph is the total length of touch time required. In this use case, the user does not fully stop in front of the kiosk for the non-contact communications but instead touches the specified spot while walking through the gate. Thus the total touch time shall be no more than 250 msec. To understand better the actual ticket-touching motion, see the video available online[4]. 

In order to avoid misconnecting the kiosk terminal with unintended terminals such as those passing through an adjacent lane (the lane at the right side of Figure 4), the maximum transmission range has to be specified in the system. This is why defining an upper limit for the transmission range is essential. For the use case at toll gates in train stations, the transmission distance shall be 50 mm  or less. 

[image: ]

[bookmark: _Ref389752468][bookmark: _Ref389817324]Figure 4.5　File downloading at toll gates in a train station

 [image: ]

(a)

[image: ]

(b)

[bookmark: _Ref397076415]Figure 4.5. (a)Maximum file size downloaded within 250 msec  including the link setup time (time for the initial link establishment). 
The actual data transmission is assumed to be done within the remaining time. 

Figure 4.5 (b) shows magnified portion of (a).. When the link setup time is 2 msec, for example, the actual data transmission time is 248 msec. When the throughput is 28 Gbps and the link setup time is 2 msec, a 114-minute HD movie can be transferred. The shorter the link setup time, the larger the possible download file size, hence it is important to minimize the link setup time.



In the use case for “toll gates (wickets) in train stations” which requires the shortest transmission time, the link setup time has to be very short. Figure 4.5 (a) shows the relationship between the maximum file size which can be downloaded within the total touch time (250 msec) and the link setup time (time for initial link establishment). The duration during which a passenger’s IC card is within the communication range (50 mm radius) on the toll gate is about 250 msec. (This value is estimated from actual toll gates at train stations in Japan[4]. Throughput is set at 4.6 Gbps, 6.9 Gbps, 28 Gbps and 66 Gbps in the figure. As shown in Figure 4.5(b) which shows a magnified portion of Fig. 4.5 (a), when the link establishment is completed in 2 msec and the throughput is set to 28 Gbps, the remaining 248 msec can be allocated to the actual data transmission time and a 859 MB file (a 114 min HD video, corresponding to a typical 2-hour TV program in Japan) can be downloaded. Hence the link establishment shall be completed within 2 msec or less. As the figure shows, it is important to minimize this link setup time.

[bookmark: _Toc392508596][bookmark: _Toc398043728][bookmark: _Toc418197156]Definition of a typical transmission range

Typical transmission range is 50 mm .



[bookmark: _Toc392508597][bookmark: _Toc398043729][bookmark: _Toc418197157]Description of the conditions to achieve the target data rate 

The main conditions for the kiosk system are close proximity transmission range and point-to-point (P2P)　network topology. 

[bookmark: _Toc392508598][bookmark: _Toc398043730][bookmark: _Toc418197158]Specific issues with respect to regulations

The ITU is actually studying the bandwidth allocation for terahertz frequencies and at this moment there is no frequency allocated for active services between 275GHz and 1THz. The ITU identifies some frequency bands for passive services only [9].



Close proximity application described in chapter 4 can be implemented at RF frequencies of 275-3000 GHz. When utilizing the large bandwidth available in these bands, more than 100 Gbps transmission rates can be realized using SISO transmission.



[bookmark: _Toc392508599][bookmark: _Toc398043731][bookmark: _Toc418197159]Specific requirements with respect to the MAC

For the applications described in clause 4 a MAC design to enable fast link set-up is required. NOTE, that the corresponding amendmend of the standard is not subject to TG 802.15.3d, but will be covered by the parallel running project TG 802.15.3e. TG 802.15.3d is focusing on  new PHY operating around 300 GHz.
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[bookmark: _Toc404676178][bookmark: _Toc418197161]Intra-Device Communication

Intra-device communication is a communication link within a device and includes inter-chip communication to allow for pin count reduction.

[bookmark: _Toc404676179][bookmark: _Toc418197162]Description of the operational environment 

In many wireless communication systems of today, the capacity is improved thanks to larger bandwidths, higher modulation orders and very efficient channel coding schemes. All these techniques permit to reach high data rates achieving several gigabits per second as proposed in the 60 GHz band (IEEE 802.11ad and IEEE 802.15.3c) or in the 5 GHz band (IEEE 802.11ac). However, in some specific applications like high quality audio/image/video transfers between devices and intra-device communications, the need in terms of bit rate is higher than the few gigabits per second already addressed by these standards. First ideas of using RF/wireless links for intra-device communication have been published already in 2001 by Chang et. al. [1]. Two bottlenecks appear immediately against the enhancement of the above mentioned standards: the lack of efficient digital to analogue converters allowing many levels of quantization at high speeds of sampling, and the absence of allocated large bandwidths allowing simple modulations with maybe two levels of quantization. The sub-millimetre bands may offer significant areas of available spectrum, solving the issues by allowing the use of simple modulation schemes. Recent publications show that data rates of up to 100Gbps are possible at a carrier frequency of 240 GHz [2] [3]. Nowadays this frequency range is also considered for board-to-board communication [4][5].



In board to board communication, some technologies are already available solving the copper issue like Light Peak fiber technology (named Thunderbolt). Light Peak is a high-speed optical cable technology designed to connect electronic devices to each other. Light Peak delivers high bandwidth starting at 10Gbps and up to 40Gbps. It uses PCI express or Display Port protocols.

[bookmark: _GoBack]

What about the burden of cables and connectors?

Indeed, one main issue is the need to use connectors on the boards which increase the cost and their design complexity. Another issue, which is obvious, is the cable which limits the flexibility when connecting the boards. 



[bookmark: _Toc418197163]Typical Transmission Rates

To illustrate realistic datarates, let’s consider for instance imaging devices (video-projector or super hi-vision camera). Video-projectors use generally the LCOS (liquid crystal on silicon) technology or the LCD (liquid crystal display) technology. In higher end video-projectors, three LCOS chips or LCD panels are used, each one modulate light in the three primary colors: red, green, and blue. Both LCOS and LCD projectors deliver the red, green, and blue components of the light to the screen simultaneously. The LCOS technology has usually a very high resolution and the system should support very high datarates. There is no spinning color wheel used in these projectors as there is in single-chip Digital Light Processing projectors. Other possible scenario can be super Hi-Vision camera. An example is illustrated in this paper [6].  Figure 5.1  illustrates the Camera head that support 8K4K, 120Hz video format.

[image: cid:image003.png@01D051BA.FE3DBC10]

Figure 5.1 Camera head of a super Hi-Vision Camera (8K4K/120Hz and 36bits of pixel resolution).

Table 5.1 provides some bitrates (in Gbps) needed to transmit some common video formats:

		Pixel resolution

		Frame rate

		720x 1280

		1080x 1920

		1440x 2560

		2160x 3840

		2880x 5120

		4320x 7680



		24

		30Hz

		0.664

		1.494

		2.654

		5.971

		10.610

		23.887



		24

		60Hz

		1.327

		2.985

		5.304

		11.934

		21.206

		47.774



		24

		120Hz

		2.654

		5.971

		10.610

		23.872

		42.420

		95.548



		36

		30Hz

		0.995

		2.238

		3.977

		8.948

		15.900

		35.830



		36

		60Hz

		1.990

		4.477

		7.955

		17.898

		31.804

		71.660



		36

		120Hz

		3.980

		8.955

		15.913

		35.804

		63.623

		143.320



		48

		30Hz

		1.327

		2.985

		5.304

		11.934

		21.206

		47.774



		48

		60Hz

		2.654

		5.971

		10.610

		23.872

		42.420

		95.548



		48

		120Hz

		5.308

		11.943

		21.222

		47.749

		84.887

		191.096





[bookmark: _Toc410988513]Table 5.1: Bitrates in Gbps versus video format





Fig. 5.2. Wireless board to board communication.



The figure 5.2 illustrates the targeted use case. High speed terahertz wireless links could connect two boards or more. The terahertz band is huge hence several channels could be used in a small area (i.e. within one device). The figure shows point-to-point communications between boards, where the color of the beams indicate frequency. 



[bookmark: _Toc404676180][bookmark: _Toc418197164]Definition of a typical transmission range

The targeted transmission range is up to 10 cm in the air or through two layers of material reasonably transparent to Terahertz wave (5mm thickness).



[bookmark: _Toc404676181][bookmark: _Toc418197165]Description of the conditions to achive the Target data rate 

The targeted data rates are up to 100Gbps. 

The Bit Error Rate should be less that 10E-12 after Forward Error Correction. This is similar to LVDS performance at 10 cm and corresponds to one error every 10s at 100Gbps. 



[bookmark: _Toc404676182][bookmark: _Toc418197166]Specific issues with respect to regulation



[bookmark: _Toc404676183][bookmark: _Toc418197167]Specific requirements with respect to the MAC 

A very simple Medium Access Protocol should be used. Mechanisms based on random access by contention are not appropriate since the level of the overhead will be high and a significant amount of bandwidth will be lost. In addition, the huge bandwidth provides the guarantee of a high number of channels that can be used simultaneously by different boards. The transmission range is very low hence frequency reuse is possible.   
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[bookmark: _Toc418197169]


Wireless Fronthaul

There are a lot of studies to transmit high-speed data signals around 10 Gbps to user terminals for future mobile services such as IMT 2020 and beyond (5G) which requiresa huge number of base transceiver stations (BTSs) and small-cell networks[1]. The centralized radio access network (C-RAN) separates the function of the BTS to a baseband unit (BBU) and a remote radio head (RRH). The connection between the BBU and RRH is called “fronthaul”, and currently, ITU-T SG15 defines mobile fronthaul including Radio over Fiber (RoF) [2]. Mobile fronthaul is defined as a connection between one and the other of separated radio transceiver functions within a base station.  The transmission capacity of fronhaul must be much higher than 10 Gbps to meet requirements of IMT 2020 and beyond. 



[bookmark: _Toc418197170]Description of the operational environment 

Figure 6.1 indicates  mobile fronthaul (MHF) links using 300-GHz frequency. This link utilizes  300-GHz carrier frequencies to feed 5G signals to the user terminals in a small cell. 



[image: ]

Figure 6.1 Mobile fronthaul using 300-GHz link.

Figure 6.2 shows the detailed block diagram of the fronthaul. In this figure, a modulation and demodulation unit represents one partial BTS located in the network side (BBU) and a radio antenna unit represents the other partial BTS located in the antenna side (RRH). Taking the above situation into account, mobile fronthaul should be defined as the connection between one and the other of separated radio transceiver functions within the BTS. In addition, mobile fronthaul link (MHF) should be also defined as a link to establish a mobile fronthaul. IEEE802.15.3d devices interface BBU with 300-GHz link, and RRH with 300-GHz link.



[image: ]

Figure 6.2 Definition of mobile fronthaul using 300-GHz link [2].

Figure 6.3 shows the hybrid cell structure which utilizes  300-GHz fronthaul links to feed 5G signals to the user terminals. The propagation distance of 300-GHz link is limited due to attenuation characteristics [3]. c. 



[image: ]

Figure 6.3 Hybrid cell structure for IMT 2020 and beyond using 300-GHz link.

[bookmark: _Toc418197171]Definition of a typical transmission range

The typical transmission distance of 300-GHz link mainly depends on propagation attenuation of carrier frequencies whose values have been already published by Recommendation ITU-R P.676, P.838, P.840, and the output power and antenna gain of BBUand the receiver noise figure of RRH, and vice versa. The typical transmission range of the 300-GHz link is around 300 meters which may be improved by the technology progress of RF components. .

Additional important parameters which define a typical transmission range are frequency interference and transmission latency. Frequency interference causes reduction of the capacity and connectivity between BBU and RRHAU. 300-GHzlinks can avoid the frequency interference between links due to their high antenna directivities. The transmission latency of 300-GHz link isdertermined from IMT 2020 and byond specifications and the concrete number is TBD at this moment. However, the maximum absolute round trip delay time per link excluding transmission length is specified to 5s according to the current CPRI specifications [4].



[bookmark: _Toc418197172] Description of the conditions to achieve the Target data rate 

The modulated spectrum bandwidth of the waveform is determined by the modulation speed and the modulation scheme such as multi-level Quadrature Amplitude Modulation. The limiting factors of transmission bandwidth of 300-GHz link are up and down conversion frequency  responses. 

The specification of base transceiver stations is known as a Common Public Radio Interface (CPRI) [4] which specifies the key internal interface of base transceiver stations between the Radio Equipment Control (REC) and the Radio Equipment (RE). REC and RE defined by CPRI correspond to BBU and RRH, respectively.  The current specified maximum bit rate of CPRI is limited to 10 Gbps, however, IMT 2020 and beyond mobile systems will offer higher data rates greater than 10 Gbps to the mobile terminals [1]. The capacity of the mobile fronthaul link has to be increased to satisfy with the technical requirements of such mobile systems. The new CPRI for IMT 2020 and beyond is not yet specified , but the target data rate at this stage is 100 Gbps in the condition of BER of 10-12 [4]. 

Further conditions w.r.t the propagation environment are described in 7.3

[bookmark: _Toc418197173]Specific issues with respect to regulation

Suitable frequency range and contiguouis bandwidth was proposed by considering gaseous attenuation characteristics in the frequency range from 100 GHz to 1000 GHz [5]. There are the specific resonant attenuation by oxygen and water vapour. The contiguous band is simply estimated by avoiding the resonance attenuation lines. Table 6.1 below summarizes the suitable frequency range and the contiguous bandwidth. In the frequency range from 200 GHz to 320 GHz, it is difficult to have contiguous bands for mobile services below 252 GHz, because many frequency bands are not allocated for the fixed services [6]. However, the frequency bands between 252 GHz and 275 GHz have been already allocated for fixed services. If the frequency band from 275 GHz to 320 GHz can be allocated or identified for fixed services, a contiguous band of 68 GHz , as shown in Figure 6.4 can be utilized for point-to-point type fixed services for not only the wireless  fronthaul link, but also for the applications described in this document. Due to the operation in outdoor environments measures to avoid interference of passive services operating in the same band has to be avoided. Results on investigations of potential interference for fixed wireless links are reported in [7,8]. In order to allocate or identify the frequency band from 275 GHz to 320 GHz for the fixed service, the Table of Frequency Allocations in the Radio Regulatios have to be revised at the future World Radiocommunication Conference. 



Table 6.1 Suitable frequency range and contiguous bandwidth.

[image: ]
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Figure 6.4 Possible operational frequency band for IEEE 802.15.3d devices.



[bookmark: _Toc418197174]Specific requirements with respect to the MAC 

MAC supports the following information such as IQ data, synchronization, L1 inband protocol, C&M data, vender specific information specified by CPRI specifications [4]. However these information may be amended according to the specification of IMT 2020 and beyond.
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[bookmark: _Toc418197177]


Wireless Backhaul



[bookmark: _Toc418197178]Description of the operational environment 

A backhaul link in a cellular network is a connection between the base station and a more centralized network element, see Fig. 7.1. Backhaul in todays cellular networks is done either by fibre or microwave links. Various drivers exist, which require high-capacity backhaul links. One driver is the enourmous increase of traffic in cellular networks, which may be adressed by the deployment of ultra-dense networks. Another driver is the introduction of so-called cooperative multi-point trasnmission (CoMP). Both aspects are described in  7.1.1 and 7.1.2, respectively.



[image: ]

Fig. 7.1 Backhaul links in a cellular  network [1]



[bookmark: _Toc418197179]Backhaul for ultra-dense Network Deployments



With the foreseen implementation of indoor ultra-high broadband access in fifth generation (5G) systems the backhaul  capacity may become critical. For example [3] mentions that traditional backhaul that utilzes narrow bandwidth is regarded as a potential bottleneck for the overall cellular network.  This view is also supported by figures reported in the recently published NGMN 5G White Paper [2], which forecasts an aggregated traffic density of 15 Tbps/km2 for the downlink and 2 Tbps/km2 in the Uplink for indoor ultra-high broadband access. Another application with similar aggregated traffic is broadband access in crowd (e. g. in a stadium), where the NGMN White Paper predicts 0,75 Tbps/stadium in the DL and 1.5 Tbps/stadium in the UL. Such high demand of traffic at local hot spots may require aggregated backhaul, see Fig. 7.2 [1].





[image: ]

Fig. 7.2 Aggegration of Backhaul links [1]



Since not all network operators have access to fibre networks, wireless backhaul is an obviuos alternative.  Since also backhaul networking flexibility is critical to successful deployments [4], wireless backhaul may be advantageous over fibre-based backhauling.



[bookmark: _Toc418197180]Backhaul for the Deployment of Cooperative Multipoint Transmission



The tight coordination of transmitted signals by several base stations will reduce interference, which in turn will increase the capacity of the network. Such concepts have been subject to standardisation in 3GPP [5]. In order to apply this concept each base station requires information about the transmission of all other base stations received within a cell, see Fig. 7.3.  This requires high-capacity backhaul connections betweeen all involved cells. The requirement for high backhaul capacity currently restricts deployment of CoMP. Providing sufficient backhaul capacity will be a key enabler for the introdcution of CoMP.



[image: ]

Fig. 7.3 Backhaul between base stations when CoMP is applied [1]

[bookmark: _Toc418197181]Definition of a typical transmission range



The typical range for this application is in the order of a few hundred meters up to several kilometers. 

[bookmark: _Toc418197182]Description of the conditions to achieve the Target data rate 



Due to the high attenuation caused by diffraction a line-of-sight condition is required. In addition to the high free-space loss the atmpspheric attenuation [9] becomes important. The attenuation of electromagnetic waves in the atmosphere occurs due to interactions and resonances with the molecules of the atmosphere[9,10]. Especially the water vapour has an important influence on THz-waves. The specific attenuation can be calculated with the ITU-R [11] and am [12] models. However, fog and especially rain can lead to a scattering of the THz-waves at the water droplets, which reduces the power at the receiver [13,14]. In most cases the atmospheric attenuation adds to the attenuation of either the fog or the rain, but not both together.  If it is assumed that the maximum allowed attenuation for a given application amounts to 100 dB/km, 5 different transmission windows can be allocated in the frequency range between 300 and 900 GHz. The center frequencies and bandwidths of these transmission windows are given in Table 7.1 [9,10].



[image: ]

 (
Table 7.
3
Bandwidths and 
center
 frequencies of the transmission windows in the frequency range of 330 GHz and 900 GHz with an overall attenuation 
below 100 dB/km in the worst case
)





Due to the very high path loss accompanied with THz transmission, for outdoor applications high antenna gains are required. The antenna gain depends on the distance, transmitted data rate, carrier frequency and application. However, an example for a fixed wireless link with a distance of 1 km under worst environmental conditions of a rain rate of 50 mm/h is given in Figure 7. For shorter distances, or better atmospheric conditions, antennas with lower gain can be used. If a transmit power of 10 dBm, a noise figure of 10 dB, and an ambient temperature of 300 K is assumed, the maximum transmittable data rates per GHz bandwidth in a 1 km link are shown in Figure 7.4 [10].
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Fig. 7.4 Maximum data rate per GHz as a function of antenna gains and carrier frequency





From Figure 7.4, very high data rates can only be transmitted if the antenna gains are respectively high. For an antenna gain of 50 dBi for the transmitter and receiver antennas a maximum data rate of 25 Gbps can be transmitted in the 76 GHz bandwidth available in the first window. However, if the antenna gain is increased to 70 dBi, the maximum data rate can be increased to about 860 Gbps in the first transmission window. 



For 70 dBi antenna gain the angle for loss of connectivity due to fluctuation of the pole and the pole twist is just 0.13°. The requirement for adaptive antenna alignments or control mechanisms to compensate for pole sway/twist depends on the grade of sway/twist impairments, given by the antenna installations, e.g. type of pole or building.

 

[bookmark: _Toc418197183]Specific issues with respect to regulations

[bookmark: _Toc418197184] The same issues apply as described in 6.4

Specific requirements with respect to the MAC 

The application of highly-directed antennas used in fixed point-to-point links yields to low interference and low probability of collision. This may yield in simplified solutions for the MAC. 



[bookmark: _Toc418197185]Other issues

There is a trend that IP/Ethernet gets more importance as a transport technology for backhaul in mobile networks [4,6,7,8]. The standard should foresee the capability to carry carrier Ethernet packets as paylaod.
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Data Center

[bookmark: _Toc393241404][bookmark: _Toc418197188]Description of the operational environment 

Pure wired data centers are static and can not be easily reconfigured following the requirements from dynamic traffic conditions. In addition to that the cabling complexity (either copper or fibre) wastes much space and is hard to maintain , see also [5]. The cabling complexity also affects data center cooling. 



[bookmark: _Toc418197189]Physical Structure of a Data Center and the Potential to introduce Wireless Links

A simplified set-up of a  typical data center is depicted in Figure 8.1 based on [7]. On top of the racks antennas may be placed in order to enable wireless connection between the different racks. Antennas on the side of the racks may be used for wireless intra-rack communication.



[image: ]





Fig. 8.1 Simpified set-up of a typical data cener set-up 

In order to apply wireless links in data centers beamforming capabilities are required, as shown in Fig. 8.2, and includes the following features [2]:



· Beamforming capabilities both in azimuth and elevation 

· Ceiling reflectors (aluminum plates or other good reflecting materials)

· Electromagnetic absorbers on top of the racks to prevent local reflection/scattering around the antenna
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Fig. 8.2  LOS and Indirect LOS Paths [4,5]



Traditional DCN architectures are based on layered 2-tier (3tier-) architectures with core, (aggregation) and access layers [3] A couple of specific arrangements of the servers racks exploring the possibilities to introduce wireless links are proposed as well. In Fig. 8.3 to 8.5 some of these proposals are presented. 

	





Fig. 8.3 Node Arrangements – Two Parallel Rows [3]







Fig. 8.4: Node Arrangements – Hexagonal Shape [3]









 (
Intra-Rack Links
Inter-Rack Links
)

Fig. 8.5: Node Arrangements in a Cayley Data Center [4]



[bookmark: _Toc418197190][bookmark: _Toc367096819][bookmark: _Toc368853680][bookmark: _Toc393241405]Logical Structure of Data Centers

[bookmark: _Toc367096820][bookmark: _Toc368853681][bookmark: _Toc393241406]Figure 8.6 displays the logical node arrangement in Data Center. The data center has a 3-Tier  infrastructure [1] consisting of a



- a Core Layer :The data center core is a Layer 3 domain built with high-bandwidth links (10 GE or a bunch of 10GE)



- an Aggregation Layer:Supports Layer 2 and Layer 3 functionality; using 10 Gbps links.



- an Access Layer/ToR:A Layer 2 domain, ToR using 1Gbps links





[image: ]

Fig. 8.6: Logical Arrangements in Data Center [4]





The logical structure and the link types are dispalyed in Figure 8.7 [1].

[image: ]

Fig. 8.7: Logical Arrangements in Data Center and link types



[bookmark: _Toc393241407][bookmark: _Toc418197191]Definition of a typical transmission range

Over the last two decades, data centers have become increasingly larger.  Today data centers can be the size of an indoor sports field; however, the size of the data center alone does not dictate the transmission range.  The transmission range is a function of the antenna gain and the transmit power, neither of which are severely constrained in the data center environment.  Depending upon the switch configuration, ranges of 10 meters to 100 meters would be in order.  Today fibre optics is still the preferred alternative to wireless switching. However wireless links may be seen as an add-on to complement fibre optics in a few cases.   



[bookmark: _Toc393241408][bookmark: _Toc418197192]Description of the conditions to achieve the Target data rate 

It is anticipated that the data center channel will be line-of-sight, which includes reflecting the signal off an RF mirror. This might require some beam steering, which is out-of-scope of the standard. It can be assumed that the antenna positions are well-known in advance and beam-steering can be preconfigured or fed in as  external information.

[bookmark: _Toc393241409][bookmark: _Toc418197193]Specific issues with respect to regulation

The data center environment is an industrial environment and it is not clear at this time as to regulatory constraints.  Clearly, if a human is exposed to the RF (in the line-of-sight path) then there are health concerns. But one must not assume that the data center wireless channel is easily accessible by humans.  For example, the RF switch path can be an enclosed plenum area near the ceiling that would require a deliberate action by a human to be exposed to RF. Since a data center is operated in a closed environment, the interference issues as described in 6.4 and 7.4 are not relevant.

[bookmark: _Toc393241410][bookmark: _Toc418197194]Specific requirements with respect to the MAC 

The MAC should support switched beam line-of-sight.



[bookmark: _Toc418197195]Required BER

The wireless switch should be competitive to fiber optics in regards to bit errors.  A bit error rate of 10e-12 would not be unreasonable.  Obviously this will require the appropriate coding.



[bookmark: _Toc418197196]Multi-user Access

It is felt that the data center environment would be better served by spatial division multiplexing than by frequency division multiplexing.  One reason is it is desirable to maintain as high of data as possible with the lowest Eb/No possible, which requires adequate bandwidth to accomplish.  It is also conceivable that some CDMA (code division multiple access) could be utilized to improve multiple user access capability.



[bookmark: _Toc418197197]Other issues

The TG3d PHY should enable the use of the wireless linka as a hop between two x-Gbps Ethernet links.
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[bookmark: _Toc435127343]Definitions:



		Close Proximity P2P 

		Kiosk downloading and file exchange between two electronic products such as smartphones, digital cameras, camcorders, computers, TVs, game products, and  printers are the representative use cases for close proximity P2P applications.



		Intra-Device Communication

		Intra-device communication is a communication link within a device and includes inter-chip communication to allow for pin count reduction.



		Switched Point-to-Point Link

		A switched point-to-point link means to reconfigure of a set of elsewise fixed wireless links. This means that of the physical beams of a device at one end of the  wireless links are switched from one antenna between stationary devices at the other end of the links resulting in a different configuration.



		Wireless Backhaul

		A backhaul link in a cellular network is a connection between the base station and a more centralized network element



		Wireless Fronthaul

		The connection between the Base Band Unit (BBU) and the Remote Radio head  (RRH) of a cellular base station  is called “fronthaul”, and currently, ITU-T SG15 defines mobile fronthaul including Radio over Fiber (RoF)





[bookmark: _Toc435127344]General Guidelines [1]



This technical requirement document (TRD) describes the technical aspects that TG3d standard must fulfill, such as performance-related issues, reliability issues and availability issues. These types of requirements are often called quality of service (QoS) requirements; other requirements are usually maintenance-level requirements or external constraints, sometimes called compliance. Technical requirements are summarized as any other specifications; they have a name and a unique identifier. Technical requirements are documented in the same manner as any specifications, including a description, an example, a source or references to related technical requirements and a revision history.

TG3d  needs to effectively define and manage requirements to ensure they are meeting needs of the applications, while proving compliance.



Ideally, requirements are: 



• Correct (technically and legally possible) 

• Complete (express a whole idea or statement) 

• Clear (unambiguous and not confusing) 

• Consistent (not in conflict with other requirements) 

• Verifiable (it can be determined that the system meets the requirement) 

• Traceable (uniquely identified and trackable) 

• Feasible (can be accomplished within cost and schedule) 

• Modular (can be changed without excessive impact) 

• Design-independent (does not pose a specific solution on design) 



Each requirement must first form a complete sentence, containing a subject and a predicate. These sentences must consistently use the verb “shall”, “will” or “must” to show the requirement's mandatory nature, and “should” or “may” to show that the requirement is optional. The whole requirement specifies a desired end goal or result and contains a success criterion or other measurable indication of the quality. 



The TRD needs to capture these levels of user requirements, maintaining intelligent traceability and change impact analysis between them. 



Typical constraint requirements can specify: 



• Performance 

• Interfaces 

• Security 

• Safety 

• Reliability 

• Availability 

• Maintainability 



An efficient way of writing better requirements is to ensure they are clearly mapped to test cases. Making sure each requirement is clearly verifiable from the start, not only helps prepare later phases of the project, it also puts the developer in the correct state of mind. Requirements and their associated tests must also indicate what the system should not do, and what happens at the limits (degraded mode). 

This rule also applies for compliance requirements: indicating how they shall be tested is a good way to write better requirements.



The TRD need to implement a reliable and repeatable change control process that helps turn this challenge into an opportunity. 



By providing examples and counter-examples of good requirements and documents, IEEE can enhance the quality, consistency, and completeness of the requirements. These can originally be templates, industry standards and rules inside a repository, such as the IEEE server. 



Requirement typical sentence construction



Defects to avoid:



· Vagueness

· Weakness

· Over specification

· Subjectivity

· Multiplicity 

· Unclear meaning 

· Implicit meaning



Some words to be used with caution:



“adequate”, “applicable”, “appropriate”, “approximate”, “bad”, “best practice”, “between”, “clearly”, “compatible”, “completely”, “consider”, “could”, “down to”, “easy/easily”, “effective”, “efficient”, “equivalent”, “excellent”, “good”, “his/her”, “however”, “ideal”, “etc”, “in order to”, “include but shall not be limited to”, “least”, “like”, “low”, “maximise”, “may”, “most”, “minimum/mal”, “must”, “nearly”, “necessary”, “needed”, “normal”, “or”, “possible/bly“, “practicable”, “provide”, “quality”, “readily”, “relevant”, “safe/ly“, “same”, “should”, “significant”, “similar”, “so as”, “subject to”, “substantial”, “sufficient”, “suitable”, “support”, “target”, “typical”, “up to”, “user friendly”, “whether”, “will”, “with”, “worse”.



[bookmark: _Toc210446396][bookmark: _Toc435127345]
Introduction



This document provides the technical requirements of the project to develop the amendment 3d to IEEE 802.15.3 to enable data rates of 100 Gbps for switched point-to-point according to the PAR and CSD of this project [2,3]. This document will provide guidance and requirements on how to respond to a call for proposals. 

[bookmark: _Toc308600290][bookmark: _Toc367096791][bookmark: _Toc378238035][bookmark: _Toc435127346]Protocol Reference Model



The communication protocol reference model used for this document is shown in Figure 1. 



 (
PMD: Physical Medium Dependent (radio)
) (
PHY_SAP: PHY Service Access Point
PLCP: PHY Layer Convergence Protocol
MAC_SAP: MAC Service Access Point
)

 (
Figure 
1
: Reference partitioning
)
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The use cases and applications with performance and functional requirements are described in the Applicatons Requirements Document (ARD) [4].



[bookmark: _Toc308600302][bookmark: _Toc367096806][bookmark: _Toc378238050][bookmark: _Toc435127348]TRD Summary



This clause contains an overall summary of the rest of the document, mentioning the highlights such as PHY types (assuming multiple options), data rates, topology options (e.g. star, point-to-point, etc.), and MAC frame formats. 



This document describes the technical requirements to define  a wireless switched point-to-point physical layer to IEEE Std. 802.15.3 operating at a nominal PHY data rate of 100 Gbps with fallbacks to lower data rates as needed. Operation is considered in bands from 252 GHz to 325 GHz.  Additionally, the technical requirements for modifications to the Medium Access Control (MAC) layer, needed to support this new physical layer, are defined. The requirements in terms of transmission ranges depends on the specific use cases defined in the applications requirements document [4] and spans a range of 3 cm to 200m. The required Bit error rates at the PHY_SAP depend also on the defined use cases and span a range from 10-6 to 10-12. The proposals shall also comply with the regulatory requirements taking into account the specific situation for carrier frequencies beyond 275 GHz as defined in the radio regulations [9].  

[bookmark: _Toc308600303][bookmark: _Toc367096807][bookmark: _Toc378238051][bookmark: _Toc435127349]Topology and Link Switching



This clause identifies operational topologies



In all use cases the topology will be  point-to-point (P2P) and limited to two active devices.  Each of the devices will contain both a transmitter and receiver and is thefore denoted as a transceiver (TRX). It may be necessary to switch between several links, see Figure 7.1. The possibility for link switching between two connections is mandatory. Link switching during a running connection is optional. Obviously this is use case dependent since for some use cases link switching may not be appropriate.
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Figure 7.1: Switched Point-to-Point Links; Link 1 TRX1 to TRX2 switched to link 2 TRX1 to TRX 3  



For close proximity communications, due to unsymmetrical nature of the communication the standard should allow one device containing only a THz transmitter and the other device containing only a THz receiver. This will enable early implementation of THz devices.[image: ]
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[bookmark: _Toc435127350]Data Rates 



The data rates shall be sufficient to support the proposed use cases in conjunction with the operational frequency plan and channel model.  This section discusses the data rates, which usually is the basis for different PHY type classes.  



The PHY shall at least support the data rates as defined in Table 8.1. For better compatibility with Ethernet a data rate of 40 Gbps may be considered as well



Table 8.1: Data Rates for different use cases
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		Minimum Data Rate in Gb/s 

		Required Data Rate in Gb/s at the higher end

		Required BER after error correction at PHY-SAP



		Intra-Device Communication 

		1

		100 

		10-12



		Close Proximity Communication 

		1

		100 

		10-6



		Wireless Fronthauling 

		10[footnoteRef:1]  [1:  10 Gbit/s is the maximum data rate available today in CPRI. Hence, this shall be the minimum data rate targeted in the amendment.] 


		100 

		10-12 



		Wireless Backhauling 

		10

		100 

		10-12 



		Data Center 

		1 

		100 

		10-12 







[bookmark: _Toc308600308][bookmark: _Toc367096858][bookmark: _Toc378238105][bookmark: _Toc435127351][bookmark: _Toc308600305][bookmark: _Toc367096832][bookmark: _Toc378238079]Transmission range 



The transmission range is driven by use cases in conjunction with the operational frequency plan and channel model.  This section discusses the transmission range, which often is the justification for different PHY types.



The data rates specified in section 8 shall at least be achieved for transmissions over the distances specified in table 9.2. For the various use cases different antennas may be applied. In the proposal the antenna characteristics (gain, antenna diagrams) to achieve the transmission distance have to be given (see also section 13). 



Table 9.2: Transmission Ranges for different use cases

 

		Use case 

		Required minimum Transmission Distance 



		Intra-Device Communication 

		3 cm 



		Close Proximity Communication 

		10 cm  



		Wireless Fronthauling 

		 200 m



		Wireless Backhauling 

		1  km 



		Wireless Data Center 

		100 m 





[bookmark: _Toc435127352]Operational frequency bands 



This section describes the operational frequency bands. 



The THz frequency range is quite large, with some frequencies exhibiting better propagation qualities than others.  Also influencing this issue are practical limits on implementation physics.  In this section the operational frequency bands are discussed.  Each use case may operate in a different band.



The operational frequency bands are from 252 to 325 GHz. The frequency bands 252 to 275 GHz have already an allocation for MOBILE and FIXED services in the radio regulations. The band 275 – 325 GHz is not allocated to any service in the radio regulations, but may be used for active services, if the conditions in footnote 5.565 of the radio regulations are met.
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[bookmark: _Ref430118941]Figure 2: Options for utilization of the available spectrum

In Figure 2 three options for the utilization of the available spectrum are introduced. In the first option the whole available bandwidth is dedicated to the communication link of one device. Please note that it’s not required that a proposal utilizes the complete bandwidth of 73 GHz. In option two still the whole bandwidth is dedicated to one communication link but it is split into several subchannels. Again not the whole bandwidth has to be utilized. Such sub-channels can e.g. be realised in an OFDM system or by several RF frontends with smaller bandwidths. This can be beneficial for hardware implementation or for the equalization of the dispersion introduced by the RF frontend in combination with the transmission channel. In the third option sub-channels are dedicated to different links.

In a proposal either option 1 or 2 has to be chosen and the reasons for this decision have to be provided together with the exact parameters for the utilization of the frequency band, e.g. start/stop frequency of all subchannels in case of option 2. Option 3 is out of the scope of this standard, because the standard is for p2p links without multiple devices/services.
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The THz bands are currently used for earth science research (mainly passive) and coexistence/protection of these users is necessary to enable the broad acceptance of the technology.  This section discusses coexistence and protection issues [6], [7].



The proposals have to include an estimation of the received power level as a function of the distance and direction of interference given the operational characteristics, e. g. transmission power and antenna characteristics, for the interference scenarios described in 11.1 and 11.2.



[bookmark: _Toc435127354]Requirements from the Radio Regulations 

Devices will need to comply with the regulatory requirements specified for THz devices.  Unique to THz is that these regulatory requirements will be evolving over the next few years.  In this section these issues can be discussed.  All regulatory assumptions should be clearly stated.  



Active THz systems will have to comply with the ITU Radio Regulations footnote 5.565 [9]. 
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This is an ideal estimation of maximum occurring interference powers using worst case assumptions throughout all scenarios with no additional attenuation due to the impact of weather.



Nomadic devices operated outdoors in rural environment



The assumptions are that the nomadic TX is accidentally pointed in immediate skyward direction as a satellite is passing overhead, directly looking at the ground (0° zenith angle, shortest path), see Fig. 11.1  Also it is assumed that a ground reflection may superimpose constructively with the direct path towards the satellite. This scenario is potentially relevant for the intra-device and kiosk downloading when operated outdoors.
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Figure 11.1: Interference situation for nomadic devices operated outdoors in rural environment  [image: ]






Nomadic devices operated outdoors in urban environment



In this scenario we assume that no objects shadow the direct ray path and that additionally the reflections from buildings around the TX coherently combine at the satellite, see Figure 11.2.
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Figure 11.2: Interference situation for nomadic devices operated outdoors in urban environment[image: ]







Indoor-operated devices are not relevant due to transmission losses; therefore, indoor setups are implicitly covered by the outdoor scenario. This scenario is potentially relevant for the intra-device and kiosk downloading when operated outdoors.





Fixed links with scattering objects close to direct ray path



In this scenario, objects close to the direct ray path may scatter/reflect power in a skyward direction towards the satellite, see Figure 11.3.  This scenario is possible despite highly directive antennas. This scenario is relevant for the backhauling/fronthaulimg use case.
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Figure 11.3: Interference situation for fixed links with scattering objects close to direct ray path



Relevant emission from antenna sidelobes



High sidelobe levels may cause non-negligible radiation in a skyward direction. With fixed links these become especially critical because of potentially high output powers, see Figure 11.4. This scenario is relevant for the backhauling/fronthauling scenario.
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Figure 11.4: Interference situation due to relevant emission from antenna sidelobes
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Maximum equivalent isotropically radiated power (EIRP)



The clause shows how to calculate the maximum equivalent isotropically radiated power (EIRP), which is scenario path loss specific, and includes the satellite antenna gain.  If the TX radiated signal does not exceed the maximum allowed interference power mask, then there will be no interference. The calculation procedure is displayed in Figure 11.5.
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Figure 11.5: Calculation of the maximum equivalent isotripically radiated power (EIRP)




Definition of transmit power spectrum masks



This clause provides the definition of transmit power spectrum masks and constraints for the isotropically radiated power spectral density.  A simple approximation with line segments  (line parameter sets given in [8]) is used to calculate the effective limitation to several 10 dBm EIRP for bandwidths of several 10 GHz.



Nomadic devices in rural and urban areas
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Figure 11.6: Spectrum masks for nomadic devices



Fixed links and sidelobes



Fixed links are far less critical than nomadic transmitters and can support higher output powers and longer distances with no significant sidelobe limitations.  These relevant constraints are only applicable below 500 GHz.
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Figure 11.7: Spectrum masks for fixed links and sidelobes

[bookmark: _Toc435127357]Coexistence among different use cases 

Also, each use case outlined in [4] must coexist with all other use cases.  In some instances this coexistence will be explicit (i.e. different operation bands), but in other instances the coexistence mechanism might be more implicit.
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The channel models are described in the Channel Modelling Document [5].
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It is likely that each use case will have a unique link budget analysis due to differences in required performance and complexity of modulation formats.  Reference [10,11] contain useful information in regards to link budget calculations.
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Table 13.1: Exemplary Link Budget
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Necessary changes, if any, to the MAC in order to support the new PHY defined in this project have to be proposed. At least the items mentioned in the following sub-clauses have to be addressed in this respect.
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Some use cases will require to support device discovery, which includes aligning the antenna to close the link.  
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Since the topology is limited to P2P, the system is not a “piconet” . The coordination has to reflect this. 
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Some use cases will require a longer stetup of the link with changing channel conditions. For those use cases beaconing for established links is required. 

Fast connection setup scheme

This is relevant for the close proximity use case only. However the consideration of this feature is not part of the amendment developed in this TG. The fast connection setup will be developped in the parallel running TG 3e. 
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The choice of features regarding these items are up to the implementer. However, proposals should include a statement on the expected numbers. 
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Proposals should indicate how security can be integrated, supporting both MAC security and Authentication/Key Management. Differentiation may be made between 

· the links for the wireless backhaul/fronthaul, data center and intra-device communication use cases, where links will be establised on a longer time period 

· the links for the close proximity communication, where the links survive only a short time period. 

· using existing 802 security services which can be those already in 802.15 or alignment with 802.3 or 802.11 security services.

· using 802.15.3 specific security services, built on current best practices.



Necessary changes, if any, to the Security Mechanism in order to support the new PHY defined in this project have to be proposed.

[bookmark: _Toc435127366]Size and Power



Size, weight and power (SWaP) concerns arise from use case expectations and influences range and data rate. The antenna is included in the SWaP estimate.   Of primary concern is mobile operation battery life.  This section discusses these issues.



 

Typical values for the power consumption, differentiated per use case have to be given. Also some indication on the size of the antennas has to be given.
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Parameter ValueUnit Comment


Carrier Frequency 300GHz


Transmitted Power 7dBm actual transmitted power


Antenna Gain (Tx) 25dBi


transmission distance 10m


free space path loss 101,9dB


Antenna Gain (Rx) 25dBi


Received Power -44,9dBm


Bandwidth 50GHz corresponding to the maxmum data rate


Temperature 290K


Noise Figure 9dB


Thermal Noise -58,0dBm N=F*k*B*T


Implementation Loss 3dB


System Margin 3dB e.g. for reflection losses, misalignments, …


SNR 7,0dB




Microsoft_Office_Excel_97-2003-Arbeitsblatt1.xls

Tabelle1


												Parameter			Value			Unit			Comment


												Carrier Frequency			300			GHz


												Transmitted Power			7			dBm			actual transmitted power


												Antenna Gain (Tx)			25			dBi


												transmission distance			10			m


												free space path loss			101.9			dB


												Antenna Gain (Rx)			25			dBi


												Received Power			-44.9			dBm


												Bandwidth			50			GHz			corresponding to the maxmum data rate


												Temperature			290			K


												Noise Figure			9			dB


												Thermal Noise			-58.0			dBm			N=F*k*B*T


												Implementation Loss			3			dB


												System Margin			3			dB			e.g. for reflection losses, misalignments, …


												SNR			7.0			dB
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This document details the characteristics of the propagation channels for the suite of applications described in the current revision of the 802.15.3d Application Requirements Document, 15-14-304-16-003d. Channel models for the following applications are described seperately in chapter 3 - 6:

· Close Proximity Peer-to-Peer Communications

· Intra-Device Communications

· Backhaul / Fronthaul

· Data Center
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[bookmark: _Toc441043621]Environments

Regarding to the application requirement document [4.1] and the contribution on application usage [4.2], 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). 





Table 1: A Table

		Channel Model

		Scenario

		Environment

		Description



		CMx

		LOS

		Kiosk 

download

		



		

		

		

		



		CMx

		LOS

w/o Metal

		File 

exchange

		



		CMx

		LOS 

w Metal

		File

exchange

		







[bookmark: _Toc441043622]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: _Toc441043623]Introductory Measurement Examples

Peculiarities of wave propagation in KIOSK

Under KIOSK use case, there are the following peculiarities.

Link is pear to pear and LOS.

Wave propagation distance is relatively short (< 1 meter).

Front cover (window) exists between Tx and Rx.

Rx module uses relatively low-gain antenna because it is equipped with mobile phones.

Case of Rx (case of mobile phone) is occasionally made by metal.

Tx uses relatively high-gain antenna to avoid the propagation loss.

Tx is set in an environment pretty well-controlled as surrounded by wave absorber. 



[image: ]

Fig. 4.1 KIOSK use case
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Fig. 4.2 Wave propagation in KIOSK
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Measurement Methodology

To clarify a channel model of KIOSK use case, some experiments using 2-port calibrated Vector Network Analyzer (VNA) in 220  340 GHz are conducted. In the experiments, commercially available 25-dBi-antennas are used as Tx and Rx antennas. The S-parameters (S21) are measured by changing Tx-Rx distance up to 1.8m using an automatic stage.



[image: ]
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Fig. 4.3 Experimental Setup (Upper: VNA with automatic stage surrounded by wave absorber. Lower: two kinds of 25dBi-antennas.)



Free space path loss

At first, free space path losses at several frequencies are measured. The Loss exponent of 1.8 ~ 2.2 are derived as shown in Fig. 4.4. This means that there is no obvious fading effect in the link. However, the path losses have power variations at the maximum of ±2.5 dB. It is thought that these come from multiple reflections between Tx and Rx.

[image: ]

Fig. 4.5 Free space path losses at several frequencies (220, 240, 260, 280, 300, 320, 340 GHz)



Power delay Profile

To confirm the effect of reflection, metal plates (20x20cm2) are attached to Tx antenna and Rx antenna as shown in Fig. 4.5. 

[image: ]

Fig. 4.5 Metal plates attached to Tx antenna and Rx antenna



Figure 4.6 shows the measured power delay profile using these antennas.

[image: ]

Fig. 4.6 Measured power delay profile using metal-plate attached antennas (Fig. 5).



The first peak of the profile is the direct path (t0 = 1.8 ns). After the peak, there are two peaks (5.4 ns, 8.9 ns). The former is delayed 2t0 from the first peak, and the latter is delayed 2t0 from the former. Thus, these are the first multiple reflected path and the second multiple reflected path, respectively.

Figure 7 shows the amplitude (A) and arrival time (B) of the direct path (red square) and the first multiple reflected path (blue triangle) when changing the Tx-Rx distance. 



[image: ]

Fig. 4.7 Amplitude (A) and delay (B) of the direct path (red square) and the first multiple reflected path (blue triangle) of power delay profile when changing Tx-Rx distance. 



The first multiple reflected path of Fig. 7 (A) shows the drastic decrease at the distance of about 500 mm. This means that a part of the EM wave from the Tx does not reflect from the metal plate due to its limited size at the distance. The arrival time of the direct path (t0) and the difference of arrival times of the reflected and the direct path (2t0) is 1 : 2, respectively. These results indicate that wave propagation in KIOSK is able to be modeled as direct path and multiple reflected paths between Tx and Rx.



Suppressing reflection

To suppress the reflection, metal plate at the Rx antenna is tilted. The multiple reflected paths are drastically decreased by tilting the metal plate at the Rx antenna as shown in Fig. 8. Thus it is realized that tilting the metal plate which reflects the EM wave from Tx is effective for suppressing the multiple reflections. 



[image: ]

Fig. 4.8 Measures power delay profiles. Metal plate at Rx antenna is not tilted (A), and is tilted (B).    



There is a front cover (window) between Tx and Rx in KIOSK as shown in Fig. 4.2. Thus, a 2-mm thick PET (polyethylene-telephthalate) plate is inserted between Tx and Rx, and the power delay profiles are measured. 

Figure 4.9 shows the results of the cases that metal plates and PET plate are not tilted (i), only PET plate is tilted (ii), and both PET plate and metal plate at Rx are tilted (iii).

[image: ]

Fig. 4.9 Power delay profiles of the cases that metal plates and PET plate are not tilted (i), only PET plate is tilted (ii), and PET plate and metal plate at Rx are tilted (iii).



Figure 4.9 (i) shows that the new two peaks (A, B) appear and whose delay values depend on the distances from the antennas. These come from multiple reflections between metal plate and the PET plate, which is confirmed by tilting the PET plate in Fig. 4.9 (ii). When both metal plate at the Rx and the PET plate are tilted, reflections are suppressed as shown in Fig. 4.9 (iii).



[bookmark: _Toc441043625]Potential KIOSK System

From the above measurements related to wave propagation in KIOSK, potential KIOSK system is able to be thought as shown in Fig. 4.10, namely, Tx is surrounded by the wave absorber, front cover (window) of the Tx is tilted and Rx case touched on the tilted front cover. 





[image: ]

Fig. 4.10 Potential Kiosk System





0. [bookmark: _Toc441043626]Path Loss Model



Molecular attenuation can be ignored because transmission distance along application usage is a short range of up to 50 millimeters. 
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[bookmark: _Toc441043631]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. 
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[bookmark: _Ref424671489][bookmark: _Toc441043633] Measurement Methodology and General Channel Peculiarities



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







Figure 1: Board-to-board communication scenario (top view)
Tx and Rx are mounted on opposing 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 [5.1]. 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: ]

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.





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 frequencies is found in [5.2] 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 environments 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.



		

		Plastic Walls

		PCB Walls



		Small Box
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		Large Box
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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.





		

		Plastic Walls

		PCB Walls



		Small Box
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		Large Box
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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 building parts.





[bookmark: _Ref424766201][bookmark: _Toc441043634]Significance of Scenario Definitions

It is assumed that the stochastic channel model under development will have varying statistical properties depending on the concrete operational environment. This assumption is based on the following observations from a measurement campaign comprising scenarios from two different operational modes for board-to-board communication. The operational mode Direct Transmission corresponds to the case of communication via a line-of-sight connection between a transmitter and a receiver mounted on two directly opposing surfaces. In the case of directed non-line-of-sight transmission, the signal is guided via a reflection inside the device due to the missing possibility of aligning the antennas. This could be the case if it is not possible to correctly align the antenna main lobes towards each other, for example, because building parts or edges of the casing are blocking the line of sight.

Two scenario realizations have been defined for each of the operational modes as depicted in Figure 7.



[image: ]

Figure 7: Scenario Definitions for the Operational Modes 
Direct Transmission (left) and directed NLOS Transmission (right)



For Direct Transmission, a diagonal positioning of Tx and Rx, corresponding to the scenario direct_1, and a straight connection between directly opposing Tx and Rx, corresponding to scenario direct_2,  have been measured. For the mode of Directed NLOS Transmission, communication between two antennas mounted on the same surface via a guided reflection on the opposing wall, corresponding to scenario dNLOS_1, and transmission between two opposing antennas via a reflection on a wall perpendicular to both antenna mounts, corresponding to scenario dNLOS_2, have been measured. 



Analogous to 5.2.1, each scenario has been measured inside a large and a small environment, the dimensions of which can be found in [5.3]. Also, the environment was measured in two different configurations, with the first consisting of a full plastic environment and the second being equipped with two printed circuit boards at the front- and backside. This leads to a total number of four scenario realizations per scenario definition which are summarized exemplarily for scenario direct_1 in Figure 2 in the above sub-chapter.



Figure 8 - Figure 11 show the measured CIRs for the scenario of Direct Transmission for all four scenario realizations. Each figure contains the measurement results from the first direct scenario in the top and the result from the second scenario in the lower sub-figure. Moreover, each scenario has been measured in two measurement runs that are plotted as a red and a green curve. The horizontal lines depict a threshold of -30dB below the strongest signal component; this threshold is used for the later on RMS delay spread calculations.

[image: ]

[bookmark: _Ref424768073]Figure 8: Measured CIRs of the Large Box with Plastic only 
Scenario direct_1 (top), Scenario direct_2 (bottom)



For the large plastic box, 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; most multipath components even vanish below the previously defined threshold.

[image: ]

Figure 9: Measured CIRs of the Large Box with PCBs 
Scenario direct_1 (top), Scenario direct_2 (bottom)



When the scenario is equipped with printed circuit boards, it is observed that the general characteristics of the channel do not change. A clearly distinct main pulse remains visible while the amplitudes of the echo paths remain in the order of the -30dB threshold.

[image: ]

[bookmark: _Ref424768144]Figure 10: Measured CIRs of the Small Box with Plastic only 
Scenario direct_1 (top), Scenario direct_2 (bottom)



In a smaller environment, the echo clusters arrive earlier compared to the more spacious environment, thus the CIR has a temporally more compact form. The amplitudes of the echo paths remain at roughly the same level as observed for the large environment.



[image: ]

[bookmark: _Ref424768080]Figure 11: Measured CIRs of the Small Box with PCBs 
Scenario direct_1 (top), Scenario direct_2 (bottom)



Again, inserting printed circuit boards into the environment does not much influence the channel behaviour. However, it must be noted that the amplitudes for the diagonal transmission in scenario direct_1 drop from between -20dB and -30dB in Figure 10 to between -30dB and -40dB in Figure 11. This is most likely due to the fact that part of the first Fresnel Zone is blocked by building parts on the PCB surface in case of the narrow environment; however, no additional pulse broadening is observed from this.



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 already observed for the plastic box, the multipath characteristics are not increased due to the insertion of PCBs.



As a figure of merit for the temporal characteristics of the LOS channel, Table 2 summarizes the RMS delay spreads that have been calculated from the measurements with respect to the above defined -30dB threshold.



[bookmark: _Ref424768180]Table 2: RMS Delay Spreads from the Direct Transmission Measurements

		

		Large ABS 

		Small ABS 

		Large PCB 

		Small PCB 



		direct_1, red 

		0.241 ns 

		0.019 ns 

		0.036 ns 

		0.126 ns 



		direct_1, green 

		0.164 ns 

		0.113 ns 

		0.020 ns 

		0.065 ns 



		direct_2, red 

		0.197 ns 

		0.097 ns 

		0.215 ns 

		0.099 ns 



		direct_2, green 

		0.089 ns 

		0.107 ns 

		0.225 ns 

		0.110 ns 







One important characteristic of the presented values is their sensitivity regarding the level of the defined threshold. Comparing the delay spread values for scenario direct_1 in the small box with ABS (green rectangle) to the values in the small box equipped with PCBs (red rectangle), it strikes that the value grows by a factor of six for the measurement corresponding to the green curve in FIGURE but shrinks by a factor of two for the measurement corresponding to the red curve when PCBs are inserted. Having a closer look at Figure 10 and Figure 11 reveals that this is due to the fact that some multipath components (marked with blue circles) exceed the defined threshold slightly while others don’t. Even though the overall characteristic of the impulse responses is the same in both cases, the calculated delay spreads suggest strong and also contradicting changes in the temporal channel behaviour. A consequence of this observations is that the channel model under development should be based on ray-tracing simulations and accompanied by verification measurements. Since there is no noise present in the case of simulations and the temporal position of the multipath components is exactly known, the definition of a threshold for e.g. delay spread calculations becomes obsolete.



Figure 12 - Figure 15 show the measured CIRs for the scenarios of Directed NLOS Transmission for all four scenario realizations.
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[bookmark: _Ref424768842]Figure 12: Measured CIRs of the Large Box with Plastic only 
Scenario dNLOS_1 (top), Scenario dNLOS_2 (bottom)



Observing the results for the large environment, it is noticed that the main signal is clearly broadened due to the reflection on the plastic casing of the box. Apart from this significant difference to the LOS scenario, the multipath characteristics remain similar to the direct transmission case; it should however be noted that some rather strong multipath components are present in scenario dNLOS1.

[image: ]

[bookmark: _Ref424768897]Figure 13: Measured CIRs of the Large Box with PCBs
Scenario dNLOS_1 (top), Scenario dNLOS_2 (bottom)



Inserting printed circuit boards into the environment may change the channel behaviour drastically for directed NLOS communications as seen in the above part of Figure 13. As the guided reflection takes place via a PCB surface now, the pulse broadening becomes more severe for the main pulse. In addition, the echo components increase in amplitude to la level of -5dB below the main signal. For scenario dNLOS_2 the effects are much less significant as the reflection surface (short side-wall of the box) is still an ABS layer. 



[image: ]

Figure 14: Measured CIRs of the Small Box with Plastic only 
Scenario dNLOS_1 (top), Scenario dNLOS_2 (bottom)



Looking at the results for the small boxes, it can be seen that, analogous to the case of directed communications, the temporal structure of the multipath components becomes more compact. For the main signal, a slight increase of the pulse broadening of the main pulse is observed compared to the large box measurement. This is due to the fact that a the larger reflection angle, resulting from the reduced distance between antennas and reflecting wall, leads to a longer path difference of the reflection processes at front- and backside of the reflecting plastic layer. Details regarding this behaviour can also be found in [5.2].

[image: ]

[bookmark: _Ref424768848]Figure 15: Measured CIRs of the Small Box with PCBs
Scenario dNLOS_1 (top), Scenario dNLOS_2 (bottom)





From the measurement results of the small box equipped with PCBs, it becomes obvious that the impact of PCBs to the channel becomes less significant if the propagation environment gets narrower. However, a temporal spread of the main signal that stems from the scattering processes from the building parts throughout the board surface remains a main channel characteristic.



Concludingly, it is observed that the characteristics of directed NLOS communications vary significantly from those of the direct communications case. The guided reflection process impinges a pulse broadening of the main signal for both plastic and PCB guided reflections; moreover, the presence of  scattering PCB surfaces has an impact on the temporal profile of the channel impulse response, especially in spacious environments.



Table 3 provides the results of the RMS delay spread calculations for the directed NLOS communication scenarios.



[bookmark: _Ref424769033]Table 3: RMS Delay Spreads from the Directed NLOS Transmission Measurements

		

		Large ABS 

		Small ABS 

		Large PCB 

		Small PCB 



		dNLOS_1, red 

		0.367 ns 

		0.099 ns 

		0.758 ns 

		0.122 ns 



		dNLOS_1, green 

		0.245 ns 

		0.115 ns 

		0.650 ns 

		0.047 ns 



		dNLOS_2, red 

		0.072 ns 

		0.036 ns 

		0.026 ns 

		0.027 ns 



		dNLOS_2, green 

		0.085 ns 

		0.129 ns 

		0.139 ns 

		0.069 ns 









Under consideration of the measurement results presented in Chapters 5.2.1 and 5.2.2 a scientific base for the derivation of a stochastic channel model is established.

 

· The derivation of channel characteristics from measurements only leads to a number of issues, e.g. the presence of noise, the effects of IFFT leakage and the unknown position of multipath components in the measured signal. Thus, a ray-tracing approach is chosen for creating the channel statistics

· It has been shown that different operational modes lead to varying channel characteristics that need to be accounted for by separate channel statistics for separate use cases.



[bookmark: _Ref435444534][bookmark: _Toc441043635]General Structure of the Channel Model

The channel model is realized as a set of channel transfer functions which give a complete description of the propagation channel over the whole frequency range under consideration. The Inverse Fourier Transform represents the signal that is received after a single symbol has been transmitted through the channel with respect to the employed antenna characteristics. The channel transfer function in its general structure may be written as

		

		

		(1)







In this, f is the vector of frequencies under consideration, ϑTx and φTx are the elongation and azimuth coordinates of the transmitter antenna radiation pattern, ϑRx and φRx are the elongation and azimuth coordinates of the receiver antenna radiation pattern and PTx and PRx are the polarization vectors of the antennas. The expression to the right is the sum over each propagation cluster i. The contribution of every cluster is its polarimetric channel transfer function CTFi, multiplied with the direction-dependent gain of the antenna radiation patterns ATx and ARx. 

The structure of the channel transfer functions of the separate clusters is

		

		(1)







Here, the Hi,11 to Hi,22 are the entries of the polarimetric channel matrix for every cluster according to the Jones Calculus [5.4]. Note that every entry is a function of frequency, to generate the desired channel transfer functions.

Finally, the terms for the transmitting and receiving antenna are

		

		(2)





Where gTx/Rx is the direction-dependent gain of the respective antenna evaluated at the angular positions where the ith ray hits the respective antenna radiation pattern and J is the Jones-vector of the antenna according to [5.4].

[bookmark: _Toc441043636]Generation of the Channel Transfer Functions

The channel transfer functions (CTFs) introduced in Chapter 0 are generated by a specific tool for generating channel transfer functions which is termed channel realization generator (CRG). The CRG evaluates a set of stochastic interdependencies for the channel properties that underlie the channel transfer function, such as cluster composition, angular profiles at Tx and Rx, path losses, times of arrival and polarization properties. The channel model is derived from a ray-tracing approach that has been developed to account for the peculiarities of close-proximity and intra-device communications in the THz – range. It includes the electromagnetic influence of plastic layers, metals and printed circuit boards. Moreover, the characteristics of Gaussian antenna profiles are included.
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[bookmark: _Ref435444947]Figure 1: Ray tracing weighted with Gaussian antenna profiles
a) Board to Board case, b) Chip to Chip case

From the ray-tracing results, which are exemplarily visualized in Figure 1, the characteristics of the channel regarding cluster composition, path loss and polarization properties as well as angular and temporal profiles are extracted. These characteristics are used to configure the CRG which is utilized to generate a large number of realistic channel realizations (i.e. frequency responses) for the corresponding use cases. The structure of the employed channel statistics is depicted in Figure 2.
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[bookmark: _Ref435444914]Figure 2: Structure of the underlying channel statistics

[bookmark: _Toc441043637]Cluster Composition

The most important component of the CRG is the cluster composition of each channel. The cluster composition is the actual set of multipath components that occur in a channel realization. It is obvious, that an incorrect assumption regarding the cluster composition will lead to invalid channel realizations. The cluster composition implicitly holds the geometric structure of the underlying ray-tracing simulations. For example, analyzing a long hallway will lead to a different set of clusters and cluster interrelationships than a square-shaped office room with room dividers that may in some cases block the line of sight. 

For the stochastic generation of channel transfer functions, statistics are extracted for every cluster type and reflection order. The considered cluster types are defined by the reflection processes that occur along their respective propagation path. This results in the cluster types LOS (direct path), TMM (reflection on plastic surfaces), METAL (reflection on metal surfaces) and MIXED (different reflection types along the path). To further illustrate the concept, Figure 3 shows one exemplary propagation path, the corresponding wall indices and the resulting matrix-structure (along with two other paths) holding the depicted second-order path. The matrix-structure is in the following referred to as composition tensor.
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[bookmark: _Ref435446035]Figure 3: Derivation of composition tensors 

After the evaluation of the clusters in terms of composition tensors, the relative probabilities of occurrence are generated. In the model, this is done by means of Gaussian Mixture Models (GMM). A GMM is capable of modeling multivariate distributions over correlated features. This way, the characteristics of the cluster tensors (e.g. mutually exclusive occurrence of certain reflections) can be accounted for. After the number n of paths with possibility < 1 and > 0 has been determined, a GMM is set up for each cluster type. Each respective GMM has a number of n variables that are drawn from n Gaussian components. Thus, a single draw from such GMM produces a vector of n logical values, expressing the presence or absence of the nth cluster component for a given channel realization.

[image: ]

Figure 4: Cluster composition

[bookmark: _Toc441043638]Time of Arrival

After generating the cluster composition, the propagation time of each path (Time of Arrival, ToA), is generated. It is assumed, that the propagation delays of the various cluster types follow normal distributions. For the direct path clusters, the propagation times are modeled directly based on their delay from the ray-tracing results. For the reflected paths, the delay is modeled based on the relative delay to the corresponding direct path; this way, it  is assured that no reflected clusters are generated that have a shorter propagation time than the direct path, which would be physically unrealistic. Figure 5 depicts two exemplary distributions that have been generated for mixed propagation clusters from one specific communication scenario.
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[bookmark: _Ref435446155]Figure 5: Exemplary delay distributions of two second order clusters

As the modeling methodology for the stochastic generation of CTFs is based on the evaluation of probability distributions, for each cluster occurrence one corresponding probability distribution is generated. For the introduced example of clusters, this fact is further illustrated in Figure 6. 
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[bookmark: _Ref435446297]Figure 6: Generation of distributions for each observed cluster

Note that each distribution is truncated to the interval of the maximum and minimum observed delay value. This way, it is ensured that the stochastic generation process does not produce any unrealistically high or negative delay values. The above introduced methodology for the derivation of probability distributions for each object of the cluster composition tensors is applied in each of the following steps. This way, the model is further configured with the implicit information on the channel geometry such as interrelationships between cluster arrival times, reflection angles, polarization and so on.

[bookmark: _Toc441043639]Mean Path Loss

Based on the cluster arrival times, the mean path loss of each cluster is generated. The mean path loss is defined as the mean absolute value over frequency for the ray-tracing frequency responses of each cluster. The mean path loss is evaluated for both polarizations. It is considered physically meaningful that the path loss is a function of path delay. For the path loss and all other characteristics that are modeled as functional relationships, the underlying form of the functions are second order polynomials. Even though some dependencies may follow different functional shapes on the large scale (e.g. the path loss in a channel is usually considered to follow a negative-exponential relationship with the propagation delay), second-order polynomials are a sufficient way to model the relationships for relatively small value ranges. Since each cluster (e.g. left-wall reflection, ceiling-reflection and so on) is modeled separately, there is always a second-order relationship that has a very good agreement. Figure 7 depicts the path loss approximation of the theta-component of the LOS cluster transmitted through a plastic layer.
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[bookmark: _Ref435446426]Figure 7: Path Lloss of an exemplary LOS component

As it can be seen, the agreement between the second-order polynomial and the sample values from the ray-tracing simulations is very good. The presented relationship is treated as the mean value of the propagation path loss as a function of frequency.

Evaluating the derivation of the sample points from the generated second-order model, another second order relationship is derived to characterize the mean absolute error (MAE) of this approximation. An example is shown in Figure 8.
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[bookmark: _Ref435446511]Figure 8: Mean average  error of the exemplary LOS component

For the channel model, the functions for the mean value and the mean average error are used to parameterize a Gaussian Distribution (GD) from which the values for the stochastic channel transfer functions are generated. This is depicted schematically in Figure 9.
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MAE
mean()
)

[bookmark: _Ref435446590]Figure 9: Derivation of a Gaussian distribution from mean and MAE values

[bookmark: _Toc441043640]Reflection Angles

In the same manner as the path delays, the initial reflection angles of all reflected paths are modeled as functions of the path delay. However, it is not necessary that these functions are monotonically decreasing. Instead, different geometries may lead to varying types of relationships as is illustrated in Figure 10.
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[bookmark: _Ref435446645]Figure 10: Geometrical relationship between path length and reflection angle

In the example, it becomes obvious that a shorter propagation path (green) may lead to a smaller angle of reflection in situation a) while it leads to a larger angle of reflection in situation b). Due to the fact that every cluster is modeled separately in its behavior and a function of this relationship is generated for every cluster, the amount of implicit information on the channel geometry is again increased. In the case of second order-reflections, the reflection angle is modeled as a function of the corresponding first order reflection angle. This choice has been made due to the fact that no clear functional relationship was obvious anymore between path delay and reflection angle for subsequent reflections after the first one.

[bookmark: _Toc441043641]Depolarization

To this point, the statistical channel properties have been evaluated for the phi and theta components of the electromagnetic field after transmission through the channel. However, the channel matrix of a polarimetric radio channel consists of four elements to account for the phenomenon of depolarization:

		

		

		(4)
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In the above expressions, the elements H12 and H21 lead to a talk-over between the two canonic polarizations that has to be accounted for if antennas other than horizontally or vertically polarized antennas shall be employed in the channel simulations. Thus, after the generation of the mean path losses for theta- and phi-polarization, the depolarization angle in radians of each cluster is derived by

		

		

		(6)







The depolarization angle is the angle between the initial canonic polarization components at the position of the Tx antenna and the polarization components of the electric field vector after the passage of the propagation channel as illustrated in Figure 11. In the example, only the amplitude of the H-matrix is considered, which is additionally adjusted for the free space path loss. Situation a) depicts the impact from a channel matrix of a directly transmitted cluster without any reflection processes involved. Situation b) depicts the influence from a channel matrix with nonzero elements H12 and H21 due to geometric depolarization. It can be seen that the tilt in the coordinate system is defined by the ratio of H12/H11 and H21/H22, respectively, as stated in (6). It should further be noted that the polarization tilt is not necessarily identical to the angle between the transmitted and received field vectors as this is also influenced by the amplitude of the H11 and H22 matrix elements.
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[bookmark: _Ref440975263]Figure 11: Definition of the polarization angle
a) No geometric depolarization
b) Geometric depolarization due to one or more reflection processes

 As no functional dependency (e.g. to the time of arrival) could be observed, all depolarization angles for all reflection processes are modeled as Gaussian distributions.

[bookmark: _Toc441043643]Angles of Departure and Arrival

The final component necessary to fully characterize the Terahertz communication channel is the angular profile at the transmitter and the receiver site. With this, the impact of different antenna types with varying radiation patterns and polarization properties can be incorporated into the channel model. As it is considered geometrically meaningful, the angle of departure at the Tx and the angle of arrival at the Rx are modeled jointly for elongation theta and azimuth phi. The following Figure 12 illustrates this assumption.
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[bookmark: _Ref433752055]Figure 12: Illustration of AoD/AoA correlation

In the figure, the transmitter is moved along the path depicted by the green arrow from position Tx1 to position Tx2. The Rx remains at a fixed position and the effect of the movement on the elongation of departure at the transmitter is observed. As it can be seen on the four pictures to the right, the relationship between these angles in the elongation and azimuth domain is correlated for the direct path. Similar but less graphic relations exist for reflected clusters.

As a consequence of the above observations, the AoA and AoD profiles in theta and phi are modeled as correlated probability densities. To extract the parameters of these distributions, the method of copula distributions is applied. In this methodology, the marginal univariate distributions of the AoA and AoD of a certain cluster are generated; in a second step, a copula structure is generated to provide the correlation between the variables. The output in the case of angular profiles is a Gaussian distribution that is not defined over a single value but over both AoA and AoD in a correlated manner. 

[bookmark: _Toc441043644]Dispersion Functions

From the generated statistics, the clusters of each channel have to be evaluated with dispersion functions as well as antenna profiles to generate the final channel transfer function of each channel realization. The structure of this process is depicted in Figure 13.
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[bookmark: _Ref435445820]Figure 13: Generation of the channel transfer function

Due to the broadband nature of the investigated propagation channels, a single mean path-loss value is not enough information to characterize the propagation paths. Instead, the path loss is always a function of frequency due to dispersion stemming from Friis Transmission Equation as well as from the reflection processes at thin layers and printed circuit boards. To illustrate this behavior, the effects of the three dispersion mechanisms are illustrated in Figure 14.
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[bookmark: _Ref433752102]Figure 14: Exemplary dispersion functions

In figure a), the characteristic slope of an ultra-broadband channel due to the decreasing effective aperture of a given antenna over a large frequency range is observed, while figure b) shows the typical interference pattern from a reflection at a thin plastic surface. Figure c) shows the frequency response of a path that has been reflected by a PCB surface. In the ray-tracing algorithm, relatively complex models of the electromagnetic behavior at reflection processes are employed. Resulting from this, the ray-tracing algorithm has a high computational complexity leading to a simulation time of up to a minute for the generation of a single channel transfer function. The CRG uses parameterized functions instead of the actual physical models to reduce this complexity while maintaining realistic properties of the dispersion processes.


[bookmark: _Toc441043645]Scenario Definitions

For Intra-Device Communications, the cases of Chip to Chip Communications under LOS condition, Chip to Chip Communications under NLOS condition and Board to Board Communication are distinguished. They are depicted schematically in Figure 15.
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Chip to Chip
Board to Board
)

[bookmark: _Ref440883743]Figure 15: Operational modes for Intra-Device Communications

The parameters of the operational modes are summarized in Table 1

[bookmark: _Ref435447681]Table 1: Parameters of the Intra-Device Operational Modes
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[bookmark: _Toc441043646]Simulation Results

In this chapter, a summary of the channel characteristics for the defined scenarios with the investigated antenna configurations is presented. The summary comprises an analysis of the mean path loss over distance for the envisaged application cases along with an envelope function of the impulse responses for each case. 



[bookmark: _Toc441043647]Chip-to-Chip Communications

Figure 16 and Figure 17 present the mean path loss over distance for the two different operational modes (LOS and NLOS) and polarizations. Again, a numerically fitted function describing the relationship between the separation between Tx and Rx and the observed path losses is shown. 

The path-loss of the main signal follows a log-distance dependent behaviour under LOS conditions. This behaviour is illustrated in Figure 16. 
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[bookmark: _Ref435109344]Figure 16: Mean path loss for Chip to Chip Communications under LOS condition
a) Linear vertical polarization b) Left-Hand circular polarization

For modelling the path loss of chip to chip communications under LOS conditions, the relationship between the path loss and the distance is defined as follows: 

		

		

		(7)







In this expression,  is the total path loss,  is the path loss at the reference distance ,  is the path loss exponent,  is the distance at which the expression is evaluated and  is a normally distributed random variable with zero mean.

The corresponding parameters of the equation are listed in Table 2.

[bookmark: _Ref435109712]Table 2: Parameters of the path loss model for Chip to Chip communications under LOS conditions

		Scenario

		

		

		

		RMSE(χg)



		Chip to Chip LOS,

vertical

		16.5

		0.05

		2.007

		1.1934



		Chip to Chip LOS,

circular

		16.5

		0.05

		1.969

		1.1020







For the directed NLOS operational mode, the log-distance dependency of the path loss is not valid anymore. As seen in Figure 17, the simulated path losses are rather equally distributed over a certain amplitude range incorporating only a weak relationship between the distance between Tx and Rx and the signal path loss. Comparing the results for linear ( Figure a) ) and circular ( Figure b) ) polarization, it can be seen that the directed NLOS signal is around 5dB weaker in case of circular polarization, which is consistent to the expected behaviour of reflected circularly polarized propagation paths.
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[bookmark: _Ref435104556]Figure 17: Mean path loss for Chip to Chip Communications under NLOS condition
a) Linear vertical polarization b) Left-Hand circular polarization

As mentioned above, the path loss of the NLOS configuration does not follow a log-distance dependency regarding the separation between Tx and Rx. This is comprehensible since the length of the propagation path is only indirectly coupled to the separation between Tx and Rx. In addition to the separation, the implicit variation of box size between the maximum size of L and the minimum size of S leads to a rather uniform distribution of the directed NLOS propagation path loss. However, the reflection angle of that path is also influenced by the Tx-Rx separation, leading to a slight variation of the reflection loss over distance. The overall impact on the main signal for the NLOS transmission mode can be modeled by means of a linear equation

		

		

		(8)







In this,  is the distance-dependent path loss,  is the path loss when the separation between Tx and Rx becomes zero,  is the path-loss coefficient,  is the separation between Tx and Rx and  is a normal-distributed random variable with zero mean. Note that the path loss does not become zero for zero antenna separation; as explained above, the target NLOS propagation path is still of a certain length that leads to the path loss of . The parameters of equation (2) are listed in Table 3.

[bookmark: _Ref435110061]Table 3: Parameters of the path loss model for Chip to Chip Communications under NLOS conditions

		Scenario

		

		

		RMSE(χg)



		Chip to Chip NLOS,

vertical

		44.85

		40.64

		1.1934



		Chip to Chip NLOS,

circular

		51.49

		43.13

		1.1020







Figure 18 and Figure 19 present the envelopes of the channel impulse responses generated for every scenario. Along with the path loss, they can be utilized to create a mask in time domain that represents the worst-case assumption regarding temporal channel dispersion.
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[bookmark: _Ref435110086]Figure 18: Envelope of the channel impulse responses for Chip to Chip communications 
under LOS condition
a) Linear vertical polarization b) Left-Hand circular polarization



From Figure 18, it becomes evident that a multipath profile exists even under the assumption of high-gain antennas for chip-to-chip communications. However, comparing Figure a) and Figure b), the multipath richness can be significantly reduced if circular polarization is applied.
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[bookmark: _Ref435110089]Figure 19: Envelope of the channel impulse responses for Chip to Chip communications
under NLOS condition
a) Linear vertical polarization b) Left-Hand circular polarization



In the case of directed NLOS communications, as depicted in Figure 19, a couple of very strong multipath components might occur for some geometrical configurations. As seen in Figure a), these reflected paths can reach the amplitude of the main signal and thus lead to strong inter-symbol interference when not properly treated e.g. by equalization techniques or forward error coding. Again, the application of circular polarization provides a flatter temporal profile of the channel. In Figure b), the strongest multipath components are already attenuated by around -10dB compared to the case of linear polarization, providing a much better position for deploying a communication system.

[bookmark: _Toc441043648]Board-to-Board Communications

Figure 20 shows the mean path loss for Board to Board communications over Tx-Rx separation for the two different polarizations.
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[bookmark: _Ref435183235]Figure 20: Mean path loss for Board to Board communications
a) Linear vertical polarization b) Left-Hand circular polarization



 As depicted above, the path-loss characteristics for board to board communications show the same log-distance dependent behavior as for the chip to chip types. The corresponding parameters for the log-distance path loss models of the two polarizations are:

Table 4: Parameters of the path loss model for Board to Board communications

		Scenario

		

		

		

		RMSE(χg)



		Board to Board,

vertical

		16.5

		0.05

		1.977

		1.1502



		Board to Board,

circular

		16.5

		0.05

		1.951

		1.1437







Figure 21 presents the envelopes of the channel impulse responses. Compared to the situation of chip to chip communications, the multipath profile features a similar number of multipath components. However, their amplitude does not reach above -20dB below the main signal and is again effectively attenuated by the application of circularly polarized antennas.
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[bookmark: _Ref435183399]Figure 21: Envelope of the channel impulse responses for Board to Board communications
a) Linear vertical polarization b) Left-Hand circular polarization








[bookmark: _Toc441043649][bookmark: _Toc387803417]Backhaul/Fronthaul

[bookmark: _Toc441043650]Introductory Remarks

The mitigation of the high path loss at 300 GHz requires high gain antennas in the order of 40 dBi at both sides of the link for a transmission distance of several hundred meters. It also requires a LOS connection. In addition such high gain antennas are spatial filters, that suppress multi path propagation at large. This is supported by IEEE document 802.15-15-0681-01-003d in which a simple worst case assessment for the required distance of objects to direct transmission path is illustrated. As long as these minimal distances are met the path loss model provide in section 6.2 is sufficient to evaluate the link budget. Fullfillment of these conditions has to be checked during the planning process, which is required for backhaul and fronthaul links anyhow. This is for example also required due to frequency regulation with national regulators.



[bookmark: _Toc441043651]Path loss model 

The relevant propagation mechanisms in such an environment, which are contributing to increase the free space loss are described in [6.1]:



· Atmospheric gas attenuation 

· Cloud and fog attenuation 

· Rain attenuation 



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. Therefore the attenuation by clouds may be less relevant. However, the influence of fog may be interest also for dense urban area.



[bookmark: _Toc441043652]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













[bookmark: _Toc441043653]Specific Attenuation by Atmospheric Gases according to ITU-R P.676-10 

Two methods are described 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 vapor is calculated using the following equations: 
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where  is the water-vapor 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 vapor with a density of =7.5 g/m3 (from [6.2]) is shown in Figure 6.1.
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Figure 6.1: Exemplary results for specific attenuation due to dry air and water vapour





[bookmark: _Toc441043654]Calculation Specific Attenuation R due to 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

		Vertical 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









[bookmark: _Toc441043655]Calculation of Attenuation due to Clouds and Fog

A calculation method is described in ITU-R 840-6 [6.5]:



The specific attenuation within a cloud or fog can be written as:

		                dB/km	(12)

where:

	c :	specific attenuation (dB/km) within the cloud

	Kl :	specific attenuation coefficient ((dB/km)/(g/m3))

	M :	liquid water density in the cloud or fog (g/m3).



At frequencies of the order of 100 GHz and above, attenuation due to fog may be significant. Typical water content for different fog types are listed in table 6.5.



Table 6.4: Typical liquid water density of fog types [6.5]



		Fog type 

		Typical liquid water density in g/m3 



		medium fog (visibility of the order of 300 m) 

		0.05 



		thick fog (visibility of the order of 50 m) 

		0.5 





















A mathematical model based on Rayleigh scattering, which uses a double-Debye model for the dielectric permittivity  ( f ) of water, can be used to calculate the value of Kl for frequencies up to 1 000 GHz:





		               (dB/km)/(g/m3)	(13)



where f is the frequency (GHz), and:



			(14)

The complex dielectric permittivity of water is given by:





			(4)





			(15)

where:

[bookmark: F006]		0 =  77.66  +  103.3 (  –  1)	(16)

		1 = 0.0671	(17)

		2 = 3.52	(18)

		 = 300 / T	(19)

with T the temperature (K).

The principal and secondary relaxation frequencies are:

[bookmark: F007]

		fp  =  20.20 – 146  ( – 1) + 316 ( – 1)2                GHz	(20)

		fs  =  39.8fp                GHz	(21)

In [6.6] some values for the average liquid water content of clouds are given, see table 6.5



Table 6.5: Liquid water content of cloud types [6.6]



		Cloud type

		Average water content in g/m3



		large cumulus

		2.5



		fair weather cumulus

		0.5



		Stratocumulus

		0.2



		Stratus

		0.2-0.3



		Altostratus

		0.2











[bookmark: _Toc441043656]Antenna gain/pattern

In order to mitigate multipath propagation the applied antennas are required to have no side lobes which are attenuated by less than 30 dB compared to the main antenna lobe. High gain antennas with very small HPBWs of some few degrees, e.g. a dish antennas, usually do not have any sidelobes. 

[bookmark: _Toc441043657]Scenario Definitions

[bookmark: _GoBack]In [6.7] weather conditions in six cities with different climatic conditions are described yielding also different specific attenuations. Table 6.6 lists these weather conditions and the corresponding specific attenuations together with the name of the channel model. The water vapour density is calculated using the online tool provided at [6.8.]



Table 6.6: Definition of Channel Models for Backhaul/Fronthaul [6.6]



		Channel Model Name

		Description in [6.7]

		Water vapour density[footnoteRef:1] [g/m3] [1:  Based on the calculation using [6.8]] 


		Rain rate [mm/h]

		Liquid water density in fog [g/m3]

		Liquid water content of a cloud[footnoteRef:2] [g/m3] [2:  Based on table 6.5] 




		CM-BFH 1

		Bangkok, temperature 35° C, relative humidity 90%

		37.5

		n/a

		n/a

		n/a



		CM-BFH 2

		Basra, temperature 43° C, relative humidity 30%, dust (10 m visibility)

		28.2

		n/a

		0.5[footnoteRef:3] [3:  The lower limit for the visibility guven in table 6.4 is 50m. The liquid water density assumed here is for a visibility of 50m.] 


		n/a



		CM-BFH 3

		Berkeley, temperature 20° C, relative humidity 60%, fog (100m visibility)

		10.5

		n/a

		0.14[footnoteRef:4] [4:  By linear interpolation from the values given in table 6.4] 


		n/a



		CM-BFH 4

		Bellingham, temperature 22° C, relative humidity 50%, rain (4mm/h)

		9.8

		4

		n/a

		n/a



		CM-BFH 5

		Boulder, temperature 20° C, relative humidity 44%

		8.6

		n/a

		n/a

		n/a



		CM-BFH 6

		Buffalo, temperature -10° C, relative humidity 30%

		0.5

		n/a

		n/a

		n/a



		CM-BFH 7h / 7v[footnoteRef:5] [5:  CM-BFH 7h(7v) channel model for horizontal (vertical) polarization; ] 


		Boulder including clouds (100 m of large cumulus clouds[footnoteRef:6]), temperture 20° C, relative humidity 44%;  [6:  The assumption on clouds is not taken from [6.7] and instead assumed by TG3d in order to have scenario including clouds] 


		8.6

		n/a

		n/a

		2.5










[bookmark: _Toc441043658][bookmark: _Toc387803424]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 [7.1] and [7.2].



As shown in Figure 7, the scenario consists of many server chassis (we assume the standard 1U rackmount chassis in this document), 4 walls and a roof (the 2 front walls and the ceiling are set invisible to illustrate the chassis). The stack height is assumed to be 1.8 m whereas the distance between 2 chassis in the x direction is 0 and in the y direction is 0.5 m. The transmitter (Tx) and the receiver (Rx) are marked as blue circles. A ray tracing simulator is applied to generate the THz channel model. Details of this ray tracing simulator are available in [7.3]. In our scenario, the material parameters of the wall and ceiling are taken from [7.3] whereas the chassis is assumed to be a perfect conductor. The floor is believed to absorb the signal. Using the ray tracing simulator calibrated for the frequency 300 GHz, the propagation channel can be obtained. In Figure 7.1, the propagation paths are illustrated as blue lines.

[image: paper/figures/scenario.pdf]

Figure7.1: The data center scenario

 

[bookmark: _Toc441043659]Propagation Path Types

Figure 7.2 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: ]

[bookmark: _Ref423606820]Figure7.2: Propagation path types



[bookmark: _Toc441043660]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: _Toc441043661]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.



In the following sections, we will explain the process step by step to obtain the stochastic channel model.

[bookmark: _Toc441043662]Path Numbers

There is always 1 LoS path. The empirical distributions of the numbers of NLoS paths are presented in Table 7.1.

 Table 7.1 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: _Toc441043663]Delay distribution

Figire 7.3illustrates 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

Figure 7.39: Delay distributions



		[image: paper/figures/delay_distribution/delay_distribution_type3.emf]

(c) Type 3





Table 7.2 lists the distribution types and the corresponding parameter values.



Table 7.2 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: _Toc441043664]Delay-Pathloss Correlation

The delay has a positive correlation with the pathloss, as depicted in Figure 7.40. 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

Figure7.4: Delay-pathloss distributions
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(c) Type 3



		

		

		





Table 7.3 illustrates the relationship between delay and pathloss. The subscript “r” stands for “relative”. The relationship between delay and path loss for the LoS paths can be completely described by the Friis equation. Therefore the random part is 0. For the NLoS paths, the additional loss due to reflections etc. contributes to the random part.



Table 7.3 Delay-pathloss relationship

		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: _Toc441043665]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 relative probabilities of antenna angles as a function of path loss are depicted in Figure 7.5and the numbers are listed in Table 7.4.

		[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: _Ref423606906][bookmark: _Ref423606891]Figure 7.5: Relative Probabilities of Antenna Angle as a Function of Path Loss
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(c) Type 3



		

		

		





[bookmark: _Ref423606434][bookmark: _Ref423606393]Table 7.4: Relative Probabilities of Antenna Angles versus Path Loss



		Type 1/2, Tx 1



		Relative pathloss (dB)



		Angular difference ()

		-70

		-60

		-50

		-40

		-30

		-20

		-10

		0



		0

		0.000

		0.000

		0.054

		0.062

		0.065

		0.014

		0.257

		0.000



		10

		0.000

		0.000

		0.023

		0.029

		0.082

		0.067

		0.274

		0.360



		20

		0.000

		0.000

		0.000

		0.020

		0.052

		0.061

		0.031

		0.360



		30

		0.000

		0.118

		0.008

		0.058

		0.113

		0.082

		0.120

		0.280



		40

		0.000

		0.000

		0.000

		0.031

		0.084

		0.055

		0.067

		0.000



		50

		0.000

		0.000

		0.023

		0.036

		0.039

		0.084

		0.036

		0.000



		60

		0.000

		0.118

		0.078

		0.016

		0.030

		0.131

		0.016

		0.000



		70

		0.000

		0.059

		0.085

		0.062

		0.047

		0.178

		0.000

		0.000



		80

		0.000

		0.000

		0.109

		0.102

		0.131

		0.090

		0.000

		0.000



		90

		0.000

		0.059

		0.132

		0.122

		0.080

		0.027

		0.023

		0.000



		100

		0.000

		0.059

		0.070

		0.049

		0.049

		0.033

		0.031

		0.000



		110

		0.249

		0.059

		0.078

		0.049

		0.039

		0.027

		0.029

		0.000



		120

		0.000

		0.059

		0.062

		0.067

		0.026

		0.023

		0.020

		0.000



		130

		0.249

		0.176

		0.101

		0.084

		0.026

		0.020

		0.022

		0.000



		140

		0.249

		0.000

		0.047

		0.067

		0.025

		0.019

		0.015

		0.000



		150

		0.249

		0.235

		0.062

		0.062

		0.032

		0.017

		0.013

		0.000



		160

		0.000

		0.059

		0.039

		0.027

		0.027

		0.027

		0.015

		0.000



		170

		0.000

		0.000

		0.016

		0.029

		0.029

		0.027

		0.019

		0.000



		180

		0.000

		0.000

		0.016

		0.026

		0.024

		0.019

		0.013

		0.000







		Type 1/2, Tx 2



		Relative pathloss (dB)



		Angular difference ()

		-70

		-60

		-50

		-40

		-30

		-20

		-10

		0



		0

		0.053

		0.000

		0.026

		0.017

		0.054

		0.015

		0.021

		0.000



		10

		0.053

		0.000

		0.000

		0.017

		0.070

		0.027

		0.041

		0.051



		20

		0.053

		0.000

		0.053

		0.044

		0.093

		0.045

		0.079

		0.039



		30

		0.053

		0.000

		0.053

		0.048

		0.075

		0.123

		0.100

		0.000



		40

		0.053

		0.000

		0.026

		0.065

		0.074

		0.089

		0.108

		0.100



		50

		0.053

		0.000

		0.026

		0.072

		0.050

		0.065

		0.121

		0.248



		60

		0.053

		0.000

		0.053

		0.075

		0.060

		0.056

		0.137

		0.129



		70

		0.053

		0.000

		0.132

		0.140

		0.055

		0.035

		0.165

		0.000



		80

		0.053

		0.000

		0.184

		0.130

		0.051

		0.117

		0.085

		0.003



		90

		0.053

		0.748

		0.145

		0.106

		0.093

		0.065

		0.034

		0.039



		100

		0.053

		0.000

		0.066

		0.072

		0.039

		0.054

		0.023

		0.071



		110

		0.053

		0.000

		0.000

		0.027

		0.043

		0.053

		0.020

		0.058



		120

		0.053

		0.000

		0.053

		0.041

		0.056

		0.056

		0.012

		0.058



		130

		0.053

		0.000

		0.092

		0.068

		0.045

		0.034

		0.013

		0.039



		140

		0.053

		0.000

		0.039

		0.041

		0.046

		0.035

		0.012

		0.045



		150

		0.053

		0.250

		0.026

		0.010

		0.030

		0.029

		0.013

		0.026



		160

		0.053

		0.000

		0.000

		0.000

		0.028

		0.041

		0.005

		0.058



		170

		0.053

		0.000

		0.000

		0.014

		0.023

		0.031

		0.007

		0.019



		180

		0.053

		0.000

		0.026

		0.014

		0.016

		0.027

		0.006

		0.019







		Type 3



		Relative pathloss (dB)



		Angular difference ()

		-70

		-60

		-50

		-40

		-30

		-20

		-10

		0



		0

		0.062

		0.045

		0.000

		0.000

		0.000

		0.000

		0.003

		0.002



		10

		0.000

		0.091

		0.049

		0.054

		0.005

		0.006

		0.000

		0.000



		20

		0.125

		0.136

		0.024

		0.027

		0.005

		0.004

		0.000

		0.000



		30

		0.062

		0.091

		0.024

		0.000

		0.016

		0.000

		0.004

		0.003



		40

		0.000

		0.091

		0.073

		0.000

		0.033

		0.013

		0.006

		0.006



		50

		0.000

		0.136

		0.000

		0.000

		0.030

		0.006

		0.047

		0.028



		60

		0.000

		0.000

		0.049

		0.000

		0.025

		0.011

		0.013

		0.006



		70

		0.000

		0.000

		0.000

		0.054

		0.027

		0.032

		0.003

		0.047



		80

		0.000

		0.000

		0.122

		0.000

		0.019

		0.015

		0.131

		0.069



		90

		0.000

		0.091

		0.439

		0.675

		0.692

		0.877

		0.780

		0.820



		100

		0.000

		0.182

		0.049

		0.000

		0.005

		0.004

		0.004

		0.001



		110

		0.062

		0.000

		0.049

		0.081

		0.033

		0.000

		0.001

		0.002



		120

		0.125

		0.091

		0.073

		0.000

		0.033

		0.002

		0.000

		0.005



		130

		0.187

		0.000

		0.024

		0.081

		0.027

		0.004

		0.003

		0.009



		140

		0.062

		0.000

		0.024

		0.027

		0.025

		0.000

		0.003

		0.001



		150

		0.187

		0.000

		0.000

		0.000

		0.016

		0.000

		0.000

		0.000



		160

		0.062

		0.045

		0.000

		0.000

		0.005

		0.006

		0.000

		0.000



		170

		0.000

		0.000

		0.000

		0.000

		0.000

		0.019

		0.000

		0.000



		180

		0.062

		0.000

		0.000

		0.000

		0.003

		0.000

		0.001

		0.000









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



[bookmark: _Toc441043666]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.





[bookmark: _Toc441043667]Scenario Definitions

In table 7.5 the scenarios for the concrete channel models for simulations in Wireless Data Centers are defined.



Table 7.5: Definition of concrete Channel Models for Wireless Data Centers



		Channel Model Name

		Path Type



		CM-WDC 1

		Type 1/2, Tx1, LoS



		CM-WDC 2

		Type 1/2, Tx1, NLoS



		CM-WDC 3

		Type 1/2, Tx 2, LoS



		CM-WDC 4

		Type 1/2, Tx 2, NLoS



		CM-WDC 5

		Type 3, LoS



		CM-WDC 6

		Type 3, NLoS


























[bookmark: _Toc441043668]Concrete Data for Simulations

This chapter will provide concrete data to be used in simulations for the various channel models. This data shall be provided in the form of channel impulse responses and is mandatory for every application case except the Backhaul / Fronthaul. A set of 100 impulse responses shall be generated for each application case.
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1. Introduction

This is the criteria for the evaluation of the alternate PHY Draft Proposals. In order to accurately and consistently judge the submitted proposals, technical requirements are needed that reflect the application scenarios as described in the TG3d Application Requirements Document (ARD) [14-0304-16].

This working document will become the repository for the requirements to be used in the selection process for a PHY Draft Standard for P802.15.3d. The criteria presented in this document are based on TG3d Technical Requirements Document [14-0309-tbd], which takes precedence, and may also contain more general marketing requirements on which the proposers are asked to comment. 	Comment by Thomas Kuerner: To be updated once final version of TRD is available

The document is divided into three sections: General Solution Criteria, MAC Protocol Supplements Criteria, PHY Layer Criteria. 



This document and the TG3d Technical Requirements document [14-0309-tbd] provide the technical content for the project to develop an alternate physical layer (alt-PHY). This alt-PHY shall be a supplement to the IEEE 802.15.3-2003 Standard. This Evaluation Criteria Document references the IEEE 802.15.3-2003 Standard.	Comment by Thomas Kuerner: To be updated once final version of CMD is available



Throughout this document the proposers are asked to provide parameters and performance measures related to their proposal. The proposers are only required to provide these values for the portions of the system that are covered in their proposal. 



It is recognized that physical implementations and/or measurements are not required. Only simulations and calculations are required in order to provide all characteristics required in this document. 

[bookmark: _Toc156879494][bookmark: _Toc441063214][bookmark: OLE_LINK2]2. References

[15.3]		IEEE 802.15.3-2003 Standard

[TRD]		IEEE P802.15-14-0309-tbd, TG3d Technical Requirements Document	Comment by Thomas Kuerner: To be updated once final version of TRD is available


[ARD]		IEEE P802.15-14-0304-16, TG3d Application Requirements Document

[CMD]		IEEE P802.15-14-0310-tbd, TG3d Channel Model Document	Comment by Thomas Kuerner: To be updated once final version of CMD  is available


[bookmark: _Toc156879498][bookmark: _Toc441063215]3. General Solution Criteria

This section defines the technical and marketing system level concerns of the proposals. 





[bookmark: _Toc156879506][bookmark: _Toc441063216]3.1. Technical Feasibility

This is intended to determine if the proposal is real or academic. Proposers will be asked to comment on criteria listed in the following sections.

[bookmark: _Ref482197140][bookmark: _Toc156879507][bookmark: _Toc441063217]3.1.1. Manufacturability

Manufacturability is defined in terms of the use of available, cost effective manufacturing processes with evidence of effective production capability, with respect to the time line of the standard. 

The proposers are asked to submit proof of the claims by way of expert opinion, models, experiments, pre-existence examples, or demonstrations.

[bookmark: _Ref482197170][bookmark: _Toc156879508][bookmark: _Toc441063218]3.1.2. Time to Market

Time to Market addresses the question of when the proposed technology will be ready for market. The proposal shall include an estimate of a schedule for when the PHY would be available for market.

[bookmark: _Ref482197425][bookmark: _Toc156879510][bookmark: _Toc441063219]3.2. Scalability

[bookmark: _Toc156879511][bookmark: _Toc441063220]3.2.1. Definition

Scalability refers to the ability to adjust important parameters, such as those mentioned below, (if they are required by the applications) without rewriting the standard. The modified MAC should be able to support the scaling of the PHY. 

[bookmark: _Toc156879512][bookmark: _Toc441063221]3.2.2. Values

Scalability parameters include; power consumption, PHY-SAP Payload Bit Rate and Data Throughput, complexity, range, frequencies of operation, occupied bandwidth of operation, and other functions deemed appropriate. Providing parameters such as power consumption and complexity estimates are not mandatory.

[bookmark: _Toc156879513][bookmark: _Toc441063222]4. MAC Protocol Supplements

[bookmark: _Toc156879514][bookmark: _Toc441063223][bookmark: _Ref482197471]4.1. Alternate PHY Required MAC Enhancements and Modifications 

[bookmark: _Toc156879515]

[bookmark: _Toc441063224]4.1.1. Definition 

Supplements and modifications to the MAC may be required to accommodate the alternate PHY. The modified MAC should stay backwards compatible to the current IEEE 802.15.3-2003 MAC as amended by IEEE 802.15.3b MAC and IEEE 802.15.3c. Modifications to the MAC for close-proximity applications are currently proposed by Task Group 3e. If Task Group 3e finishes a standard in advance of Task Group 3d the MAC should stay backward compatible to Task Group 3e for the applications considered within Task Group 3e.	Comment by Thomas Kuerner: Probably change this to the Revsion of 802.15 Rev. Check how to formulate this once the Revison is not ready in March

[bookmark: _Toc156879516][bookmark: _Toc441063225]4.1.2. Values

Proposals should justify and explain the supplements that may be necessary in support of additional features for the alternate PHY.

[bookmark: _Toc687945][bookmark: _Toc689979][bookmark: _Toc695915][bookmark: _Toc687947][bookmark: _Toc689981][bookmark: _Toc695917][bookmark: _Toc689987][bookmark: _Toc695923][bookmark: _GoBack]Proposals should justify and explain the modifications that may be necessary to support or enhance operation of the alternate PHY. 

[bookmark: _Toc156879517][bookmark: _Toc441063226]
5. PHY Layer Criteria 



[bookmark: _Toc441063227]5.1. Operational Frequency and Bandwidth

Proposal shall include the carrier frequency and the bandwidth of the transmitted signal.



[bookmark: _Toc156879521][bookmark: _Toc441063228]5.2. PHY-SAP Payload Bit Rate and Data Throughput

[bookmark: _Toc156879522][bookmark: _Toc441063229]5.2.1. Gross Bit Rate

The Gross Bit Rate is defined as the bit rate at which bits are transmitted over the radio link including all overhead data like stuffing bits, tail symbols, etc. For IEEE Std 802.15.3-2003, examples of optional gross bit rates at the PHY are 11, 33, 44, 55 Mb/s and the mandatory payload bit rate is 22 Mb/s. 



The proposer should provide the supported Gross Bit Rates provided by their proposal. Please bear in mind that the mandatory data rates for the PHY-SAP as defined in clause 8 of [TRD] have to be met.

[bookmark: _Toc156879524][bookmark: _Toc441063230]5.2.3. Data Throughput

The proposer should provide supported net bit rate of their proposal. That is the Gross Bit Rate at the PHY-SAP reduced by all overhead data. 

[bookmark: _Ref488131578][bookmark: _Toc156879525]

[bookmark: _Toc441063231]5.3. Regulatory Requirements,  Co-  and Cross-Channel Interference

First priority is to protect the passive and the active services already identified in the ITU Radio Regulations in the frequency range of 252 GHz to 325 GHz. Additionally, coexistence between and inside the use cases should be ensured. For example an intra-device link should not be disturbed by a backhaul if the device is several meters away from the direct path of the backhaul. Since the sensitivity of the receiver at the victim is not specified the maximum tolerable interference is unknown. Therefore all proposals shall provide the field strength on a vertical (Phi=0°, Theta=0-359°) and a horizontal (Theta=90°, Phi= 0-359°) circle around the antenna of the transmitter with a resolution of one degree. The main direction of the antenna is direct in the direction of the x-axis (Theta=90°, Phi=0°, see Figure 1). Please note, that the antenna is not steered for this evaluation. The strongest side lobes of an antenna have to be covered in the evaluation on the two circles or must be presented in addition. The proposers shall provide the antenna beam patterns as used in the simulations.



For the Fronthaul and Backhaul use case three radii should be evaluated: 3 m, 10 m and 100 m. In the data center use case two radii are of interest: 1 m and 10 m. For the Intra Device and Close Proximity use case a worst case assessment of the emitted field strength at a short distance (less than 1 m) is sufficient as well as the evaluation as mentioned above with a radius of the circle of 1 m.

[image: ]

[bookmark: _Ref430071020]Figure 1: Coordinate System





[bookmark: _Toc156879531][bookmark: _Toc441063232]5.4. System Performance,  Modulation and Error Correction

The System performance refers to the ability of the system to successfully acquire and demodulate data packets at the required data rates and bit error rates, both in the free space AWGN channel and in the channels specified by the channel model document [CMD]. 



Proposals have to describe all the necessary parameters, e.g. the modulation schemes, the forward error correction code, etc. For comparisons the results of the following simulations shall be included in the proposals for an Additive White Gaussian Noise (AWGN) Channel only and the Channel Models (with AWGN) from [CMD]. All proposals will have to cope with RF impairments like e.g. phase noise, a non-linear transfer function of an amplifier due to saturation or I/Q imbalances. Therefore, proposals shall demonstrate the level of immunity to these impairments. Phase noise shall be model as 1/f noise.



[image: ]

[bookmark: _Ref424671124]Figure 2: Architecture of link level simulations.



Although the proposers may need to make alterations to the system setup in Figure 1 to more adequately reflect their proposal, the figure identifies the minimum expected level of detail.

All assumed parameters have to be presented in the proposal, e. g. antenna gains, noise figures, etc.



Proposals shall at least include a figure which presents the required SNR for a Bit Error Rate (BER), without the proposed error correction, in the range of 10^-2 to 10^-6. The proposals have to provide evidence that the proposed error correction is suitable to match the requirements defined in the TRD and to state for which SNR this is expected. Ideally, this is also done with a figure which presents the required SNR for a BER in the range of 10^-4 to 10^-13.



 



[bookmark: _Toc156879534][bookmark: _Toc441063233][bookmark: OLE_LINK1][bookmark: _Ref482198212]5.5. Link Budget

Link budget is used to determine proposal capabilities under certain operating conditions for the standards specified data rates, ranges, and bit error rate. An example which identifies the necessary parameters and equations can be found in [TRD].

Proposers should complete that link budget table and identify and explain all assumptions. Although the proposers may need to make minor alterations to this table to more adequately reflect their proposal, the table identifies the minimum expected level of thoroughness, detail, and justification. A link budget has to be provided for each of the targeted use cases with reasonable distances.



Parameters from the [CMD] may be explicitly be required here.	Comment by Thomas Kuerner: To be added in the March meeting

[bookmark: _Power_Management_Modes][bookmark: __Toc10094714]

[bookmark: _Toc156879543][bookmark: _Toc441063234]5.6. Power Consumption



Proposers shall report whether their proposed solution can be fully integrated. The proposers should report on the overall power consumption of their proposed solutions. The requirements are met if the given values are suitable for the applied use case.	Comment by Thomas Kuerner: Values should be specified in the TRD

Values for the requirements in the use case of kiosk-downloading and intra device should be provided



[bookmark: _Toc156879546][bookmark: _Toc441063235]5.7. Antenna Parameters and Beam Steering

The required antenna size and form factor depends on the specific use case.



The antenna form factor should be described with reference to expected size for the use cases. The antenna pattern has to be described in at least a horizontal and a vertical diagram (c.f. Co-Channel and Cross-Channel Interference).



Proposers shall indicate how the necessary beam steering can be applied. Furthermore, proposers have to provide information on the required precision for the antenna alignment and the impact on the system performance in terms of SNR (or gross data rate) of small misalignments.



[bookmark: _Toc695972][bookmark: _Toc695975][bookmark: _Toc695977][bookmark: _Toc530210035][bookmark: _Toc530210037]Any additional information the proposer desires to provide on the antenna such as frequency response or on the beam steering approach would be beneficial.





[bookmark: _Annex_A][bookmark: _Toc156879549][bookmark: _Toc156879560][bookmark: _Toc441063236]
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ITU-R WP1A has send a liaison statement (doc. IEEE 802.15-15-517-00) to the Institute of Electrical and Electronics Engineers (IEEE) on the draft new Report ITU-R SM.2352-0, “Technology trends of active services in the frequency range 275-3 000 GHz”. IEEE is invited to provide information on spectrum requirements and technical and operational characteristics of their systems operating in these bands or other bands for sharing studies to Working Parties 5A and 5C.



IEEE P802.15.3d is currently working towards a call for proposals, which is scheduled to be issued in January 2016. Although some information requested by ITU-R is already available in the Technical Requirements Document, the Task Group believes that among the members of the Task Group more useful information is available, which can be helpful in putting these into the response to ITU-R WP1A. 



SUBMISSION OF CONTRIBUTIONS: 



Contributions, addressing information on spectrum requirements and technical and operational characteristics of systems operating in the band 252 to 325 GHz and adjacent bands for sharing studies are requested for presentation at the meetings of the IEEE 802.15 Task Group 3d at the upcoming IEEE 802 Plenary in Dallas (November 2015) and the upcoming IEEE 802 Interim in Atlanta (January 2016). This input shall be included in the response to ITU-R WP1A.



The IEEE 802.15 Task Group 3d is chartered to develop an IEEE Standard 802.15.3d based on its Project Authorization Request (PAR) and Criteria for Standards Development (CSD).  The P802.15.3d PAR, which describes the Scope and Purpose of the project and the CSD (document IEEE P802.15), can be found on the 802.15 Working Group web page at: http://ieee802.org/15/par.html . The related documents for this call can be found on mentor at: http://mentor.ieee.org/802.15/documents .  



PROCESS:

All submissions to the CfC shall be formatted to include the IEEE 802.15 format with cover page.  The cover page releases the submission for public use by the IEEE. Rules for IEEE submissions and formats for Microsoft Word and Power Point documents can be found at: http://ieee802.org/15/pub/Submission.html



For procedural help with your submission, or to ask general questions please see the contacts listed at the end of this document.   All contributions should be submitted to the TG3d Chair and Vice Chair for process backup. 



All submissions and questions should be forwarded to the TG3d Chair and Vice Chair. 



TG3d:

· Chairman: Thomas Kürner(e-mail:t.kuerner@tu-bs.de)

· Vice Chairman: Iwao Hosako (e-mail: hosako@nict.go.jp)
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Input from the Horizon 2020 iBROW Project to the TG3d Call for Contributions to the Response on the Liaison Statement from ITU-R WP1A



1. The iBROW-Project

 

iBROW (Innovative ultra-BROadband ubiquitous Wireless communications through terahertz transceivers) is a collaborative research project supported by the European Commission through Horizon 2020 under Grant Agreement 645369 [1,2]. The project started on 1 January 2015 and runs until 31 December 2017.



1.1 Project Goals

The iBroW project addresses the growing requirement for high bit rate short range wireless communication. To achieve wireless data rates of multiple tens of Gbps resonant tunneling diode (RTD) transceiver technology will be applied enabling seamless interfacing with optical fibre networks. iBROW will achieve a novel RTD device technology on a III-V on Si platform integrated with laser diodes and photo-detectors. This approach offers a simple technology that can be integrated into both ends of a wireless link, consumer portable devices and fibre-optic supported base stations.



1.2 Consortium

iBROW consists of 11 partners from four different countries and includes large industrial partners (Alcatel-Lucent/Germany, IQE/United Kingdom), SMEs (Compound Semiconductor Technologies/United Kingdom, Optocap (United Kingdom), Vivid Components/Germany), research & development centers (CEA-LETI/France, III-V-Labs/France, INESC/Portugal) and academic partners (University of Glasgow/United Kingdom, TU Braunschweig/Germany, University of the Algarve/Portugal).



1.3 Expected Output

The expected output of iBROW most relevant for this call for contribution is a test-bed for the demonstration of > 10 Gbps wireless communication between several stand-alone prototype nodes at ~300 GHz. On the technological side iBROW considers also packaging aspects and low cost manufacturing, which is based on direct growth of III-V RTD layers on a Si substrate, direct wafer bonding between III-V & Si substrates, potential large diameter wafers (up to 200 mm OD) and simple integration with CMOS [3].






2. Target System Overview (based on [4])

 

RTD based devices open the chances for the realization of high bandwidth fixed radio access technologies which may allow for wireless bit rates in the range of several tens of Gbit/s.



The target application for such envisaged RTD transceivers is mainly in the scope of indoor applications because these devices will support quite low RF-power in the early stage of realization. For such indoor applications a variety of possible scenarios is under investigation like:



· high speed data links for office applications

· data links for home applications like video and gaming,

· realization of coverage for shopping malls, airports, railway stations,

· realization of access for on the fly networks like music or sports events



[image: ]

[bookmark: _Ref293564003]Figure 1 – Schematic representation of the iBROW target application scenario





Used carrier frequencies will be in the range up to 300GHz with clear focus to 90 GHz, 160GHz and 300 GHz. In the medium timeframe especially the 300 GHz carrier frequency will be of interest for 5G applications and beyond. The target output power will be in the range of 0-10dBm to support the mentioned indoor application scenarios like office, home, lecture hall, stadium and campus. As part of this power related topic a kind of output power roadmap for the RTD device could be a helpful indicator regarding potential future application scenarios. 



Part of iBROW will be the optical connection of the fiber to the device to support the high target bandwidth, see Figure 1. There are a few reasons for resorting to concepts and technologies known from passive optical networks (PONs): Future PON systems address data rates which are in a similar range (several tens of Gbit/s up to hundreds of Gbit/s) as those discussed in this project, and they as well face harsh cost constraints. By finding synergies between our targeted system and PON system solutions, we might be able to share the same or similar hardware and benefit from the reduction of costs in PON systems as technologies mature. 



3. Application Scenarios

 

iBROW has defined three application scenarios, for which simulations will be performed and channel measurements will be made[4]. The different scenarios taken into account are the following:



· Small Office Scenario with a size of about 5m x 4m x 2.6m: intended for the investigation of small single office applications with static users

· Meeting Room Scenario with size of about 14m x 10m x 3.3m: intended for investigation with a medium numbers of users, which may be moving

· Auditorium Scenario with a size of about 16m x 14m x 3.7m: intended for investigation with a large numbers of users, where a few may be moving.

4. System Characteristics

 

The targeted system characteristics for the 300 GHz system are data rates > 10 Gbps achieved by a system bandwidth of up to 50 GHz and 0 to 10 dBm output power using antennas with a gain of 20-30 dB on both sides of the link. Hence, the expected EIRP will be in the order of 20-40 dBm.



5. References

 

[1] http://ibrow-project.eu/

[2] Kürner, T.,  “Innovative ultra-BROadband ubiquitous Wireless  communications through terahertz transceivers - H2020 iBROW,” IEEE 802.15 Document 15-15-0516-00-003d, Waikoloa/Hawaii, July 2015. 

[3] iBROW project flyer

[4] iBROW Deliverable 1.3, Report On Target Application Scenarios And Requirements, (confidential deliverable)
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Input from the TERAPAN Project to the TG3d Call for Contributions to the Response on the Liaison Statement from ITU-R WP1A



1. The TERAPAN-Project

 

TERAPAN is a collaborative project supported by the German Federal Ministry of Education and Research (BMBF) in its VIP (Validating the social and technological Innovation Potential) framework [1,2]. The project started on 1st August 2013 and runs until 31th July 2016.



1.1 Project Goals

The final objectives of the TERAPAN project are to demonstrate an adaptive wireless point-to-point terahertz communication system for indoor environments and in addition to validate its performance for distances of up to 10 m at data rates of up to 100 Gbps.



A first demonstration of mechanical beam-steering at 300 GHz with data rates of more than 10 Gbit/s has been realized [3]. A data rate of 64 Gbit/s has been reported in [4].



The demonstrator is based on 35nm InGaAs/GaAs mHEMT technology with THz cutoff frequencies and is realized in compact realization in waveguide modules. A cost efficient fully integrated 300 GHz transmitter and receiver MMIC (Monolithic Microwave Integrated Circuit) are validated together with beam-steering algorithms, which are required by the necessary highly directive antennas.





1.2 Consortium

Within TERAPAN three partners from Germany have joined their complimentary expertise in millimeter-wave and terahertz high-speed wireless communication systems, namely the University of Stuttgart (UST), the Fraunhofer Institute for Applied Solid State Physics (IAF) and the Technische Universität Braunschweig (TUBS).






2. System Setup

 

The system setup has been presented to IEEE802 in [3]. 

3. Application Scenarios

 

TERAPAN does not aim at a highly specific application scenario but addresses point-to-point links for WPAN-like applications in a rather generic way. Thus, the project focuses on short distances of up to 10 m for indoor use. At least two scenarios have come to mind from the very beginning of the project [1]:

· Smart Offices: Ultra high data rates for a huge number of point-to-point links with high frequency reuse due to the highly directive antennas.

· Wireless Links in Data Centers: Reconfigurable wireless links in addition to the fibre networks provide the opportunity to optimize the routing between certain racks according to the actual traffic demands.

Nevertheless, the TERAPAN demonstrator can in principle also be used in applications like backhaul or fronthaul for cellular mobile networks, if a suitable antenna can be attached.

4. System Characteristics

 

In a first published transmission experiment [4] the following system characteristics haven been demonstrated/distinguished:



A data rate of 64 Gbit/s has been achieved with a simple QPSK modulation over a distance of 2 m at a center frequency of 300 GHz. The symbol rate was limited to 32 Gbaud/s due to the available measurement equipment. Therefore, even higher data rates are probably realizable by slightly increasing either the symbol rate or the modulation order. The transmitted power of approx. -4 dBm has been derived from the measurements, as well as, a noise figure of approx. 6.6 dB at the receiver and the transmitter. In addition a conical horn antenna with a gain of 24.2 dBi has been used at the receiver and at the transmitter. The final system targets at a bandwidth of 50 GHz.



In a previous demonstration [3] mechanical beam steering has been realized with a very similar setup. A demonstration of electrical beam steering with improved MMICs is currently in preparation.
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