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1. Definitions:

	APD
	Avalanche Photo Diode

	FOV
	Field of View

	LD
	Laser Diode

	LED
	Light Emitting Diode

	LOS
	Line of Sight

	NLOS
	Non Line of Sight

	PIN
	Diode with high resistance I layer between P and N layers

	PWM
	Pulse Width Modulation

	TRD
	Technical Requirement Document

	VLC
	Visible Light Communication

	P2P
	Point to Point

	P2MP
	Point to Multi Point


General Guidelines [2]
This technical considerations document (TCD) describes the technical aspects that TG7 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. TG7 needs to effectively define and manage requirements to ensure they are meeting needs of the VLC (Visible Light Communication) users, while proving compliance.

Ideally, considerations should be: 

• Correct technically and legally, 

• Complete by expressing a whole idea or statement,
• Clear (i.e., unambiguous and not confusing), 

• Consistent (not in conflict with other requirements), 

• Verifiable, so that it can be determined that the system meets the requirements, 

• Traceable (i.e., uniquely identified and track-able), 

• Feasible, so that they can be accomplished within given cost and schedule limits, 

• Modular, so that they can be changed without excessive impact to other requirements, and 

• Design-independent, not to pose a specific solution on design.
Each consideration 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. 

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

Typical constraint considerations can specify: 

• Performance, 

• Interfaces, 

• Security, 

• Safety, 

• Reliability, 

• Availability, and 

• Maintainability. 

An efficient way of writing better requirements is to ensure they are clearly mapped to test cases. When specifying considerations or requirements, test cases must be considered to provide directions to help to verify requirements or considerations in the document. This can be provided by specifying a packet error rate and packet size for comparing contributions, for example. Making sure each requirement is clearly verifiable from the start, which not only helps to prepare later phases of the project, but 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 (i.e., degraded mode). This rule also applies for compliance requirements: indicating how they shall be tested is a good way to write better requirements. 
TCD needs 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. 

Requirements for Typical Sentence Construction

Defects to be avoided are:

· Vagueness,
· Weakness,
· Over specification,
· Subjectivity,
· Multiplicity, 
· Unclear meaning, and 
· Implicit meaning.
Some words listed below should 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/minimal”, “must”, “nearly”, “necessary”, “needed”, “normal”, “or”, “possible/possibly”, “practicable”, “provide”, “quality”, “readily”, “relevant”, “safe/safely“, “same”, “should”, “significant”, “similar”, “so as”, “subject to”, “substantial”, “sufficient”, “suitable”, “support”, “target”, “typical”, “up to”, “user friendly”, “whether”, “will”, “with”, and “worse”.
Difference between Considerations and Requirements (TCD vs. TRD)
The TG7 group decided to use the term “considerations” instead of “requirements” in order to adopt a less rigid and formal process with the intention to be able to develop the standard quickly. This document serves to provide guidance for development of technical contributions for the IEEE 802.15.7 standard. The contents of the document are expected to be similar to a technical requirements document. 
2. Introduction to TG7 TCD
This document provides the technical contents of the project to develop PHY and MAC protocols for Visible Light Communications. This document will provide guidance on how to respond to a call for contributions. As for any communication protocol, the reference model used for this standard is shown as following: 
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This document serves two purposes:

1. It summarizes the applications presented in response to VLC Study Group and TG7 Call for Applications. 
2. It describes and defines the fundamental requirements implied by the applications but not necessarily stated explicitly. 

3. VLC Technical Characteristics Summary

This standard defines a PHY and MAC for short-range optical wireless communications using visible light in optically transparent media. The visible light spectrum extends from 380 to 780 nm in wavelength. The standard is capable of delivering data rates sufficient to support audio and video multimedia services and also considers mobility of the visible link, compatibility with visible light infrastructures, impairments due to noise and interference from unintended sources like ambient light, and a MAC layer that accommodates visible links. The standard adheres to any applicable eye safety regulations.
Three classes of VLC devices are considered: infrastructure, mobile and vehicle-mounted. All application classes mentioned in the application summary document support both uni- and bi-directional data, with point-to-point or point-to-multipoint connectivity [3, 11]
Table 1: Device Classification

	
	Infrastructure
	Mobile
	Vehicle-mounted

	Fixed access point
	Yes
	No
	No

	Power supply
	Ample
	Limited
	Moderate [25, 26]


	Form factor
	Unconstrained
	Constrained
	Unconstrained

	Light source 
	Intense
	Weak
	Intense

	Physical Mobility
	No
	Yes
	Yes

	Range
	Short/long
	Short
	Long

	Data rates
	High/Low
	High
	Low


Short range: device with expected operational range <= 3 m. 
Long range: device with expected operational range > 3 m. 

Low data rate: PHY data rate < 1 Mbps

High data rate: PHY data rate >= 1 Mbps

[Editor’s note] Items such as ample, limited, weak, intense and constrained are not precise -- no more details were available in [3, 11]. Hence, these metrics are supposed to be used as a relative comparison metric.
4. Channel models
4.1. Assumptions for Channel Modeling 
A typical RF channel allows link loss and bandwidth to be estimated for a generic system configuration. Variation for the specific geometry and by the effect of fading is usually dealt with using a statistical distribution within the model. Extensive data collection has led to a series of models allowing verification that a system will operate under most reasonably foreseeable conditions. Table 2 shows the modeling parameters that might be required in the case of VLC. [15]
Table 2: Channel modeling parameters

	Parameter
	Requirement
	Comment

	Loss parameters

	Loss
	Required
	Value for a particular configuration within a scenario

	Max/Min
	Required
	receiver dynamic range to be specified for a particular scenario

	Statistics
	Desirable
	Useful for variable data rate schemes

	Bandwidth parameters

	Bandwidth
	Required
	Value for a particular configuration within a scenario

	Max/Min
	Required
	Min is required to ensure sufficient bandwidth is available. Max is useful for variable data rate schemes.

	Statistics
	Desirable
	Useful for variable data rate schemes


The levels of use of a model are defined by the following two aspects:
(i) Verification. The model indicates that the maximum loss, dynamic range, and the minimum bandwidth are sufficient for a proposed application and scenario, so that no further detailed modeling is required. This is likely to be appropriate when 

· Simple fixed configuration systems are used, and it is not required to know the channel dynamics (as would be the case for adaptive transmitters, receivers, and modulation), and
· Other components constrain the system rather than maximum loss and minimum bandwidth, such as is the case for information broadcasting using VLC (where the LED provides the bandwidth constraint).

(ii) Full Use. All parameters are required to estimate the performance of a system and to check that any adaptation of a system operates properly. Adaptation in this context means channels could be different for different use cases and multiple channel conditions should be tested.
4.2. Types of channels

The type of VLC channel being used determines the level of detail of channel model that is required to adequately describe the channel, and create the parameters summarized in Table 2.

The paths to be considered are

· LOS - both single and multiple LOS paths - which is mainly/primarily utilized for majority of applications, and
· NLOS - both single and multiple NLOS paths.
The strength of the dominant path relative to other paths is a key factor in determining the behavior of the channel. If the dominant path is much stronger than the others then the channel is LOS-like, but if there are a number of paths of different lengths and approximately equal strength then there may be bandwidth limitations.

A Dominant Path Ratio (K) can be defined as 
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where 
[image: image4.wmf]NLOS

P

 is the power in a particular NLOS path from transmitter to receiver.

For the LOS case, 
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For the mixed case, where multiple (or single) NLOS and/or LOS paths may exist then 


[image: image6.wmf](,)

(,)

LOSNLOS

NLOSLOSLOSNLOS

MaxPP

K

PPMaxPP

=

+-

åå


where 
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is the power in a particular LOS path. (It should be noted that in the mixed case this is a slightly speculative definition, as it is uncertain as to whether this gives a sensible K value for all of the mixed cases).

The value of K at which only the dominant path can be considered is denoted as
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, which is estimated to be 13dB (when measured in the electrical domain) in [1].  If K is below this value then all paths need to be considered (or at least a subset of the strongest ones) and the interaction of the time delays of these paths will affect the bandwidth. In the table there is also a lower threshold, 
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, where all the paths have almost the same strength and the channel is ‘tending’ towards a fully diffuse channel. Below this threshold it may be possible to treat the channel as fully diffuse, which may simplify the modeling process. Investigation is required to see whether this is the case. 

A summary of initial observations concerning the different channel types is shown in Table 3. 

Table 3: Summary of channel types
	Channel type
	NLOS


	Mixed (LOS/NLOS)


	Single LOS
	Multiple LOS

	Dominant path ratio
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	Modeling considerations

Simplifying assumptions
	Consider all paths 
	Consider dominant NLOS path only
	Consider NLOS paths only
	Mixed-consider all paths
	Consider dominant path only
	Consider single path
	Consider multiple LOS
	Consider dominant path only

	Modeling
Techniques available (not exhaustive)
	Ray-tracing, Integrating sphere for NLOS
	Ray-tracing, 
	Ray-tracing, Integrating sphere for NLOS
	Geometric for LOS+Ray-tracing, Integrating sphere for NLOS
	Geometric
	Geometric
	Geometric + time considerations
	Geometric

	Typical situation
	Diffuse channel
	Strong illumination of intermediate surface-'secondary source' 
	Shadowing of dominant LOS paths, but no strong

NLOS. 


	No highly dominant path (either LOS or NLOS) but some stronger paths (LOS or NLOS)


	Room with source(s) on ceiling provides strong LOS path(s) compared with any NLOS (diffuse) component from surfaces
	Single source with receiver in coverage area. No reflections from other surfaces.
	Multiple strong sources each with LOS to receiver
	Receiver predominantly in coverage area of a single source

	Exemplar VLC application
	
	Information broadcasting using white LED illumination
	Visible point to point link between PDAs
	Outdoor transmission from traffic signal or signboard.

	Comment
	Diffuse channel when 
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	LOS and NLOS channels likely to exist in indoor 'illumination' situations. Likely that path strength is LOS>>strong NLOS, and in the case of multiple LOS paths any LOS is stronger than the strongest NLOS.
	
	Often the multiple LOS can be aggregated to a single LOS as the time difference between propagation does not create significant bandwidth delay

	Bandwidth
	Low
	High
	Low
	Variable
	High
	Very High
	High/Very High
	Very High

	Path Loss
	High 
	High
	High
	Situation dependent
	Situation dependent
	Acceptable
	Low
	Low


5. Topology

Identified applications require point-to-point (P2P) communications for most usage scenarios. However, infrastructure applications also contain broadcast and/or multicast scenarios which require point-to-multipoint (P2MP) connectivity. Most applications primarily require LOS communication paths. 
Unidirectional communications may be transmit only or receive only. Transmit only communications may be broadcast or directed. A receive only application may accept broadcast and/or directed data. 
Where data exchange is bi-directional, there can be symmetrical and asymmetrical data flows. Bi-directional communications may be acknowledged or unacknowledged by transmitters and may include broadcast and multicast data as well as directed data. Infrastructure devices must support P2P topologies while they may support P2MP (star) topologies. Mobile and vehicle-mounted devices may only support P2P topologies. The P2MP connectivity at an infrastructure should permit the mobile and vehicular devices to communicate with the infrastructure in a point-to-point mode.

6. Device characteristics of light sources and light detectors

The TCD defines the physical characteristic requirements from light sources and light detectors which may be used for VLC. Although a variety of light sources and light detectors may need to be supported for VLC for different applications, certain types of light sources or light detectors may not be considered in this TCD to satisfy the performance or interference requirements [8, 12]. The specifications to meet the requirements may be device-class dependent.  Table 4 shows key device characteristics for light sources, assuming a single optical source. This table is for informational purpose only. Also, see discussion in [21-24] There is no biased restriction placed on the choice of light emitting devices (LED, LD, ...) or photo detecting devices (PIN, APD, image sensor…) technologies as long as they satisfy considerations (or requirements) specified in this document. Methods and criteria for the choice of a particular physical device type and associated circuitry such as drivers, lenses, and filters are considered out of scope. However, it is possible that certain device types are more suitable than others to meet the technical considerations criteria. For example, optical transmitters such as LEDs might be more conducive to meet some of the considerations such as white light generation than LDs. 
Table 4 : Key device characteristics of light sources and light detectors

	Tx/Rx device specification
	Minimum value
	Typical value
	Maximum value

	Intensity of light source
	
	100 – 500 mW/Sr (high data rate requires higher power; longer range requires higher power)
	

	Divergence angle (Transmitter) [Full angle]
	10 degrees (needs to be minimum to ensure mobility and robustness)
	
	30 degrees (for high data rates), 45 degrees (for low data rates)


7. Frequency usage

The PAR has specified that visible light communications use the frequency band between 380 – 780 nm [1,8]. Tolerance needs to be given for manufacturer variations of device characteristics in defining the color spectrum range and spectral bandwidth for operation. 
8. Data Rates 

The PAR states that the data rates should be sufficient to support audio and video multimedia services [1].
However, there is a concern that the driver and corresponding circuitry may not be able to support high data rates. There is also a concern that the link margin in certain applications may not be sufficient in order to provide high data rates. These concerns must be addressed in order to specify the data rate ranges. 
In order to satisfy wide variety of applications and categorize them, the applications identified for VLC in [3] has categorized devices into 2 classes of data rates: 

Low data rate: PHY data rate < 1 Mbps

High data rate: PHY data rate >= 1 Mbps

VLC contributions should use this classification as guidelines and should address one or both of these classes, based on the application(s) of interest. The division into low and high data rate classes could help define simpler PHY and MAC protocol designs for VLC [12,16,17], while satisfying wide range of applications provided in the application summary document, [3].  
9. Transmission range 
While the PAR confines the TG7 standard to a short range communication [1], it is necessary to specify the expected communication distances for the intensity allowed by each device type.  A reliability metric such as PER or BER in the range of 10-2 or10-8 respectively must also be specified in order to specify the range metric accurately. A PER of 8% is recommended for evaluation of TX ranges. While a certain range of packet sizes must be supported, the packet size needs to be fixed for evaluation of contributions. The packet size chosen for TX range evaluation is 256 bytes for low data rate applications and 1024 bytes for high data rate applications. Table 5 shows the data rates and ranges for various application classes, adopted from the application summary document [3]. The maximum range is defined as the distance that contributions should support for guaranteed operation. A middle range of 10 m has been additionally defined as the maximum range for two application classes, B1 and D1 [10]. This has been done to allow more applications to meet the range requirements for these classes. The transmit power assumption needed for meeting the distance requirements should be specified via a link budget analysis for contribution evaluation. 
Table 5: Data rates and ranges for various application classes

	Device application class
	Description
	Data rate
	Max range (m)

	A1
	Infrastructure to mobile
	High
	3

	B1
	Infrastructure to mobile
	Low
	10

	B2
	Infrastructure to vehicle-mounted
	Low
	100

	C1
	Mobile to mobile
	High
	3

	D1
	Mobile to mobile
	Low
	10

	D3
	Vehicle-mounted to vehicle-mounted
	Low
	100


10. Security 
Visible light communication provides security inherently by allowing the users to see the communication channels (visibility). However, additional mechanisms such as data confidentiality, integrity, authentication and encryption may be needed for certain applications such as kiosk downloads. Examples of security mechanisms that could be considered include AES-128 symmetric key cryptography and multi-level security approaches such as those used in IEEE 802.15.4a, where different levels of security are provided for different services [9].
11. Quality of Service (QoS)
QoS is an important requirement - especially for applications such as multimedia and audio services that are mentioned in the PAR [1]. Different applications have different requirements on data rate, frame loss and latency. Flexible QoS provisioning should be supported so that multiple applications could be supported [9].
12.  Power Consumption

Power consumption may not be an issue for devices belonging to the infrastructure device class, but may be important for mobile devices. Green and eco-friendly regulations are recommending power consumption be considered for the infrastructure as well by supporting power saving mechanisms such as dimming. Power saving mechanisms for mobile device classes defined in Table 1 such as sleep modes and duty cycling should be supported. Contributions should address power consumption requirements which could include issues regarding battery life, process technology used, supply voltage considerations and average vs. peak power consumption [9].
13. Coexistence with ambient light and other lighting systems 
VLC will need to co-exist with ambient light and other lighting systems. The tolerance levels to a few key impairments must be specified in order to ensure the technology will be robust in the presence of interference. The tolerance level should be specified for the highest data rate with the interference within the FOV of the receiver since interference would be the typical use case of operation. The acceptable PER degradation due to ambient lighting should be < 1 dB at 8% PER. The range for testing the ambient light co-existence is the range required for operation at 8% PER for the highest supported data rate.  Table 6 shows the suggested minimum tolerance level requirements for ambient light interference for indoor and outdoor applications. For the purposes of co-existence and ambient light testing, a flat frequency model can be assumed for these levels without a specific reference to an ambient light source [9]. It is possible that co-existence tolerance may be dependent on the sophistication of the receiver implementation. In such a case, more details about the receiver implementation should be provided for contribution evaluation. 
Table 6 : Tolerance levels for ambient light

	Interference
	Minimum Tolerance level (lux)

	Outdoor
	10000

	Indoor 
	500


14. Form Factor
Form factor is an important consideration, especially for mobile devices. The form factor should support integration with existing drivers and dimmer circuits if needed [9].
15. Complexity 
The solution should have low complexity to enable mass adoption of the standard. Ease of integration into existing LED-based products is an important consideration for complexity. The need to have external components and/or significant changes to existing circuits such as drivers should be minimized [9].
16. Mobility and Link switching
There may be a need to support link switching due to physical movement or interference. Mobility can be of two types: physical and logical. As shown in Figure 2, physical mobility occurs when the VLC device M1 changes its position due to the movement within the coverage area of infrastructure I1 while logical mobility occurs when the device M1 changes its communication link from a link with infrastructure I2 to one with infrastructure I3 due to interference or deliberate channel switching [19, 20]. Both physical and logical mobility should be considered. Limited MAC signaling and support may be required in order to support link switching. However, support for service continuity mechanisms involving simultaneously active links (such as M1 connected to both I2 and I3 simultaneously) is not required. Issues such as link detection for channel selection and switching time may also need to be considered in this regard [11].
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17. Lighting Inherency

Brightness and color of an illumination source must be maintained during communication for infrastructure devices. Contributions should ensure that the brightness and color of the light source are not affected by VLC [10].
18. Lighting Dimming

The infrastructure link should support dimming control, albeit possibly at reduced performance levels. It is possible that popular LED dimming options such as PWM could have an impact on communication [13].
19. Visibility support

The PAR specifies that the MAC layer should support visible links [1]. In certain applications, the user may need to estimate the direction to and roughly aim at the target device for correct alignment for communication. Having support for visibility in the standard can give the user some useful features as follows:
· Help the link alignment,
· Help verify the link status, and
· Provide physical security (due to the beam visibility).
Visibility links should be considered in the MAC protocol design in order to support alignment and link status indication for communication [14]. 
20. Regulatory requirements
Devices shall comply with the regulatory requirements specified for devices to be used for visible light communications [4]. Requirements include eye safety regulations such as IEC 60825. Other eye safety issues such as flickering [7] must be addressed. 
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PHY_SAP: PHY Service Access Point
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