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1. Definitions, Acronyms, and Abbreviations

For the purposes of this document, the following terms and definitions apply. 

1.1 Definitions

	Peer
	A user or device, or a group of users or devices sharing a group ID, i.e. an MS in 2G, a UE in 3G, or a group of FFDs or RFDs in IEEE802.15 (WPAN).

In the multi-hop scenario, a peer could be a hop peer or an End Peer.

	End Peer
	In the context of multi-hop, an End Peer is a peer that does not relay or hop any message or data to the other peers in proximity. 

	Hop Peer (Hopper)
	In the context of multi-hop, a hop peer is a peer that relays or hops a message/messages or data to the other peers in proximity to extend the radio coverage. The terms “Hop Peer” and “Hopper” are interchangeable in this disclosure.

	Initiator
	The first peer to initiate the first service or application in proximity or the first peer to initiate a service or application in proximity.

	Context
	Special situation information such as service, application, location, time, power, etc.

	Tier
	Ring based divisions of two-dimensional space to guarantee peers in non-adjacent Tiers do not interfere with each other

	Sector
	Angular divisions of Tiers to guarantee peers in non-adjacent sectors do not interfere with each other.


1.2 Acronyms and abbreviations

CAP
Contention Access Period

CFP 
Contention Free Period

P2P
Peer-to-Peer

P2PNW
Peer-to-Peer Network

PAC
Peer Aware Communications
2. Background
Multi-hop operation is required by both Technique Guidance Document (TGD) [2] as well as PAC Framework Document (PFD) [1] to extend the network coverage for PAC. A frame structure shall be developed to fully support multi-hop operation at MAC, especially for distributed and infrastructure-less P2P networks (P2PNWs). 

The general superframe in 802.15.4, shown in Figure 1, consists of contention period and contention free period.  Contention free period is pre-allocated to specific users. The allocation is determined within CAP.

[image: image1.wmf]
Figure 1: An Example of General Superframe Structure in 802.15.4

3. Overview

This document presents frame structures that are defined for supporting multi-hop communication in peer aware communication. 
3.1 Frame Structure for Multi-hop Communication with Dedicated Multi-hop Period
A multi-hop period is inserted in superframe for supporting multi-hop communication with the following benefits:
· Reducing the impact on one-hop communication. Many use cases in PAC require only one-hop communication.
· Reducing the contention and potential collision among different hops, especially for those high data rate and high QoS applications.

· Introducing more flexibility of frame formation for distributed P2PNW.
The multi-hop period is reserved for only multi-hop communication, and all the one-hop communications are scheduled in one-hop period.
3.2 Frame Structure for Multi-hop Communication with Time Reuse
The two-dimensional space is divided into several areas and multi-hop frame structures are formalized based on location information. The frame structure enable pairs of communications that are far away from each other can happen simultaneously without interference, thus increases the capacity of PAC via time reuse. 
3.3 Detailed Descriptions 

3.4 Frame Structure with Multi-hop Period
This subsection introduces 2 frame structures for multi-hop P2P communication by inserting a dedicated Multi-hop Period for multi-hop communication. Figure 2 presents a simple multi-hop topology as an example for further illustration of the frame formation.
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Figure 2: An Example of Multi-hop Communication

3.4.1 Multi-hop Period at the End of a Superframe
Figure 3 shows the frame structure with a Multi-hop Period at the end of a Superframe for multi-hop P2P communications in proximity, where a Superframe consists of: 
· A Superframe Beacon to indicate the start of a Superframe

· A Superframe (SF) Common Period after the Superframe Beacon for communications among different P2P networks in proximity
· A One-hop Period contains a frame or frames, which may be allocated to same application or different applications (e.g. Frame1 is for Application1, and Frame 2 is for Application2) for One-hop P2P communications

· A Multi-hop Period dedicated for multi-hop P2P communications. For example, Hopper B relays the packets from Initiator A to Hopper C. Hopper C relays the 3-hop packets originated from Initiator A to End Peer D.

· An Inactive period reserved for future allocation
More specifically, an initiator defines the Superframe structure by broadcasting the Superframe Beacon, which may include the following information:

· The length of the Superframe Common Period

· The number of frames in this Superframe, and the length for each defined frame

· The length of the Multi-hop Period

· The length of Inactive Period
The Superframe Beacon should indicate the beginning of a Superframe, which is followed by Superframe Common Period. The “common” implies that this period is accessible for each P2PNW in proximity. This Common Period could be used for requesting channel resource in the Superframe. A frame beacon should be used to indicate the beginning of a frame within the one-hop period. The frame beacon may define the structure of a frame, such as

· Frame length

· Time slot allocation, i.e. which slot is allocated to which peer 
The frame structure is flexible, and is determined by the peer which sends out the frame beacon, i.e. the peer formulating the frame. The frame(s) in the one-hop period shall be used only for one-hop communication, for example, the communication between initiator A and hopper B in Figure 2. The multi-hop period follows the one-hop period, and only P2PNWs requiring multi-hop communication should be active in the multi-hop period. 
The multi-hop period is reserved for all the multi-hop communications, for example, communication between hopper B and hopper C, and communication between hopper C and end peer D. Each hopper/end peer should follow a hopper beacon from its associated hopper. The allocation of multi-hop period is determined in the superframe common period, which means each P2PNW could request for channel resource in the multi-hop period as needed. The hopper beacon should specify the length of period allocated for the hopper and its peers, for example, hopper B in Figure 2 should manage hopper C through hopper beacon, so that hopper C knows which time period to communicate with hopper B. Hopper C manages the end peer D in the same manner.
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Figure 3: Superframe with a Multi-hop Period Inserted at the End of a Superframe
Figure 4 shows an example on how to formulate the superframe, one-hop period and multi-hop period, and how to use different types of beacon to maintain the superframe structure. Since some hopper and end peer may not hear the superframe beacon or frame beacon, they should be aware of only a part of time period in multi-hop period by obtaining the hopper beacon. For example, end peer D is aware of only time period defined by the hopper beacon from hopper C, and communicates with hopper C within that period. 
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Figure 4: An Example of Frame Formation with Multi-hop Period at the End of a Superframe
3.4.2 Multi-hop Period at the End of each Frame
Figure 5 shows the frame structure with a Multi-hop Period at the end of each frame for the multi-hop peer-to-peer communications, where a Superframe consists of:

· A Superframe Beacon to indicate the start of the Superframe

· A Superframe (SF) Common Period after the Superframe Beacon

· A frame or frames for P2P communications, each frame consists of:

· A Frame Common Period for all the peers active in the frame, which is contention based

· A contention free One-hop Period  allocated to peers for one-hop communications

· A Multi-hop Period reserved to the peers for multi-hop communications 

· An Inactive period reserved for future allocation
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Figure 5: Superframe with a Multi-hop Period Inserted at the End of each Frame
The multi-hop period is moved to the end of a frame, which means frame beacon defines the multi-hop period for each frame. For example, a frame beacon could indicate whether there is a multi-hop period at the end of this frame or the length of multi-hop period if there is a multi-hop period. Superframe beacon should not contain the multi-hop period information. The multi-hop period in a frame is allocated to different peers, which require the multi-hop communication. This allocation process is done during the frame common period, following the frame beacon.
Figure 6 shows an example on how to formulate the superframe and maintain the structure by using different types of beacons. In the frame common period, peers should request the channel resource at the end of this frame, and send out hopper beacon to indicate the time period for multi-hop communication at designated position. For example, hopper B is allocated for a time period in multi-hop period of frame 2. The allocation is determined in frame common period, and hopper B broadcasts its hopper beacon at designated time. Hopper C receives the hopper beacon, and starts communication with hopper B. Hopper C and end peer D communicate with each other following the same manner.
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Figure 6: An Example of Frame Formation with Multi-hop Period at the End of each Frame
3.5 Frame Structure with Time Reuse
The topology in Figure 7 shows a multi-hop communication scenario for one application. The topology is used as an example to describes multi-hop frame structures with Time reuse. In this topology, peer 1 is the Initiator; peer 1.1.1.1 and peer 1.2.1.1.1 are End Peers; all other peers are Hoppers. Table 1 summarizes notations used in this document.
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Figure 7: An Example of Multi-Hop Topology

Table 1: Notations Used in this document

	Parameter
	Description

	R
	The radius of Tier 1, or the difference between outer radius and inner radius of Tier p (p > 1)

	N
	Number of non-overlap Tier-frames in a superframe

	M
	Number of Tier-frames overlapped

	d
	The distance between a peer and the Initiator

	i
	Tier-frame number

	Ih
	Hopper’s Tier-frame number

	p
	Tier number 

	Sectorp,q
	The qth Sector in Tier p

	ASetp,q
	Adjacent Sector Set of Sectorp,q

	Subi,s
	The sth Hopper-subframe in Tier-frame i

	PSeti,s
	Peers communicate in the sth Hopper-subframe in Tier-frame i 

	SSeti,s
	Sector Set of the sth Hopper-subframe in Tier-frame i

	ISeti,s
	Interference Sector Set of the sth Hopper-subframe in Tier-frame i


3.5.1 Tier Based Frames Structure for Inter-Tier Time Reuse

The two dimensional space is divided into Tiers as shown in Figure 9. This division guarantees that peers in non-adjacent Tiers will not interfere with each other. The division should obey following rules:

· The Initiator denoted as Tier 0 is at the center of all Tiers.

· The area of Tier 1 is a circle with radius R centered at the Initiator. All peers located in this range are in Tier 1 except the Initiator.

· The area of Tier p (p>1) is a region bounded by two concentric circles centered at the Initiator, where the radius of larger circle is p*R and the radius of the smaller one is (p-1)*R. In other words, a peer is in Tier p (p >0) if its distance d from the Initiator is within the range ((p -1)R, p*R]. 
· The minimum value of R, Rmin, is the maximum transmission range allowed of all peers in the network, which is calculated by 
· [image: image9.png]= for M
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· [image: image11.png]


 is the maximum transmission power allowed for the application in the network. 
· [image: image13.png]


 is the receiver sensitivity for peers in the network.

· [image: image15.png]


 is inverse of the Path Loss function

Table 2 gives some typical values of Rmin for PAC.

Table 2: Example Value of Rmin Using 802.15.8 Path Loss Function
	Rmin (meter)
	Maximum transmission power for the application (dBm)
	Receiver sensitivity

(dBm)

	52
	10
	-82

	57
	20
	-82

	61
	20
	-92
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Figure 8: Two-dimensional Space is Divided into Several Tiers

Peers in different Tiers that are at least 2 Tiers away from each other can use the same channel without interfering with each other. For example in Figure 8, peers in Tier 1 and peers in Tier 4 can communicate simultaneously without interfering with each other. 

A superframe should consist of several Tier-frames and/or reserved frame which can overlap in time based on the following rule.

Tier-frame p and Tier-frame p’ can overlap in time, if 
[image: image18.png]p'(mod N)




,

where N is the number of non-overlapped Tier-frames in a superframe.

For example, if N equals to 3, the Tier-frame 0, Tier-frame 3 and Tier-frame 3*M can overlap in time as shown in Figure 9. 
A Tier-frame consists of several Hopper-subframes and/or unallocated subframes except Tier-frame 0 which only has an Initiator-subframe and/or unallocated subframe. 

To maintain the network

· The Initiator sends Superframe Beacon at the beginning of a Superframe. The Superframe beacon contains fields in Table 3. The Initiator and its peers communicate within Initiator-subframe.  
· A Hopper in Tier p will allocate a Hopper-subframe in Tier-frame p. The Hopper sends Hopper-beacon at the beginning of the allocated Hopper-subframe. The Hopper beacon contains to fields in Table 4. The Hopper and its peers communicate within its Hopper-subframe. 
In this document, we assume each peer knows its own location, e.g. geographic coordinates or relative location via Geographic Coordinate System (GPS) or Inertial Navigation System (INS). How a peer to get its location is out of scope of this document. The Initiator shall periodically broadcast its current location to all peers in the network via Hoppers. When a peer receives a Superframe Beacon or Hopper Beacon, it shall update its Tier number 

p = [image: image20.png][d/R]



,
where d is the distance between the peer and the Initiator. 

Note: in this document, [image: image22.png]


 is the smallest integer not less than x and [image: image24.png]


 is the largest integer not greater than x.
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Figure 9: Tier Based Frame Structure for Inter-Tier Time Reuse

Table 3: Fields in Superframe Beacon Frame
	Field
	Description

	Initiator location
	Indicate the location, e.g. geographic coordinates or relative location (e.g. via GPS or INS).

	R
	The radius of Tier 1, or the difference between outer radius and inner radius of Tier p (p > 1)

	N
	Number of non-overlapped Tier-frames in a superframe

	Tier-frame 1 start offset
	Indicate the offset from the beginning of the superframe to the start of Tier-frame 1 

	Tier-frame 1 end offset


	Indicate the offset from the beginning of the superframe to the end of Tier-frame 1

	…
	

	Tier-frame N-1 start offset
	Indicate the offset from the beginning of the superframe to the start of Tier-frame N-1 

	Tier-frame N-1 end offset


	Indicate the offset from the beginning of the superframe to the end of Tier-frame N-1


Note: The offset in the table can be slots or time
Table 4: Fields in Hopper Beacon Frame. 

	Field
	Description

	Initiator location
	Indicate the location, e.g. geographic coordinates or relative location (e.g. via GPS or INS).

	Hopper’s Tier-frame number
	Indicate the Tier-frame number of the Hopper. The field is set to 0 for Superframe Beacon

	R
	The radius of Tier 1, or the difference between outer radius and inner radius of Tier p (p > 1)

	Beacon start offset
	Indicate the offset of the beacon from the start of its Tier-frame. 

	Next Tier-frame offset
	Indicate the offset of next Tier-frame from the beacon

	N (optional)
	Number of non-overlapped Tier-frames in a superframe

	Tier-frame 1 start offset
	Indicate the offset from the beginning of the superframe to the start of Tier-frame 1 

	Tier-frame 1 end offset


	Indicate the offset from the beginning of the superframe to the end of Tier-frame 1

	…
	

	Tier-frame N-1 start offset
	Indicate the offset from the beginning of the superframe to the start of Tier-frame N-1 

	Tier-frame N-1 end offset


	Indicate the offset from the beginning of the superframe to the end of Tier-frame N-1


Note: The offset in the table can be slots or time.
3.5.2 Sector Based Hopper-subframe Structure for Intra-Tier Time Reuse

Hopper-subframes within the same Tier, i.e. Intra-Tier, can also overlap in time if peers in any of Hopper-subframes will not interfere with peers in all other Hopper-subframes as shown in Figure 10.
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Figure 10 Hopper-subframe Structure for Intra-Tier Time Reuse

In order to quickly determine whether two Hopper-subframes can overlap without complicated computations, a Tier is further divided into several sectors. For example as shown in Figure 11, we uniformly divide Tier p into 

· [image: image28.png]3 x 2M#/2



 Sectors 
· Tier 0 is not divided into Sectors.

This division guarantees the shortest distance between non-adjacent boundary lines of a sector is always larger than R.
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Figure 11: A Tier is Divided into Several Sectors

Sector can be number based on following rules

· If a polar coordinate that chooses the Initiator as the pole is deployed, Sectors within a Tier can be numbered counter clockwise starting from azimuth 0. 
· The qth Sector in Tier p is denoted as Sectorp,q. For example, Sector4,2, it the 2nd Sector in Tier 4.  
· Peers on the boundary of two Sectors in the same Tier always choose the Sector with smaller index number. 
· Peers will obtain or update its Sector number when it receives a Hopper beacon from its Hopper or a Superframe beacon from the Initiator. In this specification, Hopper selection process is done. In other words, a peer knows who its Hopper is. How to select a hopper is out of scope of this specification. 
After dividing the space into Sectors, following concepts can be defined

· Adjacent Sector: Two sectors are adjacent sectors if they have a common line or point on the boundary. 
· Adjacent Sector Set (ASetp,q): Each sector Sectorp,q has an Adjacent Sector Set ASetp,q which contains all Sectors that are adjacent to it. 
· If p is odd and q is odd, 
· ASetp,q ={Sectorp-1,(q-1)/2, Sectorp-1,(q+1)/2, Sectorp,q-1, Sectorp,q+1, Sectorp+1,q-1, Sectorp+1,q, Sectorp+1,q+1};

· If p is odd and q is even, 
· ASetp,q ={Sectorp-1,q/2, Sectorp-1,q/2+1, Sectorp,q-1, Sectorp,q+1, Sectorp+1,q-1, Sectorp+1,q, Sectorp+1,q+1};

· If p is even,
· ASetp,q ={Sectorp-1,q-1, Sectorp-1,q, Sectorp-1,q+1, Sectorp,q-1, Sectorp,q+1, Sectorp+1,2q-2, Sectorp+1,2q-1, Sectorp+1,2q, Sectorp+1,2q+1};

For example, The Adjacent Sectors Set of Sector3,2 
ASet3,2 = { Sector2,1, Sector2,2, Sector3,1, Sector3,3, Sector4,1, Sector4,2, Sector4,3} 

as shown in Figure 11. Peers in Sector3,2 will not interfere with peers that are not in its sector and Adjacent Sectors Set, since the shortest distance between non adjacent boundary lines of a sector is always larger than R.
· Peer Set (PSeti,s):  The sth Hopper-subframe in Tier-frame i has a Peer Set PSeti,s which contains all peers that communicate in the Hopper-subframe.  For example as shown in Figure 11, the PSet of the Hopper-subframe allocated to Hopper 1.2.1.1 is {Hopper 1.2.1.1, End Peer 1.2.1.1.1}. Each Hopper is allocated a Hopper-subframe in its Tier-frame, i.e.Tier-frame i, for communication among peers in its PSet. 
· Sector Set (SSeti,s): The sth Hopper-subframe in Tier-frame i has a Sector Set SSeti,s which is the union of sectors of all peers in its PSeti,s. For example as shown in Figure 11, the Sector Set of Hopper-subframe allocated to Hopper 1.2.1.1 is {Sector3,11, Sector4,11}.
· Interference Sector Set (ISeti,s):  The sth Hopper-subframe in Tier-frame i has an Interference Sector Set ISeti,s, which is the union of Adjacent Sectors Set of peers in its PSeti,s. For example as shown in Figure 11, the Interference Sector Set of Hopper-subframe allocated to Hopper 1.2.1.1  is 
ASet3,1 [image: image31.png]


 ASet3,2 = { Sector2,6, Sector2,5, Sector3,11, Sector3,10,  Sector3,12 Sector4,10, Sector4,11, Sector4,12}. 

Peers that communicate in Hopper 1.2.1.1 subframe will not interfere with peers that are not in the Interference Set. 

Therefore, two Hopper-subframe Subi,s and Subi,s’ in the same Tier frame i can overlap in time if and only if peers that communicate in Hopper-subframe Subi,s  do not interfere peers that communicate in Hopper-subframe Subi,s’. In others words, two Hopper-subframe Subi,s and Subi,s’ can overlap in time if either

· no peer that communicate in Hopper-subframe Subi,s is in ISeti,s’, i.e. SSeti,s ∩ ISeti,s’ =[image: image33.png]


, or

· no peer that communicate in Hopper-subframe Subi,s’ is in ISeti,s, i.e. SSeti,s’ ∩ ISeti,s =[image: image35.png]


). 
Figure 12 gives an example of Multi-hop Frame Structure with Inter and Intra Tier Frame Time Reuse for Network Topology in Figure 7. The blue circle highlights the Tier based inter-Tier frame time reuse and the yellow circle highlights the Sector based intra-Tier frame time reuse.
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Figure 12: Multi-hop Frame Structure with Inter and Intra Tier Frame Time Reuse for Network Topology in Figure 7
3.5.3 A Distributed Procedure  to Form a Tier and Sector Based Frame Structure

In the procedure, peers exchange Hopper-subframe allocation information to help Hoppers in the network to allocate Hopper-subframe without interfering existing Hopper-subframes. Peers in the network can exchange message proactively or reactively. 

· In the proactive scheme, an existing peer in the network periodically broadcasts Hopper-subframe allocation advertisement messages to inform peers within its transmission range about Hopper-subframes it communicates in. 

· In the reactive scheme, an existing peer only send Hopper-subframe allocation advertisement message when it receives a request from another peer. 
Table 5 Fields in Hopper-subframe allocation advertisement message

	Field
	Description

	Hopper Flag
	Indicate if the message is sent from a Hopper. Set to 1 if the sender is a Hopper and set to 0 if the sender in an End Peer.

	Information of Hopper-subframes 1
	Hopper-subframe information of the Hopper-subframe that uses to communicate with its Hopper, i.e. its Hopper’s Hopper-subframe

	Information of Hopper-subframes 2 (optional)
	This field is only used if the peer is a Hopper, which contains Hopper-subframe information of Hopper-subframe that uses to communicate with its peer(s), i.e., its own Hopper-subframe.


Table 6: Hopper-subframe Information

	Name
	Description

	Tier-frame number 
	Tier-frame number of the Hopper-subframe

	Start offset 
	Start time/slot of the Hopper-subframe from the beginning of its Tier-frames.

	End offset 
	End time/slot of the Hopper-subframe from the beginning of its Tier-frames.


Peers that already allocated a CFP in its Hopper’s Hopper-subframe will broadcast Hopper-subframe allocation advertisement messages in their allocated CFP period. Peers that have not allocated a CFP in its Hopper’s Hopper-subframe will broadcast Hopper-subframe allocation advertisement messages in CAP period. 

A Hopper-subframe allocation advertisement message contains information of all Hopper-subframes the peer communicates in as shown in Table 5. 

· If the peer is a Hopper, its Hopper-subframe allocation advertisement message contains information of its Hopper’s Hopper-subframe and its Hopper-subframe

· If the peer is an End Peer, its Hopper-subframe allocation advertisement messages only contains its Hopper’s Hopper-subframe information.

As shown in Table 6, the information of a Hopper-subframe may contain 

· Tier-frame number, 

· Start offset and 

· End offset of the Hopper-subframe 

When a peer receives a Hopper-subframe allocation advertisement message, it will update its one-hop neighbor table as shown in Table 7.
Table 7 Information Stored in One-hop Neighbor Table

	Field
	Description

	Peer’s MAC Address
	The MAC address of the Peer that sends the Hopper-subframe allocation advertisement message.

	Ownership
	The ownership of the Hopper-subframe. Set to 0 if the Hopper-subframe is owned by the peer’s Hopper; set to 1 if the Hopper-subframe is owned by the peer

	Hopper-subframe information
	Hopper-subframe information as shown in Table 6


· The One-hop neighbor table contains one entry for its neighbor peer that is an End Peer. The entry stores 

· The MAC address of the peer, 

· The ownership of the Hopper-subframe. The ownership of the Hopper-subframe information is set to 0, which indicates the Hopper-subframe is owned by the peer’s Hopper.

· The information of the Hopper-subframe. 

· The One-hop neighbor table contains two entries for its neighbor peer that is a Hopper. 

· The two entries have the same MAC address, 

· The two entries have different Ownership value in the Hopper-subframe allocation advertisement message. The entry with ownership set to 0 stores the neighbor peer’s Hopper-subframe information. The entry with ownership set to 1 store the neighbor peer’s Hopper’s Hopper-subframe information.

The peer updates its One-hop neighbor table based on following rules

· The peer adds new entries when it receives a Hopper-subframe allocation advertisement message from a new neighbor peer or an existing neighbor peer becomes a Hopper.

· The peer updates an entry if the Hopper-subframe information stored, e.g. Tier-frame number, Start offset and End offset is different from that in Hopper-subframe allocation advertisement message.

· The peer deletes entries when if it does not receive a Hopper-subframe allocation advertisement message from a neighbor for a certain period or a neighbor peer becomes an End Peer and releases its own Hopper-subframe.

After a peer makes one or more changes, e.g. add, update or delete, to its neighbor table, it will send a Hopper-subframe allocation update message to its Hopper about the changes as shown in Table 8. 

Table 8: Fields in Hopper-subframe Allocation Update Message

	Parameter
	Description

	Nchange
	Number of changes entry contains in the Hopper-subframe allocation update message

	Action of change 1
	The action of the first change entry. The action may be add, delete or update

	MAC address of change 1
	The MAC address of the first changed entry

	Ownership of change 1
	The Ownership of the first changed entry

	Hopper-subframes information of change 1
	Hopper-subframes information (Tier-frame number, start offset and end offset) of the first changed entry if the action is add or update.

	…
	…

	Action of change Nchange
	The action of the last changed entry. The action may be add, delete or update

	MAC address of change Nchange
	The MAC address of the last changed entry

	Ownership of change Nchange
	The Ownership of the last changed entry

	Hopper-subframes information of change Nchange
	Hopper-subframes information (Tier-frame number, start offset and end offset) of the last changed entry if the action is add or update.


Hoppers in the network will maintain an Occupied Hopper-subframe Table that stores information of all Hopper-subframe it cannot use. Hoppers will update the table 

· When they receive a Hopper-subframe allocation advertisement messages from its neighbors that are not its peers.  

· When they receive Hopper-subframe allocation update messages from its peer. 

A Hopper will follow the procedure shown in Figure 13 to allocate new Hopper-subframe and  Increase the size of its existing Hopper-subframe if needed.
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Figure 13 Call Flow for a Hopper to Allocate a New Hopper-subframe or Increase the Size of Existing Hopper-subframe

· Step 1: Hopper 1.1.1 checks if it can allocate its Hopper-subframe within its Tier-frame using procedure shown in Figure 14 based on information in its Occupied Hopper-subframe Table. It goes to steps in block A if Hopper 1.1.1 can allocate within its Tier-frame and go to steps in block B otherwise.

· Step 2a: Hopper 1.1.1 broadcasts allocated Hopper-subframe to all its neighbors.

· Step 2b: Hopper 1.1.1 sends Tier-frame Increase Notification to the Initiator to increase its Tier-frame. In the message, it contains the 

· Tier-frame number and 

· The new Tier-frame length.

· Step 3b: Hopper 1.1 hops the Tier-frame Increase Notification to the Initiator. 

· Step 4b: The Initiator adjusts Tier-frame length in the next superframe.

· Step 5b: The Initiator sends a confirmation message to confirm the changes.

· Step 6b: The confirmation message is hopped back to Hopper 1.1.1. 

· Step 7b: Hopper 1.1.1 allocates its Hopper-subframe in the updated Tier-frame. 

· Step 8b: Hopper 1.1.1 broadcasts allocated Hopper-subframe to all its neighbors

The procedure for a Hopper to allocate its Hopper-subframe in Step 1 of Figure 13 is shown in Figure 14. 

· Step 1: The Hopper checks if its Hopper has the same Tier-frame number. It goes to step 3a if it is true and goes to step 3b otherwise.

· Step 2a: The Hopper will try to allocate its Hopper-subframe in its Tier-frame that does not interfere with any Hopper-subframe in its Occupied Hopper-subframe Table. 

· Step 2b: The Hopper will try to allocate its Hopper-subframe after its Hopper’s Hopper-subframe in its Tier-frame that does not interfere with any Hopper-subframe in its Occupied Hopper-subframe Table. 

· Step 3: If the Hopper successfully finds a Hopper-subframe to allocate, it goes to step 4a; it goes to step 4b otherwise. 

· Step 4a: The Hopper will broadcast the information of its allocated Hopper-subframe to all its neighbors. The broadcast message includes the Tier-frame number, Start offset and End offset of the allocated Hopper-subframe.

· Step 4b: The Hopper will send a notification to the Initiator to increase its Tier-frame length.
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Figure 14 Procedure for a Hopper to Allocate a Hopper-subframe in Figure 13
A Hopper will follow the procedure shown in Figure 15 to release its Hopper-subframe and decrease the size of its existing Hopper-subframe.
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Figure 15 Procedure for a Hopper to Release or Decrease the Size of an Existing Hopper-subframe

· Step 1: Hopper 1.1.1 negotiates among Hoppers in the same Tier-frame to decide the resource that can be released in its Tier-frame. For example, Hopper 1.1.1 will send a Tier-frame Decrease Request to all other Hoppers in the same Tier-frame that contains 

· Its Tier-frame number and 

· The proposed resource to release. 

Upon receiving the message, all other Hoppers in the same Tier-frame will 

· Check if their Hopper-subframes use the proposed resource and 

· Reply to Hopper 1.1.1 with the resource agreed to release. 

Hopper 1.1.1 then sends confirmations to all other Hoppers in the same Tier-frame to release the resource they all agree. 

· Step 2: Hopper 1.1.1 sends Tier-frame Decrease Notification to the Initiator to decrease its Tier-frame. In the message, it contains the Tier-frame number and the new length.

· Step 3: Hopper 1.1 hops the Tier-frame Decrease Notification to the Initiator. 

· Step 4: The Initiator adjusts Tier-frame length in the next superframe.

· Step 5: The Initiator sends a confirmation message to confirm about the changes.

· Step 6: The confirmation message is hopped to Hopper 1.1.1
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