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7.9 Two-hop star topology extension 

A node and a hub may use a two-hop extension to exchange frames through another node that is connected and capable of direct communication with both of them, as illustrated in Figure 1, turning the terminal and intermediate nodes into the relayed and relaying nodes, respectively, and the hub into the target hub of the relayed node.  

Either the relayed node or the target hub may initiate a two-hop extension at times determined fit by the initiator, regardless of whether they have been never, or are no longer, in direct communication with each other.  

The relaying node may also exchange its own frames with the hub directly just as in a one-hop star network.
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Figure 1 — Two-hop extended star network topology

7.9.1 Exchanging frames for a two-hop extension
The relayed node and the target hub may exchange unicast management or data, but not control, type frames through the relaying node by frame encapsulation as illustrated in Figure 2 and described below.  The relayed node, the relaying node, and the target hub shall not apply frame encapsulation to control type frames, such as I-Ack frames.     
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(a) Transmission of management or data type frames from relayed node through relaying node to target hub
— 
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(b) Transmission of management or data type frames from target hub through relaying node to relayed node (except Connection Assignment frames)
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(c) Transmission of Connection Assignment frames from target hub to relaying node and relayed node

Figure 2 — Management or data type frame exchanges on a two-hop extension

· The relayed node and the target hub shall follow the state diagram specified in 5.5 for a one-hop star network in exchanging encapsulated frames through the relaying node, as if they were in direct communication, applying the appropriate security level for both transmission and reception of the encapsulated frames.  

· The relaying node and the target hub shall follow the state diagram specified in 5.5 for a one-hop star network in exchanging frames, encapsulated or not, as if the relaying node were a non-relaying node, applying the appropriate security level for both transmission and reception of the frames. 

· The relayed node and the relaying node shall follow the state diagram specified in 5.5 for a one-hop star network in exchanging frames, encapsulated or not, as if the relaying node were a hub, applying the appropriate security level for both transmission and reception of the frames, with the following exceptions:  To exchange frames for a two-hop extension, they shall not be connected with each other in the way a node and a hub would be in a one-hop star network, i.e., they shall not exchange with each other Connection Request and Connection Assignment frames not encapsulating another frame.  
7.9.1.1 Frame transmission from relayed node through relaying node to target hub
To send a management or data type frame, designated as an encapsulated “X” frame, through the relaying node to the target hub as shown in Figure 2(a), the relayed node shall send to the relaying node an encapsulating “X” frame, wherein

· the Recipient ID is set to the NID of the relaying node;

· the Relay field of the MAC header is set to 1;

· the other fields of the MAC header are set as if the relaying node were a hub and the relayed node were sending the encapsulated “X” frame to that hub without frame encapsulation in a one-hop star network, e.g., the Frame Type and Frame Subtype fileds are set to the corresponding values of their counterparts in the encapsulated “X” frame;

· the frame payload is set to the encapsulated “X” frame, which is formatted as if the relayed node were sending the encapsulated “X” frame directly to the target hub for the first time in a one-hop star network, with the Recipient ID field of the MAC header set to 0 if the relayed node does not yet know the NID of the target hub.

Upon receiving an encapsulating “X” frame, i.e., a management or data type frame with the Relay field of the MAC header set to 1, the relaying node shall process the frame according to 7.2 specified for a one-hop star network with the following additional considerations:

· The Sender ID of the MAC header is set to the NID of the relayed node.
· The frame is not a duplicate of another frame with the Relay field of the MAC header set to 0 even if it would be otherwise treated as a duplicate according to 7.2.8 specified for a one-hop star network.

· The frame payload, after appropriate security is applied, is an encapsulated “X” frame.

· The Relay field of the MAC header of the required I-Ack frame is set to 1 if relay is feasible, or is set to 0 otherwise.

If relay is feasible, i.e., if the relaying node is capable of providing relay between the relayed node and the target hub and if the target hub is capable of being a relayed hub as indicated in its MAC Capability field, the relaying node shall send to the target hub an encapsulating “X” frame, wherein

· the Relay field of the MAC header is set to 1;

· the other fields of the MAC header are set as if the relaying node were sending the encapsulated “X” frame to the hub without frame encapsulation in a one-hop star network;

· the frame payload is set to the encapsulated “X” frame to be next relayed to the target hub.

Upon receiving an encapsulating “X” frame, i.e., a management or data type frame with the Relay field of the MAC header set to 1, the target hub shall process the frame according to 7.2 specified for a one-hop star network with the following additional considerations:

· The frame is not a duplicate of another frame with the Relay field of the MAC header set to 0 even if it would be otherwise treated as a duplicate according to 7.2.8 specified for a one-hop star network.

· The frame payload, after appropriate security is applied, is an encapsulated “X” frame.

· The Relay field of the MAC header of the required I-Ack frame is set to 1 if it is capable of being a relayed hub as announced in its MAC Capability field, or is set to 0 otherwise.

7.9.1.2 Frame transmission from target hub through relaying node to relayed node
To send a management or data type frame, designated as an encapsulated “Y” frame, through the relaying (capable) node to the relayed node as shown in Figure 2(b), the target hub shall send to the relaying node an encapsulating “Y” frame, wherein

· the Relay field of the MAC header is set to 1;

· the other fields of the MAC header are set as if the target hub were sending the encapsulated “Y” frame to the relaying node without frame encapsulation in a one-hop star network;

· the frame payload is set to the encapsulated “Y” frame, which is formatted as if the target hub were sending the encapsulated “Y” frame directly to the relayed node for the first time in a one-hop star network.

Upon receiving an encapsulating “Y” frame, i.e., a management or data type frame with the Relay field of the MAC header set to 1, the relaying node shall process the frame according to 7.2 specified for a one-hop star network with the following additional considerations:

· The frame is not a duplicate of another frame with the Relay field of the MAC header set to 0 even if it would be otherwise treated as a duplicate according to 7.2.8 specified for a one-hop star network.

· The frame payload, after appropriate security is applied, is an encapsulated “Y” frame.

· The Relay field of the MAC header of the required I-Ack frame is set to 1 if relay is feasible or is set to 0 otherwise.

If relay is feasible, i.e., if the relaying node is capable of providing relay between the target hub and the relayed node, the relaying node shall send to the relayed node an encapsulating “Y” frame, wherein

· the Recipient ID field of the MAC header is set to the NID of the relayed node, i.e., the Recipient ID of the MAC header of the encapsulated “Y” frame;

· the Sender ID field of the MAC header is set to the NID of the relaying node;

· the Relay field of the MAC header is set to 1;

· the other fields of the MAC header are set as if the relaying node were a hub and sending the encapsulated “Y” frame to the relayed node without frame encapsulation in a one-hop star network;

· the frame payload is set to the encapsulated “Y” frame to be next relayed to the relayed node.

Upon receiving an encapsulating “Y” frame, i.e., a management or data type frame with the Relay field of the MAC header set to 1, the relayed node shall process the frame according to 7.2 specified for a one-hop star network with the following additional considerations:

· The Sender ID field of the MAC header is set to the NID of the relaying node.

· The frame is not a duplicate of another frame with the Relay field of the MAC header set to 0 even if it would be otherwise treated as a duplicate according to 7.2.8 specified for a one-hop star network.

· The frame payload, after appropriate security is applied, is an encapsulated “Y” frame.

· The Relay field of the MAC header of the required I-Ack frame is set to 1 if it is capable of being a relayed node as announced in its MAC Capability field, or is set to 0 otherwise.

7.9.1.3 Connection assignment from target hub to relaying node and relayed node
To specify connection assignment for a two-hop extension involving a relaying node and a relayed node as shown in Figure 2(c), the target hub shall send two encapsulated Connection Assignment frames 1 and 2 in two encapsulating Connection Assignment frames 1 and 2 to the relayed node and the relaying node, respectively, as further described below.

7.9.1.3.2 Connection assignment from target hub through relaying node to relayed node

To send encapsulated Connection Assignment frame 1 through the relaying (capable) node to the relayed node as shown in the upper diagram of Figure 2(c), the target hub and the relaying node shall follow the frame transmission procedure for “Y” Connection Assignment frame = Connection Assignment frame 1 as described in Figure 2(b) and 7.9.1.2, with the following modifications made to the frame payload of encapsulated Connection Assignment frame 1: 

· the MAC Capability and PHY Capability fields are set to those for the relaying node;
· the Connection Change Indicator field is set such that it accounts for all the included IEs defining both hops;
· after each Uplink Assignment, Downlink Assignment, or Bilink Assignment IE defining the assignment of scheduled allocations applicable between the target hub and the relaying node for the two-hop extension, another Uplink Assignment, Downlink Assignment, or Bilink Assignment IE is inserted defining the assignment of scheduled allocations applicable between the relaying node and the relayed node for the corresponding two-hop extension, with the relaying node considered as a hub for link direction referencing purposes.

7.9.1.3.2 Connection assignment from target hub to relaying node

To send encapsulated Connection Assignment frame 2 to the relaying (capable) node as shown in the lower diagram of Figure 2(c), the target hub shall send to the relaying node encapsulating Connection Assignment frame 2, wherein
· the Relay field of the MAC header is set to 1;

· the other fields of the MAC header are set as if the target hub were sending encapsulating Connection Assignment frame 2 to the relaying node without frame encapsulation in a one-hop star network;

· the frame payload is set to encapsulated Connection Assignment frame 2, which is formatted as if the target hub were sending the frame directly to the relaying node for the first time in a one-hop star network, with some modifications to support the two-hop extension.

In particular, encapsulated Connection Assignment 2 is formatted with the following modifications:

· In the MAC header, the Sender ID field is set to the NID of the relayed node to indicate that the connection assignment is for a two-hop extension to the relayed node.

· In the frame payload,
· the MAC Capability and PHY Capability fields are set to those for the relayed node if they are known to the target hub, or are set to zero otherwise;

· the Connection Change Indicator field is set such that it accounts for all the included IEs defining both hops;

· after each Uplink Assignment, Downlink Assignment, or Bilink Assignment IE defining the assignment of scheduled allocations applicable between the target hub and the relaying node for the two-hop extension, another Uplink Assignment, Downlink Assignment, or Bilink Assignment IE is inserted defining the assignment of scheduled allocations applicable between the relaying node and the relayed node for the corresponding two-hop extension, with the relaying node considered as a hub for link direction referencing purposes.

Upon receiving encapsulating Connection Assignment frame 2 as defined in the above, the relaying node shall process the frame according to 7.2 specified for a one-hop star network, taking into account the above modifications.
The relaying node shall not send to the relayed node another encapsulating Connection Assignment frame with the frame payload set to encapsulated Connection Assignment frame 2, after it has already sent to the relayed node an encapsulating Connection Assignment frame with the frame payload set to encapsulated Connection Assignment frame 1.

7.9.1.4 Control type frame transmission without frame encapsulation
The target hub may send a control type frame to the relaying node so long as a hub may send the frame to a node in a one-hop star network, with the modification that in the MAC header the Relay field is set to 1 or 0 depending on whether relay is involved and feasible.

The relaying node may send a control type frame to the target hub so long as a node may send the frame to a hub in a one-hop star network, with the modification that in the MAC header the Relay field is set to 1 or 0 depending on whether relay is involved and feasible.

The relaying node may send a control type frame to the relayed node so long as a hub may send the frame to a node in a one-hop star network, with the modification that in the MAC header

· the Relay field is set to 1 or 0 depending on whether relay is involved and feasible;

· the Recipient ID field is set to the NID of the relayed node;

· the Sender ID field is set to the NID of the relaying node. 

Upon receiving a control type frame, the recipient shall process the frame according to 7.2 specified for a one-hop star network with the additional considerations as noted above in defining the frame.

7.9.2 Selecting a relaying node for a two-hop extension
Either the relayed node or the target hub may select their relaying node through prearrangement.

The relayed node may also select node B as its relaying node if it recently received acknowledgment frames sent from node B to the target hub.  The relayed node may receive such acknowledgment frames based on the frame reception rules specified in 7.2.4, with appropriate exceptions given to the values of the Recipient ID and Sender ID fields of the MAC header of the frames.

The relayed node may as well select node C as the relaying node if it recently received T-Poll frames locally broadcast by node C.  The relayed node shall not select more than one node as its relaying node at any given time.

In selecting the relaying node, the relayed node should take into account the quality of the links between itself and the relaying node and between the relaying node and the target hub.

A relaying node in emergency, i.e, with pending Emergency frames to send, may recognize whether the relayed nodes to which it is providing relay are in emergency through receipt of Emergency frames from them.  Such a relaying node may continue or discontinue its relay service to relayed nodes that are not in emergency and to which it is providing relay, by taking into account such factors as quality of service, level of traffic load, and availability of power.  The relayed nodes relaying through a relaying node in emergency may attempt to relay through an alternative relaying capable node not in emergency to reduce the load on the relaying node.  A relaying node in emergency may accept or decline to provide relay to nodes newly requesting for relay, depending on whether the requesting nodes are in emergency, the number of relayed nodes that are in emergency and to which it is providing relay, etc.

7.9.3 Using broadcast T-Polls for a two-hop extension
To facilitate a two-hop extension for relayed nodes, a relaying node may obtain a scheduled uplink allocation in accordance with 7.7 to be used as described below and illustrated in Figure 3, setting the user priority of the allocation request to that for controlled load as defined in Table 14. 
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Figure 3 — Scheduled uplink allocation                                                                                                         for relaying node to send broadcast T-Polls and relay frames 

In the scheduled uplink allocation, the relaying node shall locally broadcast T-Poll frames formatted as if it were sending them as a hub, with the modifications that in the MAC header

· the Relay field is set to 1;

· the Recipient ID field is set to Local_Broadcast_NID;
· the Sender ID field is set to the NID of the relaying node.

Via such a T-Poll frame, the relaying node may provide either no or an immediate (shared) polled allocation within the scheduled uplink allocation, facilitating the selection of a relaying node and the synchronization with the target hub by potential relayed nodes, as well as offering the latter a frame transmission opportunity for frame relay to the target hub.  

In the scheduled uplink allocation, the relaying node may also send to the hub or relayed nodes frames it has received from relayed nodes or the hub for further transmission to the hub or relayed nodes, respectively.

A relayed node that does not directly receive beacons from the target hub should indirectly synchronize with the hub through reception of T-Poll frames sent by a relaying node in the same body area network (BAN).

A relayed node may send at most a frame to the relaying node in a shared polled allocation, initially with contention probability P = 1/2.  If the relayed node does not receive an expected acknowledgment from the relaying node, it may retry it in the shared polled allocation conveyed by another such T-Poll frame locally broadcast by the relaying node, with contention probability P = max(1/8, (1/2) / ((R+1)/2(), where R counts the retries of the frame, i.e., R equals 1 for the first retry of the frame, 2 for the second retry, and so on. The function (x( is defined to be the least integer not smaller than x. With contention probability P, the relayed node shall transmit if z ≤ P, where z is a value the relayed node has newly drawn at random from the interval [0, 1].
A relayed node may also send its frames to the relaying node in contended allocations it obtains according to 7.5 in a random access phase (RAP) or contention access phase (CAP) provided by the target hub, provided it knows their locations such as through previously received beacons and its clock drift relative to the hub since its last direct synchronization with the hub is still within the appropriate guard time.

A relayed node shall not send a frame in a polled or contended allocation if the frame transmission and the expected acknowledgment plus pSIFS would not be located within the allocation.  A relaying node should not provide an immediate shared polled allocation that is not adequately long. 

A node willing to serve as a relaying node as announced in its MAC capability field should be ready to receive frames from relayed nodes during the RAPs and CAPs when it is not transmitting.

A relayed node should send only management type or control type frames in shared polled allocations or contended allocations.  To transmit data type frames, it should obtain scheduled allocations for its two-hop extension.

7.9.4 Using improvised access for a two-hop extension
The target hub and the relaying node may obtain improvised polled and posted allocations according to 7.6.2, as if they were a hub and a node, respectively, in a one-hop star network, to exchange data or management type frames originated from or destined to the relayed node. 

The relaying node and the relayed node may obtain improvised polled and posted allocations in the scheduled uplink allocations applicable between the target hub and the relaying node according to 7.6.2, as if they were a hub and a node, respectively, in a one-hop star network, to exchange data or management type frames originated from or destined to the target hub. 

7.9.5 Starting scheduled allocations for a two-hop extension
Either the relayed node or the target hub may initiate scheduled allocations for a two-hop extension as illustrated in Figure 4, which also shows equivalent one-hop scheduled allocations, regardless of whether the latter have been obtained. 
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Figure 4 — Equivalent one-hop and two-hop scheduled allocations

7.9.5.1 Allocation request for a two-hop extension
To obtain scheduled allocations for a two-hop extension, the relayed node shall send an encapsulated Connection Request frame through the relaying node to the target hub, as illustrated in Figure 2(a) and specified in 7.9.1.1.  

In this frame, the relayed node shall include an Uplink Request IE, a Downlink Request IE, or/and a Bilink Request IE specifying equivalent scheduled allocation(s) applicable between the relayed node and the target hub in a one-hop star network, setting the Allocation ID field of each Allocation Request field of these IEs to the Allocation ID value identifying the corresponding one-hop scheduled allocation if it currently holds the latter.

7.9.5.2 Allocation assignment for a two-hop extension
To grant scheduled allocations for a two-hop extension, requested by the relayed node or initiated by itself, the target hub shall send an encapsulated Connection Assignment frame to the relaying node, which shall subsequently send the frame upon some modifications to the relayed node, as illustrated in Figure 2(c) and specified in 7.9.1.3.  

In this frame, the target hub shall include appropriate Uplink Assignment IEs, Downlink Assignment IEs, or/and Bilink Assignment IEs specifying the two-hop scheduled allocations with the following matches to the corresponding one-hop scheduled allocations:

· Each allocation applicable between the target hub and the relaying node for the two-hop extension has the same allocation direction (i.e., uplink for uplink, downlink for downlink, and bilink for bilink), and approximately the same total allocation length, as the equivalent allocation applicable between the target hub and the relayed node in a one-hop star network.

· Each allocation applicable between the relaying node and the relayed node for the two-hop extension has a bilink allocation direction and more total allocation length than the equivalent allocation applicable between the target hub and the relayed node in a one-hop star network, with the additional allocation length provided for T-Poll frame transmissions by the relaying hub.

The target hub should take into account the overall latency that results from a two-hop extension in specifying the two-hop scheduled allocation intervals.

7.9.6 Using scheduled allocations for a two-hop extension
Upon successful transmission of the encapsulating Connection Assignment frame from the target hub to the relaying node, the target hub and the relaying node shall use their scheduled allocations conveyed in the encapsulated Connection Assignment frame according to 7.7.2, as if they were a hub and a node, respectively, in a one-hop star network, to exchange data, and occasionally management, type frames originated from or destined to the relayed node.

Upon successful transmission of the encapsulating Connection Assignment frame from the relaying node to the relayed node, the relaying node and the relayed node shall use their scheduled bilink allocations conveyed in the encapsulated Connection Assignment frame according to 7.7.2, as if they were a hub and a node, respectively, in a one-hop star network, to exchange data type frames originated from or destined to the target hub.  The relaying node should send one or more T-Poll frames to the relayed node in each allocation interval of the bilink allocations, and the relayed node should perform its clock synchronization based on received T-Poll frames.

7.9.7 Modifying scheduled allocations for a two-hop extension
The relayed node and the target hub may modify their two-hop scheduled allocations through another exchange of Connection Request or/and Connection Assignment frames according to 7.7.3, as if they were a node and a hub in a one-hop star network, with additional considerations based on the modified definition in 7.9.1.3 of the Connection Assignment frames for a two-hop extension.

7.9.8 Aborting scheduled allocations for a two-hop extension
The target hub and the relaying node shall abort their two-hop scheduled allocations according to 7.7.4, as if they were a hub and a node in a one-hop star network.  Subsequently, the hub may reclaim the aborted scheduled allocations.

Once the relaying node aborts its two-hop scheduled allocations applicable with the target hub, it shall abort its two-hop scheduled allocations applicable with the relayed node as well.

The relaying node and the relayed node shall abort their two-hop scheduled allocations according to 7.7.4, as if they were a hub and a node, respectively, in a one-hop star network. 

The target hub, the relaying node, and the relayed node shall respectively transmit at least one frame requiring an immediate return of a frame in every allocation interval of their two-hop scheduled allocations allowing for such a transmission, so as to reduce the chance of experiencing an abortion of their two-hop scheduled allocations, as also specified in 7.7.4 for one-hop star network.

7.9.9 Ending scheduled allocations for a two-hop extension
The relayed node or the target hub may initiate to end their two-hop scheduled allocations at any time the initiator determines fit, in exchange for or without regaining equivalent one-hop scheduled allocations. 

The relaying node may end the two-hop scheduled allocations applicable between a relayed node and the target hub by setting to 0 the Relay field of the MAC header of a required I-Ack frame in response to a frame received from the relayed node or the target hub, when it determines that its relay between them is no longer feasible.  The relaying may, and should, keep the two-hop scheduled allocations, if any, applicable between another relayed node and the target hub, so long as its relay between them is feasible and desirable.

A relayed node, a relaying node, or a target hub shall not send a frame in an already ended scheduled allocation.

7.9.9.1 In exchange for equivalent one-hop scheduled allocations
To request for replacing the two-hop scheduled allocations with equivalent one-hop scheduled allocations, the relayed node shall send a Connection Request frame directly to the target hub as in a one-hop star network, where the frame specifies the one-hop scheduled allocations using the Allocation IDs for the two-hop scheduled allocations.   The relayed node should send the frame in a scheduled allocation applicable between itself and the relaying node.

To replace the two-hop scheduled allocations with equivalent one-hop scheduled allocations, in response to a request from the relayed node as described in the above or to its own decision, the target hub shall send to

· the relaying node an encapsulated Connection Assignment frame formatted to end the two-hop scheduled allocations as described in 7.7.5, and 

· the relayed node directly a Connection Assignment frame formated to specify the granted one-hop scheduled allocations in a one-hop star network.

The target hub should send the encapsulated Connection Assignment frame to the relaying node in a scheduled allocation applicable between itself and the relaying node.  The target hub should send the Connection Assignment frame directly to the relayed node in a scheduled allocation currently or previously applicable between the relaying node and the relayed node.

7.9.9.2 Without regaining equivalent one-hop scheduled allocations
To request for ending the two-hop scheduled allocations without regaining equivalent one-hop scheduled allocations, the relayed node shall send a Connection Request frame directly to the target hub as in a one-hop star network, where the frame is formatted to end the equivalent one-hop allocations as described in 7.7.5.  The relayed node should send the frame in a scheduled allocation applicable between itself and the relaying node.

To end the two-hop scheduled allocations without regaining equivalent one-hop scheduled allocations, in response to a request from the relayed node as described in the above or to its own decision, the target hub shall send to the relaying node an encapsulated Connection Assignment frame formatted to end the two-hop scheduled allocations as described in 7.7.5; the relaying node shall subsequently send to the relayed node the encapsulated Connection Assignment frame with the modifications as specified in 7.9.1.3. 

The target hub should send the encapsulated Connection Assignment frame to the relaying node in a scheduled allocation applicable between itself and the relaying node.  The relaying node should send the Connection Assignment frame to the relayed node in a scheduled allocation applicable between the relaying node and the relayed node.
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