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1. Introduction

Inter base-station (BS) communications are required for collaborative coexistence of 802.22 WRAN systems, and the development of efficient, reliable, and secure methods for over-the-air inter-system communications is critical to guarantee the feasibility and overall efficiency of the collaborative coexistence mechanisms.  

We propose a Connection-based Over-the-air Inter-BS Communication Mechanism, called Logical Control Connections (LCC), for inter WRAN system coordination, which can be established and maintained over the air with very low communications overhead incurred in terms of spectrum bandwidth, messaging latency, and hardware/software complexities. 
The credit token based rental protocol (CTRP) can be implemented either by over the air, or backhaul, or jointly with both backhaul and over the air links. Section 4 describes how the CTRP can come on the top of the LCC to implement partially or totally the CTRP over the air. 

2. Logical Control Connection

The method of Logical Control Connection is to establish a connection-based logical communication channel over the air between two base stations that manage two WRAN systems respectively. The idea of Over-the-air Logical Control Connection is based on the following two key concepts:

•
Bridge Customer Premises Equipment (B-CPE)

•
Coexistence Connections

2.1 Bridge Customer Premier Device (B-CPE)

As shown in Figure 1, a Bridge CPE (B-CPE) is located in the overlapping coverage areas of two/multiple WRAN systems, for which co-existence is required. 

Note that if there is no CPE located in the overlapping coverage areas of two/multiple WRAN systems, there should be no coexistence concerns.

A B-CPE, as a regular CPE, associates with one of the base stations and establishes connections for data transmission services, which we refer to as Service Connections. The associated base station for data transmissions is called Service Base Station (S-BS) and the association is called Service Association. 

A Bridge CPE is selected by its service BS for co-existence communications. Requested by its service BS, a bridge CPE associates with another interfering base station, called Coexistence Base Station (C-BS), with which the service BS requires establishing co-existence communications. The association between the Bridge CPE and the Coexistence BS is referred to as a coexistence association. After associating with the Coexistence BS, the Bridge CPE establishes connections with the Coexistence BS, and the established connections are called Coexistence Connections and are used only for coexistence communications. 

A Logical Control Connection is established between the service BS and the coexistence BS over the service connection and the coexistence connection, with a bridge CPE as the relay. 

[image: image19.emf]Preamble MAP OS SCW

DL Sub-frame UL Sub-frame


Figure 1 Bridge CPE and Coexistence Connections

2.2 Coexistence Connections
A Coexistence Connection, as a regular connection in nature, is a connection-based logical control channel that only carries communications for inter-system coexistence.

A Coexistence Connection is established and maintained between a Bridge CPE and a Coexistence BS, when requested by the Service BS of the Bridge CPE. 

A Coexistence Connection can also be established and maintained between two base stations when they are within range of each other, as shown in Figure 2. In this case, one of the base stations behaves as a CPE of the other base station.  

A Coexistence Connection is established and maintained on physical RF channels that are occupied by the coexistence BS. No extra physical RF channel is consumed for Coexistence Connections.

The establishment and maintenances of a Coexistence Connection is performed along with data transmissions of the Bridge CPE (or Service BS, in the case of figure 2) controlled by the Service BS. The procedures of establishment and maintenance for Coexistence Connections shall in principle be the same as those for Service Connections, and shall include operations of ranging, connection acquisitions, and etc. 

The Service BS shall guarantee that the establishment and maintenance operations of Coexistence Connections are not co-scheduled with service data transmissions on the Bridge CPE. The high level scheme for co-scheduling resolutions is described in the next section.
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Figure 2 Coexistence Connections between two Base Stations

2.3 Over-the-air Coexistence Communications via LCC
Over-the-air coexistence communications via LCC is established between the Service BS and the Coexistence BS over the Service Connection and the Coexistence Connection, with a Bridge CPE as the relay. 

Functionalities of over-the-air coexistence communications are for coexistence purpose only, and include messaging for co-existence protocols, sensing measurement sharing, transmission parameters (such as frequencies, transmission power), etc.

For a Bridge CPE with a single TX/RX front end, it shall be guaranteed that service data transmissions are not co-scheduled (collided) with coexistence operations (i.e., connection establishment and maintenance, control message exchange, etc.) on the Bridge CPE. For this matter, the Service BS shall control and schedule the coexistence operations between the Bridge CPE and the Coexistence BS. The scheduling scheme for service data transmissions and coexistence operations are depicted in Figure 3. 

,The Bridge CPE only maintains communications with the Service BS for service data transmissions when not scheduled for coexistence operations by the Service BS. Any coexistence messages or scheduling transmitted from the Coexistence BS are ignored by the Bridge CPE. When being scheduled for coexistence operations by the service BS, the Bridge CPE requests and establishes communications with the Coexistence BS for coexistence operations. The coexistence operations can be performed up to the Coexistence Operation Period scheduled by the service BS. After the Coexistence Operation Period expires, the Bridge CPE resumes communications with the service BS and terminates communications with the coexistence BS.
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Figure 3 Scheduling of service data transmissions and coexistence operations for a Bridge CPE
3. Scheduling of Inter-BS Communications using LCC
This section describes the scheduling methods of over-the-air Inter Base Station Communications applying the Logical Control Connection (LCC) concept for the coexistence of WRAN systems. 

3.1 Basic Scenarios and Basic Assumptions

Procedures for two scenarios are specified: 

1)
Two (multiple) WRAN systems sharing a singe channel, which can only be occupied by one WRAN system at a time;

2)
Two (multiple) WRAN systems sharing two (multiple) channels or sub-channels of the same channel at the same time.

We assume the following basic conditions:

1)
Coexisting WRAN systems synchronize MAC frames by sharing a common clock.

2)
There exists a periodic Self Coexistence Window (SCW), which is at the end of every frame/super-frame.

3)
Offeror Slots (OS) are available for dedicated radio resource announcement, discovery and negotiation.

3.2 MAC Frame Structure
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Figure 4 MAC Frame Structure
As shown in Figure 4, the MAC frame structure is modified by including Offeror Slots (OS) in the DL sub-frame in order to enable efficient inter-BS communications.

The Offeror Slot is dedicated to an Offering WRAN system for announcing, discovering and negotiating the available radio resource. Potentially, DL OS may not be fixed provided that its position wthin the frame can be known. Also, DL OS could be handled by the SCW configured in a periodical dedicated contention free slot to support dedicated neogotations between BSs jointly with LCC.
On the other hand, SCW (Self Coexistence Window) is a contention window shared by all WRAN systems for transmitting/receiving coexistence messages (CBP packets).
3.3 Scheduling method of LCC for Scenario I

We specify in this section the procedure of LCC based inter-system (inter Base Stations) communications for the scenario in which two WRAN systems are sharing a single channel (coexistence channel) that can only be occupied by one WRAN system at a time. The procedure described below can be generalized to multiple WRAN systems sharing single channel scenarios.

a) Initial Condition

Figure 5 depicts the initial condition of Scenario I: service connections have been established between the service base station (S-BS) and the bridge CPE (B-CPE) on channel A (the coexistence channel) as indicated as solid line in Figure 5; the coexistence BS (C-BS) is just about to start service provisions; CPE1 and CPE2 have not yet associated with any base station.
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Figure 5 – The Initial Condition of Scenario I 

b) Announcement and Detection of the coexistence scenario

See Figure 6. Steps are as follows.

i) C-BS announces its existence through DL Offeror Slots (OS) or/and Self Coexistence Window (SCW). 

ii) B-CPE captures C-BS’s announcements and reports to S-BS.

iii) S-BS instructs B-CPE to notify S-BS’s existence to C-BS through SCW.

iv) S-BS and C-BS use the offeror slots (OS) to enable offeror and renter BSs to communicate for CTRP (discovery, negotiation).
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Figure 6 – Announcement and Detection of a C-BS in Scenario I

c) Initial Coexistence Resolution

i) C-BS sends coexistence (e.g. spectrum contention, CTRP) requests to S-BS (via B-CPE) through SCW.

ii) S-BS responds to C-BS’s requests via B-CPE through SCW.

iii) If C-BS acquires a portion of the coexistence channel, follow the procedure for scenario II.
iv) Else if C-BS fails to acquire the coexistence channel (e.g., loses the spectrum contention or is refused resource renting on channel A), go back to step i) to repeat the coexistence resolution process.

v) Else if C-BS acquires the coexistence channel (e.g., wins the spectrum contention or is accepted for resource renting on channel A)

1) S-BS instructs B-CPE to setup Coexistence Connection(s) with C-BS after the channel is released.

2) S-BS instructs B-CPE to request “Reserved Time Slots” (RTS) for B-CPE to S-BS communications on the channel after the channel is release.

3) S-BS provides B-CPE parameters (e.g. spectrum contention numbers, or CTRP related) and strategies for coexistence with C-BS.

4) S-BS releases the channel at the time both S-BS and C-BS agree upon. 

d) Coexistence Connection Establishment

i) B-CPE, as instructed by S-BS, sets up coexistence connection(s) with C-BS on the coexistence channel as indicated as dot-line in Figure 7.

ii) B-CPE requests for “Reserved Time Slots” (RTS) for B-CPE to S-BS communications on the coexistence channel. During RTS, C-BS ceases all interfering communications in its own system so that interference-free communications between S-BS and B-CPE are allowed.

See Figure 7.
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Figure 7 – Interference-free Operations in Scenario I

e) Inter Base Station Communications (when C-BS occupies the channel)

When S-BS has released the coexistence channel, the following steps describe S-BS to C-BS communication procedure.

i) RTS Monitoring

S-BS shall periodically monitors in the Reserved Time Slots (RTS) feedback messages from B-CPE. RTS monitoring is scheduled in the Uplink Sub-frame.

ii) B-CPE to C-BS communications

B-CPE communicates with C-BS through assigned transmission opportunities granted by the C-BS MAP (transmission schedule) on the coexistence channel. 

iii) Coexistence Bandwidth Allocation 

B-CPE sends RTS requests to C-BS through assigned transmission opportunities granted by C-BS for interference-free B-CPE to S-BS communications. C-BS grants RTS to B-CPE if possible. 

Note that C-BS and the associated CPEs will not transmit during the B-CPE to S-BS allocation.
iv) Feedback of Coexistence Bandwidth Allocation

B-CPE feeds back to S-BS the coexistence BW Allocation (RTS allocation) in RTS, in which S-BS periodically monitors for BW allocation feedback.

v) B-CPE to S-BS communications

S-BS communicates with B-CPE in RTS. 

vi) B-CPE to C-BS communications

B-CPE communicates with C-BS through assigned transmission opportunities granted by the C-BS MAP on the coexistence channel.

See Figure 7 and Figure 8.
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Figure 8 – S-BS to C-BS Communications via B-CPE after S-BS has released the channel

f) Coexistence Resolution

Co-existence information (e.g. credit tokens or spectrum contention numbers) is exchanged between base stations (S-BS and C-BS) via the service connection and the co-existence connection. The winner of the resource negotiation will operate on the channel and the loser will give up the channel. 

RTS Request information of the losing base station shall be sent to the winning base station for the next phase of inter-BS communications. 

For example, if S-BS acquires the channel, C-BS ceases operation on the coexistence channel. Before the terminating its operation, C-BS sends RTS request to S-BS via B-CPE. B-CPE maintains the co-existence connection with C-BS. See Figure 9.
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Figure 9 – Interference-free Operations and Coexistence Connection Maintenance

g) Inter Base Station Communications (when S-BS occupies the channel)

When C-BS has released the coexistence channel, the following steps describe S-BS to C-BS communication procedure.

i) RTS Monitoring

C-BS shall periodically monitors in the Reserved Time Slots (RTS) feedback messages from B-CPE. RTS monitoring is scheduled in the Uplink Sub-frame.
ii) B-CPE to S-BS Communications

B-CPE communicates with S-BS through assigned transmission opportunities granted by the S-BS MAP on the channel.

iii) Coexistence Bandwidth Allocation

Based on the RTS requests sent by C-BS, S-BS grants RTS to C-CPE if possible. 

iv) Feedback of Coexistence Bandwidth Allocation

B-CPE feeds back to C-BS the coexistence BW Allocation (RTS allocation) in RTS, in which C-BS periodically monitors for BW allocation feedback. 

v) B-CPE to C-BS Communications

C-BS communicates with B-CPE in RTS.

vi) B-CPE to S-BS communications

B-CPE communicates with S-BS through assigned transmission opportunities granted by the S-BS MAP on the channel.

See figure 9 and figure 10.
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Figure 10 – S-BS to C-BS Communications via B-CPE after C-BS has released the channel

h) Iterative Coexistence Communication and Resolution

1) Repeat step f) for Coexistence Resolutions. 

2) Repeat step e) or g) for inter-BS communications.  

3.4 Scheduling method of LCC for Scenario II

We specify in this section the procedure of inter-system (BS) communications for the scenario in which two (multiple) WRAN systems sharing two (multiple) channels or sub-channels of the same channel at the same time.
a) Initial Condition

Figure 11 depicts the initial condition in scenario II: S-BS/B-CPE are using channel A, and C-BS/CPE1/CPE2 are using channel B.
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Figure 11 – Initial Condition in Scenario II

b) Announcement and Detection of the coexistence scenario

See Figure 12. The procedure is as follows.

1. S-BS and C-BS announce their existence in DL Offorer Slots (OS) or Self Coexistence Window (SCW). If SCW is used, announcements can be done by base stations themselves or via bridge CPEs, such as B-CPE and CPE1.
2. S-BS and C-BS use the offeror slots (OS) to enable offeror and renter BSs to communicate for CTRP (discovery, negotiation).
3. S-BS and C-BS capture the existences and channel usages of each other. 
In the example scenario in Figure12, S-BS detects C-BS is using channel B and C-BS detects S-BS is using channel A.
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Figure 12 – Announcement and Detection of a C-BS in Scenario II

c) Coexistence Connection Establishment and Maintenance

S-BS instructs B-CPE to establish and maintain coexistence connections with C-BS in channel B; Similarly, C-BS could instruct CPE1 to establish and maintain coexistence connections with S-BS in channel A. 

See Figure 13.
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Figure 13 - Coexistence Connection Establishment and Inter-BS Communications in Scenario II

d) Inter Base Station Communications

The following steps specify the procedure for communications between S-BS and C-BS via B-CPE (initialized by S-BS), as illustrated in Figure 14:

i) Periodic Coexistence Polling Slots (CPS)

After coexistence connection(s) has been established with B-CPE, C-BS periodically schedules Coexistence Polling Slots (CPS) for asynchronized B-CPE to C-BS communications. 

S-BS also schedules periodic CPS to reestablish communications with B-CPE after coexistence communications between B-CPE and C-BS has completed.

CPS could be used for coexistence message transmissions if the size of the coexistence message fits in the CPS.
ii) B-CPE to C-BS Communications

S-BS schedules B-CPE to communicate with C-BS through the coexistence connections for a Coexistence Operation Period (e.g., 2-frame duration). 

During a coexistence operation period:

a. B-CPE switches to channel B and decodes the MAP of C-BS;

b. B-CPE sends BW requests via the scheduled CPS;

c. C-BS grants BW to B-CPE for communicating with B-CPE.

d. C-BS and B-CPE communicate with each other using the allocated BW.

Note that during B-CPE to C-BS communication period, C-BS does not schedule CPS for B-CPE. However, C-BS resumes CPS scheduling for B-CPE after the communications with B-CPE is completed.

iii) B-CPE to S-BS Communications

a. After the Coexistence Operation Period, S-BS periodically schedules Coexistence Polling Slots for asynchronizaed B-CPE to S-BS communications, until B-CPE to S-BS communications are reestablished.

b. After B-CPE to C-BS communications, B-CPE switches back to channel A, and decodes the MAP of S-BS, in search of CPS of the S-BS.

c. B-CPE sends BW requests to S-BS via the scheduled CPS.

d. S-BS grants BW to B-CPE for communicating with B-CPE.

e. C-BS and B-CPE communicate with each other using the allocated BW.
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Figure 14 – Inter-BS Communications via B-CPE on Two Channels

Communications between S-BS and C-BS via CPE1 follow the same procedure as specified above.
4. Joint Usage of LCC and Credit Token based Rental Protocol 

As mentioned in section 6.21.2.3.5.2 of the draft proposal [1], the credit token based rental protocol (CTRP) can be implemented over the air, via backhaul, or jointly with both backhaul and over the air links. 

This section describes how the CTRP can exist on the top of the LCC to partially or totally implement the CTRP over the air. 

As shown in Figure 83 of the draft proposal, CTRP requires exchanging messages between the offeror BS (O-BS) and each renter BS (R-BS) of different WRANs, requiring reliable and real time BS to BS communications. 

The over the air discovery phase (sequence 1) of the CTRP consists of the discovery of O-BS’s radio resources sharing offers by the neighbouring R-BSs. This is achieved by broadcasting. 

The over the air negotiation phases (sequences 2 to 10) of the CTRP between O-BS and R-BSs require dedicated O-BS ↔  R-BS communication establishment.

In both the discovery and negotiation phases, the messages between O-BS and R-BSs are conveyed by the B-CPEs that act as RF bridges between the O-BS and R-BSs. CTRPs use dedicated time intervals to convey these messages with the support of the LCC establisment and maintenance procedures.
4.1 Rental Protocol Frame Structure

In order to enable real time renting while supporting several parallel rentings originated by several O-BSs, the proposed frame structure (Figure 5) is:

· The frame is structured with a Rental Protocol Period (RPP) of duration TRPP. This period repeats periodically every Inter Rental Protocol Period (IRPP) of duration TIRPP. 

· Each RPP is composed of N frames (i.e., N renting processes initiated by N different O-BSs can be handed in parallel).

· Each frame is composed of DL and UL.

· In each frame, a DL OS (DL Offeror Slot) is located in the DL subframe. This DL OS can be a dedicated contention free SCW.

· The DL OS is used by the LCC procedure to enable the DL operations between the Bofferor-CPE (belonging to the O-BS) and the R-BSs.

· In each frame, CPS is located in the UL subframe. The coexistence polling slot (CPS) can be allocated anywhere in the UL subframe and is not necessarily contiguous.

· The CPS is used by the LCC procedure to enable the UL operations respectively between the Bofferor-CPE (belonging to the O-BS) and the O-BS, and between the Bofferor-CPE (belonging to the O-BS) and the R-BS.

With the CTRP, the frame (Figure 5) is used as follows: 

· Any new O-BS is assigned with a free DL OS (un-used by any another O-BS) in the RPP for its own renting operations with the R-BSs. This O-BS is using the CPS corresponding to the frame this DL OS belongs to. 

· Once this O-BS is assigned with a DL OS, this O-BS always uses the same frame in each RPP to communicate with the R-BSs (via LCC) until the CTRP between the O-BS and R-BSs is complete. During all this time, this DL OS is dedicated to this O-BS.

· During each frame of the RPP, the O-BS assigned to this frame can establish parallel connections with several R-BSs. There is a Bofferor-CPE (belonging to the O-BS) for each O-BS ↔  R-BS connection:

· The OS DL is dedicated for all the DL connections with the Bofferor-CPEs,

· There are as many CPSs as Bofferor-CPEs (belonging to the O-BS).
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Figure 15: Frame structure for rental protocol over the air

4.2 Discovery phase

This section describes the discovery phase of the CTRP when applied over the air. The purpose of this phase is to allow possible future R-BSs to discover the O-BS’s offers.
Any BS wishing to make an offer becomes an O-BS. In order to advertise this offer to the neighbouring BSs (future possible R-BSs), the O-BS is assigned with a free DL OS (not already used by another O-BS) in the RPP for its own renting operations. The O-BS broadcasts this advertisement message periodically over several RPPs to inform the neighbouring BSs. In particular, this message can include renting period access modalities (e.g., the renting period duration Δ, starting time of the renting period Tstart, reserve price auction RPA, etc.) related to the CTRP rules established by the spectrum etiquette (section 6.21.2.3.5.2 of [1]).

The O-BS advertisement message broadcast during the DL OS of sucessive RPPs is intended to be detected by Brenting-CPEs. Brenting-CPEs are CPEs belonging to the future possible renting R-BS(s). These Brenting-CPEs are located in the overlapped coverage area of O-BS and each possible R-BS 

The Brenting-CPEs that detected this O-BS’s advertisement message reports this message information to their own BS (R-BS) in a regular fashion. In case of detection, the report triggering from the Brenting-CPEs towards the R-BS is not systematic to avoid unnecessary bandwidth use. The reporting of the Brenting-CPEs towards the R-BS is managed according to the policy instructed by the R-BS to its own Brenting-CPEs. Based on the information reported to the R-BS by its Brenting-CPEs, the R-BS is in a position to assess whether the O-BS’s offer (Δ, Tstart, RPA, etc) meets its needs. Based on this assessment, the R-BS decides whether to join negotiations with the O-BS. 

As previously mentioned, prior to the detection by the Brenting-CPEs, the possible future R-BS initially instructs (by a regular broadcasting message) its own Brenting-CPEs when the Brenting-CPEs reporting has to be triggered. The Brenting-CPEs are in charge of monitoring the set of offers from different O-BSs transmitted on the different DL OSs. Depending on the monitored offers’s values (Δ, Tstart, RPA, etc) from the different O-BSs, the policy message specifies that the Brenting-CPEs are allowed to transmit the reporting only if these values (Δ, Tstart, RPA, etc) are meeting the R-BS’s renting strategy. This mechanism prevents unnecessary transmissions from the Brenting-CPEs to each R-BS when the O-BS’s offer is not aligned with the R-BS’s strategy. Any policy can be established by each R-BS, and this policy can be adapted dynamically in time by the R-BS. Also, this policy allows the R-BS to schedule the reporting between several Brenting-CPEs candidate. In particular, the policy can limit the number of reports to limit signalling overhead, while ensuring information reliability and security check in the reporting when several Brenting-CPEs report to it.

4.3 Negotiation phase

When the R-BS decided to join in negotiation with the O-BS, the O-BS ↔ R-BS connection is established using LCC. The LCC includes respectively the Bofferor-CPE ↔ R-BS and Bofferor-CPE ↔ O-BS communications. Assuming the DL OS of the first frame of RPP has been assigned to an O-BS, Figure 16 and Figure 17 illustrates respectively the communications between the the Bofferor-CPE ↔ R-BS and Bofferor-CPE ↔ O-BS. The Bofferor-CPE belongs to the O-BS. Dashed blue and green slots mean that they are currently used for the LCC procedures. With respect to the LCC terminology, R-BS acts as the C-BS, and the O-BS acts as the S-BS.
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Figure 16: B-CPE <-> R-BS communication using LCC
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Figure 17: B-CPE <-> O-BS communication using LCC
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Abstract


We introduce a mechanism of Connection-based Over-the-air Inter base-stations Communications, called Logical Control Connection, which enables efficient, reliable, and secure base-station to base-station communications and particularly benefits the collaborative co-existence mechanisms.
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