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During RAN1#84bis, the following was agreed [1]:
Agreement:
· Both SA decoding and energy measurement are supported for sensing in UE autonomous resource selection.
· FFS how each of SA decoding and energy measurement is used.
· Note: strive for a design with managable complexity especially in terms of SA blind decodes, UE buffer, etc.
In this paper, we discuss how to use the sensing measurements for UE autonomous resource selection. A related discussion on how to perform energy/power sensing can be found in [4]. Other aspects of scheduling and resource reselection are discussed in [3] and [6], respectively.
Sensing and frequency resources
In the following, we use the term frequency resource to refer to the minimum unit that is considered in the system for allocation and sensing. This corresponds to the concept of subband introduced in [4]. Nevertheless, the proposals in this paper work for frequency resources with different sizes (e.g., individual RBs)
Sensing-based resource selection algorithm
In our view, sensing is used to identify a set of candidate resources for transmission. For this purpose, the sensing process categorizes frequency resources into three groups:
· ‘Unavailable’ resources. These are the resources on which the UE is not allowed to transmit.
· ‘Primary’ resources. These are the resources on which the UE can perform a transmission.
· ‘Secondary’ resources. These are the resources on which the UE may perform a transmission although this should be avoided if possible. 
We discuss in Section 3 how to assign each resource a category. 
We propose a simple way of sensing that has low complexity for the UE. In our view, every UE has a map with a prediction of frequency resources that spans 1 second, starting from next subframe. That is, at time n the UE has a map of all frequency resources for subframes n+1 to n+ Tnext,tx,max +Tspan,SA, indicating whether each of the resources is ‘Unavailable’, ‘Primary’, or ‘Secondary’. Tnext,tx,max is the maximum booking span (i.e., how far away an SA can book in the future) and Tspan,SA is the maximum SA span (i.e., how far away an SA can schedule in the future). This allows for taking into account resource bookings including retransmissions [3]. For example, the map may have dimensions 4x1100, where 4 corresponds to the number of frequency resources (4 subbands with 1/4 width) in 10 MHz, and Tnext,tx,max =1000 and Tspan,SA,=100. We illustrate this in Figure 1.
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[bookmark: _Ref450837791]Figure 1. Booking of resources 1100 subframes in the future.
At the end of every TTI/subframe, the receiving UE updates its map of the future utilization of radio resources to take into account the signals received during the TTI. That is,

where Rn and Rn+1 denote the UE’s perception of the future utilization of the radio at times n and n+1, respectively (that is, Rn describes the resources between n and n+ Tnext,tx,max +Tspan,SA  and Rn+1 describes the resources between n+1 and n+1101), Yn is the signal received during time n, and f(.,.) is an update function.
At time n, to perform resource selection for transmission of a TB (including retransmissions), a UE uses the latest available map Rn. Note that if the map is updated as we describe below, resource selection takes into account all sensing measurements spanning (at least) n-a to n-b, where a= Tnext,tx,max +Tspan,SA and b = 1. As a basis, we propose that the UE considers the nearest resources (e.g., within 20 ms) categorized as ‘Primary’ as candidate resources for transmission. In addition, some/all resources categorized as ‘Secondary’ may be considered as candidate resources for transmission, if necessary (e.g, if no or very few ‘Primary’ resources are identified). Further restrictions may be applied to ensure that the candidate resources meet other relevant requirements such as latency, bandwidth, etc. All these resources constitute the set of candidate resources for transmission.
Selection of the actual resources used for transmission is performed at random within the set of candidate resources, assigning an equal probability to all choices. We believe that randomness is necessary to ensure that UEs with similar maps of resources select different resources. As long as the set of candidate resources is large enough, using a random selection ensures that the probability that UEs with correlated observations choose the same resource(s) is low. (This is related to parameters ‘c’ and ‘d’ in the agreements from RAN1#84bis [1]).
We illustrate an example of the map at time n of resources and its application for resource selection in Figure 2. At time n, the UE needs to select 3 consecutive frequency resources for transmission of a TB. Its resource map identifies some resources that are available (‘Primary’) for selection. These are illustrated in white and blue in the figure. Resources in red are ‘Unavailable’ (for simplicity, there are no resources identified as ‘Secondary’ in the figure). However, only a few of these available resources are suitable for the UE: in some cases, the amount of contiguous resources is insufficient; in other cases, the resources are too far away in time and the latency requirements would not be met. Consequently, only resources in blue are suitable for selection by the UE. The actual selection is performed at random.
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[bookmark: _Ref450320349]Figure 2. Illustration of map of resources and its applications for resource selection. The dimensions of the map are only illustrative. 
Proposal:
· At time n, each UE has a map (denoted as Rn) of the predicted utilization of frequency resources for subframes n+1 to n+ Tnext,tx,max +Tspan,SA, where n is the present subframe. Each of the resources in the map is categorized as one of ‘Unavailable’, ‘Primary’, and ‘Secondary’ resources.
· ‘Unavailable’ if the resource cannot be selected by the UE for transmission.
· ‘Primary’ if the resource can be selected by the UE for transmission.
· ‘Secondary’ if the resources can be selected for transmission but this should be avoided whenever possible.
· Tnext,tx,max is the maximum booking span (i.e., how far away an SA can book in the future) and Tspan,SA is the maximum SA span (i.e., how far away an SA can schedule in the future).
· Resource selection at time n is restricted to the set of candidate resources that is formed by the set of ‘Primary’ resources in Rn with the addition of some of the ‘Secondary’ resources in Rn, if necessary.
· FFS: When to use secondary resources and which ones to use.
· Additional restrictions may be placed on the candidate resources (e.g., to meet latency requirements, bandwidth, etc.).
· Selection of the actual resources used for transmission is performed uniformly at random within the set of candidate resources in [n+m,n+p].
· FFS values of m, p with p > m > 0.
Update of the map of future resource utilization
In this section, we describe how to obtain an udpated map Rn+1 given the current map and the received signal Yn. The map is updated in several consecutive steps:
1. The information regarding the frequency resources at time n is dropped
2. Information regarding the frequency resources at time n+ Tnext,tx,max +Tspan,SA +1 is introduced. Intially, these resources are categorized as ‘Primary’.
3. The information regarding the frequency resources at times n+1 to n+ Tnext,tx,max +Tspan,SA +1 is updated based on the outcome of sensing:
a. [bookmark: _Ref450232170]First, information obtained from decoding SAs and energy measurements are used to update the map of resources.
b. [bookmark: _Ref450234144]Second, information obtained from unbooking SAs is used to update the map of resources.
Except for the case of resources that are unbooked, we believe that resources declared as ‘Secondary’ cannot be redeclared as ‘Primary’. Similarly, resources declared as ‘Unavailable’ cannot be redecrared as ‘Primary’ or ‘Secondary’.
Proposals:
· Each UE updates the map of future utilization of radio resources at the end of every TTI.
· Based on the combination of information obtained from decoding the SAs received and energy measurements obtained during the TTI.
· Based on the information obtained from decoding the unbooking messages received during the TTI.
· In each step, the category of a radio resource is redefined by taking the most restrictive of the previous cateogry and the newly estimate category (based on received signals).
· A resource that has been categorized as ‘Secondary’ in the past cannot be re-categorized as ‘Primary’ unless an unbooking is involved.
· A resource that has been categorized as ‘Unavailale’ in the past cannot be re-categorized as ‘Primary’ or ‘Secondary’ unless an unbooking is involved.
In the following, we discuss each of Steps 3.a and b.
[bookmark: _Ref449623347]Updates using measurements based on SA decoding (Step 3.a)
Given the contents of PSCCH [2], a UE that decodes an SA packet obtains some of the following information:
· If the SA packet schedules a transmission:
· Time-frequency resources to be used for the transmission of the TB, possibly including retransmissions 
· Priority class of the TB.
· Resource allocation mode used for selecting the resources.
· Future resource booking (i.e., whether the UE indicates the intention to reuse the frequency resource for potential transmission at TTI n+e). 
We note also that in principle the same resource could be selected for transmission by more than one UE at the same time. To minimize the effect of collisions in congested areas, it is important that a UE keeps track of the number of UEs that have scheduled a transmission on a specific resource or booked this resource. This allows, for example, a UE to prioritize selection of less-utilized resources in congestion situations. 
Energy and range considerations
SA and data packets are encoded independently of each other. Moreover, SA packets use a more conservative format (i.e., coding rate, etc.) to ensure that they do not become the bottleneck of system performance. This means that the range of SA packets may be much longer than the range of data packets. We believe that this consideration needs to be taken into account when using the contents of SA packets as an input to resource selection. For example, in an urban scenario with high UE density, it may only be possible to meet the PRR requirements only within a range of 50 m. This means that two UEs at a distance of 150 m may be using the same resources and should avoid inducing one another resource reselection. In contrast, in the same scenario but with lower UE density, it may be possible to meet the PRR requirements within a range of 150 m. In this case, two UEs spearated by 150 m should not use the same resources; instead they should perform resource reselection. 
Observations:
· The communication range of SA packets may be considerably longer the range of data packets. This needs to be taken into account in sensing-based resource selection.
Proposals:
· If the energy E of the data packet associated with an SA is below a threshold E<T, then the contents of the SA is not considered in the sensing process. 
· FFS: how to set the threshold T depending on the channel load.
Details of energy measurement are discussed in [4].
In the following, we discuss how to perform sensing by reading an SA depending on whether the resources signaled in the SA are autonomously selected by a UE or allocated by an eNB.
SA signals resources autonomously selection by a UE
UEs that are performing autonomous resource allocation should treat each other in equal grounds. 
We believe that high-priority transmissions should be protected from interference from lower-priority transmissions. Moreover, we believe that it is desirable not to interfere with trasmissions that have already been scheduled (i.e., for which an SA has already been transmitted). In Table 1, we summarize the outcome of sensing for different prioriy relations and depending on whether resources correspond to a scheduling or a booking. We consider that the booking is for the prioriy class signaled in the SA.
[bookmark: _Ref449610673]Table 1. Outcome of sensing based on reading the SA from a UE using autonomous resource selection.
	
	Priority signaled in the SA is higher or equal than the priority of the packet to transmit
	Priority signaled in the SA is lower than the priority of the packet to transmit

	Resources signaled in the SA (booking or scheduling)
	Sensing identifies the resources as ‘Unavailable’.
	Sensing identifies the resources as ‘Secondary’


Proposals:
· When decoding an SA transmitted by another UE, the sensing algorithm categorizes the frequency resources specified by the SA by taking the most restrictive of its current category and:
· If the priority signaled in the SA is higher or equal than the priority of the packet to transmit:
· ‘Unavailable’ for the resources in which the SA schedules a transmission or are booked by the SA for future use.
· If the priority signaled in the SA is lower than the priority of the packet to transmit: 
· ‘Secondary’ for the resources in which the SA schedules a transmission or are booked by the SA for future use.
SA signals resources allocated by an eNB
In a given geographical areas UEs using centralized resource allocation may coexist with UEs using autonomous resource selection. When performing resource allocation, an eNB can take into account the information from all the UEs that are sending the corresponding reports. However, the eNB cannot take into account the presence of other UEs using autonomous resource selection (e.g., because they are out of coverage or in RRC_IDLE state). Moreover, centralized resource allocation is more robust against collisions than autonomous resource selection. 
For these reasons, we believe that it is necessary to protect the transmissions scheduled by eNBs. We note also that a UE using centralized resource allocation cannot change unilaterarlly its resource allocation. That is, the collisions between UEs using centralized resource allocation and UEs using autonomous resource selection can only be avoided by the latter.
As we discuss in [2], the SA must indicate the resource selection mode used for the transmission.
[bookmark: _Ref449611143]Table 2. Outcome of sensing based on reading the SA from a UE centralized resource allocation.
	
	For all priorities

	Resources signaled in the SA (booking or scheduling)
	Sensing identifies the resources as ‘Unavailable’.


Proposals:
· When decoding an SA transmitted by a UE that uses centralized resource allocation, the sensing algorithm categorizes the frequency resources specified by the SA (for scheduling and booking) as ‘Unavailable’.
Updates based on unbooking messages (Step 3.b)
A UE that decodes an SA packet obtains may also obtain the following information:
· If the SA packets drops a coming resource booking:
· Time-frequency resources that the transmitting UE no longer intends to use. 
When a UE receives a notification that another UE no longer intends to use some frequency resources (i.e., unbooking notification), it should update its map of resources accordingly. However, the UE needs to make sure that the unbooked resources are not booked or used for transmission by another UE.
Table 3. Outcome of sensing based on reading an unbooking SA.
	
	The UE is not aware that any other of any other booking or scheduling concerning the resource.

	The SA declares that the transmitter no longer has the intention to use the resources
	Sensing identifies the resources as ‘Primary’.


Proposals:
· When decoding an unbooking SA transmitted by another UE the sensing algorithm categorizes as ‘Primary’ the frequency resources specified by the SA if it is not aware of any other booking or scheduling concerning the resource.
Conclusions 
Proposal:
· At time n, each UE has a map (denoted as Rn) of the predicted utilization of frequency resources for subframes n+1 to n+ Tnext,tx,max +Tspan,SA, where n is the present subframe. Each of the resources in the map is categorized as one of ‘Unavailable’, ‘Primary’, and ‘Secondary’ resources.
· ‘Unavailable’ if the resource cannot be selected by the UE for transmission.
· ‘Primary’ if the resource can be selected by the UE for transmission.
· ‘Secondary’ if the resources can be selected for transmission but this should be avoided whenever possible.
· Tnext,tx,max is the maximum booking span (i.e., how far away an SA can book in the future) and Tspan,SA is the maximum SA span (i.e., how far away an SA can schedule in the future).
· Resource selection at time n is restricted to the set of candidate resources that is formed by the set of ‘Primary’ resources in Rn with the addition of some of the ‘Secondary’ resources in Rn, if necessary.
· FFS: When to use secondary resources and which ones to use.
· Additional restrictions may be placed on the candidate resources (e.g., to meet latency requirements, bandwidth, etc.).
· Selection of the actual resources used for transmission is performed uniformly at random within the set of candidate resources in [n+m,n+p].
· FFS values of m, p with p > m > 0.
Proposals:
· Each UE updates the map of future utilization of radio resources at the end of every TTI.
· Based on the combination of information obtained from decoding the SAs received and energy measurements obtained during the TTI.
· Based on the information obtained from decoding the unbooking messages received during the TTI.
· In each step, the category of a radio resource is redefined by taking the most restrictive of the previous cateogry and the newly estimate category (based on received signals).
· A resource that has been categorized as ‘Secondary’ in the past cannot be re-categorized as ‘Primary’ unless an unbooking is involved.
· A resource that has been categorized as ‘Unavailale’ in the past cannot be re-categorized as ‘Primary’ or ‘Secondary’ unless an unbooking is involved.
Observations:
· The communication range of SA packets may be considerably longer the range of data packets. This needs to be taken into account in sensing-based resource selection.
Proposals:
· If the energy E of the data packet associated with an SA is below a threshold E<T, then the contents of the SA is not considered in the sensing process. 
· FFS: how to set the threshold T depending on the channel load.
Proposals:
· When decoding an SA transmitted by another UE, the sensing algorithm categorizes the frequency resources specified by the SA by taking the most restrictive of its current category and:
· If the priority signaled in the SA is higher or equal than the priority of the packet to transmit:
· ‘Unavailable’ for the resources in which the SA schedules a transmission or are booked by the SA for future use.
· If the priority signaled in the SA is lower than the priority of the packet to transmit: 
· ‘Secondary’ for the resources in which the SA schedules a transmission or are booked by the SA for future use.
Proposals:
· When decoding an SA transmitted by a UE that uses centralized resource allocation, the sensing algorithm categorizes the frequency resources specified by the SA (for scheduling and booking) as ‘Unavailable’.
Proposals:
· When decoding an unbooking SA transmitted by another UE the sensing algorithm categorizes as ‘Primary’ the frequency resources specified by the SA if it is not aware of any other booking or scheduling concerning the resource.
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