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Introduction
RAN plenary agreed on a work item on Support for V2V services based on LTE sidelink [2]. Among other objectives, the work item description states: “To identify what are necessary sidelink resource allocation enhancement option(s) among the ones captured in TR 36.885 for V2V services and specify the identified option(s)”.
TR 36.885 has identified the following enhancements to resource selection/structure that should be studied to determine which principle(s) is/are beneficial [3]:
· Collision avoidance.
· Resource selection based on transmitter-specific information.
· Enhanced resource randomization.
· Introducing a finer time resource granularity and/or a coarser frequency resource granularity.
· Semi-persistent scheduling form eNB for PC5 transmission
· Cross-carrier scheduling
In this paper we discuss the principles of an algorithm for distributed resource allocation. This algorithm is based on collision avoidance and to some extent it bases resource selection on transmitter-specific information. Incidentally, this paper also contains a short discussion about enhanced resource randomization in the context of sensing-based resource allocation. In our paper [4], we evaluate the performance of the distruted resource allocation algorithm and also discuss some of the claims made in this paper.
[bookmark: _Ref442369049]Discussion on Distributed Resource Allocation 
Efficient resource allocation is essential for achieving good system performance. This is particularly relevant for highly-loaded scenarios. We expect that the highest density of users will be found in roads/streets in areas with cellular coverage. Thus, we believe that centralized resource allocation will be instrumental in achieving good performance in these scenarios. However, it is also reasonable to expect that road-traffic congestion may occassionaly take place in areas with limited or no network coverage. In these areas, resource allocation will have to be performed in a distributed or semi-distributed fashion. That is, UEs will have to decide (semi)autonomously which radio resources to use. It is important to emphasize that in distributed resource allocation, unilateral decisions by UEs can have a large impact on system performance. To avoid that a small number of UEs consistently taking bad resource allocation decision, we believe that the algorithm(s) used for distributed resource allocation need to be specified to a large extent. 
Observations:
· Efficient distributed resource allocation is necessary to achieve good system performance in many scenarios of interest.
· Under high loads, distributed resource allocation only works well if all the UEs follow a well-defined protocol.
Proposal:
· The algorithm used for distributed resource allocation is specified in sufficient detail to ensure good system performance in all scenarios and under all UE loads.
For V2V communications over PC5, the resource allocation algorithm has to deal with three types of effects: interference between UEs due to the utilization of the same resources, including collisions; interference due to in-band emissions (IBE) by other UEs transmitting in neighboring bands; packet misses due to half duplex constraints. We emphasize that degradation due to IBE is particularly harmful since it reduces the frequency-multiplexing capabilities and hence the system capacity. The distributed resource allocation algorithm should take this into account. 
Example 1: 
We illustrate the performance bottlenecks of a typical medium or high density scenario with an example (see Figure 1). 
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[bookmark: _Ref442440601]Figure 1. UEs and their communication ranges. For simplicity, other UEs that may be present in the scenario are not included in this figure.
In this example UE1-UE5 are all in range of each other. UE1-UE3 are close to each other and far away from UE5. UE4 is half way between UE1-UE3 and UE5. We observe the following regarding some possible resource allocation outcomes:
· Outcome 1: UE1 and UE4 are coscheduled for transmission in the same subframe, using different bands. Then, the message transmitted by UE1 is not received by UE5 because the IBE resulting from the transmission by UE4 masks the signal transmitted by UE1. Similarly, UE2 and UE3 do not receive the signal from UE4 due to IBE from UE1.
· Outcome 2: UE4 and UE5 are coscheduled for transmission in the same subframe, using different bands. Then, the message transmitted by UE5 is not received by UE1-UE3 because the IBE resulting from the transmission by UE4 masks the signal transmitted by UE5.
· Outcome 3: UE1 and UE2 are coscheduled for transmission in the same subframe, using different bands. Both transmissions are received correctly by UE3-UE5 because the transmissions create compatible IBE to each other, i.e., the IBE from one transmission is received (by UE3-UE5) well below the signal level of the other transmission.
These three outcomes illustrate the near-far problems due to IBE. This example shows that the best way to increase the efficiency of resource utilization is to make sure that nearby transmitters are coscheduled for transmission in the same time resources.
In addition to the considerations on IBE we note that in all three outcomes, simultaneous transmitters are affected by half-duplex issues. From a single-transmission point of view, half-duplex packet misses are unavoidable for high levels of resource utilization. However, they are simple to solve by ensuring that successive transmissions are coscheduled with different sets of users.
 Observations:
· Degradation due to IBE is especially harmful since it visibly degrades system performance.
· The resource allocation algorithm is designed to reduce the impact of the interference from other transmissions, half-duplex issues, and in particular IBE.
· The best way to improve the efficiency of resource utilization is to have nearby UEs transmit in the same time resources
· Repetitions may be used to resolve half-duplex issues.
High system capacity can only be achieved through a careful utilization of the readio resources. In view of the preceding observations, we believe that the solution should combine the first two enhancements identified in TR: 36.885: collision avoidance and selection based on transmitter-specific information (as illustrated in Example 1 in Section 5.1.1.2 TR 36.885). Collision avoidance is usually based on monitoring the utilization of the resources and it requires:
1) The utilization of the resources must exhibit some predictable behavior.
2) UEs must engage in sensing.
We believe that the goals of collision avoidance conflict with those of the third enhancement identified in TR 36.885: enhanced resource randomization. In our view, enhanced resource randomization is not compatible with collision avoidance since it tries to randomize the use of the resources. As shown in Example 1, we believe that it is more beneficial to make a structured use of resources and use a distributed allocation algorithm that jointly aims at minimizing the effects of interference, IBE, and half-duplex rather than try to randomize the behavior and its consequences. We illustrate our concerns with a further example.
Example 2:
In this case, we have four UEs located as depicted in Figure 2. UE2 performs sensing to search for resources that are good for transmission. For the selection of resources illustrated here, UE2 aims at minimizing the IBE impact to other UEs (e.g., to UE4). Since UE2 is nearby UE1, UE2 determines that simultaneous transmission with UE1 will produce compatible levels of IBE at receiver UE4 (see Figure 2, bottom). Therefore, UE2 selects resources adjacent in frequency to those to be used by UE1 for the next transmission. However, the pattern used by UE3 results in UE1, UE2, and UE3 transmitting simultaneously. Consequently, UE4 cannot decode the message transmitted by UE3 due to the IBE generated by UE1 and UE2.
The situation illustrated in this example affects many allocation aspects beyond the impact of IBE. The point is that, if a randomized resource selection approach is taken, then it usually is not feasible to find allocations for reducing the impact of issues like IBE, half-duplex, interference, etc. For moderate and high loads, any candidate allocation will be affected by transmissions from UEs with random-like patterns. Moreover, these patterns may not be known to other UEs (e.g., a UE that cannot decode the SA transmitted by another UE may not be able to know the pattern used; however, the interference may still be significant).   
[image: ]
[bookmark: _Ref442439557]Figure 2. Top: UEs and their communication ranges. Other UEs may be present in the scenario but are not shown in figure. Bottom: Allocations used by the UEs. Other resources may be used by other UEs but this is not shown in the figure.
Observations:
· Sensing-based resource allocation and enhanced resource randomization have conflicting goals:
· Sensing-based resource allocation aims at minimizing the number of bad resource allocations (e.g., with high IBEs, or interference; or affected by half-duplex issues, etc).
· Enhanced resource randomization aims at randomizing the problems of bad resource allocations.
· In order to allow for efficient sensing, it is necessary to minimize the use of randomization techniques in resource selection.
For the sake of clarity, we define the following terminology:
· Resource selection. It is a process in which a UE selects radio resources for transmission of a packet.
· Resource reselection. It is a process in which a UE that has already selected some radio resources decides to drop this choice and select new resources. That is, a UE discards its old allocation and performs a new resource. Resource reselection is always triggered by some condition.
We distinguish two types of traffic: aperiodic and perioc. Aperiodic traffic is usually triggered by some condition that is beyond the control of RAN (e.g., a car accident, etc.) and is therefore hard to predict. In contrast, periodic traffic follows a well-defined structure that can be exploited for predicting future resource utilization. 
Observations:
· Predicting future utilization of radio resources is necessary to achieve high system capacity.
· Predicting the utilization of resources by periodic traffic is feasible, for example, if UEs switch resources sufficiently seldom. 
To accommodate different types of traffic, in [1] we introduce two types of allocations depending on the relationship between the resources used by consecutive transmissions: 
· Independent allocations. In this type of allocation, the resources used for transmission of data packets in two consecutive scheduling periods are not necessarily related.
· Semi-static allocations. In this type of allocation, UEs use the same resources for consecutive transmissions. A semi-static allocation ends when some special condition occurs (e.g., the UE stops transmitting; resource reselection is triggered because a collision is detected or a timer expires, etc.).
For both allocation types, sensing and resource selection are the same. However, reselections only concern semi-static allocations. These two types of allocations are suitable for predicting the utilization of radio resources by periodic traffic.
Proposals: 
· Semi-static allocations are supported for transmission of data packets.
· FFS: details (duration, conditions for ending it, etc.).
In the rest of the paper, we describe the basic principles of a distributed algorithm for resource allocation. We first discuss allocation for transmission of data packets and then allocation for transmission of SA packets.
[bookmark: _Ref442269381] Sensing
To ensure efficient utilization of the radio resources with distributed allocation, we believe that it is necessary that UEs sense ongoing transmissions by other UEs. We distinguish two types of sensing:
· Sensing based on received power. A UE measures the received energy on specific radio resources:
· For example, based on these measurements, the UE decides whether the radio resources are considered to be in use by some other UE (i.e., ‘busy’) or not (i.e., ‘idle’). 
· For example, the UE may use the measurements to estimate whether the transmitter is far away (e.g., if the signal is weak) or near by (e.g., if the signal is strong).
· Sensing based on packet contents. A UE receives a packet and decodes it. Based on the information extracted from the packet, the UE may obtain some knowledge about the utilization of radio resources: 
· For example, by reading an SA packet a UE may know in which radio resources to expect data transmissions.
· For example, by reading a data packet a UE may know the position of the transmitter, the ID of transmitter, the type of transmitter, etc.
Both types of sensing are useful for distributed resource allocation. For example, power-based sensing can be used by a UE for finding idle resources in which to schedule its transmissions; packet contents-based sensing can be used for the same purpose or for finding distant UEs (e.g., for resource reutilization).
Proposal:
· Sensing of SA/data resources is used for distributed resource allocation.
· Sensing can be based on received energy and on packet contents (SA and data packets).
· Study use of higher-layer information (e.g., position of UEs, etc.) for resource allocation.
[bookmark: _Ref442269394]Data transmissions
[bookmark: _Ref442290761]Resource Selection
From a transmitter point of view, we define two groups of resources:
G1. Resources that lead to FDM co-scheduling with other nearby UEs. Transmission on these resources is good from an IBE point of view, since for most receivers the IBE created by nearby co-scheduled transmitters will most likely be below the level of the useful signals. Transmission on these resources is necessary to fully utilize the radio resources without creating IBE problems to the receivers.
G2. Resources that are not used by any other UE within a certain range. Transmission on these resources is necessary to ensure that other resources are used when it is not possible to have coscheduled transmissions (e.g., because there are no such resources available or because the UE is not sufficiently close to other UEs). 
In order ensure that all frequency resources are used and the IBE generated by different users do not hamper each other’s transmissions, we believe that UEs should prioritize transmitting on resources that simultaneously belong to groups G1 and G2. That is, UEs should prioritize using resources that are not used by any other UE within a certain range (e.g., the target communication range) and at the same time lead to co-scheduling with nearby UEs. In general, the relative priorities of the resources in both groups may be set depending on the scenario. For example:
· For highly loaded scenarios, UEs that detect sufficiently many resources that simultaneously belong to groups G1 and G2 may choose among such resources. UEs that do not detect enough such resources may choose among resources that belong to group G2.
· For lightly loaded scenarios, UEs may choose to transmit on resources that belong to group G2.
Most distributed resource allocation algorithms would prioritize transmission on resources that belong to group G2, without further considering G2. However, as we illustrated in Example 1 in Section 2, this leads to packed decoding errors due to IBE. Ultimately, this approach reduces the system capacity. 
Proposals:
· For transmission of data packets, UEs jointly prioritize the use of the following types of resources:
· G1. Resources that lead to FDM co-scheduling with other nearby UEs. 
· Sensing is used to detect candidate resources (e.g., UEs read SAs from other UEs and also use energy sensing).
· FFS: details of the selection algorithm and related measurements.
· G2. Resources that are not used by any other UE within a certain range. 
· Sensing is used to detect busy/idle resources (e.g., reading SAs from other UEs).
· FFS: details of the selection algorithm and related measurements.
· FFS: how to combine the resource selection goals.
[bookmark: _Ref442269405]Conditions for Resource Reselection
As we described before, we believe that semi-static allocations are essential for distributed resource allocation. However, in some circumstances the UEs will have to reselect resources. For example, UEs should reselect resources whenever they detect a collision with other UEs that are using semi-static allocations. Collisions can be detected by reading the SAs transmitted from other UEs as we illustrate this in Figure 3..
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[bookmark: _Ref442370761]Figure 3. Illustration of the advantage of having SA and data in different subframes for the purpose of detecting data packet collisions.
To avoid ping-pong effects, i.e., continuous reselection due to continuous collision, it is necessary that resource reselection is only triggered when the colliding UEs are within a certain range. That is, SAs from UEs that are far away (e.g. beyond two times the communication range) should not trigger resource reselection. For similar reasons, we prefer to avoid reselection triggered by third nodes. For example, in highly loaded scenarios it is very likely that collisions will be detected for most transmissions (e.g., by distant UEs). This will lead not only to ping-pong effects but also to flooding of the transmission resources by reselection messages.
Moreover, we believe that all UEs should go through periodic resource reselection (albeit with a relatively long period) to avoid convergence of the distributed resource alocation to a bad solution (e.g., with undetectable collisions, half duplex, etc.). To ensure that the stability of the resource allocation is not compromised, we believe that it is important that the reselection period is UE-specific. 
Finally, we believe that the performance of the distributed resource allocation algorithm can be improved if the UEs notify about their intention to reselect resources, whenever possible. In our paper [1], we describe a simple way of conveying this information.
Proposals:
· UEs avoid unnecessary reselection of the resources for data transmissions.
· Each UE periodically reselects resources for data transmission.
· UEs perform periodic reselection of resources for data transmission independently from each other and in an unsynchronized manner.
· FFS: Periodicity of reselection
· Each UE detects possible collisions of its data transmissions with data transmissions by other UEs by reading their SAs. If collision is detected (details FFS), then the UE triggers resource reselection.
· UEs signal to other UEs reselection of data resources whenever possible (details FFS).
[bookmark: _Ref442292557]SA transmissions
As we discuss in our paper [1], we believe that it is preferrable to multiplex in frequency resources used for transmission of SA packets and resources for transmission of data packets. However, we believe that a UE should avoid transmission of SA and data packets in the same subframe. In addition to our arguments in [1], transmitting SA and data in different subframes also has the advantage that UEs may read SAs from other UEs and avoid collisions or half-duplex of their data transmissions. We have already illustrated this point in Figure 3.
Note, however, the collisions of SA packets themselves cannot be detected by the transmitter due to half-duplex constraints. To avoid systematic, undetectable collisions, we believe that it is benefitial that UEs reselect their SA resources in every scheduling period. This implies that UEs will not be able to predict future utilization of SA resources. However, UEs can still aim at co-scheduling their SA transmissions with data transmissions from nearby users.
It is important to emphasize that semi-static allocations with an explicit flag indicating it (as we proposed in Section 2 and in [1]) are robust against the loss of some SA packets. The reason is that all SAs are redudant and thus the receiver can most likely decode the data packet using previously-obtained information. We illustrate this in Figure 4.
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[bookmark: _Ref442370046]Figure 4. Illustration of the robustness of semi-static allocation (with explicit flag) against the loss of some SA packets.
Observations:
· UEs are not able to detect collisions affecting their SA transmissions due to half-duplex limitations.
· If SA and data are transmitted in the same, subframe it is not feasible to detect collisions affecting the data transmissions either.
· Systematic half-duplex of SA transmissions is undersirable since SA is used for detecting data transmissions as well as collisions on data resources.
· Semi-static allocation with explicit signaling increases the robustness of the system against the loss of some SA packets.
Resource Selection
In general, the principles for selection of data resources described in Section 4.1 are also benefitial for selection of SA resources. It is however imporant to emphasize that for the purpose of detecting collisions, half-duplex, etc. affecting data transmissions, it is benefitial to transmit SA and data in different subframes.
Proposals:
· For transmission of SA packets, UE follow the same rules as for transmission of data packets
· FFS: details of the selection algorithm, sensning, and measurements.
· A UE does not transmit SA and data in the same subframe.
Resource Reselection
As described above, we believe that reselecting SA resources is necessary to avoid systematic, undetectable SA collisions.
Proposal:
· UEs reselect resources for SA transmission in every scheduling period.
Numerical evaluation
In Figure 2, we show the PRR results for the Highway-70 km/h scenario. 
1) The curve labelled as ‘Basic’ uses sensing-based resource allocation for both SA and data. UEs prioritize selection of resources that are not used within a certain range (400 m) but do not search actively for resources that lead to co-scheduling with other UEs. Every UE reselects resources, at least, every 1s. In addition, if a UE detects a collision of its data transmission (based on reading other UE’s SAs), it triggers resource reselection.
2) The curve labelled ‘SA coscheduling’ uses sensing-based resource allocation for data in the same was as for ‘Basic’. However, for SA resources, UEs actively try to find nearby UEs to co-schedule with their data transmissions, as described in Section 5. The UEs predict future utilization of the data resources based on past utilization. Moreover, the UEs obtain information about their neighboring UEs by reading their data packets and/or by performing radio measurements.
3) For the curve labelled ‘SA+Data coscheduling’, resource allocation for SA resources works as for ‘SA coscheduling’. In addition, resource allocation for data resources also prioritizes choosing data resources that lead to co-scheduling with data transmissions by other nearby UEs. 
These results show a clear advantage if UEs prioritize coscheduling their transmissions with those of nearby UEs. 
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Figure 5. PRR performance for the Highway Slow scenario with different distributed resource allocation algorithms.
Other performance results can be found in [4].
Conclusions 
Observations:
· Efficient distributed resource allocation is necessary to achieve good system performance in many scenarios of interest.
· Under high loads, distributed resource allocation only works well if all the UEs follow a well-defined protocol.
Proposal:
· The algorithm used for distributed resource allocation is specified in sufficient detail to ensure good system performance in all scenarios and under all UE loads.
Observations:
· Degradation due to IBE is especially harmful since it visibly degrades system performance.
· The resource allocation algorithm is designed to reduce the impact of the interference from other transmissions, half-duplex issues, and in particular IBE.
· The best way to improve the efficiency of resource utilization is to have nearby UEs transmit in the same time resources
· Repetitions may be used to resolve half-duplex issues.
Observations:
· Sensing-based resource allocation and enhanced resource randomization have conflicting goals:
· Sensing-based resource allocation aims at minimizing the number of bad resource allocations (e.g., with high IBEs, or interference; or affected by half-duplex issues, etc).
· Enhanced resource randomization aims at randomizing the problems of bad resource allocations.
· In order to allow for efficient sensing, it is necessary to minimize the use of randomization techniques in resource selection.
Observations:
· Predicting future utilization of radio resources is necessary to achieve high system capacity.
· Predicting the utilization of resources by periodic traffic is feasible, for example, if UEs switch resources sufficiently seldom. 
Proposals: 
· Semi-static allocations are supported for transmission of data packets.
· FFS: details (duration, conditions for ending it, etc.).
Proposal:
· Sensing of SA/data resources is used for distributed resource allocation.
· Sensing can be based on received energy and on packet contents (SA and data packets).
· Study use of higher-layer information (e.g., position of UEs, etc.) for resource allocation.
Proposals:
· For transmission of data packets, UEs jointly prioritize the use of the following types of resources:
· G1. Resources that lead to FDM co-scheduling with other nearby UEs. 
· Sensing is used to detect candidate resources (e.g., UEs read SAs from other UEs and also use energy sensing).
· FFS: details of the selection algorithm and related measurements.
· G2. Resources that are not used by any other UE within a certain range. 
· Sensing is used to detect busy/idle resources (e.g., reading SAs from other UEs).
· FFS: details of the selection algorithm and related measurements.
· FFS: how to combine the resource selection goals.
Proposals:
· UEs avoid unnecessary reselection of the resources for data transmissions.
· Each UE periodically reselects resources for data transmission.
· UEs perform periodic reselection of resources for data transmission independently from each other and in an unsynchronized manner.
· FFS: Periodicity of reselection
· Each UE detects possible collisions of its data transmissions with data transmissions by other UEs by reading their SAs. If collision is detected (details FFS), then the UE triggers resource reselection.
· UEs signal to other UEs reselection of data resources whenever possible (details FFS).
Observations:
· UEs are not able to detect collisions affecting their SA transmissions due to half-duplex limitations.
· If SA and data are transmitted in the same, subframe it is not feasible to detect collisions affecting the data transmissions either.
· Systematic half-duplex of SA transmissions is undersirable since SA is used for detecting data transmissions as well as collisions on data resources.
· Semi-static allocation with explicit signaling increases the robustness of the system against the loss of some SA packets.
Proposals:
· For transmission of SA packets, UE follow the same rules as for transmission of data packets
· FFS: details of the selection algorithm, sensning, and measurements.
· A UE does not transmit SA and data in the same subframe.
Proposal:
· UEs reselect resources for SA transmission in every scheduling period.
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