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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#86, a WI on sidelink enhancements was agreed for Rel-17 [1] and modified in [2]. In this WI, there is an objective on resource allocation enhancements to reduce power consumption: 
2. Resource allocation enhancement:
[…]
· Study the feasibility and benefit of the enhancement(s) in mode 2 for enhanced reliability and reduced latency in consideration of both PRR and PIR defined in TR37.885 (by RAN#91), and specify the identified solution if deemed feasible and beneficial [RAN1, RAN2]
· Inter-UE coordination with the following until RAN#90.
· A set of resources is determined at UE-A. This set is sent to UE-B in mode 2, and UE-B takes this into account in the resource selection for its own transmission.
In RAN1#102, a discussion paper [5] discussed several views that was later captured in a summary document [4]. There were several proposals in [4].
· Companies are encouraged to consider at least the following aspects when studying the feasibility and benefit of the enhancement(s) in mode 2
· Hidden-node problem
· Exposed-node problem
· Half duplex problem
· Consecutive packet loss (as described in WID)
· [Resource collision (i.e., Time-frequency resource overlapping [and/or Time resource overlapping] caused by the reason other than hidden-node problem]
In this contribution, we analyze and discuss how resource allocation techniques can be enhanced to improve overall system performance.
UE coordination
General framework
UE coordination can be used for relaying and hierarchical structure as proposed in [5]. In particular, it can be very useful for public safety services where a central controller can allocate resources for other UEs. It can also be useful for pedestrian UEs, where a RSU can allocate resources for the pedestrian UEs as explained in our companion contribution [6]. We see significant benefits for UE coordination:
· Better system performance, since exchanging resources can enable low-level interference coordination, thus reducing collisions
· Reduced complexity UEs that do not need to perform sensing
· Reduced power consumption since one UE can do the resource allocation for other UEs, which then do not need to listen all the time
· Deployment of hierarchical systems, which are particularly useful for public safety.
Thus, in our view, the benefits of UE coordination are obvious, and there is no need for RAN1 to spend time further studying whether UE coordination is beneficial. A simple analysis of the use cases is enough to positively conclude on the benefits of UE coordination.
Proposal 1: RAN1 to conclude that UE coordination provides improved system performance and covers new use cases for the sidelink, thus should be standardized

After RAN1#102-e, an email discussion was conducted, and almost reached agreement. In particular, proposal 1 of [4] seemed almost agreeable to the group. In our view, it should be adopted as the starting point for the discussion at RAN1#103-e, and we do not see the need for more discussion on the proposal, given the large amount of support it already had.
Proposal 2:
· When a set of resources determined at UE-A is sent to UE-B in mode 2 and UE-B takes this into account in the resource selection for its own transmission,
· for the definition of “a set of resources”, at least followings can be considered:
· Resource set which is preferred for UE-B’s transmission
· e.g.,
· Resource set which is preferred for UE-A’s reception
· Resource set which is preferred for intended receiver(s) of UE-B’s transmission 
· Resource set which is preferred not to be used by UE-B’s transmission
· e.g.,
· Resource set which is not preferred for UE-A’s reception
· Resource set with a problem for intended receiver(s) of UE-B’s transmission
· FFS: whether the “resource set” in above candidates can individually refer to the resources in the past, in the future, or in both past and future.       
· FFS details on how UE-A determines “a set of resources” in the above definitions of “a set of resources”.
· FFS details on signaling of “a set of resources”, including container used for carrying it either at the physical or at higher layers and including time domain behavior (e.g., periodic, aperiodic, semi-persistent).
· FFS relation between “a set of resources” and resource pool.
· FFS how/when UE-B takes “a set of resources” into account in the resource selection for its own transmission.
· FFS whether/how to support other assistance and/or coordinating information.
· FFS if “inter-UE coordination” is supported in all cast types.
· Note: further discussion is necessary on what definitions of “a set of resources” will be finally specified.
· FFS whether/how to handle an impact, if any, caused by the functionality of power consumption reduction to be introduced.

From our perspective, the easiest way to have the set of resources determined at UE-A communicated is by the use of the SCI. In particular, SCI format 1-A contains the following fields: priority, frequency resource assignment, time resource assignment, and resource reservation period. It seems that these fields could be used as the baseline to indicate the set of resources determined at UE A. Thus, UE coordination can be supported by using SCI format 1-A as the baseline. Any other needed information can be transmitted in a newly defined second stage SCI.
Proposal 3: 
· for UE coordination, the set of resources are sent using SCI 1-A as the baseline
· The resource allocation fields are reused with minor modification
· Any other information needed can be sent in a second stage SCI 
Issues to address for enhancements of mode 2
In the summary paper [4], proposal 3 lists:
· Companies are encouraged to consider at least the following aspects when studying the feasibility and benefit of the enhancement(s) in mode 2
· Hidden-node problem
· Exposed-node problem
· Half duplex problem
· Consecutive packet loss (as described in WID)
· [Resource collision (i.e., Time-frequency resource overlapping [and/or Time resource overlapping] caused by the reason other than hidden-node problem]
The following subsections examine each “problem” individual by estimating its extent.
Half duplex
One contributing factor to performance loss is the half duplex problem.
To examine this problem, consider two UEs: UE A and UE B. UE B is transmitting a packet to UE A within some time period, represented by a number of slots, N. In Fig. 1, if UE B selects a time slot randomly for transmission, its transmission may not be received at UE A because UE A may be transmitting to another UE (e.g. UE C) or to UE B. UE A also selects its transmission time randomly.
UE B
UE A
UE C

[bookmark: _Ref52775355]Fig. 1. Example for half duplex problem. Both UE B and UE A transmit in the same slot.
Mathematically, if UE B selects a slot randomly in a set of slots for transmission, what is the probability that UE A selects the same slot for its transmission? For example, with  slots, there are 4 combinations for transmissions by both UE A and UE B, resulting in the following square in Table 1. The ‘1’ in the pattern ‘1000’ signifies a transmission in the first slot of the period by a UE, while a ‘0’ signifies a reception opportunity. The entries within Table 1 indicate the number of transmissions that collided.
[bookmark: _Ref52461181]Table 1. Example to count the number of half-duplex problems with N=4 slots.
	
	1000
	0100
	0010
	0001

	1000
	1
	0
	0
	0

	0100
	0
	1
	0
	0

	0010
	0
	0
	1
	0

	0001
	0
	0
	0
	1



The number of times when both UEs are transmitting (half duplex problem) is . Note that while no communications are possible when both UEs are receiving, that is not the issue for the half duplex problem. The analysis for the half duplex problem can be generalized for several cases in Table 2; specifically when one UE is transmitting x times while the other UE is transmitting y times in the same period. A “# 0 collision event” counts when no transmission from UE A coincide with any transmission from UE B. A “# 2 collision event” occurs when two transmissions from UE A coincide with two transmissions from UE B.
[bookmark: _Ref52461816]Table 2. Number of times both UEs are simultaneously transmitting
	#tx UE A
	#tx UE B
	# combinations
	# 0 collision events
	# 1-collision events
	# 2-collision events

	1
	1
	
	
	
	N/A

	2
	1
	
	
	
	N/A

	2
	2
	
	
	
	

	3
	1
	
	
	
	N/A



By using the number of events in Table 2, it is possible to examine the probability of collisions (when both UEs are transmitting at the same time). The following table was generated by simulation for N=24 for several combinations of the number of transmissions by a pair of UEs. The columns ‘k’ and ‘k/N’, where k is the product of the number of transmissions of UE A and UE B, show an approximation for the probability of 1 collision events. This approximation is accurate for small k or large N. 
[bookmark: _Ref54340300]Table 3. Probabilities for N=24. (A,B) is the number of transmissions for UE A and UE B, respectively.
	#tx
	k
	k/N
	Prob. 1 Collision
	Prob. 2 Collision
	Prob. 3 Collisions
	Prob. 4 Collisions

	(1,1)
	1
	0.0417
	0.042
	N/A
	N/A
	N/A

	(2,1)
	2
	0.0833
	0.083
	N/A
	N/A
	N/A

	(3,1)
	3
	0.1250
	0.125
	N/A
	N/A
	N/A

	(4,1)
	4
	0.1667
	0.167
	N/A
	N/A
	N/A

	(2,2)
	4
	0.1667
	0.159
	0.004
	N/A
	N/A

	(3,2)
	6
	0.2500
	0.228
	0.011
	N/A
	N/A

	(4,2)
	8
	0.3333
	0.29
	0.22
	N/A
	N/A

	(3,3)
	9
	0.3750
	0.311
	0.031
	4.90E-04
	N/A

	(4,3)
	12
	0.5000
	0.375
	0.059
	0.002
	N/A

	(4,4)
	16
	0.6667
	0.429
	0.107
	0.008
	9.41E-05



The simulation results in Table 3 agree with analytic expressions for the probability of collisions that can be obtained from Table 2. Note that the probability of collisions is dominated by the one collision event. 
While this analysis uses two UEs in a simple scenario, several observations can be made when transmission opportunities are randomly chosen:
· The probability when both UEs are transmitting at the same time appears to be about k/N.
· The implication is the half-duplex problem can lead to an irreducible error when slots for transmission are selected randomly.
· The timing relationship for a re-transmission is not accounted. For example, a retransmission is within 32 slots, instead of being random. That may increase the number of collisions.
The simple two UE formulation shows the severity of the half duplex problem with transmission times are randomly selected. 
From this analysis, it is clear that the half duplex problem is a very serious issue that needs to be addressed.
Observation 1: the half duplex problem is a serious problem on the sidelink
Some possible solutions for the half-duplex problem as a function of cast type are captured in Table 4.
[bookmark: _Ref52778848]Table 4. Some possible solutions for the half-duplex problem
	Cast
	Possible approaches

	Unicast
	UE A informs UE B when UE A will transmit. For small number of transmissions, this can be a small amount of information to convey
Periodic transmission with alternating resources (as described in [5]) is another approach which may not require exchange of information.

	Groupcast
	There can be roughly  amount of information exchanged for G UEs in the group. Another option is creating a round robin schedule for transmission time – this can be a formula. 

	Broadcast
	The current sensing approach is one possible approach. Periodic transmission with alternating resources (as described in [5]) is another approach which may not require exchange of information.



Proposal 4:
· Mode 2 enhancements shall address the half duplex problem:
· There may be different solutions depending on cast type
· For unicast and groupcast, some options include one UE can indicate to the other UEs when it would like to transmit; use of a formula where parameters of the formula are exchanged
· For broadcast, means of avoiding persistent collisions need to be considered 

Hidden node
A formulation for the hidden node problem is shown in Fig. 2. UE A will not receive transmissions from UE B and UE C if both UEs transmit in the same slot and use the same subchannels. UE A is assumed not to be transmitting in this period.
UE B
UE A
UE C

[bookmark: _Ref52778987]Fig. 2. Hidden node problem. Ovals indicate coverage area.
The likelihood that UEs B and C transmitting at the same time simultaneously is similar to the half duplex problem where two UEs transmit at the same time. Note the analysis above is applicable to the hidden node problem when there is one subchannel. It is possible to extend for M subchannels in a channel assuming the subchannel(s) are consecutive and are randomly chosen. In general, if both UE B and UE C use one subchannel out of M, then the probability of both UEs selecting the same resource is 1/M. If one UE uses L1 subchannels and the other UE uses L2 subchannels, it is conjectured that the probability of any subchannel overlapping is .
In simpler terms, the probability of resource collisions for the hidden node problem is bounded between k/MN and k/N.
Observation 2: the hidden node problem is a serious problem on the sidelink
The simple two UE formulation shows the severity of the hidden node problem when transmission times are randomly selected. Some possible solutions as a function of cast type are captured in Table 5.
[bookmark: _Ref52779860]Table 5. Some possible solutions for the hidden node problem
	Cast
	Possible approaches

	Unicast
	UE A informs UE B (and C) a set of unavailable frequency (and time) resources. This can also be related to the direction of travel. For example, transmissions to the east direction are restricted to one set of subchannels in a particular zone while transmissions to the west direction use a different set of subchannels.
Periodic transmission with alternating resources (as described in [5]) is another approach which may not require exchange of information.

	Groupcast
	For multiple groups, a formula to separate groups can also be used.

	Broadcast
	Reducing the size of transmissions (number of subchannels) can also reduce the effects of the hidden node problem



Some other observations: for the shared channel, it is possible for UE A to recover data from overlapping subchannels with the combination of error correction coding and possibly differences in received power. For example, UE B can transmit on 5 subchannels while UE C transmits on 1 subchannel. It may be possible for UE A to decode the transmission from UE B. If transmission of UE C is received higher power, it may be possible to decode both transmissions. Receiving the control channel reliably may be more problematic if both UEs use the same subchannels.
Proposal 5:
· Mode 2 enhancements shall address the hidden node problem:
· There may be different solutions depending on cast type
· For unicast: some options include using the feedback channel to indicate the level of interference to the transmitter; the receiving UE indicating preferred sub-channels
· For groupcast, some options include confining members of the group to use one set of resources in order for each group to use a different set of resources
· For broadcast, means of avoiding persistent collisions need to considered including alternating resources

Exposed node
In formulation of the exposed node problem, as shown in Fig. 3, UE A and UE D use sensing to transmit in different slots. But because UE B is outside the range of UE A and UE C is outside the range of UE D, it is possible that UE A and UE D can transmit in the same slot. The exposed node problem can lead to under-utilized resources, and thus reduced capacity.
UE B
UE A
UE C
UE D

[bookmark: _Ref52787432]Fig. 3. Exposed node. Ovals indicate coverage area.
There are several ways to examine the probability of the exposed node problem. Assume that UE B is not affected by transmissions from UE A. Similarly, UE C is not affected by transmissions from UE D. If UE A and UE D use sensing, the probability of UE A and UE D selecting different transmission times is 1‑k/N. The fraction k/N is unavailable from a capacity perspective. For example for unicast, if the pair of UEs (UEs D and B) is considered as one unit and the other pair of UEs (UEs A and C) is another unit, using the approximations for a (2, 2) Tx combination, the probability of no time conflict is about 1-4/N. For groupcast, by treating each group as a unit, the probability of no time conflict is estimated to be about 1‑k/N where k is the product of number of transmissions in each group. 
Note if UE A and UE D could transmit at the same time, based on sensing, the probability of selecting non-overlapping resources is . 
Observation 3: the exposed node problem is a serious problem on the sidelink
For unicast, transmission at the same time (UE A, UE D) is possible if the selected subchannels do not overlap. This may involve knowing whether the destination (e.g., UE B) is outside the range the other transmitting UE (e.g., UE A). However, the gain in capacity may be small when the number of sub-channels is small.
For groupcast, if groups use non-overlapping resources, the transmissions between groups is decoupled and easier to manage. Coordination about which resources are allowed/disallowed can be considered.
For broadcast, since the number of UEs may be unknown, a generic scheme of partitioning may improve resource utilization for the exposed node problem.
Proposal 6:
· Mode 2 enhancements shall address the exposed node problem:
· There may be different solutions depending on cast type
· In general, restricting the number of sub-channels that can be used allows multiple UEs to transmit in the same slot 

Consecutive packet loss
This issue was discussed in [5]. The problem arises when two UEs with the same traffic periodicity or when a periodicity is a multiple of the other periodicity happen to select the same resources. The initial collision is then replicated until resource reselection. 
Rel-15 NR V2X provides significant benefits in terms of performance, compared with LTE-V. In particular, it is known that LTE-V can suffer of consecutive packet loss [3]. Note that the problem for LTE-V was known, but overall performance was sufficient for Basic Safety Messages (BSM). An example of consecutive collisions as happening for LTE-V is shown in Fig. 4. The problem arises when two UEs with the same traffic periodicity or when a periodicity is a multiple of the other periodicity happen to select the same resources. The initial collision is then replicated until resource reselection.
[image: ]
[bookmark: _Ref53125966][bookmark: _Ref471307292]Fig. 4. Example of recurring consecutive collisions. An '!' indicates a collision.

NR improves the performance and can alleviate consecutive packet loss by e.g., the use of HARQ. Note however that there can still be improvements: for instance, for periodic transmission as shown in Fig. 4, the use of HARQ results in systematic retransmissions until resource reselection, thereby resulting in an inefficient use of the resources. At least two solutions can be used:
· Option 1: the receiving UE sends a message to indicate recurring collisions: in such a case, when receiving packets from the same sensing process (indicated by the same reservation field), the UE can send a message to the transmitting UE to notify it of consecutive collisions. Note that if HARQ is used, the transmitting UE can figure it out by itself based on the NACK feedback. However, given that the consecutive NACKs may be due to other reasons than consecutive collisions (e.g., blockage), so additional feedback can be useful. In addition, if a UE transmits without requiring HARQ feedback, the notification of consecutive collision is needed. 
· Option 2: mitigating solutions: instead of always using the same resources, the UE alternates between two resources. Two consecutive TBs use different resources (the red resource for odd transmissions, the blue resource for even transmissions). This process is illustrated in Fig. 5. This way, the probability of having at least half of the packets correctly received is greatly improved.
[image: ]
[bookmark: _Ref53126004][bookmark: _Ref471308507]Fig. 5. Periodic transmission with alternating resources
Both options have their benefits: option 1 can provide better performance since when a UE is notified of consecutive collisions, it can immediately take corrective actions. Thus, this solution is appropriate for unicast or groupcast. Option 2, on the other hand, does not require any feedback, and in that sense, is more suitable for broadcast transmission. Thus, we propose the following:
Proposal 7: 
· Mode 2 enhancements shall address the consecutive collision problem for periodic traffic:
· The receiving UE can signal to the transmitting UE that consecutive collisions occur
· For periodic broadcast traffic, the transmitting UE uses two different resources for transmitting two consecutive TBs

Conclusion
Resource allocation techniques for sidelink transmission were discussed. We observe and propose the following:
Observation 1: the half duplex problem is a serious problem on the sidelink
Observation 2: the hidden node problem is a serious problem on the sidelink
Observation 3: the exposed node problem is a serious problem on the sidelink

Proposal 1: RAN1 to conclude that UE coordination provides improved system performance and covers new use cases for the sidelink, thus should be standardized
Proposal 2:
· When a set of resources determined at UE-A is sent to UE-B in mode 2 and UE-B takes this into account in the resource selection for its own transmission,
· for the definition of “a set of resources”, at least followings can be considered:
· Resource set which is preferred for UE-B’s transmission
· e.g.,
· Resource set which is preferred for UE-A’s reception
· Resource set which is preferred for intended receiver(s) of UE-B’s transmission 
· Resource set which is preferred not to be used by UE-B’s transmission
· e.g.,
· Resource set which is not preferred for UE-A’s reception
· Resource set with a problem for intended receiver(s) of UE-B’s transmission
· FFS: whether the “resource set” in above candidates can individually refer to the resources in the past, in the future, or in both past and future.       
· [bookmark: _GoBack]FFS details on how UE-A determines “a set of resources” in the above definitions of “a set of resources”.
· FFS details on signaling of “a set of resources”, including container used for carrying it either at the physical or at higher layers and including time domain behavior (e.g., periodic, aperiodic, semi-persistent).
· FFS relation between “a set of resources” and resource pool.
· FFS how/when UE-B takes “a set of resources” into account in the resource selection for its own transmission.
· FFS whether/how to support other assistance and/or coordinating information.
· FFS if “inter-UE coordination” is supported in all cast types.
· Note: further discussion is necessary on what definitions of “a set of resources” will be finally specified.
· FFS whether/how to handle an impact, if any, caused by the functionality of power consumption reduction to be introduced.
Proposal 3: 
· for UE coordination, the set of resources are sent using SCI 1-A as the baseline
· The resource allocation fields are reused with minor modification
· Any other information needed can be sent in a second stage SCI 
Proposal 4:
· Mode 2 enhancements shall address the half duplex problem:
· There may be different solutions depending on cast type
· For unicast and groupcast, some options include one UE can indicate to the other UEs when it would like to transmit; use of a formula where parameters of the formula are exchanged
· For broadcast, means of avoiding persistent collisions need to be considered 
Proposal 5:
· Mode 2 enhancements shall address the hidden node problem:
· There may be different solutions depending on cast type
· For unicast: some options include using the feedback channel to indicate the level of interference to the transmitter; the receiving UE indicating preferred sub-channels
· For groupcast, some options include confining members of the group to use one set of resources in order for each group to use a different set of resources
· For broadcast, means of avoiding persistent collisions need to considered including alternating resources
Proposal 6:
· Mode 2 enhancements shall address the exposed node problem:
· There may be different solutions depending on cast type
· In general, restricting the number of sub-channels that can be used allows multiple UEs to transmit in the same slot 
Proposal 7: 
· Mode 2 enhancements shall address the consecutive collision problem for periodic traffic:
· The receiving UE can signal to the transmitting UE that consecutive collisions occur
· For periodic broadcast traffic, the transmitting UE uses two different resources for transmitting two consecutive TBs
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