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1 Introduction

A new Work Item on “Further EUL Enhancements” was approved during the RAN#62 plenary meeting. One of the objectives of the Work Item consists in specifying technical solutions for increasing the uplink capacity, coverage, and end user performance (e.g. latency, achievable rates, etc.) [1]. More specifically, the above mentioned objective has been detailed as “Introducing enhancements for enabling high user bitrates in single and multi-carrier uplink mixed-traffic scenarios”.
Within the above scope, the Work Item identifies “An improved granting for secondary carriers and TDM operation” as one of the main areas to be enhanced. The TDM operation was discussed during the RAN#76 meeting which resulted in the following statement as the main outcome “the TDM operation to be considered further with the aim to decide on the concept for specification in RAN1#76bis”.
So, in this contribution the TDM schedulers that in RAN1#76 were considered as the main candidates for improving the TDM operation are compared in order to highlight their main pros and cons, and also the load in terms of signalling on the E-AGCH has been analytically evaluated for all the schemes.
2 TDM schedulers
Three TDM scheduling schemes have been considered in RAN1#76 as potential technical solutions for enhancing the TDM operation:
· New E-AGCH timing for zero-grant

· Grant detection

· Time-limited grant
The following subsections describe each of the schemes, highlighting their pros and cons as well as any open issues on performance or implementation. 

2.1 New E-AGCH timing for zero-grant 
· Description: A zero-grant (which may be a ZERO_GRANT or an INACTIVE) is used to explicitly terminate the UE's serving grant. the idea is for the UE to apply the zero-grant 1 TTI earlier aiming at closing the gap with respect to the data transmission of the new granted UE [2].
· Pros: This solution is able to rotate transmitting UEs without a 1-TTI gap as it is the case in the baseline.
· Cons/Open issues: It is not possible to issue 1-TTI grants to different UEs without any scheduling gaps because a zero grant needs to be sent through the E-AGCH for termination purpose, resulting in 2 grants per UE for each rotation. Scheduling gaps can also exist during retransmissions when a zero-grant is needed to stop a UE from transmitting so that a previously transmitted UE can make a retransmission. The TTI used for sending the zero-grant cannot be used for scheduling another UE.
The change in the zero-grant timing reduces the amount of time for decoding the E-AGCH by 1 TTI. This may also require modification of (possibly low-level) implementation in the UE. 
2.2 Grant Detection 

· Description: The UE transmits if and only if the CRC of the grant message sent through the E-AGCH is successful decoded (i.e., the CRC checks with its E-RNTI), otherwise it will stop the transmission right away [3].

· Pros: This scheme seems to be able to accomplish the task with a minimum amount of change. It is also one of the most efficient schemes among the candidates in terms of E-AGCH load. 
· Cons/Open Issues: It has been shown in [4], that the missed detection
 probability of E-AGCH channel is low. However, probabilities related to false alarms
 need to be taken into account in order to make sure that the scheme will work properly: 1) P(UE correctly decodes the CRC | Nothing was transmitted) : If this happens with high probability, then the UE will start its transmission and it will collide with the transmission of some other UE. 2) P(UE incorrectly decodes the CRC | Nothing was transmitted) : This is the false detection of an AG sent to another UE. If this occurs with high probability, then the UE will stop its transmission earlier than expected.

The first conditional probability above depends on the length of the CRC and can be considered quite low. However, if such a probability is low, then the complement (i.e., second conditional probability) is high and because of that the transmission will be interrupted quite often resulting in a loss of uplink throughput for the UE.

So, it would be needed to add yet another metric in order to identify that nothing was transmitted and that there is actually noise that is being decoded: P(UE decodes nothing was transmitted | Nothing was transmitted).
The above mainly aiming at setting a threshold for reducing the probability concerning to P(UE incorrectly decodes the CRC | Nothing was transmitted).
A high detection threshold may be used to reduce the amount of false detections. That would, however, increase the missed detection probability. It is not obvious at this point whether it is possible to find a detection threshold that can reduce both the missed-detection and the false-detection probability to acceptable levels.
2.3 Time Limited Grants 

· Description: This scheme gives an extra meaning to the bits of the granted transmission in order to indicate in advance the number of TTIs during which the transmission is valid, which allows to schedule a new UE right after the expiration of the previous one. The different bits of the Absolute Grant are divided into two fields, grant value and grant duration. The are two version of this scheme:
· Multiple-bit grant duration: This version can be implemented by reducing the number of bits that are currently used for the grant value, as a result, reducing the number of AGs that can be signaled. One may argue that in a "clean" environment where the bitrate is limited only by the available UE power or the UE's capability this is not really much of a drawback.
Alternatively, the number of bits of the grant channel can be increased to keep the same number of grant values. 
· Single-bit grant duration: This version preserves the number of available grant values without modifying the L1 structure of the grant channel. The current grand-scope bit is used for grant duration, allowing two values to be chosen, e.g., 1 and 4 TTI.
· Pros: This solution has the least impact on grant-channel decoding performance. By granting in advance the number of TTIs for which the transmission is valid, a new UE can be scheduled without any risk of collisions. 
· Cons/Open Issues: The load in terms of signalling on the E-AGCH is somewhat higher due to the need to renew the grant when additional data arrives for the same user. The additional load is dependent on the traffic, but it is expect to be quite limited for small bursty transmissions typical of UL smartphone traffic. 
3 Analytical evaluation of the signalling load on the E-AGCH
The next three subsections (from 3.1 to 3.3) are intended to quantify from an analytical point of view the savings that the proposed schemes may provide in terms of signalling overhead. In this regard, all the scenarios presented below are consider to deal with packet sizes of 10Kbits, which at rate of 5Mbps can be transmitted in a single TTI.
3.1 Small Packets & Short Inter Arrival Times
This subsection deals with average inter arrival times of 3ms (in other words ≈ every 1.5 TTIs there is something to be transmitted), which turns out to be close to a full buffer scenario. The amount overhead in terms of signalling for the three different schemes under analysis is quantified in Figure 1.
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Figure 1: Transmission & Activation/Deactivation for small packets and short inter arrival times, A) New E-AGCH timing for deactivation, B) Grant Detection, C) Time Limited Grants (2 TTIs granted), and D) Time Limited Grants (8 TTIs granted).

From the above set of results it can be concluded that the scheme named New E-AGCH timing for deactivation and the Grant Detection scheme operate in a similar manner and that the only difference in terms of signalling overhead comes from the grants that the New E-AGCH timing for deactivation scheme uses for deactivation purposes (Total signalling A) = 20, Total signalling B) = 10). Regarding the Time Limited Grants scheme, it can be observed that the efficiency in its performance depends on the configuration setup of the number of TTIs granted in advance. For example if only few number of TTIs are granted and the traffic behaves as full buffer then the overhead is large (Total signalling C) = 39), but if the number of TTIs is suitable enough (in this case long enough to match the traffic needs), then the signalling overhead can be comparable to the one quantified for the other schemes (Total signalling D) = 11).
3.2 Small Packets & Medium Inter Arrival Times

In this subsection, the average inter arrival times is 8ms (in other words ≈ every 4 TTIs there is something to be transmitted). The signalling overhead for the three schemes under observation is quantified as follows: Total signalling A) = 6, B) = 3, C) = 21, and D) = 10 (Annex section 6.1 shows the corresponding plots).
In this scenario the data traffic starts to be bursty, and in that case the Grant Detection scheme and the New E-AGCH timing scheme have shown to react better to the traffic needs, being the first one the one providing less signalling overhead. Regarding the Time Limited Grant scheme, it has shown again to provide a reasonable amount of signalling overhead if a proper setup for the granted TTIs is configured, being its main advantage the fact of ensuring that the grant will expire after certain amount of time (know in advance), which will prevent possible collisions of high data rates.
3.3 Small Packets & Large Inter Arrival Times
Finally, the average inter arrival times is 18ms (in other words ≈ every 9 TTIs there is something to be transmitted), being the signalling overhead quantified as follows: Total signalling A) = 4, B) = 2, C) = 10, and D) = 9 (Annex section 6.2 shows the corresponding plots).
When the traffic becomes even more bursty the observations made in the previous subsection also hold, and because of that, it is fair to say that in terms of signalling savings (i.e., from more to less) the schemes can be ordered as follows: Grant Detection, New E-AGCH timing for deactivation and Time Limited Grants. 
3.4 Summary of the signalling load on the E-AGCH

Table 2, presents a summary of the scenarios evaluated in the previous subsections:

Table 2: Comparison of the TDM schedulers, signalling load on the E-AGCH
	Small Packets &

Inter Arrival Time:
	Grant Detection

(Total Signalling)
	New E-AGCH timing for deactivation

(Total Signalling)
	Time Limited Grants

(Total Signalling)

	
	
	
	Granted TTIs = 2
	Granted TTIs = 8

	Short (≈ every 1.5 TTIs)
	10
	20
	39
	11

	Medium (≈ every 4 TTIs)
	3
	6
	21
	10

	Large (≈ every 9 TTIs)
	2
	4
	7
	9


From the conducted analysis concerning to the signalling load on the E-AGCH it is possible to say that the Grant Detection scheme in most of the cases provides the largest savings in terms of signalling overhead followed by the New E-AGCH timing for deactivation scheme, while the signalling savings for the Time Limited Grant scheme depend on the proper configuration of the number of TTIs that are granted in advance.
In this regard, either if the observed data is properly modelled through a probability distribution function of the data traffic or the UE’s buffer status is taken into consideration, then it will possible to know which is the most suitable value for the number of TTIs to be granted in advance, and in that case, this scheme can perform similar compared to other schemes in terms of signalling savings.
Proposal 1: Take into consideration the analysis presented in this paper when selecting a solution for the TDM operation.
4 Conclusion

This paper compares the performance of three different proposals that have been considered for improving the TDM operation. Table 1 presents a summary of the pros and cons associated to each of the TDM schedulers that in RAN#76 were considered as the potential technical solutions for improving the TDM operation.
Table 1: Comparison of the TDM schedulers
	Technical Aspect
	New timing for zero-grant
	Grant Detection
	Time Limited Grants

	Gaps in scheduling
	Yes: during 1-TTI rotations and possibly during retransmissions.
	No
	No

	E-AGCH load
	An additional zero-grant is needed to terminate each grant.
	Minimum
	Grant repetition is needed for sustained traffic.

	Performance issues
	Reduced delay-budget by 1 TTI for decoding the zero-grant in the UE.
	Further study needed to see if a good balance can be achieved between missed detection and false detection of grants sent for other UEs.
	None

	Implementation impacts
	Prioritization of the zero-grant in the UE's decoding procedure.
	Re-interpretation of the AG.

New detection threshold needed for AGs intended for other UEs.
	Re-interpretation of AG.


It can be seen that each scheme has its own advantages and disadvantages. In addition, there are some open issues that need to be resolved before a choice can be made. For example, the Grant Detection scheme seems both simple and efficient, but it is not known if it is possible to find a detection threshold that can reduce both the missed-detection and the false-detection probability to acceptable levels.
Based on the conducted study, we encourage companies to take into account the observations made through this paper before taking any final resolution about scheme that will be selected for improving the TDM operation.
Proposal 1: Take into consideration the analysis presented in this paper when selecting a solution for the TDM operation.
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6 Annex
6.1 Small Packets & Medium Inter Arrival Times
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Figure A.1: Transmission & Activation/Deactivation for small packets and medium inter arrival times, A) New E-AGCH timing for deactivation, B) Grant Detection, C) Time Limited Grants (2 TTIs granted), and D) Time Limited Grants (8 TTIs granted).

6.2 Small Packets & Large Inter Arrival Times
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Figure A.2: Transmission & Activation/Deactivation for small packets and medium inter arrival times, A) New E-AGCH timing for deactivation, B) Grant Detection, C) Time Limited Grants (2 TTIs granted), and D) Time Limited Grants (8 TTIs granted).

� Miss detection: P(UE doesn’t detect | signal is transmitted)


� False detection: P(UE correctly detects something | signal is not transmitted)
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