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Introduction
With short TTI (sTTI) as currently defined in RAN1 according to [1] LTE latency in DL and UL is reduced by allowing transmissions on a shorter timescale. All current MAC timers are defined in terms of 1 ms subframe. In this paper, we analyse the potentially required changes for the current MAC timers and DRX in sTTI operation.  
	Agreements:

· The minimum timing for UL grant to UL data and for DL data to DL HARQ is n + k sTTI for short TTI operation;
· Processing time >= the legacy processing time linearly downscaled with TTI length
	4 <= k <= 8
· Note that sTTI refers to 
	sPUSCH sTTI for the UL grant to UL data timing 
	sPDSCH sTTI for the DL data to DL HARQ feedback timing

· The unit for HARQ RTT timer counting is the TTI length of the TB that starts the timer
· Mac-ContentionResolutionTimer is in number of subframes regardless of which TTI length is used
· Select a sTTI scheduling scheme among the following candidates for each sTTI length
· Single level DCI 
· RRC configuration of sPDCCH search space and/or sPDCCH frequency region
· UE-specific information in sDCI related to sPDSCH/sPUSCH
· Two level DCI 
· RRC configuration may or may not at least partially indicate sPDCCH frequency region/search space for some of the variants described below
· variant 1
· Slow DCI: non UE-specific information in PDCCH 
· Fast DCI: UE-specific information in sDCI
· variant 2
· Slow DCI: UE-specific information in PDCCH
· Fast DCI: UE-specific information in sDCI
· variant 3
· Slow DCI: UE-specific information in PDCCH and/or sPDCCH
· Fast DCI: UE-specific information in sDCI
Note: the sTTI scheduling scheme may be the same or different for different sTTI length
· A UE can be dynamically (with a subframe to subframe granularity) scheduled with legacy TTI unicast PDSCH and/or short TTI unicast PDSCH

· If the UE is indicating the capability of decoding PDSCH and sPDSCH assigned with C-RNTI/SPS C-RNTI in the same subframe for a given carrier
· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the PDSCH in addition to sPDSCH
· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH
· No special consideration is specified for overlapping of sPDSCH and PDSCH
· Otherwise
· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the sPDSCH and is not required to decode PDSCH
· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH



[bookmark: _Ref178064866]Discussion
In current LTE, absolute timing of scheduling and transmission, i.e. the physical layer frame-structure, is kept mostly transparent to LTE MAC. Therefore, the term “TTI” is employed in the MAC specification, not referring to an absolute time length. In the current LTE operation, the TTI length for (most of DL/UL transmission cases) is one subframe, i.e. 1 ms. It can be assumed that the scheduling and transmission operation on MAC scales for short TTI, which relate to a shorter subframe length, of e.g. 2 OFDM symbols or 7 OFDM symbols. The behaviour of the timers and DRX, which are closely related to scheduling/transmission, i.e. TTI, is however defined on the absolute subframe length and therefore needs to be reviewed.
General MAC Timers 
LTE MAC employs a number of subframe-based timers. In the following we analyse whether the timers should be kept on 1ms-subframe operation, or should employ shorter minimum values, given the shorter sub-subframe lengths in sTTI operation. 
In the following, we review the operation of the further MAC timers, which are configured with subframe-based expiry times:
One timer, the sr-ProhibitTimer, refers to SR-periods as its basis, i.e. it can be considered a counter. Therefore, it scales automatically when shorter SR-periods are employed due to usage of sPUCCH.  No change of this timer’s behaviour is needed.
timeAlignmentTimer: at expiry the UE time alignment is considered lost, so that UE needs to re-synchronize to the network. Since the UE mobility and drifting of the UE clock is not expected to be different for sTTI, this timer does not need changes in sTTI operation.
periodicBSR-Timer, retxBSR-Timer, logicalChannelSR-ProhibitTimer: Faster BSR reporting is not foreseen for sTTI operation. While sTTI allows transmission with lower latency, in case of large buffers, the buffers are not emptied faster with sTTI, therefore faster BSR reporting is not needed.
periodicPHR-Timer, prohibitPHR-Timer: The power headroom might change with changes in pathloss, but since dynamic path loss changes to be reported do not occur faster with sTTI, also this timer does not require changes.
mac-ContentionResolutionTimer: does not require changes, since it is RACH related and therefore independent (operates before the start) of sTTI. In line with agreements. 
sCellDeactivationTimer: does not need changes, since SCell handling in CA is also independent of sTTI usage.
Proposal 1 [bookmark: _Toc465338478]In sTTI operation, reuse current timing durations of the following timers: timeAlignmentTimer, sr-ProhibitTimer, periodicBSR-Timer, retxBSR-Timer, logicalChannelSR-ProhibitTimer, periodicPHR-Timer, prohibitPHR-Timer, mac-ContentionResolutionTimer, sCellDeactivationTimer. 
Impact on DRX
PDCCH and sPDCCH monitoring
The DRX cycle determines the specific subframes during which the UE is supposed to monitor the PDCCH. If the UE finds a grant for it in PDCCH, it stays active during the rest of the subframe otherwise, it just skip monitoring the remaining subframe till the next PDCCH arrives. This continues till the onDurationTimer (specified in DRX configuration) expires. After the on duration expires, UE can sleep based on short or long DRX cycle length. In case, DRX is not configured, UE continuously monitor the PDCCH on all the subframes. Thus, DRX cycle defines a pattern in which a UE is supposed to monitor PDCCH in specific subframes and skip the PDCCH monitoring in the remaining subframes of the DRX cycle. The basic aim of DRX is to provide battery saving opportunities to the terminal by controlling the time instances when network can access the UE. With the introduction of short TTI, it is important to assess its effect on DRX timers. The DRX functionality has quite a few associated timers which are all based on subframe level granularity, i.e subframes in which UE needs to monitor the PDCCH. Since, the current definition of DRX is associated with PDCCH monitoring only, it needs to be enhanced to include monitoring of sPDCCH when configured with short TTI. 
Proposal 2 DRX definition of monitoring PDCCH subframes needs to be enhanced in order to incorporate the new requirement to monitor sPDCCH when configured with short TTI. 
According to RAN 1 agreements, if the UE is configured with short TTI, it should monitor both PDCCH and sPDCCH. This means that if DRX onDurationTimer is running, the UE needs to monitor both PDCCH as well as sPDCCH. This result in increased UE battery consumption since the UE had less time to sleep.
The requirement to monitor sPDCCH in addition to PDCCH during DRX on duration period, when short TTI is configured leads to increased UE battery consumption. 
Depending on the sTTI pattern, the number of sPDCCH per 1 ms subframe can vary. In case of 2 symbol TTI, there is a maximum of six symbols per 1ms subframe. This means the UE has to monitor a total of six sPDCCH symbols along with at least one PDCCH symbol, i.e. sixfold increase in UE monitoring occasions.  As a result, the UE stays active during the whole 1ms subframe period compared to legacy 1 ms TTI where the UE only needs to read the first, second or third symbol allocated for the PDCCH. 
The DRX power saving opportunities decreases with the number of short TTI symbols per 1 ms time frame due to increased sPDCCH monitoring requirement. 
RAN 1 is considering multiple options for a scheduling scheme which includes single level DCI and two level DCI as indicated in agreements stated in section 1. If the UE gets an indication of UE specific short TTI information in the PDCCH, there is a possibility to skip monitoring sPDCCH and potentially save energy. In case of single level DCI, RRC indicates the sPDCCH frequency region and then the UE specific information is located in sDCI. Thus, UE has to read sPDCCH to get an indication if a sTTI allocation is available for it. Two level DCI has three variants. In first variant, UE specific information is included in sDCI so almost similar to single level DCI in terms of short TTI allocation search time for UE. The variant 2 of two level DCI have the possibility to include UE specific information in the PDCCH as well. Thus, the UE gets an indication if there is a sTTI allocation in sDCI, just by reading the PDCCH. In variant 2 of two level DCI, it is compulsory information whereas in case of variant 3 of two level DCI, it is optional to include UE specific information in PDCCH.  
Only in case of variant 2 of the two level DCI is the UE partially informed about its short TTI allocations in PDCCH. In all other proposals, the UE has to read the sPDCCH in order to receive sTTI grants. 
Note though that according to current RAN 1 agreements, even in case of variant 2 of two level DCI, the UE still needs to read both PDCCH and sPDCCH. This means that in case of variant 2 of two level DCI, there could be potential improvement in terms of DRX efficiency, if RAN 1 introduce a possibility for UE to skip reading sPDCCH when there is no UE specific information in PDCCH. 
Proposal 3 From a RAN2 point of view, a scheduling option for short TTI using a two-step DCI (variant 2) should include a possibility for the UE to skip monitoring sPDCCH, in cases the PDCCH does not have any UE specific information. 
TTI length switch impact on DRX
A potential problem associated with DRX efficiency is during a switch from short TTI to 1 ms TTI. The main use case for short TTI grants is during the TCP ramp up procedure. Short TTI grants are allocated during the TCP ramp up and then the grants are switched to 1 ms TTI (legacy) to reduce control overhead. After the switch to 1ms grants, the UE would continue to monitor the sPDCCH along with receiving PDSCH. This would create an unnecessary burden for UE to read PDCCH, PDSCH and, according to new agreements, also sPDCCH even though the scheduler would not move to short TTI until the transfer is completed. Thus, there is a need to improve the power saving opportunities for the UE in this situation. 
A UE is required to monitor sPDCCH after a switch from sTTI to 1m TTI although the scheduler is not expected to allocate sTTI resources results in DRX inefficiency. 
One possibility could be to use a short TTI DRX configuration which is active immediately after the switch from short TTI to 1ms TTI. The short TTI DRX would introduce an on off pattern like normal DRX but with a granularity at symbol level TTI as shown in fig.1 below. This should be configured by RRC like current DRX and possibly include activation via a MAC-CE. The short TTI DRX would then support the UE to skip reading some sPDCCH based on this sTTI DRX configuration. 
Proposal 4 Introduce a short TTI DRX configuration to handle the DRX inefficiency caused by monitoring sPDCCH after switching from short TTI to 1ms TTI.  
[image: ]
Fig.1 sTTI DRX configuration to skip sPDCCH monitoring

DRX Timers
In the following we analyse the DRX-related MAC timers in detail:

drx-InactivityTimer: does not need scaling since it already provides a granularity of down to one subframe. 

shortDRX-cycle & longDRX-cycle: The current starting range of shortDRX-cycle include 2,5,8, 10 ms and for longDRX-cycle it is 10,20,32 and 40 ms, respectively. Long DRX-cycle does not affect sTTI grants since in case of latency critical services and other sTTI use cases, LongDRX-cycle would not be configured to avoid long latency. So, no changes are required in longDRX-cycle. sPDCCH skipped
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drx-InactivityTimer: does not need scaling since it already provides a granularity of down to one subframe. For latency critical services, shortDRX-cycle alone should be configured to achieve the latency and reliability targets in an effective manner. 

The minimum value of 2 ms for shortDRX-cycle timer is significant for 1 ms TTI operation.  In case of short TTI, shortDRX-cycle timer value of 2 ms is long since it is equivalent to 12 symbols for 2 symbol TTI so it should be possible for UE to sleep earlier in terms of short TTI. Also, as discussed earlier in section 2.2.1, RAN 1 agreement requiring UE to monitor both PDCCH and sPDCCH leads to DRX inefficiency in case the UE is operating on 1 ms TTI. Since, the shortDRX-cycle granularity is optimum to support 1 ms TTI operation, it should not be changed otherwise a lot of switching is required to adapt the shortDRX-cycle to short TTI and legacy 1 ms TTI all the time. The solution proposed in section 2 to handle the switch scenario from short TTI to 1ms TTI would require a sTTI shortDRX-cycle which would support granularity up to symbol level. This shortDRX-cycle should be activated immediately after the switch from short TTI to 1 ms TTI and it would potentially increase DRX efficiency by reducing sPDCCH monitoring when the UE is scheduled with PDSCH resources. 

Proposal 5 Introduce a short TTI shortDRX-cycle with a granularity of symbol level to enhance the DRX efficiency after the switch from short TTI to 1ms TTI. 


drx-RetransmissionTimer:  defines an additional ‘on’ period when a downlink retransmission is expected. This would prevent the UE from missing a retransmission after entering the DRX mode. It is triggered if the HARQ round trip time (RTT) expires due to problems with decoding the downlink transmission. The HARQ RTT is fixed at 8 subfrmes for FDD. Since the HARQ RTT is based on symbol level for short TTI, the requirement for minimum value of drx-Retransmission timer is also reduced. 

 A detailed analysis on the optimum value required for drx-RetransmissionTimer & drx-ULRetransmissionTimer is performed in Appendix section. The current minimum value of drx-ULRetransmissionTimer & drx-ULRetransmissionTimer of 1 ms and 3ms is significant to support the short TTI operation as well. 

Proposal 6 In sTTI operation, reuse current timing durations of the following DRX timers: drx-InactivityTimer, shortDRX-cycle, longDRX-cycle, drx-ULRetransmissionTimer  & drx-ULRetransmissionTimer for two and seven symbol TTI.

The proposed optimum values are based on fixed short TTI patterns in UL and DL. It is being proposed in RAN 1 to consider an option to dynamically change the short TTI pattern in UL within a subframe [4]. In that case, a re-evaluation of these proposed optimum values needs to be performed. 

Conclusion
In this contribution, the impact of short TTI on MAC timers is assessed in detail. There is still some clarity required from RAN 1 in terms of agreements on DL/UL sTTI patterns as well as signalling of sTTI grants which could require reconsideration of MAC timers later. Based on current RAN 1 agreements, an assessment has been made on potential changes in MAC timers and if there is any enhancements possible in DRX energy savings as well as to support new requirements for IoT terminals. 
In the previous section we made the following observations and proposals:
1. The requirement to monitor sPDCCH in addition to PDCCH during DRX on duration period, when short TTI is configured lead to increased UE battery consumption. 
The DRX power saving opportunities decreases with the number of short TTI symbols per 1 ms time frame due to increased sPDCCH monitoring requirement. 
A UE required to monitor sPDCCH after a switch from sTTI to 1m TTI although the scheduler is not expected to allocate sTTI resources results in DRX inefficiency. 
drx-InactivityTimer: does not need scaling since it already provides a granularity of down to one subframe. For latency critical services, shortDRX-cycle alone should be configured to achieve the latency and reliability targets in an effective manner. The drx-ULRetransmission Timer value of 3 msec provides optimum time to receive a HARQ retransmission using short TTI with seven symbol length in uplink.

1. In sTTI operation, reuse current timing durations of the following timers: timeAlignmentTimer, sr-ProhibitTimer, periodicBSR-Timer, retxBSR-Timer, logicalChannelSR-ProhibitTimer, periodicPHR-Timer, prohibitPHR-Timer, mac-ContentionResolutionTimer, sCellDeactivationTimer. 
1. DRX definition of monitoring PDCCH subframes needs to be enhanced in order to incorporate the new requirement to monitor sPDCCH when configured with short TTI. 
1. From a RAN2 point of view, a scheduling option for short TTI using a two-step DCI (variant 2) should include a possibility for the UE to skip monitoring sPDCCH, in cases the PDCCH does not have any UE specific information. 
1. Introduce a short TTI DRX configuration to handle the DRX inefficiency caused by monitoring sPDCCH after switching from short TTI to 1ms TTI.  
1. Introduce a short TTI shortDRX-cycle with a granularity of symbol level to enhance the DRX efficiency after the switch from short TTI to 1ms TTI. 

Proposal 12 In sTTI operation, reuse current timing durations of the following DRX timers: drx-InactivityTimer, shortDRX-cycle, longDRX-cycle, drx-RetransmissionTimer & drx-ULRetransmissionTimer for two and seven symbol TTI.
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Appendix
RAN 1 is currently discussing different UL/DL patterns for short TTI. In terms of downlink, patterns are decided since they are common in all UL/DL combinations under discussions. The two DL patterns, namely two symbol TTI and seven symbol TTI. are shown in fig.1 below [3]. 

[image: ]

Figure 1: TTIs in DL subframe for different TTI lengths and PDCCH lengths. R and C denote a OFDM symbol with CRS and potential CSI-RS, respectively.

The network would configure one of the two downlink sTTI patterns on the UE. We can consider both these downlink patterns and propose the most optimum value for drx-RetransmissionTimer while considering NACK on last symbol and n+6 offset for retransmission from the time of receiving a NACK. The focus is to translate the short TTI retransmission timer values to sub frame level as symbol level granularity requires agreements at RAN 1 level on this topic.  

DL Two symbol short TTI: In this case as shown in fig 1, the minimum number of short TTI’s per sub frame is six. If a NACK is received for last short TTI in a sub frame n, a retransmission is scheduled with n+6 which is the next sub frame. This leads to the conclusion that a value of one sub frames for a drx-RetransmissionTimer would accommodate the retransmission of two symbol short TTI pattern. The value of one sub frames is already defined for a drx-RetransmissionTimer so it can be used for two symbol TTI as well.
 
The drx-Retransmission Timer value of 1 ms provides optimum time to receive a HARQ retransmission using short TTI with two symbol length in downlink.

DL Seven symbol short TTI: The minimum number of short TTI’s per sub frame is two in this downlink pattern. If a NACK is received for last short TTI in sub frame n, a retransmission is scheduled with n+6 which is after two subframes. This leads to the conclusion that a value of three sub frames for a drx-RetransmissionTimer would accommodate the retransmission of two symbol short TTI pattern. The value of three sub frames is not defined for a drx-RetransmissionTimer sothe closest option available of 4 msec should be utilized.  

The drx-Retransmission Timer value of 3 msec provides optimum time to receive a HARQ retransmission using short TTI with seven symbol length in downlink.

The above two observations provide the optimum values of drx-Retransmission timer for both downlink short TTI patters which leads to enhanced energy saving opportunities for the terminals. 

In case of UL, there are currently three uplink short TTI patterns discussed in RAN 1. These are 7 symbol short TTI, 4 symbol short TTI and 2 symbol short TTI respectively. The 7 symbol short TTI length and 2 symbol short TTI length are present in all proposed uplink patterns. The 4 symbol TTI length is the only pattern which is missing in some options under discussion so it might not be standardized [2]. We would assess the optimum value of drx-ULRetransmissionTimer for each of these uplink short TTI pattern. 

UL Seven symbol short TTI: Like the downlink short TTI, the minimum number of short TTI’s per sub frame is two in this downlink pattern. If a NACK is received for last short TTI in sub frame n, a retransmission is scheduled with n+6 which is after two subframes. This leads to the conclusion that a value of three sub frames for a drx-ULRetransmissionTimer would accommodate the retransmission of two symbol short TTI pattern. The value of three subframes is not defined for a drx-ULRetransmissionTimer so the closest option available of 4 msec should be utilized.  

The drx-ULRetransmission Timer value of 3 ms provides optimum time to receive a HARQ retransmission using short TTI with seven symbol length in uplink.

UL Two symbol short TTI: As in DL, the minimum number of short TTI’s per sub frame is six. If a NACK is received for last short TTI in a subframe n, a retransmission is scheduled with n+6 which is the next subframe. This leads to the conclusion that a value of one subframes for a drx-ULRetransmissionTimer would accommodate the retransmission of two symbol short TTI pattern. The value of one sub frames is already defined for a drx-ULRetransmissionTimer so it can be used for two symbol TTI as well.

The drx-ULRetransmission Timer value of 1 msec provides optimum time to receive a HARQ retransmission using short TTI two symbol length in uplink.
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