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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.  
[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. 
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. 
In the following, we review the operation of the further MAC timers, which are configured with subframe-based expiry times:
timeAlignmentTimer: at expiry the UE time alignment is considered lost, so that UE needs to re-synchronize to the network. This timer does not need changes in sTTI operation, since the drifting of the UE clock is not expected to be different for sTTI.
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. Nevertheless, in case faster BSR changes below the current minimum period of 5ms are considered worthwhile for reporting, a new minimum value of 1ms could be introduced (the value of 1ms would reflect the scaling of 14os TTI to 2os TTI well enough).
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.
sCellDeactivationTimer: does not need changes, since SCell handling in CA is also independent of sTTI usage.
[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
The DRX functionality has quite a few associated timers which are all based on subframe level granularity. 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. 
As stated earlier, the most important aspect of DRX is to provide battery saving opportunities to the terminal. sTTI feature could potentially provide opportunities to enhance the battery saving opportunities at symbol level. We can name this concept of DRX sleep at symbol level as micro sleep.
The sTTI potential to provide micro sleep possibilities depends on RAN 1 agreements on sTTI scheduling methodology. Currently, there are two methodologies under discussion and RAN 1, namely Single level DCI and Two level DCI [3]. The two level DCI had further three variants. The concept of microsleep is potentially possible with variant 2 of two level DCI. This variant enables the UE to read the PDCCH and if there is no UE specific information, it can skip reading sPDCCH. In all the other options under consideration for both single and two level DCI, terminal is required to read sPDCCH irrespective of PDCCH contents. Since, it is not clear yet if RAN 1 would agree to the variant 2 of two level DCI, it would be premature to propose increase of DRX timer’s granularity to symbol level.

Micro sleep using sTTI in DRX is potentially possible if RAN 1 agrees upon variant 2 of two level DCI. If any of the other options under discussion is selected, micro sleep  may not be possible since they require the terminal to read sPDCCH. 
Since, it is not clear yet if RAN 1 would agree to the variant 2 of two level DCI, it would be premature to propose increase of DRX timer’s granularity to symbol level.

We can still assess impact on DRX timers with sub frame level granularity. If RAN 1 agreement goes into favour of variant 2 of two level DCI, there would be a need to reassess the timers with symbol level granularity. Considering subframe level granularity, most of the DRX timers would work with current available configurations but some timers could be enhanced to new timer values for enhanced DRX performance. 

Subframe level granularity
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. 

[bookmark: _GoBack]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 and 10 msec. Since short TTI feature brought the granularity of grants to symbol level, it is possible to schedule more terminals within 1 ms sub frame with small grant, simultaneously. The terminals with small grant requirements, i.e terminals with very small data to transfer sporadically, would be able to sleep earlier as well. For such terminal’s, energy saving is another key criteria which is also met by going to sleep quickly. The terminal would be able to go to sleep earlier only with small shortDRX-cycle values. If the value of shortDRX-cycle is long, the terminal would not be able to go to sleep even though it is done with its transmissions using short TTI. Currently, we do not have a lot of options available for lower values of shortDRX-cycle, so there is a need . to increase the granularity of shortDRX-cycle starting range by adding new configuration values. In some traffic scenarios, we have the requirement to transmit very small amount of data with high reliability, mostly achieved by multiple retransmission. Since, these terminals transmit in small burst, they would be freed up earlier as short TTI grants are enough for them so they would require to have lower values of shortDRX-cycle to sleep earlier but at the same time reliability and robustness is a key aspect so they need to wake up periodically and listen to their transmission. This calls for a mix of lower end values for both shortDRX-cycle and longDRX-cycle as the lower range of longDRx-cycle starts at 10 ms which is too long considering a case when only longDRX-cycle is configured. . 

The starting range granularity of shortDRX-cycle and longDRX-cycle may need to be reconsidered since short TTI feature bring the granularity of grants to symbol level. 


drx-RetransmissionTimer: could potentially be scaled for some DL short TTI patterns since it would lead to more opportunities for terminals to sleep. The network can utilize the legacy values of drx-RetransmissionTimer but it would not be optimum from terminal cell monitoring time point of view. The terminal could be sleeping one or two sub frames earlier than possible with current drx-RetransmissionTimer values. The legacy drx-RetransmissionTimer values had been selected based on subframe level grants and four subframes gap between a NACK and a transmission. In case of short TTI transmissions, both the subframe granularity as well as time between NACK and retransmission is changed. Since, multiple transmissions can be handled in one subframe, the retransmissions occur earlier as well so we need smaller values of drx-RetransmissionTimer. In case legacy values are used, the terminal would have to wait for a longer time than required which results in more battery consumption of terminals. 
Based on UL and DL configuration of short TTI, there are different number of short TTI that can fit in one subframe. So, the value of drx-RetransmissionTimer depends on the shortTTI pattern but in general the requirements is a lower timer value due to scaling of retransmission time. For some short TTI transmission patterns, the current drx-RetransmissionTimer values are sufficient but for some transmission patterns, new drx-RetransmissionTimer need to be introduced to enhance energy saving in terminals. 

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]. 
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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 msec 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 yet defined for a drx-RetransmissionTimer so it could potentially be added in the specification. 

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. 
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Figure 2: Different sPUSCH configurations in an UL subframe for 2-symbol sTTI, where R denotes reference symbol and S denotes SRS position (if scheduled).

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 yet defined for a drx-ULRetransmissionTimer.

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

If four symbol short TTI is agreed at RAN 1, the drx-ULRetransmission Timer value of 2 msec provides optimum time to receive a HARQ retransmission using short TTI with four 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.
As discussed above, the current granularity of drx-Retransmission timer and drx-ULRetransmission timer does not support the optimum values of these timers with DL and UL pattern of short TTI lengths. So, we proposed a reconsideration to enhance these timer values. 
The starting range granularity of drx-Retransmission Timer and drx-ULRetransmission Timer needs to be reconsidered since retransmissions with short TTI grants can be received earlier at sub frame level compared to legacy TTI operation.

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. Micro sleep using sTTI in DRX is potentially possible if RAN 1 agrees upon variant 2 of two level DCI. If any of the other options under discussion is selected, micro sleep  may not be possible since they require the terminal to read sPDCCH. 
Since, it is not clear yet if RAN 1 would agree to the variant 2 of two level DCI, it would be premature to propose increase of DRX timer’s granularity to symbol level.
The starting range granularity of shortDRX-cycle and longDRX-cycle may need to be reconsidered since short TTI feature bring the granularity of grants to symbol level. 
The drx-Retransmission Timer value of 1 msec provides optimum time to receive a HARQ retransmission using short TTI with two symbol length in downlink.
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 drx-ULRetransmission Timer value of 3 msec provides optimum time to receive a HARQ retransmission using short TTI with seven symbol length in uplink.
If four symbol short TTI is agreed at RAN 1, the drx-ULRetransmission Timer value of 2 msec provides optimum time to receive a HARQ retransmission using short TTI with four symbol length in uplink.
The drx-ULRetransmission Timer value of 1 msec provides optimum time to receive a HARQ retransmission using short TTI two symbol length in uplink.
1. In sTTI operation, reuse timing of the following timers: timeAlignmentTimer, sr-ProhibitTimer, periodicBSR-Timer, retxBSR-Timer, logicalChannelSR-ProhibitTimer, periodicPHR-Timer, prohibitPHR-Timer, mac-ContentionResolutionTimer, sCellDeactivationTimer. 
drx-InactivityTimer: does not need scaling since it already provides a granularity of down to one subframe.
The starting range granularity of drx-Retransmission Timer and drx-ULRetransmission Timer needs to be reconsidered since retransmissions with short TTI grants can be received earlier at sub frame level compared to legacy TTI operation.
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