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[bookmark: _Ref477364681]Introduction
At RAN1#88 the supported sTTI combinations in {DL,UL} were agreed to be: {2,2}, {7,7} and {2,7}, and also that a single configuration applies for the carriers within a PUCCH group.

	Agreements:
· Confirm working assumption on support for {DL,UL} sTTI combination {2,7}.
· The UE is configured by higher layers to operate one of the following sTTI combination {DL, UL} within a PUCCH group: {2, 2}, {2,7} and {7,7}
· FFS whether different sTTI combination can be configured for different PUCCH group




At RAN1#88b it was agreed that different sTTI lengths can be configured the serving cells across different PUCCH groups in the DL. How to handle the UL was still left FFS.

	Agreement:
Different DL sTTI length can be configured for the serving cells across different PUCCH groups for which sTTI operation is configured
FFS: If different UL sTTI lengths can be configured for the serving cells across different PUCCH groups for which sTTI operation is configured



This paper outlines how to handle sTTI combinations across PUCCH groups in UL. It also considers the allocation of TTI together with sTTI both within and across PUCCH groups.
[bookmark: _Ref178064866]Discussion
[bookmark: _Ref481505741]TTI and sTTI combinations
Due to the dynamic fallback between sTTI and TTI operation it is always possible to have 1 ms TTI operation mixed with sTTI operation across different carriers.  While the switch between the operation of the configured sTTI and 1 ms operation is dynamic, the DL and UL sTTI length to be used is configured by RRC signalling, see Figure 1.


[bookmark: _Ref479839627]Figure 1: (s)TTI combinations
The reason to allow asymmetrical allocations in {DL, UL}, i.e. {2,7} is primarily to improve UL coverage while still minimizing impact to latency.
One could also envisage that combinations {2,14} and {7,14} would be allowed for full flexibility of (s)TTI combinations. However, using a longer UL TTI will have a negative impact on latency and hence there should be clear benefits of also allowing such combinations.
The performance gain of going from {2,2} to {2,7} is mainly three-fold: 
1. Added frequency diversity gain
2. Reduced DMRS overhead, and,
3. Performance improvements if not all DL sTTIs reported in one UL sTTI are scheduled.
The gain of (1) is roughly 3 dB, the gain of (2) is roughly 2.5-3.3 dB[footnoteRef:2] (depending on #CA and #layers), i.e. 5 data symbols carrying 3 DL sTTIs compared to 1 data symbol carrying 1 DL sTTI). In [3] the gain from simulations has for example been seen to be 5.6 dB which reasonably well aligns with the theoretical reasoning. Further improvements due to (3) has also been shown in [3], reaching in the simulated scenario up to 2 dB if only one 2/3os DL sTTI is reported by the 7os UL sTTI sPUCCH. [2:  Assuming for example two transport blocks per carrier and 2 carriers, the payload bits for 2/3os is 5 bits (4 A/N + 1 SR) and for 7os 13 bits (4 A/N*3 DL sTTI + 1 SR), which are carried by 1 and 5 data symbols respectively: 10*log10((5/7)/(1/3))=2.8 dB.] 

Comparing the justification to allow the {2,7} combination with {2,14} and {7,14}, the situation is quite different. If assuming {2,7} and {7,7} as the reference configurations for the two cases, there is no gain from (1) since frequency hopping is already supported for the 7os sPUCCH design. Hence, roughly 3 dB of the gain seen when introducing {2,7} is lost. The gain from (2) is also not as evident where the expected theoretical gain of 2.5-3.3 dB for {2,7} reduces to 1-1.6 dB for {7,14} and 0.9-1.1 dB for {2,14}. The performance gains from (3) still applies also for {2,14} and {7,14} but it should be noted that these gains are dependent on scheduler decisions and hence no gains that are guaranteed.
In Table 1 summarizes the reasoning above (excluding the possible improvements from scheduling which can be expected on a per scheduling decision basis only). It should be noted that the estimated gains are based on theoretical reasoning when estimating the gain from reduced DMRS, although partly also confirmed by simulations as pointed out above.
[bookmark: _Ref479845281]Table 1: Expected gains based on energy per bit and DMRS overhead calculations
	
	FH gain
	Reduced DMRS overhead
	Total gain

	{2,7} vs {2,2}
	3 dB
	2.5-3.3
	5.5-6.3

	{7,14} vs {7,7}
	-
	0.9-1.0
	0.9-1.0

	{2,14} vs {2,7}
	-
	1.0-1.6
	1.0-1.6



Simulations from [4] and [5] can be looked at to confirm the theoretical expected gains in Table 1, see Figure 2.
[image: ][image: ]
[bookmark: _Ref480473585]Figure 2: (s)PUCCH simulations from [4] and [5]
One can see in the left figure taken from [4] that comparing a 1-slot transmission with 3 bits with a 1 ms transmission (PUCCH) with 6 bits, the difference is roughly 3 dB @1e-2. Considering that the slot transmission in [4] does not assume FH, the gap between 7os and 14os is effectively eaten up. If looking instead at the right figure taken from [5], FH is used in all cases (except 2os) but the payload is constant (2 bits). Interpolating the performance for 7 symbol (between 6 symbols and 8 symbols), the gap between 7os and 14os is 3 dB. Considering that the 14os PUCCH would have to carry twice as many bits, the expected degradation would be 3 dB, and again there would be no significant performance difference between 7os and 14os (s)PUCCH.
[bookmark: _Toc480476656][bookmark: _Toc480476706][bookmark: _Toc480476895][bookmark: _Toc480981365][bookmark: _Toc481679579][bookmark: _Toc481682866][bookmark: _Toc481682901][bookmark: _Toc481684544][bookmark: _Toc481746824]Expected gains by {2,7} are around 6 dB, while the corresponding ones for {7,14} and {2,14} are around 0-1.5 dB
[bookmark: _Toc480476662][bookmark: _Toc480476711][bookmark: _Toc480476900][bookmark: _Toc480981370][bookmark: _Toc481679585][bookmark: _Toc481682872][bookmark: _Toc481682908][bookmark: _Toc481684551][bookmark: _Toc481746831]Configurations of using a short TTI in DL combined with a 1 ms TTI in UL is not supported
[bookmark: _Ref481505747]sTTI combinations
At RAN1#88 it was agreed that the same sTTI length in each direction applies to all serving cells within the PUCCH group and that different sTTI lengths can be configured between PUCCH groups, see Section 1. 
Which configurations to allow between PUCCH groups in UL is still left open.
For UL it is observed that different TTI lengths result in different supported coverage levels, as analyzed in for example [3]. Correspondingly, it is beneficial to allow sTTI operation of different UL TTI lengths on different carriers, this for example to support UCI payload for many cells or RRH deployments, see Figure 3. 


[bookmark: _Ref477367519]Figure 3: UE connected to multiple radio heads
On the other hand, if the UE transmits on multiple carriers at the same time in UL it is further beneficial to give the eNB the option to align the starting and ending positions of the sTTI to limit the impact of transient periods and uncertainties in the power allocation (see below). 
It may thus be desirable to have the same length configured on all UL carriers. To facilitate and to enable a simple design it would be sufficient to specify support for the same sTTI length transmission from all carriers.
Power variation may indeed occur during the UL transmission on one carrier if transmission on another carrier is started in the middle of the first carrier’s transmission (as depicted in Figure 3), at least if the carriers would go through the same PA. In addition to this, phase coherency over the longer transmission might be lost with power variations in the middle. In the current UE design, no such power variations within the configured output power measurement window is allowed, thus, when multiple carriers are transmitted using single PA, different TTI duration across the carriers may not be allowed. 
[bookmark: _Toc481679580][bookmark: _Toc481682867][bookmark: _Toc481682902][bookmark: _Toc481684545][bookmark: _Toc481746825]Power variations in the same PA during the transmission of one carrier might lead to transient periods and phase discontinuities, having significant impact on demodulation performance.
In case of separate transmit chains, the situation is different, but there is still a relation between them, since the UE is limited to a total transmit power across all antenna connectors (PCMAX).
[image: Picture2]
[bookmark: _Ref477938381]Figure 4: Power variation in the middle of a slot UL TTI due to the transmission of overlapping 2os UL TTI
In the following, it is assumed that separate transmit chains are used by the UE when transmitting across different PUCCH groups, considering that the above mentioned power allocation issues in Figure 4 should be avoided. This is also a proposed restriction if multiple TTI lengths are to be allowed across PUCCH groups.
[bookmark: _Toc477944988][bookmark: _Toc477945952][bookmark: _Toc478119286][bookmark: _Toc478119299][bookmark: _Toc478119309][bookmark: _Toc480476657][bookmark: _Toc480476707][bookmark: _Toc480476896][bookmark: _Toc480981366][bookmark: _Toc481679581][bookmark: _Toc481682868][bookmark: _Toc481682903][bookmark: _Toc481684546][bookmark: _Toc481746826]To minimize impact on implementation and specification work, the possibility of different sTTI lengths in different PUCCH groups should only be considered for the case that they are mapped to different transmit chains in the UE
It is further assumed that:
1. The signal power transmitted through each transmit chain should remain unchanged across the (s)TTI duration. This is to avoid possible impact to the phase, and possibly the amplitude, causing issues in demodulation.
2. The same power per carrier should be unchanged over the TTI for the same reasons as in 1).
[bookmark: _Toc480476658][bookmark: _Toc480476708][bookmark: _Toc480476897][bookmark: _Toc480981367][bookmark: _Toc481679582][bookmark: _Toc481682869][bookmark: _Toc481682904][bookmark: _Toc481684547][bookmark: _Toc481746827]To avoid impact to phase coherency and amplitude variations the signal power transmitted through each transmit chain should remain unchanged over the (s)TTI transmitted as well as the power allocated to each carrier
If sTTI:s are overlapping in time in the UL, it would help if the UE could calculate its power allocation before starting the transmission to comply with 1) and 2) above.
In Figure 5, the minimum expected time in the case of UL sTTI operation of both 2os and 7os is illustrated. The minimum timing between the UL grant for 2os before starting the transmission of the 7os sTTI is illustrated by dashed arrows. 
However, the actual minimum timing will be impacted by the assigned TA and the maximum TA difference allowed between carriers. 

Assuming for example a max TA of 67 us, a max TA difference of 32.47 us (currently allowed in CA and synchronous DC operation when UL aggregated carriers are in different TAGs), and a transient period outside the nominal sTTI border of 20 us, the remaining processing time to recalculate the PCMAX/power allocation for the UE would be roughly 43 us. It could be noted that the transient period could have an additional impact to this figure, considering that RAN4 is allowing the transient to happen outside the nominal sTTI border.
With a N+6 timing it looks from the figure that the time window would be longer for the PCMAX/power allocation recalculation, but this is not true in case the max TA is increased accordingly (which is a possible solution being currently discussed in RAN1).
In case the UE has time to decode the sPDCCH, and based on its content recalculate PCMAX/power allocation, and perform baseband power control and RF power control the procedure can be simple and optimum in the sense that the UE is aware of all information required. 
[bookmark: _Toc480476663][bookmark: _Toc480476712][bookmark: _Toc480476901][bookmark: _Toc480981371][bookmark: _Toc481679586][bookmark: _Toc481682873][bookmark: _Toc481682909][bookmark: _Toc481684552][bookmark: _Toc481746832]Chipset vendors are encouraged to provide feedback on the required processing time to recalculate PCMAX/power allocation based on the content of the received sPDCCH



[bookmark: _Ref477421246]Figure 5: sTTI combination 2+7 in UL (assuming N+4 or N+6 timing for sTTI)
The 2+7 combination is the only sTTI combination with different lengths that can be expected on the different carriers. However, it is also possible to schedule 1 ms TTI in combination with sTTI. The same possible issue would exist in this case. The problem would be even more severe if the PCMAX is calculated on 1 ms subframe level in which case the assignment for the DL sTTI could occur after the 1 ms TTI transmission has started. If the calculation instead would be performed on slot level for 1ms TTI duration, the situation becomes similar to the 2+7 sTTI combination.
[bookmark: _Toc477944985][bookmark: _Toc477945949][bookmark: _Toc478119288][bookmark: _Toc478119301][bookmark: _Toc478119311][bookmark: _Toc480476659][bookmark: _Toc480476709][bookmark: _Toc480476898][bookmark: _Toc480981368][bookmark: _Toc481679583][bookmark: _Toc481682870][bookmark: _Toc481682905][bookmark: _Toc481684548][bookmark: _Toc481746828]Unless slot level based PCMAX calculation is used, there will be overlapping sTTI transmission with 1 ms not known to the UE when starting the 1 ms transmission
In case the UE is not aware of the overlapping allocations (the time to recalculate its power allocation/PCMAX is not enough), an option could be to assumed that the UE does not know about the later overlapping transmissions, and the power allocation is performed by ensuring at least a level of guaranteed power for each carrier. The same procedure is used in Dual connectivity power guarantee procedure for MCG and SCG.


[bookmark: _Ref480476067]Figure 6: DC power allocation procedure (left), example of TTI, sTTI required power (middle), outcome of a DC-like power allocation for sTTI (right)
In case of sTTI/sTTI or sTTI/TTI overlapping, without the UE being aware of the overlapping shorter allocation, it should be considered that the shorter transmission is typically considered of higher importance, as well as more frequently being in a coverage limited scenario. Hence, there is an interest to reserve a large part of the power for the guaranteed power for sTTI. However, if the eNB would allocate a large portion of the guaranteed power to sTTI, the TTI power would be largely sub-optimum in case no sTTI transmission would occur in the end in the subframe. The DC power allocation is illustrated in Figure 6 showing the principle of allocating a guaranteed power to each transmission as well as allocating a part of the power as shared between the two transmissions (left figure). In the right part of the figure the problem with mixing a short and a long transmission is shown (here assumed to be TTI and sTTI). Since a shorter transmission (sTTI) will have worse coverage, the required power is larger than for the longer transmission (TTI). However, since the longer transmission is typically started before the short transmission, and not knowing the presence of the sTTI, it will take its guaranteed power as well as the power required from the shared part. This will leave little power left to the sTTI transmission (right side of the figure).
[bookmark: _Toc477944986][bookmark: _Toc477945950][bookmark: _Toc478119289][bookmark: _Toc478119302][bookmark: _Toc478119312][bookmark: _Toc480476660][bookmark: _Toc480476710][bookmark: _Toc480476899][bookmark: _Toc480981369][bookmark: _Toc481679584][bookmark: _Toc481682871][bookmark: _Toc481682906][bookmark: _Toc481684549][bookmark: _Toc481746829]Using a DC-like power allocation scheme between PUCCH TTI lengths would likely result in a sub-optimum allocation of power for the TTI transmissions
[bookmark: _Toc481684553][bookmark: _Toc481746833]A DC-like power allocation scheme between TTI lengths simultaneously transmitted should not be adopted
At the same time, compared to the DC-case, the eNB would be in control of the simultaneous scheduling and would preferably avoid scheduling a UE being power limited resulting in the abovementioned problems. 
In case the UE is not power limited, and assuming the different TTI lengths are mapped to different transmit chains (separate PA for each TTI length transmitted), it should be no issue to mix TTI lengths if simply allowing the calculated output power to be used in the respective PA.
For the case the network still has scheduled TTI and sTTI, or, sTTI of different lengths on different carriers, resulting in power limitation, a simple approach could be taken to save one of the transmissions. 
The above reasoning can be summarized as follows:
[bookmark: _Ref481682586][bookmark: _Toc481682874][bookmark: _Toc481682907][bookmark: _Toc481684550][bookmark: _Toc481746830]In case the UE is not power limited, simultaneously transmitting different TTI lengths on different carriers can be supported if the different TTI lengths are mapped to different Tx chains
[bookmark: _Ref481682592][bookmark: _Toc481682875][bookmark: _Toc481682910][bookmark: _Toc481684554][bookmark: _Toc481746834]In case the UE becomes power limited when simultaneously transmitting different TTI lengths on different carriers only one of the TTI lengths should be kept (FFS which one)
If following Observation 7 and Proposal 4, the power allocation would be optimum for sTTI in case the UE is not power limited, and it would be under network control to prevent a power limited situation to occur through proper scheduling. Hence it follows that also different sTTI lengths can be allowed in different PUCCH groups on the UL.
[bookmark: _Toc481682876][bookmark: _Toc481682911][bookmark: _Toc481684555][bookmark: _Toc481746835]Different UL sTTI length can be configured for the serving cells across different PUCCH groups for which sTTI operation is configured
sTTI configurations
In Section 2.1 and 2.2 the combinations of sTTI/TTI was addressed.  In this Section the configuration of sTTI is outlined.
It is already agreed that only a single sTTI length per direction can be configured within a PUCCH group. However, 1 ms operation will always be present in case of fallback operation, and, also in case sTTI is not configured for the cell. 
The following principles should apply when sTTI is configured:
1. sTTI is configured for both DL and UL in the cell where (s)PUCCH is transmitted.
2. sTTI can be configured on a per cell basis and is configured in both DL and UL (if used)
3. sTTI can be configured on a per cell basis for DL-only cell(s)
4. In case of cross-carrier scheduling (if supported), the resources assigned/granted must be configured with sTTI in case the assignment/grant is carried by sPDCCH
[bookmark: _Toc481679588][bookmark: _Toc481682878][bookmark: _Toc481682913][bookmark: _Toc481684556][bookmark: _Toc481746836]sTTI is configured for both DL and UL in the cell where (s)PUCCH is transmitted
[bookmark: _Toc481679589][bookmark: _Toc481682879][bookmark: _Toc481682914][bookmark: _Toc481684557][bookmark: _Toc481746837]sTTI can be configured on a per cell basis and is configured in both DL and UL (if used)
[bookmark: _Toc481679590][bookmark: _Toc481682880][bookmark: _Toc481682915][bookmark: _Toc481684558][bookmark: _Toc481746838]sTTI can be configured on a per cell basis for DL-only cell(s)
[bookmark: _Toc481679591][bookmark: _Toc481682881][bookmark: _Toc481682916][bookmark: _Toc481684559][bookmark: _Toc481746839]In case of cross-carrier scheduling (if supported), the cells where the resources are assigned/granted must be configured with sTTI in case the assignment/grant is carried by sPDCCH
Maximum number of carriers configured for sTTI
The maximum number of carriers supported in LTE is 32, although the carrier configuration possible to support in product implementation is limited to 5 (there are no RAN4 requirements for a higher carrier configuration). 
Correspondingly a maximum number in the specification is required for sTTI operation. To determine such number, implications of different carrier numbers should be considered.
For MBB, sTTI would preferably be used only in the start-up of a TCP-connection (and then switching to 1 ms TTI operation), it is still of importance for the TCP protocol to reach a good level of throughput before the switch. If not, the TCP window size increase that directly depends on the RTT will be slowed down before reaching the size corresponding to the achievable radio throughput. When configuring many carriers, this could have a negative impact on the actual throughput for the file transfer. Furthermore, an RRC reconfiguration would be required to increase the carrier count after the switch which will also imply a reduction in throughput due to the use of a sub-optimum carrier number during the re-configuration phase. Part of the justification to start the work on reduced latency [1] was to reach throughput levels beyond what is supported by LTE today. Even with relatively large file transfers, a sub-optimum configuration/TCP operation will have a noticeable impact on the end-user throughput.
At the same time, configuring too many carriers in sTTI operation, especially for 2os sTTI, the coverage of the sPUCCH can be severely hit. One means to improve the sPUCCH performance is to use HARQ bundling to minimize the payload size carried by the sPUCCH. This however will have negative impact on latency due to the unnecessary retransmissions of DL data.
The sTTI feature should however be future proof, and hence a higher carrier configuration than currently allowed in the market should be targeted, not to limit the throughput achievable, as reasoned above.
[bookmark: _GoBack]The maximum carrier configuration is also of importance to understand what PUCCH formats to define and use for sTTI, and their associated coverage limit, for more information see [6].
Based on the above reasoning it is proposed to support a maximum carrier configuration of 10 carriers. This will ensure a future-proof configuration where the use of sTTI would not limit the throughput achievable compared to having no carrier restrictions, and at the same time guarantee a certain level of sPUCCH performance without the use of HARQ bundling.
[bookmark: _Toc480981373][bookmark: _Toc481679592][bookmark: _Toc481682882][bookmark: _Toc481682917][bookmark: _Toc481684560][bookmark: _Toc481746840]The maximum number of carriers configured for sTTI is 10
Conclusion
In section 2 we made the following observations:
Observation 1	Expected gains by {2,7} are around 6 dB, while the corresponding ones for {7,14} and {2,14} are around 0-1.5 dB
Observation 2	Power variations in the same PA during the transmission of one carrier might lead to transient periods and phase discontinuities, having significant impact on demodulation performance.
Observation 3	To minimize impact on implementation and specification work, the possibility of different sTTI lengths in different PUCCH groups should only be considered for the case that they are mapped to different transmit chains in the UE
Observation 4	To avoid impact to phase coherency and amplitude variations the signal power transmitted through each transmit chain should remain unchanged over the (s)TTI transmitted as well as the power allocated to each carrier
Observation 5	Unless slot level based PCMAX calculation is used, there will be overlapping sTTI transmission with 1 ms not known to the UE when starting the 1 ms transmission
Observation 6	Using a DC-like power allocation scheme between PUCCH TTI lengths would likely result in a sub-optimum allocation of power for the TTI transmissions
Observation 7	In case the UE is not power limited, simultaneously transmitting different TTI lengths on different carriers can be supported if the different TTI lengths are mapped to different Tx chains

Based on the discussion in section 2 we propose the following:
Proposal 1	Configurations of using a short TTI in DL combined with a 1 ms TTI in UL is not supported
Proposal 2	Chipset vendors are encouraged to provide feedback on the required processing time to recalculate PCMAX/power allocation based on the content of the received sPDCCH
Proposal 3	A DC-like power allocation scheme between TTI lengths simultaneously transmitted should not be adopted
Proposal 4	In case the UE becomes power limited when simultaneously transmitting different TTI lengths on different carriers only one of the TTI lengths should be kept (FFS which one)
Proposal 5	Different UL sTTI length can be configured for the serving cells across different PUCCH groups for which sTTI operation is configured
Proposal 6	sTTI is configured for both DL and UL in the cell where (s)PUCCH is transmitted
Proposal 7	sTTI can be configured on a per cell basis and is configured in both DL and UL (if used)
Proposal 8	sTTI can be configured on a per cell basis for DL-only cell(s)
Proposal 9	In case of cross-carrier scheduling (if supported), the cells where the resources are assigned/granted must be configured with sTTI in case the assignment/grant is carried by sPDCCH
Proposal 10	The maximum number of carriers configured for sTTI is 10
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