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1 Introduction

In the new WI on Short TTI and reduced processing [1] the (selected) objectives are set to be:

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 

· Down-selection is not precluded

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In this contribution, we present proposals for the short PUCCH channel (sPUCCH), specifically addressing the resource management of sPUCCH.
2 Discussion
2.1 Configuration of sPUCCH resources
In current LTE the PUCCH resource allocation is dependent on the first CCE the PDCCH is transmitted on. The resource for PUCCH format 1 (SR only) is determined by RRC signalling.
To allow for a flexible and simple resource allocation for sPUCCH it is proposed to handle the configuration by explicit signalling at RRC level. Multiple sTTI lengths are expected to be supported for sPUCCH to accommodate improved coverage performance and higher payload scenarios, hence the configuration would apply for possibly more than one sTTI length. In addition to providing the resource allocation per sTTI also different formats should be supported by the signalling, as well as allocating multiple resources for the same sPUCCH (as currently also used in LTE) 
Proposal 1 Configure resource allocation for sPUCCH on RRC level
With the multiple sPUCCH resources configured for a UE the choice of the actual resource to use is either automatically chosen by the UE (SR resource) or dynamically indicated with a bit field in the DL sDCI. The size of this field should not have to be more than 2 bits.

Proposal 2 Indicate dynamically the sPUCCH resource in the DL sDCI
2.2 sPUCCH format resource usage

In Figure 1 the required sPUCCH resource usage for different sPUCCH formats and sTTI combinations is shown. The combinations here are limited to using an equal length in both directions, or longer format in the UL compared to DL. Also, only “format 1”-like and “format 3”-like configuration are considered. The 4-symbol long format contains two different configurations, one with frequency hopping and one without. Also the 7-symbol format contains two different configurations, one where the hopping is performed after three symbols and one where it is performed after four symbols. The performance without frequency hopping is however significantly worse in performance and hence should not be considered the primary option for 4-symbol sTTI. For the 7-symbol long configuration, only frequency hopping is considered.
Figure 1: sPUCCH resource usage for different formats and sTTI combinations.
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As can be seen from Figure 1 (for more details on the assumptions, see Figure 8 in the Annex), the one format that stands out is format 1 in the case of 2-symbol DL TTI and 4-symbol UL TTI where 2-bits can be carried by the format itself, but since up to 2 DL blocks will have to be reported, the amount of bits to carry by that format is 5 bits, and hence 3 bits are communicated by channel selection (8 PRBs). It can be noted that channel selection could here also be realized by selection of different cyclic shifts in which case less PRBs would be required. In the table, the combination {2,7} for format 1 has been left out since a similar conclusion as for the {2,4} combination can be drawn, where up to 7 (2*3+1) bits need to be communicated (3 DL sTTI for each UL sTTI). 
Considering the number of PRBs required for the allocation of a 4-symbol UL format 1, this option is not attractive to support due to the extensive resources allocation. Furthermore, an 8-level channel selection is not supported by the current standard and could be complicated to specify and implement. Similarly, also a 7-symbol long format 1 is not attractive for the same reasons. 
Observation 1 4-symbol or 7-symbol sPUCCH format 1 in combination with 2-symbol DL sTTI, consume extensive resource usage compared to other formats for HARQ reporting purposes
2.3 sPUCCH performance at different TTI lengths

Using a longer symbol format in the UL than in the DL is mainly motivated by improved UL coverage in order to ensure proper control channel performance, and also to support a higher HARQ payload format in CA operation. From this perspective, the benefit of having a large number of options on UL sTTI is not that clear to us. In addition, from Figure 2 it is clear that the resource overhead from DMRS in the 2-symbol and 4-symbol formats (here assuming the frequency hopping format) will be high, while this reduces with the 7-symbol and 14-symbol format.

Hence, increasing the sTTI length in the UL from 2-symbol to 4-symbol is expected to improve performance from a diversity perspective (adding frequency hopping), but not from an increased energy level per information bit perspective (similar DMRS overhead and payload is scaled with the increased TTI length). 
Increasing the length from 4-symbol to 7-symbol will however increase the transmitted energy (lower DMRS overhead). Comparing going from 7-symbol to 14-symbol, both diversity and energy per information bit stays roughly the same, and hence performance is not expected to be significantly different. 
The reasoning above, based on Figure 2, is also supported by the simulation results in [2].

Figure 2: Scaling of sPUCCH for different sTTI combinations

	DL sTTI
	UL sTTI
	#DL sTTI / UL sTTI
	# Data symbols for sPUCCH
	# Payload symbols/info bit1

	2
	2
	1
	1
	0.20

	2
	4
	2
	2
	0.22

	2
	7
	3
	5
	0.38

	2
	14
	6
	10
	0.40

	NOTE1: 2-layers, 2-carriers assumed, and 1 bit for SR. For example for 2-4 combination, the payload symbol/info bit is: 5/(2*2*3+1) ( 0.38


Observation 2 The gain from allowing a 4-symbol UL sTTI in combination with a 2-symbol DL sTTI (i.e. {2,4} combination), in addition to a {2,2} sTTI combination, mainly provide gains in diversity from frequency hopping.
Observation 3 The gain from allowing a 7-symbol UL sTTI in combination with a 2-symbol DL sTTI, in addition to a {2,4} sTTI combination, provide gains in increased energy per information bit.

Observation 4 The gain from allowing a 14-symbol UL sTTI in combination with a 2-symbol DL sTTI, in addition to a {2,7} sTTI combination, does not provide significant additional diversity gains or an increased energy per information bit.
The performance of different sTTI length combinations have also been investigated on system level. For more details, see [4]. Since the results are relevant also for the discussion in this paper, the results are shown in Figure 3:.
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Figure 3: Median FTP DL bitrate for different short TTI configurations.
As can be seen, comparing the {2,4} (red solid) and {2,7} (red dashed) configurations, the performance is very similar.

Observation 5 System level simulations indicate no significant performance difference between {2,4} and {2,7} sTTI configuration ({DL,UL} sTTI).
2.4 (s)PUCCH format multiplexing
It is of benefit to be able to multiplex as many (s)PUCCH formats as possible in order for efficient network operation and to minimize overhead from control channels. 
In current LTE, format 1, 1a, 1b, and 2 can be multiplexed on the same physical resources. Up to 12 users (in practise up to maybe 6 users) can be multiplexed based on different cyclic shifts of the orthogonal sequence applied over the 12 sub-carriers in the PRB. In addition, up to three orthogonal sequences across the symbols in the slot can be applied to, in theory, multiplex 36 UEs. One, or more, of the cyclic shifts can be replaced by PUCCH format 2 in case of multiplexing format 1 and format 2.
The resource selection of PUCCH is implicitly signalled by the first CCE of the PDCCH scheduling the PDSCH (and implicitly the PUCCH), as well as by RRC signalling to allocate the resource for SR (PUCCH format 1). 
Considering the current PUCCH selection and the proposed full flexibility of assigning sPUCCH resources via RRC signalling (see Proposal 1), proper assignment by the network can ensure orthogonality between (s)PUCCH users.
Proposal 3 Multiplexing of format 1/1a/1b/2 between PUCCH and sPUCCH should be supported
There are however aspects that need further consideration related to resource efficiency.
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Figure 4: Resource mapping of PUCCH and sPUCCH.
In Figure 4 different options of sPUCCH are shown together with the current PUCCH format. In order to get an efficient multiplexing between a legacy PUCCH format 1 and an sPUCCH format 1, the resource usage per PRB and slot should align. As can be seen, this can be done for the 2-symbol sPUCCH, and the 4-symbol sPUCCH without frequency hopping (would also apply to a 7-symbol sPUCCH without frequency hopping, if considered). Also efficient multiplexing option is possible between 2-s and 7-s (version 1) sPUCCH format 1.
Hence, it is not possible to provide an efficient resource multiplexing scheme between all formats. Multiplexing would still be possible, by reserving the cyclic shift on both PRBs in both slots.
The efficient multiplexing options that would be supported in format 1 are shown in Figure 5.

Figure 5: Multiplexing options for format 1
	Multiplexing option
	Illustration

	PUCCH + 2s sPUCCH
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	2s sPUCCH + 7s sPUCCH v1
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As can be seen, it is only v1 of 7s sPUCCH format 1 that can be multiplexed with the 2s sPUCCH format 1. The alternative mapping (v2) will not provide this possibility. However, in case of using this mapping with format 3, it is possible to achieve a 2x higher multiplexing gain with the use of OCC see Figure 1 (Figure 8 for details). Another aspect to be considered is the occasional scheduling of SRS where the last symbol in the slot would be occupied. In this case v2 would provide somewhat lower frequency diversity gains due to only unequal data symbol distribution over the two frequencies. Simulations following the assumptions in [2] show however over a EPA 3 km/h channel the performance loss due to lost frequency diversity is limited to 0.5 dB (using a payload of 3 bits).
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Figure 6: 7-s sPUCCH transmission in second slot with SRS
Observation 6 Two options of 7-s sPUCCH mapping can be foreseen each with different benefits and drawbacks. 
Proposal 4 Whether to adopt a [3,4] mapping or a [4,3] mapping over the two frequencies of the 7-symbol sTTI sPUCCH is left FFS.

Observation 7 4-symbol and 7-symbol sPUCCH format 1 using frequency hopping is not possible to multiplex efficiently with PUCCH format 1.
Furthermore, the 4-symbol format is problematic in that it reduces the multiplexing capacity of the sPUCCH due to overlapping reference symbols.
Observation 8 4-symbol sPUCCH using overlapping DMRS does not provide as high multiplexing flexibility as other formats where DMRS is not overlapping.
These are further arguments that support a removal of the 4-symbol format 1 sPUCCH, in addition to the observations in Section 2.3.
Finally, following Observation 1 to Observation 8, and to limit the feature complexity, it is proposed to exclude the 4-symbol sTTI for sPUCCH.
Proposal 5 Down-select the DL-UL sTTI combinations to only allow sTTI combinations {DL, UL}: {2,2}, {7,7}, {2,7}. 
It could be considered to use the legacy PUCCH to handle higher HARQ payloads from a higher number (>2) of aggregated carriers, since simulation results [2] suggest better performance in this case compared to the 7-symbol sPUCCH.

Proposal 6 FFS whether to keep {2,14} as an option.
If following Proposal 5, the sTTI formats supported, and the intended use case of them from a sPUCCH perspective, if assuming a {2,2} allocation as baseline, are listed in Figure 7.
Figure 7: sTTI combinations
	sTTI DL
	sTTI UL
	Comment

	2
	2
	· Baseline ultra-low latency operation

	2
	7
	· Improved coverage of sPUCCH

· Increased payload size (e.g. due to CA)

	7
	7
	· Further improved sPUCCH performance compared to {2,7} (1 DL TTI / UL TTI instead of 3 as for the {2,7} case, giving lower maximum payload)
· TDD operation


2.5 sPUCCH resource allocation

In current LTE, the PRBs used for PUCCH are allocated in pairs due to the frequency hopping performed over the two slots in the subframe (see top illustration in Figure 4). Different number of pairs of PRBs can be allocated in an LTE carrier depending on the configuration size and the number of UEs in the cell. To maximize frequency diversity and allow wideband PUSCH allocations, the PRBs used for PUCCH are allocated at the carrier edges.

The following principles are followed:
1. 
PUCCH is placed on the outer PRBs of the carrier.

2. 
PUCCH format 3/4/5’s placement is configurable.
3. 
PUCCH format 1/1a/1b/2 can be multiplexed on the same resources.
4. 
The scheduling request (SR) of format 1 is allocated close to the carrier edge since when an SR is sent is not under eNB control, and hence for the resources that are under eNB control, it can choose to instead schedule PUSCH transmissions, minimizing the loss from extensive PUCCH allocations.
5. 
The periodicity and configuration of the SR is signalled via RRC.
6. 
The resource selection of PUCCH format 1a/1b/2/3 are implicitly derived from the first CCE where the PDCCH is sent.

For sPUCCH the same principles are proposed to be followed as well with the exception of 1) and 6), which is proposed to be handled by RRC signalling (see Proposal 1 and Proposal 7). It should be noted that multiplexing of PUCCH and sPUCCH, when possible, is also seen beneficial (see Proposal 3). 
Observation 9 The eNB can with proper implementation minimize the resources needed for PUCCH/sPUCCH.
Proposal 7 The placement of the different sPUCCH formats are configurable by RRC signalling.

Proposal 8 The resource allocation of SR for sPUCCH should allow allocation on the edge of the carrier to maximize (s)PUSCH allocation.
The Observation 1 it was noted that format 1 using a 4-symbol or 7-symbol format will consume an extensive amount of resources due to the channel selection. However, it is important still to support SR-only transmission using format 1 for the sTTI configured for the UE.
Proposal 9 SR-only sPUCCH configuration (format 1) is configured by RRC signalling for the supported sTTI lengths
Proposal 10 The configurable periodicity of the SR shall support the sTTI lengths of sPUCCH.
3 Conclusion

In section 2 we made the following observations:
Observation 10 4-symbol or 7-symbol sPUCCH format 1 in combination with 2-symbol DL sTTI, consume extensive resource usage compared to other formats for HARQ reporting purposes

Observation 11 The gain from allowing a 4-symbol UL sTTI in combination with a 2-symbol DL sTTI (i.e. {2,4} combination), in addition to a {2,2} sTTI combination, mainly provide gains in diversity from frequency hopping.

Observation 12 The gain from allowing a 7-symbol UL sTTI in combination with a 2-symbol DL sTTI, in addition to a {2,4} sTTI combination, provide gains in increased energy per information bit.

Observation 13 The gain from allowing a 14-symbol UL sTTI in combination with a 2-symbol DL sTTI, in addition to a {2,7} sTTI combination, does not provide significant additional diversity gains or an increased energy per information bit.

Observation 14 System level simulations indicate no significant performance difference between {2,4} and {2,7} sTTI configuration ({DL,UL} sTTI).

Observation 15 Two options of 7-s sPUCCH mapping can be foreseen each with different benefits and drawbacks. 

Observation 16 4-symbol and 7-symbol sPUCCH format 1 using frequency hopping is not possible to multiplex efficiently with PUCCH format 1.

Observation 17 4-symbol sPUCCH using overlapping DMRS does not provide as high multiplexing flexibility as other formats where DMRS is not overlapping.

Observation 18 The eNB can with proper implementation minimize the resources needed for PUCCH/sPUCCH.

Based on the discussion in section 2 we propose the following:
Proposal 11 Configure resource allocation for sPUCCH on RRC level
Proposal 12 Indicate dynamically the sPUCCH resource in the DL sDCI

Proposal 13 Multiplexing of format 1/1a/1b/2 between PUCCH and sPUCCH should be supported

Proposal 14 Whether to adopt a [3,4] mapping or a [4,3] mapping over the two frequencies of the 7-symbol sTTI sPUCCH is left FFS.

Proposal 15 Down-select the DL-UL sTTI combinations to only allow sTTI combinations {DL, UL}: {2,2}, {7,7}, {2,7}. 

Proposal 16 FFS whether to keep {2,14} as an option

Proposal 17 The placement of the different sPUCCH formats are configurable by RRC signalling.

Proposal 18 The resource allocation of SR for sPUCCH should allow allocation on the edge of the carrier to maximize (s)PUSCH allocation.

Proposal 19 SR-only sPUCCH configuration (format 1) is configured by RRC signalling for the supported sTTI lengths

Proposal 20 The configurable periodicity of the SR shall support the sTTI lengths of sPUCCH.
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5 Annex

Figure 8: sPUCCH formats and resource usage
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	DL TTI
	UL TTI
	sPUCCH resource mapping
	# bits
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(2 PRB, 6 UE)

	2
	
	7
	7
	
[image: image13.emf]D D R D

D R D


	
	
	
	
	Y
	12 [6]
(CS)
	1/3
(2 PRB, 6 UE)

	3
	
	7
	7
	
[image: image14.emf]D D R

D D R D


	
	
	
	
	Y
	12 [6]
(CS)
	1/3
(2 PRB, 6 UE)

	4
	
	2
	4
	
[image: image15.emf]R D D D

D D D R


	
	3 (1 SR+2 HARQ)
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	1-2 layer HARQ
1-2 DL blocks/1 UL
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(8 PRB, 3 UE)
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	3
	2
	2
	see #1
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1-X*** CA
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	see #5
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	see #2
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	1-2 layer HARQ
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1-X*** CA
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	Y
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	1
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	see #3
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	NOTE1: The values listed are representing the theoretical multiplexing rate, and within brackets an estimation of an expected rate to be used in practise.
NOTE2: The practical multiplexing capacity from the “#Mux” column is used.
NOTE3: Assuming channel selection is realized by separate resources
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