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[bookmark: _Ref480787846]Introduction
After RAN1#90, the PUCCH design has been summarized in [11] as:
2/3os sTTI
	For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2os/3os sTTI, sPUCCH format based on PUCCH format 4 is supported 
· QPSK is used;
· No frequency hopping within a sPUCCH
· No sequence spreading on data symbol(s)
· One UL DMRS symbol
· Reuse legacy DMRS sequence generation
· The DMRS is in the first symbol for 2/3OS sPUCCH
· The number of RB(s) is configured by higher layer signaling as a value from 1 to X, FFS X.
· FFS on whether IFDMA is used
<->
The sequence-based sPUCCH w/o DMRS is supported for up to two HARQ-ACK bits in 2OS sTTI and 3OS sTTI.
· ACK/NACK information map to different sPUCCH resource
· NOTE: sPUCCH resource consist of RB index and cyclic shift
· The cyclic shifts on different sPUCCH symbols can be different due to cyclic shift randomization 
· Cyclic shift randomization is re-used from 1 ms operation to support multiplexing with legacy PUCCH
· Only frequency hopping between sPUCCH symbol(s) is supported (no FH is not supported). 
· 1 RB allocation per symbol
· Hopping pattern for 3-OS sPUCCH (i.e., sTTI#0 and sTTI#5) is {1|2} where | is a hopping boundary.
<->
· When positive SR and 1-bit HARQ-ACK are to be transmitted on 2/3-symbol sPUCCH in the same sTTI, one of the options can be supported:
· Two sPUCCH resources are configured for SR+HARQ and two sPUCCH resources are configured for only HARQ
<->
· One of four sPUCCH resources configured by higher layer is indicated by a 2-bit field in sDCI1 at least for the following sPUCCH formats, 
· 2/3-OS sPUCCH format(s) carrying more than 2 bits ACK/NACK + SR (if any) 
· 2/3-OS sPUCCH format carrying up to 2 bits ACK/NACK, one of four sPUCCH resource groups configured by higher layer is indicated by a 2-bit field in sDCI1. Each group contains 2 or 4 sPUCCH resources (depending on the expected number of HARQ-ACK bits) configured by higher layer.


7os sTTI
	The following sPUCCH format carrying up to 2 bits HARQ-ACK and SR (if any) is supported for 7-symbol sTTI:
	sPUCCH format carrying up to 2 bits HARQ-ACK + SR (if any)

	DMRS sequence
	Reuse legacy DMRS sequence for PUCCH

	Intra-sTTI hopping
	Non-hopping, and, Hopping

	DMRS pattern
	No hopping: Reuse DMRS pattern of PUCCH format 1/1a/1b 
Hopping: {D R D | D R R D} for the first slot, {D R R D | D R D} for the second slot

Note: OCC is not applied across hopping boundary

	Number of RBs for PUCCH resource
	1 RB



For 7-symbol sPUCCH format carrying more than 2 HARQ bits, and SR, if any, 

PF4-based sPUCCH format is supported.

	PF4-based sPUCCH format

	Modulation
	QPSK

	DMRS sequence
	Reuse legacy DMRS sequence for PUCCH

	Intra-sTTI hopping
	Hopping is used

	DMRS pattern
	Hopping (if supported): 
{D R D | D D R D} for the first slot, {D R D D | D R D} for the second slot
Note that the bar | indicates a hopping boundary and X can be either data or DMRS symbol
FFS on DMRS pattern

	Number of RBs for PUCCH resource
	#RBs is signaled by higher layer signaling and can be configured between 1 to 8.



PF3-based sPUCCH format, is supported

	PF3-based sPUCCH format

	Modulation
	QPSK

	DMRS sequence
	Reuse DMRS sequence for PUCCH format 3

	Intra-sTTI hopping
	Non-hopping

	DMRS pattern and OCC
	Non-hopping: Reuse DMRS pattern of PUCCH format 3 and OCC

	Number of RBs for PUCCH resource
	1 RB



<->
FFS on format selection
<->
Channel coding for 7-symbol sPUCCH
· Up to 11 bits: Single RM coding
· 12-22: Dual RM
· More than 22 bits: TBCC+8bit-CRC
<->
· When positive SR and HARQ-ACK are to be transmitted on 1-slot sPUCCH in the same sTTI,
· For sPUCCH format carrying up to 2 bits HARQ-ACK , HARQ-ACK is transmitted on sPUCCH resource for SR;
· For sPUCCH format carrying more than 2 bits HARQ-ACK, SR and HARQ-ACK are transmitted on sPUCCH resource for HARQ-ACK.
· When there is negative SR:
· For sPUCCH format carrying up to 2 bits HARQ-ACK , HARQ-ACK is transmitted on sPUCCH resource for HARQ-ACK;
· For sPUCCH format carrying more than 2 bits HARQ-ACK, SR and HARQ are transmitted on sPUCCH resource for HARQ-ACK.
<->
· One of four sPUCCH resources configured by higher layer is indicated by a 2-bit field in sDCI1 at least for the following sPUCCH formats, 
· 7-OS sPUCCH format(s) carrying more than 2 bits ACK/NACK + SR (if any) 
· 7-OS sPUCCH format carrying up to 2 bits ACK/NACK



In this discussion paper, we present the remaining issues to be settled for sPUCCH design in 2os and 7os, including RS placements, UCI content, design options and additional aspects.
The contribution is revised from R1-1712898.
[bookmark: _Ref178064866]Discussion
UCI considerations
UCI consists of HARQ, CSI and RI. CSI and RI are typically handled via PUSCH or PUCCH format 2 and are the subject of another contribution [4]. In LTE, HARQ in 1ms TTI is transmitted using PUCCH format 1, 3, 4 or 5 depending on the amount of payload to transmit.  
As mentioned in [4], CSI feedback is not foreseen as being transmitted periodically over sPUCCH, as no significant benefit is expected from periodic CSI feedback at the sTTI rate. However, aperiodic CSI over sPUSCH remains a possibility. It is worth noticing that CSI can be transmitted aperiodically over PUSCH in legacy and HARQ and RI can also be transmitted with PUSCH with or without data transmission.
[bookmark: _Toc478056830][bookmark: _Toc478056947][bookmark: _Toc478059836][bookmark: _Toc478067984][bookmark: _Toc478071641][bookmark: _Toc478071810][bookmark: _Toc478143031][bookmark: _Toc478143050][bookmark: _Toc480481059][bookmark: _Toc480481344][bookmark: _Toc480788307][bookmark: _Toc480788422][bookmark: _Toc480898896][bookmark: _Toc480984791][bookmark: _Toc480984815][bookmark: _Toc480992479][bookmark: _Toc481685078][bookmark: _Toc481685445][bookmark: _Toc481759171][bookmark: _Toc481759193][bookmark: _Toc481760362][bookmark: _Toc481760534][bookmark: _Toc481760662][bookmark: _Toc481760728][bookmark: _Toc481761565][bookmark: _Toc486604263][bookmark: _Toc489434653][bookmark: _Toc489434667][bookmark: _Toc489448156][bookmark: _Toc489457342][bookmark: _Toc489457769][bookmark: _Toc489457963][bookmark: _Toc489515540][bookmark: _Toc489516468][bookmark: _Toc489968909][bookmark: _Toc489968934][bookmark: _Toc490050314][bookmark: _Toc490053149][bookmark: _Toc490061639][bookmark: _Toc490063046][bookmark: _Toc490063066][bookmark: _Toc490063111][bookmark: _Toc490063250][bookmark: _Toc490229546][bookmark: _Toc492559274][bookmark: _Toc492559288][bookmark: _Toc492566811][bookmark: _Toc494313878][bookmark: _Toc478056831][bookmark: _Toc478056948][bookmark: _Toc478059837][bookmark: _Toc478067985][bookmark: _Toc478071642][bookmark: _Toc478071811][bookmark: _Toc478056832][bookmark: _Toc478056949][bookmark: _Toc478059838][bookmark: _Toc478067986][bookmark: _Toc478071643][bookmark: _Toc478071812][bookmark: _Toc478056833][bookmark: _Toc478056950][bookmark: _Toc478059839][bookmark: _Toc478067987][bookmark: _Toc478071644][bookmark: _Toc478071813][bookmark: _Toc478056834][bookmark: _Toc478056951][bookmark: _Toc478059840][bookmark: _Toc478067988][bookmark: _Toc478071645][bookmark: _Toc478071814][bookmark: _Toc478056835][bookmark: _Toc478056952][bookmark: _Toc478059841][bookmark: _Toc478067989][bookmark: _Toc478071646][bookmark: _Toc478071815][bookmark: _Toc478056836][bookmark: _Toc478056953][bookmark: _Toc478059842][bookmark: _Toc478067990][bookmark: _Toc478071647][bookmark: _Toc478071816]The transmission of non-HARQ UCI over sPUCCH should not be supported (mapping of non-HARQ UCI should be on sPUSCH or 1ms TTI PUSCH/PUCCH).
[bookmark: _Ref480991312]Formats for 2/3os
[bookmark: _Ref480988229]Up to 2 bits A/N and potentially SR
One of the remaining issues for the sPUCCH format with sequence selection carrying up to 2 bits A/N and potentially SR is how many sequences are to be configured in case of 2 bits HARQ A/N. If configuring all sequences if SR is present, it would mean 8 sequences in total need to be configured, which reduces the multiplexing capacity. To reduce the number of sequences and at the same time limit the impact on performance, it is proposed to apply HARQ A/N bundling in case of positive SR only.
[bookmark: _Toc492559275][bookmark: _Toc492559289][bookmark: _Toc492566812][bookmark: _Toc494313879]In case of 2 HARQ A/N bits and positive SR, always apply bundling of the HARQ bits
Considering that a positive SR is considered infrequent and also that a Nack is less frequent than an Ack, the bundling should have limited impact on performance. It also allows 1-bit HARQ and 2-bit HARQ to have the same SR resources configured, see Figure 1.



[bookmark: _Ref492558706]Figure 1: HARQ and SR resources when bundling 2-bit HARQ in case of positive SR

More than 2 bits A/N
It has already been agreed to adopt a format 4-based sPUCCH and several of the details in the design have been set. One of the main points of discussion is if IFDMA is to be adopted or not. There are two IFDMA-based solutions proposed, [9], [10].
In [9] each user is allocated a “comb“ and a reference signal to be used in the allocated comb. The data is also transmitted with a comb structure (not necessarily the same as the reference signal).
The resource allocation of IFDMA will consume more frequency resources, making it unavailable for sPUSCH usage (in case sPUCCH is transmitted). This resource loss gets lower the more users that are simultaneously using the sPUCCH. However, using an IFDMA based design spanning multiple PRBs is not an efficient usage of resources at low to medium load scenario.
In [10] a new IFDMA based solution is proposed that allows more flexibility in the split between DMRS and data. This however comes at a cost of a somewhat higher PAPR (although link performance is also improved) and a new PHY processing procedure. If a more elaborative design compared to existing PHY processing procedures are to be investigated other solutions could also be considered, e.g. time multiplexing of DMRS and data in the same symbol. But, looking at more elaborative designs also mean a more complex feature including more efforts also in determining a design and specifying it. It is hence proposed to take a simple design approach and basically have sPUCCH format 4 be a short version of the existing PUCCH format 4, and by this, not adopt IFDMA based DMRS and data. It is also not clear if the proposed design in [10] performs well in a single RB which would be expected to be the most commonly used configuration.
[bookmark: _Toc486604265][bookmark: _Toc489434655][bookmark: _Toc489434669][bookmark: _Toc489448160][bookmark: _Toc489457346][bookmark: _Toc489457773][bookmark: _Toc489457967][bookmark: _Toc489515544][bookmark: _Toc489516472][bookmark: _Toc489968913][bookmark: _Toc489968938][bookmark: _Toc490050318][bookmark: _Toc490053153][bookmark: _Toc490061644][bookmark: _Toc490063051][bookmark: _Toc490063071][bookmark: _Toc490063116][bookmark: _Toc490063255][bookmark: _Toc490229551][bookmark: _Toc492559276][bookmark: _Toc492559290][bookmark: _Toc492566813][bookmark: _Toc494313880]Adopt non-IFDMA based DMRS and data for sPUCCH format 4
Another aspect that is still to be decided is the number of RBs that sPUCCH format 4 would span. In legacy PUCCH format 4 there is the possibility to allocate up to 8 RBs. For sPUCCH format 4 it is not clear what would be required, but for simplicity, and to aligning with 1ms and 7os format also for 2/3os up to 8 RBs should be considered. 
The number of coded bits are then 196 (8*2*12) and could carry something like 120 bits of payload with a decent code rate (0.65). This should safely accommodate 32 carriers on sTTI (single CW) + additional 1 ms HARQ (at least w/ spatial bundling) + additional CSI (if supported). 
[bookmark: _Toc486604266][bookmark: _Toc489434656][bookmark: _Toc489434670][bookmark: _Toc489448161][bookmark: _Toc489457347][bookmark: _Toc489457774][bookmark: _Toc489457968][bookmark: _Toc489515545][bookmark: _Toc489516473][bookmark: _Toc489968914][bookmark: _Toc489968939][bookmark: _Toc490050319][bookmark: _Toc490053154][bookmark: _Toc490061645][bookmark: _Toc490063052][bookmark: _Toc490063072][bookmark: _Toc490063117][bookmark: _Toc490063256][bookmark: _Toc490229552][bookmark: _Toc492559277][bookmark: _Toc492559291][bookmark: _Toc492566814][bookmark: _Toc494313881]The RB allocation for 2/3os sPUCCH format 4 is 1-8 RBs (configured by higher layer)

Regarding the channel coding used, this is settled for 7os sPUCCH:
	Channel coding for 7-symbol sPUCCH
· Up to 11 bits: Single RM coding
· 12-22: Dual RM
· More than 22 bits: TBCC+8bit-CRC



Figure 2 show the target SNR performance for an EPA 3km/h channel model. It is seen that Reed Muller coding outperform Tail-biting convolutional coding with CRC with more than 2 dB for low payload sizes. Also for payload sizes close to 22 bits the RM code is performing better partly due to the CRC overhead and also that with only 12 sub-carriers in one SC-FDMA symbol carrying coded bits, the coding gain from TBCC is limited. Also, due to the CRC overhead, using TBCC for lower number of payload bits also limits the number of bits that can be carried in a single RB (16 bits vs 22 bits).
Hence it is proposed to keep the same payload switch when it comes to coding for 2/3os sPUCCH as for 7os sPUCCH.
[image: ]
[bookmark: _Ref492559287]Figure 2: Coding comparison 2/3 os sPUCCH format 4
[bookmark: _Toc492566815][bookmark: _Toc494313882]Channel coding for 2/3-symbol sPUCCH: up to 11 bits, single RM coding; 12-22 bits, dual RM; >22 bits: TBCC+8bit-CRC
In terms of format selection, we believe the format to be selected should be based on the number of HARQ bits to be carried (assuming CSI is not supported on sPUCCH). That is, in case more than 2 HARQ bits are to be sent, sPUCCH format 4 is used, otherwise sPUCCH format 1a/1b is used.
[bookmark: _Toc492566816][bookmark: _Toc494313883]The 2/3os sPUCCH format to select shall be based on the #HARQ bits to carry: 1-2 bits sPUCCH format 1a/1b; >2 bits sPUCCH format 4
[bookmark: _Ref480991320]Formats for 7os
More than 2 bits A/N
For 7os sPUCCH a format 1/1a/1b, format 3 and format 4 is supported.
Regarding the DMRS placement for sPUCCH format 4, it should be placed to ensure quick processing of each hopping slot (i.e. not too late) and also ensure good performance at high UE speed (not too far away in time from the associated data symbols). 
Simulations have been run following the assumptions in Annex A comparing different DMRS placements, see Figure 3. The performance difference is captured in Table 1.
[bookmark: _Ref480989663]Table 1: Maximum performance difference comparing DMRS placement option 1 and option 2 
(see Figure 3)
	Payload (coding) [bits]

	Performance difference
(option 1 – option 2) [dB]

	
	EPA3
	EPA50
	EPA100

	5 (RM)
	0.0
	0.1
	0.1

	11 (RM)
	0.1
	0.1
	0.3

	17 (RM)
	0.1
	0.1
	0.3

	21 (RM)
	0.1
	0.1
	0.5

	25 (TBCC)
	0.1
	0.1
	0.2

	40 bits (TBCC)
	0.2
	0.2
	0.3



The performance difference is quite small except for the higher payload configurations and high speed scenarios where the simulated cases go up to 0.5 dB in performance difference.
Based on the above, it should be considered to place the DMRS in symbol index 0, or 1 of each hopping slot. Placing it in symbol index 0 provides somewhat faster processing at the eNB, while placing it in symbol index 1 provides better performance.


[bookmark: _Ref480988958]Figure 3: DMRS placement for 7os sPUCCH carrying more than 2 bit A/N
[bookmark: _Toc480992487][bookmark: _Toc481685086][bookmark: _Toc481685452][bookmark: _Toc481759178][bookmark: _Toc481759200][bookmark: _Toc481760369][bookmark: _Toc481760541][bookmark: _Toc481760669][bookmark: _Toc481760735][bookmark: _Toc481761572][bookmark: _Toc486604270][bookmark: _Toc489434661][bookmark: _Toc489434675][bookmark: _Toc489448166][bookmark: _Toc489457352][bookmark: _Toc489457780][bookmark: _Toc489457974][bookmark: _Toc489515551][bookmark: _Toc489516479][bookmark: _Toc489968920][bookmark: _Toc489968945][bookmark: _Toc490050325][bookmark: _Toc490053160][bookmark: _Toc490061651][bookmark: _Toc490063058][bookmark: _Toc490063078][bookmark: _Toc490063123][bookmark: _Toc490063262][bookmark: _Toc490229558][bookmark: _Toc492559283][bookmark: _Toc492559297][bookmark: _Toc492566817][bookmark: _Toc494313884]Place the DMRS for 7os frequency hopping sPUCCH carrying more than 2 bit A/N in symbol 1 and 4.
In Figure 4, performance is compared between Reed-Muller using OCC and no FH (=sPUCCH format 3), Reed-Muller using no OCC and frequency hopping (=sPUCCH format 4) and TBCC using frequency hopping (=sPUCCH format 4).
[image: sPUCCH_7os_format_comparison]
[bookmark: _Ref492564094]Figure 4: Performance comparison of RM w/ w/o FH and TBCC s/ FH
These simulations show that sPUCCH format 3 is inferior to sPUCCH format 4 using RM and hopping. At 11 payload bits the difference is 4 dB. Still sPUCCH format 3 is superior in terms of multiplexing where 5 UEs can be multiplexed, while with a sPUCCH format 4-based format there is no simultaneous multiplexing on the same physical resources. 
It is hence proposed to define sPUCCH format 3 only to carry up to 11 bits using a single-RM design.
[bookmark: _Toc494313885][bookmark: _Toc492566818]sPUCCH format 3 is supported for payload from 3 to 11 bits 
Similarly to 2/3os sPUCCH, we believe the format selection should be based on the #HARQ bits. For 7os design there is however two formats that can carry more than 2 HARQ bits, sPUCCH format 3 and sPUCCH format 4. The different formats have pros and cons in that sPUCCH format 4 has a higher reliability/better performance while sPUCCH format 3 offers superior multiplexing capacity. However, it should be up to the network to decide which format to use when, and the format selection will look different depending on which formats are configured, see Figure 5 for the possible options.
[bookmark: _Toc492566819][bookmark: _Toc494313886]The 7os sPUCCH format to select shall be based on the #HARQ bits to carry: sPUCCH format 1a/1b, 1-2 bits; sPUCCH format 3, 3-11 bits; sPUCCH format 4, >3 bits (if sPUCCH format 3 is not configured), or, >11 bits (if sPUCCH format 3 is configured) 
[image: ]
[bookmark: _Ref492566203]Figure 5: 7os sPUCCH format selection options
Scheduling request
To support delay critical services, it is important to also adopt the scheduling request procedure to support lower periodicities than supported by 1 ms operation today (which is a 1 ms period as shortest).
As with 1 ms operation, the shortest period should be 1 sTTI. A larger periodicity allows for better SR capacity and even with periodicities the same as 1 ms operation, the overall latency will be reduced with sTTI due to a faster response time. Hence, at least a periodicity of 1 ms should be supported also for sTTI.
[bookmark: _Toc492566820][bookmark: _Toc494313887]SR periodicities for 2/3os sPUCCH is 1 sTTI, 2 sTTI, 3 sTTI, 4 sTTI, 1 ms
[bookmark: _Toc492566821][bookmark: _Toc494313888]SR periodicities for 7os sPUCCH is 1 sTTI, 1 ms
Conclusion
[bookmark: _GoBack]Based on the discussion in section 2 we propose the following:
Proposal 1	The transmission of non-HARQ UCI over sPUCCH should not be supported (mapping of non-HARQ UCI should be on sPUSCH or 1ms TTI PUSCH/PUCCH).
Proposal 2	In case of 2 HARQ A/N bits and positive SR, always apply bundling of the HARQ bits
Proposal 3	Adopt non-IFDMA based DMRS and data for sPUCCH format 4
Proposal 4	The RB allocation for 2/3os sPUCCH format 4 is 1-8 RBs (configured by higher layer)
Proposal 5	Channel coding for 2/3-symbol sPUCCH: up to 11 bits, single RM coding; 12-22 bits, dual RM; >22 bits: TBCC+8bit-CRC
Proposal 6	The 2/3os sPUCCH format to select shall be based on the #HARQ bits to carry: 1-2 bits sPUCCH format 1a/1b; >2 bits sPUCCH format 4
Proposal 7	Place the DMRS for 7os frequency hopping sPUCCH carrying more than 2 bit A/N in symbol 1 and 4.
Proposal 8	sPUCCH format 3 is supported for payload from 3 to 11 bits
Proposal 9	The 7os sPUCCH format to select shall be based on the #HARQ bits to carry: sPUCCH format 1a/1b, 1-2 bits; sPUCCH format 3, 3-11 bits; sPUCCH format 4, >3 bits (if sPUCCH format 3 is not configured), or, >11 bits (if sPUCCH format 3 is configured)
Proposal 10	SR periodicities for 2/3os sPUCCH is 1 sTTI, 2 sTTI, 3 sTTI, 4 sTTI, 1 ms
Proposal 11	SR periodicities for 7os sPUCCH is 1 sTTI, 1 ms
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Annex A (link level simulation assumptions)
Table 2: Simulation assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2, 7 symbols

	Channel model
	EPA

	UE speed
	3 km/h

	Antenna configuration
	1 Tx, 2 Rx

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical

	Channel coding (N/A for PF1 or resource selection schemes)
	RM
TBCC with CRC (8 bit)
TBCC without CRC

	Performance metrics
	ACK missed detection probability 1%, 
NACK-to-ACK error probability 0.1 %, 
DTX-to-ACK probability 1%
Failed CRC check treats all bits as NACK
Registered SNR is where all metrics are fulfilled.

	Frequency Hopping
	Yes, when possible.

	2os design
	Sequence based, DMRS based.

	7os design
	DMRS based

	Number of PRBs
	1
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