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1	Introduction
In RAN1 #87 and RAN1 #88b, the following agreements were made regarding the design of the sPUCCH for low latency operation:
Agreements:
· At least the following formats should be designed for sPUCCH:
· For sPUCCH supporting up to 2-bit HARQ-ACK and/or SR (if any).
· DMRS based demodulation for 7-symbol sTTI.
· FFS on the formats and DMRS design for 2-symbol sTTI.
· For sPUCCH supporting more than 2-bit HARQ-ACK and SR (if any).
· DMRS based demodulation for all sTTI lengths.
In addition, the following agreement on 1-slot sPUCCH design was made in RAN1 #88:
· Intra-sTTI frequency hopping is supported for at least one slot-based sPUCCH format.
· No intra-sTTI frequency hopping is supported for at least one slot-based sPUCCH format.
· No dynamic switch between intra-sTTI frequency hopping and no intra-sTTI frequency hopping for the same slot-based sPUCCH format.
· FFS: whether the same slot-based sPUCCH format can support both intra-sTTI frequency hopping and no intra-sTTI frequency hopping.

Agreements:
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 
For down-selection:
· Hopping, option1: {D R D | D R R D} for the first slot, {D R R D | D R D} for the second slot
· Hopping, option 2: {D D R | R R D D} for the first slot, {D D R R | R D D} for the second slot
· Other options are not precluded

Note: OCC is not applied across hopping boundary

	Number of RBs for PUCCH resource
	1 RB




In this contribution paper, we provide design details, waveform generation, and performance evaluation for different sPUCCH formats. 
2	Discussion
Due to their stringent delay requirements, low latency services are communicated only over a short duration of each legacy subframe. Hence, as compared to the legacy LTE systems, the achievable energy per bit in an sPUCCH could significantly be lower than that of the legacy PUCCH. As a result, for a successful uplink transmission, it is important to properly design the shortened uplink control channel. In order to do this, the following criterion should be met:
1. Gaining from frequency diversity to the extent possible
2. Low PAPR
3. Low overhead and high multiplexing capacity.

In this paper, we consider the sPUCCH design for both 2-symbol and 1-slot low latency services. For the former case, we summarize three different sPUCCH designs, list their benefits and shortcomings, and also provide simulation results to compare their performances under various operating points. We then discuss how the 2-symbol sPUCCH resources should be allocated and managed within each sTTI.
3	1-Slot sPUCCH Design
As agreed, introducing two 1-slot sPUCCH formats has been envisioned: (1) without intra-sTTI frequency hopping, and (2) with intra-sTTI frequency hopping. When frequency hopping is allowed, at least one DMRS per band is needed for channel estimation. This increases the DMRS overhead at least for sending large-payload sizes. In such a case, a 1-slot sPUCCH design based on the legacy PUCCH format 4 or 5 without hopping can be considered. Hence, we have:
Proposal 1: Intra-sTTI frequency hopping should not be adopted for 1-slot sPUCCH format designed for carrying large payload sizes. 
The sPUCCH format with intra-sTTI frequency hopping can be used for carrying small payload sizes, such as 1-2 bits of ACK/NAK and/or SR. 
Proposal 2: The 1-slot sPUCCH format with intra-sTTI frequency hopping can be used for carrying small payload sizes. 
Further, with or without hopping, for a given payload size, it should be possible to tailor the sPUCCH design based on a given user’s condition. In particular, for a given payload size, different structures can be indicated to a UE via a higher layer signalling. As an example, each structure may contain the number of DMRS symbols, the location of the DMRS symbols, and the OCC lengths across the DMRS and data symbols. Within the sDCI1 DL grant, one structure and sPUCCH resource may be indicated to a UE. As an example, both the options considered for 1-slot sPUCCH with hopping can be considered, when only one is indicated to a UE based on its condition.
Proposal 3: For a given payload size, consider defining a set of sPUCCH structures and resources. One structure-resource pair may be indicated to a user via sDCI1.
4	2-Symbol sPUCCH Design
4.1 Scheme 1: 2-Symbol sPUCCH Design without Frequency Hopping
The first scheme is based on the legacy format 1a/1b tailored for a 2-symbol sPUCCH. In particular, within each sTTI, the first symbol is used for DMRS transmission, while the second symbol is used for UCI transmission. The same as the legacy formats 1a/1b, each sPUCCH transmission occupies only 12 consecutive REs. An example of the scheme 1 based sPUCCH is shown in Figure 1. Over each of the two symbols, each user transmits a cyclically shifted version of a base sequence for either DMRS or data transmission. 
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Figure 1: sPUCCH design under scheme 1.



In terms of meeting the three design criterion listed in Section 2, we have:
1. Since one symbol is fully used for DMRS transmission, frequency hopping cannot be enabled.
2. Clearly, the waveform is SC-FDM. Hence, this approach achieves a reasonably low PAPR.
3. Assuming 6 out of 12 possible CSs can be used, 6 users can be multiplexed over one such sPUCCH resource.

4.2 Scheme 2: 2-Symbol sPUCCH Design with Frequency Hopping
Under scheme 2, we consider a 1-RB transmission over two consecutive symbols offset in the frequency domain. An example of this scheme is depicted in Figure 2.


Figure 2: sPUCCH design under scheme 2.

Over each of the two symbols, a sum of a base sequence rx and a set of modulated and cyclically shifted version of the same base sequence rx are transmitted. The base sequence rx can be used as a pilot that can be used to coherently demodulate the modulated data. As an example of a 2-bit payload sPUCCH, consider the composition of the signal transmitted on a particular RB x:
Sx(n) = rx(n)ej2(1)n/12 + d(m)∙rx(n) ej2(2)n/12
where
· rx is a length 12 base sequence with a QPSK signal set for n={0,…,11} similar in nature to CGS sequences.
· 1,2 are chosen from 12 phases, where abs(1-2) is nonzero. 
· d(m) is the transmitted QPSK data for OFDM symbol m.

Similarly, the same structure can be used to transmit uplink control data over RB y. If two or more modulated and cyclically shifted versions of the same base sequence are used, more information bits may be conveyed. However, since the transmitted power should be split across the DMRS and each of the modulated data symbols within each OFDM symbol, this scheme is more suitable for sending small payload sizes. 
In terms of multiplexing capacity, assuming only a half of the length-12 cyclic shifts can be used, 3 users can be multiplexed over each scheme 2 sPUCCH resource.
With the addition of multiple base sequence signals within an RB, the overall signal Sx(n) is no longer SC-FDMA, and therefore, PAPR becomes a concern. In order to optimize the PAPR of the signal, signal parameter sets {rx, 1x, 2x} over each RB x be chosen via simulation to obtain a suitable PAPR distribution in a similar manner as the CGS reference signals defined in 36.211. The PAPR of the signal Sx(n) needs to additionally account for all possible modulated PUCCH data d(m). A comparison is made between a 2-bit payload shortened PUCCH transmission against 3 other waveforms – a 1 RB computer generated sequence (CGS) as defined in 36.211, a 1 RB QPSK SC-FDMA transmission, and a 1 RB QPSK OFDM transmission. For the case of the shortened PUCCH, 30 best sequences were chosen for comparison. A CDF of the PAPR is shown in Figure 3.
[image: 1RB_PAPR]
[bookmark: _Ref447026635]Figure 3: 1 RB shortened PUCCH PAPR comparison

The figure shows that a suitable set of 30 base sequences rx, and cyclic shifts 1 and 2, can be formulated that have reasonably low PAPR. This can be done for both symbols. 
[bookmark: obs_a]Observation 1: The scheme 2 sPUCCH carrying 2 bits can be made to have a reasonably low PAPR.
As compared to scheme 1, scheme 2 has a smaller multiplexing capacity. However, due to enabling frequency hopping, it significantly benefits from channel frequency diversity.
4.3 Scheme 3: An Interlaced Based 2-Symbol sPUCCH Design 
Under scheme 3, we consider a 2-symbol TTI spanned over possibly multiple PRBs, where similar to scheme 1, the 1st symbol is used for DMRS transmission, while the 2nd symbol is used for UCI transmission. Hence, enabling frequency hopping is not feasible. However, unlike scheme 1, a comb-like structure is considered over each of the two symbols. The number of interlaces over the two symbols can potentially be different. As an example, Figure 4 shows a scheme 3 sPUCCH design where 2 interlaces are considered over the 1st symbol and 4 interlaces are considered over the 2nd symbol.
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Figure 4: sPUCCH design under sceheme 3 where two interlaces are used over the DMRS symbol and 4 interlaces are used over the data symbol.



Over the DMRS symbol, each user is assigned with an interlace index and a cyclic shift index. Hence, users’ DMRS sequences can be made orthogonal at the eNB either through using different interlaces or different cyclic shifts when the same interlace is used.
Over the data symbol, two different designs can be considered: 
a) Each interlace is used solely by one user, i.e., only one user transmits in an IFDMA manner (DFT-based interlaced-based transmission) over all REs associated with the given interlace. This scheme is more suitable for sending large payload sizes, e.g., CSI. In the example above, 4 users can share the same sPUCCH resource to send their CSI.
The UCI symbols are multiplied by a cyclically shifted version of a base sequence before being transmitted in an IFDMA manner over the given interlace. This is more suitable for small payload sizes such as ACK/NAK and or SR. Multiple users can share the same interlace via using different CSs. 

With this structure, since each user transmits both its DMRS as well as data symbols in an IFDMA manner, the SC-FDM waveform property is not violated. Hence, sPUCCH scheme 3 achieves a low PAPR even without designing special sequences as needed for scheme 2. In addition, since each user transmits over a set of REs distributed across multiple PRBs, as compared to scheme 1, this approach benefits from channel frequency diversity to a larger extent. It is also important to note that by properly choosing the number of PRBs to occupy as well as the number of interlaces and cyclic shifts per interlace, both small and large payload sizes can be supported. Further, the number of uplink transmissions/users to multiplex can be controlled. 
Observation 2: The scheme 3 sPUCCH design can be used to carry both small and large payload sizes.
When this sPUCCH region is configured, but either there is only one user scheduled to transmit UCI, or one user has a large payload to transmit, for example in the CA scenario, without using the interlaces, the entire region can be used by the given user to transmit the UCI in an SC-FDM manner. As a result, depending the payload, one of the two modes can be configured over the indicated sPUCCH resources.
5	sPUCCH Format Management
The performance comparison of the three discussed 2-symbol sPUCCH designs is presented in Appendix 1 under different operating scenarios. Based on these results, we propose to consider two sPUCCH formats:
1. ACK Format: A sPUCCH format for small payload sizes such as ACK/NAK feedback. For this case, either scheme 1, 2, or 3 can be adopted. 
2. CSI Format: An sPUCCH format for handling large payload sizes such as CSI with large multiplexing capacity. For this case, scheme 3 can be adopted. The two symbols are not frequency hopped. The sPUCCH resources are located close to the sPUCCH format described above. Further, each 2-symbol sTTI may have multiple, separate instantiations of such sPUCCH resources at the top and bottom of the band. 

Proposal 4: Consider adopting scheme 2 or 3 as the 2-symbol sPUCCH design for small payload sizes. 
Proposal 5: Consider scheme 3 as the 2-symbol sPUCCH design for large payload sizes.
Figure 5 presents an example of the sPUCCH resource management in a 2-symbol sTTI comprising four blocks of resources assuming scheme 2 is adopted for small payload sizes.


Figure 5: Resource allocation for the proposed 2-symbol sPUCCH schemes.

The allocation regions and the length of the sPUCCH CSI format on the two sides of the band can be set by RRC signalling. Once indicated, the sPUSCH allocations within the two edge blocks (block 0 and 3 in the figure above) do not collide with the ACK or CSI sPUCCH formats. 
If sPUSCH is scheduled, ACK/NAK and CSI can be transmitted over the sPUSCH. When CSI has to be sent, but sPUSCH is not scheduled, ACK/NAK can be appended with the CSI information and sent over CSI sPUCCH format. 
As shown in the figure above, when the sPUCCH CSI region is unused, in order to reduce the overhead, sPUSCHs assigned over block 0 and 3 should be able to reuse these resources. To enable this, when assigning sPUSCH blocks, 2 additional bits can be added in order to indicate whether the top and/or bottom CSI regions can be reused for sPUSCH transmission.
Proposal 6: The ACK sPUCCH format resources are located close to the legacy PDCCH region.
Proposal 7: The CSI sPUCCH format resources are placed at both ends of the band and close to the ACK sPUCCH format resources.
Proposal 8: Consider adding a 2-bit field in the uplink grant which indicates whether the CSI sPUCCH resources are used or not. 
6	Conclusions 
Proposal 1: Intra-sTTI frequency hopping should not be adopted for 1-slot sPUCCH format designed for carrying large payload sizes. 
Proposal 2: The 1-slot sPUCCH format with intra-sTTI frequency hopping can be used for carrying small payload sizes. 
Proposal 3: For a given payload size, consider defining a set of sPUCCH structures and resources. One structure-resource pair may be indicated to a user via sDCI1.
Observation 1: The scheme 2 sPUCCH carrying 2 bits can be made to have a reasonably low PAPR.
Observation 2: The scheme 3 sPUCCH design can be used to carry both small and large payload sizes.
Proposal 4: Consider adopting scheme 2 or 3 as the 2-symbol sPUCCH design for small payload sizes. 
Proposal 5: Consider scheme 3 as the 2-symbol sPUCCH design for large payload sizes.
Proposal 6: The ACK sPUCCH format resources are located close to the legacy PDCCH region.
Proposal 7: The CSI sPUCCH format resources are placed at both ends of the band and close to the ACK sPUCCH format resources.
Proposal 8: Consider adding a 2-bit field in the uplink grant which indicates whether the CSI sPUCCH resources are used or not. 
Appendix 1: 	Performance Evaluation
In this section, we compare the performances of the discussed 2-symbol sPUCCH designs in a 10MHz low latency system. Both 1-bit and 2-bit ACK/NAK transmissions are considered. Under scheme 2, we assume that the two symbols are mirror hopped at the two edges of the spectrum. For the design of scheme 3, we consider N = 4, 2 interlaces over the DMRS symbol, and 4 interlaces over the data symbol. The results are presented for both ETU and EPA channel models. The UE speed is assumed to be 3kmph.
Figure 6 and 7 present the bit error rate (BER) as a function of SNR for all three schemes under the ETU channel model for a 1-bit and a 2-bit payload sizes, respectively. 
[image: ]
Figure 6: BER vs. SNR, 1bit, and ETU channel model.
[image: ]
Figure 7: BER vs. SNR, 2bits, and ETU channel model.

As shown in both figures, scheme 3 is superior to the other two schemes under the ETU channel model. The reason for this can be explained as follows: as compared to scheme 1, scheme 3 benefits from the channel frequency diversity to a larger extent. Both schemes 2 and 3 benefit from frequency diversity. However, since scheme 2 has to split its power between the DMRS and data symbols within each symbol, it is outperformed by scheme 3.
Similarly, Figure 8 and 9 present the BER as a function of SNR for all three schemes under the EPA channel model for a 1-bit and a 2-bit payload sizes, respectively. 

[image: ]
Figure 8: BER vs. SNR, 1bit, and EPA channel model.
[image: ]
Figure 9: BER vs. SNR, 2bits, and EPA channel model.

As both Figure 8 and 9 illustrate, under the EPA channel model, scheme 2 is superior to the other two schemes at a high-SNR regime. This can be explained as follows: under the EPA channel model, channel remains essentially flat over the 1RB used for scheme 1 and 4 RBs used for scheme 3. Hence, these two schemes do not gain from frequency diversity. As a result, they provide identical performances. However, since the 2 symbols are placed at the two edges of the spectrum under scheme 2, this scheme gains from frequency diversity. This can be seen at higher SNR values where the curve associated with scheme 2 has a steeper slope. At lower SNR values, due to power splitting needed in scheme 2, it is outperformed by the other two schemes.
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