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1 Introduction

In RAN1#87 and RAN1#90bis meeting, the following agreements for long-PUCCH over multiple slots were made in [1][2].
· A UCI carried by long duration UL control channel at least with low PAPR design can be transmitted in one slot or multiple slots

· Transmission across multiple slots should allow a total duration of [1] ms at least for some cases
· FFS: more than [1] ms at least for some cases

· FFS the numbers of the slots
· For long PUCCH over multiple slots, at least support the case that the duration of long PUCCH in each slot is the same

· FFS the case of different durations in different slots

· For long PUCCH over multiple slots, inter-slot hopping is supported by configuration

· FFS details

· For long PUCCH over multiple slots, the intra-slot hopping and inter-slot hopping are not enabled at the same time for a UE
· Each slot in the multiple slots for long-PUCCH over multiple slots is always contained with a slot

· For long PUCCH with more than 2 bits over multiple slots, all UCI bits are encoded and transmitted in each slot

· For long PUCCH over multi-slots, for the case duration of long PUCCH in each slot is the same, the number of slots with long PUCCH transmission is configurable in a UE-specific manner

· Up to 4 possible RRC configured numbers, detailed values FFS
This contribution is revised from R1-1717071. In this contribution, we will discuss remaining open issues for long PUCCH over multiple slots, including the slot allocation, starting symbol of each slot, structure and frequency hopping pattern of long-PUCCH over multiple slots.
2 The allocation of multiple slots

In RAN1 #87 meeting, it was agreed that long duration PUCCH channel at least with low PAPR design can be transmitted in multiple slots. Furthermore, if NR is targeting the same coverage as LTE, transmission across multiple slots should allow a total duration of 1 ms. For example, an uplink-only slot of 14 symbols with reference numerology of 15 kHz SCS supports a total duration of 1 ms and has the similar coverage as LTE. However, for other type of slots, e.g., uplink-dominant slot, the number of available UL symbols would be smaller than 14. In such case, multiple slots need to be aggregated together to support a total duration of 1 ms or more than 1 ms. 

In RAN1#90bis meeting, it was agreed that the duration(s) of long PUCCH in each slot of aggregated slots is the same. However, that does not necessarily require the slot format of each aggregated slot be the same because this may lead to significant delay for long PUCCH over multiple slots considering that the slot format is monitored periodically. For example, in practice, the slot format may vary over slots to accommodate the need of different channels or the types of traffic such as URLLC and eMBB. If a UCI needs to be transmitted on 2 aggregated slots, each having the same slot format and the period of slot format is 10 ms, the delay for the UCI could become larger than 10 ms if these two slots are apart in different monitoring gap. Therefore, different slot formats should be supported for aggregating slots of a long PUCCH.

Observation 1: Allowing slots with different formats for a long-PUCCH transmission over multiple slots could reduce the delay for the UCI transmission.
The starting slot of a long-PUCCH over multiple slots is related to HARQ timing indication. In our companion contribution [3], the HARQ timing indication has been discussed. Due to the different UE capabilities related to different numerologies and/or data transmission durations, different sets of HARQ timing values can be separately configured by RRC for different numerologies and/or data transmission durations. Since HARQ-ACK resource is determined regardless of numerologies, the sets of values for PUCCH resource and the sets of values for starting slot of PUCCH should be configured separately.
Proposal 1: The sets of values for PUCCH resource and the sets of values for starting slot of PUCCH should be separately configured by RRC
· The actual values for starting slot of PUCCH for slot-based scheduling and non-slot based scheduling are determined according to UE capability, i.e., no less than the minimum UE processing time reported by UE.
In RAN1#90bis meeting, it was agreed that the number of slots with long PUCCH transmission is configurable for the case that the duration of long PUCCH in each slot is the same. For example, gNB configures UE to transmit long PUCCH over N slots, including the starting slot. Then the number of UL symbols in each slot should be  larger than or equal to the same duration  for transmission the long PUCCH. If the N slots are consecutive slots, i.e., consecutive slots in FDD or consecutive UL slots in TDD, it will restrict the dynamic SFI scheduling in TDD system. To improve the flexibility of scheduling, the N slots that are used as aggregated slots for a long PUCCH could be non-consecutive. 
Observation 2: At least in TDD, long-PUCCH can be transmitted over N non-consecutive UL slots.
There are two methods to achieve long PUCCH over N non-consecutive UL slots.  

· Method 1: Besides the starting slot, additional RRC or DCI signaling needs to be used to indicate the other N-1 UL slots, e.g., to indicate the offset(s) between the starting slot.

· Method 2: Besides the starting slot, the other N-1 UL slots are determined satisfying the requirement that the number of UL symbols in the slot is larger than or equal to a configured duration. 
For method 2, after the starting slot, if the number of UL symbols in a slot is less than the configured number of symbols for PUCCH, the UE shall not transmit the long PUCCH in this slot. For example, in Figure 1, Slot 1 is the starting slot. The number of UL symbols for transmission the long PUCCH is configured as 9. The number of slots with long PUCCH transmission is configured to be 2. Slot 2 is after Slot 1, but the number of UL symbols in Slot 2 is less than 9. So UE can’t transmit the long PUCCH in Slot 2. Slot 3 is after Slot 1 and the number of UL symbols in Slot 3 is more than 9. So the UE transmits the long PUCCH in Slot 1 and Slot 3. Please note that Figure 1 do not consider frequency hopping issue.
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Figure 1. The slot structure of long PUCCH over multiple slots using Method 2.

Compared to Method 1, Method 2 doesn’t need additional L2 or L1 signaling. The UE can use SFI or semi-static DL/UL assignment of a slot to decide whether long PUCCH can be transmitted in the slot. So we prefer method 2.

Proposal 2: For long PUCCH over N slots, the number of UL symbols in each slot is larger than or equal to the configured number of UL symbols for transmission the long PUCCH. 
· In TDD, after the starting slot, if the number of UL symbols in a slot is less than the configured number of UL symbols for transmission the long PUCCH, the UE does not transmit the long PUCCH in this slot.
3 The starting symbol of each slot of long-PUCCH over multiple slots
Currently, the value of starting symbol of long PUCCH within a slot is in the PUCCH resource set(s) configured by the RRC signalling and indicated by DCI indicator. However, for long PUCCH over multiple slots, if the starting symbol of long PUCCH in each slot is the same as indicated by DCI indicator, it will restrict the dynamic SFI scheduling in TDD system. For example, long PUCCH is scheduled to transmit on 2 slots. The starting symbol is 3rd symbol, which is the same between the 2 slots. So in the 2nd slot, the 3rd symbol has to be UL symbol. Therefore, besides the starting slot, the starting symbol of long PUCCH in the other slots is the first symbol of UL symbol in each slot, as illustration in Figure 2.
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Figure 2: The starting symbol in each slot for long PUCCH over multiple slots
Proposal 3: For long PUCCH over multiple slots, besides the starting slot, the starting symbol of long PUCCH in the other slots is the first symbol of UL symbol in each slot.
4 Structure of long-PUCCH over multiple slots
In RAN1#90bis meeting, it was agreed that the duration(s) of long PUCCH in each slot is the same and further study the case of different durations in different slots.
For the case of the different slot structure of each aggregated slot, the number of long-PUCCH symbols for each aggregated slot is determined by the smallest number of long-PUCCH symbols among multiple aggregated slots. As shown in Figure 3, UE1 transmits the UCI in one long-PUCCH in slot 1 and the other long-PUCCH in slot 2 to achieve 1 ms with 15 kHz numerology. The smallest number of long-PUCCH symbols between slot 1 and slot 2 is 9 symbols. So UE1 transmits the UCI in one long-PUCCH with 9 symbols in slot 1 and the other long-PUCCH with 9 symbols in slot 2. For 15 kHz numerology, the total duration of long-PUCCH for UE1 is more than 1 ms. The remaining (right) part of UL resource with 4 symbols in slot 2 can be scheduled to transmit UCI or other UL signaling from other UEs. In this case, the complexity of scheduling will increase, as gNB needs to schedule another UE to occupy a part of UL resource to transmit long-PUCCH or other UL signaling within one slot. Please note that Figure 3 does not consider frequency hopping. The frequency hopping of long-PUCCH over multiple slots will be discussed in the next section. 
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Figure 3. The same duration of long-PUCCH in each slot with different slot structure.

So we need to further consider the case of different durations in different slots in TDD to reduce the complexity of scheduling and improve the resource utilization. Due to the time limitation in this year, we can further consider this case after December 2017.
Proposal 4: Further consider the case of different durations in different slots to reduce the complexity of scheduling and improve the resource utilization.
5 Frequency hopping of long-PUCCH over multiple slots
5.1 Inter-slot frequency hopping

During discussion in the last meeting, there are two alternatives of inter-slot frequency hopping pattern among different slots as shown in Figure 4.
Alternative 1: only one hop is supported for a long PUCCH over multiple slots. The frequency hopping boundary is at the middle of the slots and is given by ceiling (N/2), where N is the number of slots for the long PUCCH over multiple slots.

Alternative 2: inter-slot frequency hopping is performed on each slot. Each slot in the multiple slots for long-PUCCH over multiple slots is always contained with a slot.

We need to down-select this from the above two alternatives in the next meeting. There are pros and cons for each of the alternatives. Alternative 1 has only one hop for the whole duration of long PUCCH. It may benefit from the channel estimation across neighbouring slots in the same hop.  Its drawback is the hopping boundary could be dependent on number of aggregated slots and therefore could be different for different long PUCCH if their number of aggregated slots are not the same. That could lead to different hopping boundary and difficulty in multiplexing different long PUCCH. It also has difficulty in addressing the situation if certain slots are skipped in slot aggregation for long PUCCH and whether these slots should be counted as part of the duration of long PUCCH. On the other side, alternative 2 seems to be more flexible and be able of cope with most of the issues mentioned above. The only drawback is it may not be able to conduct joint channel estimation across neighbouring slots, which may not be a big issue for long PUCCH.  In addition since we already agree inter-slot hopping for PUSCH, which is only applicable to the repetition case, the pattern of inter-slot frequency hopping for PUCCH can be the same as the inter-slot hopping for PUSCH. Therefore, we prefer Alternative 2.
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Figure 4. Examples of frequency hopping pattern of long-PUCCH over multiple slots.

Proposal 5: For long-PUCCH over multiple slots, the inter-slot frequency hopping is performed on each slot.
5.2 Intra-slot frequency hopping

Intra-slot hopping could apply when inter-slot hopping is not configured. There are two alternatives of intra-slot frequency hopping pattern among different slots, as shown in Figure 5. In each slot, the position of intra-slot frequency hopping point is stated in the proposal 1 of our companion contribution [4]. For example, the frequency hopping pattern design is based on Option 1 of Section 2.
Alternative 1: the hopping pattern of PUCCH in the second slot is the same as that of the first slot. Example are shown in Figure 5(a) and Figure 5(c). In Figure 5(a) and Figure 5(c), the hopping patterns in both slots are the same, both from the lower PRB(s) to the higher PRB(s).
Alternative 2: the hopping pattern of PUCCH in the second slot is a switched hopping of that in the first slot. Switched hopping means the hopping direction in the second slot is opposite to that in the first slot. Examples are shown in Figure 5(b) and Figure 5(d). In Figure 5(b) and Figure 5(d), the hopping pattern in the first slot is from the lower PRB(s) to the upper PRB(s), while the hopping pattern in the second slot is from the upper PRB(s) to the lower PRB(s).
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Figure 5. Examples of frequency hopping pattern of long-PUCCH over multiple slots.
In Alternative 1, the number of available uplink symbols is unequal for PRBs on each sides of the band. In Figure 5(a), there are a total of 6 symbols operating on the upper PRB(s), but only 4 symbols operate on the lower PRB(s). The unequal number of symbols on each PRB(s) means that the diversity gain is not fully achieved. 

In Alternative 2, as shown in Figure 5(b), the number of available uplink symbols is equal for PRBs on each sides of the band, when the total number of uplink symbols allocated for PUCCH in two slots is even. Details of the proof is given in Appendix. As shown in Figure 5(b), in the first slot, the first 2 uplink symbols are allocated on the lower PRB(s) and 3 uplink symbols are arranged on the upper PRB(s); in the second slot, the first 2 uplink symbols are allocated on the upper PRB(s) and 3 uplink symbols are arranged on the lower PRB(s). Hence, the number of symbols operating on the upper and the lower PRB(s) are the same, meaning that full diversity gain is achieved. Another advantage is that it is easier to interpolate among DMRS when Slot 1 and Slot 2 are consecutive.

In Figure 5(c), the ratio of DMRS and UCI symbols on upper PRB is 1:2, and the ratio on lower PRB is 2:1. In Figure 5(d), the ratio of DMRS and UCI symbols on upper PRB and lower PRB are both 1:1, which result in performance advantage over Alterative 1.

Details of the performance gain from Alterative 2 to Alterative 1 is shown in Figure 6 and Figure 7. In Figure 6, Alternative 2 offers about 0.2 dB gain at 10^(-3) error rate of NACK to ACK error detection. As our analysis shows, such advantage is because of equal number of uplink symbols for each PRB. In Figure 7, Alterative 2 offers about 0.5 dB gain at 10^(-3) error rate of NACK to ACK error detection. Such advantage in performance is due to the reason that the ratio of DMRS and UCI symbols is 1:1 in Figure 5(d) and such ratio is either 2:1 or 1:2 in Figure 5(c).
Proposal 6: For long PUCCH over multiple slots, intra-slot hopping pattern can be switched between slots to maximize frequency diversity gain.
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Figure 6. ACK/NACK detection performance between the same hopping pattern in both slots (cf. Figure 5(a) and Alternative 1) and switched hopping pattern among the slots (cf. Figure 5(b) and Alternative 2) for PUCCH using 10 symbols. 
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Figure 7. ACK/NACK detection performance between the same hopping pattern in both slots (cf. Figure 5(c) and Alterative 1) and switched hopping pattern among the slots (cf. Figure 5(d) and Alternative 2) for PUCCH using 12 symbols. 

6 Conclusions
In this contribution, we have the following observation and proposals: 
Observation 1: Allowing slots with different formats for a long-PUCCH transmission over multiple slots could reduce the delay for the UCI transmission.
Proposal 1: The sets of values for PUCCH resource and the sets of values for starting slot of PUCCH should be separately configured by RRC
· The actual values for starting slot of PUCCH for slot-based scheduling and non-slot based scheduling are determined according to UE capability, i.e., no less than the minimum UE processing time reported by UE.
Observation 2: At least in TDD, long-PUCCH can be transmitted over N non-consecutive UL slots.
Proposal 2: For long PUCCH over N slots, the number of UL symbols in each slot is larger than or equal to the configured number of UL symbols for transmission the long PUCCH. 
· In TDD, after the starting slot, if the number of UL symbols in a slot is less than the configured number of UL symbols for transmission the long PUCCH, the UE does not transmit the long PUCCH in this slot.
Proposal 3: For long PUCCH over multiple slots, besides the starting slot, the starting symbol of long PUCCH in the other slots is the first symbol of UL symbol in each slot.
Proposal 4: Further consider the case of different durations in different slots to reduce the complexity of scheduling and improve the resource utilization.
Proposal 5: For long-PUCCH over multiple slots, the inter-slot frequency hopping is performed on each slot.
Proposal 6: For long PUCCH over multiple slots, intra-slot hopping pattern can be switched between slots to maximize frequency diversity gain.
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Appendix
A rigorous proof of Alternative 2 is shown as below. Assuming 
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symbols with PRB(s) on one side, and 
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symbols with PRB(s) on the other side. When 
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are even, it follows from the definition of the floor and ceiling operators that 
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, i.e., the number of available uplink symbols is equal for PRBs on each sides of the band.
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