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Introduction
In this contribution, we discuss our view on some details related to explicit PUCCH resource allocation and multiplexing of different PUCCH formats from the same and different UEs. 
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PUCCH Resource Allocation
In Figure 1, DL transmission is shown where a DL transmission is scheduled in slot n and the HARQ feedback is requested in slot n+1. It has been agreed that the DCI can indicate the slot in which to report HARQ feedback (The time indicator T in the figure is the sum of K0 and K1).
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[bookmark: _Ref473809509]Figure 1	A UE is scheduled with DL data in slot n. Information in DCI indicates that corresponding HARQ feedback should be sent in slot n+1. 
In addition to the timing the UE also needs to know the exact PUCCH resource. It has been agreed to at least support PUCCH resources configured by higher layers and DCI indicates which of the configured resources to use. 
In Figure 2 another scheduling example is shown where a UE is scheduled in subsequent slots with DL transmissions. Due to lack of PUCCH opportunities (e.g. no UL opportunities) HARQ feedback for all shown transmissions is requested in slot n+3. 
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[bookmark: _Ref473809640]Figure 2	A devices is scheduled multiple times and should send HARQ feedback for all transmissions in slot n+3. The ACK/NACK timing indicator included in the DCIs points for all transmissions to slot n+3. The ARI included in the DCIs points to different PUCCH resources to avoid collisions.
While this works in principle it is not the most efficient solution. In the example shown in Figure 2, the UE would have to transmit three independent PUCCH in subframe n+3. This is sub-optimum from many perspectives: One jointly coded transmissions with 3 bits (assuming for simplicity each HARQ feedback consists of a single bit) can be more efficient than 3 individual transmissions; some of the NR PUCCH formats will be of low PAPR which will be lost if multiple PUCCH are transmitted simultaneously; depending on the frequency positions of the PUCCH resources power back-offs might be required to mitigate intermodulation products. It should be possible to request HARQ feedback from DL transmissions from different DL assignments in a single UCI message, see Figure 3. The different DL assignments can relate to different slots but also to different carriers in carrier aggregation.
Proposal 1: HARQ feedback from different DL assignments can be jointly encoded and transmitted with a single UCI message.
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[bookmark: _Ref478034784]Figure 3	HARQ feedback from multiple DL transmissions is sent in one PUCCH.
For simplicity, the discussion so far did not consider the fact that an NR UE can be configured with different PUCCH formats. NR defines multiple PUCCH formats: 1-symbol PUCCH format for 1-2 bits,  1-symbol PUCCH format for >2 bits, or 2-symbol PUCCH formats, two or more long PUCCH formats (for different payload ranges) with lengths 4 to 14 symbols. Furthermore, PUCCH slot aggregation is supported. It  has also been agreed to support TDM of short and long PUCCH from same UE and two short PUCCH from the same UE. 
One possibility would be to separately indicate which PUCCH format to use (labelled as short PUCCH format 1, short PUCCH format2, long PUCH format1, …) and on which resources. In addition to the ACK/NACK resource indicator (ARI), a PUCCH format indicator would need to be included in the DCI. A UE might be configured with different numbers of PUCCH format which makes separate signalling ineffective, the PUCCH resource field must be dimensioned for the PUCCH format with most configured resources. 
A more efficient solution would be to configure a UE with a pool of PUCCH formats and resources (opportunities). This pool can contain different PUCCH formats, e.g. a few 1-symbol 1-2 bit PUCCH resources, a few 1-2 bit long PUCCH resources, etc. An ARI contained in the DCI is used to indicate which PUCCH opportunity (PUCCH format and resource) should be used. In this case it is up to the network to configure which and how many of each PUCCH format to configure. The already agreed time indicator would point to the slot used for HARQ feedback reporting and the ARI would select which PUCCH format on which resource to use in the indicated slot.
The long PUCCH format exists in different length ranging from 4 to 14 symbols. A UE could be instructed to use differently long PUCCH in different slots: It has been agreed  that TDM of long and short PUCCH from the same UE is supported in a slot. In this case, the long PUCCH must stop before the short PUCCH starts. In another slot where the UE should only transmit long PUCCH it can extend until the end of the slot. One way to handle variable long PUCCH length is to configure the PUCCH pool with differently long PUCCH and use ARI to select among them.   
The length of the long PUCCH must follow from the DCI scheduling the corresponding downlink and/or semi-statically configured: NR supports dynamic TDD and beamforming, if a UE is not scheduled it does not know the length of the uplink portion of a slot. It has been agreed that a UE can derive the slot format from the group common PDCCH but it has also been agreed that a UE should be able to operate without receiving this channel, therefore PUCCH length cannot be signalled on this channel. PUCCH length should therefore be part of the semi-static PUCCH pool configuration, i.e. each configured long PUCCH resource in the PUCCH pool has also a configured length.
Proposal 2: A UE can be semi-statically configured with a pool of PUCCH opportunities consisting of same or different PUCCH formats. An ARI included in the DCI selects a PUCCH opportunity (and implicitly also the format). Each configured long PUCCH resource in the PUCCH pool has also a configured length.
Multiplexing PUCCH from same UE
If a UE would simultaneously transmit on multiple PUCCH resources in the same symbol(s), transmissions could happen at different positions in the frequency-domain with a large frequency gap between the transmitted PUCCH signals. This can lead to intermodulation products and required power back off. 
When a UE has received several downlink assignments and is supposed to transmit corresponding HARQ feedback in the same slot, independent PUCCH transmissions could simplify handling of error cases that occur when a UE misses a downlink assignment. However, already in LTE a UE can multiplex HARQ feedback from multiple downlink assignments (either time slots or carriers) in one PUCCH. Error cases are handled via DAI mechanism or fixed HARQ code book sizes. It is likely that similar mechanisms can be used in NR to handle error cases. From link performance point of view, it can be furthermore beneficial to collect multiple HARQ bits into a single UCI message and transmit it with a single PUCCH format with coding rather than on several 1-2 bit un-coded PUCCH formats. The following is therefore proposed:
The PUCCH format will likely support multiplexing of multiple transmissions on the same PRB. In this case the transmissions would happen at the same PRB and no intermodulation issue would occur. However, if multiple such signals are superimposed, the cubic metric increases. Therefore, CDM multiplexing of short or long PUCCH from the same UE should not be supported. 
Proposal 3: PUCCH multiplexing from the same UE is limited to TDM.
TDM multiplexing of two long PUCCH from the same UE would neither lead to increased cubic metric nor to intermodulation products. However, one long PUCCH format with the same payload is likely to perform better than two shorter long PUCCH with the same total payload and length: The longer PUCCH could have a larger code block size (at least those long PUCCH formats using coding), lower DM-RS overhead (especially if frequency-hopping is supported), and can capture time-diversity better. The multiplexing capacity of some long PUCCH formats is likely to decrease with shorter length, yet another disadvantage. Different long PUCCH could also have different payloads and thus transmit powers altering the UE transmit power which can result in phase changes of the UE power amplifier. If transmitted simultaneously with PUSCH these phase change can destroy an earlier obtained channel estimate requiring an additional PUSCH DM-RS. 
Proposal 4: Multiplexing of long PUCCH from the same UE is not supported in a slot interval.
It has already been agreed to support TDM multiplexing of long and short PUCCH from the same UE, i.e. long PUCCH stops before short PUCCH starts. If long and short PUCCH are located at different frequencies long PUCCH could extend until the end of the slot. However, if long and short PUCCH occupy frequencies with a large frequency gap in-between, intermodulation products requiring power back off can occur. The UE transmit power differs between long-PUCCH-only symbols and the last symbol(s) carrying long and short PUCCH. This power difference can lead to phase changes of the UE’s power amplifier; the channel estimate of long PUCCH obtained with an earlier DM-RS would be invalid for the last symbol(s). An extra DM-RS would be needed for the last long PUCCH symbol(s).
 
Proposal 5:
· Multiplexing of long and short PUCCH from the same UE is limited to TDM.
Multiplexing of PUCCH from different UEs
Short or long PUCCH from different UEs can be multiplexed in CDM (for PUCCH formats of the same type), FDM, or TDM (if short PUCCH is configured on the last two OFDM symbols of the slot interval). 
Moreover, long PUCCH and PUSCH in case of simultaneous transmission of PUSCH and PUCCH should have the same length. TDM of long PUCCH of different users together with simultaneous transmission of PUSCH and PUCCH (from at least one user) would force PUSCH to be of the same length of PUCCH, i.e. to start late and/or stop early during the UL part. Because of these complications, the need to support TDM of long PUCCH is questionable.
Long PUCCH from one UE can be multiplexed with a short PUCCH from another UE using FDM. This may complicate resource and collision handling of PUCCH for the last OFDM symbol(s) in a slot interval, however, with the current agreement on explicit resource allocation this seems feasible. A simple scheme could allocate long PUCCH at the edges of the configured UE bandwidth (to harvest frequency-diversity) while 1-symbol short PUCCH are located more inwards. 2-symbol short PUCCH with frequency-hopping should also be allocated to the UE configured band edge but preferable at different PRBs than long PUCCH resources to avoid PUCCH blocking.
Proposal 6: TDM multiplexing of long PUCCH from different UEs is not supported.
Resource allocation for frequent transmission of short PUCCH
Figure 4 shows the case of a DL mini-slot (MS) transmission in TDD for reduced latency. The transmission starts as soon as possible after DL data has arrived in DL buffer and also the DL transmission duration is often matched to the small payload of latency-critical applications. For several applications, it is not only important to send the first transmission quickly but also to obtain HARQ feedback quickly. With current agreements, a short PUCCH transmission could occur in the second last or last symbol of a slot interval. Especially if the mini-slot has been transmitted early in the slot interval the delay until the first short PUCCH opportunity occurs may be inacceptable.
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[bookmark: _Ref485432200]Figure 4	HARQ feedback for a DL mini-slot can only be transmitted in PUCCH resources at the end of a slot interval.
A similar situation occurs if FDM mixed numerology is used, see Figure 5: A numerology with wideband subcarriers (Num2) is used for low latency applications while narrowband subcarriers (Num1) are used for less latency critical applications. If PUCCH resources are based on the slot interval of numerology Num1 they occur at the end of Num1’s slot interval, potentially several Num2 slot intervals later. 
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[bookmark: _Ref481493570]Figure 5	HARQ feedback for a DL low-latency transmission using FDM mixed numerology. PUCCH resources occur at the end of Num1’s slot interval.
To enable early HARQ feedback more frequent PUCCH resources distributed over a slot interval are needed, as shown in Figure 6. The pure presence of a configured PUCCH resource (orange colour in Figure 6) does not imply a UE is going to use it, a UE will only use it if it received a DL assignment and is instructed to transmit PUCCH (red colour in Figure 6) or if it would be an SR resource and the UE uses it. In TDD, when a gNB scheduled a terminal in DL and expects a feedback transmission on PUCCH the gNB must pre-empt all ongoing DL transmissions to be able to receive the UL. 
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[bookmark: _Ref481494971]Figure 6	Frequent PUCCH resources within a slot interval enable low-latency HARQ feedback.
Depending on how often PUCCH opportunities within a slot interval are used it could make sense to operate a TDD carrier based on DL mini-slots and UL opportunities in-between, see Figure 7. This is especially useful if also UE-triggered low-latency transmissions are allowed and frequent scheduling request opportunities are needed. In FDD where the gNB can simultaneously transmit and receive no pre-emption of ongoing transmissions is needed and regular transmissions can be based on slots rather than mini-slots.
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[bookmark: _Ref481495180]Figure 7	Frequent UL opportunities are created by scheduling the DL using mini-slots and inserting UL opportunities in-between.
A similar mechanism can also be used for the carrier aggregation scenario between high-band DL and HARQ feedback transmitted in the low-band. The high-band DL uses wide subcarriers (Num2) because of phase noise. The low-band carrier may serve a wider coverage area than the high-band DL (i.e. the high-band DL only covers a hot spot) and uses narrow subcarriers (Num1) to obtain required CP length without significant overhead. Without additional short PUCCH resources, the HARQ feedback is transmitted at the end of the low-band slot interval, several high-band slot intervals later, see Figure 8. 
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[bookmark: _Ref481495712]Figure 8	HARQ feedback for a DL carrier in the high-band is transmitted on a low-band carrier. 
Reporting HARQ feedback at the end of the low-band slot interval incurs longer HARQ RTT and potentially larger soft-buffer requirements (depending on details of soft-buffer handling). One possibility would be to insert additional short PUCCH resources in the low-band as described above. However, the main motivation here is not a low-latency application but to optimized MBB provided by high-band hotspot DL carrier. This does not justify in our view to degrade DL performance of the low-band carrier (as additional short PUCCH resources with frequent carrier turn-around in TDD would do) with potentially much larger coverage area than the high-band carrier. Therefore, we think that for the low-high-band carrier aggregation scenario additional short PUCCH resources distributed over the low-band slot interval should only be supported for FDD where they do not degrade DL performance of the low-band carrier. 
Proposal 7: In addition to the already agreed short PUCCH resources in the last and second last OFDM symbol, specify additional short PUCCH resources distributed over a slot interval.

Conclusion
In this contribution, we discuss our view on PUCCH resource allocation and propose:
Proposal 1: HARQ feedback from different DL assignments can be jointly encoded and transmitted with a single UCI message.
Proposal 2: A UE can be semi-statically configured with a pool of PUCCH opportunities consisting of same or different PUCCH formats. An ARI included in the DCI selects a PUCCH opportunity (and implicitly also the format). Each configured long PUCCH resource in the PUCCH pool has also a configured length.
Proposal 3: PUCCH multiplexing from the same UE is limited to TDM.
Proposal 4: Multiplexing of long PUCCH from the same UE is not supported in a slot interval.
Proposal 5: Multiplexing of long and short PUCCH from the same UE is limited to TDM.
Proposal 6: TDM multiplexing of long PUCCH from different UEs is not supported.
Proposal 7: In addition to the already agreed short PUCCH resources in the last and second last OFDM symbol specify additional short PUCCH resources distributed over a slot interval.
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