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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. 
This contribution relates to the UL control channel design for NR. The basic NR frame structure forms the boundary conditions for the UL control channel design. In RAN1 #86, the following agreements related to slot structure were made [3]:
Agreements:
· Slot
· Slot of duration y OFDM symbols in the numerology used for transmission
· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)
· The structure allows for ctrl at the beginning only
· The structure allows for ctrl at the end only
· The structure allows for ctrl at the end and at the beginning
· Other structure is not precluded
· One possible scheduling unit
· Note: the names are for the purpose of discussion. Whether some terms can be merged or not is FFS

We provide our views on the UL control channel structure and related requirements. BS scheduler –related design requirements are covered by a companion contribution [7].
2	Discussion for UL control channel requirements
Three slot types shown in Figure 1 can provide the basic NR functionality for both TDD and FDD modes. For the bi-directional slot types, there is either downlink data or uplink data transmission in each slot, as well as the corresponding downlink and uplink control. M Multiplexing between DL control, DL/UL data, GP and UL control is preferably based on time division multiplexing when possible (exact multiplexing details are FFS). This allows not only fast energy efficient pipeline processing at the receiver but provides also favorable interference conditions for control signals, also in the case of flexible TDD. 
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Figure 1 Slot types, y=7.

Following the slot type structures shown in Figure 1, physical uplink control channel (PUCCH) is conveyed via the UL control symbol(s) located at the end of the subframe. It should be possible to carry different uplink control information (UCI) types such as HARQ feedback, scheduling request, CSI feedback and their combinations via PUCCH. Additionally, it should be possible to multiplex PUCCH with sounding reference signal (SRS) within the UL control symbol(s).

Proposal #1: PUCCH is transmitted via the UL control symbol(s) located at the end of the subframe.

Proposal #2: Support multiplexing between PUCCH and SRS within the UL control symbol(s)


2.1. 	Forward compatibility
Forward compatibility forms a set of requirements also for control channel design. Those include [4]:
· Defining downlink and uplink control (and data channels) as well as reference signals in block based manner. 
· Allocation of DMRS and CSI acquisition signals in UE specific manner.
· Confining DMRS for the physical channel inside the resource allocation region of the channel.
Based on those requirements, it should be possible for an UE to transmit certain UL control channel using a narrow subband of the entire system bandwidth.

Proposal #3: It should be possible for an UE to transmit UL control channel using a narrow subband of the entire system bandwidth

2.2. 	PUCCH coverage
One of the challenges in the current slot structure is that UL control channel coverage may not be sufficient in all scenarios. For example, in LTE, the PUCCH duration is one millisecond whereas in the current slot types shown in Figure 1, the PUCCH duration is just one OFDMA symbol. In the preferred case, the NR PUCCH should have comparable UL coverage with LTE.
There are a few options available to improve the UCI/PUCCH coverage in the NR:
· Increase the number of UL control symbols in the slot. The main problem of this approach is that coverage improves quite slowly compared to the increased control channel overhead.
· Extend the PUCCH transmission over UL control symbols of consecutive slots. One of the problems in this approach is that latency will increase accordingly.
· Increase the PUCCH resource element occupancy in the frequency. The main limitation of this approach is that it helps only in the interference limited situation, but not in the noise limited situation.
· Convey UCI on PUSCH multiplexed with UL data. The problems of this approach include reduced UL capacity and increased DL control channel overhead. 
· Support FDM between PUCCH and UL data. This approach shown in Figure 2 is available only for slot types supporting UL data transmission. 

In order to have comparable PUCCH coverage with LTE, there is a need to consider different solutions for improving the PUCCH coverage in the NR.

Proposal #4 PUCCH coverage extension needs to be considered as part of the UL control channel design
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Figure 2 Bi-directional UL subframe with FDM and TDM between PUCCH and PUSCH.


2.3. 	Impact of beamforming architecture
The beamforming architecture used in the BS needs to be taken into account also in the UL control channel design. Typical characteristics for hybrid beamforming operating with limited number of RF beams in parallel is that the beams can cover only portion of the cell coverage at a time as shown in Figure 3. In this example the BS has capability to form 2 RF beams at a time. The narrower a beam the less UEs can share the same beam and thus given the low number of available high accuracy and large bandwidth TXRUs, the multiplexing capacity will be limited by the number of TXRUs. 
Considering uplink control channel reception, and taking into account the hardware limitation, it should be possible to configure multiple UL control symbols per slot, as illustrated in Figure 4. There should be an opportunity for RF beam switching between consecutive UL control symbols. On the other hand, if the number of multiplexed UEs per symbol is small (due to hardware limit), each UE could occupy a large number of resource elements in frequency.
Observation #1: RF beamforming requires scalable PUCCH design in both frequency and time. 
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Figure 3 Sector coverage using limited number of narrow RF beams at a time.
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Figure 3. PUCCH resource units in frequency.

When operating with digital beamforming architecture or with digital RX subsystem along with the main hybrid RX system [6] BS can process PUCCH from the whole sector at once with high enough array gain and high DoA resolution capabilities. Digital beamforming architecture benefits from the following design principles:
· Transmission bandwidth of the UL control signal and demodulation RS significantly smaller than system bandwidth
· Efficient multiplexing between narrowband control signals and other/wideband signals (potentially received using hybrid architecture).
Hence, in order to maximize the capabilities of digital beamforming architecture/subsystem, we make the following proposal:

Proposal #5: Define PUCCH and related RS structures in a way that allows optimizing BS hybrid implementation with full digital RX subsystem:
- narrowband signal structures with flexible allocation and scheduling possibility 
- signal design to enable high multiplexing capability for the control signals like scheduling request.


2.3. 	Unlicensed band operation 
To facilitate dual-connectivity or stand-alone operation based on unlicensed band, support for UL control signal transmissions over unlicensed spectrum is needed. When operating on unlicensed band, regulatory requirements on the channel access mechanism like LBT procedure, maximum transmission PSD as well as on channel occupancy BW need to be taken into account. If the requirements cannot be fulfilled efficiently with the baseline UL control channel design, considerable changes may be needed when unlicensed operation is introduced to NR.  
To support UL LBT for UL control signal, it should be possible to have a LBT gap preceding PUCCH. This is naturally supported on a bi-directional DL slot. However, special attention is needed on UL-only and on bi-directional UL slots for UEs transmitting only UL control signal without any UL data. There are basically few options available: 
· Symbol preceding PUCCH is punctured to create the necessary gap. As the gap may need to be 25 us e.g. on 5 GHz band, the overhead can be considerable with 7 symbol slot – especially if a separate LBT gap is needed preceding PUSCH on the UL-only slot. If subcarrier spacing wider than 30 kHz is used, multiple symbols may need to be punctured for 25 us gap. 
· PUSCH and PUCCH share the same LBT gap at the beginning of UL portion on the slot. This means that FDM of PUCCH and PUSCH needs to be supported, which in turn hinders efficient pipeline processing at the receiver. 
· PUSCH and PUCCH share the same LBT gap at the beginning of UL portion on the slot and short PUCCH is moved to the beginning of the UL portion of slot. FDM of PUSCH and PUCCH is supported during PUCCH. This means new slot structure variant, complicating the overall system design in its part. 
Regulatory limitations on maximum PSD can significantly limit the allowed UE transmission power and, hence, coverage for UL control channel occupying a narrow subband of the entire system BW. Further, regulations on certain regions and bands limit transmissions on a subband of system BW to ensure reliable operation of channel access mechanism. Hence, PUCCH configuration should be scalable in frequency. It should be also ensured that wideband PUCCH does not waste resources given that payload on some of UL control channel transmissions can be small, as e.g., with SR. The wideband PUCCH should support efficient multiplexing of different UEs, channels or signals by FDM and/or CDM.   

Observation #2: Unlicensed band operation requires flexible and scalable PUCCH design in both frequency and time.

Proposal #6: Unlicensed band operation needs to be considered as part of the UL control channel design.

3	PUCCH design considerations
Forward compatible PUCCH can be realized by defining parallel PUCCH transmissions in terms of PUCCH resource units according to Figure 5:
· Frequency band is divided into K parallel PUCCH resource units
· The number of subcarriers per PUCCH resource unit equals to M*12, assuming that the number of subcarriers per PRB is 12 [5]. It makes sense to have equal number of subcarriers per PRB for both control and data channels.   
The duration of PUCCH resource unit varies according to scenario. Examples for different PUCCH scenarios are shown in Figure 5:
· Figure 5a illustrates an option with short PUCCH consisting of one OFDMA symbol
· Figure 5b illustrates another option with short PUCCH consisting of two OFDMA symbols
· Figure 5c illustrates a scenario having both short PUCCH with one OFDMA symbol and long PUCCH with seven OFDMA symbols and two PUCCH resource units. Long PUCCH is available only for slot types supporting UL data transmission.
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Figure 5. PUCCH resource units in time and frequency.
UE transmits PUCCH using one or more PUCCH resource units at a time. 
In order to maximize the multiplexing capacity, multiplexing of UEs within a PUCCH resource unit should be supported. This covers e.g. the following scenarios: 
· It should be possible to use one PUCCH resource unit of short PUCCH for conveying sounding reference signal(s), scheduling request(s) and/or small HARQ payload(s) for multiple UEs. 
· It should be possible to multiplex UEs with large(r) PUCCH payload within one PUCCH resource unit of long PUCCH.
Multiplexing within the PUCCH resource unit (covering also DMRS) can be based on CDM/FDM/TDM. 
PUCCH resource unit size can be dimensioned according to the expected UCI payload. For example, with M=4, there are 48 subcarriers/OFDMA symbol available within each PUCCH resource unit. Assuming that one third of the subcarriers are allocated to DMRS, each PUCCH resource unit contains:
· 16 subcarriers are allocated to PUCCH DMRS and
· 32 subcarriers would be available for PUCCH data. 
This provides 64 coded bits/OFDMA symbol for PUCCH with QPSK modulation.

Proposal #7: PUCCH resource unit size in frequency is M*12 subcarriers (parameter M is FFS)

Proposal #8: Multiplexing of different UEs within a PUCCH resource unit should be supported.

3.1. 	PUCCH resource indication
It has been agreed in RAN1#86 that timing relationship between DL reception and corresponding acknowledgement can be indicated to a UE either semi-statically or dynamically by the L1 DL signalling (FFS: explicit or implicit). In addition to timing, there is a need to discuss different options for HARQ-ACK resource indication on the PUCCH. Those options include at least the following options:
· Implicit resource indication. 
· Explicit resource indication based on L1 DL signaling
· Explicit resource indication based on higher layer signaling combined with resource selection based on L1 DL signaling. 
The feasibility of different resource indication schemes need to be considered taking into account signaling overhead, flexibility and scheduler complexity viewpoints.
Proposal #9: Investigate the feasibility of different resource indication schemes for HARQ feedback transmitted on PUCCH.
4	Conclusions
In this contribution we have discussed the UL control channel structure and related requirements in the NR scenario. Based on the discussion, we make the following observation and proposals:
Observation #1: RF beamforming requires scalable PUCCH design in both frequency and time. 
Proposal #1: PUCCH is transmitted via the UL control symbol(s) located at the end of the subframe.
Proposal #2: Support multiplexing between PUCCH and SRS within the UL control symbol(s).
Proposal #3: It should be possible for an UE to transmit certain UL control channel using a narrow subband of the entire system bandwidth

Proposal #4 PUCCH coverage extension needs to be considered as part of the UL control channel design  
Proposal #5: Define PUCCH and related RS structures in a way that allows optimizing BS hybrid implementation with full digital RX subsystem:
- narrowband signal structures with flexible allocation and scheduling possibility 
- signal design to enable high multiplexing capability for the control signals like scheduling request.
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Proposal #6: Unlicensed band operation needs to be considered as part of the UL control channel design.
Proposal #7: PUCCH resource unit size in frequency is M*12 subcarriers (parameter M is FFS)
Proposal #8: Multiplexing of different UEs within a PUCCH resource unit should be supported.
Proposal #9: Investigate the feasibility of different resource indication schemes for HARQ feedback transmitted on PUCCH.
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