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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 PUCCH design in NR. In RAN1 #86bis, the following agreements related to PUCCH were made [3]:
Agreements:
· At least two ways of transmissions are supported for NR UL control channel
· UL control channel can be transmitted in short duration
· around the last transmitted UL symbol(s) of a slot
· FFS: How to define and treat the potential gap at the end of the slot
· FFS: in the other positions, e.g., the first UL symbol(s) of a slot
· TDMed and/or FDMed with UL data channel within a slot
· UL control channel can be transmitted in long duration
· over multiple UL symbols to improve coverage
· FDMed with UL data channel within a slot
· FFS how to multiplex with SRS
· The frequency resource and hopping, if hopping is used, may not spread over the carrier bandwidth
Agreements:
· For UL control channel in short duration,
· 1 symbol duration of a slot is supported.
· FFS: a few symbol duration of a slot is supported.
· Mechanism enabling frequency-diversity is supported.

Agreements:
· In frequency-domain, a PRB (or multiple PRBs) is the minimum resource unit size for UL control channel.

Agreements:
· UE-specific RS is used for PUCCH transmission.

We provide details related to UCI multiplexing with UL data on PUSCH in a companion contribution [4].
2	Discussion on PUCCH design
In this section we provide detailed views on the topics related to PUCCH design according to email discussion [86b-22].
2.1. 	UCI types
It should be possible to carry different uplink control information (UCI) types such as HARQ feedback, scheduling request, CSI feedback (including possible beam related info) and their combinations via PUCCH. Additionally, it should be possible to multiplex PUCCH with sounding reference signal (SRS) within the UL control symbol(s).
Similarly as LTE, NR should support also periodic CSI reporting on PUCCH. The main motivation is to reduce the DL control channel burden involved in aperiodic CSI reporting. In LTE periodic CSI feedback is often used as a basis for PDCCH link adaptation, and since in NR DL control signals are expected to be beamformed (as opposed to LTE where TxD is applied) the importance of such periodic CSI is likely to increase. DL control channel capacity may become one of the bottlenecks for the efficient system operation e.g. when operating with digital RX subsystem along with the hybrid beamforming architecture [5]. 
Proposal #1: PUCCH carries HARQ feedback, scheduling request, CSI feedback and their combinations.
Proposal #2: Support multiplexing between PUCCH and SRS within the UL control symbol(s)
Proposal #3: Support periodic CSI reporting on PUCCH

2.2. 	PUCCH subband definition
For downlink, it was agreed that a UE monitors for downlink control information in one or more “control subband” consisting of an integer number of RBs/PRBs in the frequency domain. We think that it makes sense to restrict also the UL control signalling to similar UL control subband(s). The motivation for such operation includes e.g. forward compatibility, support for RF beamforming (see more details in Section 3), support for frequency-domain ICIC [7], and UE complexity and power consumption considerations. 
We think that there is no need to define UL control subband(s) explicitly by specifications. It is enough to define that different PUCCH transmissions are confined inside certain PRBs in the frequency. These PRBs can be signaled to the UE by the BS, i.e. UL control subbands can be achieved by BS implementation. 
Observation#1: There is no need to define UL control subband explicitly by specifications. This can be achieved by BS implementation via signalling to the UE the PRBs for PUCCH transmission.

2.3. 	Multiplexing between PUCCH data and PUCCH DMRS
In LTE, multiplexing between PUCCH data and PUCCH DMRS is based on time division multiplexing. This can be seen as a reasonable option also for long PUCCH, at least when operating according to DFT-S-OFDM [4]. On the other hand, single carrier limitation can be seen as a considerable constraint for the PUCCH design, especially in the case of short PUCCH. For this reason, we think that NR studies should focus on multiplexing solutions optimized for CP-OFDM. 
The main multiplexing schemes in addition to TDM are FDM, CDM and I/Q -multiplexing. FDM can be seen as a promising option for CP-OFDM and it allows optimization of pilot/data -ratio in both the subcarrier and power domains. Furthermore, FDM is robust against high Doppler since it supports continuous reference signal in time. FDM pilot structures with different number of subcarriers/PRB are illustrated in Figure 1. FDM approach can be seen also as a way to maximize the commonality between DL and UL control channels. For example, it could enable straightforward extension of the UL control channel structures into different D2D/relay scenarios.
Proposal #4: For CP-OFDM, consider FDM between PUCCH reference signal and PUCCH data
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Figure 1 FDM between PUCCH RS and PUCCH data

CDM between PUCCH reference signal and PUCCH data (within symbol) can be made by means of cyclic shift separation. This approach has only limited capability in terms of PUCCH payload (since it requires that CDM is applied for PUCCH data). On the other hand, with proper selection of the sequences CDM can provide cubic metric comparable to that of DFT-S-OFDM. Results in [6] show that power efficiency loss of multi-sequence modulation compared to QPSK modulated data is only about 0.2 dB. 
I/Q –multiplexing used in WCDMA is yet another option for multiplexing between UL control and RS in the NR. It supports optimization of pilot/data –ratio in the power domain but suffers from limited symbol rate for control data since symbol rate is divided evenly between reference signal and control data. 
2.4. 	Multiplexing between PUCCH and SRS within short PUCCH
FDM can be used as a method to multiplex SRS and PUCCH (of different UEs) within the same PRB. The principle is shown in Figure 2a. In the considered example, every 6th data subcarrier is used for SRS. CDM is another option and the scenario illustrated in Figure 2b corresponds to the case where SRS is conveyed via reference signal part of the PUCCH (by means cyclic shift separation). It is noted that there may be no need to multiplex SRS and PUCCH for the same UE within the same PRB. The reason behind is that PUCCH RS can be used also for sounding purposes. 
Proposal #5: Consider FDM and CDM between PUCCH and SRS  

[image: ]     [image: ]
a)                  b)
Figure 2 FDM multiplexing between PUCCH and SRS.

2.5. 	PUCCH transmission structures
It should be possible to multiplex different UEs within PUCCH PRB. The following options shown in Figure 3 can be considered as a starting point:
· Opt 1: No multiplexing within symbol (c.f. PUCCH Format 4). 
· Opt 2: CDM is based on CAZAC sequences (c.f. PUCCH format 1/1a/1b, 2/2a/2b) with one or multiple cyclic shifts per UE (per symbol). There are up-to 6 cyclic shifts available per PRB, with the considered DMRS structure. Each cyclic shift can convey up-to two bits/symbol with QPSK modulation.  
· Opt 3: CDM + FDM within symbol. This provides increased payload compared to Opt. 2, at the expense of reduced multiplexing capacity (provided that each UE occupies the entire PRB for transmission)
· Opt 4: Orthogonal cover code in time domain (c.f. PUCCH Format 1/1a/1b, 3) with long PUCCH being the main use case. This option alone may provide increased payload compared to Opt. 2. Alternatively, this option can be combined with Opt 1 – Opt 3 to increase multiplexing capacity at the expense of reduced payload. In the example in Fig 3, orthogonal cover code with two separate sequences (length-4 and length-3) is applied on top of CAZAC sequence (Opt. 2). Depending on the channel coherence time, it may be possible to apply the third OCC ([1, -1], [1, 1]) between Seq. 1 and Seq. 2. This provides up-to 36 (6∙3∙2) parallel resources per PRB in the cases with small PUCCH payload.

There is a need to support wide range of different PUCCH payloads (from one-bit HARQ-ACK to hundreds of UCI bits consisting of HARQ-ACK and CSI) and various multiplexing combinations of different UCI types. Link performance and multiplexing capacity of different multiplexing options need to be investigated as part of the NR study item. The studies should cover both short and long PUCCH as well as both DFT-S-OFDM and CP-OFDM. 
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Figure 3. Different multiplexing structures for PUCCH.

Frequency diversity:
Based on the agreements made in RAN1#86bis, mechanism(s) enabling frequency-diversity needs to be supported in NR. Two main options for achieving frequency diversity are: 
· Frequency hopping: Similarly as in LTE, a UE transmits PUCCH via multiple PRB groups in frequency (each group consists of N∙PRBs) according to a predefined hopping pattern such that only one PRB group is used at a time. The most relevant hopping schemes for NR are slot-level hopping and symbol-level hopping.
· Clustered transmission: UE transmits PUCCH via multiple PRB groups in frequency (each group consists of N∙PRBs) such that multiple PRB groups are used at a time.
Clustered transmission seems to be a natural option at least for short PUCCH. BS should be able to configure the PRB groups separately for each PUCCH format. 
Frequency hopping can be seen as a reasonable option for long PUCCH, at least when operating according to DFT-S-OFDM. On the other hand, single carrier limitation can be seen as a considerable constraint for the PUCCH design, especially in the case of short PUCCH. As harmonizing the designs for short and long PUCCH is preferable, clustered transmission should be considered as an option also for long PUCCH. 
Proposal #6: Consider clustered transmission for short PUCCH and both frequency hopping and clustered transmission for long PUCCH

2.6. 	PUCCH resource indication
HARQ-ACK resource indication on PUCCH includes at least the following options:
· Implicit resource indication (similar to LTE PUCCH format 1a/b)
· Explicit resource indication based on L1 DL signaling
· Explicit resource set indication based on higher layer signaling combined with resource selection based on L1 DL signaling. (similar to ARI in LTE PUCCH format 3)

The feasibility of different resource indication schemes need to be considered taking into account signaling overhead, flexibility and scheduler complexity viewpoints. 
We don't see a need for implicit resource allocation in the NR. First of all, implicit signaling suffers from relatively high PUCCH resource consumption. Furthermore, it has quite limited flexibility (& forward compatibility) when new functionalities are introduced to the system. This was the case e.g. when introducing PUCCH support for Carrier aggregation, UL SU-MIMO, CoMP and EPDCCH in LTE. Hence, implicit signaling can be seen as an option which either complicates the scheduler operation, or increases the PUCCH overhead when new features are introduced. 
Explicit signaling has the full flexibility. Furthermore, it can provide frequency domain scheduling gains for PUCCH especially in the case of TDD. This can provide considerable link budget improvement for the uplink control channel at the expense of increased downlink signaling overhead. Finally, explicit higher layer signaling combined with dynamic resource selection can provide reasonable (and scalable) signaling overhead. Based on that, we make the following proposal: 
Proposal #7: Consider explicit resource indication for HARQ-ACK resources on the PUCCH

2.7. 	CP-OFDM based design for PUCCH
Based on the discussion above, it can be noted that PUCCH design based on CP-OFDM can further provide certain opportunities for improved performance and/or functionality, compared to LTE. Those include e.g.:
· Opportunity for adjusting PUCCH reference signal power w.r.t. PUCCH data. 
· Improved support for high UE velocities (e.g. in the form of time-continuous reference signal)
· Opportunity for simultaneous transmission of different UCI formats on PUCCH (including also SRS)
· Opportunity for payload extension for sequence modulation using multiple cyclic shifts per UE (same or different PRBs)
· Opportunity for frequency diversity within one symbol duration.
Those benefits have the biggest potential especially with short PUCCH. Hence, it makes sense to consider these possibilities as part of the NR PUCCH design.
Observation #2: CP-OFDM –optimized design provides opportunities for improved PUCCH operation.

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 #3: 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 4. PUCCH resource units in frequency.

When operating with digital beamforming architecture or with digital RX subsystem along with the main hybrid RX system, BS can process PUCCH from the whole sector at once with high enough array gain and high DoA resolution capabilities [5]. 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 #8: 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.
4	Support for 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: 
· PUSCH and PUCCH share the same LBT gap at the beginning of UL portion on the slot. This requires FDM of PUCCH and PUSCH.
· 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 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 with an option for a wideband PUCCH. 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 #4: Unlicensed band operation requires flexible and scalable PUCCH design in both frequency and time.
Proposal #9: Unlicensed band operation needs to be considered as part of the UL control channel design.
5	Conclusions
In this contribution we have discussed the PUCCH design aspects for new radio. Based on the discussion, we make the following observations and proposals:
Observation#1: There is no need to define UL control subband explicitly by specifications. This can be achieved by BS implementation via signalling to the UE the PRBs for PUCCH transmission.
Observation #2: CP-OFDM –optimized design provides opportunities for improved PUCCH functionality
Observation #3: RF beamforming requires scalable PUCCH design in both frequency and time. 
Observation #4: Unlicensed band operation requires flexible and scalable PUCCH design in both frequency and time.

Proposal #1: PUCCH carries HARQ feedback, scheduling request, CSI feedback and their combinations.
Proposal #2: Support multiplexing between PUCCH and SRS within the UL control symbol(s)
Proposal #3: Support periodic CSI reporting on PUCCH
Proposal #4: For CP-OFDM, consider FDM between PUCCH reference signal and PUCCH data
Proposal #5: Consider FDM and CDM between PUCCH and SRS    
Proposal #6: Consider clustered transmission for short PUCCH and both frequency hopping and clustered transmission for long PUCCH
Proposal #7: Consider explicit resource indication for HARQ-ACK resources on the PUCCH
[bookmark: _GoBack]Proposal #8: 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.
Proposal #9: Unlicensed band operation needs to be considered as part of the UL control channel design.
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