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1. Introduction
In this contribution, we share our initial views on uplink control channels for NR.

2. High-level requirements on UL control channels for NR
For LTE, UL control channel (PUCCH) is supported to transmit scheduling request, HARQ-ACK for DL data, and/or CSI feedback. The PUCCH is transmitted with 1PRB (except for PF4) with inter-slot frequency-hopping with low PAPR waveform (CAZAC or DFT-s-OFDM). When there is a PUSCH transmission, UCI is piggybacked on PUSCH instead of transmitted by PUCCH, so that low PAPR property is maintained, unless simultaneous PUCCH-PUSCH transmission is configured.
For NR, UL control channels should also be supported for UCIs including SR, HARQ-ACK, and CSI. Potential requirements on UL control channels for NR are as follows.
· High reliability
· At least for lower carrier frequencies (e.g., below 6GHz), NR UL control channel(s) should be comparable with PUCCH for LTE, in terms of BLER/coverage performances.
· For higher carrier frequencies (e.g., above 6GHz), NR UL control channel(s) have sufficient BLER/coverage performances which could overcome the high carrier frequency specific problems, while offering high efficiency/flexibility.
· High efficiency
· NR UL control channel(s) should be efficiently multiplexed with DL data and/or UL data in a given radio resources.
· High flexibility
· NR UL control channel(s) should be friendly to flexible dynamic TDD operation.
· Scalability
· NR UL control channel(s) should be designed for various SCSs and scheduling unit duration.
Obviously, it is difficult to cover all the high-level requirements by one UL control channel design. Separate optimization for each specific use-case/scenario might be necessary.

2.1. High reliability
LTE PUCCH is designed to enable highly good BLER/coverage performances. PUCCH format 1/1a/1b has only 1 or 2 information bits and is transmitted over one full subframe. The transmission bandwidth is the minimum, i.e., 1PRB, which maximizes the coverage in power-limited environment, while inter-slot frequency-hopping is applied between the edges of system bandwidth, to maximize frequency diversity gain. Besides, the PUCCH format 1/1a/1b (and PUCCH format 2/2a/2b as well) is constructed by CAZAC sequences, which minimizes PAPR and has the best auto-correlation/cross-correlation properties. Inter-cell interference randomization is ensured by sequence-group hopping. Fundamentally, it is hard to find a new design that can offer substantially better BLER/coverage performance than LTE PUCCH, without changing scenarios/environments or configurations.
For lower carrier frequencies (e.g., below 6GHz), allowing performance degradation for NR makes network replacement from LTE to NR being difficult; degradation of UL control channel performance may require denser deployment of BS, which results in new BS/cell deployments. In order to keep the performance, there are two approaches. The first approach is to adopt the same or similar UL control channel design(s). The other approach is to introduce extra diversity/antenna-combining gain by using larger number of antennas at BS and/or UE. Considering the spatial-domain correlation at lower carrier frequencies, it is straightforward to assume that the same or similar UL control channel(s) should be used for achieving the reliability.
For higher carrier frequencies (e.g., above 6GHz), comparison with LTE PUCCH is not necessary and hence, any new UL control channel designs are allowed. Relaxing BLER/coverage performances compared to LTE case creates rooms to consider new designs offering better efficiency/flexibility, discussed below later. However, even for these carrier frequencies, sufficient BLER/coverage should still be ensured: larger propagation/penetration losses, larger phase-noise, lower PSD due to wider bandwidth, etc, should be compensated. BS receiver beam-forming and/or denser BS deployment would be promising to compensate propagation/penetration losses, but these solutions may increase interference fluctuation and network cost. Phase-noise may not be a critical issue as lower MCS would typically be used for UL control channel(s). Wider bandwidth for UL control may impact the coverage since it degrades link budget. However, as long as necessary performance is satisfied under the target scenarios with these factors, UL control channel(s) for these carrier frequencies can be designed efficiently/flexibly.

2.2. High efficiency
As discussed in 2.1, NR UL control channel(s) can be designed to be highly efficient, as long as necessary reliability is ensured. Considering that the major scenarios of NR at higher carrier frequencies (e.g., above 6GHz) would be TDD, it is important to minimize UL control channel(s) overhead in time-domain since it offers more resources not only for UL data (same link direction with UL control) but also for DL data (different link direction with UL control). Minimizing overhead of UL control channel(s) in time-domain is also useful for offering more flexibility as discussed in 2.3 later.
Assuming a certain time-domain resource is allocated to UL control channel(s), similar to DL control channel(s), it is not preferable to make a huge amount of UL control channel region unused; radio resources should be able to be shared between UL control channel(s) and DL/UL data. 
Resource sharing between UL data and UL control can be classified into spatial-domain aspects and resource grid domain aspects. In the spatial-domain, it is worthwhile to consider enabling MU-MIMO/SU-MIMO for UL control + UL control and/or UL control + UL data. In the resource grid domain, it is beneficial to enable resource sharing between UL data and UL control in dynamic manner. Figure 1 illustrates examples. In Fig. 1 (a), excessive resource is reserved for UL control, and no matter of whether UL control signal is actually transmitted, the UL resource reserved for UL control cannot be used for UL data. In Fig. 1 (b), when there is no UL control, UL data occupies the resource for UL control. In Fig. 1 (c), resource is not allocated to UL control unless UL control is actually transmitted. In order to save the overhead, resource sharing between UL data and UL control should be like either Fig. 1 (b) or (c). Then, two cases need to be considered; the data and control are from the same UE, and the data and control are from different UEs. For resource sharing between DL data and UL control, due to the half-duplex constraint, Fix. 1 (b) type of mechanism is beneficial.
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(a) No dynamic resource sharing
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(b) Partial dynamic resource sharing
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(c) Full dynamic resource sharing
Fig. 1	left: mux b/w data and UL-control, middle: only UL-control, right: only data.

2.3. High flexibility
With minimizing overhead of UL control channel(s) in time-domain, larger amount of resources is available for DL and UL data, and the resources can be used as dynamic resources for dynamic TDD, which is desirable for NR [1]. For DL data, HARQ-ACK feedback transmission is necessary. If UL control channel for HARQ-ACK feedback is designed such that it spans long time duration with fixed HARQ-ACK timing like LTE PUCCH, the dynamic TDD flexibility is highly restricted by the HARQ-ACK transmission for DL data. For example, if both DL data and its HARQ-ACK feedback span over 1ms, one DL data scheduling on a 1ms duration determine UL-DL direction of another 1ms duration at a certain timing after the DL data scheduling. 
In order to address this issue, two features are essential: (1) flexible HARQ-ACK timing, and (2) shorter duration for UL control channel compared to data. Flexible HARQ-ACK timing is addressed in our companion contribution [2]. Shorter duration of UL control channel enables to increase the radio resource region that can flexibly be used for UL or DL data in dynamic manner.

2.4. Scalability
For NR, various SCSs will be supported. Variable SCSs should also be applicable to UL control channel(s). It may not be desirable to define one UL control channel structure and apply it for all the SCS. Different optimizations for different SCS should be allowed/considered if necessary.

Proposal 1:
· NR UL control channel(s) should support at least scheduling request, HARQ-ACK feedback, and CSI feedback. 
· NR UL control channel(s) should be designed with the following high-level requirements:
· High reliability
· At least for lower carrier frequencies (e.g., below 6GHz), NR UL control channel(s) should be comparable with PUCCH for LTE, in terms of BLER/coverage performances.
· For higher carrier frequencies (e.g., above 6GHz), NR UL control channel(s) have sufficient BLER/coverage performances, which could overcome the high carrier frequency specific problems.
· High efficiency
· NR UL control channel(s) should be efficiently multiplexed with DL data and/or UL data.
· High flexibility
· NR UL control channel(s) should be friendly to flexible dynamic TDD operation.
· Scalability
· NR UL control channel(s) should be designed for various SCSs and scheduling unit duration.

3. Analysis of UL control channel structures
3.1. Link-level evaluations
We conducted link-level evaluations to see the impact of time-domain and frequency-domain scales on UL control channel. Under the assumption that SCS = 15kHz @ 4GHz and SCS = 120kHz @ 30GHz, seven different UL control channel structures illustrated in Fig. 2 are evaluated. UL OFDMA is assumed for simplicity. In each PRB having 12 subcarriers, 5 RS REs and 7 UCI REs are multiplexed in FDM manner. Two UCI bits are modulated by QPSK and copied/mapped on the UCI REs with scrambling. BS receiver performs ML detection of the transmitted UCI bits, where per PRB coherence is assumed. Detailed evaluation assumptions are summarized in Table 1.
Table 1	Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz
	30GHz

	Channel model
	EPA, ETU
	CDL-B UMi street canyon

	System bandwidth
	20MHz
	160MHz

	Subcarrier spacing
	15kHz
	120kHz

	CP overhead
	6.6%

	UE speed
	3km/h

	Antenna configuration
	1Tx, 2Rx (uncorrelated)

	UCI bits
	2 bits

	Number of subcarriers per PRB
	12

	Waveform
	CP-OFDM

	Phase-noise
	Not modelled
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Fig. 2	UL control channel structures evaluated in this contribution.

Figures 3 and 4 show average BER performance as a function of average signal-to-noise power ratio (SNR). It can be seen from Figs. 3 and 4 that SCS = 15kHz @ 4GHz and SCS = 120kHz @ 30GHz would offer similar tendency in terms of BER performance. For a given number of symbol(s), as the number of PRBs increases, the required SNR reduces, especially between 1PRB and other PRBs, since coding gain increases. For a given number of PRB(s), as the number of symbols increases, the required SNR reduces, since total energy of the signal increases. 
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(a) EPA							(b) ETU
Fig. 3	Average BER performances of UL control channel structures at 4GHz carrier frequency.
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Fig. 4	Average BER performances of UL control channel structures at 28GHz carrier frequency (CDL-B).

3.2. Link-budget analysis
Based on the required SNR (for achieving BER=1% as a tentative target) observed in the above LLS, link-budget for various UL control channel structures are roughly calculated in Tables 2-4, where interference margin and shadowing loss margin are not taken into account. 
From the maximum coupling loss point or view, smaller bandwidth per transmission is highly beneficial. For example, comparing 14RB x 1symbol and 7RB x 2symbol (H), although required SINR of 7RB x 2symbol(H) is 3dB smaller in link-level evaluation, the resultant maximum coupling loss of that structure is 6dB high. Considering the existing LTE PUCCH structure is similar to 1RB x 14symbol (H), any other structure is not comparable from coverage perspective. Assuming that the NR UL control channel has a structure of 7RB x 2symbol (H), its coverage is 10dB smaller than LTE PUCCH having 1RB x 14symbols (H). 
Same tendency is observed in Table 4 for higher carrier frequency and wider SCS. Compared to narrower SCS, effective noise power increases by default. As a consequence, the maximum coupling loss is overall worse than those with narrower SCS. It should be noted that, for these carrier frequencies, massive MIMO beam-forming receiver may be available. Assuming 32 antenna elements can be used to create the maximum ratio beam, array gain of 15dB at the maximum can be added. As such, increase of maximum coupling loss due to wider SCS may be compensated by the antenna array gain. On the other hand, as carrier frequency becomes high, pathloss increases. For example, 10 times higher carrier frequency increases path loss by 20dB in general. The UL control channel(s) should be designed taking into account these aspects. 

Table. 2	Link-budget analysis (for 4GHz carrier frequency with SCS = 15kHz and EPA)
	Parameter
	1RB
1sym
	7RB
1sym
	14RB
1sym
	1RB
7sym
	1RB
14sym
	7RB
2sym (H)
	1RB
14sym(H)

	Tx power (dBm)
	23.0

	Noise density (dBm/Hz)
	-174.0

	Noise figure (dB)
	5.0

	Occupied BW (kHz)
	180.0
	1260.0
	2520.0
	180.0
	180.0
	1260.0
	180.0

	Effective noise (dBm)
	-116.5
	-108.0
	-105.0
	-116.5
	-116.5
	-108.0
	-116.5

	Required SNR (dB)
	7.2
	0.5
	-1.0
	-1.0
	-4.0
	-4.0
	-6.0

	Receiver sensitivity (dBm)
	-109.3
	-107.5
	-106
	-117.5
	-120.5
	-112
	-122.5

	MCL (dB)
	132.3
	130.5
	129.0
	140.5
	143.5
	135.0
	145.0



Table. 3	Link-budget analysis (for 4GHz carrier frequency with SCS = 15kHz and ETU)
	Parameter
	1RB
1sym
	7RB
1sym
	14RB
1sym
	1RB
7sym
	1RB
14sym
	7RB
2sym (H)
	1RB
14sym(H)

	Tx power (dBm)
	23.0

	Noise density (dBm/Hz)
	-174.0

	Noise figure (dB)
	5.0

	Occupied BW (kHz)
	180.0
	1260.0
	2520.0
	180.0
	180.0
	1260.0
	180.0

	Effective noise (dBm)
	-116.5
	-108.0
	-105.0
	-116.5
	-116.5
	-108.0
	-116.5

	Required SNR (dB)
	7.5
	-0.5
	-4.0
	0.0
	-4.3
	-4.5
	-5.5

	Receiver sensitivity (dBm)
	-109
	-108.5
	-109
	-116.5
	-120.8
	-112.5
	-122

	MCL (dB)
	132.0
	131.5
	132.0
	139.5
	143.8
	135.5
	145.0



Table. 4	Link-budget analysis (for 30GHz carrier frequency with SCS = 120kHz and CDL-B)
	Parameter
	1RB
1sym
	7RB
1sym
	14RB
1sym
	1RB
7sym
	1RB
14sym
	7RB
2sym (H)
	1RB
14sym(H)

	Tx power (dBm)
	23.0

	Noise density (dBm/Hz)
	-174.0

	Noise figure (dB)
	7.0

	Occupied BW (kHz)
	1440.0
	10080.0
	20160.0
	1440.0
	1440.0
	10080.0
	1440.0

	Effective noise (dBm)
	-107.5
	-99.0
	-96.0
	-107.5
	-107.5
	-99.0
	-107.5

	Required SNR (dB)
	5.2
	-2.0
	-4.0
	4.0
	-6.5
	-5.0
	-8.5

	Receiver sensitivity (dBm)
	-102.2
	-101.0
	-100.0
	-111.4
	-114.0
	-104.0
	-116.0

	MCL (dB)
	123.2
	122.0
	121.0
	132.4
	135.0
	125.0
	137.0



Proposal 2:
· NR UL control channel(s) should be designed such that required reliability can be properly achieved.
· Both BER/BLER performance evaluation and link-budget analysis would be essential.

4. Conclusion
In this contribution we shared our initial views on UL control channel designs for NR, and proposed the following:
Proposal 1:
· NR UL control channel(s) should support at least scheduling request, HARQ-ACK feedback, and CSI feedback. 
· NR UL control channel(s) should be designed with the following high-level requirements:
· High reliability
· At least for lower carrier frequencies (e.g., below 6GHz), NR UL control channel(s) should be comparable with PUCCH for LTE, in terms of BLER/coverage performances.
· For higher carrier frequencies (e.g., above 6GHz), NR UL control channel(s) have sufficient BLER/coverage performances, which could overcome the high carrier frequency specific problems.
· High efficiency
· NR UL control channel(s) should be efficiently multiplexed with DL data and/or UL data.
· High flexibility
· NR UL control channel(s) should be friendly to flexible dynamic TDD operation.
· Scalability
· NR UL control channel(s) should be designed for various SCSs and scheduling unit duration.
Proposal 2:
· NR UL control channel(s) should be designed such that required reliability can be properly achieved.
· Both BER/BLER performance evaluation and link-budget analysis would be essential.
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