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1. Introduction
At the RAN1#86bis meeting, following agreements and working assumption were achieved [1]:
	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



In this contribution, we discuss aspects related to UL control channel (PUCCH) and UCI transmission for NR.

2. UL control channel (PUCCH) transmission
2.1. PUCCH in long duration
The PUCCH in long duration is used for the purpose of achieving better coverage. For NR, it is expected to ensure the same level of coverage as for LTE. For this, PUCCH in long duration with DFT-s-OFDM waveform (including CAZAC sequences, like PUCCH format 1/1a/1b) is promising. RS for demodulation should be TDMed with UCI symbols to guarantee signle-carrier waveform. Besides, intra-PUCCH frequency-hopping should be enabled, and should be disabled if deemded unnecessary by the gNB. FFS support of OFDM waveform for PUCCH in long duration; possible use-case could be, e.g., alignment of RS pattern with OFDM-PUSCH, so that enable SU/MU-MIMO or interference coordination with the surrounding cells can be realized. 
For NR, we propose three types of scheduling units; DL-only, UL-only, and bi-directional {DL-part + UL-part} [2]. PUCCH in long duration should be able to be transmitted on UL-only and bi-directional, where UL-part of bi-directional scheduling unit should have sufficient length in this case. FFS whether the PUCCH structure can be common between scheduling units of UL-only and bi-directional.
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Fig. 1.	PUCCH in long duration.

Proposal 1:
· At least PUCCH in long duration with DFT-s-OFDM waveform should be supported.
· PUCCH in long duration should be able to be transmitted on UL-only and UL-centric scheduling units.
· RS symbol(s) for demodulation and UCI symbol(s) should be TDMed.
· Intra-PUCCH frequency-hopping should be supported (and should be disabled if unnecessary).
· FFS: support of PUCCH in long duration with OFDM waveform.

2.2. PUCCH in short duration
The PUCCH in short duration is used for improving spectral efficiency by enabling further flexible/dynamic scheduling of DL/UL data on each scheduling unit. The PUCCH in short duration could be 1 symbol as agreed at the RAN1#86bis meeting. For this, OFDM waveform is promising. RS subcarriers for demodulation should be FDMed with UCI subcarriers (at least for 1-symbol PUCCH). FFS support of DFT-s-OFDM waveform for PUCCH in short duration; possible use-case could be to transmit smaller number of UCI bits (e.g., 1 or 2 bits) to inform, e.g., ACK/NACK, by channel selection or sequence differentiation. 
Regarding the combination of PUCCH in short duration and the three types of scheduling units, PUCCH in short duration matches to both scheduling units of UL-only and bi-directional. PUCCH structure can be common for these scheduling units.
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Fig. 2.	PUCCH in short duration.

Proposal 2:
· At least PUCCH in short duration with OFDM waveform should be supported.
· PUCCH in short duration should be able to be transmitted on UL-only and UL/DL-centric scheduling units.
· RS subcarrier(s) for demodulation and UCI subcarrier(s) should be FDMed at least when PUCCH has 1 symbol.
· FFS: support of PUCCH in short duration with DFT-s-OFDM waveform.

2.3. Simultaneous transmission of UCI and data in the same scheduling unit
UCI and UL data transmissions can be scheduled by higher-layer signaling or L1 signaling independently on the same scheduling unit. For LTE, two methods are supported: UCI piggyback on PUSCH and simultaneous PUCCH-PUSCH transmission. For NR, multiplexing of UCI and data on the same scheduling unit will be a discussion topic.
Following factors shall be taken into account:
· Whether PUCCH is in short duration or in long duration if there is no PUSCH
· Whether PUCCH is OFDM waveform or DFT-s-OFDM waveform if there is no PUSCH
· Whether PUSCH is OFDM waveform or DFT-s-OFDM waveform if there is no PUCCH
Taking into account the proposal 1 and proposal 2 in the previous sections, we consider following two cases.

(1) Both PUCCH and PUSCH are OFDM waveform
In Fig. 3, PUCCH is assumed to be in short duration. Note that the same logic is applicable to PUCCH in long duration with OFDM waveform (if supported). In this case, simultaneous PUCCH-PUSCH transmissions should be baseline. It is important to investigate how to share the resources between PUCCH and PUSCH in an efficient manner at around the UL control region. Note that there is a same issue for DL; how to share the resources between PDCCH and PDSCH in an efficient manner at around the DL control region. FFS whether a common or unified mechanism is applicable for UL and DL.
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Fig. 3.	UCI + data on simultaneous PUCCH-PUSCH transmission.

(2) Both PUCCH and PUSCH are DFT-s-OFDM waveform
In this case, a mechanism keeping low-PAPR is preferable. In LTE, UCI is multiplexed onto PUSCH, i.e., UCI piggyback on PUSCH. It is natural to consider that this is applicable to NR. However, UCI piggyback on PUSCH makes UCI handling much complicated. For example, HARQ-ACK feedback for DL data and UL data scheduling are indicated by different DCIs and therefore, depending on whether the UE correctly decodes both or misses one, the UE behavior changes. Besides, network needs to carefully choose appropriate parameters for UCI feedback considering both on PUCCH and piggyback on PUSCH.  
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Fig. 4.	UCI piggyback on PUSCH.

Proposal 3:
· At least following are supported for multiplexing UCI and UL data:
· Simultaneous PUCCH-PUSCH transmission, e.g., when PUCCH and PUSCH are OFDM waveform.
· UCI piggyback on PUSCH, e.g., when PUCCH and PUSCH are DFT-s-OFDM waveform.
· FFS other cases.

3. Performance evaluation
3.1. Simulation parameters
Link-level evaluation is carried out to see required SINR for achieving target performance (assuming A-to-N error probability <= 1%, N-to-A error probability <= 0.1%, and D-to-A error probability <= 1%). In this contribution, we consider relatively large UCI payload. The encoded UCI bit sequence is rate-matched to fit with the available REs per PUCCH. OFDM waveform is assumed. For simplicity, TBCC with 8-bit CRC is applied, so that DTX-to-ACK and NACK-to-ACK performances can be sufficiently good without fine-tuning DTX threshold. 
UL control channel structures assumed on the evaluation are illustrated in Fig. 5. We assumed two DMRS structures and DMRS REs are mapped within each PRB. SCS = 15kHz @ 4GHz and SCS = 120kHz @ 28GHz are assumed. Antenna configurations of {1Tx, 2Rx (uncorrelated)} and {2Tx, 32Rx (cross-polarized)} antennas are assumed for 4GHz and 28GHz, respectively. Detailed evaluation assumptions are summarized in Table I.
In the following, impact of following three factors are evaluated.
· Impact of number of RBs for a given UCI payload (2 RBs ~ 64 RBs)
· Impact of UCI payload for a given number of RBs (4 ~ 64 bits)
· Impact of ratio between UCI and RS (2 DMRS REs/RB vs 4 DMRS REs/RB)
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Fig. 5.	PUCCH structure for link-level simulation.

Table I		Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz
	28GHz

	Channel model
	EPA
	CDL-B UMi street canyon

	System bandwidth
	20MHz
	160MHz

	Subcarrier spacing
	15kHz
	120kHz

	Antenna configuration
	1Tx, 2Rx (uncorrelated)
	2Tx, 32Rx (polarized)

	CP overhead
	6.6%

	UE speed
	3km/h

	UCI bits
	4 ~ 64 bits

	Receiver
	Channel estimation based

	Encoding
	8-bit CRC + TBCC

	Number of subcarriers per PRB
	12

	Waveform
	CP-OFDM

	Phase-noise
	Not modelled



3.2. Evaluations on required SNR for achieving target performances
Impact of number of RBs for a given UCI payload
Figure 6 illustrates the required SINR for a given UCI payload with the number of RBs as a parameter. 8, 16, and 32 bits are assumed as the UCI payload, respectively. 4GHz carrier frequency is assumed in this subsection. It can be seen from the figure that for 8 and 16 bits UCI payload, as the number of RBs is doubled, the required SINR is roughly -3dB. Since PSD decreases 3dB per double, coupling loss does not change. When the UCI payload is 32 bits, for smaller number of RBs, the SINR reduction is larger. This is because coding rate is relatively high in this region and hence coding gain increase looks obvious. Note that here CRC based detection is assumed. If there is no CRC, DTX detection should be carried out by using DMRS. In this case, lower PSD may offer worse performance.
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Fig. 6.	Required SINR for a given UCI payload with the no. of RBs as a parameter.

Observation 1:
· As long as CRC-based detection is used and the coding rate is sufficiently low, the number of RBs for PUCCH in short duration does not impact on link-budget.
· Further investigation is necessary when CRC-based detection is not used.
· DTX threshold may impact the overall performance.

Impact of UCI payload for a given number of RBs
Figure 7 illustrates the required SINR for a given number of RBs with the number of UCI bits as a parameter. 8, 16, and 32 PRBs are assumed. For all evaluated number of RBs, the tendency is the same. As the number of UCI bits increases, required SINR becomes high, because of the higher coding rate. 
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Fig. 7.	Required SINR for a given no. of RBs with the no. of UCI bits as a parameter.

Observation 2:
· For a given PUCCH structure, as the number of UCI bits increases, required SINR increases.
· No performance difference between UCI bits of 4 and 8 is seen.

Impact of ratio between UCI and RS (2 DMRS REs/RB vs 4 DMRS REs/RB)
Figure 8 illustrates the required SINR for a given number of PRBs and the UCI payload with the no. of DMRS REs/RB as a parameter. 2 DMRS REs/RB and 4 DMRS REs/RB are compared as illustrated in Fig. 5. It can be seen from the figure that for smaller number of RBs and larger number of UCI bits, 2 DMRS REs/RB is better than 4 DMRS REs/RB, while for larger number of RBs or smaller number of UCI bits, 4 DMRS REs/RB becomes better. With larger number of RBs or smaller number of UCIs, coding rate is lower. For such case, channel estimation performance is a dominant factor and hence, larger number of DMRS REs is benefitial. On the other hand, with smaller number of RBs and larger number of UCIs, coding rate becomes higher and hence, achieving lower coding rate should be prioritized over using large number of DMRS REs. As such, the optimal number of DMRS REs/RB (or DMRS density) could be different depending on the coding rate.

[image: ]
Fig. 8.	Required SINR comparison between different no. of DMRS REs per RB.

Observation 3:
· Optimal number of DMRS REs per RB is different depending on coding rate.

3.3. Link-budget analysis
In this subsection, possible communication distance of PUCCH in short duration, in particular 1-symbol duration, is analyzed, based on the above link-level simulation results. Both 4GHz and 28GHz are considered for the link-budget analysis. We assumed following five different PUCCH structures and the target SINR is obtained by the link-level simulations.

I. UCI 16 bits with 32 PRBs
II. UCI 64 bits with 32 PRBs
III. UCI 8 bits with 16 PRBs
IV. UCI 32 bits with 16 PRBs
V. UCI 8 bits with 8 PRBs

In the following table, maximum coupling loss (dB) is derived. Then, assuming a certain shadowing loss and margin, the possible communication distance is derived using the pathloss equation. From the analysis, it can be observed that PUCCH having 1-symbol duration with above I~V cases can be used for a small cell of up to 70~100m at 4GHz and 30~60m at 28GHz. Note that for the link-level evaluation in this contribution, PUCCH structure (e.g., RS design, coding scheme, etc) is not optimized well. Further optimization should be targeted for NR to support better coverage.

Table II		Link-budget analysis (for 4GHz carrier frequency with SCS = 15kHz and EPA)
	
	Case I
	Case II
	Case III
	Case IV
	Case V

	Tx power (dBm)
	23.0

	Thirmal noise density (dBm/Hz)
	-174.0

	Receiver noise figure (dB)
	5.0

	Interference margin (dB)
	0.0

	Occupied channel BW (Hz)
	32*18000
	32*18000
	16*18000
	16*18000
	8*18000

	Effective noise power (dBm)
	-101.4
	-101.4
	-104.4
	-104.4
	-107.4

	Required SINR (dB)
	3.0
	6.0
	6.0
	9.0
	9.0

	Receiver sensitivity (dBm)
	-98.4
	-94.9
	-98.4
	-95.9
	-98.4

	MCL (dB)
	121.4
	117.9
	121.4
	118.9
	121.4

	shadow fading std deviation (dB)
(UMi, NLoS, Hex)
	4

	Max distance (m)   (3 dB margin)
	118
	95
	118
	101
	118

	Max distance (m)   (6 dB margin)
	98
	79
	98
	84
	98

	Max distance (m)   (9 dB margin)
	81
	65
	81
	69
	81



Table III	Link-budget analysis (for 28GHz carrier frequency with SCS = 120kHz and CDL-B)
	
	Case I
	Case II
	Case III
	Case IV
	Case V

	Tx power (dBm)
	23.0

	Thirmal noise density (dBm/Hz)
	-174.0

	Receiver noise figure (dB)
	7.0

	Interference margin (dB)
	0.0

	Occupied channel BW (Hz)
	32*1440000
	32*1440000
	16*1440000
	16*1440000
	8*1440000

	Effective noise power (dBm)
	-90.4
	-90.4
	-93.4
	-93.4
	-96.4

	Required SINR (dB)
	-10.0
	-8.4
	-10.0
	-8.0
	-8.5

	Receiver sensitivity (dBm)
	-100.4
	-98.8
	-103.4
	-101.4
	-104.9

	MCL (dB)
	123.4
	121.8
	126.4
	124.4
	127.9

	shadow fading std deviation (dB)
(UMi-Street Canyon, NLoS, Hex)
	7.82

	Max distance (m)   (3 dB margin)
	48
	43
	58
	51
	64

	Max distance (m)   (6 dB margin)
	39
	35
	48
	42
	53

	Max distance (m)   (9 dB margin)
	32
	29
	39
	34
	43



Observation 4:
· PUCCH having 1-symbol duration with above I~V cases can be used for a small cell of up to less than 70~100m at 4GHz and 30~60m at 28GHz.
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4. Conclusion
In this contribution we discussed PUCCH designs for NR and analyze BLER performance and link budget, and reached following observations and proposals.
Proposal 1:
· At least PUCCH in long duration with DFT-s-OFDM waveform should be supported.
· PUCCH in long duration should be able to be transmitted on UL-only and UL-centric scheduling units.
· RS symbol(s) for demodulation and UCI symbol(s) should be TDMed.
· Intra-PUCCH frequency-hopping should be supported (and should be disabled if unnecessary).
· FFS: support of PUCCH in long duration with OFDM waveform.
Proposal 2:
· At least PUCCH in short duration with OFDM waveform should be supported.
· PUCCH in short duration should be able to be transmitted on UL-only and UL/DL-centric scheduling units.
· RS subcarrier(s) for demodulation and UCI subcarrier(s) should be FDMed at least when PUCCH has 1 symbol.
· FFS: support of PUCCH in short duration with DFT-s-OFDM waveform.
Proposal 3:
· At least following are supported for multiplexing UCI and UL data:
· Simultaneous PUCCH-PUSCH transmission, e.g., when PUCCH and PUSCH are OFDM waveform.
· UCI piggyback on PUSCH, e.g., when PUCCH and PUSCH are DFT-s-OFDM waveform.
· FFS other cases.

Observation 1:
· As long as CRC-based detection is used and the coding rate is sufficiently low, the number of RBs for PUCCH in short duration does not impact on link-budget.
· Further investigation is necessary when CRC-based detection is not used.
· DTX threshold may impact the overall performance.
Observation 2:
· For a given PUCCH structure, as the number of UCI bits increases, required SINR increases.
· No performance difference between UCI bits of 4 and 8 is seen.
Observation 3:
· Optimal number of DMRS REs per RB is different depending on coding rate.
Observation 4:
· PUCCH having 1-symbol duration with above I~V cases can be used for a small cell of up to less than 70~100m at 4GHz and 30~60m at 28GHz.
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