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1. Introduction
At the RAN1 previous meetings, UL control channel for NR were discussed and following agreements were made [1]:
	Agreements at RAN1#86bis:
· 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 at RAN1#86bis:
· Study at least the following operations to be supported in NR, from a single UE perspective
· Case 1: UL data and UCI are FDMed where the resource for UCI is not a part of the resource allocated for UL data 
· Case 2: UL data and UCI are TDMed where the resource for UCI is not a part of the resource allocated for UL data 
· Case 3: UL data and UCI are multiplexed where the resource for UCI is a part of the resource allocated for UL data
· FFS: how different types of UCI are handled
· Further study on other possibilities is not precluded
Agreements at RAN1#87:
· Support FDM of ‘short UCI’ and data, both within a UE and between UEs at least for the case where the PRBs for short UCI and data are non-overlapping
· FFS: PUSCH in the short UL duration can be scheduled independently
Agreements at RAN1#87:
· In order to support TDM of short PUCCH from different UEs in the same slot, a mechanism to tell the UE in which symbol(s) in a slot to transmit the short PUCCH on is supported at least above 6 GHz (exact mechanism FFS)
Agreements at RAN1#AH_NR:
· For PUCCH in long-duration,
· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.
· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-slot frequency-hopping is supported


In this contribution, we discuss the aspects related to UL control channel (PUCCH) in long-duration for NR. The discussion about PUCCH in short-duration suitable for small payload size (DMRS-based PUCCH vs. sequence-based PUCCH) is in our companion paper [2]. Designs of PUCCH in short-duration for large payload size are discussed in our companion contribution [3].
2. PUCCH structure in long-duration
2.1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]PUCCH in long-duration for low payload
It was agreed at the RAN1 AH meeting that PUCCH in long-duration should support UCI payload of 1 ~ at least a few hundreds of bits (or SR). For lower payload, such as 1 or 2 bits, the PUCCH structure of LTE PUCCH format 1a/1b is desirable to ensure the coverage and/or multiplexing capacity. The PUCCH in long-duration should be usable for both UL-only slot and UL-centric slot (the slot having short DL part, gap, and long UL part). However, it is not desirable to define multiple PUCCH formats to fit with different lengths of UL part.
One possible way is to concatenate multiple of PUCCH in short-duration to build a PUCCH in long-duration. The lengths of the PUCCH in long-duration can be controlled by the number of concatenated PUCCHs in short-duration. In the following, we take a possible structure of PUCCH in short-duration having two symbols where each of them is RS and UCI (see Fig. 1). However, any of the structures can be used for this.

[image: ]
Figure 1	PUCCH in short-duration with 2-symbol

Figure 2 illustrates examples of PUCCH in long-duration having different transmission lengths built by the PUCCH in short-duration. It is possible to multiply scrambling/spreading sequence over the time.
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(a) UL-only slot                                                   (b) UL-centric slot
Figure 2	PUCCH in long-duration constructed by PUCCH in short-duration

In order to achieve frequency diversity gain, frequency hopping could also be implemented with this structure just by following similar way as in LTE. 
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(a) UL-only slot                                                   (b) UL-centric slot
Figure 3	Frequency hopping

The PUCCH in long-duration built by multiple concatenated PUCCH in short-duration can be extended to high UCI payload size. Instead of copying UCI over multiple PUCCHs in short-duration building the PUCCH in long-duration, different UCIs can be mapped over the multiple PUCCHs in short-duration (see Fig. 4). 
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Figure 4	Different UCI payload bits with PUCCH in long-duration

However, the demerit of this structure is that the RS overhead is constant. For high UCI payload, it is desirable to reduce RS overhead while increasing effective REs for UCI to reduce coding rate. It was clarified during Rel. 13 eCA that RS overhead of 1/7 offers the best performance for PUCCH format 4/5. In the following sub-section, we discuss how to reduce the RS overhead for this PUCCH in long-duration.
Proposal 1:
· Consider to build PUCCH in long-duration by multiple concatenated PUCCH in short-duration.

2.2. PUCCH in long-duration for high payload
In [3], it is revealed that PUCCH in short-duration with 4x and 8x can offer good performance for high UCI payload by reducing RS overhead. By scaling subcarrier-spacing, unit for PUCCH in long-duration can be made. Followings are examples. As in Fig. 5, by scaling subcarrier-spacing of 4x split symbols in Fig. 5 (c), unit of PUCCH in long-duration for 4-symbol (Fig. 5 (a)) and 2-symbol (Fig. 5 (b)) can be made. Similarly, split symbols of 8x can be used to make a unit for PUCCH in long-duration as seen in Fig. 6. 
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a) Same SCS, 4 symbols                                         b) 2x split symbols, 2 symbols
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c) 4x split symbols, 1 symbol
Figure 5	PUCCH in short-duration of RS overhead = 25%
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a) Same SCS, 8 symbols                                         b) 2x split symbols, 4 symbols
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c) 4x split symbols, 2 symbols                                         d) 8x split symbols, 1 symbol
Figure 6	PUCCH in short-duration of RS overhead = 12.5%

Note that since UL part does not always have 2N symbols, integer number of PUCCH in short-duration having more than one symbol may not fit with the UL part duration. Different RS placements for different lengths of PUCCH in long-duration may not be desirable. In order to resolve this, it is possible to map the RS at the end of the PUCCH in long-duration. By this structure, different length of PUCCH in long-duration can easily be realized by puncturing the UCI symbols such that the length fits with the UL part. 

[image: ]                [image: ]
(a) 2x split symbols                                                   (b) 4x split symbols
Figure 7	PUCCH in long-duration inserted RS in the last symbol

Proposal 2:
· RS overhead should be able to be adjusted depending on UCI payload for PUCCH in long-duration.

3. Performance Evaluation
3.1. BER performance of PUCCH in long-duration for low payload
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]In this sub-section, in order to observe the coverage performance for PUCCH in long-duration with the structure proposed in section 2, the BER performance is evaluated by using link-level evaluation under the simulation parameters listed in Table 1. Different symbol numbers of PUCCH, i.e. [2, 4, 6, 8, 10, 12, 14] symbols, are evaluated by comparing to LTE-PUCCH format 1b, and the detailed structures are illustrated in Figure 8. Similar to LTE-PUCCH format 1b, QPSK modulation and frequency hopping are utilized to map the 2-bit UCI payload into the PUCCH REs.
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Figure 8	Cases for required SNR evaluation of PUCCH in long-duration
Since the basic unit is kept for all the evaluated cases, RS overhead 1/2 holds for all of them. SCS 15 kHz is assumed to be comparable to LTE PUCCH although CP-OFDM is assumed for simplicity. Antenna configuration of {1Tx, 2Rx (uncorrelated)} at 4GHz under EPA channel is utilized.
Table 1 Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz
	28GHz

	Channel model
	EPA
	CDL-B UMi street canyon

	System bandwidth
	20MHz
	80MHz

	Subcarrier spacing
	15kHz
	60kHz

	Antenna configuration
	1x2
	2x32

	CP overhead
	6.6%

	UE speed
	3km/h

	UCI bits
	2bit

	Receiver
	MLD

	Encoding
	Repetition code

	Target BER
	0.1%

	Number of subcarriers per PRB
	12

	Waveform
	CP-OFDM

	Phase-noise
	Not modelled



According to Figure 9, it is observed that the performance gets better along with the increase of the number of OFDM symbols used for PUCCH. Apparently, this is due to the fact the redundancy level of PUCCH increases with the number of available OFDM symbols for the UCI bits. Besides, comparing to LTE PUCCH format 1b, the PUCCH under the structure with 14 OFDM symbols has quite similar performance. Obviously, this is because they have similar RS overhead (around 1/2) and available resource for UCI bits.
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Figure 9 	BER performance of PUCCH in long-duration (for 1x2, 4GHz carrier frequency with SCS = 15kHz and EPA)
Observation 1:
· PUCCH in long-duration built by multiple concatenated PUCCH in short-duration achieves quite similar BER performance with LTE PUCCH format 1b when the transmission duration is the same.
· Note: In the evaluation, ML detection is applied to both PUCCH structures.

3.2. Link-budget analysis for low payload
In this subsection, possible communication distance of PUCCH in long-duration is analyzed. Both 4GHz and 28GHz are considered for the link-budget analysis. The required SNR (dB) is the SNR satisfying target BER = 0.1%. We assumed following four different symbol numbers of PUCCH, i.e. [2, 4, 12, 14] symbols, and the target SNR is obtained by the link-level simulations with the parameters listed in Table 1.
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Figure 10	Cases for link-budget analysis
In the following tables, 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 in long-duration with the common structure scattering across multiple units, i.e. 2~14 symbols, can be used for a cell range around 150~500m at 4GHz and 200~550m at 28GHz. Further optimization should be targeted for NR to support better coverage such as the waveform.
Table 2	Link-budget analysis (for 1x2, 4GHz carrier frequency with SCS = 15kHz and EPA)
	Physical channel name
	2 Symbol
	4Symbol
	12 Symbol
	14 Symbol

	No. of PRBs
	1
	1
	1
	1

	Subcarrier spacing (kHz)
	15
	15
	15
	15

	Max Tx power  (dBm)
	23
	23
	23
	23

	(1) Actual Tx power (dBm)
	23
	23
	23
	23

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180000
	180000
	180000
	180000

	 (6) Effective noise power= (2) + (3) + (4) + 10 log((5))  (dBm)
	-116.4472749
	-116.4472749
	-116.4472749
	-116.4472749

	(7) Required SNR (dB)
	7.5
	0.5
	-4
	-5

	(8) Receiver sensitivity  = (6) + (7) (dBm)
	-108.9472749
	-115.9472749
	-120.4472749
	-121.4472749

	(9) MCL = (1) - (8) (dB)
	131.9472749
	138.9472749
	143.4472749
	144.4472749

	Shadow fading 4dB margin (UMi, NLoS, Hex)
	127.9472749
	134.9472749
	139.4472749
	140.4472749

	 + 3dB margin
	124.9472749
	131.9472749
	136.4472749
	137.4472749

	Max distance (m)
	228
	355
	470
	501

	 + 6dB margin
	121.9472749
	128.9472749
	133.4472749
	134.4472749

	Max distance (m)
	189
	294
	390
	415

	 + 9dB margin
	118.9472749
	125.9472749
	130.4472749
	131.4472749

	Max distance (m)
	157
	243
	323
	344



Table 3	Link-budget analysis (for 2x32, 28GHz carrier frequency with SCS = 60kHz and CDL-B)
	Physical channel name
	2 Symbol
	4Symbol
	12 Symbol
	14 Symbol

	No. of PRBs
	1
	1
	1
	1

	Subcarrier spacing (kHz)
	60
	60
	60
	60

	Max Tx power  (dBm)
	23
	23
	23
	23

	(1) Actual Tx power (dBm)
	23
	23
	23
	23

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	7
	7
	7
	7

	(4) Interference margin (dB)
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	720000
	720000
	720000
	720000

	 (6) Effective noise power= (2) + (3) + (4) + 10 log((5))  (dBm)
	-108.426675
	-108.426675
	-108.426675
	-108.426675

	(7) Required SNR (dB)
	-22
	-24.5
	-29.5
	-30

	(8) Receiver sensitivity  = (6) + (7) (dBm)
	-130.426675
	-132.926675
	-137.926675
	-138.426675

	(9) MCL = (1) - (8) (dB)
	153.426675
	155.926675
	160.926675
	161.426675

	Shadow fading 7.82dB margin (Umi street-Canyon, NLoS, Hex)
	145.606675
	148.106675
	153.106675
	153.606675

	 + 3dB margin
	142.606675
	145.106675
	150.106675
	150.606675

	Max distance (m)
	340
	400
	555
	573

	 + 6dB margin
	139.606675
	142.106675
	147.106675
	147.606675

	Max distance (m)
	279
	329
	456
	471

	 + 9dB margin
	136.606675
	139.106675
	144.106675
	144.606675

	Max distance (m)
	230
	270
	375
	387



Observation 2:
· PUCCH in long-duration with 2~14 symbols under the common structure as proposed in section 2 could achieve a cell range around 150~500m at 4GHz and 200~550m at 28GHz.

3.3. BER performance of PUCCH in long-duration for high payload
Finally, we present performance evaluation results of PUCCH in long-duration for high UCI payload case with various structures. The PUCCH in long-duration is assumed to be built by the PUCCH in short-duration (Fig. 8), with the PUCCH durations and RS overhead as the parameters. It is assumed that UCI symbol(s) can be punctured when the number of available PUCCH symbols is less than the number of integral multiple of unit, hence RS overhead may not be constant for each number of symbol.

[image: ]            [image: ]
a) RS overhead = 50%                                               b) RS overhead = 25%
[image: ]
c) RS overhead = 12.5%
Figure 11	Evaluated structures of PUCCH in long-duration.

The link-level evaluation of PUCCH in long-duration for high UCI payload case is done under the simulation parameters listed in Table 4.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 (assuming A-to-N error probability <= 1%, N-to-A error probability <= 0.1%, and D-to-A error probability <= 1%), which is quite similar to LTE PUCCH format 5 (PF5-like) as defined in Release 13. We consider large UCI payload size (8, 32 bits), and the encoded UCI bits are rate-matched to fit with available REs per PUCCH in long-duration. Antenna configuration of {1Tx, 2Rx (uncorrelated)} at 4GHz under EPA channel is assumed. 

Table 4 Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz

	Channel model
	EPA

	System bandwidth
	20 MHz

	SCS
	15 kHz

	Antenna config.
	1 x 2

	No. of UCI bits
	8, 32

	CP overhead
	6.6%

	UE speed
	3km/h

	Channel est.
	Real

	Encoding
	TBCC with 8-bit CRC

	Target requirement
	ACK-to-NACK error probability <= 1%
NACK-to-ACK error probability <= 0.1%
DTX-to-ACK error probability <= 1%

	Waveform
	CP-OFDM

	Number of subcarriers per PRB
	12



Figure 12 illustrates the required SNR for a given number of PRBs/BW with the 8/32 bits UCI payload size for PUCCH in long-duration assuming different RS overheads. Following observations could be achieved:
· For UCI of 8 bits, 
· In general, RS overhead of around 25% offers the best performance in most cases. When the duration is 4-symbol, since frequency hopping is not applicable, RS overhead of around 50%, which could apply frequency hopping, offers better performance. 
· RS overhead of 12.5% cannot offer frequency hopping for up to 8 symbols and hence, the performance is largely degraded compared to other RS overheads.
· For UCI of 32 bits,
· Almost same tendency with the case of UCI of 8 bits; RS overhead of 25% offers the best performance.
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(a) UCI 8 bit                                                   (b) UCI 32 bit
Figure 12	Required SNR of PUCCH in long-duration with high UCI payload.

Observation 3:
· For high UCI payload, it is important to adjust RS overhead.

4. Conclusion
In this contribution, we discussed UL control channel (PUCCH) in long-duration for NR and proposed the following:
Proposal 1:
· Consider to build PUCCH in long-duration by multiple concatenated PUCCH in short-duration.
Proposal 2:
· RS overhead should be able to be adjusted depending on UCI payload for PUCCH in long-duration.
Observation 1:
· PUCCH in long-duration built by multiple concatenated PUCCH in short-duration achieves quite similar BER performance with LTE PUCCH format 1b when the transmission duration is the same.
· Note: In the evaluation, ML detection is applied to both PUCCH structures.
Observation 2:
· PUCCH in long-duration with 2~14 symbols under the common structure as proposed in section 2 could achieve a cell range around 150~500m at 4GHz and 200~550m at 28GHz.
Observation 3:
· For high UCI payload, it is important to adjust RS overhead.
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