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1. Introduction
At the previous RAN1 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.
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]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 short-duration,
· At least following is supported for PUCCH in 1-symbol duration:
· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.
· FFS actual structure and waveform.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least semi-static configuration for the following is supported.
· A PUCCH resource of a given UE within a slot.
· i.e., short-PUCCHs of different UEs can be TDM’ed within the given duration in a slot.
· The PUCCH resource includes time, frequency and, when applicable, code domains.
· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot
· PUCCH in short-duration can span until the end of a slot from UE perspective
· No explicit gap symbol is necessary after the PUCCH in short-duration.
· For a slot having short UL-part (i.e., DL-centric slot):
· ‘Short UCI’ and data can be FDMed by one UE if a data is scheduled on the short UL-part.
· For a slot having long UL-part (i.e., UL-centric slot or UL-only slot), following are FFS:
· Whether/how a UL data in the long UL-part can be extended until the end of the slots.
· Whether/how a UL data can be scheduled on the short-duration.


In this contribution, we discuss the design of UL control channel (PUCCH) in short-duration suitable for small payload size (i.e., up to a few HARQ ACK/NACK bits) assuming both DMRS-based PUCCH and sequence-based PUCCH. Moreover, the performances of these two structures were compared by using link-level simulation. Designs of PUCCH in short-duration for large payload size are discussed in our companion contribution [2]. PUCCH in long-duration is discussed in the other companion contribution [3].

2. PUCCH in short-duration for small payload size
As agreed at the last meeting, PUCCH in short-duration with the duration of 1 and 2 symbols of a slot are supported. According to link-budget analysis [4], shorter duration of PUCCH limits the coverage/distance; PUCCH in short-duration with PF1-like structure (2-bit UCI payload) could support cell coverage ranges such as 200~300m at 4GHz carrier frequency with 1 x 2 antenna configuration, and 200~350m at 28GHz carrier frequency with 2 x 32 antenna configuration, respectively. In this contribution, two types of PUCCH are considered, i.e. DMRS-based PUCCH and sequence-based PUCCH, which are illustrated in figure 1.
Opt. A) DMRS-based PUCCH
In DMRS-based PUCCH, DMRS is multiplexed with UCI in a PUCCH so that gNB can coherently demodulate UCI. In terms of multiplexing method, either FDM or TDM between DMRS and UCI can be adopted. Under the DMRS-based PUCCH, following 3 sub-options can be considered. 
· Opt. A-1) FDM between DMRS and UCI
· This is the straightforward approach especially for PUCCH over 1 symbol duration. 
· Opt. A-2) TDM between DMRS and UCI over 1 symbol duration (Split symbols)
· Assuming SCS of PUCCH duration is wider than UL/DL data symbols, TDM could still be adopted even in the case of 1 symbol, which enables adopting low PAPR waveform (e.g. DFT-S-OFDM).
· Opt. A-3) TDM between DMRS and UCI over 2 symbol duration (Non-split symbols)
· If more than 2 symbols are available, TDM can also be considered with the given subcarrier spacing, which enables adopting low PAPR waveform (e.g. DFT-S-OFDM).
Opt. B) Sequence-based PUCCH
Instead of DM-RS-based PUCCH, sequence-based PUCCH can be used, which does not require channel estimation at the receiver. Since DMRS insertion is not required, flexible time/resource utilization can be fulfilled. Zhadoff-Chu or computer generated sequence can be promising candidates for low PAPR implementation. Under sequence-based PUCCH, following 3 sub-options can be considered.
· Opt. B-1) 1 symbol sequence-based PUCCH over 1 symbol duration
· This is the straightforward approach especially for PUCCH over 1 symbol duration. 
· Opt. B-2) 2 symbol sequence-based PUCCH over 1 symbol duration (Split symbols)
· Assuming SCS of PUCCH duration is wider than UL/DL data symbols, 1 UCI payload can still be repeated over multiple symbols even in the case of 1 symbol, so that it improves BER performance. Furthermore, frequency hopping can be further utilized across split symbols.
· Opt. B-3) 2 symbol sequence-based PUCCH over 2 symbol duration (Non-split symbols)
· If more than 2 symbols are available, sequences over multiple symbols can be used to transmit the UCI payload. Between the symbols, frequency hopping is applicable.
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Opt. A) DMRS-based PUCCH                                          Opt. B) Sequence-based PUCCH
Figure 1 DMRS-based PUCCH and Sequence-based PUCCH

Transmission scheme of sequence-based PUCCH
For sequence-based PUCCH, different cyclic shifted versions of the same base sequence can be used to realize ACK/NACK detection. Figures 2 and 3 show generation of sequence-based PUCCH assuming 2 UCI bits. At a transmitter, 4 cyclic shift candidates are reserved for the UE who transmits the 2 UCI bits and the UE selects one of candidates corresponding to the UCI. At a receiver, gNB can use MLD to decode the UCI (i.e. gNB generates 4 transmitted sequence replicas and tries to detect cross-correlation between received sequence and transmitted sequence replicas). 
We consider two types of allocation of cyclic shift candidates, which are illustrated in figure 3. Sequence type (0) allocates contiguous cyclic shift values, e.g., {0, 1, 2, 3}, to one UE. It is relatively easy to multiplex UCI of different UEs by different cyclic shift values for the given sequence, e.g., {4, 5, 6, 7} and {8, 9, 10, 11} for two more UEs. On the other hand, sequence type (1) allocates non-contiguous cyclic shift values, e.g., {0, 3, 6, 9}, to one UE. This achieves better single UE BER performance especially on severe frequency selective fading.
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Figure 2 Transmission scheme of sequence-based PUCCH
[image: ]          [image: ]
a) Sequence type (0)                                         b) Sequence type (1)
Figure 3 Allocation of cyclic shift candidates


Multiplexing HARQ ACK/NACK with scheduling request (SR)
It is important to support multiplexing between HARQ ACK/NACK and scheduling request (SR) for a given PUCCH. For sequence-based PUCCH, different cyclic shift values can be allocated for both positive SR and negative SR. Figure 4 illustrates an example of multiplexing HARQ ACK/NACK and SR for 1 PRB and 2 PRBs. In case of 1PRB, equally separated 12 cyclic shifts can be used to generate 12 orthogonal sequences from one base sequence. In order to maintain orthogonality even under a severe frequency selective fading channel, cyclic shift values corresponding to UCI bits should be separated each other. In Figure 4, each UCI is allocated to detached cyclic shits so that the orthogonality of UCI could be maintained. In case of 2 PRBs, equally separated 24 cyclic shifts can be used to generate 24 orthogonal sequences from one base sequence. As the number of PRBs increase, the number of available cyclic shifts can also increase, thereby larger spacing of cyclic shifts allocation to UCI can be utilized. 


[image: ]           [image: ]
a) For 1 PRB                                                                 b) For 2 PRBs
Figure 4 Cyclic shift allocation for multiplexing UCI and SR

3. Performance Evaluation
In this section, the required SNR performance for DMRS-based PUCCH and sequence-based PUCCH in short-duration is compared by using link-level evaluation. Simulation parameters are listed in Table 1. HARQ ACK/NACK of 2 bits is assumed. For DMRS-based PUCCH, the modulated UCI bits are spread over available all REs. For sequence-based PUCCH, the base sequence is selected such that the sequence length fit with the available REs for the PUCCH in frequency domain. 
Sequence type (0) and sequence type (1) are evaluated, as mentioned in section 2. It is assumed that equally separated 12 cyclic shifts can be used in any number of PRBs. Both EPA and ETU channels are considered. SCS of 15 kHz is assumed for the baseline, and SCS of 30 kHz is assumed for split symbols. Antenna configuration of {1Tx, 2Rx (uncorrelated)} is assumed. 
Table 1 Simulation parameters
	Parameter
	Value

	SCS
	15 / 30kHz (for split symbols)

	No. of UCI bits
	2

	Channel model
	EPA / ETU

	Antenna config.
	1 x 2

	CP overhead
	6.6%

	UE speed
	3km/h

	Receiver
	MLD

	Waveform
	CP-OFDM

	Target BER
	0.1%



Figure 5 illustrates the required SNR for a given number of PRBs assuming different sequence type and different SCS. Note that actual bandwidths of PUCCH under SCS = 15kHz and 30kHz with the same number of PRBs is different. Following observations could be achieved:
· For EPA channel, BER performance difference of sequence type (0) and sequence type (1) is marginal, since frequency selectivity is not severe. Therefore, sequence type (0) can be used to increase the number of multiplexing UEs.
· For ETU channel, BER performance using sequence type (0) is worse than sequence type (1), since frequency selectivity is severe. However, the performance difference becomes less significant when the number of PRBs is increased. It is because the number of available cyclic shift values is limited to 12 even in case of large the number of PRBs.
[image: ]       [image: ]
a) EPA                                                                               b) ETU
Figure 5 Required SNR comparison of sequence type (0) and sequence type (1)

Observation 1:
· Sequence-based PUCCH of sequence type (0) and (1) have almost the same BER performance under weak channel frequency selectivity environment.  
· For Sequence type (0), increasing the number of PRBs is effective to mitigate the negative impact of severe frequency selective channel.


Figure 6 illustrates the required SNR for a given PUCCH bandwidth in 1 symbol assuming DMRS-based PUCCH and sequence-based PUCCH with Sequence type (0). EPA channel model is assumed in this evaluation. For reference, CCDF of PAPR for a given number of transmission bandwidth assuming DMRS-based PUCCH and sequence-based PUCCH is also plotted in figure 7. Following observations could be achieved:
· Sequence-based PUCCH has better BER performance compared to DMRS-based PUCCH because of its DMRS-less PUCCH.
· Sequence-based PUCCH with frequency hopping on each split symbol has better BER performance compared to sequence-based PUCCH without frequency hopping. The impact of frequency hopping is larger when the transmit bandwidth is limited. Therefore, gain of applying split symbol to sequence-based PUCCH may be limited when the transmit bandwidth is larger than 2.88 MHz, which is equivalent to the number of PRBs is larger than 16 on SCS 15kHz, assuming EPA channel.
· Sequence-based PUCCH has 4 ~ 5 dB lower PAPR compared to FDMed DMRS-based PUCCH.
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Figure 6 Required SNR for DMRS-based PUCCH and sequence-based PUCCH
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Figure 7 PAPR of DMRS-based PUCCH and sequence-based PUCCH
Observation 2:
· Sequence-based PUCCH has better BER performance and lower PAPR than DMRS-based PUCCH if any PAPR reduction scheme is applied.
· Sequence-based PUCCH with split symbols is effective to achieve frequency diversity gain particularly when the transmit bandwidth is limited. 
Based on the evaluation results, we propose the following:
Proposal 1:
· Consider to support sequence-based PUCCH in short duration for up to [2] HARQ ACK/NACK bits and SR.

3.1. Link budgets analysis of DMRS-based PUCCH and sequence-based PUCCH
In this sub-section, we evaluate DMRS PUCCH and sequence-based PUCCH with sequence type (0) to observe the supported cell coverage, based on link-level simulation with the parameters listed in Table 1. Carrier frequency = 4 GHz and EPA channel model are considered in the simulation. The required SNR (dB) is the SNR satisfying BER = 0.1%. In the following table 2, maximum coupling loss (dB) is firstly derived. Then, assuming a certain shadowing loss and margin, the possible communication distance is derived using the pathloss equation. Assuming worst case, pathloss of non-line-of-sight (NLOS) is assumed for calculation. Following observations could be achieved:
· DMRS-based PUCCH over 1 symbol duration could support a cell coverage range from 120~200m at 4GHz.
· Sequence-based PUCCH over 1 symbol duration (Split symbols) could support a cell coverage range from 150~280m at 4GHz.
According to figure 7 in section 3, sequence-based PUCCH has 4 ~ 5 dB lower PAPR than DMRS-based PUCCH, which means sequence-based PUCCH may have 4 ~ 5 dB gain in terms of the supported cell coverage calculation. If we compare the sequence-based PUCCH with + 3dB margin and DMRS-based PUCCH with + 6dB / 9dB margin, following observations could be achieved:
· The cell coverage of sequence-based PUCCH can be 100 ~ 150 m larger compared DMRS-based PUCCH at 4GHz, including effect of PAPR reduction.
· 
Observation 3:
· DMRS-based PUCCH over 1 symbol duration could support a cell coverage range from 120~200m at 4GHz.
· Sequence-based PUCCH over 1 symbol duration (Split symbols) could support a cell coverage range from 150~280m at 4GHz.
· The cell coverage of sequence-based PUCCH can be 100 ~ 150 m larger compared DMRS-based PUCCH at 4GHz, including effect of PAPR reduction.


Table 2	Link-budget analysis (UCI=2bits, for 1x2, 4GHz carrier frequency with SCS = 15 / 30kHz (for split symbols) and EPA)
	
	0.36 MHz
	1.44 MHz
	5.76 MHz

	Physical channel name
	DMRS-based PUCCH (FDM)
	Seq.-based PUCCH w/o freq. hopping
	Seq.-based PUCCH w/ freq. hopping
	DMRS-based PUCCH (FDM)
	Seq.-based PUCCH w/o freq. hopping
	Seq.-based PUCCH w/ freq. hopping
	DMRS-based PUCCH (FDM)
	Seq.-based PUCCH w/o freq. hopping
	Seq.-based PUCCH w/ freq. hopping

	No. of PRBs
	2
	1
	8
	4
	32
	16

	Subcarrier spacing (kHz)
	15
	30
	15
	30
	15
	30

	Max Tx power  (dBm)
	23
	23
	23
	23
	23
	23

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

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

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

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

	(5) Occupied channel bandwidth (Hz)
	360000
	1440000
	5760000


	(6) Effective noise power= (2) + (3) + (4) + 10 log((5))  (dBm)
	-113.4
	-107.4
	-101.4

	(7) Required SINR (dB)
	6.6
	4
	1.2
	2.1
	-0.4
	-3.2
	-5
	-7.2
	-7.7

	(8) Receiver sensitivity  = (6) + (7) (dBm)
	-106.8
	-109.4
	-112.2
	-105.3
	-107.8
	-110.6
	-106.4
	-108.6
	-109.1

	(9) MCL = (1) - (8) (dB)
	129.8
	132.4
	135.2
	128.3
	130.8
	133.6
	129.4
	131.6
	132.1

	Shadow fading 4dB margin (UMi, NLoS, Hex)
	125.8
	128.4
	131.2
	124.3
	126.8
	129.6
	125.4
	127.6
	128.1

	+ 3dB margin
	122.8
	125.4
	128.2
	121.3
	123.8
	126.6
	122.4
	124.6
	125.1

	Max distance (m)
	200
	235
	281
	182
	213
	254
	194
	223
	230

	+ 6dB margin
	119.8
	122.4
	125.2
	118.3
	120.8
	123.6
	119.4
	121.6
	122.1

	Max distance (m)
	166
	195
	233
	150
	176
	210
	161
	185
	191

	+ 9dB margin
	116.8
	119.4
	122.2
	115.3
	117.8
	120.6
	116.4
	118.6
	119.1

	Max distance (m)
	137
	161
	193
	125
	146
	174
	133
	153
	158




4. Conclusion
[bookmark: _GoBack]In this contribution, we discussed UL control channel (PUCCH) in short duration for NR and proposed the following:
Proposal 1:
Consider to support sequence-based PUCCH in short duration for up to [2] HARQ ACK/NACK bits and SR.
Observation 1:
· Sequence-based PUCCH of sequence type (0) and (1) have almost the same BER performance under weak channel frequency selectivity environment.  
· For Sequence type (0), increasing the number of PRBs is effective to mitigate the negative impact of severe frequency selective channel.
Observation 2:
· Sequence-based PUCCH has better BER performance and lower PAPR than DMRS-based PUCCH if any PAPR reduction scheme is applied.
· Sequence-based PUCCH with split symbols is effective to achieve frequency diversity gain particularly when the transmit bandwidth is limited.
Observation 3:
· DMRS-based PUCCH over 1 symbol duration could support a cell coverage range from 120~200m at 4GHz.
· Sequence-based PUCCH over 1 symbol duration (Split symbols) could support a cell coverage range from 150~280m at 4GHz.
· The cell coverage of sequence-based PUCCH can be 100 ~ 150 m larger compared DMRS-based PUCCH at 4GHz, including effect of PAPR reduction.
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Appendix
Table A1	Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz

	Channel model
	EPA / ETU

	System bandwidth
	20MHz

	Subcarrier spacing
	15/30kHz (for split symbols)

	Antenna configuration
	1x2

	CP overhead
	6.6%

	UE speed
	3km/h

	UCI bits
	2bit

	PRB numbers
	2, 4, 8, 16, 32 PRBs (for 15 kHz SCS)
(Equivalent transmission bandwidth for 30 kHz SCS )

	Receiver
	MLD

	Encoding
	Repetition code

	Number of subcarriers per PRB
	12

	Waveform
	CP-OFDM

	Target BER
	0.1%
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