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1. Introduction

In RAN1#88bis meeting, following agreements were made for NR UL control channel [1].
	Agreement:
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.
· RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.

· FFS: Details on RS
· FFS: whether to support option 6 (pre-DFT)
· FFS: for 1 and 2 bits
Agreements:

· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.

· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol

· UCI can be sequence

· FFS: low PAPR design is applied

· Option 4: Sequence selection with low PAPR

· FFS following cases:
· If SR only

· If with SR + other UCI;
· This does not imply the necessity of special SR design 

· FFS whether the design may or may not depend on the frequency range

Agreements:

· For 2-symbol NR-PUCCH, following options are considered (including possible down-selection)
· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.

· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.

· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.

· Option 2: 2-symbol NR-PUCCH is composed of two symbols conveying different UCIs.

· E.g., time-sensitive UCI (e.g., HARQ-ACK) is in the second symbol.

Agreements:

· Two NR-PUCCHs can be transmitted from one UE on the same slot in TDM manner.
· The two NR-PUCCHs can be short-PUCCH.

· The two NR-PUCCHs can be long-PUCCH + short-PUCCH.

· FFS whether or not to have the two NR-PUCCHs as long-PUCCH + long-PUCCH

· FFS: other multiplexing scheme(s) between the two NR-PUCCHs

· FFS the case of more than 2 NR-PUCCHs in one slot from a UE (if more than 2, only short-PUCCHs)

Agreements:

· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:

· QPSK for UCI

· X1 to X2 PRBs can be configured to support various UCI payload sizes

· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 

· FFS: detailed PRB allocations and signaling of the configuration

· FFS: values of X1, X2

· DMRS overhead: down-select among the following options:

· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)

· Option 2: multiple values depending on, e.g. UCI payload size etc.


Based on these agreements, this contribution provides performance evaluation results of the options for short UL control channel (denoted as “NR-PUCCH” hereafter). The options are evaluated with the simulation parameters provided in Table 2 [Annex A].
2. Discussion
2.1   Observation on RS/UCI multiplexing structure
2.1.1 1-symbol NR-PUCCH
In order to verify the impact on performance of 1-symbol NR-PUCCH according to RS/UCI multiplexing structure in terms of ACK-to-NACK error probability, FDM based PUCCH structure where RS and UCI are multiplexed by FDM manner, and sequence based PUCCH structure where UCI is expressed by CS (cyclic shift) of a sequence, are compared. For FDM structure, RS and UCI are mapped as comb type (for example, even subcarrier index for RS, odd subcarrier index for UCI). And UCI is encoded as the product of sequence and modulated symbol (e.g., BPSK or QPSK) similar to LTE PUCCH format 1a/1b. More details on FDM structure for small payload size can be found in our companion contribution [2]. The total frequency resource size is set to 2 RBs (with 15 kHz SCS) and the size of UCI payload is set to 1~2 bit(s). The ratio of RS REs to UCI REs is assumed to be 1:1. The example of these structures is described in Figure 1.
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Figure 1: Example of RS/UCI multiplexing structures for 1-symbol NR-PUCCH
As shown in Figure 2, FDM structure and sequence based structure have comparable performance for the case where UCI payload size is 1 bit while sequence based structure has slightly better performance than FDM structure for the case where UCI payload size is 2 bits. More specifically, for the latter case (i.e., 2 bits UCI payload size case), required SINR achieving 1% ACK-to-NACK error probability of sequence based structure is about 1 dB less than that of FDM structure.
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Figure 2: ACK-to-NACK error performance of 1-symbol NR-PUCCH
Observation #1: For 1-symbol NR-PUCCH, FDM structure (with RS/UCI ratio of 1:1) and sequence based structure provide comparable performance for the case of 1 or 2-bit(s) UCI payload size.
2.1.2 2-symbol NR-PUCCH

In order to verify the impact on performance of 2-symbol NR-PUCCH according to RS/UCI multiplexing structure in terms of ACK-to-NACK error provability, FDM repetition structure where 1-symbol FDM based PUCCH is repeated over two symbols, and sequence repetition structure where 1-symbol sequence based PUCCH is repeated over two symbols, and TDM based structure where RS and UCI are multiplexed by TDM manner (i.e., RS and UCI in different symbols), are compared. For both of FDM repetition structure and sequence repetition structure, performances with or without frequency hopping are also evaluated assuming that hopping bandwidth for NR-PUCCH is configured as same with system bandwidth (i.e., 100 RB). The total frequency resource size is set to 2 RBs (with 15 kHz SCS) and size of UCI payload is set to 1~2 bit(s). The ratio of RS REs to UCI REs is assumed to be 1:1. The example of these structures is described in Figure 3.
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Figure 3: Example of RS/UCI multiplexing structures for 2-symbol NR-PUCCH

As shown in Figure 4, when frequency hopping is not applied, FDM repetition structure, sequence repetition structure, and TDM structure have similar performances for the case where UCI payload size is 1 or 2 bit(s). On the other hand, it is noted that when frequency hopping is applied, diversity gain can highly increase performance of 2-symbol NR-PUCCH. To be specific, frequency hopping can provide performance gain about 2.5 dB in terms of required SINR for 1% ACK-to-NACK error probability.
[image: image4.emf]1.00E-03

1.00E-02

1.00E-01

1.00E+00

-10 -8 -6 -4 -2 0 2 4

B

E

R

SNR (dB)

1bit / 1-SYM FDM

1bit / 2-SYM FDM

1bit / 2-SYM SEQ

1bit / 2-SYM TDM

1bit / 2-SYM FDM + HOP

1bit / 2-SYM SEQ + HOP

2bit / 2-SYM FDM

2bit / 2-SYM SEQ

2bit / 2-SYM TDM

2bit / 2-SYM FDM + HOP

2bit / 2-SYM SEQ + HOP


Figure 4: ACK-to-NACK error performance of 2-symbol NR-PUCCH
Observation #2: For 2-symbol NR-PUCCH, FDM repetition structure (with RS/UCI ratio of 1:1), sequence repetition structure, and TDM structure provide similar performance for the case of 1 or 2-bit(s) UCI payload size.
Observation #3: For 2-symbol NR-PUCCH, frequency hopping can provide significant performance gain compared to the case without frequency hopping.
2.2   Observation on RS/UCI ratio adjustment
In order to verify the impact of RS/UCI ratio adjustment according to UCI payload size, the performances of normal symbol (i.e., 1-symbol) FDM structure with RS/UCI ratios of 1/2, 1/3 and 1/6 are compared in terms of required SNR for achieving 1% ACK-to-NACK error probability. For RS/UCI ratios of 1/2, 1/3 and 1/6, frequency intervals (in terms of number of subcarriers) between adjacent DM-RS are set to 2, 3 and 6, respectively. The total frequency resource size is set to 4 RBs with localized mapping, and UCI payload size is set from 10 bits to 40 bits. Since TBCC with 8-bit CRC is applied, it is assumed that DTX-to-ACK and NACK-to-ACK performances are sufficient without the use of DTX threshold. In Figure 5, it is shown that low RS density (e.g., 1/6) is beneficial for NR-PUCCH with large UCI payload size (e.g., equal to or more than 30 bits) while high DM-RS density (e.g., 1/3) is beneficial for NR-PUCCH with small UCI payload size (e.g., less than 30 bits). This is because performance degradation is increased by coding rate impact due to increase of RS overhead as UCI payload size increases. For NR-PUCCH with small UCI payload size, relatively high RS density (e.g., 1/2) can be applied with marginal impact on coding rate while achieving channel performance improvement.
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Figure 5: Required SNR of NR-PUCCH according to RS/UCI ratio and UCI payload
Observation #4: For 1-symbol NR-PUCCH with normal symbol FDM structure, optimal RS/UCI ratio can be determined according to UCI payload size.
2.3   Observation on resource size and mapping type
As described in Figure 6, the size of NR-PUCCH can be variable and the resource of NR-PUCCH can be mapped with different manner. The NR-PUCCH with 8 RBs and 16 RBs are assumed to verify the impact of entire NR-PUCCH resource size. Each of NR-PUCCH structures is mapped to localized and distributed resources for verifying the impact of resource mapping type. Normal symbol (i.e., 1-symbol) FDM structure is considered as a reference scheme. The performances of NR-PUCCH structures are shown in Figure 7.
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Figure 6: Example of resource mapping for NR-PUCCH
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Figure 7: ACK-to-NACK error performance of NR-PUCCH according to resource mapping
Based on the ACK-to-NACK error performance, link-budget analysis is conducted as provided in Table 1. It is observed that the MCL value of distributed mapping type reflects frequency diversity gain compared to localized mapping type. For 8 RBs and 16 RBs NR-PUCCH structures, distributed mapping provides 1.9 dB and 1.5 dB gain compared to localized mapping, respectively.
When distributed resource mapping is used and frequency diversity is sufficiently obtained, the values of MCL for different-sized NR-PUCCH structures are the same. On the other hand, if localized resource mapping is used and frequency diversity is not fully obtained, the MCL value of larger-sized NR-PUCCH structure reflects the additional frequency diversity gain (by occupying more frequency resource) compared to that of smaller-sized NR-PUCCH structure.
Table 1: Link-budget analysis
	
	Localized
	Distributed

	
	8 RBs
	16 RBs
	8 RBs
	16 RBs

	Tx power (dBm)
	23.0
	23.0
	23.0
	23.0

	Thermal noise density (dBM/Hz)
	-174.0
	-174.0
	-174.0
	-174.0

	Receiver noise figure (dB)
	5.0
	5.0
	5.0
	5.0

	Interference margin (dB)
	0
	0
	0
	0

	Occupied channel BW (Hz)
	8*180000
	16*180000
	8*180000
	16*180000

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

	Required SNR (dB)
	-4.0
	-7.4
	-5.9
	-8.9

	Receiver sensitivity (dBm)
	-111.4
	-111.8
	-113.3
	-113.3

	MCL (dB)
	134.4
	134.8
	136.3
	136.3


Observation #5: The MCL value of distributed resource mapping reflects frequency diversity gain compared to localized resource mapping. Distributed mapping provides 1.9 dB and 1.5 dB gain compared to localized mapping for 8 RBs and 16 RBs cases, respectively.
3. Conclusion
In this contribution, we provided the performance evaluation results of the options for short duration NR-PUCCH composed of 1 or 2 symbol(s), and the following observations are obtained:

Observation #1: For 1-symbol NR-PUCCH, FDM structure (with RS/UCI ratio of 1:1) and sequence based structure provide comparable performance for the case of 1 or 2-bit(s) UCI payload size.
Observation #2: For 2-symbol NR-PUCCH, FDM repetition structure (with RS/UCI ratio of 1:1), sequence repetition structure, and TDM structure provide similar performance for the case of 1 or 2-bit(s) UCI payload size.
Observation #3: For 2-symbol NR-PUCCH, frequency hopping can provide significant performance gain compared to the case without frequency hopping.
Observation #4: For one-symbol NR-PUCCH with normal symbol FDM structure, optimal RS/UCI ratio can be determined according to UCI payload size.

Observation #5: The MCL value of distributed resource mapping reflects frequency diversity gain compared to localized resource mapping. Distributed mapping provides 1.9 dB and 1.5 dB gain compared to localized mapping for 8 RBs and 16 RBs cases, respectively.
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Annex A
Table 2: Simulation Parameters

	Parameter
	Value

	Carrier Frequency
	4 GHz

	System Bandwidth
	20MHz

	Subcarrier spacing
	15kHz

	FFT size
	2048

	CP length
	144∙TS

	Number of subcarriers per PRB
	12

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	ETU

	UE velocity
	3 km/h

	Payload size
	1 - 2 bit
	10 - 40 bits

	Channel estimation
	ML
	Practical

	Modulation
	BPSK, QPSK
	QPSK

	Performance metric
	Required SNR for B(L)ER of 1 %

	DTX-to-ACK threshold
	1 %
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