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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
According to the outcome of the study item on Supporting NR above 52.6GHz [1] and leveraging FR2 design to the extent possible, this WI extends NR operation up to 71GHz considering, both, licensed and unlicensed operation [2]. As follows are two selected objectives related to the scope of this discussion:
· [bookmark: _Hlk58583563][bookmark: _Hlk26996217]In addition to 120kHz SCS, specify new SCS, 480kHz and 960kHz, and define maximum bandwidth(s), for operation in this frequency range for data and control channels and reference signals, only NCP supported. 
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
The OCB requirement of draft version v2.1.20 of EN 302 567 implies that 
· For each declared nominal channel bandwidth, RAN1 design should support at least one physical layer signal/channel transmission that occupies at least 70% of the nominal channel bandwidth. 
        Note: The maximum FFT size required to operate the system in 52.6GHz-71GHz frequency is 4096, and the maximum of RBs per carrier is 275 RBs. 

In this contribution, we present our views on the possible enhancements of the existing PUCCH formats designed for licensed band, to potentially cope with the coverage loss or PAPR issues encountered by the unlicensed band where new numerology is adopted. 

PUCCH Enhancements for 52.6 to 71GHz Band
EIRP and PSD limits
Regarding Operation in the 57-64 GHz band, The Federal Communications Commission rules [3] limit the average power density of any emission in this band to 9 µW/cm2, measured at a distance of 3 meters from the radiating structure, corresponding to an average EIRP limit of 10 W (40 dBm) for higher power UEs and 25 dBm for lower power UEs. According to the related North America regulations for 57-71GHz in [4], transmitters with an emission bandwidth of less than 100 MHz must limit their peak transmitter conducted output power to the product of 500 mW times their emission bandwidth divided by 100 MHz. For bandwidth that is at least 100 MHz, The PSD limit restricts the maximum conducted output power is 27 dBm, which can only be an active constraint for the high power UEs, as the lower power UEs are restricted by the EIRP. The EIRP and PSD are convertible with the following formula:
EIRP = PSD + 10log10(Bandwidth in MHz).

Existing PUCCH formats
In Rel. 15 [5], the PUCCH is designed to ensure the link reliability while handling multiple users with very limited resources for licensed bands. Five formats are available to support different payload sizes under different multiplexing and reliability requirement. The resource allocation and description of these formats are listed in Table 1. The structures of the long and short PFs are shown by Figure 1. 


Table 1. PUCCH Formats

	Format Type
	Duration Type
	# of Symbols
	# of UCI Bits
	# of PRBs
	Descriptions

	0
	Short
	1 - 2
	≤ 2
	1
		UE multiplexing in same PRB; based on sequence selection/no DMRS




	1
	Long
	4 - 14
	≤ 2
	1
		UE multiplexing in same PRB;
	time-multiplex UCI &DMRS







	2
	Short
	1 - 2
	>2
	1-16
		No multiplexing in same PRB;
freq. multiplexes UCI &DMRS




	3
	Long
	4 - 14
	>2
	1-6, 8-10,
12, 15, 16
		Large UCI payloads; no multiplexing in same PRB; time-multiplex UCI & DMRS




	4
	Long
	4 - 14
	>2
	1
		Moderate UCI payloads; some multiplexing capacity in same PRB.






[image: ]
Figure 1. Short and long PUCCH structure [6].
Rel. 16 extends the above PUCCH formats to support interlaced transmission. For the unlicensed band, interlacing is beneficial for the flexibility of scheduling and helps to achieve the OCB requirement. However, it has been observed by companies that neither PRB nor non-PRB based interlacing is beneficial for the 52.6 – 71 GHz unlicensed band, because in this band the subcarrier spacing will be much larger than in the 5/6 GHz band. This means that a single PRB for all SCS ≥ 120 kHz occupies more than the 1 MHz PSD measurement resolution bandwidth. Because of this, no power boosting is possible making PRB-based interlacing not beneficial [7]. Therefore, the proposed PUCCH formats for the unlicensed band in this document are direct enhancement from the Rel. 15 structure.  

RB Extensions for PF0/1/4 
For NR-U 52.6 – 71GHz, the spectrum-efficiency/utilization corresponding to the existing PUCCH formats 0/1/4 and potential RB extension for high-power devices limited by maximum conducted power of 500mW (27dBm) are summarized in Table 2. The maximum RBs associated with each SCS are derived by
10*log10(500mW*(SCS*12*NSCS)/100MHz) = 27dBm.

Note that, assuming the antenna gain as 12dB, for low-power UEs with SCS 120kHz, there is little room (13dBm) to increase the efficiency of PF0/1/4 (increase from 1 RB to 2RBs), while no such room exists for larger SCS including 480kHz/960kHz, since a single RB would already attain the lower-power EIRP.  

Table 2. Spectrum utilization with PUCCH formats 0/1/4 
# PRBs give by Rel. 15 / Max. # PRBs at conducted power limit
	           SCS (kHz)
BW (MHz)
	120
	480
	960

	2000
	-/-
	-/-
	0.0057(1RB/173RBs)
/0.0462(8/173)

	1600
	-/-
	0.0036 (1/275)
/0.0618(17/275)
	0.0072(1/139)
/0.0567(8/139)

	400
	0.0036 (1/275)
/0.2509(69/275)
	0.0145 (1/69)
/0.2464(17/69)
	0.0294(1/34)
/0.2353(8/34)



Observation 1	The PF 0/1/4 for NR-U 52.6 to 71 GHz band would have very low spectrum utilization (under 3%) for SCS 120kHz/480kHz/960kHz if only 1 RB is allowed for UCI as specified by Rel. 15. 
Observation 2	For high-power UEs, the spectrum utilization of all SCSs can be notably increased given the maximum conducted power of 27dBm. 
Proposal 1	To increase the spectrum utilization, especially for high-power equipment, multiple RBs should be used for PF0/1/4. Longer sequence or repetition in frequency-domain should be considered. 
If more than one RBs are used for the PUCCH, it is necessary that longer sequences be selected or designed to span the multiple RBs. Sequence repetition in FD may also be an alternative. There could be a PAPR issue associated with either potential approach, which will be discussed in a separate section.  

PF0 Coverage with RB extensions
It is noted that, on the one hand, the OFDM symbol duration decreases with larger SCSs, and the shorter symbols suffer from less accumulated signal energy, leading to coverage losses especially for the short formats such as PF0. On the other hand, if the RB extensions for each symbol is supported, the coverage loss may be mitigated by increasing the conducted power under the PSD constraint. Further study is necessary to determine the minimum number of repetitions of short sequences, or the minimum length of long sequence needed for the short PF0 to maintain the intended coverage range under different SCSs, given that multiple RBs is allowed.
Proposal 2	Evaluate the coverage gain for PF0 by allowing multiple RBs and calculate to determine if the intended coverage range can be maintained. 

DMRS- and sequence-based structures
Among PF0/1/4, PF 0 adopts a sequence-based structure, with which non-coherent detection is employed by the receiver and channel estimation is not required. Other formats carry DMRS, which is the reference signal for channel estimation required to enable coherent demodulation of PUCCH on the receiver side. A sketch of the DMRS- and sequenced based PUCCH structures are shown in Figure 2. 
Under the AWGN channel and ideal channel estimation, the DMRS-based structure typically leads to better BER or detection performance. While under fading channels, the performance of the DMRS-based structure could degrade more than the sequence-based structure, resulting in higher error. Such degradation is more severe for the highly frequency-selective channel, commonly associated with a large delay spread. This may include the case for NR-U 52.6 to 71GHz band as larger SCSs are adopted. In comparison, for sequence-based structure, it has been shown that orthogonal sequences are more robust under the highly frequency-selective channel.
[image: ]
Figure 2. (a) Sequence-based structure for PF0; (b) DMRS-based structure for PF1; 
(c) DMRS-based structure for PF4 [8].
UCI on PUSCH
According to Rel. 15 specifications [9], encoded UCI messages can be carried either by PUCCH or are multiplexed on the PUSCH. In particular, UCI shall be transmitted on PUCCH if UE is not transmitting PUSCH in a subframe; and shall be transmitted on PUSCH if the UE is transmitting on PUSCH in a subframe unless the PUSCH transmission corresponds to a random access response grant or retransmission of the same transport block as part of the contention-based random access procedure, in which case UCI is not transmitted. Also, there are cases where the whole UCI payload is not possible to be carried by the PUCCH, and a detailed report has to be sent through the PUSCH. A resource grid that carries UCI by PUSCH is shown in Figure 3, and clearly, the low spectrum utilization is not an issue there as with the case of UCI on PUCCH. 

Observation 3	Between the two cases, where UCI is carried by PUCCH or PUSCH, the former suffers more from low spectrum utilization. 

[image: ]
Figure 3. Resource grid containing UCI on PUSCH. 

PAPR Result for sequence-based PF 0 
We first generate the transmitter side waveforms associated with the sequence-based PF 0 after increasing the number of the RBs to N>1, such that the lengths of the sequence are 12*NRB. The low-PAPR sequences are derived from the base sequences, which are divided into 30 sequence groups. Different phase rotations corresponding to different cyclic shifts can be applied to the base sequence to give multiple low-PAPR sequences. These sequences are used in the generation of uplink demodulation reference signals, sounding reference signals, and also for PUCCH format 0 and 1 [5]. The parameters used for the simulation are summarized in Table 3. 

[bookmark: _Ref53383827] Table 3: PUCCH Waveform Generation Parameters
	Assumptions
	Value

	PUCCH Format
	0

	Number of RBs for UCI
	≥1

	SCS
	120 kHz

	OFDM Symbols Per Slot
	14

	Cyclic Prefix
	Normal

	Size of BWP
Offset of BWP
	25
10

	Length of PUCCH Symbol 
	1

	Max. Code Rate 
	0.15

	PUSCH/SRS 
	Disabled

	Number of HARQ Bits 
	 1

	Number of SR Bits  
	 1

	UCI Data Source  
	 PN9


[bookmark: _Ref129681832]
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Figure 4. PAPR of waveforms of PF 0 with UCI spanning multiple-RBs. 

Proposal 3	For the PAPR concern, the length-12NRB sequence offers sufficiently low PAPR and is preferred over sequence repetition over a length-NRB sequence, given RB extension is allowed for PF 0 for NR-U 52.6 to 71GHz.
Besides the above simple evaluation using the TS38.211 clause 5.2.2 compliant sequence, there are other types of sequences specified for PUCCH to satisfy the low PAPR requirement, such as the CGS, which is a type of constant amplitude zero autocorrelation waveform, and there are new PUCCH sequences designed under the R17 coverage enhancement study item. It is worth considering evaluating the applicability of and performance with those new sequences for NR-U 52.6 to 71GHz, and the possible further redesigns, given that the RB extensions for PF0/1/4 is supported. 

Proposal 4	Consider evaluating the applicability of the new sequences designed under R17 coverage enhancement for NR-U 52.6 to 71GHz and further redesigns, given that the RB extension for PF0/1/4 is supported.

Conclusion
Observation 1	The PF 0/1/4 for NR-U 52.6 to 71 GHz band would have very low spectrum utilization (under 3%) for SCS 120kHz/480kHz/960kHz if only 1 RB is allowed for UCI as specified by Rel. 15. 
Observation 2	For high-power UEs, the spectrum utilization of all SCSs can be notably increased given the maximum conducted power of 27dBm. 
Observation 3	Between the two cases, where UCI is carried by PUCCH or PUSCH, the former suffers more from low spectrum utilization. 
Proposal 1	To increase the spectrum utilization, especially for high-power equipment, multiple RBs should be used for PF0/1/4. Longer sequence or repetition in frequency-domain should be considered . 
Proposal 2	Evaluate the coverage gain for PF0 by allowing multiple RBs and calculate to determine if the intended coverage range can be maintained. 
Proposal 3	For the PAPR concern, the length-12NRB sequence offers sufficiently low PAPR and is preferred over sequence repetition over a length-NRB sequence, given RB extension is allowed for PF 0 for NR-U 52.6 to 71GHz.
Proposal 4	Consider evaluating the applicability of the new sequences designed under R17 coverage enhancement for NR-U 52.6 to 71GHz and further redesigns, given that the RB extension for PF0/1/4 is supported.
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