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1	Introduction
A revised WID [3] was approved in RAN #90 to extend NR operation up to 71GHz considering, both, licensed and unlicensed operation. This study item will include the following objectives related to uplink control channels:
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
The need to enhance PUCCH format 0/1/4 to increase the number of RBs is motivated by the potential to increase transmission powers under PSD limitation. In this contribution, we analyse the design options and trade-offs of PUCCH enhancement for NR operation in 52.6 – 71 GHz.
[bookmark: _Ref178064866]2	Discussion
2.1	Number of Resource Blocks
In Rel-15/16, the non-interlaced PUCCH formats 0, 1 and 4 support only one RB transmission bandwidth. Rel-17 enhancements of PUCCH formats 0, 1 and 4 by increasing the number of RBs are to be considered for the potential to increase transmit powers under PSD limitation. However, there are additional regulatory requirements and operation limitations to consider in addition to the PSD limitation. We summarize the following operation requirements in Table 1 in terms of the following:
· Maximum conducted power
· Maximum EIRP
· Maximum power spectral density
· UE hardware conducted power limit
· UE transmission EIRP limit
To translate all limits into conducted power, it is necessary to account for both the PUCCH transmission bandwidth and the Tx beamforming gain as appropriate. We show this translation in Table 1.
[bookmark: _Ref61440597]Table 1: Regulatory requirements and operation limitations [4][2]
	Restriction
	Description

	FCC 100MHz
	FCC_limit_dBm = 27 dBm
FCC_limit_BW_MHz = 100 MHz

Conducted power limit (function of transmission bandwidth):
PTx = FCC_limit_dBm - max(0, 10*log10(FCC_limit_BW_MHz/BW_MHz))

	FCC ETSI EIRP
	FCC_ETSI_limit_EIRP_dBm = 40 dBm

Conducted power limit (function of BF gain):
PTx = FCC_ETSI_limit_EIRP_dBm - Tx_beamforming_gain_dBi

	ETSI EIRP PSD
	ETSI_BRAN_limit_EIRP_dBm_MHz = 23 dBm/MHz

Conducted power limit (function of transmission bandwidth and BF gain):
PTx = ETSI_BRAN_limit_EIRP_dBm_MHz + max(0,10*log10(BW_MHz)) - Tx_beamforming_gain_dBi

	UE HW
	UE_HW_limit_dBm = 21 dBm

Conducted power limit:
PTx = UE_HW_limit_dBm - CM

	UE EIRP
	UE_limit_EIRP_dBm = 25 dBm

Conducted power limit (function of BF gain):
PTx = UE_limit_EIRP_dBm - Tx_beamforming_gain_dBi

	BW_MHz is the PUCCH transmission bandwidth expressed in MHz. Tx_beamforming_gain_dBi is the Tx beamforming gain including element gain. CM is the Cubic Metric.  



In Figure 1, we illustrate the conducted power limits as a function of the transmission bandwidths assuming no beamforming gain in left hand side plot and 6 dB beamforming gain in the right hand side plot. For this initial discussion, the analysis assumes 0 dB cubic metric (CM). Ultimately, it is the lower envelope of all curves that sets the conducted power limit for the UE.
[image: ] [image: ]
[bookmark: _Ref61445443]Figure 1: Regulatory and UE limits on conducted power depending on transmission bandwidth. For no Tx-beamforming gain (left) and 6 dB Tx-beamforming gain (right).
From the plots in Figure 1, we can observe a general trend of increased conducted power limit with transmission bandwidth but only up to a point. Beyond a certain bandwidth, further increase in bandwidth does not increase the transmission power. More specifically, with high enough antenna beamforming gain, the number of RBs should not be increased beyond the point where the lines “FCC 100MHz” and “UE EIRP” cross over. Further increasing transmission bandwidth beyond this point would only increase the bandwidth to take in more noise power without additional transmission power. The cross-over point can be evaluated from the following expression

On the other hand, for cases with lower beamforming gains, the “UE HW” limit may become more limiting than the “UE EIRP” limit. For these cases, the cross-over point between “FCC 100MHz” and “UE HW” can be evaluated to

In Table 2, we list the transmission bandwidth targets for different UE beamforming gain levels considering all regulatory requirements and operation limitations discussed in the above. It can be observed that the transmission bandwidth targets depend strongly on the equipped antenna beamforming gains.

[bookmark: _Toc61862974]The transmission bandwidth targets for Rel-17 PUCCH enhancements depends strongly on the UE antenna beamforming gains. RAN1 should design the Rel-17 PUCCH enhancements based on realistic and likely UE antenna beamforming gains.
[bookmark: _Ref61446974]Table 2: PUCCH transmission bandwidth target as a function of UE beamforming gain.
	Tx BF gain
	Max BW [MHz]

	0
	25.1 (UE HW)

	2
	25.1 (UE HW)

	4
	25.1

	6
	15.8

	8
	10.0

	10
	6.3

	12
	4.0



Assuming a beamforming gain of 6 dB, the transmission bandwidth target is 15.8 MHz. For the three sub-carrier spacings supported for 52.6 – 71 GHz, we evaluate the occupied bandwidths with different number of resource blocks in Table 3. We further color-coded the SCS-BW combinations as follows:
· white cell indicating a possible combination (conducted power limit not reached)
· yellow cell indicating a partially limited combination
· red cell indicating a limited combination (i.e., unnecessarily large transmission bandwidth)
It can be observed that, with a beamforming gain of 6 dB, the useful number of RBs for Rel-17 PUCCH enhancements are limited to 11 RBs for 120 kHz SCS, 3 RBs for 480 kHz SCS, 2 RBs for 960 kHz SCS. If a different beamforming gain is considered, the red region will be shifted to the right for a lower assumed beamforming gain or to the left for a higher assumed beamforming gain.

[bookmark: _Toc61862975]Assuming a likely UE beamforming gain of 6 dB, the useful number of RBs for Rel-17 PUCCH enhancements are limited to 11 RBs for 120 kHz SCS, 3 RBs for 480 kHz SCS, and 2 RBs for 960 kHz SCS.
[bookmark: _Toc61862972]RAN1 should discuss and decide the number of RBs to support for Rel-17 PUCCH enhancements for each of the supported subcarrier spacings separately. The number of RBs should depend on regulatory power limits, practical UE power limitations, and practical Tx beamforming gains.
[bookmark: _Ref61448736]Table 3: Bandwidth (MHz) for different combinations of subcarrier spacing and number of RBs. Maximum number of RBs for enhanced PUCCH format 0, 1 and 4 assuming a Tx beamforming gain of 6 dB (max 15.8MHz) is illustrated with color coding (see text). 
	RBs
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	120 kHz
	1.4
	2.9
	4.3
	5.8
	7.2
	8.6
	10.1
	11.5
	13.0
	14.4
	15.8
	17.3
	18.7
	20.2
	21.6
	23.0
	24.5
	25.9

	480 kHz
	5.8
	11.5
	17.3
	23.0
	28.8
	34.6
	40.3
	46.1
	51.8
	57.6
	63.4
	69.1
	74.9
	80.6
	86.4
	92.2
	97.9
	>100

	960 kHz
	11.5
	23.0
	34.6
	46.1
	57.6
	69.1
	80.6
	92.2
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100



2.2	PUCCH format 0, 1 and 4 base sequences
In Rel-15 the base sequence set to use for a non-interlaced PUCCH format depends on the number of RBs [1]. For Rel-17 enhanced PUCCH formats 0, 1 and 4 to use multiple consecutive RBs, the most natural choice of base sequence set is to use the rules that are already in the specification (see [1] Section 5.2.2 which defines Type-1 low-PAPR sequences). That is, computer generated base sequence sets are used for one or two RBs and Zadoff-Chu sequences for more than two RBs. This would require no change to the specifications regarding the base sequence selection. This choice of selecting the sequences is referred to as “Rel-15” in the text below.
An alternative way could be to use the same methodology as was used for Rel-16 interlaced PUCCH format 0 and 1. Rel-16 interlaced PUCCH format 0 and 1 used the computer generated sequence set of length 12 repeated over all RBs in an interlace while cycling different cyclic shifts for different RBs. This alternative method is referred to as “Cyclic Shift Cycling” (CSC) in the text below.
We evaluate the cubic metrics of these two alternative multi-RB sequences with different lengths in Table 4. For one RB, the two alternatives use identical sequences and hence have identical cubic metrics. In general, the “Rel-15” approach has lower or comparable CM than the CSC alternative for RBs up to around 10 RBs. Since, as discussed in the previous, Rel-17 PUCCH enhancements are not likely to target much more than 10 RBs, the “Rel-15” approach of base sequences is preferred. Moreover, we have found through extensive simulation that the detection error rate is identical for the two different approaches. Since the Rel-15 is superior in terms of CM, there is not need to consider CSC further.
[bookmark: _Toc61862976]The 95th percentile CM of the Rel-15 approach for sequence selection is superior (lower) than for the Rel-15 cyclic shift cycling (CSC) approach for sequence construction. Given that the detection performance between the two approaches is identical; there is no need to further consider the CSC approach.
[bookmark: _Ref61847497]Table 4: 95-percentile cubic metric [dB] for different numbers of RBs.
	RBs
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16

	Rel-15
	0.8
	0.8
	1.3
	2.2
	2.2
	2.2
	2.3
	1.6
	2.3
	1.9
	2.3
	2.1
	2.1
	2.3
	2.3
	2.3

	CSC
	0.8
	2.9
	3.4
	3.5
	3.4
	3.2
	2.8
	2.4
	2.2
	1.8
	1.6
	1.5
	1.1
	1.0
	1.1
	1.4


[bookmark: _Toc61622243][bookmark: _Toc61624422][bookmark: _Toc61624471][bookmark: _Toc61624572][bookmark: _Toc61624661][bookmark: _Toc61777211]
[bookmark: _Toc61807848][bookmark: _Toc61808126][bookmark: _Toc53740527][bookmark: _Toc61862973]Reuse the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0, 1 and 4 with multiple RBs, i.e., based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2.
2.3	Evaluation of PUCCH format 0, 1 and 4 with multiple RBs
We evaluate the candidate Rel-17 PUCCH format 0, 1 and 4 with multiple RBs using the preferred Rel-15 base sequence definition as discussed in the last section. General simulation assumptions are provided in Table 7 of Appendix A. Other specific simulation assumptions are further specified in the following analysis. We obtain results for
· Rel-15/16 non-interlaced PUCCH formats with one RB as baseline
· Candidate Rel-17 PUCCH formats with multiple RBs
Frequency hopping is enabled for both the baseline and the Rel-17 candidates with the following system bandwidth assumptions:
· 400 MHz (256 RBs) for 120 kHz SCS 
· 1600 MHz (256 RBs) for 480 kHz SCS
· 2000 MHz (160 RBs) for 960 kHz SCS
The operating SNR point of each evaluated PUCCH scheme is obtained according to the criteria provided in Table 5, which is consistent with the criteria used in the NR-U work item during Rel-16.
[bookmark: _Ref61612431]Table 5: Criteria of operating point determination
	Payload size
	Operation point criteria

	1 or 2 bits
	Pr(ACK to Error) ≤ 1%, and
Pr(NACK to ACK) ≤ 0.1%, and
Pr(DTX to ACK) ≤ 1%

	> 2 bits
	BLER ≤ 1%



To compare the various schemes, we summarize the results in terms of maximum isotropic loss (MIL). The conversion from the operating SNR points obtained from the link simulations to the maximum isotropic loss is performed according to the parameters and assumptions listed in Table 6.
[bookmark: _Ref61613087]Table 6: Link budget assumptions
	Link Budget Assumptions
	Notation
	Value

	UE Tx Beamforming gain (including the element gain).
	TxBF
	[bookmark: _GoBack]6 dB

	BS Rx Beamforming gain (including the element gain)
	RxBF
	20 dB

	BS Noise Figure
	NF
	7 dB

	Thermal Noise PSD
	Npsd
	-174 dBm/Hz

	SNR Operating Point
	SNR
	SNR that fulfils detection requirement shown in Table 5 [dB]

	Bandwidth of transmitted PUCCH
	BW
	According to the PUCCH configuration [Hz]

	Transmission Power
	PTx
	For the PUCCH bandwidth BW, this is given by the minimum value amongst all power limits shown in Table 1 [dBm]

	Noise Power
	NP
	Npsd + 10*log10(BW) + NF [dBm]

	Maximum Coupling Loss
	MCL
	PTx – SNR – NP [dB]

	Maximum Isotropic Loss
	MIL
	MCL + TxBF + RxBF [dB]



2.3.1	PUCCH Format 0
We evaluate PUCCH format 0 with two OS in length carrying one or two payload bits. The MIL performance with a single UE is presented in Figure 2. It can be observed that
· For 120 kHz SCS, increasing the number of RBs to twelve provides MIL gains of 7 to 9 dB. The single-RB performance is degraded with more dispersive channel conditions. But the multiple-RB formats, in fact, achieve better performance through more frequency diversity.
· For 480 kHz SCS, increasing the number of RBs to four provides MIL gains of 3 to 5 dB. The single-RB performance is degraded with more dispersive channel conditions. For the 40 ns channel, adequate performance for 2-bit payload cannot be obtained (i.e., at least one of the operating point criteria in Table 5 is not met). The multiple-RB formats can achieve better performance through more frequency diversity up to a point. For very dispersive channel conditions, performance is similarly degraded.
· For 960 kHz SCS, increasing the number of RBs to three provides MIL gains of 1 to 3 dB. The single-RB performance is heavily limited by channel dispersion. For the 20 ns channel, adequate performance for 2-bit payload cannot be obtained with the single-RB format. 

[bookmark: _Toc61862977]Increasing the number of RBs for PUCCH format 0 for all subcarrier spacings (120, 480, 960 kHz) can enhance coverage via higher transmission powers. Additionally, for 120 and 480 kHz SCS, increasing the number of RBs provides more frequency diversity. Performance is however limited in some cases, by expected operating channel dispersion.

 (a) 120 kHz								(b) 480 kHz
[image: ][image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref61616893]Figure 2: Performance of PUCCH format 0 with one or multiple RBs. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
2.3.2	PUCCH Format 1
We evaluate PUCCH format 1 with four OS in length carrying one or two payload bits. The MIL performance for single user or four users is presented in Figure 3. It can be observed that
· For 120 kHz SCS, increasing the number of RBs to twelve provides MIL gains of 7 to 8.5 dB. The single-RB performance is degraded with more dispersive channel conditions. But the multiple-RB formats, in fact, achieve better performance through more frequency diversity. 
· For 480 kHz SCS, increasing the number of RBs to four provides MIL gains of 3 to 4 dB. The single-RB performance is degraded with more dispersive channel conditions. The multiple-RB formats can achieve better performance through more frequency diversity up to a point. However, unlike PUCCH format 0, adequate performance can be achieved by the considered PUCCH format 1 schemes for all cases.
· For 960 kHz SCS, increasing the number of RBs to three provides MIL gains of 1 to 2 dB. Both the single-RB and multiple-RB formats are degraded by channel dispersion, but are still operable. Furthermore, for in contrast to PF0, we found that PF1 remains operable even for the 40 ns channel. 
For all the cases considered, the MIL performance is also relatively insensitive (≤0.5 dB losses) to the presence of multiple users on the same resources.

[bookmark: _Toc61862978]Increasing the number of RBs for PUCCH format 1 can enhance coverage via higher transmission powers and more frequency diversity. Performance is neither limited by expected operating channel dispersion or presence of multiplexed users.

Comparing the PUCCH format 1 results with those for the PUCCH format 0, it can be observed that PUCCH format 1 achieve more than 3 dB better performance and is much less degraded by channel dispersion. PUCCH format 1 performance is also insensitive to the presence of multiple users on the same resources.
[bookmark: _Toc61862979]Enhanced PUCCH format 1 achieves better performance and is much less degraded by channel dispersion than enhanced PUCCH format 0. Enhanced PUCCH format 1 performance is also insensitive to the presence of multiple users on the same resources.
[bookmark: _Toc61807836][bookmark: _Toc61807845]
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[bookmark: _Ref61615790][bookmark: _Ref61618244]Figure 3: Performance of PUCCH format 1 with one or multiple RBs. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

2.3.3	PUCCH Format 4
We evaluate PUCCH format 4 with four OS in length carrying 3 to 25 payload bits. The MIL performance for single user is presented in Figure 4, Figure 5 and Figure 6 for 120, 480 and 960 kHz SCS, respectively. It can be observed that
· For all three subcarrier spacings, increasing the number of RBs allows PUCCH format 4 to carry more payload bits at the same operating points.
· For 120 kHz SCS, increasing the number of RBs to twelve provides MIL gains of 8 to 10 dB when OCC-2 is used and 8 to 14 dBs when OCC-4 is used. The multi-RB PUCCH format 4 benefits from higher transmission powers, more frequency diversity and higher coding gains. The single-RB performance is slightly degraded (≤0.5 dB) by more dispersive channel conditions. But the multiple-RB formats, in fact, achieve better performance (up to 1 dB) through more frequency diversity. 
· For 480 kHz SCS, increasing the number of RBs to four provides MIL gains of 4 to 8 dB when OCC-2 is used and more than 5 dBs when OCC-4 is used. Performance is more sensitive to channel dispersion for both single- and multiple-RB formats. For OCC-2, full range of payload size up to 25 bits can be supported with the enhanced PUCCH format 4. For OCC-4, the full range is supportable only for low dispersion channels (using a criterion of MIL no less than 130 dB). For high dispersion channels, payload size above 19 bits should be used with OCC-2 instead.
· For 960 kHz SCS, increasing the number of RBs to three provides varying MIL gains depending on channel dispersion and payload sizes. Performance is very sensitive to channel dispersion. For OCC-2, the full range is supportable only for low dispersion channels. For high dispersion channels, payload size above 19 bits should not be used with OCC. For this deployment scenario, PF3 can be used instead.
· Performance for two or four multiplexed users with payload sizes up to 11 bits is provided in Appendix B. It can be observed that performance losses caused by multi-user interference are negligible for low dispersion channels and small OCC. For high dispersion channel and OCC-4, losses up to 0.5 dB can be observed for 480 kHz SCS and up to 1 dB can be observed for 960 kHz SCS.

[bookmark: _Toc61862980]Increasing the number of RBs for PUCCH format 4 can enhance coverage and payload capacity via higher transmission powers, more frequency diversity and more coding gains. For smaller SCS and smaller OCC, performance is neither limited by expected operating channel dispersion or presence of multiplexed users. For high dispersion channels and 4 OS in length with large SCS, both OCC and payload sizes should be reduced to improve performance.

[image: ] [image: ]
[bookmark: _Ref61618679]Figure 4: Performance of PUCCH format 4 for single user with one or twelve RBs for 120 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.
[image: ] [image: ] 
[bookmark: _Ref61618693]Figure 5: Performance of PUCCH format 4 for single user with one or four RBs for 480 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.
[image: ] [image: ] 
[bookmark: _Ref61618698]Figure 6: Performance of PUCCH format 4 for single user with one or three RBs for 960 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.

Conclusion
In the previous sections we made the following observations: 
Observation 1	The transmission bandwidth targets for Rel-17 PUCCH enhancements depends strongly on the UE antenna beamforming gains. RAN1 should design the Rel-17 PUCCH enhancements based on realistic and likely UE antenna beamforming gains.
Observation 2	Assuming a likely UE beamforming gain of 6 dB, the useful number of RBs for Rel-17 PUCCH enhancements are limited to 11 RBs for 120 kHz SCS, 3 RBs for 480 kHz SCS, and 2 RBs for 960 kHz SCS.
Observation 3	The 95th percentile CM of the Rel-15 approach for sequence selection is superior (lower) than for the Rel-15 cyclic shift cycling (CSC) approach for sequence construction. Given that the detection performance between the two approaches is identical; there is no need to further consider the CSC approach.
Observation 4	Increasing the number of RBs for PUCCH format 0 for all subcarrier spacings (120, 480, 960 kHz) can enhance coverage via higher transmission powers. Additionally, for 120 and 480 kHz SCS, increasing the number of RBs provides more frequency diversity. Performance is however limited in some cases, by expected operating channel dispersion.
Observation 5	Increasing the number of RBs for PUCCH format 1 can enhance coverage via higher transmission powers and more frequency diversity. Performance is neither limited by expected operating channel dispersion or presence of multiplexed users.
Observation 6	Enhanced PUCCH format 1 achieves better performance and is much less degraded by channel dispersion than enhanced PUCCH format 0. Enhanced PUCCH format 1 performance is also insensitive to the presence of multiple users on the same resources.
Observation 7	Increasing the number of RBs for PUCCH format 4 can enhance coverage and payload capacity via higher transmission powers, more frequency diversity and more coding gains. For smaller SCS and smaller OCC, performance is neither limited by expected operating channel dispersion or presence of multiplexed users. For high dispersion channels and 4 OS in length with large SCS, both OCC and payload sizes should be reduced to improve performance.

Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN1 should discuss and decide the number of RBs to support for Rel-17 PUCCH enhancements for each of the supported subcarrier spacings separately. The number of RBs should depend on regulatory power limits, practical UE power limitations, and practical Tx beamforming gains.
Proposal 2	Reuse the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0, 1 and 4 with multiple RBs, i.e., based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2.

[bookmark: _In-sequence_SDU_delivery]References
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Appendix A Evaluation assumptions
[bookmark: _Ref61611573]Table 7: Simulation assumptions
	Simulation Assumptions
	Value

	Carrier Frequency
	60 GHz

	Subcarrier Spacing (SCS)
	120 kHz, 480 kHz, 960 kHz

	Bandwidth
	400 MHz (120kHz), 1600 MHz (480kHz), 2000 MHz (960kHz)

	CP Type
	Normal CP

	Channel Model
	TDL-A 3km/h (5ns, 10ns, 20ns, 40ns delay spread)

	Frequency Hopping
	True

	Channel Estimation
	Realistic

	Base Sequence Set
	As dictated by the standard in TS38.211

	Base Sequence
	u = 0, v = 0






Appendix B Multi-user performance for enhanced PUCCH format 4
[image: ][image: ]
[bookmark: _Ref61618271]Figure 7: Performance of PUCCH format 4 with twelve RBs for 120 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.
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[bookmark: _Ref61618292]Figure 8: Performance of PUCCH format 4 with four RBs for 480 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.
[image: ] [image: ]
[bookmark: _Ref61616904]Figure 9: Performance of PUCCH format 4 with three RBs for 960 kHz SCS. The left plot is with OCC-2 and the right plot is for OCC-4.
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