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 Introduction
In RAN#82 a new WI [1] was approved for NR based access to unlicensed spectrum following the closure of corresponding SI [2, 3]. The objectives of the WI include specifying the following for UL signals and channels for NR-U:
· UL control including extension of PUCCH format(s) to support PRB-based frequency block-interlaced transmission and use of Rel-15 NR PUCCH formats 2 and 3 for NR-U operation. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1.
· UL data channel including extension of PUSCH to support PRB-based frequency block-interlaced transmission; support of multiple PUSCH(s) starting positions in one or multiple slot(s) depending on the LBT outcome with the understanding that the ending position is indicated by the UL grant; design not requiring the UE to change a granted TBS for a PUSCH transmission depending on the LBT outcome. The necessary PUSCH enhancements based on CP-OFDM. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1. 
· SRS including the introduction of additional flexibility in configuring/triggering SRS in line with agreements during the study phase.
The agreements and conclusions from the SI phase are captured in [4]. In this contribution, we present our views on some of the remaining aspects of UL signals and channels.
1.1 Previous Agreements 
In RAN1#93 the following was agreed upon [5]:
Agreement:
· It is beneficial to use the same interlace structure for PUCCH and PUSCH. 
· The following aspects can be considered for interlace waveform based PUCCH design:
· Flexible number of OFDM symbols
· Flexible payload size
· User multiplexing
· Number of formats
The following agreements were made in RAN1#94
Agreement:
· For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH
· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power
· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH
· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH

Agreement:
· For scenarios in which a block-interlaced waveform is used for UL transmission, a PRB-based block-interlace design has been identified as beneficial at least for 15 and 30 kHz SCS, and potentially for 60 kHz SCS
· Link budget limited cases with given PSD constraint
· It is observed that power boosting gains decrease with increasing SCS
· As one option to efficiently meet the occupied channel bandwidth requirement
· Comparatively less specification impact than Sub-PRB interlace design 
· Design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs
· The following has been observed for sub-PRB block interlace designs
· In some scenarios sub-PRB interlacing can be beneficial in terms of power boosting
· FFS: scenario details, e.g., small resource allocations
· Sub-PRB interlace design has at least the following specification impact:
· Reference signal design (e.g., DMRS)
· Channel estimation aspects
· Resource allocation

Agreement:
· It has been identified as beneficial to support a block-interlaced structure in which the number of interlaces (M) decreases with increasing SCS, and the nominal number of PRBs per interlace (N) is similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS, and potentially 60 kHz depending on supported interlace design
· FFS: M and N for each supported SCS
· FFS: 60 kHz in case a sub-PRB interlace is introduced

Agreement:
· From a RAN1 perspective it has been identified that supporting a non-uniform interlace structure in which the number of PRBs per interlace is allowed to be different for different interlaces is beneficial from a spectrum utilization point of view
· FFS: Exact number of PRBs per interlace for supported value(s) of M and N
· Note: M is the number of interlaces and N is the nominal number of PRBs per interlace in a given bandwidth
· FFS: Whether or not there are issues in the interlace design in the resource allocation to 2^n1*3^n2*5^n3 in the case of DFT-s-OFDM

The following agreements were made in RAN1#94 bis [6]
Agreement:
· Within a 20 MHz bandwidth, the following candidate PRB-based interlace designs have been identified where M is the number of interlaces and N is the number of PRBs per interlace in a 20 MHz bandwidth. Where two values are listed for N, it means that some interlaces have one more PRB than others (non-uniform interlace design):
· 15 kHz:
· M = 12, N = 8 or 9
· M = 10, N = 10 or 11
· M = 8, N = 13 or 14
· 30 kHz:
· M = 6, N = 8 or 9
· M = 5, N = 10 or 11
· M = 4, N = 12 or 13
· 60 kHz:
· M = 4, N = 6
· M = 3, N = 8
· M = 2, N = 12
· 60 kHz (assuming 26 PRBs is agreed by RAN4 in a 20 MHz bandwidth):
· M = 4, N = 6 or 7
· M = 2, N = 13
· M = 3, N = 8 or 9
· It is up to RAN4 to investigate whether or not the non-uniform interlace structure has an impact on MPR/A-MPR requirements for PUSCH

Both PRB and sub-PRB interlacing for 60 kHz have been studied. For sub-PRB interlacing the following aspects have been considered:
· Power boosting potential depending on resource allocation size
· PUSCH DMRS configuration aspects
· Channel estimation performance
· Number of REs per interlace unit

The following agreements have been reached in RAN1#95 [7].
The text proposals in Sections 7.1 and 7.2 of [8] are endorsed for the TR.
Agreement:
· It has been identified to be beneficial for the NR-U design to not require the UE to change a granted TBS for a   PUSCH transmission depending on the LBT outcome.
· The following options have been identified as possible candidate at least for the first PUSCH(s) transmitted in the UL transmission burst.
· Option 1: PUSCH(s) as in Rel-15 NR
· Option 2: Multiple starting positions in one or multiple slot(s) are allowed for PUSCH(s) scheduled by a single UL grant (i.e., not a configured grant) and one of the multiple PUSCH starting positions can be decided depending on LBT outcome. 
· It is noted that for above options, the ending position of the PUSCH is fixed as indicated by the UL grant.
· It is noted that above options are not mutually exclusive.
· It has been identified that legacy PUCCH formats PF2 and PF3 are beneficial for NR-U for the scenario of contiguous allocations due to the fact that they may be configured with bandwidth that meets the minimum temporal allowance of 2 MHz (12/6/3 PRBs for 15/30/60 kHz SCS).
· It has been identified that legacy PUCCH formats PF0/1/4 are not well-suited for NR-U for the scenario of contiguous allocations since they support only single PRB.
· It may be beneficial to apply restrictions on the use of DFT-s-OFDM in NR-U to avoid significant design efforts specific to operation in unlicensed spectrum.
· It has been identified as beneficial for NR-U to introduce additional flexibility in configuring/triggering SRS compared to NR Rel-15. The following candidate enhancements have been discussed; design details can be further discussed when specifications are developed:
· Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols
· Interlaced waveform
· Additional flexibility in frequency domain configuration
For carriers with bandwidth larger than 20 MHz, two candidate interlace designs have been identified:
· Alt-1: Same interlace spacing for all interlaces regardless of carrier BW. This alternative uses Point A as a reference for the interlace definition
· Alt-2: Interlacing defined on a sub-band (20 MHz) basis. (Note: Possible interlace spacing discontinuity at   edges of sub-band).
· Additional candidates have been identified, but consensus has not been achieved, e.g., (1) for carriers with bandwidth larger than 20 MHz, retain the same number of PRBs per interlace (N) for all interlaces regardless of carrier BW; (2) Partial interlace allocation. Detailed design can be further discussed when specifications are developed taking RF aspects into account.
The following agreements were made in RAN1 AH 1901 [9, 10].
Agreement:
For interlace transmission of at least PUSCH and PUCCH, the following PRB-based interlace design is supported for the case of 20 MHz carrier bandwidth:
a.	15 kHz SCS: M = 10 interlaces with N = 10 or 11 PRBs / interlace
b.	30 kHz SCS: M = 5 interlaces with N = 10 or 11 PRBs / interlace
Note: PRACH design to be considered separately, including multiplexing aspects with PUSCH and PUCCH

Working assumption:
· For a given SCS, the following interlace design is supported at least for PUSCH:
· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth
· Point A is the reference for the interlace definition
· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths
· FFS: Interlace design for PUCCH for bandwidths greater than 20 MHz
· FFS: Whether and how partial interlace allocation is supported

In this contribution, we discuss these design aspects and provide corresponding analyses and proposals.
General Interlace Design Aspects
2.1 Interlace design for different numerology
With 60 kHz SCS, each RB spans 720 kHz. The benefit of introducing PRB block interlaced waveform is very limited. For better power utilization under PSD limit, the sub-RB based interlace design can be applied. However, it is understood the specification impact and gNB receiver impact will be highly non-trivial. On the other hand, the legacy NR Rel.15 60KHz SCS UL waveform is to be supported in Rel.16 NR-U. Therefore, we propose to focus on the block interlace design for 15KHz and 30KHz SCS only in this release.
[bookmark: b1]Proposal : Rel.16 NR-U does not support block interlace waveform for 60 kHz SCS.
2.2 Partial interlace design 
The OCB requirements in unlicensed spectrum mandates that the occupied bandwidth must be greater than 80% of the available bandwidth. Hence when interlaces are used, all the RBs (10, 5 for SCS 15, 30 kHz respectively) in an interlace must be used by a UE. This might be surplus to the requirements of the transmission. In this situation, if it is allowed to violate the OCB requirement for a short duration while maintaining the minimum BW requirement of 2MHz, one interlace inside one LBT subband might be divided among 2 UEs. Multiple options can be considered for this case. Let us consider the case where 2 UEs are sharing 10 PRBs using 30 kHz SCS in a 20 MHz band.
1. UE1 uses first x PRBs of the interlace 1, UE2 uses next (10-x) PRBs of interlace 1.
2. UE1 uses even PRBs in interlace 1, UE2 uses odd PRBs of interlace 1.
3. UE1 uses first x PRBs of the interlace 1, UE2 uses a contiguous set of PRBs.
The three options discussed here are illustrated below:


Figure 1 Different partial interlace options
However, one can also consider the case which takes a wideband interlace and allocates alternate RBs from that interlace to two different users. This approach can only be applied when both the UEs and as well as gNB is able to obtain the entire wideband. But the benefits of additional user multiplexing in partial interlace allocation spanning multiple subbands aren’t clear. The advantage and disadvantages of the approach must be carefully compared with the allocation of interlaces to UEs inside one subband. Also, to use partial interlace one also needs to carefully study the mechanism to convey the partial interlace pattern to the UE.    
[bookmark: b2]Proposal : The possible patterns and advantages of partial interlace structure have to be carefully studied.
PUCCH format design
The following were agreed in RAN1#95:
· It has been identified that legacy PUCCH formats PF2 and PF3 are beneficial for NR-U for the scenario of contiguous allocations due to the fact that they may be configured with bandwidth that meets the minimum temporal allowance of 2 MHz (12/6/3 PRBs for 15/30/60 kHz SCS).
· It has been identified that legacy PUCCH formats PF0/1/4 are not well-suited for NR-U for the scenario of contiguous allocations since they support only single PRB.

The legacy PUCCH format 2 and 3 only support 3 or more payload bit. In NR-U, there is still chance only 1 or 2 bits payload is needed. To avoid major changes, we propose to zero pad the payload to 3 bits to reuse legacy design.

[bookmark: b3]Proposal : For legacy and enhanced PUCCH format 2 and 3, zero padding to 3 bits is used for 1-2 bit payloads in NR-U.
[bookmark: _Hlk1149420]To meet minimum bandwidth requirement of 2 MHz, some companies have proposed PUCCH formats 2/3 must have 12/6/3 PRBs for SCS 15/30/60 kHz [10]. But since NR already supports different sizes and can be configured flexibly and some regions may not have the 2MHz minimum OCB requirement, we do not see any need of introducing any restriction on number of PRBs for PUCCH. 
[bookmark: b4]Observation 1: There is no need to introduce any restriction on the minimum number of PRBs for PUCCH to handle scenarios with and without OCB constraints. 
SC-FDM waveform provides significant PAPR gains over OFDM which helps it achieve larger coverage than OFDM in power limited scenarios. There was some discussion on need to support block interlaced structure with SC-FDM as the PAPR gains are reduced due to the interlace structure. However, we show below that the gains are still very substantial and since the specification impact is very minor, NR-U should continue to support SC-FDM waveform even with the interlaced structure. 
In Figure 2 and Table 1, we show the PAPR gains of interlaced SC-FDM waveform over OFDM waveform. We see nearly 1.5-2dB PAPR gain for QPSK and pi/2-BPSK modulation respectively. 
 [image: ]
[bookmark: _Ref1130896]Figure 2: PAPR CDF for SC-FDM, interlaced SC-FDM, and OFDM waveforms

[bookmark: _Ref1130911][bookmark: _Ref1130904]Table 1: PAPR CDF 0.1% point for different waveforms
	Waveform/ Modulation Format
	PAPR CDF 0.1% point (dB)

	OFDM
	8.35

	Interlaced SC-FDM QPSK
	6.8

	Interlaced SC-FDM pi/2 BPSK
	6.35

	SC-FDM QPSK
	5.8

	SC-FDM pi/2 BPSK
	4.55
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[bookmark: _Ref1130883]Figure 3 PUCCH BLER for SC-FDM, and OFDM waveforms.
In Figure 3, we compare the PUCCH BLER performance with SC-FDM and OFDM waveforms with enhanced PUCCH format 3, for SCS = 30 kHz and number of PRBs =5 for TDL-C channel with 100 ns delay spread. Pre-DFT OCC scheme 2 has been used. Although SC-FDM performs 0-1 dB worse than OFDM, it can use 1.5-2 dB PAPR advantage as seen from . Hence enhanced PUCCH format 3 with SC-FDM is a very useful option for NR-U.  
The design with minimum spec impact is to start from legacy PUCCH format 2 and 3 and change the rate matching. More precisely, with the coded bits, instead of rate match them into continuous set of RBs, rate match them into one or more interlaces.
[bookmark: b5]Proposal : For enhanced PUCCH format 2 and 3, can start from legacy PUCCH format 2 and 3 design with coded bits rate matched to one or more interlace.
In the remaining part of this section, we discuss further enhancements for the enhanced PUCCH formats 2 and 3.
3.1	Enhanced PUCCH format 2
Format 2 can be enhanced with flexible payload size and user multiplexing. User multiplexing can be increased by frequency domain CDM on both DMRS and UCI REs as shown in Figure 4. In addition, we can further use symbol level OCC.


Figure 4 PUCCH format 2 user multiplexing with frequency domain CDM
[bookmark: b6]Proposal : Enhance PUCCH format 2 with CP-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by frequency domain and symbol level CDM.
For the coded bits can map across all RBs on a given interlace. To avoid identical coded bits across multiple RBs, additional scrambling can be considered on top. Also, zero padding is done to reach 3 bits in case 1-2 bits payload. OCC cycling may be considered for enhanced format 2 which uses CP-OFDM to reduce PAPR.
[bookmark: b7]Proposal : For enhanced PUCCH format 2, OCC cycling can be considered to reduce PAPR for CP-OFDM waveform.

3.2 Enhanced PUCCH format 3
Interlace waveform has been proposed in NR-U to improve the link budget for better coverage under PSD limit. However, with interlace waveform, one PUCCH channel in NR-U occupies more number of RBs than that in NR due to the interlace structure. In this case, there is a motivation to further improve the user multiplexing capability compared to NR.
In NR-U format 3, pre-DFT-OCC can be introduced where different UEs are assigned different spreading sequences, like NR PUCCH format 3. The modulation symbols go through the DFT precoder after the time domain spreading. This is shown in Figure 5.

[image: ][image: ]
[bookmark: _Ref534980523]Figure 5 Pre-DFT-OCC for NR PUCCH format 4 with 2 UE multiplexing       
For two UEs multiplexing, in the pre-DFT-OCC approach, the modulated symbols before DFT for UE 0 and UE 1 are 

and 
.
Based on the FFT property, it is straightforward to see that DFT() is non zero on even tones only, while  is non zero on odd tones only. The detailed derivation is given below:  
Given a discrete time signal  where , the FFT of  is given by
.
Now, if , as in the signal from UE 0,

              .
Obviously, when k is odd,  . 
Similarly, if , as in the signal from UE 1,

Therefore, in this case, when k is even, .
Based on the above analysis, we can conclude that the pre-DFT-OCC user multiplexing is equivalent to the comb-based user multiplexing.
         
To multiplex 4 UEs, the Fourier basis can be used for the OCC spreading code: [1,1,1,1], [1, j,-1,-j], [1,-1,1,-1], [1,-j,-1,j]. Then, following the same proof as above, it can be shown that UEs are FDM-ed on every 4th REs and therefore the orthogonality between UEs still holds regardless of the delay spread of the channel. Hence we propose the following:
[bookmark: b8]Proposal : Enhance PUCCH format 3 with DFT-s-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by pre-DFT OCC similar to NR format 4.
Two pre-DFT OCC designs have been proposed for interlaced PUCCH design for DFT-s-OFDM. In [11], Pre-DFT-OCC mechanism (Scheme 1) as illustrated in Figure 6 were evaluated and it was shown to have much worse performance compared to the OCC without DFT precoding. However, we believe a better Pre-DFT-OCC (Scheme 2) can achieve orthogonal performance. 


 
[bookmark: _Ref535005392]Figure 6 Options proposed for Pre-DFT-OCC
For the case with two UEs multiplexing and assuming a PUCCH interlace consists of 10 RB with 12 REs per RB, the modulated symbols before DFT for UE 0 and UE 1 with a block repetition scheme are 

and 

respectively. Based on the FFT property, it is straightforward to see that DFT() is non zero on even tones only, while  is non zero on odd tones only. The detailed derivation is the same as listed in the previous section.  This means, the receiver can simply take the received signal on even tones for UE1 processing and on odd tones for UE2 processing and there is no inter-UE interference even with spreading.
On the other hand, when the Pre-DFT-OCC is done with block repetition per cluster, as proposed in [11], the modulated symbols before DFT for UE0 and UE1 are:

and 

respectively. Given a discrete time signal  where , the FFT of  is given by
.
Now, if  on each cluster and N equals 120, as in the signal from UE 0,

It can be observed that in the frequency domain, UE1’s signal is present on most of the REs except on every alternate 10th RE, that is, only when k is 10, 30, ,,,,, 110 (where the index is indexed within the interlace),  . Similar exercise can be carried out for UE1 as well and for Pre-DFT-OCC with symbol repetition per cluster. 


The performance of two pre DFT OCC schemes are shown in Figure 7. 4 user OCC (same as NR PUCCH format 4), using 5 PRBs each with 30 SCS in TDL-C channel with 100 ns delay spread has been used for this simulation. PUCCH payload is of 32 bits and Polar code has been used for encoding, similar to NR format 3. It can be observed that the OCC scheme 1 performs around 1 dB poorer compared to OCC scheme 2 due to the remaining interference as described theoretically before.
[image: ]
[bookmark: _Ref534922830]Figure 7 PUCCH BLER comparison for different pre DFT OCC schemes
Based on the above derivation and simulation result, we can observe that when the Pre-DFT-OCC is carried out per cluster, the nice frequency domain structure which does not impose any CDM UE interference is not preserved among UEs anymore as both UE1 and UE2 will have useful signal on most of the REs in the same interlace. To achieve similar performance, an enhanced receiver algorithm can be designed with the joint equalizer across UEs, however, this would impose much higher receive complexity, especially when the number of CDM UEs is not trivial.
[bookmark: b9]Proposal : For interlace PUCCH with pre-DFT-OCC multiplexing:
· The pre-DFT-OCC needs to be done via block repetition over the entire interlace, instead of per cluster
When SC-FDM OCC is not configured, different Pre-DFT-OCC can be used on different symbol for the same UE for better interference randomization.
[bookmark: b10]Proposal :  For interlace PUCCH with pre-DFT-OCC multiplexing consider different pre-DFT-OCC hopping across multiple SC-FDM symbols when SC-FDM OCC is not configured 


 PUSCH design 
[bookmark: _Hlk534737542]In this section, we discuss PUSCH design for NR-U.
4.1	Supported waveforms for PUSCH
[bookmark: _Ref528587984][image: ]
[bookmark: _Ref789379][bookmark: _Ref789371]Figure 8 Interlaced OFDM with interlaced SC-FDM for MCS0, 1 Tx 2 Rx, EPA5 and ETU5 Channels
Performance of both SC-FDM and CP-OFDM waveforms are studied for interlaced PUSCH. In  we show the PAPR gains of interlaced SC-FDM waveform over OFDM waveform. We see nearly 1.5-2 dB PAPR gain for QPSK and pi/2-BPSK modulations. We also compare the link level performance of PUSCH with MCS 0 for EPA 5Hz and ETU 5Hz in Figure 8.  At the 10% BLER point SC-FDM has a loss of ~0.2 dB over OFDM. Considering the PAPR gain as well as link level performance losses, SC-FDM still provides 1.3-1.8 dB of gains over OFDM in the simulated scenarios. Hence, we propose the following
[bookmark: b11]Proposal : Both CP-OFDM and DFT-s-OFDM supported for interlaced PUSCH transmission.
In NR-U PUSCH the only change from legacy NR is that the PUSCH symbols have to be rate matched for the interlaced resource allocation.
[bookmark: b12]Proposal : For interlaced PUSCH transmission rate match PUSCH symbols for the interlaced resource allocation.
4.2	Multiple UL burst starting positions
Due to LBT requirements in NR-U, multiple possible starting positions for UL burst transmission is beneficial. There are multiple options available to provide this flexibility, including Rel.15 NR mini-slot based scheduling and other puncturing based or floating transmission time based designs. Due to the amount of standardization work needed to support any design other than the mini-slot based approach, we propose to deprioritize other designs and only consider them if we have time.
[bookmark: b13]Proposal : For UL transmission burst, Rel.15 NR mini-slot based design is used and other proposed designs can be further studied at lower priority.
SRS Design in NR-U
The following was agreed in RAN1#95:
It has been identified in as beneficial for NR-U to introduce additional flexibility in configuring/triggering SRS compared to NR Rel-15. The following candidate enhancements have been discussed; design details can be further discussed when specifications are developed:
· Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols
· Interlaced waveform
· Additional flexibility in frequency domain configuration
The comb-based SRS transmission in NR allows distributed RE allocation for UE to have better power utilization under PSD limit. Therefore, we do not expect the SRS waveform design change from NR to NR-U. However, in certain applications where a lot of SRS needs to be transmitted, block interlaced design can be considered as interlaced SRS may be able to increase the dimension in frequency domain for the resource. 
One thing to note is that due to the configurable UL burst in NR, SRS in more symbol locations (rather than just the last 6) can be introduced along with FDM between SRS and other UL transmission in NR-U to minimize UE LBT overhead and increase the UL transmission probability with medium sensing. 
To mitigate impact due to LBT, it is beneficial to be able to configure SRS resources in multiple LBT subbands where UE can pick the subband to use for SRS transmission based on the LBT outcome.
Thus, we propose the following
[bookmark: _Hlk534412573][bookmark: b14]Proposal :  Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols to be supported.
Proposal : Block interlaced waveform for SRS to be supported along with comb-based SRS design in NR.
Proposal : NR-U should support configuration of multiple SRS resources in frequency. UE can pick which frequency resource it uses for the SRS transmission based on the LBT outcome.
In NR, SRS transmission can be periodic, semi-persistent, and aperiodic. In NR-U, due to the LBT requirement for signal transmission, aperiodic SRS fits the opportunistic transmission. On the other hand, NR periodic SRS and semi-persistent SRS cannot carry over to NR-U directly, consider the configured transmission opportunity may not be useable due to LBT failure. 
Simple changes to period and semi-persistent CSI-RS can be introduced to make it more LBT friendly. For example, if the periodic and semi-persistent SRS are configured, they can be only transmitted when UE is able to transmit on the configured transmission opportunities. 
For FBE use case, we observe that periodic/semi-persistent SRS is more usable, with UE transmitting the periodic/semi-persistent-SRS when it detects the gNB occupies the fixed frame period.
[bookmark: b15]Proposal : Periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.
[bookmark: _Ref534975861]Simulations
In this section, we list the link level performance with 60 kHz SCS with different waveform design options.
2 
3 
4 
5 
6 
6.5 
6.1	Simulation Performance for PUSCH
Table 2. Simulation Assumptions
	Channel Model
	EPA 5Hz

	Antenna  configuration
	4Tx, 4 Rx

	Modulation / code rate
	MCS5, 10 (add details)

	SCS (kHz)
	60

	FFT size
	512

	Usable tones / Bandwidth
	300 / 18MHz

	Number of Spatial Layers
	2 and 4

	Channel / Nt estimation
	Estimated

	DMRS symbol
	1 and 2 DMRS symbols

	Waveform Options
	localized 5 RBs, interlaced 5 RBs, interlaced 15 mini-RBs in 

	DMRS pattern
	DMRS config type 1 for localized and interlaced 5 RB waveform; DMRS config type 1 with 4 Res




Figure 13 DMRS configuration with mini-RB structure
[bookmark: _Hlk506156515]The link level performances for PUSCH are listed in Figure 14 to Figure 17 and they are plotted with the same PSD. The solid line corresponds to the performance with 15 mini-RBs, the dash-dotted line corresponds to 5 interlaced RBs while the dash line corresponds to 5 contiguous RBs.
Note that under the PSD limitation with 10dBm/MHz, the contiguous 5RBs corresponds to 10dBm + 10Log(5x0.72), the interlaced 5RBs corresponds to 10dBm + 10Log(5) while the interlaced 15 mini-RBs corresponds to 10dBm + 10Log(15). That is, with the same number of REs, the mini-RB interlace structure has a 6.2dB gain over contiguous 5RBs and 4.8dB gain over interlaced 5RBs. 
[image: ]
[bookmark: _Ref534931296]Figure 14 Link performance with 2 layers, 1 DMRS symbol
[image: ]
Figure 15 Link performance with 2 layers, 2 DMRS symbol

[image: ]
Figure 16 Link performance with 4 layers, 1 DMRS symbol

[image: ]
[bookmark: _Ref534931312]Figure 17 Link performance with 4 layers, 2 DMRS symbol
The overall performances of different waveform options are summarized in Table 3 where the power difference between different waveform options are already accounted for. It can be observed that the mini-RB based interlace structure yields best performance in most of the scenarios due to the better power utilization under PSD limit.
[bookmark: _Ref506157933]Table 3. Overall link performances of different waveforms
[image: ]
6.2	Simulation Performance for PUCCH
Table 4. Simulation Assumptions
	Parameters
	Values

	Channel Model
	EPA 5Hz

	Antenna configuration
	1Tx, 4 Rx

	Modulation / code rate
	Variable

	SCS (kHz)
	60

	FFT size
	512

	Usable tones / Bandwidth
	300 / 18MHz

	Number of PUCCH symbols
	Symbol 4-13

	Channel / Nt estimation
	Estimated

	DMRS symbol
	Symbols 5,7,10,12

	Waveform Options
	localized 5 RBs, interlaced 5 RBs, interlaced 10 mini-RBs

	Channel Coding
	Polar


The link level performances for PUCCH format 3 are listed in Figure 18 to Figure 20 and they are plotted with the same PSD. 
With the PSD limitation of 10dBm/MHz, the contiguous 5RBs corresponds to 10dBm + 10Log(5x0.72), the interlaced 5RBs corresponds to 10dBm + 10Log(5) while the interlaced 10 mini-RBs corresponds to 10dBm + 10Log(10). That is, with the same number of REs, the mini-RB interlace structure has a 4.4dB gain over contiguous 5RBs and 3dB gain over interlaced 5RBs.
It can therefore be observed that the interlaced mini-RB structure yields the best performance once we take the power boost with PSD limit into account. This is consistent with the observations we made based on the PUSCH performance.
[image: ]
[bookmark: _Ref534931248][bookmark: _Ref513666928]Figure 18. Performance of PUCCH format 3 with 5 contiguous RBs
[image: ]
Figure 19. Performance of PUCCH format 3 with 5 interlaced RBs

[image: ]
[bookmark: _Ref534931262][bookmark: _Ref513666918]Figure 20. Performance of PUCCH format 3 with 10 interlaced mini-RBs
[bookmark: b16]Observation 2: Sub-RB based interlace structure with 60 kHz yields the best performance for NR unlicensed operation in sub-7GHz Band.
Summary
In this section, we summarize the UL waveform design options for NR-U in sub-7Ghz band along with the performance evaluation. We have the following observations and proposals.
Proposal 1: Rel.16 NR-U does not support block interlace waveform for 60 kHz SCS.
Proposal 2: The possible patterns and advantages of partial interlace structure have to be carefully studied.
Proposal 3: For legacy and enhanced PUCCH format 2 and 3, zero padding to 3 bits is used for 1-2 bit payloads in NR-U.
Observation 1: There is no need to introduce any restriction on the minimum number of PRBs for PUCCH to handle scenarios with and without OCB constraints. 
Proposal 4: For enhanced PUCCH format 2 and 3, can start from legacy PUCCH format 2 and 3 design with coded bits rate matched to one or more interlace.
Proposal 5: Enhance PUCCH format 2 with CP-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by frequency domain and symbol level CDM.
Proposal 6: For enhanced PUCCH format 2, OCC cycling can be considered to reduce PAPR for CP-OFDM waveform.
Proposal 7: Enhance PUCCH format 3 with DFT-s-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by pre-DFT OCC similar to NR format 4.
Proposal 8: For interlace PUCCH with pre-DFT-OCC multiplexing:
· The pre-DFT-OCC needs to be done via block repetition over the entire interlace, instead of per cluster
Proposal 9:  For interlace PUCCH with pre-DFT-OCC multiplexing consider different pre-DFT-OCC hopping across multiple SC-FDM symbols when SC-FDM OCC is not configured 
Proposal 10: Both CP-OFDM and DFT-s-OFDM supported for interlaced PUSCH transmission.
Proposal 11: For interlaced PUSCH transmission rate match PUSCH symbols for the interlaced resource allocation.
Proposal 12: For UL transmission burst, Rel.15 NR mini-slot based design is used and other proposed designs can be further studied at lower priority.
Proposal 13:  Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols to be supported.
Proposal 14: Block interlaced waveform for SRS to be supported along with comb-based SRS design in NR.
Proposal 15: NR-U should support configuration of multiple SRS resources in frequency. UE can pick which frequency resource it uses for the SRS transmission based on the LBT outcome.
Proposal 16: Periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.
Observation 2: Sub-RB based interlace structure with 60 kHz yields the best performance for NR unlicensed operation in sub-7GHz Band.
[bookmark: _GoBack]
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