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Introduction 
Several physical layer design aspects related to uplink signals and channels for unlicensed operation had been specified within the scope of revised WID on NR-based access to Unlicensed Spectrum (RP-191575) [3], in conjunction with the guidance on essential functionality for NR-U (RP-191581) in RAN#84 meeting [4].
In the above context, we will discuss the followings in this contribution:
· Design of PRB based interlace waveform for physical uplink signals/channels over bandwidth more than 20 MHz.
· Potential enhancements to NR UL data and control channels design required for NR-unlicensed operation.
· Potential enhancements to NR SRS design required for NR-unlicensed operation.
[bookmark: _Design_of_PRB]Remaining issues of interlace design
In 3GPP RAN1#98 meeting [8], the following agreement was made regarding the design of wideband interlace for PUSCH/PUCCH for unlicensed operation:
Agreement:
The working assumption from RAN1 AH1901 is converted to an agreement with the following modifications:
· For a given SCS, the following PRB-based interlace design is supported at least for PUSCH and PUCCH:
· 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 considering mechanisms specific to PUSCH and PUCCH
· FFS: PUCCH bandwidth
· FFS: Whether or how an interlace design for PUSCH and/or PUCCH is supported on 10 MHz according to the revised WID objective

In addition, the following conclusion was made regarding the support of UL transmission over 10 MHz carrier bandwidth for NR-unlicensed operation:
Conclusion:
For 10 MHz carrier bandwidth, enhancements to Rel-15 UL signals and channels are not necessary

As per the above conclusion, interlace based PUSCH/PUCCH transmission for unlicensed operation is only supported for carrier bandwidth of ≥ 20 MHz.  In this context, our view on wideband interlace design for carrier bandwidth of > 20 MHz is illustrated in the following subsections:
Design of PRB based interlace waveform for wideband operation 
As agreed in the past [1], PRB based interlace transmission for PUCCH/PUSCH over 20 MHz carrier bandwidth would be supported with N = 10/11 PRBs per interlace, leading to M = 10 interlaces at 15 KHz SCS and M = 5 interlaces at 30 KHz SCS. Further, it was agreed that, for carrier BW > 20 MHz, PRB based interlace design for PUCCH and PUSCH is supported such that the same spacing (M) between consecutive PRBs in an interlace is maintained regardless of carrier BW, i.e. the number of PRBs /interlace (N) scales with bandwidth. Although keeping M the same with increasing bandwidth seems a straightforward way to scale the interlace design from 20 MHz to wider bandwidth, there are several drawbacks of this design from the perspective of resource utilization efficiency and UE multiplexing capacity, as noted below:
1. By keeping M fixed, N increases proportionally with BW scaling, which leads to large number of PRBs allocated per interlace as BW increases. Allocation of one full interlace to an UE at wider bandwidth may not be efficient from resource utilization perspective, especially when the payload size to be carried using the interlace is relatively low. Also, from uplink transmission power perspective, interlaces with N greater than a threshold value, NTH (e.g. NTH = 19 PRBs/interlace for EIRP limit of -23 dBm and PSD limit of 10 dBm/1 MHz for frequency band 5150-5350 MHz as per ETSI regulation [5]) is not beneficial, since it cannot offer any additional power boost over N = NTH due to EIRP and PSD limitations. 
2. From the perspective of FDM, UE multiplexing capacity is severely restricted (to M) for wideband operation if one full wideband interlace is assigned to one UE.
One possible way to improve resource utilization and UE multiplexing capacity for wideband interlace based transmission is to have the scheduling flexibility at gNB to allocate partial interlace to an UE, in addition to the provision of allocating full interlace per UE. Depending on whether gNB would schedule an UE’s transmission over the entire wideband or over a sub-band (e.g. LBT sub-band of 20 MHz) within the wideband, partial interlace allocation schemes may be different. In the following subsection we will discuss partial interlace allocation for both of these scheduling scenarios.
Partial interlace spanning over a wideband carrier
If multiple UEs are to be scheduled within a wideband carrier for interlace based transmission and each of the UEs are scheduled over the wideband carrier BW, a set of PRBs from each interlace can be assigned to an UE such that the number of PRBs assigned per UE remains nearly the same as the number of PRBs/interlace (N) for 20 MHz and at the same time, the partial interlace can meet the 80% OCB requirement (if mandated by regulation). By assigning partial interlace in this way, the UE multiplexing capacity (FDM) scales proportionally with BW, instead of remaining fixed as M when one full wideband interlace is allocated to an UE.
To illustrate further, when BW of 20 MHz is scaled by a factor n, n UEs can be FDM’d within one wideband interlace and the partial interlace allocation can be done in the following way:
If the PRBs allocated to one wideband interlace are indexed C(0), C(1), C(2), …, C(N), n UEs multiplexed in FDM manner within this one interlace would each be assigned a subset of PRBs from the set {C(0), C(1), …, C(N)} as: 
UE(1): {C(0), C(n), C(2n), …}; UE(2): {C(1), C(n+1), C(2n+1), …}; …; UE(n) = {C(n-1), C(2n-1), C(3n-1), …}
Table 1 illustrates an example of partial interlace allocation for 40 MHz BW (i.e. n = 2) and 15 KHz SCS, for which the total number of available PRBs (NRB) is 216. Each row in the table consists of PRB indices corresponding to one interlace. Within one interlace, n=2  UEs can be FDM’d in this case, where the “black” entries in the j-th row of Table 1 denotes the PRBs assigned to UE(2j-1) and “red” entries in the row denotes the PRBs assigned to UE(2j). Therefore, corresponding to M=10, in total 2*10 = 20 UEs can be FDM’d within 40 MHz, 2 UEs being on each interlace. Note that, each of these partial interlaces satisfy the OCB requirement (80% of 40 MHz). 
Table 1: Wideband partial interlace for 40 MHz BW and 15 KHz SCS (n = 2 UEs per interlace)

	Int. no.
	Multiplexed UEs
	PRB index over 40 MHz BW (for 15 KHz SCS)

	
	
	C0
	C1
	C2
	C3
	C4
	…
	C19
	C20
	C21

	1
	UE {1,2}
	1
	11
	21
	31
	41
	…
	191
	201
	211

	2
	UE {3,4}
	2
	12
	22
	32
	42
	…
	192
	202
	212

	3
	UE {5,6}
	3
	13
	23
	33
	43
	…
	193
	203
	213

	4
	UE {7,8}
	4
	14
	24
	32
	44
	…
	194
	204
	214

	5
	UE {9,10}
	5
	15
	25
	35
	45
	…
	195
	205
	215

	6
	UE {11,12}
	6
	16
	26
	36
	46
	…
	196
	206
	216

	7
	UE {13,14}
	7
	17
	27
	37
	47
	…
	197
	207
	-

	8
	UE {15,16}
	8
	18
	28
	38
	48
	…
	198
	208
	-

	9
	UE {17,18}
	9
	19
	29
	39
	49
	…
	199
	209
	-

	10
	UE {19,20}
	10
	20
	30
	40
	50
	…
	200
	210
	-



As a second example, Table 2 illustrates partial interlace allocation for 60 MHz BW (i.e. n = 3) and 30 KHz SCS, for which the total number of available PRBs (NRB) is 162. In this case, within one interlace, n=3  UEs can be FDM’d, where the “black” entries in the j-th row of Table 2 denotes the PRBs assigned to UE(2j-1), “red” entries to UE(2j) and “green” entries to UE(2j+1) respectively. 
Table 2: Wideband partial interlace for 60 MHz BW and 30 KHz SCS (n = 3 UEs per interlace)

	Int. no.
	Multiplexed UEs
	PRB index over 60 MHz BW (for 30 KHz SCS)

	
	
	C0
	C1
	C2
	C3
	C4
	…
	C31
	C32
	C33

	1
	UE{1,2,3}
	1
	6
	11
	16
	21
	…
	151
	156
	161

	2
	UE{4,5,6}
	2
	7
	12
	17
	22
	…
	152
	157
	162

	3
	UE{7,8,9}
	3
	8
	13
	18
	23
	…
	153
	158
	-

	4
	UE{10,11,12}
	4
	9
	14
	19
	24
	…
	154
	159
	-

	5
	UE{13,14,15}
	5
	10
	15
	20
	25
	…
	155
	160
	-



Partial interlace spanning over 20 MHz LBT sub-band within a wideband carrier 
While partial interlace allocation scheme illustrated in the last subsection is efficient from resource utilization perspective within a wideband carrier, there can be scenarios where not all UEs to be scheduled within a wideband carrier are capable of supporting >20 MHz BW. In order to give gNB sufficient scheduling flexibility, an alternative partial interlace allocation scheme can be adopted where each of the partial interlaces would span over a 20 MHz LBT sub-band within a wideband carrier. If an UE is scheduled with 20 MHz BW, the partial interlace needs to satisfy OCB over 20 MHz. Similar to the previous partial interlace design, n UEs can be multiplexed within one wideband interlace over n*20 MHz, where each UE would be assigned 20 MHz BW for transmission, over a partial interlace.
Table 3 illustrates this partial interlace assignment scheme for 40 MHz BW (n = 2) and 15 KHz SCS (NRB = 216), the same numerology as the example in Table 1. Within one interlace, n=2 UEs can be FDM’d, each over a 20 MHz sub-band. In Table 3, the “black” entries in the j-th row denotes the PRBs assigned to UE(2j-1) and “red” entries of the corresponding row denotes the PRBs assigned to UE(2j). Note that, here few PRBs near the band edges of each 20 MHz sub-band may be left unused due to guard band requirement (shown as grey PRB indices in Table 3)

Table 3: Sub-band partial interlace for 40 MHz BW and 15 KHz SCS (n = 2 UEs per interlace)

	Int. no.
	Multiplexed UEs
	PRB index over 40 MHz BW (for 15 KHz SCS)

	
	
	C0
	C1
	…
	C10
	C11
	C12
	…
	C20
	C21

	1
	UE {1,2}
	1
	11
	…
	101
	111
	121
	…
	201
	211

	2
	UE {3,4}
	2
	12
	…
	102
	112
	122
	…
	202
	212

	3
	UE {5,6}
	3
	13
	…
	103
	113
	123
	…
	203
	213

	4
	UE {7,8}
	4
	14
	…
	104
	114
	124
	…
	204
	214

	5
	UE {9,10}
	5
	15
	…
	105
	115
	125
	…
	205
	215

	6
	UE {11,12}
	6
	16
	…
	106
	116
	126
	…
	206
	216

	7
	UE {13,14}
	7
	17
	…
	107
	117
	127
	…
	207
	-

	8
	UE {15,16}
	8
	18
	…
	108
	118
	128
	…
	208
	-

	9
	UE {17,18}
	9
	19
	…
	109
	119
	129
	…
	209
	-

	10
	UE {19,20}
	10
	20
	…
	110
	120
	130
	…
	210
	-


Similarly, corresponding to Table 2, Table 4 illustrates the alternative sub-band partial interlace design for the same numerology, i.e. 60 MHz BW and 30 KHz SCS, where corresponding to j-th row, 3 multiplexed UEs are assigned the subsets of PRBs shown as “black”, “red” and “green” entries in the corresponding row of Table 4. Gain, few PRBs will remain unassigned in this case to meet guard band requirements of 20 MHz (shown as grey PRB indices in Table 4).
Table 4: Sub-band partial interlace for 60 MHz BW and 30 KHz SCS (n = 3 UEs per interlace)

	Int. no.
	Multiplexed UEs
	PRB index over 60 MHz BW (for 30 KHz SCS)

	
	
	C0
	C1
	...
	C10
	C11
	C12
	…
	C21
	C22
	C23
	…
	C33

	1
	UE{1,2,3}
	1
	6
	…
	51
	56
	61
	…
	106
	111
	116
	…
	161

	2
	UE{4,5,6}
	2
	7
	…
	52
	57
	62
	…
	107
	112
	117
	…
	162

	3
	UE{7,8,9}
	3
	8
	…
	53
	58
	63
	…
	108
	113
	118
	…
	-

	4
	UE{10,11,12}
	4
	9
	…
	54
	59
	64
	…
	109
	114
	119
	…
	-

	5
	UE{13,14,15}
	5
	10
	…
	55
	60
	65
	…
	110
	115
	120
	…
	-


Proposal 1
For carrier bandwidth > 20 MHz in NR-unlicensed band, support scheduling flexibility for interlace based transmission by enabling partial interlace based resource allocation.
· A partial interlace can either span over the carrier bandwidth or over a 20 MHz sub-band within the carrier bandwidth.

Potential enhancements of NR UL data and control channels
NR framework defines 5 PUCCH formats, which can be categorized into two classes based on their frequency domain span:
1. Single-PRB transmission: three PUCCH formats, viz. formats 0/1/4 use single-PRB transmission.
2. Multi-PRB transmission: two PUCCH formats, viz. formats 2/3 use multi-PRB transmission. 

Potential enhancement scopes of each of these two categories of PUCCH formats are explored in the following subsections.
NR PUCCH formats 0/1
NR PUCCH formats 0/1 allow UE multiplexing in the code domain (using cyclic shift and/or OCC) and can span across 1 PRB in frequency domain. While format 0 can span 1~2 OFDM symbol(s) within a slot, format 1 has a more dynamic timespan, with a range of 4~14 symbols within a slot. Formats 0/1 are intended to carry small payload size, e.g. 1~2 UCI bit(s). None of these formats, however, meet the OCB requirement of unlicensed domain, owing to their bandwidth limitation of less than 2 MHz. Moreover, due to regulatory PSD limitation of 10 dBm/1MHz, these formats in Rel-15 NR forms are severely restricted in transmit power due to 1 PRB frequency resource allocation, which is always less than 1 MHz in FR1. 
In the above context, we made an agreement in the past [2] regarding enhancement of Rel-15 PUCCH formats 0/1 from single-PRB to multi-PRB format as follows:
Agreement:
Support enhancement of Rel-15 PUCCH formats PF0 and PF1 as follows:
· Mapping to physical resources of one full interlace in 20 MHz.
· FFS: Sequence type and mapping considering the following alternatives:
· Alt-1: Repetition of the length-12 Rel-15 PF0 and PF1 sequence in each PRB of an interlace with mechanism to control PAPR/CM considering the following alternatives
· Alt-1a: Cycling of cyclic shifts across PRBs 
· Alt-1b: Phase rotation across PRBs of an interlace where the phase rotation is can be per RE or per PRB
· Alt-2: Mapping of different length-12 Rel-15 PF0 and PF1 sequences to the PRBs of an interlace based on different group number u (range is 0 .. 29)
· Alt-3: Mapping of a single long sequence to the PRBs of an interlace
· FFS: Impact due to guardbands 
· Note: Decisions on the above should be based on at least performance using the agreed MCL metric and specification impact
· Note: Interlaced PF2 and 3 are not enhanced to support 1-2 bit payloads

Further, from the above options, Alt-1a was down-selected in the last RAN1 meeting [8] as per the agreement quoted below:

Agreement:
Alt-1a (Cycling of cyclic shifts across PRBs of the interlace) is selected from the four alternatives in the RAN1#97 agreement on enhanced Rel-15 PUCCH formats PF0 and PF1 
· FFS: Cyclic shift ordering

Cyclic shift (CS) ordering is considered as a mechanism to control PAPR/CM of repeated sequence pattern that would result from the enhancement of PF0/1 to support interlace based transmission, with repetition of length-12 Rel-15 PF0/PF1 sequence in each PRB of an interlace. To what extent PAPR/CM can be reduced depends on the resultant CS pattern generated from the CS ordering applied on the mapped sequences. A straightforward way to incorporate cyclic shift ordering into the existing Rel-15 NR PUCCH formats’ cyclic shift hopping pattern  is as follows:





Where,  is the sequence number which may take any value within the range {,  is the number of PRBs on the allocated interlace within the PUCCH transmission bandwidth and  is an offset value that depends on . Other variables in the above equation assumes the same definition as described in TS 38.211. Here,  corresponds to the sequence mapped on the lowest indexed (or, highest indexed) PRB within the allocated interlace bandwidth,  corresponds to the sequence mapped on the PRB next to it within the allocated interlace bandwidth, and so on. Further,  can be defined as a linear function of  as follows:


Where,  can be chosen from the set of values {. It is evident from the above expression of  that  corresponds to the case when the same cyclic shift  is applied to all the sequences mapped on the PRBs of an allocated interlace. From the expression of, we can interpret  to be the CS applied on the sequence number  and then for other subsequent sequences, a linearly increasing value of a fixed offset  is applied.

For different values of , the generated CS ordering pattern is shown in Table 1, where  is assumed without loss of generality. For any non-zero , each entries of a row will be incremented by  while the difference between  and  will remain the same  for any .

TABLE1: Cyclic shift pattern for different values of , with  and 
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

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

	3
	0
	3
	6
	9
	0
	3
	6
	9
	0
	3
	6

	4
	0
	4
	8
	0
	4
	8
	0
	4
	8
	0
	4

	5
	0
	5
	10
	3
	8
	1
	6
	11
	4
	9
	2

	6
	0
	6
	0
	6
	0
	6
	0
	6
	0
	6
	0

	7
	0
	7
	2
	9
	4
	11
	6
	1
	8
	3
	10

	8
	0
	8
	4
	0
	8
	4
	0
	8
	4
	0
	8

	9
	0
	9
	6
	3
	0
	9
	6
	3
	0
	9
	6

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

	11
	0
	11
	10
	9
	8
	7
	6
	5
	4
	3
	2



From the Table 1, the following observations can be made:
1. For specific values of, for example , the CS pattern  is non-repetitive, in a sense that no CS value is repeated within the CS pattern, as can be seen from the highlighted rows in the table above.
2. For other values of , for example {2,3,4,6,8,9,10}, the CS pattern  is repetitive, in a sense that a few CS values are repeated within the CS pattern, as can be seen by the “red” entries in the table above.
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(a) 						         (b)

Fig. 1 CCDF of CM over all 30 base sequence indexes and all 12 possible values of 
Fig. 1b shows the CCDF of cubic metric (CM) computed for different values of . Each curve comprises of  data points, corresponding to 30 possible base sequence indexes  and 12 possible values of , the cyclic shift applied on the first sequence . =0 corresponds to the case when the same base sequence with the same cyclic shift is mapped on different PRBs of the allocated interlace, whereas > 0 implies mapping of same base sequence but with different cyclic shifts on different PRBs of the allocated interlace.
The following observations can be made from Fig. 1b:
· CS ordering can improve (i.e. reduce) CM by  dB compared to mere repetition.
· To what extent CM can be improved depends on the chosen CS ordering. 
· CM reduction is more when the CS ordering is non-repetitive, i.e. no CS value is repeated (e.g. , compared to that of repetitive pattern (e.g. . 
Fig. 1a is a zoomed-in version of Fig. 1b near the curves with . It is evident from Fig. 1a that CM is minimized by using  or , assuming that the choice of  is regardless of the base sequence index ).
In order to look into further optimization possibility by varying  as a function of base sequence index ), we further investigated CM envelope as a function of base sequence index ) for different candidate values of  and different values of. Based on the trends observed in Fig. 1, we focussed on 
Fig. 2 shows 4 subplots, each corresponding to a different value of  Within each subplot, there are 12 curves, each showing the variation of CM with base sequence index ) for a given value of , shown in the legend of the figure. A general observation that can be made from Fig. 2 is that, cubic metric may vary depending on the choice of three parameters: {base sequence index, initial cyclic shift  and cyclic shift ordering pattern, which is a function of}.
Now, in order to multiplex multiple UEs on the same time-frequency resource (i.e. on the same interlace), different UEs would be configured with different  (i.e. initial cyclic shift) values, and hence it’s more relevant to quantify the difference between maximum and minimum possible CM values that a UE configured with a given base sequence index) and a given CS ordering  may experience depending on the value  it is configured with by the gNB scheduler.
[image: ]
Fig. 2 Variation of CM as a function of base sequence index for different values of  and 
From Fig. 3, it is evident that forthe maximum spread in CM value (i.e. the difference between Max. CM and Min. CM value) for any base sequence index  over the span of possible values for   would be ~0.3 dB (for. For other values of, the CM spread is around 0.05~0.25 dB, depending on the base sequence index  and. As one example, for base sequence index, depending on the choice of , there can be 0.2 dB difference in CM variation, whereas for , the difference can be up to ~0.05 dB.
[image: ] 
Fig. 3 Difference between Max and Min. CM over the span of  as a function of base sequence index 
From the above plots, intuitively it can be inferred that, a fixed value of  may be applicable for all base sequences indexes and further optimization in CM profile by choosing  as a function of base sequence index may not bring any significant CM reduction benefit. 
In order to quantify the difference between CM profile using a fixed  for all values of  and versus using an optimum  as a function of  and, we looked into CCDF of PAPR/CM for the following cases:
Option 1 The same  is applied on all base sequence indexes, for all possible values of .
Option 2  is chosen from the set {1,2, .. 11} for each base sequence index  and  combination separately to minimize PAPR/CM for each pair of base sequence index  and .
There all total 30 possible base sequence indexes, and for each of these, there can be 12 different values of For each of these  pairs of values for , option 1 above uses  to generate CS ordering pattern , whereas option 2 looks for the optimum CS ordering pattern for each pair of  depending on the PAPR/CM value, and therefore may not choose the same  for all pairs.
[image: ][image: ]
(a) 						         (b)

Fig. 4 CCDF of CM/PAPR over all 30 base sequence indexes and all 12 possible values of 
Fig. 4a shows the difference between option 1 (red curve) and option 2 (blue curve) in terms of CCDF of CM, evaluated over all base sequence indexes and all values of  There can be ~0.06 dB CM reduction (at the 95th percentile of CCDF of CM) by optimizing  over base sequence index and , compared to using a fixed , which is not that significant a reduction in CM.
Similarly, from Fig. 4b, it can be depicted that a reduction in PAPR by ~0.2 dB PAPR reduction (at the 95th percentile of CCDF of PAPR) can achieved by optimizing  over base sequence index and, compared to using a fixed , which is not critical.
Therefore, based on the above analysis, our view is to use a fixed  for generate CS ordering pattern  for interlaced PF0/1 transmission. Based on the CCDF of CM,  can be  either 5 or 7
Proposal 2
For interlace based PUCCH formats 0/1, apply different cyclic shifts on the repetitions of the length-12 Rel-15 PF0 and PF1 sequence in each PRB of an interlace within the allocated PUCCH bandwidth.
· The cyclic shifts applied on the length-12 Rel-15 PF0/1 sequences mapped on consecutive PRBs of the allocated interlace differ by a fixed offset.
· The cyclic shifts do not repeat within the allocated interlace bandwidth.
NR PUCCH formats 2/3
Rel-15 NR PUCCH formats 2/3 can span up to 16 PRBs across frequency domain. While format 2 can occupy 1~2 OFDM symbol(s) within a slot, format 3 has a more dynamic timespan, similar to formats 1/4 (i.e. 4~14 symbols within a slot). Both formats 2 and 3 are intended to carry large UCI payload size (typically > 2 bits). In the Rel-15 NR specification for PUCCH formats 2/3, a maximum number of PRBs (which can be up to 16) is configured via RRC to the UE while PUCCH resources are configured by gNB, but there is no notion of minimum number of PRBs that PUCCH formats 2/3 can occupy. Depending on the UCI payload size and configured maximum code rate, number of PRBs used for PUCCH format 2/3 transmission can be as small as 1 PRB. Since unlicensed operation with temporal allowance of not meeting regular OCB (i.e. 80%-100% of nominal channel bandwidth) requires at least 2 MHz transmission bandwidth, resource configurations for PUCCH formats 2/3 in unlicensed operation require an additional configuration of minimum number of PRBs so as to ensure OCB to be minimum of 2 MHz, when temporal allowance can be used by regulation.  For 15/30/60 KHz SCS in FR1, the minimum number of PRBs required to meet 2 MHz OCB criteria is 12/6/3. 
Proposal 3
For NR PUCCH formats 2/3, the minimum number of PRBs is included in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum number of PRBs is 12/6/3.

Regarding interlace based PUCCH resource configuration, the following agreement was made in the last RAN1 meeting [8]:
Agreement:
A PUCCH resource configured with interleaved mapping occupies consecutive PRBs within at least one interlace within a BWP. The PUCCH resource configuration includes the following:
· An indication of the allocated interlace
· An indication of the location of the PUCCH resource within the allocated interlace
· Note: This may not be needed for a bandwidth part of 20 MHz or less
· The number of PRBs NPUCCH within the allocated interlace given by the following:
· For Interlaced PF0/1/2:
· NPUCCH = 10 or 11 depending on the allocated interlace
· For Interlaced PF3:
· NPUCCH = 10
· FFS: Whether/how an interlaced PF2/3 resource can be configured on 2 interlaces to increase the number of allocated PRBs to 20, 21, or 22 depending on the allocated interlaces
· FFS: Whether or not the BWP can be configured such that NPUCCH is less than 10 or 11
· FFS: Potential impact due to in-carrier guard bands
· Note: The UE is not expected to be configured with PUCCH transmissions spanning multiple LBT bandwidths

As mentioned before, NR PUCCH formats 2/3 can support up to 16 PRBs. For interlace based PUCCH formats 2/3, in order to support similar resource allocation capacity (which, in turn, also defines maximum payload carrying capacity for configured maximum code rate), it will be beneficial to enable allocation of more than one interlaces for PUCCH formats 2/3. To enable configuration of an interlaced PF2/3 resource on 2 interlaces to increase the number of allocated PRBs to 20/21/22 (depending on the allocated interlaces), an additional RRC parameter additionalInterlaceAllocation-r16 can be introduced under PUCCH-Config information element, in conjunction to the RRC parameter InterlaceAllocation-r16 that has been proposed during the RRC parameter related email discussion for NR-U. The additional parameter additionalInterlaceAllocation-r16 can be optionally configured under PUCCH-format2 and PUCCH-format3 when network schedules an additional interlace, on top of the interlace index indicated by InterlaceAllocation-r16 under PUCCH-Resource, which is a generic RRC configuration for all interlaced PUCCH formats (0/1/2/3).

The parameter additionalInterlaceAllocation-r16 can simply assume binary values of  While “0” would indicate that no additional interlace is configured for PF2/3, “1” would indicate that the interlace index right next to the interlace configured by InterlaceAllocation-r16 (in PUCCH-Resource) is configured as the 2nd interlace, i.e. 2nd interlace index, if configured, is always (InterlaceAllocation-r16 +1) mod N. This way, it can be ascertained that the resultant interlace structure (with 2 interlaces) is always uniform, i.e. the inter-PRB separation is identical throughout the allocated interlace bandwidth.

Proposal 4
Support allocation of 2 interlaces for interlace based PUCCH formats 2 and 3. 
· When 2 interlaces are allocated, the interlace indexes are configured such that the resulting interlace structure comprising PRBs of two interlaces is uniform, i.e. the inter-PRB separation is identical between each consecutive PRBs within the allocated PUCCH bandwidth.
While the resource allocation granularity is in units of PRB for Rel-15 PUCCH format 2/3, the interlace based enhanced version of these formats would have coarser resource allocation unit, in terms of interlace (i.e. at least one full interlace or 10 PRBs at 20 MHz). From the resource utilization perspective, it may not be efficient to allocate only one UE on one interlace, especially when the payload size is low (e.g. 1~2 bits).
In this context, the following subsections would look into potential scopes of enhancing UE multiplexing capability of interlace based PUCCH formats 2 and 3:

Multiplexing UEs on one interlace for enhanced PUCCH format 2
Unlike the TDM of DMRS and UCI in PUCCH format 3, the underlying structure of PUCCH format 2 is based on FDM of DMRS and UCI symbols, with 1/3 DMRS overhead (i.e. 8 UCI and 4 DMRS symbols on each PRB). For CP-OFDM based enhanced PUCCH format 2 (interlace based frequency domain resource allocation), UE multiplexing can be supported by applying OCC on DMRS and UCI symbols mapped on each PRB. UE multiplexing capability of maximum 4 (limited by min{#UCI symbols, #DMRS symbols}on each PRB) can be obtained on one interlace. In addition to frequency domain OCC, length-2 time domain OCC can be applied to further increase UE multiplexing capacity for 2-symbol PUCCH format 2.

Multiplexing UEs on one interlace for enhanced PUCCH format 3
Rel-15 NR PUCCH formats 3 and 4 have the same time domain structure (in terms of TDM pattern of DMRS and UCI symbols), while in frequency domain, the span of  PUCCH format 4 is restricted to be one PRB unlike PUCCH format 3 which can occupy more than one PRBs.  The key difference between these two formats is in terms of UE multiplexing capability. While NR PUCCH format 3 doesn’t allow UE multiplexing on the same PRB, PUCCH format 4 can multiplex up to 4 UEs within one PRB using pre-DFT blockwise spread OCC with SF = {2,4}. One unique property of pre-DFT blockwise spread OCC is its ability to split multiplexed UEs’ transmissions on different orthogonal combs (e.g. for SF = 2 the two multiplexed UEs use the odd and even combs respectively within a PRB), which in turn, provides frequency domain orthogonality that is resilient to adverse propagation conditions (delay spread, deep fade etc.).
Regarding the support of DFT-s-OFDM waveform for interlace based PUCCH format 3, the following agreement was made in 3GPP TSG RAN WG1 #97 meeting [2]:
Agreement:
For enhanced Rel-15 PF3 supporting interlaced mapping, do not replace DFT-s-OFDM with CP-OFDM
Since interlace based PUCCH format 3 and NR PUCCH format 4 are both based on DFT-s-OFDM, one straightforward way to enable UE multiplexing for interlace based PUCCH format 3 is to use similar pre-DFT OCC (as used in PUCCH format 4), but spread it blockwise across the entire interlace.  By extending pre-DFT OCC block-wise to all PRBs on one interlace, UCI symbols of each multiplexed UEs are mapped on orthogonal combs and hence, irrespective of channel delay spread the orthogonality between transmissions of different UEs retains.


Fig. 5. Illustration of pre-DFT blockwise spread OCC of length-120 applied on PRB based interlace structure of PUCCH format 3 (10 PRBs/interlace) to multiplex 2 UEs on odd and even combs at SCS = 30 KHz
Fig. 5 illustrates an example of pre-DFT blockwise spread OCC applied on UCI symbols mapped on one interlace with 10 PRBs/interlace and spreading factor = 2. For UE0, a block of data {d0, …, d59} is repeated in two blocks on which, OCC [1 1 … 1 | 1 1 … 1] is applied before DFT operation. The resulting DFT coded symbols are mapped on even combs (i.e. on subcarriers with indices 0, 2, 4, .., 118) on 10 PRBs or 120 REs. For UE1, a block of data {s0, …, s59} is repeated in two blocks on which, OCC [1 1 … 1 |-1 -1 …-1] is applied before DFT operation. The resulting DFT coded symbols are mapped on odd combs (i.e. subcarriers with indices 1,3,5,..,119) on the same 10 PRBs or 120 REs of the interlace.
On top of pre-DFT OCC, time domain OCC can also be applied to further enhance UE multiplexing capacity, although to what extent the additional multiplexing capacity boosting would be beneficial  may depend on other factors like the payload size, configured code rate, PUCCH duration in time etc.  
Similar to Rel-15 NR-PUCCH format 4, cyclic shifts can be applied to DMRS symbols along with pre-DFT OCC on UCI symbols to assign orthogonal DMRS ports for different UEs in one interlace. The cyclic shifts for DMRS can be derived from the OCC index used on UCI symbols. If NCS denotes the number of available cyclic shifts for DMRS sequence and NOCC denotes the number of available OCC indices (depends on the spreading factor), then the cyclic shift index ICS of DMRS can be related to the OCC index IOCC applied on UCI symbols in a similar way as in Rel-15 NR PUCCH format4, i.e. .
Proposal 5
Support UE multiplexing on one interlace for enhanced PUCCH formats 2/3 for NR-unlicensed operation. 
· Enable UE multiplexing for PUCCH format 2 by applying frequency domain OCC up to length-4 OCC on DMRS and UCI symbols.
· Enable UE multiplexing for PUCCH format 3 by applying pre-DFT blockwise spread OCC (spread across the entire transmission bandwidth) on UCI symbols and cyclic shifts on DMRS. 
· Time domain OCC on UCI and DMRS symbols can be applied to PUCCH format 2 (2-symbol) and PUCCH format 3 to further enhance UE multiplexing capacity, on top of frequency domain OCC.

Enhancements to PUCCH resource configuration during initial access
In NR, PUCCH resource sets before dedicated PUCCH resource configuration used for transmitting 1-bit HARQ-ACK in response to Msg. 4 transmission during initial access are given as follows:
· A PUCCH resource set before dedicated PUCCH resource configuration is provided by higher layer parameter pucch-ResourceCommon in system information block 1 (SIB1) through a 4-bit remaining minimum system information (RMSI) index.
· 4-bit RMSI indicates an entry into a 16-row table (Table 9.2.1-1 of TS 38.213).
· Each row in the table configures a set of 16 cell-specific PUCCH resources.
· A PUCCH resource is indicated by 5 parameters: a PUCCH format, a starting symbol, a duration, a PRB offset  and a set of initial cyclic shift (CS) indices.
· Supported PUCCH durations and starting symbols (always aligned with slot boundary):
· Symbol duration 2/4/10/14  starting symbol index #12/#10/#4/#0.
· Supported PUCCH formats: only PUCCH format 0 and PUCCH format 1 (single PRB).
· Supported payload size: 1-bit only.
In NR-unlicensed, transmission of all signals/channels must abide by the regulatory requirements related to occupied channel bandwidth (OCB). Since a single PRB transmission in FR1 cannot meet this requirement, PUCCH resource sets are to be enhanced to support multi-PRB transmission in order to fulfil OCB related regulatory criteria. Since interlace based enhanced PUCCH formats 0/1 are already agreed to be supported in NR-unlicensed to carry 1~2 UCI bit(s), pucch-ResourceCommon configuration has to be enhanced as well in order to support interlace based PUCCH formats 0/1. 
Several aspects of pucch-ResourceCommon configuration need further consideration in the context of interlace based transmission. For example, frequency hopping is always enabled for PUCCH resource sets before dedicated PUCCH resource configuration in Rel-15, which may not be essential for interlace based PUCCH, since frequency diversity gain is already achieved from distributed allocation of interlace PRBs and frequency hopping cannot possibly bring any additional gain. Similarly, the values of PRB offset as well as the formulae for PRB indices in the 1st and 2nd hop (for always enabled frequency hopping) may require repurposing/ modification depending on how interlace is being incorporated into the resource set configuration. Currently, in Rel-15, the combination of PUCCH starting symbols and durations are chosen in the pucch-ResourceCommon table such that the configured PUCCH is always aligned with slot boundary. In order to take into consideration the channel access and channel occupancy time (COT) sharing aspects for unlicensed operation, more flexibility in starting symbol configuration within a slot may be beneficial, which may not necessarily maintain the slot boundary alignment as is designed for Rel-15.
Proposal 6
To meet OCB requirements for NR-unlicensed operation, enhance PUCCH resource sets before dedicated PUCCH resource configuration (i.e. during initial access) to support interlace based transmission using enhanced PUCCH formats 0 and 1.
Enhancements of NR-PUSCH for unlicensed operation
Regarding the time domain resource allocation flexibility for scheduled PUSCH, the following conclusion was made in the last RAN1 meeting [8]:
Conclusion:
For multi-TTI scheduling and for single TTI scheduling for PUSCH, the UE shall only attempt transmitting a PUSCH at the single starting position indicated in the UL grant in PDCCH for this PUSCH.
· FFS: for msg3
NR supports two different mapping types for PUSCH in time domain, viz. type-A and type-B. Depending on the mapping type, the starting symbol location/duration of PUSCH can be very flexible in NR. A PUSCH can start anywhere from OS#0 to OS#13 in a slot and can have a dynamic duration of 1~14 symbols. In TR38.889 [6], the following options were identified as potential candidates 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.
As per the aforementioned conclusion made in last RAN1 meeting [8], all scheduled PUSCH transmissions except Msg3 (for both single TTI and multi-TTI scheduling) is supported using Option 1, while for Msg3 it is yet to be decided whether Option 1 or Option 2 will be supported.
From our perspective, all scheduled PUSCH transmissions (including Msg3) within a UL transmission burst in NR-unlicensed should consider Rel-15 NR PUSCH scheduling flexibility as the baseline, since NR-PUSCH provides sufficient scheduling flexibility in terms of possible starting symbol locations within a slot that would be beneficial especially when PUSCH is scheduled within a gNB shared COT (where the gap between an UL burst and the preceding DL transmission is desired to be minimized in order to ensure easier channel access). In addition, if CCA fails in a certain point, it is likely that the channel will be busy for comparatively long time duration since the device which acquires the channel will keep it for up to maximum COT length duration (MCOT). Therefore, the chance that CCA becomes successful in a very short time, e.g., a few OFDM symbol duration, is very low. Also, for PUSCH transmission within a gNB shared COT, the LBT congestion can be alleviated by proper scheduling (so as to reduce the gap between preceding DL and UL data burst transmissions) and added PUSCH starting position flexibility won’t be necessary. 
Proposal 7
Support scheduling flexibility of PUSCH as in Rel-15 NR for all scheduled PUSCH transmissions (including Msg3) for NR-unlicensed operation, i.e. option 1. 

Regarding the frequency domain resource allocation for interlace based PUSCH, the following agreements were made in the last RAN1 meeting [8]:
Agreement:
· For interlaced PUSCH transmission in a BWP, X bits of the PUSCH frequency domain resource allocation field are used for indicating which combination of M interlaces is allocated to the UE.
· This applies to PUSCH of the following types:
· Msg3 PUSCH
· PUSCH Scheduled by fallback and non-fallback DCI
· Type 1 and Type 2 Configured Grant PUSCH
· For 30 kHz SCS
· Support X = 5 (5-bit bitmap to indicate all possible interlace combinations)
· For 15 kHz SCS
· Down-select between the following two alternatives:
· Alt-1: Support X = 10 (10-bit bitmap to indicate all possible interlace combinations)
· Alt-2: Support X = 6 bits to indicate start interlace index and number of contiguous interlace indices (RIV) and using remaining up to 9 RIV values to indicate specific pre-defined interlace combinations
NR supports two different frequency domain resource allocation types for PUSCH, viz. UL resource allocation type 0 (bitmap based) and UL resource allocation type 1 (RIV based). In LAA, RIV based time domain resource allocation was used for PUSCH for 20 MHz BW, whereas bitmap based approach was used for 10 MHz BW. In NR, even though the targeted numerologies (BW-SCS combinations) are much more diverse than LAA, the scheduling flexibility obtained from RIV based approach may be sufficient and additional flexibility achievable by bitmap based approach may not be necessary. In addition, RIV based approach needs less number of bits for 15 KHz SCS (6 bits) than bitmap based approach (10 bits). Also, Rel-15 Msg3 PUSCH transmission only supports type 1 (RIV based) PUSCH resource allocation, which implies less specification impact if type 1 resource allocation scheme is adopted for interlace based PUSCH frequency domain resource allocation.

Proposal 8
For 15 KHz SCS, support enhancements to Rel-15 type 1 (RIV based) PUSCH frequency domain resource allocation for interlace based PUSCH in NR-U, i.e. Alt-2.

Enhancements of NR SRS to enable unlicensed operation
Rel-15 NR supports both periodic and aperiodic SRS transmissions. However, due to the possibility of LBT contention, periodic transmission is not preferred in unlicensed operation. Similar to eLAA, we propose to support only aperiodic SRS transmission, triggered by DCI in NR-unlicensed operation, to increase the opportunity of SRS transmission.
The baseline of SRS waveform for NR-unlicensed operation can be based on Rel-15 NR SRS, i.e. comb structure with comb-levels of 2 and 4. This is because regulatory requirements (in terms of OCB and PSD) can be met by proper configuration of the Rel-15 NR SRS waveform. Similar to Rel-15 NR, SRS can be of 1, 2 or 4 symbol duration in time, while time domain SRS resource configuration can be further enhanced to reduce LBT contention and increase SRS transmission opportunity, in case SRS transmission is blocked due to LBT. For example, when aperiodic SRS is triggered via DCI, gNB can configure multiple SRS time domain resource sets, each with different starting symbol locations, so that if the UE can’t transmit SRS due to LBT failure, UE can re-attempt to access the channel within the same subframe in a later symbol. To reduce the blind decoding burden at gNB side, gNB can configure UE with maximum 2~3 time domain SRS resources, each having a different starting symbol and same/different durations, so that if UE’s attempt of accessing channel fails at the earliest configured starting symbol, UE can perform another LBT at a later symbol within the same subframe and if succeeds, can still transmit SRS in the same subframe it was configured for aperiodic SRS transmission, triggered by DCI.
In Rel-15 NR, the minimum sounding bandwidth for SRS transmission can be 4 PRBs and for other sounding bandwidth configurations, it would always be a multiple of 4 PRBs. To enable unlicensed operation, however, the minimum sounding bandwidth needs to be such that it meets the OCB requirement. For example, assuming temporal 2 MHz OCB allowance, the minimum sounding bandwidth should be 12/8/4 PRBs (multiples of 4) for SCS of 15/30/60 KHz. 
Proposal 9 
Keep Rel-15 NR-SRS waveform (with comb level 2/4) in NR-unlicensed operation.
Proposal 10 
Support only aperiodic SRS triggered by DCI to combat LBT contention in NR-unlicensed operation.
Proposal 11
 Increase the minimum sounding bandwidth of SRS in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum sounding bandwidth (in multiples of 4PRBs) is 12/8/4 PRBs. 
Proposal 12
To increase SRS transmission opportunity in NR-unlicensed, support multiple starting symbol configurations within time domain resource configured by gNB for aperiodic SRS transmission. 
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Conclusion
In this contribution, we have discussed the design of PRB based interlace waveform for physical uplink signals/channels over carrier bandwidth of  > 20 MHz, along with the potential enhancements to NR uplink data/control channels design and NR SRS design to enable NR-unlicensed operation. Based on our discussion, we make the following observations and proposals.
Proposal 1
For carrier bandwidth > 20 MHz in NR-unlicensed band, support scheduling flexibility for interlace based transmission by enabling partial interlace based resource allocation.
· A partial interlace can either span over the carrier bandwidth or over a 20 MHz sub-band within the carrier bandwidth.
Proposal 2
For interlace based PUCCH formats 0/1, apply different cyclic shifts on the repetitions of the length-12 Rel-15 PF0 and PF1 sequence in each PRB of an interlace within the allocated PUCCH bandwidth.
· The cyclic shifts applied on the length-12 Rel-15 PF0/1 sequences mapped on consecutive PRBs of the allocated interlace differ by a fixed offset.
· The cyclic shifts do not repeat within the allocated interlace bandwidth.

Proposal 3
For NR PUCCH formats 2/3, the minimum number of PRBs is included in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum number of PRBs is 12/6/3.
Proposal 4
Support allocation of 2 interlaces for interlace based PUCCH formats 2 and 3.
· When 2 interlaces are allocated, the interlace indexes are configured such that the resulting interlace structure comprising PRBs of two interlaces is uniform, i.e. the inter-PRB separation is identical between each consecutive PRBs within the allocated PUCCH bandwidth.
Proposal 5
Support UE multiplexing on one interlace for enhanced PUCCH formats 2/3 for NR-unlicensed operation. 
· Enable UE multiplexing for PUCCH format 2 by applying frequency domain OCC up to length-4 OCC on DMRS and UCI symbols.
· Enable UE multiplexing for PUCCH format 3 by applying pre-DFT blockwise spread OCC (spread across the entire transmission bandwidth) on UCI symbols and cyclic shifts on DMRS. 
· Time domain OCC on UCI and DMRS symbols can be applied to PUCCH format 2 (2-symbol) and PUCCH format 3 to further enhance UE multiplexing capacity, on top of frequency domain OCC.
Proposal 6
To meet OCB requirements for NR-unlicensed operation, enhance PUCCH resource sets before dedicated PUCCH resource configuration (i.e. during initial access) to support interlace based transmission using enhanced PUCCH formats 0 and 1.
Proposal 7
Support scheduling flexibility of PUSCH as in Rel-15 NR for all scheduled PUSCH transmissions (including Msg3) for NR-unlicensed operation, i.e. option 1. 
Proposal 8
For 15 KHz SCS, support enhancements to Rel-15 type 1 (RIV based) PUSCH frequency domain resource allocation for interlace based PUSCH in NR-U, i.e. Alt-2.
Proposal 9 
Keep Rel-15 NR-SRS waveform (with comb level 2/4) in NR-unlicensed operation.
Proposal 10 
Support only aperiodic SRS triggered by DCI to combat LBT contention in NR-unlicensed operation.
Proposal 11
 Increase the minimum sounding bandwidth of SRS in the specification to enable unlicensed operation, when temporal allowance of 2 MHz OCB is allowed by regulation.
· For 15/30/60 KHz subcarrier spacing in FR1, minimum sounding bandwidth (in multiples of 4PRBs) is 12/8/4 PRBs. 
Proposal 12
To increase SRS transmission opportunity in NR-unlicensed, support multiple starting symbol configurations within time domain resource configured by gNB for aperiodic SRS transmission. 
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