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Introduction
In order to efficiently utilize the large amounts of unlicensed spectrum available worldwide, both licensed operation and unlicensed operation are considered for NR [1]. The adoption of NR in unlicensed bands requires some adaptation to comply with regulations. 
Two requirements are commonly found in regulations:
1. Occupied channel bandwidth.
2. Maximum Power Spectral Density (PSD)
For example, both these requirements are enforced for 5 GHz carriers according to ETSI 301 893 while only the maximum PSD requirements are enforced in the US regulation for 5GHz. More detailed listings of ETSI regulation can be found in [2].
The occupied bandwidth requirement is expressed as the bandwidth containing 99% of the power of the signal and shall be between 80% and 100% of the declared Nominal Channel Bandwidth [2]. Our current understanding of this requirement is that it is tested over a time interval longer than one sub-frame (1ms). Thus, the frequency allocations for one UE must vary between sub-frames in such a way that the requirement is fulfilled.
Maximum PSD requirements exist in many different regions. For most cases the requirement is stated with a resolution bandwidth of 1 MHz. For example, the ETSI 301 893 specs requires 10 dBm/MHz for 5150-5350 MHz. The implication of the PSD requirement on the physical layer design is that, without proper designs, a signal with small transmission bandwidth will be limited in transmission power. This can negatively affect coverage. That is, the maximum PSD requirement is a binding condition that requires changes to UL transmissions in unlicensed spectrums. 
In LTE-based LAA, interlacing transmissions have been used in UL transmissions to allow the UEs to transmit with higher transmission powers (and, to a lesser extent, to satisfy the occupied channel bandwidth requirement) even when the scheduled bandwidth need is small. Typically, interlacing resources are allocated on a PRB basis. Interlacing on a sub-carrier basis is not a good choice since these transmissions would suffer from inter carrier interference (ICI) in scenarios with large frequency offsets or with a delay spread larger than the cyclic prefix.
In LTE-based LAA, there are 100 PRBs available for subcarrier spacing (SCS) of 15 kHz and 20MHz system bandwidth. This number offers a good interlace option with N=10 interlaces, each interlace consisting of M=10 equally spaced physical resource blocks. An output power of 20dBm is supported with the interlace design in LTE-based LAA when assigning only one interlace. When more than one interlace is assigned to a UE, the maximum output power may vary depending on the exact combination of interlaces chosen
In NR unlicensed operations (NR-U), as inherited from NR, it is expected that there will be different and more numerology options (e.g., system bandwidth sizes and SCSs) for interlacing transmissions. In this contribution, we discuss some aspects on interlace design for the uplink channels in NR-U.

[bookmark: _Ref178064866]Interlace Design for Uplink Channels
We observe a number of design criteria, listed below, for a good interlace design for the uplink in NR-U.
· High output power

One of the main benefits of interlacing transmissions is to allow high output power without exceeding the ETSI maximum PSD requirement when the scheduled bandwidth need is small. Preferably a single interlace should allow the use of an output power close to the maximum according to the regulations. In order to maximize the benefit of interlacing, the minimum distance between two RBs allocated within an interlace should be larger than the PSD requirement measurement bandwidth of 1 MHz, while allocating as many RBs as possible so as to spread the power over as many RBs as possible.

· Flexible resource allocations

A good interlace design needs to have a reasonably high number of interlaces, to allow for flexible scheduling granularity and high multiplexing capacity on PUSCH, PUCCH, PRACH, and so on. An interlace design with larger number of interlaces would result in a higher granularity in the amount of resources allocated to one UE. 

· Signaling overhead 

Although an interlace design with higher number of interlaces would be beneficial in term of scheduling flexibility, it would require more signaling overhead as the number of needed bits for frequency domain resource assignment increases with the number of interlaces. Thus, it is preferable to have an interlace design with sufficient number of interlaces to balance out the trade-off between scheduling flexibility and signaling overhead.  

· Random access channel

It is preferable to have different physical uplink channels, i.e., PUCCH, PUSCH, PRACH, on the same interlace structure, especially PRACH when one would like to avoid the collisions between different UEs when multiple UEs want to access the same NR-U cell simultaneously. In general, Zadoff-Chu sequences of length 139 is used for short PRACH preambles in NR, which would require approximately 12 PRBs. Thus, the interlace design should also take into account this aspect so that it could support simultaneous scheduling of PRACH and other physical uplink channels in an efficient way.

In general, the above design criteria are decided by either the number of interlaces or the number of PRBs per interlace. Due to the regulation and agreements in RAN#4, the total number of available PRBs for each system bandwidth and subcarrier spacing is limited. Thus, there are trade-offs between the above criteria and one should take into account all of them when selecting the interlace options. 

In interlacing transmissions, there are trade-offs between supporting maximum transmit power, minimizing signalling overhead, and enabling flexible resource allocations.

Interlace designs should balance the trade-offs between supporting maximum transmit power, minimizing signaling overhead, enabling flexible resource allocations, and ensuring suitability for different physical uplink channels.
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	SCS [kHz]
	5
MHz
	10
MHz
	15
MHz
	30
MHz
	20 MHz
	25 MHz
	40 MHz
	50 MHz
	60 MHz
	70
MHz
	80 MHz
	90
MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	[160]
	106
	133
	216
	270
	N.A
	N.A
	N.A
	N.A
	N.A

	30
	11
	24
	38
	[78]
	51
	65
	106
	133
	162
	[189]
	217
	[245]
	273

	60
	N.A
	11
	18
	[38]
	24
	31
	51
	65
	79
	[93]
	107
	[121]
	135



[bookmark: _Hlk502661835]Table 1 displays the number of PRBs available for different bandwidth sizes and SCSs that has been agreed in RAN#4 and specified in Rel.15 [3]. It can be seen that there are more and different options for interlace design with different system bandwidth sizes and SCSs compared to LTE-based LAA. Even with the same system bandwidth 20MHz and SCS 15kHz as in LTE-based LAA, NR-U can use up to 106 available PRBs instead of 100 PRBs as in LTE-based LAA. Moreover, we can see that the number of available PRBs are not scalable according to the system bandwidth sizes and SCSs. For instance with system bandwidth 20 MHz, the number of available PRBs for SCS 60kHz is 24 but the number of available PRBs for SCS 30kHz is 51 instead of 2x24=48. Thus, it is not straight forward to have a single interlace design for certain numerology and then scaling up/down it for different numerologies. One may need different interlace designs for different numerologies. 

[bookmark: _Hlk502661871]There are more options and different number of available PRBs according to different system bandwidth sizes and SCSs in NR-U than in LAA.

Study whether to use a single or different interlace designs for different bandwidth sizes and SCSs in NR-U.

It can also be seen from Table 1 that there are many cases that the total number of available PRBs is a prime number or results in a very imbalanced interlace combo (i.e., all of its factors are either too small or too big). Thus, it is expected that one may need to have an interlace design such that some PRBs are unused or some interlaces are assigned more PRBs compared to the others. For instance, with system bandwidth 20 MHz and SCS 15 kHz, there are 106 available PRBs. Obviously, NxM=53x2, with N being number of interlaces, and M being number of PRB/interlace, (too many interlaces, this option would require too much overhead and small output power) and NxM=2x53 (too few interlaces, this option would reduce the scheduling flexibility) are not balance interlace options. One possible interlace option is to have N=10 interlaces, in which 5 of them have M=10 PRBs and 6 of them have M=11 PRBs. Other options would be to have N=10 interlaces, each with only M=10 PRBs, then the extra 6 PRBs are not used or used for other purposes. It is also worth noting that the allocation of extra PRBs in imbalance interlace designs would also require extra signalling overheads.

There are cases that the total number of available PRBs is a prime number or results in imbalance interlace designs in NR-U.

Study how to allocate the extra PRBs in cases of imbalance interlace options.

Similar to NR, it is expected that NR-U will support UL transmissions with wide bandwidth, e.g., up to 100MHz. However, there could be different radio technologies with different device’s capabilities that simultaneously share the same spectrum. It will be unlikely that a device will sense the channel free over the whole 100MHz bandwidth (assuming that the UEs perform LBT per small bandwidth parts, e.g., 20MHz), especially at high load. Thus, it is beneficial for NR-U to support UL transmissions with flexible bandwidth, in which the UEs can decide which part(s) of the scheduled bandwidth to use based on their LBT outcomes. Since the UEs decide their transmission bandwidths based on their own LBT’s outcomes, it is necessary that the interlaces used in a bandwidth part are compatible with interlaces used in a wider channel that includes multiple bandwidth parts to avoid conflictions.

In NR-U system supporting UL transmissions with flexible bandwidth, different overlapping parts of the scheduled bandwidth might be used simultaneously by different UEs in the uplink depending on their LBT outcomes.

Interlaces used in a bandwidth part should be compatible with interlaces used in a wider channel that includes multiple bandwidth parts.
 
Conclusion
In this paper we discuss the interlace design options for the NR-U uplink. Based on the following observations:

1. In interlace transmissions, there are trade-offs between supporting maximum  
                        transmit power, minimizing signaling overhead, and enabling flexible resource 
                        allocations.

There are more options and different number of available PRBs according to different system bandwidth sizes and SCSs in NR-U than in LAA.

There are cases that the total number of available PRBs is a prime number or results in imbalance interlace designs in NR-U.

In NR-U system supporting UL transmissions with flexible bandwidth, different overlapping parts of the scheduled bandwidth might be used simultaneously by different UEs in the uplink depending on their LBT outcomes.

We make the following proposals:

1.        Interlace designs should balance the trade-offs between supporting maximum    
       transmit power, minimizing signaling overhead, enabling flexible resource  
       allocations, and ensuring suitability for different physical uplink channels.

Study whether to use a single or different interlace designs for different bandwidth sizes and SCSs in NR-U.

Study how to allocate the extra PRBs in cases of imbalance interlace designs.

Interlaces used in a bandwidth part should be compatible with interlaces used in a wider channel that includes multiple bandwidth parts.
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