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1. Introduction
In RAN#76 a new SI [1] for NR based access to unlicensed spectrum was introduced. The objectives of the SI included the following
· Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands 
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
· Coexistence methods within NR-based and between NR-based operation in unlicensed and LTE-based LAA and with other incumbent RATs in accordance with regulatory requirements in e.g., 5GHz , 37GHz, 60GHz bands 
· Coexistence methods already defined for 5GHz band in LTE-based LAA context should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over these methods should not be precluded. NR-based operation in unlicensed spectrum should not impact deployed Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier; 

In some unlicensed bands (e.g., 5GHz), there are transmission PSD limitations. For example, the regulation on PSD limitation with 5GHz band is listed below [2]:
· 5150-5350 MHz with TPC: 10dBm/MHz
· 5250-5350 MHz without TPC: 7dBm/MHz
· 5150-5250 MHz without TPC: 10dBm/MHz
· 5470-5725 MHz with TPC: 17dBm/MHz
· 5470-5725 MHz without TPC: 14dBm/MHz

Under the PSD limitation, in order for a node to transmit with higher power, it needs to occupy wider bandwidth. This can lead to wasted resources unless careful design is considered. In uplink, use of the wider bandwidth transmission results in reduced multi-user multiplexing gain as less UEs can access the system at the same time. In downlink, the wider bandwidth transmission may introduce additional inter-cell interference. In both uplink and downlink, the wider bandwidth transmission may reduce the coverage as a node needs to distribute its power into wider bandwidth.

2. Waveform Design Options for below 6GHz band
To minimize changes with respect to NR, it is desirable to build the waveforms in NR unlicensed on top of NR waveforms.
2.1. SCS for NR unlicensed in below 6GHz band
In sub 6GHz band, NR supports 15KHz and 30KHz SCS for initial acquisition and initial access while supporting 15KHz, 30KHz and 60KHz SCS for data. The different SCS may have different impact on NR unlicensed band. 

In some regions in the world, a node need to perform an Listen-Before-Talk (LBT) procedure for medium access in unlicensed band to achieve fair coexistence between different nodes, including cellular nodes and WiFi nodes. With the LBT operation, a node cannot guarantee the medium access right just before the symbol or slot boundary, especially when the nodes are asynchronous. A winning node cannot afford to leave the medium unoccupied once its LBT procedure passes as other nodes may jump in. However, the actual transmission typically has to be aligned with symbol or slot boundary. Hence the node may transmit additional signal to align with the symbol or slot boundary. The alignement signal overhead depends on whether we do slot or non-slot based transmission. 

2.1.1 Impact of SCS with slot based transmission
With slot based transmission, UE only monitors control once every slot and the useful signal transmission has to align with slot boundary, as shown in Figure 1. On average, the alignment signal duration is half slot which is 0.5ms, 0.25ms and 0.125ms for SCS 15KHz, 30KHz and 60KHz respectively.  This translate into 8.3%,  4.2% and 2.1% overhead with 6ms TXOP duration. As we can see, less alignment signal is needed with 60KHz SCS hence it achieves a better over the air efficiency.


[bookmark: _Ref506138902]Figure 1  Signal to align with slot boundary

One may argue that the reduced overhead with 60KHz SCS comes at higher control monitoring cost as UE needs to monitor DL control once every 0.25ms, compared to 0.5ms and 1ms with 30KHz and 60KHz SCS respectively. And it is possible for gNB to configure mini-slot based transmission with 30KHz and 60KHz SCS to achieve the same or similar overhead as slot based transmission with 60KHz SCS. This aspect will be addressed in detail in Section 2.1.2.

2.1.2 Impact of SCS with mini-slot based transmission
In addition to slot based transmission, NR specification also supports occasion of “DL control channel monitoring” per 1 symbol with flexible mini-slot duration. With mini-slot based transmission/monitoring, the alignment signal can be up to the mini-slot boundary. 
While the mini-slot based scheduling can effectively reduce the alignment signal duration to half of the mini-slot duration, it requires all UEs in the NR unlicensed band to support non-slot based scheduling which significantly adds complexity on the UE receiver processing. To reduce UE complexity, gNB could consider using non-slot based scheduling in the first N partial slot/slots and switch to slot based scheduling in later slots within the TXOP as shown in Figure 2. The actual number of N may depend on gNB Tx processing timeline. 


[bookmark: _Ref506142325]Figure 2 Non-slot based scheduling for the first N partial slot/slots

Alternatively, gNB may use non-slot based scheduling in the first partial slot and switch to slot based scheduling in the subsequent slots. In this case, depending on the gNB processing time, gNB may need to prepare both mini-slot based transmission and slot based transmission in the first N-1 full slots, as shown in Figure 3.



[bookmark: _Ref506192003]Figure 3 Non-slot scheduling in the partial slot only 

Note that mini-slot and slot based transmission may involve different signaling as well as different Tx/Rx processing. For example, the DMRS locations could be different for slot and mini-slot based transmission and gNB/UE need to support both when both slot and mini-slot based transmission are used in NR unlicensed.

One may choose to always use mini-slot based transmission during the entire TXOP to avoid supporting both slot-based and mini-slot based transmission. For example, 7-symbol based mini-slot can be used for 30KHz SCS for the entire TXOP and it has the same DL control monitoring cost as slot-based transmission with 60KHz. However, the mini-slot based transmission has less granularity in time domain as can be shown in the allowed DMRS patterns listed in Figure 4 and Figure 5 and the number of DMRS symbols used for demodulation can be more restricted with mini-slot based transmission. In addition, when we use self-contained transmission to allow faster feedback, the mini-slot based transmission has more overhead due to the reduced granularity in time domain.



[bookmark: _Ref506287206]Figure 4 Allowed DMRS pattern with slot-based transmission
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[bookmark: _Ref506287216]Figure 5 Allowed DMRS pattern with mini-slot based transmission

2.1.3 Impact of SCS with HARQ timeline
Besides the alignment signal consideration, the UE processing timeline is also a function of SCS. The current NR specifies the UE HARQ timeline for capability #1 as listed in Table 1:

[bookmark: _Ref506146749]Table 1 UE processing timeline and HARQ timing
	DMRS for CE
	HARQ Timing Parameter
	Units
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	8
	10
	17
	20

	Front-loaded + additional DMRS
	N1
	Symbols
	13
	13
	20
	24

	Frequency First
	N2
	Symbols
	10
	12
	23
	36



From Table 1 we can observe that the UE processing time is the smallest with 60KHz SCS which allows faster turn around.

2.1.4 Impact of switching time between DL and UL
As shown in our another companion paper [4], multiple switches between DL and UL may be envisioned within a TXOP in NR-unlicensed, as shown in Figure 4 and Figure 5. To avoid CCA operation within TXOP, the gap between DL to UL and the gap between UL to DL need to be within 16us according to regulations. 



[bookmark: _Ref506193020]Figure 6 Example 1 of TXOP structure in NR-unlicensed



[bookmark: _Ref506193026]Figure 7 Example 2 of TXOP structure in NR-unlicensed

With 60KHz SCS, one symbol is in the order of 16us so the switching gap costs one symbol. With 30KHz and 15KHz SCS, one symbol duration is more than twice or four times of 16us which results into larger overhead for switching gap.  

Based on the above analysis, we can conclude that 60KHz SCS has the smallest alignment signal overhead and it can operate without utilizing non-slot based scheduling which has potential higher UE and gNB complexity. Compared to other SCS, it also has the fastest turn around with smallest processing timeline.

Observation 1: SCS of 60 KHz is better suited for NR unlicensed operation in below 6GHz band

3. Justification on Interlace Waveform Design
An interlace based resource allocation design has been introduced in 3GPP R14 for eLAA uplink waveform. The interlace structure allows a node to transmit higher power and span a wide bandwidth but without occupying entire system bandwidth. Note that the interlace structure can be applied to both UL and DL to achieve better coverage by distributing power over REs on an interlace with better channel and Nt estimation. 
Let’s take PSD limit on 5150-5250 MHz band as an example. The PSD limit is defined as:
· 5150-5350 MHz with/without TPC: 10dBm/MHz
Under the PSD limit, if a node wants to transmit with 23dBm, it needs to occupy entire 20MHz. The PSD is capped at 10dBm/MHz and the power per subcarrier is capped at ~-8.2dBm.
With the introduction of interlace structure, one can design a node only occupying a fraction of bandwidth (<1MHz) every N RBs over the wide channel (e.g., the definition of an interlace). A system is thus divided into multiple orthogonal interlaces and allows multiple nodes to access with frequency domain multiplexing. In addition, the power per subcarrier can also be improved as the 10dBm PSD limit is only distributed over the fraction of bandwidth which is much smaller than 1MHz.  When the fraction of bandwidth is 1RB with 15KHz SCS, the power per subcarrier is increased to -0.2dBm which translates into 8dB better coverage compared to the contiguous frequency transmission.
Observation 2: Interlace waveform design allows better node multiplexing as well as enhanced coverage and should be considered for both uplink and downlink in NR unlicensed.

4. Interlaced Waveform Design Options
In eLAA, the interlace design with 20MHz system bandwidth is shown in Figure 6. It can be seen that the system can have 10 orthogonal interlaces and each interlace occupies 10 RBs which are uniformly separated by 10 RBs apart.
Similar interlace based resource allocation should be introduced for NR uplink.


[bookmark: _Ref506148518]Figure 8 Interlaced Waveform in eLAA

Since the channelization in 5GHz and 6GHz has 20MHz bandwidth transmission, the interlace design in NR can be similar to eLAA where we aim to achieve full power transmission within 20MHz channel without utilizing the entire system bandwidth for the UE. With 15KHz SCS, the same interlace structure as in eLAA can be applied. For 30KHz SCS, we can define 5 interlace separated by 5RB apart, as shown in Figure 5.


[bookmark: _Ref506149304]Figure 9 Interlaced Waveform in NR with 30KHz SCS

With 60KHz SCS, each RB spans 720KHz. For better power utilization under PSD limit, the sub-RB based interlace design can be applied, as shown in Figure 6 as one example. 


[bookmark: _Ref506149689]Figure 10 Sub-RB based interlace design in NR with 60KHz SCS – Example 1


[bookmark: _Ref506155196]Figure 11 Sub-RB based interlace design in NR with 60KHz SCS – Example 2


5. Simulations
In this section, we list the link level performance with 60KHz SCS with different waveform design options.
5.1.1. Simulation Assumptions
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 Figure 7

	DMRS pattern
	DMRS config type 1 for localized and interlaced 5 RB waveform; DMRS config type 1 with 4 REs as in Figure 8





[bookmark: _Ref506155843]Figure 12 DMRS configuration with mini-RB structure

5.1.2. Simulation Performance
[bookmark: _Hlk506156515]The link level performances are listed in Figure 9 to Figure 12 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: _Ref506157090]Figure 13 Link performance with 2 layers, 1 DMRS symbol
[image: ]
Figure 14 Link performance with 2 layers, 2 DMRS symbol

[image: ]
Figure 15 Link performance with 4 layers, 1 DMRS symbol

[image: ]
[bookmark: _Ref506157110]Figure 16 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: ]

Observation 3: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in sub 6GHz band

6. Summary
In this section, we summarize the observations and provide the proposal based on the observations.
Observation 1: SCS of 60 KHz is better suited for NR unlicensed operation in sub 6GHz band
Observation 2: Interlace waveform design allows better node multiplexing as well as enhanced coverage and should be considered for both uplink and downlink in NR unlicensed.
Observation 3: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in sub 6GHz band
Based on the observations, we propose to support 60KHz SCS and sub-RB based interlace structure for NR unlicensed operation in sub 6GHz band.
Proposal: 60KHz SCS and sub-RB based interlace waveform should be supported for NR unlicensed operation in sub 6GHz band
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