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Introduction 
In TSG RAN meeting #77 [1], a new study item (SI) on “NR-Based Access to Unlicensed Spectrum” was approved with the following objectives:
· 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.
Within the scope of this SI, one of the primary objectives is to identify additional functionalities that needed for a PHY layer design to operate in unlicensed spectrum.  In particular, it is desirable to minimize RAN1 design efforts by identifying the essential enhancements needed for Rel-15 NR design to enable unlicensed operation, while avoiding unnecessary divergence from Rel-15 NR framework. In this context, we will discuss in this contribution the followings:
· Regulatory constraints that restrict the direct usage of NR-licensed platform to the unlicensed domain.
· Potential enhancements of NR UL signals/channels required for NR-unlicensed operation, in our view.
Understanding regulations in unlicensed spectrum
Spectrum regulatory requirements must be mandatorily met by networks and systems operating in unlicensed spectrum. One of such regulatory restrictions imposed on physical channels/signals operating in unlicensed spectrum is related to the bandwidth occupied by these channels/signals, referred to as Occupied Channel Bandwidth (OCB). The notion of OCB is related to Nominal Channel Bandwidth (NCB) defined by the regulatory authorities, and both these concepts are discussed in details below.
Nominal Channel Bandwidth (NCB)
The updated ETSI harmonised standard for 5 GHz band defines NCB in section 4.2.2.1 of [2] as follows:

	The Nominal Channel Bandwidth is the widest band of frequencies, inclusive of guard bands, assigned to a single
channel. 


Further, it clarifies the definition of NCB, in case of simultaneous transmission over a number of adjacent channels, under the same section of [2] as follows:
	When equipment has simultaneous transmissions in adjacent channels, these transmissions may be considered as one
signal with an actual Nominal Channel Bandwidth of "n" times the individual Nominal Channel Bandwidth where "n" is
the number of adjacent channels. When equipment has simultaneous transmissions in non-adjacent channels, each
power envelope shall be considered separately.


In section 4.2.2.2 of [2], ETSI harmonised standard for 5 GHz band sets the limits on NCB as well:

	The Nominal Channel Bandwidth for a single Operating Channel shall be 20 MHz.  
Alternatively, equipment may implement a lower Nominal Channel Bandwidth with a minimum of 5 MHz, providing
they still comply with the Nominal Centre Frequencies defined in clause 4.2.1 (20 MHz raster).


As per the above definitions and limits, it can be inferred that NCB for a single channel is considered to be the entire band of frequencies assigned to the channel. In addition, when more than one adjacent channels are used in a transmission, all these channels are considered to be aggregated into a single channel while defining the NCB of that transmission. As an example, if a transmission occurs over two adjacent 20 MHz channels, the NCB of the transmission would be 40 MHz. Hence, the conformance test for OCB will be performed considering NCB as 40 MHz.
Occupied Channel Bandwidth (OCB)
The notion of OCB, as defined by the updated ETSI harmonised standard for 5 GHz band is as follows [2]:
	The Occupied Channel Bandwidth is the bandwidth containing 99 % of the power of the signal


Operation in unlicensed spectrum is regulated by the limits on OCB, imposed by the regulatory bodies [2]: 
	The Occupied Channel Bandwidth shall be between 80 % and 100 % of the Nominal Channel Bandwidth. In case of
smart antenna systems (devices with multiple transmit chains) each of the transmit chains shall meet this requirement.
The Occupied Channel Bandwidth might change with time/payload.


The above regulation imposes constraints in terms of occupied bandwidth by a physical channel operating in the unlicensed spectrum. This implies that NR-licensed framework for physical signals/channels may need to be redesigned to fulfil the OCB requirement in unlicensed operation, which would require additional RAN1 design effort.
However, it is also noteworthy that regulations are evolving too. In particular, according to the latest update by ETSI harmonised standard for 5 GHz, the stringent requirement on OCB is curbed by the following allowance[footnoteRef:1] [2]: [1:  It is noted that the minimum bandwidth for temporal allowance of not meeting OCB has been reduced from 4 MHz to 2 MHz in the latest revision to accommodate IEEE 802.11ax OFDMA scheduling mode. The minimum resource allocation size of IEEE 802.11ax is 2.031 MHz.] 

	During a Channel Occupancy Time (COT), equipment may operate temporarily with an Occupied Channel Bandwidth
of less than 80 % of its Nominal Channel Bandwidth with a minimum of 2 MHz.


With this temporal allowance, OCB requirement may not be necessary to be met all the time, which is also the case for IEEE 802.11ax. In our view, exploiting this temporal allowance would be beneficial, especially in circumstances where assignment of wide bandwidth (80 % ~100 % of NCB) for physical signals/channels is not essential. For example, when the unlicensed spectrum is used by UEs which are not coverage limited, allocation of wide bandwidth may result in less efficient utilization of resources. In such cases, use of NR-licensed signals/channels by exploiting the temporal allowance of OCB being less than 80 % of NCB will be more efficient, as allowed by the regulation. Also, additional efforts need to be made to redesign NR-licensed signals/channels if unlicensed operation is aimed to meet OCB regulation all the time, since such wide bandwidth operation (> 80 % of NCB) may not be feasible with the legacy NR-licensed framework.




Proposal 1 
· The NR-unlicensed system shall be built based on the precise interpretation of the relevant regulations.
· NR-unlicensed system may exploit the temporal allowance of occupied channel bandwidth to be less than 80% of nominal channel bandwidth (with a minimum of 2 MHz) to use NR-licensed physical channels/signals, when applicable.
Design considerations for NR-unlicensed uplink physical channel 
According to the shared views by participating companies in RAN1#92 meeting [3], the primary candidate spectrum for NR-unlicensed SI phase is the 5 GHz band. For this band, the spectrum regulatory requirements vary across different regions. The most important rules stated in EU regulations [2] and US regulations [4] are captured below:
· ETSI specifies that occupied channel bandwidth shall be between 80% and 100% of the declared Nominal Channel Bandwidth [2].
· Regulations on the maximum power spectral density are typically stated with a resolution bandwidth of 1 MHz. The ETSI specification requires a maximum Power Spectral Density (PSD) of 10 dBm/MHz for 5150-5350 MHz, while FCC has a maximum PSD of 11 dBm/MHz for 5150-5350 MHz [4]. Section 5.4.4.2.1.3.3 in [2] requires 10 KHz resolution for testing the 1 MHz PSD constraint and, thus, the maximum PSD constraint should be met in any occupied 1MHz bandwidth. 
· In addition, the regulations impose a band specific total maximum transmission power in terms of EIRP, e.g., ESTI has EIRP limit of 23 dBm for 5150 – 5350 MHz [2].

The regulatory limitations imposed in terms of OCB and PSD guided the design choices for the uplink channels of legacy LTE-unlicensed system and it will not be any different for NR-unlicensed system as well. Legacy LTE-unlicensed system or Rel-14 eLAA (enhanced Licensed Assisted Access) was designed to meet the aforementioned regulations while utilizing the available spectrum efficiently. But the enhancement of LTE-unlicensed design to NR-unlicensed will not be straightforward, since NR is targeted to support diverse numerology configurations with much wider channel bandwidth than LTE’s 20 MHz. On the other hand, though it is desirable to avoid unnecessary divergence from Rel-15 NR framework as much as possible while designing uplink physical signals/channels for NR-unlicensed spectrum, the regulatory constraints will necessitate redesign of NR physical signals/channels to certain extent in order to meet the essential requirements of unlicensed spectrum usage. In this regard, two different candidate approaches can be considered for the design of NR-unlicensed uplink physical channels, viz. 
· Enhancement of legacy LTE-unlicensed uplink physical channel (distributed resource allocation or interlace)
· Modification of legacy NR-licensed uplink physical channel (contiguous resource allocation)
The advantages and drawbacks of both these two approaches are discussed in the following subsections.
Uplink physical channels with distributed resource allocation (interlace)
In Rel-14 eLAA, in order to accommodate the regulatory constraints and optimize the utilization of available spectrum, an interlaced resource block (RB) allocation scheme has been introduced as the baseline for uplink transmission. In this Block IFDMA (B-IFDMA) based scheme, user data are placed over interlaced RBs and are frequency multiplexed. Figure 1 illustrates the interlaced PRB allocation scheme for LTE eLAA PUSCH, where one interlace is considered as the basic resource allocation unit [5]. The interlace design has been such that a single interlace can meet the necessary OCB requirement, thereby allowing multiplexing of multiple UEs on different interlaces.
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Figure 1. Interlace design for LTE-eLAA PUSCH

In LTE eLAA, the B-IFDMA waveform consists of 10 RBs/interlace for both 10 MHz and 20 MHz system bandwidths. The RBs within an interlace are equidistant and the total number of RBs used for transmission should be factorable into 2a*3b*5c as in legacy LTE, where a, b, c are integers, for efficient implementation of DFT. DMRS reuses the legacy generation sequence and symbol positions, while keeping the same frequency positions as PUSCH REs.
The PSD limit also has an impact on the interlace design. When contiguous PRBs are used for transmission, the total transmission power will be restricted by the PSD limit rather than the maximum transmit power limit, when the transmission bandwidth is not sufficiently wide. On the other hand, the use of interlaced PRBs enables distributed resource allocation across channel bandwidth, which, in turn, allows the allocation of transmission power on particular PRB(s) permitted by the PSD limit, as illustrated in Figure 2. 
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Figure 2. Illustration of PSD 1 MHz window assuming 15 kHz subcarrier spacing
Since interlaced RB allocation based scheme has several advantages, e.g. power boosting gain (although distributed allocation would generally require higher power backoff to meet the ACLR requirement), efficient resource utilization and UE multiplexing capability while meeting OCB requirement, etc., it is natural to consider an enhancement of similar transmission scheme (i.e. interlaced distributed RB allocation) to NR-unlicensed physical channel design as well. The scope of enhancement, however, is not that straightforward, given multiple numerologies as well as much wider bandwidth operation that NR is targeted to support, unlike legacy LTE. There are multiple challenges in the way of legacy LTE eLAA extension to NR-unlicensed domain as discussed below:
· Interlace design will be numerology dependent, i.e., the legacy LTE eLAA uniform-interlace (i.e. same number of RBs per interlace for each interlace) for 10 and 20 MHz bandwidths and 15 KHz subcarrier spacing may not be appropriate for numerous numerology configurations that NR is targeted to support in the 5GHz band, as shown in the table below.

Table I. Maximum transmission bandwidth configuration NRB for frequency range 1 FR1 (450 – 6000 MHz) [6]
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

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

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

	60
	N/A
	11
	18
	24
	31
	[38]
	51
	65
	79
	107
	135




Figure 3. Illustration of channel bandwidth and transmission bandwidth configuration (NRB)

· For different sets of bandwidth-subcarrier spacing (SCS) configurations, transmission bandwidth configuration (NRB) as shown in Figure 3 varies irregularly, especially due to asymmetric guard band allocation at channel edges as illustrated in Figure 3. This makes numerology scalable interlace design a quite challenging problem.
· For certain transmission bandwidth configurations (as shown in Table I), it would be difficult to design multiple interlaces due to the fact that NRB’s are factored into prime numbers, which limits the possibility of interlace designs while keeping the inter-RB separation equal among different interlaces.  As an example, NRB =51 for 60 KHz SCS and 40 MHz bandwidth, which only gives the option of interleaving 3 interlaces with 17 PRBs/interlace. Otherwise, the number of PRBs/interlace will be non-uniform. Since 17 is a prime number, DFT implementation for 17 PRBs will not be efficient or may not be supported in some implementations. On the other hand, if 50 RBs are used for interlace design instead of 51, 5 interlaces with 10 PRBs/interlace will meet the OCB requirement, but the resource utilization will not be efficient, leaving an unused PRB.
· Unlike in legacy LTE eLAA, where interlace design has been based on PRB level resource block allocation (i.e. each RB is equivalent to a PRB), NR-unlicensed design based on PRB based interlace for all numerologies may not be efficient. In particular, the number of PRBs occupying transmission bandwidth decreases with increasing SCS, while each PRB occupies wider bandwidth. Therefore, for larger SCS (e.g. 60 KHz), PRB based interlace design may not be efficient and necessary. But on the other hand, if RB size is chosen to be less than 1 PRB, new frequency allocation unit needs to defined in the NR specification, which defines PRB as the basic frequency resource unit for all numerologies in Rel-15.
From the above discussions, we make the following observations
Observation 1 
Simple uniform interlace deign for NR-unlicensed across different numerology configurations would be difficult.
Observation 2
Interlace design for NR-unlicensed would be numerology dependent, i.e. for different numerologies, new interlace design may be required to ensure efficient resource utilization while meeting regulatory requirements.
 Observation 3 
PRB based interlace design of legacy LTE eLAA may not be efficient for NR-unlicensed physical channels, especially for larger subcarrier spacing.
Even though interlace design is not that straightforward for NR-unlicensed physical channels, the support of interlaced based operation may still be useful for NR-unlicensed physical channels, since interlaced design inherently allows wider bandwidth transmission, thereby meeting the OCB requirement while allowing UE multiplexing over multiple interlaces. Also, interlaced physical channels can exploit the PSD regulation to maximize transmission power per PRB, which is not possible for contiguous PRB allocation, especially for smaller SCS where PRBs occupy much less than 1 MHz bandwidth. Therefore, it is imperative to study further the design of NR-unlicensed uplink physical channels using interlaced RB allocation based transmission scheme.   
Uplink physical channels with contiguous resource allocation
In Rel-15 NR framework, uplink physical channels are designed based on CP-OFDM or DFT-s-OFDM waveforms and can span 1~14 symbols in the time domain (depending on which of the uplink physical channels, viz.  PRACH or PUSCH or PUCCH are used) and may occupy ≥1 PRB across the frequency domain. When a physical uplink channel in legacy NR occupies more than 1 PRB, the PRBs are assigned in a contiguous manner, in contrast to the distributed resource allocation described in the previous section. Also, for DFT-s-OFDM waveform based transmission, the number of contiguous PRBs should be factorable into 2a*3b*5c as mentioned in the previous section for legacy LTE.
As one of the primary objectives of NR-unlicensed SI phase is to study the feasibility of inheriting NR physical channels and framework as baseline, avoiding unnecessary divergence from the decisions made in NR WI phase for Rel-15, it is imperative to look into NR physical channels and identify the essential enhancements and modifications that need to be incorporated in order to enable the unlicensed operation. Regulatory requirements are to be mandatorily met, which will inevitably call for certain redesigning effort of the NR-licensed framework. Various aspects of these essential enhancement /modification of the legacy NR-licensed system is described below.
· OCB requirement: as mentioned in section 2, updated ETSI regulations permit temporal allowance of less than 80 % occupied channel bandwidth, with a minimum of 2 MHz for operation in the unlicensed spectrum. If we can exploit this exception, there is essentially no need to allocate wide bandwidth to a UE. Meeting 2 MHz transmission bandwidth requirement is not at all a problem for contiguous resource allocation scheme, especially for larger SCS. 
· PSD limitation: regulatory limitation on maximum allowed PSD per 1 MHz bandwidth imposes design restrictions for NR-unlicensed physical channels using contiguous allocation scheme. When contiguous PRBs are used for transmission, the total transmission power will be restricted by the PSD limit rather than the maximum transmit power limit, when the transmission bandwidth is not sufficiently wide. But since NR-unlicensed operation is primarily targeted for wider bandwidth, higher SCS is preferred. Power boosting gain as explained for distributed allocation scheme will make less of a difference in between distributed and contiguous allocation schemes at higher SCS, as illustrated in Figure 4.
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Figure 4. Illustration of PRB sizes at different subcarrier spacing, with 1 MHZ as a reference 
· If legacy NR framework can be adopted as the baseline after meeting all regulatory requirements, minimal design effort needs to be invested in developing NR-unlicensed framework. Inclusion of channel access mechanism (required for ensuring fair co-existence with incumbent systems in unlicensed spectrum) would enhance the usability of legacy NR physical channels to unlicensed operation. To meet the 2 MHz occupied channel bandwidth requirement (temporal allowance), PRACH channels for NR need to be redesigned for L-839 sequence with 1.25 KHz SCS, but PUSCH and PUCCH channels can be reused from legacy NR framework. Also, time-domain and code-domain UE multiplexing capabilities can be used from legacy NR physical channel framework to boost the multiplexing capacity of NR-unlicensed operation.
Although adoption of legacy NR based physical channel designs can potentially save significant design effort, it may not be adequate as a standalone physical channel design for NR-unlicensed. Interlaced PRB allocation could be still beneficial in terms of power boosting for narrow sub-carrier spacing. On the other hand, one can also attempt to meet the OCB criteria in a regular manner, although it may not be required. Hence, in our view, it is beneficial to use legacy NR physical channel framework when OCB regulation is not to be mandatorily met, while for other scenarios, interlace based distributed allocation scheme from legacy LTE eLAA can be additionally supported.

Proposal 2
· NR-unlicensed uplink physical channels can support interlace design, in addition to the legacy Rel-15 NR uplink physical channel framework. 
Conclusion
In this contribution, we have discussed the regulations for NR-unlicensed operation and its impact on the design considerations for uplink physical channels operating in NR-unlicensed spectrum. In this context, we compared two candidates as potential baseline configuration of NR-unlicensed uplink physical channels, viz. interlaced distributed resource allocation scheme similar to legacy LTE eLAA and contiguous allocation scheme as in legacy Rel-15 NR-licensed design. Based on our discussion, we make the following observations and proposals

 Proposal 1 
· The NR-unlicensed system shall be built based on the precise interpretation of the relevant regulations.
· NR-unlicensed system may exploit the temporal allowance of occupied channel bandwidth to be less than 80% of nominal channel bandwidth (with a minimum of 2 MHz) to use NR-licensed physical channels/signals, when applicable.
Proposal 2
· NR-unlicensed uplink physical channels can support interlace design, in addition to the legacy Rel-15 NR uplink physical channel framework. 
Observation 1 
· Simple uniform interlace deign for NR-unlicensed across different numerology configurations would be difficult.
Observation 2
· Interlace design for NR-unlicensed would be numerology dependent, i.e. for different numerologies, new interlace design may be required to ensure efficient resource utilization while meeting regulatory requirements.
 Observation 3 
· PRB based interlace design of legacy LTE eLAA may not be efficient for NR-unlicensed physical channels, especially for larger subcarrier spacing
[bookmark: _GoBack]References
[1] RP-172021, “New SID on NR-based Access to Unlicensed Spectrum”, Qualcomm Inc., 3GPP TSG RAN Meeting #77, Sept., 2017.
[2] ETSI EN 301.893, 5 GHz RAN; Harmonised Standard covering the essential requirements of article 3.2 of Directive 2014/53/EU V2.1.1, 2017-05.
[3] R1-1802433, “Companies’ views on candidate spectrum for NR unlicensed operation”, Intel et al., 3GPP TSG RAN WG1 #92, Feb., 2018.
[4] 3GPP TR 36.889 V13.0.0, “Study on Licensed-Assisted Access to Unlicensed Spectrum”.
[5] R1-160419, “UL waveform for eLAA: B-IFDMA”, Intel Corporation, 3GPP TSG RAN WG1 #84 meeting, Feb. 2016.
[6] 3GPP TS 38.101-1, User Equipment (UE) radio transmission and reception Part 1: Range 1 Standalone, V1.0.0, 2017-12.


image1.emf
0 1 2 3 4 5 6 7 8 9 10 11

RB index

symbol

12 13

Interlace #0

Slot 0 Slot 1

Interlace #1

Interlace #2

Interlace #3

Interlace #4

Interlace #5

Interlace #6

Interlace #7

Interlace #8

Interlace #9

0

1

2

3

4

5

6

7

8

9

System Bandwidth

12 

subcarriers

PUSCH

DMRS

. . . 


image2.png
RBS | RB9 | RBI0

RBS | RB9 | RBI0





image3.emf
Transmission Bandwidth Configuration N

RB

 [RB]

Transmission 

Bandwidth [RB]

f

Channel Bandwidth [MHz]

Active Resource 

Blocks

Guardband, can be asymmetric

Resource Block

Channel Edge Channel Edge


Microsoft_Visio_2003-2010_Drawing1.vsd

image4.emf
15 kHz

30 kHz PRB

60 kHz PRB

1 MHz


