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1. Introduction 
In this contribution, we discuss forward compatibility considerations for the NR Phase I design to enable hassle-free NR operation in unlicensed spectrum in the later phase. In sub-6 GHz, the 5 GHz unlicensed band shall be the main consideration as in the LTE LAA due to the global common availability of wide unlicensed spectrum. Therefore, many well-designed features such as the coexistence mechanisms can be inherited from Release 13/14 LTE LAA design at large. Since however the LTE system has been built without any consideration on its potential operation in unlicensed spectrum from the very beginning, i.e., Release 8, the LTE LAA design has to overcome some technical difficulties and inherently suffers from inefficiencies. 

In the first part of this contribution, we recollect what the technical difficulties were during the Release 13/14 LTE LAA design and consequent inefficiencies. Based on this, we draw some suggestions on forward compatibility considerations for NR during its Phase I design to enable easy and smooth operation of NR in unlicensed spectrum with minimal design changes. In the second part of this contribution, we explore other unlicensed spectrum that can be also considered for NR to operate. The unlicensed bands covered in this contribution other than the 5 GHz band include 60 GHz unlicensed spectrum and 3.5 GHz Citizens Broadband Radio Service (CBRS) band in U.S. Accordingly, we draw suggestions on forward compatibility considerations for the considered bands. 
2. Release 13/14 LTE LAA design
2.1. Challenges in Release 13/14 LTE LAA design 
Main challenges in Release 13 LAA design for downlink access can be listed as follows.
Initial partial subframe:
LBT can finish at any time but LTE has fixed subframe boundaries on which transmissions can start. This gave rise to the need for the transmission of a reservation signal to avoid a situation where the channel access opportunity is taken away by other neighboring nodes sharing the same spectrum. However, the transmission of reservation signals inevitably lowers the medium utilization efficiency. That’s why the initial partial subframe feature was introduced for LAA so that a transmission can start at slot boundaries instead of subframe boundaries as in the figure below. 
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Figure 1. LAA DL operation overview.
Although the magnitude of the efficiency loss can be alleviated to some degree, the issue still presents with the slot-level partial initial subframe. Furthermore, with the initial partial subframe, UE complexity for (E)PDCCH processing will increase. This is why the initial partial subframe is left for optional feature.
Ending partial subframe:
Depending on the starting position of actual DL transmission, potentially including the transmission of some initial signals, the downlink transmission burst may not end exactly at the subframe boundary due to the constraint by the maximum channel occupancy time (MCOT). To fully utilize the MCOT, which may finish before the next subframe boundary, the Release 13 LAA design allowed that the duration of the last subframe of a DL transmission burst can be one of {3, 6, 9, 10, 11, 12} OFDM symbols in addition to the regular full subframe transmission. However, the allowance of ending partial subframe came at the burden of common control signaling on the length of the subframe in the current and the previous subframes. It is also worth to note the separate PDCCH overhead for scheduling the ending partial subframe as well. 
Small packet transmission:
LTE transmission is fundamentally subframe by subframe, although initial partial subframe is allowed but it is limited to slot level. Note also that the ending partial subframe cannot be the sole transmission, i.e., a partial subframe cannot be just one and the only transmission. This can be very inefficient for small packet transmission such as VoIP packets. In the contrary, the Wi-Fi transmission spans only over the duration of time needed to send the available data.
Main challenges in Release 14 eLAA design for uplink access is further enumerated as follows.
Non-unified UL waveform:
Interlaced RB structure is adopted for LAA uplink PUSCH resource allocation to meet the occupied channel bandwidth (OCB) regulation by ETSI (EN 301 893). This OCB regulation asks for additional efforts to redesign most of the uplink physical channels. This is why the design of PUCCH and PRACH was not successfully finished within the scope of Release 14 eLAA WI and left undefined on LAA SCells.     
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Figure 2. eLAA UL interlaced PUSCH allocation



Inefficiency due to latency between UL grant and PUSCH transmission:
The following figure explains the shared MCOT concept allowed by up-to-date draft ETSI BRAN Harmonized Standard (EN 301 893). 
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Figure 3. Shared channel occupancy time concept by ETSI regulation (Gap is not counted towards MCOT)
An initiating device, e.g., eNB, shall perform a CCA mechanism with prioritized and truncated exponential backoff, i.e., Category 4 LBT. The responding node shall perform a single interval CCA of 25 us immediately before the granted transmission time, if the gap is greater than 16 us. The total MCOT is not reduced by a gap (due to e.g., pause or CCA), if the gap is at least 25 us, which is adopted to accommodate the LTE’s fixed processing delay. Nevertheless, it is very inefficient in UL heavy traffic scenario with having gap in between transmissions. It is also disadvantageous in the sense that the channel access opportunity can be intercepted by other nodes during the gap, although cross-carrier scheduling can solve the issue to some degree.
LBT priority class handling:
If a UE selects the LBT priority class by itself, it is not known a priori at the eNB side on how many subframes to schedule. That is why eLAA is designed in such a way that eNB signals the LBT priority class to UE to be used. On the other hand, the eNB do not know the exact buffer status at the UE as the BSR can be outdated. 
2.2. Forward compatibility considerations
Wide subcarrier spacing:
In RAN1 #85, it is the working assumption that 15 kHz subcarrier spacing is the baseline design assumption for the NR numerology with the scaling factor of 2n [1]. For the scaling factor of 4, the subcarrier spacing is 60 kHz, which gives ¼ of the symbol duration compared to the LTE system and consequently the baseline TTI becomes 0.25 ms for TTI consisting of 14 symbols.
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Figure 4. Impact of reduced TTI in unlicensed operation

As shown in the figure above, reduced TTI can naturally resolve the inefficiency issue to some extend without introducing initial partial subframe as in LTE LAA.
Suggestion 1: Wide subcarrier spacing for NR, or equivalently reduced TTI for a given number of symbols, can naturally resolve the inefficiency issue due to the fixed TTI boundary to some extend without introducing initial partial subframe concept as in LTE Release 13 for LAA.
Shortened TTI: 
The Release 14 latency reduction study was completed and reported in TR 36.881 [2]. In the study, the following options of reduced TTIs were suggested to be further studied during the WI phase.
1. FS1: 2-symbol, 1-slot sTTI for sPDSCH/sPDCCH. 2-symbol, 4-symbol, and 1-slot sTTI for sPUCCH/sPUSCH.
2. FS2: 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH.
Shortened TTI support can further help to resolve the medium utilization inefficiency issue, which were tackled by introducing initial partial subframe in Release 13 LAA design. Small packet transmission can be benefited from shortened TTI.
Suggestion 2: Shortened TTI support can further resolve the inefficiency issue due to the fixed TTI boundary. Small packet transmission can be benefited from shortened TTI.  
Flexible TTI: 
A flexible TTI by dynamically indicating the TTI length in the control region in the beginning of subframes can be extremely helpful for NR unlicensed operation. This flexible TTI concept, if introduced, can tackle the inefficiency issue addressed by initial partial subframe in Release 13 LAA and the overheads with the ending partial subframe. Small packet transmission can also enjoy the flexible TTI as well. The flexible TTI concept is illustrated in the figure below, in which it can be seen that the flexible TTI can be beneficial in not only shortening the TTI but also extending the TTI.
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Figure 5. Illustration of overall flexible TTI operation

With the flexible TTI, after the indicated duration of the current TTI, the UE will monitor for new PDCCH to be transmitted in sequel. When transmissions occur intermittently, the flexible TTI can be also used to indicate the IDLE time over which no data transmission is expected. The flexible TTI can be also beneficial for extending the TTI. For instance, the downlink ending partial subframe in LAA following the preceding full subframe can be scheduled by one control channel with the indication of the length of the aggregated TTI.
One advantage of indicating the TTI length in the PDCCH is that a UE who is not scheduled for the corresponding TTI can sleep and, thereby, save energy. The longer the TTI the better in terms of energy saving perspective.
Suggestion 3: Flexible TTI support can be useful for NR operation in unlicensed spectrum, which can be used for not only shortening the TTI but also extending the TTI in a dynamic manner.  
Bandwidth scalable physical channel design:
We have seen in the previous subsection that the OCB regulation by ETSI required additional efforts to redesign most of the uplink physical channels for eLAA. The issue concerns with the uplink physical channel design due to UE multiplexing. We note however that narrow band design for some uplink physical channels, such as PUCCH, PRACH, can be useful for coverage perspective. Therefore, NR uplink physical channel designs that can not only work for narrow bandwidth but also naturally extend for wide bandwidth operation shall be extremely helpful for NR operation especially in 5 GHz spectrum and, thereby, to avoid the situation in Release 14 eLAA. 
Suggestion 4: NR uplink physical channel designs that can not only work for narrow bandwidth but also naturally extend for wide bandwidth operation shall be helpful for NR to meet the Occupied Channel Bandwidth regulation by EU on 5 GHz band. 
We would like to note one aspect on the above suggestion that the regulation itself is also continuously evolving and updated. Thus, by the time when 3GPP considers the NR operation in unlicensed band, the regulatory requirements can be different from the current ones. 
3. Other potential unlicensed spectrum for NR operation
In this section, we investigate other unlicensed bands that can be also considered for potential NR operation and draw suggestions on forward compatibility considerations for NR design. Note that other unlicensed bands, such as sub-1 GHz, 2.4 GHz unlicensed spectrum, can be also potentially considered for NR operation although they are not dealt in this paper.
3.1. 60 GHz mmWave unlicensed band 
The 60 GHz unlicensed spectrum is the band where the WiGig technology operates. WiGig is based on IEEE 802.11ad standards [3].
3.1.1. Spectrum overview 
The 60 GHz unlicensed spectrum global availability includes key geographies including U.S. and Canada (57.05 GHz – 64 GHz), EU (57 GHz – 66 GHz), Japan (57 GHz – 66 GHz), China (59 GHz – 62.9 GHz), South Korea (57 GHz – 64 GHz), and Australia (59.4 GHz – 62.9 GHz). Each channel has bandwidth of 2.16 GHz. In the following, some challenges in the operation in 60 GHz band are enumerated. 
1. Increased path loss: The free space path loss over 1 m at 60 GHz is 68 dB, which is 21.6 dB worse than 5 GHz band. Furthermore, human body shadowing can range from a few dB to exceeding 30 dB. 
2. RF absorption peak: The effect is due to a resonance of atmospheric oxygen molecules at 60 GHz, which starts to become significant at range over 100 meter.
3. Directional deafness: Not only the transmission but also the channel sensing are difficult due to the high directivity of the transmitted signal at 60 GHz band. 
Due to the challenges above-mentioned and also wide channel bandwidth in 60 GHz band, higher EIRP is allowed in general. For instance, EU allows 40 dBm EIRP with 13 dBm/MHz PSD limit [4].
3.1.2. Forward compatibility considerations 
As per ITU-R recommendation [5], and also as is the actual design, the IEEE 802.11ad is more based on the Point Coordination Function (PCF) like operation, which is polling-based scheduled operation, than the Distributed Coordination Function (DCF) like operation, which relies on CSMA/CA and optional 802.11 RTS/CTS. Indeed such scheduled access is necessary. Otherwise, a receiver would not know in which direction a signal comes, which requires the use of quasi-omni directional beam pattern that will result in reduced throughput and coverage. Given that scheduled channel access is not only recommended but also necessary, it is envisioned that the NR design for mmWave can work without much modifications. The 2.16 GHz channel bandwidth in 60 GHz unlicensed spectrum may need to be considered for NR design.
Suggestion 5: It is envisioned that NR design for mmWave can work in 60 GHz unlicensed band without much modification. The 2.16 GHz channel bandwidth in 60 GHz unlicensed spectrum can be taken into consideration.
There are other issues that needs to be considered such as directional LBT design or preamble design to facilitate the signal presence detection in mmWave. However, those are unlicensed band operation specific designs and, thus, no need to be considered in the context of forward compatibility.  
3.2. 3.5 GHz CBRS band for U.S. 
U.S. FCC adopted rules for Citizens Broadband Radio Service (CBRS), opening 150 MHz spectrum for commercial use, which was previously locked by U.S. DoD [6].

3.2.1.  Spectrum overview 
The CBRS band is based on the newly designed unique three-tiered access model consisting of Incumbent including federal users and fixed satellite service, Priority Access Licensees (PAL), and General Authorized Access (GAA). Spectrum Access System (SAS) and Environmental Sensing Capability (ESC) are to protect the hierarchy of the prioritized access. After ESC notifies SAS on the detection of the Incumbent system’s activity, SAS must confirm within 300 seconds that either the suspension of the use or relocation to another available channel. The PAL is auctioned per 10 MHz channel in each census tract for three-year term with no automatic renewal. One licensee may have up to 40 MHz band in total in any given census tract at any given time. The auction is exempted for rural area. Unlicensed GAA users shall be permitted to use frequencies assigned to PALs when such frequencies are not in use as determined by SAS. No particular coexistence rule such as LBT is mandated by FCC among GAAs.
3.2.2. Forward compatibility considerations 
Since the CBRS band channelization is 10 MHz, 10 MHz system bandwidth support for NR is necessary, if NR intends to operate in CBRS band in the later phase. Also, a consideration for efficient group mobility mechanism to deal with the situation when a cell is migrating from one channel to another following the evacuation command from SAS will be very useful for NR operation in CBRS band. In an extreme situation when no CBRS channels are available, fallback option to switch to different network/frequency band would be necessary. 
Suggestion 6: 10 MHz system bandwidth support is necessary for NR to operate in 3.5 GHz CBRS band.
Suggestion 7: Mechanism for group handover or fallback option to switch to different network/frequency band will be necessary for NR to operate in 3.5 GHz CBRS band.
4. Conclusions
In this contribution, we discussed forward compatibility considerations for the NR Phase I design for NR operation in unlicensed spectrum in the later phase. We first revisited what the technical difficulties were during the Release 13/14 LTE LAA design and consequent inefficiencies. After that, we explore other unlicensed spectrum than 5 GHz band such as 60 GHz unlicensed spectrum and 3.5 GHz CBRS band in U.S., that can be also considered for NR to operate. To this end, we made the following suggestions on forward compatibility considerations for NR.
Suggestion 1: Wide subcarrier spacing for NR, or equivalently reduced TTI for a given number of symbols, can naturally resolve the inefficiency issue due to the fixed TTI boundary to some extend without introducing initial partial subframe concept as in LTE Release 13 for LAA.
Suggestion 2: Shortened TTI support can further resolve the inefficiency issue due to the fixed TTI boundary. Small packet transmission can be benefited from shortened TTI.  
Suggestion 3: Flexible TTI support can be useful for NR operation in unlicensed spectrum, which can be used for not only shortening the TTI but also extending the TTI in a dynamic manner.  
Suggestion 4: NR uplink physical channel designs that can not only work for narrow bandwidth but also naturally extend for wide bandwidth operation shall be helpful for NR to meet the Occupied Channel Bandwidth regulation by EU on 5 GHz band. 
Suggestion 5: It is envisioned that NR design for mmWave can work in 60 GHz unlicensed band without much modification. The 2.16 GHz channel bandwidth in 60 GHz unlicensed spectrum can be taken into consideration.
Suggestion 6: 10 MHz system bandwidth support is necessary for NR to operate in 3.5 GHz CBRS band.
Suggestion 7: Mechanism for group handover or fallback option to switch to different network/frequency band will be necessary for NR to operate in 3.5 GHz CBRS band.
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