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Introduction
The regulations on the use of unlicensed spectrum vary according to region. Parts of EU regulations by ESTI [1] and US regulations by FCC [2] are captured below: 
· ESTI specifies that occupied channel bandwidth shall be between 80% and 100% of the declared Nominal Channel Bandwidth. 
· 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 [2]. Section 5.3.4.2.1.3.3 in [1] 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.
The LAA UL design should abide by regulatory requirements. Especially, to meet the occupied channel bandwidth requirement, the current subband-based UL scheduling needs to be updated, unless always one UE is assigned for the entire bandwidth. To this end, the B-IFDMA waveform structure is proposed for eLAA UL transmission, where user data are placed over interlaced RBs and are frequency multiplexed. In the following sections, we further provide motivations behind the chosen B-IFDMA waveform along with the design details. 
B-IFDMA as LAA UL Waveform
The LTE UL is based on the Single-Carrier-Frequency-Division-Multiple-Access (SC-FDMA), in which the subcarrier mapping for the transmission by a UE can be localized (contiguous in frequency) or distributed across the bandwidth. The distributed subcarrier mapping with equidistant occupied subcarriers is called, specifically, as the Interleaved FDMA (IFDMA). Since the IFDMA is susceptible to the carrier frequency offset (CFO) error and inter-carrier interference (ICI), the Block IFDMA (B-IFDMA) has been proposed in [3]. In B-IFDMA, UEs are allocated equally spaced RBs spread across the entire bandwidth (referred as interlace) (see Figure 1). 
Note that the B-IFDMA has advantage over IFDMA in terms of CFO error and ICI, although it may exhibit slightly higher PAPR than IFDMA. We thus propose to adopt the B-IFDMA as the eLAA UL waveform. 
Proposal 1: We propose to adopt B-IFDMA as the eLAA UL waveform. 



[bookmark: _Ref441651709]Figure 1: An illustration of the B-IFDMA scheme

B-IFDMA Design 
The number of interlaces, or equivalently the inter-PRB distance, is one of the most important design aspects of B-IFDMA. The following facets may be considered in choosing the number of interlaces. 
· Sufficient granularity should be allowed to efficiently support small-size packets, e.g., VoIP. For example, with the typical VoIP packet size of 480 bits, 4 RBs are enough to convey a VoIP packet when QPSK & ½ code rate are used.
· The occupied channel bandwidth requirement discussed in the introduction should be satisfied; i.e., more than 80% of the nominal BW should be occupied.
· Let’s consider 10 RBs/interlace for 20 MHz system bandwidth. Then, we will have 10 interlaces and the occupied bandwidth is calculated as (9*10+1) RBs*180 kHz = 16.38 MHz. This gives approximately 82% occupied bandwidth. 
· Let’s consider now 10 RBs/interlace for 10 MHz system bandwidth. Then the occupied bandwidth is calculated to be (9*5+1) RBs*180 kHz = 8.28 MHz. This gives approximately 83% occupied bandwidth.
· Generally, higher number of interlaces is preferred to multiplex more UEs in a subframe. However, it will limit the exploitation of total allowed transmit power due to PSD constraint.  
· In order to avoid power splitting between RBs, it is preferable that the minimum distance between two adjacent RBs within one interlace is more than 1 MHz.
· It is important that each interlace contains equal number of RBs to expect uniform performance among different interlaces and to avoid unnecessary scheduling complexity. 
The B-IFDMA with 10 RBs/interlace provides high scheduling granularity without significantly degrading the maximum transmission power for a single SCell[footnoteRef:1]. It also achieves a reasonable trade-off between the utilization of allowed maximum transmit power and UE multiplexing capacity, as well as equal PRBs per interlace.  [1:  With 10 interlaces, when we assign only one interlace to a UE, the maximum output power is 20 dBm. When more than one interlace is assigned to a UE, the maximum output power may depend on the exact combination and ordering of the chosen interlaces.] 

Proposal 2: We propose the B-IFDMA waveform with 10 RBs/interlace for both 10 MHz and 20 MHz system bandwidth. 
Proposal 3: Up to 2 UE multiplexing within one interlace (via CDM or slot-based allocation) is allowed to support finer resource allocation granularity.
Reference Signal Design
Each interlace contains reference signal for coherent demodulation of PUSCH at eNB. UL reference signal can reuse legacy DMRS like signal based on CAZAC sequence. 
Interlaced (localized) reference signal mapping 
The reference signal transmission can be localized to the group of RBs belonging to one interlace as shown in Figure 2, where that interlace is the same interlace used for data transmission. Reference signal is transmitted on 4th symbols of each slot as in the legacy LTE system. Localized reference mapping is similar to the reference signal design used in the uplink for LTE release 8, wherein the DMRS sequences are localized to the RBs over which data (PUSCH/PUCCH) are transmitted. 



[bookmark: _Ref441651455]Figure 2: An illustration of interlaces design with reference signal transmitted on 4th symbol of each slot
Proposal 4:  DMRS is transmitted on the 4th symbol of each slot on the same interlace over which data is transmission.   
Considerations on the coexistence issue
Consider B-IFDMA with 10 interlaces within 20 MHz BW. 
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[bookmark: _Ref441653077]Figure 3: Illustration of one interlace in B-IFDMA

As illustrated in Figure 3, even if 10 dBm is concentrated on 1 RB, the ETSI’s 10 dBm/1 MHz PSD constraint is not violated. Then, now consider 10 UEs are multiplexed via 10 interlaces. As observed in Figure 4, the transmission from each device still satisfies the PSD requirement but the aggregated transmission power is summed to 30 dBm. 
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[bookmark: _Ref441653199]Figure 4: Illustration of UE multiplexing in B-IFDMA

Consider now the case where small number of UEs are served; for example assume that only one UE is scheduled for UL transmission as in Figure 5. Then, all the 10 interlaces can be assigned to that UE. In this case, 10 dBm needs to be spread over 6 RBs, with equal allocation of 2.219 dBm/RB. This gives a total of 22.219 dBm transmission power over the entire RBs, which is about 7.78 dB (≈ 9 times) lower than the case where 10 UEs are multiplexed.
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[bookmark: _Ref441654045]Figure 5: Illustration of one UE allocation over entire BW
  
Observation: The UE multiplexing via B-IFDMA interlaces may cause noticeable interference to nearby Wi-Fi and/or eLAA networks.
Proposal 5: The B-IFDMA coexistence issue needs to be further studied. If necessary, the total transmit power may need to be limited system-wide, not per device.  
Conclusion
In this contribution, we proposed B-IFDMA as the UL waveform for eLAA along with further design details. In particular we made the following proposals and observation throughout this contribution. 

Proposal 1: We propose to adopt B-IFDMA as the eLAA UL waveform.
Proposal 2: We propose the B-IFDMA waveform with 10 RBs/interlace for both 10 MHz and 20 MHz system bandwidth. 
Proposal 3: Up to 2 UE multiplexing within one interlace (via CDM or slot-based allocation) is allowed to support finer resource allocation granularity.
Proposal 4:  DMRS is transmitted on the 4th symbol of each slot on the same interlace over which data is transmission.    
Observation: The UE multiplexing via B-IFDMA interlaces may cause noticeable interference to nearby Wi-Fi and/or eLAA networks.
Proposal 5: The B-IFDMA coexistence issue needs to be further studied. If necessary, the total transmit power may need to be limited system-wide, not per device.  
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