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1	Introduction
At the RAN #70 meeting, a WI on the “New Work Item on enhanced LAA for LTE” [1] was approved with the following objective for RAN1:
· UL carrier aggregation for LAA SCell(s) (with one or more UL carriers in unlicensed band) using Frame Structure type 3 [RAN1, RAN2, RAN4]
During the SI stage, LAA UL transmission was discussed with the key messages as below [2].  
For PUSCH, extending the current single and dual cluster allocation to allow multi-cluster (>2) allocation (e.g. RBs/subcarriers spaced uniformly in frequency) has been identified as a candidate waveform that satisfies regulatory requirements and maximizes coverage. For this candidate waveform, the following aspects need to be addressed.
-	Number of clusters needed
-	Size of each cluster
-	Spacing between clusters or subcarriers 
[bookmark: _GoBack]In this contribution, we discuss the regulation constraints in further detail for Region 1 / Europe and corresponding considerations for the UL waveform design. 
2	Discussion
2.1 Regulation Constraints
According to the regulation requirement in Section 4.3.2 [3] and the corresponding test method in Section 5.3.3 [3], the occupied channel bandwidth needs to be at least 80% of the declared nominal channel bandwidth. This occupied channel bandwidth can be measured with the 99% bandwidth function of the spectrum analyzer. It is understood that an LAA device can pass the test with the system bandwidth occupied partially and discontinuously in frequency domain only if the two edges are separated far enough. 
According the test method, for 20 MHz channel bandwidth, the frequency span is 40 MHz, the sweep time is > 1 s and the resolution filter bandwidth is 100 KHz so the charging time for the resolution filter is > 2.5 ms which is longer than two continuous LTE subframes. 
This means one RB continuously transmitted with intra-subframe hopping or inter-subframe hopping can help the device to pass the channel occupation test only if the position in the first slot and the position in the second slot are separated by no less than 16 MHz. Or multiple RBs for one device can be mapped discontinuously in frequency domain and the first RB and the last RB need to be separated by no less than 16 MHz. 
Proposal 1: in a period greater than 2.5 ms, the first and the last RBs / subcarriers allocated to one device must be separated by a gap big enough to help the device to pass the 80% channel occupation test. 
According to the regulation requirement in Section 4.4.2 [3] and the corresponding test method in Section 5.3.4 [3], both the power spectrum density (PSD) per MHz and the total output power cannot exceed a set of specified power limits, for instance, 10 dBm per MHz and 23dBm for 20 MHz. 
This may impact the LAA coverage performance, assuming a UE at cell edge is allocated one RB and this UE transmits with intra-subframe hopping so it can occupy 80% or more of the system bandwidth by mapping the RB to the two ends of the system band in different time slot, but at any slot (0.5 ms) it can only transmit with a power no more than 10 dBm which is 13dB less than the maximum output power, 23dBm, of the device. 
To improve the UL coverage performance, it is expected for the UE to occupy as many “MHz” as possible to use a higher output power. As discussed in [4], it could be implemented by mapping the 12 subcarriers of one RB discontinuously (also called IFDMA) when a small number of RBs are allocated or by allocating RBs discontinuously but with all subcarriers of one RB continuously mapped in frequency domain (called Block-IFDMA) when more RBs are allocated. 
Proposal 2: RBs and/or subcarriers may need to be mapped discontinuously in frequency domain to enable the UE to use a higher output power. 
2.2 Subcarriers Mapping Considerations
2.2.1 IFDMA
For UEs in the cell edge area, subcarriers can be mapped in the frequency domain with a gap between two adjacent subcarriers and the gap needs to be at least 1 MHz so that each subcarrier can be transmitted with the power budget for each 1 MHz bandwidth. An example with one RB is illustrated in Figure 1 and the 12 subcarriers are mapped in the frequency domain with an identical gap in between two adjacent subcarriers. In this example, each subcarrier can be transmitted with 10dBm power and the total output power could be up to 20.8 dBm (). 
[image: ]
[bookmark: _Ref441500696]Figure 1 IFDMA Example 
When all the gaps are identical, the low PAPR/CM property of single-carrier FDMA can be maintained. Obviously, UEs with the above mapping scheme cannot pass the 80% channel occupation test. One option is to map one subcarrier to the right end of the system bandwidth but the PAPR/CM cannot be as low as single-carrier FDMA. Or when the number of allocated RBs is more than one, it is very difficult to ensure an identical gap between all adjacent subcarriers, for instance, 10 RBs, 120 subcarriers, which will split the whole band (1200 subcarriers) into small pieces of 10 subcarriers and break the current RB design. It is a reasonable assumption to allow IFDMA with non-identical gaps which will again result in an increased PAPR/CM. 
Observation 1: IFDMA with the low PAPR/CM property of SC-FDMA is nearly unachievable with multiple UEs multiplexing and varied numbers of allocated RBs. 
2.2.2 Block-IFDMA
IFDMA is not always expected due to the poor performance with frequency error and less accurate channel estimation and when a big number of RBs are allocated for one UE, Block-IFDMA could be a good tradeoff between the permitted output power and link performance. 
An illustrated in Figure 2, one UE is allocated with 12 RBs which are mapped to 12 discontinuous positions in the frequency domain. Note that block-IFDMA does not have the lower PAPR/CM property of SC-FDMA so the gaps between any adjacent RBs do not need to be identical. Same as the IFDMA example, the UE can transmit with a maximum output power of 20.8 dBm. 
[image: ]
[bookmark: _Ref441507708]Figure 2 Block-IFDMA Example
Here the “block” size is one RB. Similar proposal can be found in [5] to organize all RBs into interlaces in the uplink which can be shared among the users. 
Compared with IFDMA, block-IFDMA can help to simplify the radio resource allocation otherwise the eNB needs to implement a more complicated algorithm to allocate all 1200 subcarriers and inform the UE with much more signaling bits to indicate the allocation of 144 subcarriers of 12 RBs. 
Observation 2: Block-IFDMA has a better link performance and less complicated RRM than IFDMA with the cost of increased PAPR/CM. 
2.2.3 RBs Reservation to Support IFDMA and Block-IFDMA Multiplexing
According to the above discussion, IFDMA and Block-IFDMA both have their specific advantages in different scenarios. For UEs at cell edge, a small number of RBs are allocated and IFDMA can help to increase the permitted output power by occupying more “1 MHz” bandwidth. For UEs close to the eNB, more RBs can be allocated with a better SINR and the output power can be increased by occupying the bandwidth with discontinuous RBs, so the link performance can be improved with Block-IFDMA. 
A simple comparison is given in Table 1.
[bookmark: _Ref441590780]Table 1 Comparison between IFDMA and Block-IFDMA
	
	PAPR/CM
	Link Performance
	RRM
	Signaling Size
	Suitable RBs Allocation

	IFDMA
	Low or high (when no identical gaps)
	Bad
	Complicated
	Big
	Small number

	Block-IFDMA
	High
	Good
	Simple
	Small
	Big number



It is proposed to enable both methods by allocating some RBs for IFDMA, called IFDMA RBs, and others for Block-IFDMA, called Block-IFDMA RBs. As illustrated in Figure 3, IFDMA RBs in green are allocated for subcarrier mapping, 12 subcarriers of one RB can be mapped on the same positons of the IFDMA RBs, and other positions can be reused by other UEs. For this example, the gaps are equal and identical to 1.08 MHz so each subcarrier can be transmitted with an average power of 10 dBm. When the number of required subcarriers is bigger than the number of IFDMA RBs, the remaining subcarriers can be mapped on other vacant subcarrier positions but the PAPR/CM is increased due to non-identical gaps. 
[image: ]
[bookmark: _Ref441592938]Figure 3 RB Reservation to support IFDMA and Block-IFDMA Multiplexing
All the other RBs can be used in the existing way and RBs from one UE can be discontinuously mapped according to the two proposals above. 
IFDMA RBs can be dynamically determined by the eNB according to the loads distribution in the cell, for instance, more UEs in the cell edge area, more IFDMA RBs can be allocated or vice versa. This IFDMA RBs allocation can be updated much less frequently than TTI length and the UL scheduling bits can be reduced by indicating the subcarrier allocation within the set of IFDMA RBs. 
Proposal 3: A certain number of RBs can be allocated for subcarrier mapping to support IFDMA while all others RBs can be used in the existing way to support Block-IFDMA. 
3	PAPR Considerations
Without single-carrier property being maintained, PAPR/CM is increased for both IFDMA when gaps are not identical and block-IFDMA. CM for Block-IFDMA is evaluated with simulation below.
3.1 Simulation Assumption
It is known that cubic metric is a much more suitable measure than PAPR to indicate the power back off of a power amplifier. The cubic metric is defined as [6]: 
[image: ]
where [image: ], K = 1.56 for LTE signals and the term X is related to the bandwidth of the signal. For this simulation, a 20 MHz bandwidth is assumed and the relative CM value is compared without X. 
Assuming a UE is allocated with 10 RBs which are mapped in the frequency domain as one or more clusters, and each cluster includes a group of continuous RBs. One CM value is generated every subframe (t is 1 ms length in the formula above) and CDF is based on 104 subframes. There is one DFT for all clusters. 
As illustrated in Figure 4, “1 cluster” means all 10 RBs are continuous which is exactly how the current LTE PUSCH is mapped and “2 cluster” means 10 RBs are equally split into two groups which are mapped in the frequency domain with a gap but within each group, 5 RBs are still continuous. So easy to know, “10 cluster” means all RBs are mapped discontinuously with a gap between any adjacent two RBs. 
3.2 Simulation Results
It shows that more clusters result in a bigger CM value and for QPSK, the CM is increased by about 1 dB when the number of clusters increased from 1 to 10. For a UE at cell edge with 10 RBs allocated, 1 dB power de-rating is required when the device is working with its maximum output power but since the permitted output is less than the maximum output power for this simulation case, no power backoff is really needed.  The CM values for 16QAM and 64QAM are increased accordingly but with a less amount. 
[image: ]
[bookmark: _Ref441594883]Figure 4 Simulation Results with Different Number of Clusters
The CM values of the above signals with 10 RBs are compared with more numbers of clusters as shown in Figure 5. Different from the above CDF case, one CM value is calculated with samples from 200 subframes so the result could be more constant. It shows that there is a peak point where the output signals have the maximum CM value and the minimum CM value can be achieved either with 1 cluster (LFDMA) or with 120 clusters (IFDMA). 
[image: ]
[bookmark: _Ref441834113]Figure 5 CM vs. Number of Clusters
Compare “20 clusters with 6 subcarriers per cluster” with “10 clusters with 1 RB per cluster”, the CM is almost same, the good side is that power can be increased by 1.2 dB (23 dBm – 1 dB backoff – 20.8 dBm) and the bad side is the degraded link performance of IFDMA and fragmented RB allocation. 
Configurations between IFMDA and Block-IFDMA are not just a matter of the number of RBs allocated and both link performance and implementation complexity need to be considered. For UEs at cell edge with a small number of RBs allocated, IFDMA with subcarrier mapping can help to increase the permitted output power. It is recommended to study the different configurations, i.e., UL signal strength and the number of allocated RBs, between IFDMA and Block-IFDMA. For both, configurations as pointed out in [2], i.e., number of clusters, cluster size and gap size between two adjacent clusters, need to be studied with both achievable link performance and RB allocation complexity considered. 
Proposal 4: it is recommended to study the suitable configurations for IFDMA and Block-IFDMA. 
The above multi-cluster simulation is done together with multi-carrier below and results are shown in Figure 6. It can be observed that CM is more dominated by the number of aggregated carriers, for instance, when the number of clusters is increased from 1 to 10 for a single carrier, the CM value is increased by 1.05 dB while when the number of carriers is increased from 1 to 8 for a single cluster, the CM value is increased by 2.44 dB. 
[image: ]
[bookmark: _Ref441596322]Figure 6 Simulation Results with Multiple Carriers
As discussed in [7], the increased CM value from Block-IFDMA is marginal when multi-carrier is used simultaneously. 
3	Conclusion
In this contribution we have discussed the Region 1 / Europe regulations and the corresponding impacts on UL waveform design.  Based on our analysis and simulations, we make the following to be discussed by RAN1:
Proposal 1: in a period greater than 2.5 ms, the first and the last RBs / subcarriers allocated to one device must be separated by a gap big enough to help the device to pass the 80% channel occupation test. 
Proposal 2: RBs and/or subcarriers may need to be mapped discontinuously in frequency domain to enable the UE to use a higher output power. 
Observation 1: IFDMA with the low PAPR/CM property of SC-FDMA is nearly unachievable with multiple UEs multiplexing and varied numbers of allocated RBs. 
Observation 2: Block-IFDMA has a better link performance and less complicated RRM than IFDMA with the cost of increased PAPR/CM. 
Proposal 3: A certain number of RBs can be allocated for subcarrier mapping to support IFDMA while all others RBs can be used in the existing way to support Block-IFDMA. 
Proposal 4: it is recommended to study the suitable configurations for IFDMA and Block-IFDMA. 
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