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1
Introduction
An objective of the LAA SI [1] is to find a single global solution which enhances LTE to enable licensed-assisted access to unlicensed spectrum while coexisting with other technologies and fulfilling the regulatory requirements. 

This contribution deals with UL multiplexing in the LAA scenario. LAA Ad-hoc Meeting [7] reached the following agreement on UL multiplexing:  
· Target the support of UL multiplexing of multiple UEs in one subframe by
· Multiplexing in frequency domain
· The supported resource assignment (e.g. number and location of allocated RBs) is FFS
· Multiplexing by MU-MIMO
There was further progress RAN1 meeting #80bis [8] with the following agreement:

· For PUSCH, extending the current single and dual cluster allocation to multi-cluster (>2) allocation (e.g. RBs/subcarriers spaced uniformly in frequency) is identified as a candidate waveform that satisfies regulatory requirements and maximizes coverage
· FFS: Number of clusters needed
· FFS: Size of each cluster
· FFS: Spacing between clusters or subcarriers
This contribution deals with the remaining details for the UL multiplexing solution. The main content of this contribution is performance comparison between of Block-IFDMA and IFDMA. 
2
Discussion
As discussed in [2], LBT/CCA must be synchronized between frequency and/or spatial domain multiplexed UEs on the same 20MHz carrier. Otherwise, the first UE would reserve the operating channel and the other UEs would see it as occupied, which would basically prevent any FDMA and/or SDMA of LAA UEs in UL. 

In addition to FDMA and MU-MIMO, time division multiplexing could be applied as well in the LAA UL scenario. As shown in Figure 1, configuration with short burst length allows TDM between consecutive UL bursts (FFP). On the other hand, opportunities for TDM are quite limited in the case with large burst lengths (such as 10 ms FFP). This is due to the fact that it is not possible to start UL transmission in the middle of FFP. For certain possible LBT schemes (including e.g. some type of exponential backoff) the idle period between TDM’ed UL transmissions might need to be rather long in order to enable another UE to grab the channel in time. On the other hand, as the Figure 1 shows, an LAA eNodeB does not need to schedule all subframes in the FFP for UL, but instead it may flexibly allocate some of them (from the end of the FFP) for DL as well. This is useful in particular when the UE transmissions are unexpectedly blocked e.g. due to a hidden node. 
Observation 1: Configuration with short UL TX burst length facilitates TDM between UEs in LAA UL scenario
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Figure 1. Example LAA UL configuration according to rules defined for FBE.

Considered multiplexing options:
According to ETSI regulation, the Occupied Channel Bandwidth, defined to be the bandwidth containing 99% of the power of the signal, shall be between 80% and 100% of the declared Nominal Channel Bandwidth [3]-[5]. eNB could, at least in principle, schedule two UL clusters for a single UE sufficiently far from each other, in such that ETSI rules are fulfilled.  However, this would create severe limitations for the FDMA usage and cannot be seen as a feasible solution for LAA UL. This indicates that there are two main options for facilitating FDMA in LAA UL, namely IFDMA and Block-IFDMA. Those two basic principles are shown in Figure 2 and Figure 3.
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Figure 2. Principle of IFDMA.
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Figure 3. Principle of Block-IFDMA.
Both multiplexing options have their pros and cons.

·    IFDMA maintains low CM/PAPR properties of the transmitted signal. On the other hand, IFDMA suffers from non-idealities of the transmitted signals e.g. due to frequency errors/offsets. Furthermore, IFDMA suffers from degraded channel estimation performance. This is due to the fact that with IFDMA, the reference signal needs to be spread over the entire bandwidth, which will reduce the power spectral density of the RS accordingly. 
·    Blocked-IFDMA is more robust against frequency error and it provides better channel estimation performance. On the other hand, it suffers from increased CM/PAPR properties of the transmitted signal. 
It is noted that both IFDMA and Blocked-IFDMA can be seen as new UL Tx schemes compared to LTE Rel-12. However, the basic building blocks of both solutions are being used in current LTE UL:

· SRS is based on IFDMA  (RPF=2)

· LTE supports also clustered UL resource allocation with up-to two clusters in frequency domain.
A performance comparison of IFDMA and Blocked-IFDMA is presented in Section 3. 
3
Performance comparison
In this section, we compare the link performance of Block-IFDMA and IFDMA. The size of the clusters has a direct effect on the UL link level performance, as it impacts the reference signal structure and hence the resulting channel estimation performance, as well as the signal waveform in terms of Peak-to-Average Power Ratio (PAPR), also characterized as Cubic Metric (CM). 

Link Performance
The effect of the size of the cluster is illustrated in Figure 2 and Figure 3. Link level simulations to derive SNR vs. BLER curves have been conducted. The key simulation assumptions are shown in the APPENDIX. The link level performance is evaluated with varying number of clusters with cluster sizes ranging from one subcarrier up to 4 PRBs. Results are given for two different scenarios, namely Typical Urban and ITU Urban Micro. Figure 2 illustrates the performance with four UEs/20 MHz and Figure 3 with 8 UEs/20 MHz, respectively. For the comparison purposes, results are shown also for localized allocation. It should be noted those results are not in line with ETSI regulatory rules defined for minimum bandwidth occupancy.
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Figure 2. Link simulation results, four UEs.
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Figure 3. Link simulation results, eight UEs.
As can be seen from Figure 2 and Figure 3, in both simulated channels, the performance with 1-subcarrier clusters is the worst. On the other hand, depending on the environment and essentially on the channel frequency selectivity, the performance with a single cluster can be better (in TU channel) or worse (in ITU UMi channel) than that of IFDMA or Block-IFDMA. Based on the results it appears that Block-IFDMA with cluster sizes in the range of 1 – 4 PRBs (12 – 48 subcarriers) provides solid performance in both scenarios. When comparing the performance of IFDMA and Block-IFDMA, it can be noted that IFDMA suffers from small SNR operation point (small MCS) and high number of UEs multiplexed (i.e. high RPF).
Impact on cubic metric
The cubic metric is one parameter to consider in the comparison. It is known that IFDMA maintains single carrier properties of the transmitted signal whereas Block-IFDMA suffers from increased CM/PAPR. The CM of Block-IFDMA depends on the number of clusters and cluster sizes but is still below that of OFDMA. Figure 4 illustrates the cumulative distribution function of cubic metric in UL Carrier Aggregation scenario with 1-5 component carriers/clusters [6]. UL carrier aggregation denoted as NxSC-FDMA is compared to clustered allocation (DFT-S-OFDMA) within a component carrier and to OFDMA. The number of clusters is equally distributed between 1 and 5, and cluster sizes are equally distributed between 180 kHz and 18 MHz, respectively. Results show that:

·     In the case of single component carrier, the CM difference between SC-FDMA and OFDMA increases with increasing modulation order and varies between 1.4 dB (64QAM) and 2.4 dB (QPSK)

·     The CM difference between SC-FDMA and OFDMA decreases with increasing number of CCs. With 2-5 CC CCs, the CM difference varies between 0.5-1 dB (64QAM) and 0.8-1.7 dB (QPSK)
·    With equal number of clusters, the CM difference between CA and clustered allocation within the CC is relatively small.
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Figure 4. Cubic metric results in the CA scenario, Five Chunks with randomly sized clusters.
When considering the LAA UL scenario, it can be noted that 

·     Neither a standalone access nor dual connectivity are part of the LAA SI [1]. This means that LAA UL usage involves UL carrier aggregation in any case. Moreover, it is envisioned that a LAA UL capable UE would anyhow support the transmission on several LAA carriers in order to stay/be competitive with WiFi operation.
·     Due to restricted transmit power/EIRP in unlicensed spectrum (esp. DL), LAA operates in relatively small cells. Furthermore, LAA UL usage involves also LBT, which indicates that interference conditions are most likely quite favorable. These aspects mean that higher order modulation plays an important role in LAA UL.

·     Based on the Rel-13 eCA Work Item, there can be up-to 32 UL CCs aggregated in the LAA scenario of interest. It is clear that the potential CM benefit of IFDMA reduces with the increasing number of UL CCs.

Taking those aspects into account, it can be noted that in the considered LAA UL scenario, the single carrier properties of the transmitted signal are already lost to large extend due to UL CA and higher order modulation. Hence, the potential cubic metric benefit of IFDMA over Block-IFDMA is quite marginal in the considered scenario.

Performance summary:

Based on the discussion above, it can be noted that 

·     Block-IFDMA has slightly better link performance compared to IFDMA. Performance depends on the scenario and the exact the parameterization of interlaced transmission.

·     Additionally IFDMA suffers more from non idealities such as frequency error (not included in the link simulation), which will increase the performance benefit of Block-IFDMA even more.
·     The cubic metric benefit of IFDMA over Block-IFDMA is quite marginal in the envisioned multi-carrier, high-SINR LAA operation scenarios.
Based on those, we make the following proposals
Proposal 1: Select Block-IFDMA as the scheme facilitating FDM in LAA UL

Proposal 2: Define exact parameters for Block-IFDMA during the Work Item phase

4
Conclusions
In this contribution we have discussed PHY options for LAA UL operation. Based on the discussion we make the following observation and proposals:
Observation 1: Configuration with short UL TX burst length facilitates TDM between in LAA UL scenario
Proposal 1: Select Block-IFDMA as the scheme facilitating FDM in LAA UL
Proposal 2: Define exact parameters for Block-IFDMA during the Work Item phase
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Appendix A Simulation assumptions

Table A1. Simulation assumptions
	Parameter 
	Setting 

	Carrier Frequency 
	2 GHz 

	System Bandwidth 
	20 MHz

	Channel Model 
	ITU Typical Urban, ITU Urban Micro

	Frequency hopping
	OFF

	Antenna Setup
	1Tx, 2 Rx

	MCS
	QPSK 1/10, QPSK ¼, QPSK 1/2, 16QAM 3/10

	Channel Estimation
	Practical 

	Noise Estimation
	Ideal

	Frequency error
	Not included

	Performance Metric 
	BLER


