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1
Introduction
This Memo puts together various aspects in relation to UL waveform analyses. The Memo is structured as follows:

· Candidate UL waveforms

· CM analyses

· Statistics of UE transmit power for various deployment scenarios

· Link level analyses

· System level analyses

We finish the contribution with some conclusions and recommendations. 
2
Candidate UL waveforms

Figures 2-1 through 2-4 show block diagrams for candidate UL waveforms [1]. 
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Figure 2-1. SC-FDMA block diagram
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Figure 2-2. Clustered DFT-S OFDM block diagram
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Figure 2-3. NxSC-FDM block diagram
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Figure 2-4. OFDMA block diagram

The following table depicts the relevance of each of the UL waveforms. 
Table 2-1. Notes on UL waveform applicability
	UL waveform
	Relevance

	SC-FDMA
	Rel-8

	NxSC-FDMA
	Carrier aggregation operation within same PA
PUCCH / PUSCH multiplexing
Rank>1 transmission with non-identity precoding

	Clst DFT-S OFDM
	Extended BW operation going around PUCCH regions

	OFDMA
	Carrier aggregation operation within same PA
For data and new control (if needed) transmission
Legacy control transmission still on PUCCH (CM analysis in section 3)


3
CM Analysis

This section shows the CM analyses comparing the different waveform types with different modulation orders and different number of clusters. Note that for SC-FDMA we assume only one cluster. 

The notation is as follows:

· SC: SC-FDMA

· CLST: clustered DFT-S OFDM

· Nsc: NxSC-FDMA

From the figure we see the relative CM difference between SC-FDMA and OFDMA. For OFDMA, once we pay for the CM hit, the CM does not get any worse. For clustered DFT-S OFDM and NxSC-FDMA, the CM worsens as the number of clusters increases and as depart from QPSK modulation. 
The relative difference between clustered DFT-S OFDM and NxSC-FDMA reduces when we consider non-identity based precoding.  
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Figure 3-1. CM comparison for different UL waveforms (no precoding)
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Figure 3-2. CM comparison for different UL waveforms (with WB precoding)

3.1
CM for PUCCH + PUSCH

Once we depart from the SC property for the UL waveform. One potential attractive upside is to avoid the PUCCH bandwidth loss and to allow for the control transmission on PUCCH. This section presents CM characterizations for UL transmissions with concurrent PUSCH and PUCCH transmission. 
Table 3-1. PUSCH/PUCCH multiplexing (PUSCH: 6RB, QPSK, PUCCH: 1RB, QPSK)

	Combination of FDM methods
	SC-FDM PUSCH only
	SC-FDM PUSCH & SC-FDM PUCCH
	OFDM–PUSCH only
	OFDM PUSCH & SC-FDM PUCCH

	CM (dB)
	1.2172 
	1.9481 
	3.9607 
	3.9228 


Table 3-2. Impact of PUCCH power boost (PUSCH: 6RB, QPSK, PUCCH: 1RB, QPSK)

	Combination of FDM methods and power boosts
	SC-FDM PUSCH & SC-FDM PUCCH with 3dB boost
	SC-FDM PUSCH & SC-FDM PUCCH with 9dB boost
	OFDM PUSCH & SC-FDM PUCCH with 3dB boost
	OFDM–PUSCH & SC-FDM PUCCH with 9dB boost

	CM (dB)
	2.2691 
	2.5246 
	3.8216 
	3.1704 


Table 3-3. Impact of number of PUSCH RBs (PUSCH: 18RB, QPSK, PUCCH: 1RB, QPSK)

	Combination of FDM methods
	SC-FDM PUSCH only
	SC-FDM PUSCH & SC-FDM PUCCH
	OFDM PUSCH only
	OFDM PUSCH & SC-FDM PUCCH

	CM (dB)
	1.2213 
	1.5419 
	3.9932 
	3.9921 


As we can see from the tables above, the transmission of PUCCH together with an OFDM-based PUSCH transmission does not deteriorate the CM of the transmission. Further, for the transmission of SC-FDMA based PUSCH and PUCCH, the CM remains low. 

Boosting the PUCCH RB is roughly equivalent to widening the PUCCH region when it comes to the incurred CM. 

4
Statistics of UE transmit power
4.1
Channel Models

Table 4-1 shows the channel models that were extensively used in LTE evaluations and that we are focusing on. 

Table 4-1. Channel models
	Simulation
	CF
	ISD
	BW
	PLoss
	Speed

	Cases
	(GHz)
	(meters)
	(MHz)
	(dB)
	(km/h)

	D1
	2.0
	500
	10
	20
	3

	D2
	2.0
	500
	10
	10
	30

	D3
	2.0
	1732
	10
	20
	3

	D4
	0.9
	1000
	1.25
	10
	3


4.2 Best Effort Traffic

Figure 4-1 and Figure 4-2 show the UE transmit power CDFs for the D1 and D3 scenarios for best effort traffic.
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Figure 4-1. UE transmit power CDF for D1 (best effort)
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Figure 4-2. UE transmit power CDF for D3 (best effort)

4.3 VoIP Traffic

Figure 4-3 shows the UE transmit power CDFs for the D1 scenario for VoIP traffic. 
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Figure 4-3. UE transmit power CDF for D1 (VoIP)

4.4 UE Tx Power Discussion

The simulations in this section show that for D1 deployment scenario 95% of the Ues transmit at 20dBm or less. To the first order, this would mean that assuming 23dBm UE Tx power and a 3dB power backoff for OFDMA, 95% of the Ues in a D1 deployment could benefit from the use of OFDMA waveform. 

Conversely, for D3 scenario 85% of the Ues transmit at 20dBm or more, and therefore all these Ues benefit from the use of SC-FDMA waveform. 

If a UE had multiple Pas (e.g. for UL MIMO support) the max power limit would still be 23dBm for the composite waveform out of all the Pas. Assuming the use of 23dBm Pas for each of the component Pas, the extra needed power for backoff would be naturally available from the 26dBm total available power. 

5 Link level analysis

This section presents some simulation analyses comparing SC-FDMA and OFDM for SIMO and MIMO. 
In summary, we simulate 10% BLER target for the 1st transmission, TU3 and 10RB transmission.
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Figure 5-1. Link throughput SIMO vs. MIMO (perfect channel estimation)
[image: image11.emf]
Figure 5-2. Link throughput SIMO vs. MIMO (realistic channel estimation)

As we can see from the simulation results above, once we account for realistic channel estimation, the performance gain of OFDM is considerable for the MIMO case. There is a 3.5dB gap for the 6bps/Hz operating point!
Note that no special receiver is used for the OFDM case, although the use of OFDM waveform would facilitate the use of advanced receivers. 
6 System level analysis

This section shows the benefits of having scheduler flexibility in the UL, namely, the benefits from having non-contiguous allocations. 

The simulation setup is summarized as follows: 

· Scenario: D1
· System BW: 10MHz, 50 RBs
· PUCCH: 2 RBs
· Subband Size: 6RBs
· Max # UL clusters for a given UE: 4
· Cell Layout: Wrap-around of 19 sites

· # UEs/Cell: 10
· Channel: TU 3
· Antenna Config: 1x2 SIMO
· Channel Knowledge: Ideal
· IoT Target: 7dB
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Figure 6-1. System throughput (flexible allocation)

Note that although it is mentioned OFDM in the Figure 6-1, the same results holds for NxSC-FDMA or clustered DFT-S OFDM, as the important fact is to have the scheduler flexibility to allocate multiple discontiguous clusters. 

Figure 6-2 shows the statistics of the number of clusters for the allocation:

[image: image13.emf]
Figure 6-2. Statistics of number of clusters for the allocation

In summary we see:

· BW Utilization:
· SC-FDMA: 93%
· Multi-cluster: 99%  (6.5% improvement)
· 12.5% Increase in cell throughput
· 17.0% Increase in cell edge UE throughput

7 Conclusions

It would be good to note that clustered DFT-S OFDM has the advantage of lower CM but is somehow redundant with NxSC-FDMA and OFDMA. Additionally, clustered DFT-S OFDM: 

· Requires common MCS across clusters (at least common modulation order)

· Per carrier processing at the eNB receiver no longer possible

· Clustered DFT-S OFDM is not possible for MIMO precoding other than identity matrix based (selection)

Based on the analyses presented in this contribution, we propose: 
· SC-FDMA based operation not compromised – it is one operation mode (Rel-8)

Control transmission (PUCCH):

· PUCCH based on Rel-8 structure (ZC based)

· Allow NxSC-FDMA for PUCCH transmission (legacy or new control)

· Multiple PUCCH instances (ACK/CQI/new control)

Data transmission (PUSCH):

· Scheduler flexibility: non-localized allocations allowed:

· Multi-cluster transmission within same component carrier enabled by means of

· NxSC-FDMA, clustered DFT-S OFDM or OFDMA

· Multi-cluster transmission across multiple component carriers enabled by

· NxSC-FDMA or OFDMA

· OFDMA mode supported due to the link efficiency advantages for MIMO operation
· Enabling advanced receivers at the eNB

Data + Control (PUSCH + PUCCH):
· Legacy operation: Control on data (Rel-8)

· Allow for control/data operation where control and data do not need to be multiplexed within same resources
· PUCCH concurrently transmitted with PUSCH (OFDMA or SC-FDMA based)

· Avoid bandwidth loss of multiplexing control on data

· Limits the number of transmission combinations if new control information is deemed necessary in support of some LTE-A features
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