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1. Introduction
The efeMTC WID [1] has an objective to improve the UL spectral efficiency:
· Increased PUSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· e.g. Sub-PRB resource allocation, with no less than 3 subcarriers within a Sub-PRB allocation.

During RAN #88bis, it was agreed to consider the following solution to improve UL spectral efficiency:
· Techniques to improve UL spectral efficiency for consideration:

· Sub-PRB allocation

· PUSCH-based and NPUSCH-based designs can be considered.

· CDMA

· MU-MIMO

· Increased DMRS density

· Note: combinations of techniques are not precluded.

This tdoc analyzes the performance of the four possible UL spectral efficiency techniques: Sub-PRB allocation, CDMA, MU-MIMO and increased DMRS density. 

During RAN#88bis, it was also agreed to consider the following performance metrics

	Performance metric
	Unit

	UL spectral efficiency
	% improvement

	UE power consumption
	% improvement


Although not agreed this tdoc also considers UE complexity.
2. Sub-PRB Performance

The Sub-PRB technique was first studied in the release 13 eMTC work and was later specified in the release 13 NB-IoT. As shown in the figure below, the Sub-PRB technique allows for 1 PRB (with 12 tones) to be split (i.e. more FDMA) into 6, 3, or 1 tone allocations, which allows more than one UE to use the same PRB (figure below illustrates a Sub-PRB allocation of 3 tones). 
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BLER Performance
The BLER performance for Sub-PRB transmission using one tone and three tones was compared using LLS against the performance of 1 PRB with 2048 repeats (the maximum the specification allows). The duration of transmission for all cases was 2048 SF and the TBS was set to 504 bits for all cases. The remaining simulation assumptions are detailed in the appendix. The results of the LLS are shown in the figure below:
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From the above results, the following observations can be made:

Observation: One Tone Sub-PRB transmission provides 1.4 dB BLER gain (or a 38% reduction in repeats) compared to 1 PRB transmission.
Observation: Three Tone Sub-PRB transmssion proves 0.9 dB BLER gain (or 23% reduction in repeats) compared to 1 PRB transmission.
In release 13, the three tone Sub-PRB transmission was also found to provide a 23% reduction in repeats [2]. The difference in BLER performance is due to the differences in the way the channel estimation is calculated.  For 1 PRB, the 12 DMRS values need to be averaged across the PRB where for Sub-PRB this is not necessary as the DMRS values are PSD boosted. 
The reduction in repeats will improve both UE battery life and spectral efficiency but this will be dicussed later.
PAPR Reduction and PA Power Increase
The PAPR performance of Sub-PRB was studied in release 13 with result in [3]. The following table shows how the PAPR is reduced:
	Subcarriers
	PAPR @  10-3 Clipping (dB)

	12
	6.8

	6
	5.5

	3
	3.3

	1
	0.0


 In release 13, a 20dBm power class 5 UE was specified for MTC which allows easier integration of the PA into a SOC (system on chip) which helps reduce UE costs. However, the resulting downside is that coverage and spectral efficiency are reduced due to the 3dB reduction in PA power (from 23 dBm).  
With the reduction in PAPR, the complexity of the PA is also reduced so that an integrated PA can transmit more power when fewer than 12 tones are transmitted. This concept has been specified for NB-IOT in the form of an MPR (maximum power reduction) for different tone allocations.  Looking at RAN4 MPR specification for narrow band transmissions from TS 36.101 [6] section 6.2.3F:

	Modulation
	QPSK

	Tone positions for 3 Tones allocation
	0-2
	3-5 and 6-8
	9-11

	MPR
	≤ 0.5 dB
	0 dB
	≤ 0.5 dB

	Tone positions for 6 Tones allocation
	0-5 and 6-11

	MPR
	≤ 1 dB
	≤ 1 dB

	Tone positions for 12 Tones allocation
	0-11

	MPR
	≤ 2 dB

	
	
	
	
	


For Class 3 UEs (23 dBm), the table shows that for 12 tones (1 PRB), the PA power can be reduced from 23 to 21 dBm (or 2dB MPR), for 6 tones it can be reduced to only 22 dB and for 3-tone allocations, there is a <=0.5 dB reduction in power and for 1-tone allocations, the PA power is not reduced at all from 23 dBm. This same concept will apply to eMTC PAs as well so that a currently rated Class 5 UE capable of transmitting 6 PRBs at 20dBm can transmit at 23 dBm for 1 tone, thus yielding a 3dB improvement in output power. 

Observation: Due to lower PAPR, Sub-PRB transmissions can increase PA power output by up to 3 dB

This 3dB increase in PA power will translate into about ½ the number of repeats needed and thus will increase spectral efficiency and improve UE battery life as the transmission lengths are shortened.

Spectral Efficiency

From the eMTC study and NB-IOT specification work, it is well known that the increase in FDMA possible with the Sub-PRB technique can increase spectral efficiency significantly. As shown in section 2.1, the length of transmission and thus the data rate is the same whether Sub-PRB is used or not and since Sub-PRB transmission uses only a fraction of the spectrum that PRB transmission uses, there is large increase in spectral efficiency for the Sub-PRB case. So, ignoring inter-cell interference, the spectral efficiency improves linearly with the amount of additional FDMA used. e.g. for 3-tones: 4X or 300% spectral efficiency improvement is possible. For 1-tone, 12X or 1100% spectral efficiency improvement is possible. The effects of inter-cell interference will be very small compared to the improvements due to FDMA especially for UEs which are located deep in buildings where there is a large in-building penetration loss and the PSD radiating out of the building will be minimized, and thus the inter-cell interference will be minimized. In addition, it is expected the Sub-PRB transmissions will only be allocated when the UE is in challenging coverage conditions thus the following observation can be made: 

Observation – Due to increased FDMA, Sub-PRB allocation increases UL spectral efficiency linearly with the amount of additional FDMA used (e.g. 1 tone provides 12X FDMA or 1100% improvement) 
As mentioned in the above sections, the BLER improvement also improves spectral efficiency so the following observations can be made:

Observation: Due to a 1.4 dB improvement in BLER performance for Sub-PRB, a 38% improvement in spectral efficiency is expected.
As mentioned in the above sections, the increase in PA power for Class 5 UEs also improves spectral efficiency so the following observations can be made:

Observation: Due to the 3dB increase in PA power for Class 5 UEs possible with Sub-PRB transmissions, a 100% improvement in spectral efficiency is expected.

All of these effects are independent and thus accumulative linearly so the net spectral efficiency improvement will be the multiplication of all these factors so; assuming 1 tone: 3200% improvement (12*1.38*2-1), and assuming 3 tones: 884% improvement (4*1.23*2-1).

Observation:  Single Tone Sub-PRB transmission, can improve UL spectral efficiency by 3200%

Observation:  Three Tone Sub-PRB transmission, can improve UL spectral efficiency by 884%

Battery Life

Although the main purpose of this work is to improve UL spectral efficiency, UE battery life is also a very important aspect for IoT UEs.  Several properties of Sub-PRB can be used to improve battery life: lower PAPR, improved BLER performance, and increased PA power.
Lower PAPR

As mentioned above, Sub-PRB can lower PAPR which allows the PA to operate with less back-off and thus run more efficiently.  The amount of efficiency gained will depend on many factors in the PA design (e.g. integrated or external, and the PA class) but it is Sierra Wireless’ opinion that the PA efficiency can be improved by  about 9% using Sub-PRB allocation.  Given multi-tone PAs operate at an efficiency of ~30%, the 9% improvement translates into a PA current consumption reduction of 30% (9/30).  Typically, the current draw due to the PA when transmitting accounts for  about 85% of the total current draw of the UE thus due to lower PAPR, Sub-PRB allocation will lower the UE’s battery usage for transmission by 25%.  (85%*30%)
Improved BLER

As mentioned above, Sub-PRB improves BLER performance by 1.4dB which will reduce the number of repeats by 38% which will lower the UE’s battery usage for transmission by 38%.

Increase PA Power

As mentioned above, with the reduction in PAPR, an integrated class 5 PA (20dBm) can transmit at 23 dBm (3dB higher) when Sub-PRB allocation ≤3 is used. This increase in transmit output power will also increase the current draw of the PA (i.e. double it) but the corresponding length of transmission is half, resulting in a net zero difference in the PA current draw. However, during transmission, the other components are still drawing about 15% of the current thus due to the increase PA Power, Sub-PRB transmission will lower UE’s battery usage for transmission by 7.5%.
Combining

Given that the above three factors are independent; they can be combined to estimate the total battery saving at 85% (1.25*1.38*1.075-1).
Observation: Due to decrease PAPR, improved BLER, and increase PA power, Sub-PRB allocation can improve battery usage for transmission by 85%. 
UE Complexity

As mentioned, Sub-PRB allocations are already specified in release 13 for NB-IOT. At least for the near future, it will be uncommon that both eMTC and NB-IOT will be deployed within the same geographic area thus many IoT UEs will support both eMTC and NB-IOT protocols in the same module to provide customers a global product. Re-using the NB-IOT Sub-PRB functionality for eMTC will leverage that development and code and ultimately reduce UE complexity compared to specifying a new mechanism.  
Also as mentioned, due to lower PAPR, Sub-PRB allocations can increase PA power output by up to 3 dBm which lowers the complexity of the PA amplifier considerable.
Observation: Sub-PRB will significantly lower PA complexity and if NB-IOT is also supported, the Sub-PRB code maybe re-usable for eMTC.
3. SF Code Spread (CDMA) Performance

In release 13, SF (Sub-frame) code spread (CDMA) was studied as an UL spectral efficiency technique (see [5] for more details). 
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The amount of spectral efficiency improvement will depend on the length of code used. Tdoc [5] mainly studied code lengths of 4 and 8 which provides 300% and 700% improvements in spectral efficiency but tdoc [5] proposed a length of 4 based on PUCCH performance. Note that this technique may need to be re-examined/studied to see if there are any issues or interactions with the RV cycling technique specified in Release 13 for eMTC. 
Observation – Due to CDMA, the SF code spread techniques increases UL spectral efficiency linearly with the code size (e.g. 8 codes provides 700% improvement) 
Unlike Sub-PRB, there are no additional performance improvements in these areas:

· BLER performance
· PAPR reduction

· Near-Far – [5] claims there are no additional UE/UE near far problems

· Battery Life – modest increase in computation may reduce battery life
Observation – The SF Code spread technique does not improve on UE battery life. 

4. Increased DMRS Density
Increasing DMRS density was studied both in Rel 13 MTC and Rel 13 NB-IOT work items. 
A summary of the MTC results is contained in [7] which showed that 2x DMRS reduced the required repeats from 136 to 118, or a 13% reduction at 155.7 dB MCL. However we are now considering higher coverage gain (i.e. a MCL of 164 dB) and given channel estimation is a bigger problem at higher MCL, it is likely that more than a 13% reduction is likely at high MCLs. This needs to be further studied at higher MCL.
Tdoc [8] contains results for single tone plus 2x DMRS at 164 dB MCL which was done during the NB-IOT rel. 13 WI phase. The results show that increasing DMRS will reduce the residual CFO which allows the eNB to use more cross-SF channel estimation and a combination of these two effects improves the single-tone transmissions of NPUSCH by 1.2 dB. A 1.2 dB improvement would translate into 32% UL spectral efficient improvement and 32% battery life savings.

Observation: Increased DMRS can possibly improve UL efficiency and battery life by 32% 

More study on Increased DMRS Density on UL spectral efficiency performance and battery life is needed.

5. MU-MIMO

MU-MIMO has not been studied in any past meeting during either the MTC or NB-IOT work items so there are no past LLS results however some observations based on theory and public papers outside of 3GPP can be made.
 
In traditional MU-MIMO, the eNB would have to have enough Rx chains/Antennas to use the knowledge of the channel to limit the interference from the other users. In practice, most FDD deployments have a maximum of 4 eNB antennas. When it comes to separation of data streams in conventional systems, ML detection is the optimal solution but its complexity grows exponentially with the number of streams which also makes 4 eNB antennas a practical limit.

In [4] MU-MIMO was analysed and simulated assuming 4 eNB antennas and 1 UE antenna. The simulations showed that approximately 300% increase in capacity is possible at good SNRs but less at lower SNRs (see below figure from [4]):
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Figure: Throughput comparison between 1x4 SIMO, 4x4 SU-MIMO and 1x4 MU-MIMO.

 
Observation: MU-MIMO has a practical maximum UL efficiency gain of around 300%
More study on MU-MIMO UL spectral efficiency performance is needed.
In many cases, especially low SNR, the eNB will not be able to reduce all the interference due to channel inaccuracies which results in an increase in BLER. This increase in BLER will obviously degrade the UE’s battery performance.
 
Observation: MU-MIMO will degrade UE battery performance.

More study on MU-MIMO battery life performance is need.
6. Comparison

The following table is a summary between all the possible options:

	Quality
	Sub-PRB (FDMA)
	CDMA
	Increase DMRS
	MU-MIMO

	Spectral Efficiency
	3200%
(15kHz single tones)

884%
(15kHz three tones)
	Up to 700%


	32%


	300%
(4 eNB antennas)

	Battery Life
	85%  improvement
	None
	32%


	Degradation expected

	UE Complexity
	Decrease in PA complexity
Minimal increase in code space if NB-IOT is supported
	Increase in code space and small increase process power
	Increase in code space
	Increase in code space and increase in process power
(Large increase in eNB complexity)


Given that Sub-PRB has the best improvement in UL spectral efficiency and battery life, the following proposal is made:
Proposal: To increase UL spectral efficiency, Sub-PRB allocation is specified 
Although all of the techniques can be used in combination, given the Increased DMRS technique also improves battery life, it should be further studied and considered.

Proposal: The combination of Sub-PRB and increased DMRS density should be further studied and considered.
7. Conclusions
Sub-PRB Allocation:

· Single Tone Sub-PRB transmission, can improve UL spectral efficiency by 3200%

· Three Tone Sub-PRB transmission, can improve UL spectral efficiency by 884%

· Due to decrease PAPR, improved BLER, and increase PA power, Sub-PRB allocation can improve battery usage for transmission by 85%. 

CDMA:

· Due to CDMA, the SF code spread techniques increases UL spectral efficiency linearly with the code size (e.g. 8 codes provides 700% improvement) 

· The SF Code spread technique does not improve on UE battery life. 

Increased DMRS Density
· Increased DMRS can possibly improve UL efficiency and battery life by 32% 

MU-MIMO

· MU-MIMO has a practical maximum UL efficiency gain of around 300%
· MU-MIMO will degrade UE battery performance.
	Quality
	Sub-PRB (FDMA)
	CDMA
	Increase DMRS
	MU-MIMO

	Spectral Efficiency
	3200%

(15kHz single tones)

884%

(15kHz three tones)
	Up to 700%


	32%


	300%
(4 eNB antennas)

	Battery Life
	85%  improvement
	None
	32%


	Degradation expected

	UE Complexity
	Decrease in PA complexity

Minimal increase in code space if NB-IOT is supported
	Increase in code space and small increase process power
	Increase in code space
	Increase in code space and increase in process power

(Large increase in eNB complexity)


Conclusion:

Proposal: To increase UL spectral efficiency, Sub-PRB allocation is specified. 

Proposal: The combination of Sub-PRB and increased DMRS density should be further studied and considered.
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9. Appendix
Assumptions for LLS:

	Parameter
	Value

	System bandwidth
	10 MHz

	Configuration 
	FDD

	Carrier frequency
	2 GHz

	Antenna configuration
	1x2, low correlation

	Channel model
	ETU 1Hz

	Number of RBs
	1 PRB, 
3 Tones, 
1 Tone

	Transmission mode
	TM1

	Frequency tracking error
	+/- 30Hz Uniformly distributed

	Channel estimation
	Cross SF

	Frequency Hopping
	Yes - 16 SF

	TBS
	504 bits

	Subframes of Transmission
	2048

	Noise Figure
	5 dB

	UE TX Power
	23 dBm
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