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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#91, the following agreements were made on sub-PRB transmissions:
· For Sub-PRB allocation, only the following are supported: 
· 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
· [bookmark: _GoBack]FFS: CE Mode B
· 3 subcarriers with SC-FDMA QPSK modulation
· 3 subcarriers with SC-FDMA Pi/2 BPSK modulation 
· The Pi/2 rotation is performed across SC-FDMA symbols
· Use only 2 adjacent subcarriers out of the 3 allocated subcarriers with DFT-spread of length 2
· FFS: which 2 subcarriers out of the 3 allocated subcarriers are used
· Working assumption: The 2 used subcarriers shall be fixed per cell in specification
· FFS: semi-statically configured 
· FFS: Frequency hopping case
· When the Sub-PRB feature is used,
· Mapping one TB to 1 RU shall be supported at least for CE Mode A
· Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported
· Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B
· Maximum TBS within a single RU is FFS
· UCI Piggybacking on PUSCH with sub-PRB allocation is not supported.
· FFS: which UL channel is dropped


This document provides Sony’s views on the following remaining issues on sub-PRB operation:
· Pi/2 BPSK transmission
· Mapping of transport blocks to RUs
· Frequency hopping support
· Sub-PRB allocation in Msg3
· Channel interleaving
2. pi/2 BPSK transmission
In NB-IoT, pi/2 BPSK is only supported for single subcarrier transmission. The minimum number of allocated subcarriers for efeMTC is two. Hence there need to be some modifications to the pi/2 BPSK transmission scheme that was used in NB-IoT. The following areas require consideration:
· DMRS for pi/2 BPSK modulated signals
· Cyclic prefix for pi/2 BPSK modulation
One of the goals of supporting 2-tone pi/2 BPSK is to increase spectral efficiency. Spectral efficiency is increased inherently through the use of fewer tones, allowing a multiplexing gain. The Rel-15 efeMTC work item also has the goal of reducing UE power consumption. 2-tone sub-PRB transmissions help to achieve this goal due to their lower PAPR, allowing the UE PA to be driven more efficiently. 2-tone sub-PRB transmissions should hence have a low PAPR property. 
DMRS for pi/2 BPSK modulated signals
In designing the DMRS for the pi/2 BPSK 2-tone transmissions, RAN1 should be guided by the following principles:
· DMRS transmission should have a similar PAPR to that of the data-modulated signal.
· DMRS should allow for efficient channel estimation of the 2-tone signal
· DMRS should aim to re-use RAN1 specifications 
A low PAPR can be achieved by using a similar transmit chain to that of the data-modulated 2-tone signal. Specifically, the DMRS signal should be DFT-spread along with the data-modulated BPSK signals. The transmit chain for the data symbols and DMRS would then look like that shown in Figure 1. The DFT-s-OFDM function produces the 2-tone multi-carrier signal consisting of time multiplexed data symbols and DMRS symbols.
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[bookmark: _Ref506585555]Figure 1 - 2-tone sub-PRB transmit chain for data and DMRS

Proposal 1: The pi/2 BPSK DMRS modulation symbols are time-multiplexed with the pi/2 BPSK modulation symbols before common transmitter processing is applied.
The 2-tone sub-PRB transmission occupies a channel bandwidth of 30kHz. In most realistic channels (and certainly in ETU and EPA), there is minimal frequency selectivity within such a bandwidth. The channel on either data tone can be estimated based on the channel from either DMRS tone. In practice, we would expect the eNodeB to average the channel over the signal received in both DMRS tones and use this averaged channel in order to demodulate the 2-tone PUSCH.
In order to make maximum re-use of existing RAN1 specifications, the NB-IoT pi/2 single tone DMRS sequence can be used for efeMTC. To create a 2-tone DMRS sequence from the single-tone NB-IoT sequence, the NB-IoT DMRS modulation symbols can simply be repeated in the other modulation symbol. Alternatively, some simple transformation could be applied to one of the NB-IoT modulation symbols to create the two modulation symbols that are needed for the efeMTC DMRS.
Proposal 2: The efeMTC DMRS is formed from a frequency-domain repetition of the NB-IoT DMRS pi/2 BPSK modulation symbols.
The NB-IoT design can also be applied when designing DMRS for the 3 and 6 QPSK efeMTC options. I.e. the 3-tone efeMTC transmission can use the 3-tone NB-IoT DMRS and the 6-tone efeMTC transmission can use the 6-tone NB-IoT DMRS.
Effect of cyclic prefix on phase rotation
In NB-IoT, the phase rotation of the pi/2 BPSK modulated symbols takes account of the phase advancement during the cyclic prefix. This aspect should also be considered for efeMTC, but accounting for the 2-tone nature of the sub-PRB transmission. Two potential approaches are to:
· Average the phase advancement across the cyclic prefix between the two tones and use this averaged phase advancement as the starting point for pi/2 phase rotation
· Do not account for the cyclic prefix time duration when considering the starting phase for pi/2 phase rotation   
The PAPR of 2-tone transmissions should be minimized (to improve power and spectral efficiency). The RAN1 specification for 2-tone phase rotation should aim to not degrade PAPR of the transmitted waveform.
Proposal 3: The RAN1 specification for 2-tone phase rotation should not increase the PAPR of the transmitted waveform. 
3. RU Size, Number of RU, Number of RV
It has been agreed that in CE Mode B, the maximum transport block size is 1000 bits for CE Mode A and 936 bits for CE Mode B and that sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes. It is FFS whether 2 or 4 RU are allocated per transport block.
The number of physical channel bits that the transport block is mapped to affects the coding gain, which affects the power efficiency of the transmissions. Hence it is important to carefully dimension the RU size and the number of RUs to which a single transport block is mapped in order to create spectrally efficient and low power transmissions. In order to explore the pure performance of the Turbo coder as a function of number of RUs (which affects the coding rate), simulations of Turbo EbNo performance in AWGN with ideal channel estimation were performed for the formats in Table 1, with RV cycling applied (with 4 RVs), 2-tone BPSK modulation, and an RU length of 6ms. The results are shown in Figure 2. The gain from the larger number of RU is caused by the change in coding rate (a code rate of <0.33 is optimal). 
Observation 1: Mapping to a number of RU that ensures a code rate of < 0.33 gives an EbNo gain of approximately 0.45dB.
An EbNo gain of 0.45dB equates to a linear gain of 10% in terms of power efficiency. This power efficiency can be translated into a battery lifetime gain of 10% (given that the battery lifetime if heavily dependent on UL power consumption). It can also be directly translated into the use of 10% fewer repetitions, which directly improves UL spectral efficiency, in-line with the WID objectives. 
[bookmark: _Ref498715449]Table 1 – TBS / RU BPSK combinations simulated (RU = 6 subframes)
	Format
	TBS
	Number of RU
	Coding rate

	A
	1032
	4RU
	0.46

	B
	1032
	8RU
	0.23





[image: ]
[bookmark: _Ref498716987]Figure 2 – Simulated raw Turbo performance for TBS / RU combinations

The EbNo gains shown in Figure 2 will apply provided the code rate is less than 1/3 (the mother code rate of the LTE turbo code is 1/3, so use of lower coding rates provides only processing gain and not coding gain). We are therefore open to any of the combinations of RU size, number of RUs and number of RVs in the RV cycling shown in Table 2. The green highlighted row is the one that is most compatible with current agreements on the number of RU that a TB can be mapped to.
[bookmark: _Ref506581648]Table 2 – RU size / number of RU / amount of RV cycling combination giving a BPSK code rate of < 1/3
	#RU
	Subframes per RU
	#RV in RV cycling
	Code rate (1000bit TBS, BPSK)

	8
	6
	4
	0.223

	4
	8
	4
	0.334

	8
	4
	4
	0.334

	1
	8
	16
	0.334

	8
	1
	16
	0.334



Proposal 4: A transport block can be mapped to a maximum of 4RU, where an RU spans up to 8 subframes. At least 4 RVs are supported in RV cycling.  

4. Frequency Hopping
Frequency hopping is a key technique in eMTC to support power and spectrally efficient communication. Hence it should also be supported for sub-PRB transmission.
There is little frequency diversity to be obtained within a single-PRB, hence there is no point in frequency hopping within a PRB. Sub-PRB transmissions should thus only support inter-narrowband frequency hopping.
Proposal 5: sub-PRB transmissions support inter-narrowband frequency hopping.  

5. Sub-PRB Transmission in Msg3
EDT supports data transmission in Message 3 with a goal of reducing latency. The reduced amount of signalling with EDT also improves spectral efficiency. Given that a sizeable amount of data can be transmitted on Message 3 in EDT, it is beneficial if that data can be transmitted in the power and spectrally efficient manner that sub-PRB transmission affords. Hence we make the following proposal:
Proposal 6: Message-3 supports sub-PRB transmission.  
6. Channel Interleaving
LTE and NB-IoT both implement a time-first mapping of modulated symbols to REs. In NB-IoT (Figure 3), the modulated symbols are time-first mapped across subframes, which does not allow for early RU decoding [1].
[image: ]
[bookmark: _Ref506583502]Figure 3 – Time first interleaving in LTE and NB-IoT
To allow for early RU decoding, per-subframe channel interleaving can be applied. I.e. modulated symbols are mapped first across SC-FDMA symbols within a subframe, then across subcarriers and finally across subframes.
Proposal 7: Per-subframe channel interleaving is used for sub-PRB allocation in eMTC (i.e., the equivalent modulated symbols mapping is first across SC-FDMA symbols within a subframe, then across subcarriers, and finally across subframes)
  
 
7.   Conclusion
This contribution has considered remaining issues in sub-PRB transmission for PUSCH and makes the following proposals:
Proposal 1: The pi/2 BPSK DMRS modulation symbols are time-multiplexed with the pi/2 BPSK modulation symbols before common transmitter processing is applied.
Proposal 2: The efeMTC DMRS is formed from a frequency-domain repetition of the NB-IoT DMRS pi/2 BPSK modulation symbols.
Proposal 3: The RAN1 specification for 2-tone phase rotation should aim to not increase the PAPR of the transmitted waveform. 
Proposal 4: A transport block can be mapped to a maximum of 4RU, where an RU spans up to 8 subframes. At least 4 RVs are supported in RV cycling.  
Proposal 5: sub-PRB transmissions support inter-narrowband frequency hopping.  
Proposal 6: Message-3 supports sub-PRB transmission.  
Proposal 7: Per-subframe channel interleaving is used for sub-PRB allocation in eMTC (i.e., the equivalent modulated symbols mapping is first across SC-FDMA symbols within a subframe, then across subcarriers, and finally across subframes)
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