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1. Introduction 
With the goal of improving UL spectral efficiency, the following agreements were made in RAN1#90bis / Prague regarding sub-PRB transmission [1]:
Agreement:
· Sub-PRB shall be supported at least in CE Mode B
· Working assumption: Sub-PRB shall be supported in CE Mode A.

· RAN1 will prioritize optimization of Sub-PRB for CE Mode B over optimization of Sub-PRB for CE Mode A.
· For Sub-PRB, the maximum total number of (valid) subframes of transmission is:

· 32 subframes for CE Mode A
· 2048 subframes for CE Mode B

· FFS: Supported transport block sizes and numbers of repetitions (for each supported CE Mode)
· Sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes

· The RU length depends on number of subcarriers in the Sub-PRB allocation
· FFS: RE mapping

· FFS: whether more than one RU is allocated per transport block

· For Sub-PRB, increasing DMRS shall not be supported

· For Sub-PRB allocation in connected mode,
· The Sub-PRB feature is configured/enabled by RRC signaling
· The Sub-PRB resource allocation shall be signaled by DCI
· FFS: Support of Sub-PRB allocation in Msg3
Agreement:
· When the Sub-PRB feature is configured/enabled in connected mode in CE mode B,
· DCI format 6-0B shall support both sub-PRB allocation and allocation of at least 1 PRB.
· Sub-PRB allocation shall support a maximum TBS of at least [504] bits.
This document considers some of the remaining issues with sub-PRB transmission, including the following:

· CE Mode A: confirmation of the working assumption that CE Mode A is supported. 

· Supported transport block sizes, size of RU and number of RUs to which a transport block is mapped

· Number of tones for sub-PRB transmissions

· Physical channel processing for sub-PRB allocations
2. Number of tones for sub-PRB transmission
When considering the number of tones for sub-PRB transmission, RAN1 should take into account:

· PUSCH spectral efficiency from being able to multiplex more tones in a PRB.

· PAPR performance of the PUSCH transmission as a function of the number of tones. This affects the efficiency of the UE power amplifier and / or the maximum power output power of the amplifier while being able to meet spectral emissions masks. When the UE power amplifier can output a higher power, fewer physical resources are used for the transmission which directly impacts the PUSCH spectral efficiency.

· Services to be supported via the efeMTC UE, including VoIP. 

Multiplexing

In terms of physical resource, the number of UEs that can be FDM multiplexed depends directly on the number of tones used per transmission. The power spectral density increases as the number of tones decreases. The increased power spectral density leads to better decoding performance at the eNodeB, but also leads to an increase in the UL inter-cell interference at the eNodeB. The UL inter-cell interference can be controlled by the network (using the techniques available in earlier LTE releases) and is dependent on the deployment (when there is high building penetration loss, the UL interference is reduced since the building penetration loss attenuates the signal to both the serving cell and the neighbour cell).
PAPR
The PAPR affects the efficiency of the UE power amplifier and / or the maximum output power of the amplifier while being able to meet spectral emissions masks. When the UE power amplifier can output a higher power, fewer physical resources are used for the transmission which directly impacts the PUSCH spectral efficiency. Table 1 compares the PAPR of various numbers of tones with QPSK modulation (measured PAPR values will differ depending on UE implementation, so these figures are indicative). The PAPR of 2-tone transmission is considerably better than that of higher numbers of tones, which will lead to a spectral efficiency improvement.

Table 1 – PAPR of multi-tone transmission
	Number of tones
	PAPR

	2
	3.1dB

	3
	4.4dB

	4
	5.4dB

	6
	5.9dB

	12
	6.1dB


Observation 1: 2-tone sub-PRB transmission improves the FDM multiplexing and PAPR of sub-PRB transmissions.
BPSK can further reduce the PAPR of the transmitted waveform, with further PAPR reduction possible through the use of rotated modulations (e.g. pi/2 BPSK, as being specified for the NR SC-FDMA multitone uplink). The PAPR reduction further improves PA efficiency and potential PA output power. BPSK is also expected to be more resilient to channel estimation and frequency offset errors, which would reduce the physical resources required for PUSCH transmission, increasing PUSCH spectral efficiency. RAN1 should also consider other PAPR reduction techniques.

Services supported
The transport block size for VoIP services depend on codec, frame type and over the air transmission parameters. Limitation of the number of tones supported can limit the flexibility of the VoIP codec that can be supported. For example, an AMR-WR with frame type 3 using 40ms VoLTE frames requires a transport block size of approximately 700 bits. The code rates supported with a 700 bit transport block size as a function of the number of tones is given in Table 2. For power efficient operation, it should be possible to operate with a code rate of close to 1/3, motivating the support for 3-tone sub-PRB operation. If BPSK were supported with sub-PRB operation, 3-tone sub-PRB allocations would also be important for lower data rate / lower quality codec rates (e.g. AMR-WR frame types 0 and 1). 
Table 2 – Code rates for 700 bit TBS transmission mapped across 32 subframes using QPSK 
	Number of tones
	Code rate

	2
	0.47

	3
	0.32

	4
	0.24

	6
	0.16


Observation 2: 3-tone sub-PRB transmissions are required for the support of some services, including VoIP services.

Based on the above observations, it is proposed that efeMTC supports both 2-tone and 3-tone transmissions. We are also open to the support of 6-tone sub-PRB transmissions, which further improves the flexibility of efeMTC. It is also proposed that low PAPR transmissions are considered as part of the efeMTC work.
Proposal 1: At least 2-tone and 3-tone sub-PRB transmissions are supported by efeMTC.
Proposal 2: RAN1 further considers low PAPR transmissions, including BPSK modulations.
We see no technical reason why single-tone sub-PRB transmissions should not be supported. Single tone sub-PRB transmissions have been considered in MTC work and study items since Release-12 [2], [3].
3. CE Mode A Support

There are several motivations for sub-PRB support in efeMTC.

The desire for a long battery lifetime through the better link-level performance associated with sub-PRB transmissions is important for those devices at the extreme edge of coverage (e.g. those with a 164dB MCL). It is hence clear that sub-PRB transmissions are extremely important in CE Mode B.
When PUSCH spectral efficiency is considered, CE Mode A support becomes more important. In a typical SINR CDF (e.g. for the 5G IMT-2020 evaluations), there are many more users in the CE Mode A coverage extension region than in the CE Mode B coverage extension region. Although the amount of physical resource (number of repetitions) used per UE in CE Mode A is less than the amount used in CE Mode B, there are many more users in CE Mode A than in CE Mode B, meaning that the total amount of resource used in CE Mode A in the cell as a whole can be greater than the total amount used in CE Mode B.

Observation 3: A larger number of UEs in CE Mode A means that a significant amount of PUSCH resource is used in CE Mode A.

efeMTC supports a broad range of applications, not just utility meters. Applications such as wearables are expected to operate in CE Mode A regions (i.e. to have similar coverage to smartphones). At the edge of the cell, it can be more efficient to operate with sub-PRB transmissions than with low coding rate single-PRB transmissions (for the reasons described elsewhere in this document). Some of these CE Mode A-type applications are highly battery-constrained due to form factor limitations. The small batteries used in these applications are sensitive to the peak current drawn from the battery, hence reduction of the peak current (through operating with less PA backoff) can increase battery lifetime (between charges) and longevity (the number of times the battery can be charged / discharged).
Observation 4: Many CE Mode A applications are highly battery constrained where power efficient sub-PRB transmissions increase battery lifetime.
Hence we consider that both CE Mode A and CE Mode B are important and we thus propose to confirm the working assumption. CE Mode A is of equal priority to CE Mode B.
Proposal 3: Confirm the working assumption: Sub-PRB shall be supported in CE Mode A.

4. Transport Block Sizes and RU Size
It has been agreed that in CE Mode B, the maximum transport block size is at least [504] bits and that sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes. It is FFS whether more than one RU is allocated per transport block.

Larger transport block sizes for PUSCH are beneficial for at least two reasons:
· Less segmentation reduces overhead (CRC, tail bits and higher layer header overhead)

· The performance of Turbo codes degrades at smaller transport block sizes

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 transport block size and 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 4, with RV cycling applied (with 4 RVs), 2-tone QPSK modulation, and an RU length of 6ms. The results are shown in Figure 1 and summarised in Table 3. The gain from the larger number of RU is caused by the change in coding rate (a code rate of <0.33 is optimal). It is well known that Turbo performance degrades as the transport block size gets smaller.
Observation 5: Mapping to a number of RU that ensures a code rate of < 0.33 gives an EbNo gain of approximately 0.45dB.

Observation 6: A transport block size of 1032 bits has 0.2dB better performance than a 504 bit transport block size.

Based on these observations, we make the following proposals:

Proposal 4: A maximum transport block size of 1032 is supported with sub-PRB allocations.

Proposal 5: More than one RU is allocated per transport block.

  Table 3 – Summary of performance gains from large TBS and mapping to multiple RU
	Comparison
	Gain

	Gain from larger Turbo block size
	0.2dB

	Gain from larger number of RU
	0.45dB

	Total gain from larger Turbo size and larger number of RU
	0.65dB


Table 4 – TBS / RU combinations simulated

	Format
	TBS
	Number of RU
	Coding rate

	A
	504
	1RU
	0.46

	B
	504
	2RU
	0.23

	C
	1032
	2RU
	0.46

	D
	1032
	4RU
	0.23
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Figure 1 – Simulated raw Turbo performance for TBS / RU combinations

5.   Mapping to More Than One RU

Mapping the transport block to more than one RU may have an impact on the existing UE transmitter and eNB receiver chains that are designed for a 1 ms TTI.  One way to maximise the commonality with existing hardware architectures is to maintain as much of the PUSCH processing chain as possible and add two additional functions namely Subcarrier Puncturing and Subcarrier Rearrangement as shown in Figure 2. Here the TB is RE mapped to 1 PRB as per legacy transport and physical channel processing but after RE mapping, selected subcarriers are punctured and the subcarriers that are not punctured are rearranged so that they occupy the allocated subcarrier resources. Mapping to more than 1 PRB allows multiple RU transmissions to be supported.
An example of the subcarrier puncturing & subcarrier rearrangement functions is shown in Figure 3 where 3 subcarriers, i.e. the 4th, 5th and 6th subcarriers, are allocated for PUSCH transmission.  At each subframe, the subcarrier puncturing function punctures 9 of the 12 subcarriers where the subcarriers selected for puncturing follows a predefined pattern, i.e., at subframe N, subcarriers {4, 5, 6, 7, 8, 9, 10, 11, 12} are punctured, at subframe N+1 subcarriers {1, 2, 3, 7, 8, 9, 10, 11, 12} are punctured, at subframe N+2 subcarriers {1, 2, 3, 4, 5, 6, 10, 11, 12} are punctured and at subframe N+3 subcarriers {1, 2, 3, 4, 5, 6, 7, 8, 9} are punctured. The transmitted sub-PRB allocation is thus built up of sections of a full PRB transmission, with those sections spread out over the time duration of the RU.

Proposal 6: Introduce a Subcarrier Puncturing and Subcarrier Rearrangement function in the PUSCH channel processing chain to facilitate sub-PRB PUSCH transmission.

[image: image2]
Figure 2 – PUSCH transport and physical channel processing chain for the support of sub-PRB
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Figure 3 - Illustration of subcarrier puncturing and rearrangement functionality

6.   Conclusion

This document has considered issues related to sub-PRB transmissions for efeMTC, making the following observations:
Observation 1: 2-tone sub-PRB transmission improves the FDM multiplexing and PAPR of sub-PRB transmissions.
Observation 2: 3-tone sub-PRB transmissions are required for the support of some services, including VoIP services.

Observation 3: A larger number of UEs in CE Mode A means that a significant amount of PUSCH resource is used in CE Mode A.

Observation 4: Many CE Mode A applications are highly battery constrained where power efficient sub-PRB transmissions increase battery lifetime.
Observation 5: Mapping to a number of RU that ensures a code rate of < 0.33 gives an EbNo gain of approximately 0.45dB.

Observation 6: A transport block size of 1032 bits has 0.2dB better performance than a 504 bit transport block size.

Based on these observations, the following proposals are made:

Proposal 1: At least 2-tone and 3-tone sub-PRB transmissions are supported by efeMTC.
Proposal 2: RAN1 further considers low PAPR transmissions, including BPSK modulations.
Proposal 3: Confirm the working assumption: Sub-PRB shall be supported in CE Mode A.

Proposal 4: A maximum transport block size of 1032 is supported with sub-PRB allocations.

Proposal 5: More than one RU is allocated per transport block.

Proposal 6: Introduce a Subcarrier Puncturing and Subcarrier Rearrangement function in the PUSCH channel processing chain to facilitate sub-PRB PUSCH transmission.
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