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1 Introduction

At the RAN plenary # 75, a new Work Item (WI) on Even Further Enhanced MTC for LTE (“efeMTC”) was approved [1]. In accordance with the Work Item Description (WID) [2], one of the areas to be even further enhanced refers to increasing the PUSCH 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.

In RAN1 #88bis several companies provided preliminary simulation results and their view on which technique should be used for increasing the spectral efficiency of the PUSCH [3-13]. In RAN1 #89, additional results using common simulation assumptions were discussed, as well as technical comparisons among the candidate techniques [14-23]. In RAN1 #90, it was agreed to specify the sub-PRB technique to increase the PUSCH spectral efficiency [24], while in RAN1 #90bis companies started to discuss the basic design elements that should be part of the support of sub-PRB in PUSCH [25-35]. Recently [37-54], in RAN1 #91 the number of subcarriers to be supported by the sub-PRB transmissions were agreed, together with their support for both CE Mode A and B, and some other agreements which are summarized below [55]: 

	Agreement
Confirm the above WA and choose option 1 with the following changes: 
· For Sub-PRB allocation, only the following are supported: 
· 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
· 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
Agreement
Send LS (R1-1721277) capturing Sub-PRB features to RAN4 – Johan (Ericsson) – Final LS is agreed in R1-1721283
	Agreement
· Confirm WA: 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.

 
Agreement
· 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

 Agreement
· UCI Piggybacking on PUSCH with sub-PRB allocation is not supported.
· FFS: which UL channel is dropped




Following the above agreements, RAN1 needs to asses each of the open issues for finding out the most suitable way of introducing sub-PRB into PUSCH for BL/CE UEs. In line with it, this contribution is intended to assess one-by-one the open issues aiming at identifying a feasible way for introducing the sub-PRB technique into PUSCH with minor specification and implementation impacts.
2 Background

The sub-PRB technique improves the spectral efficiency by increasing the subcarrier allocation granularity within a PRB. For example, by using the sub-PRB technique two BL/CE devices can coexists within a PRB when each of them are allocated with 6 subcarriers, which represents to be a 100% spectral efficiency improvement. Similarly, four BL/CE devices could be allocated with 3 subcarriers each, leading to a 300% spectral efficiency improvement.
At this point, it is needed for RAN1 to reach a consensus on some other elementary technical details (e.g., Resource unit length, DMRS design, Resource Allocation design, etc), so the support of sub-PRB into PUSCH can continue to be developed.

3 Elements of Sub-PRB for PUSCH
The sections below address first the open issues associated to the most recent RAN1 agreements [55], and then other open issues (e.g., pending from previous agreements [36]) are analyzed.
3.1 Number of supported subcarriers for sub-PRB over PUSCH
	Agreement:
Confirm the above WA and choose option 1 with the following changes: 
· For Sub-PRB allocation, only the following are supported: 
· 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
· 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



In RAN1 #91, it was agreed that the sub-PRB transmissions will support three types of subcarrier allocation (1.- 6 subcarriers with SC-FDMA QPSK modulation, 2.- 3 subcarriers with SC-FDMA QPSK modulation, 3.- 3 subcarriers with SC-FDMA Pi/2 BPSK modulation, which will be analyzed one-by-one since they should be seen independent of each other.
Before passing to the one-by-one analysis, it is important to mention that it is clear from the agreement that both 3 and 6 subcarriers will be supported for the sub-PRB transmissions over PUSCH. However, the exact RU lengths have not been determined yet.

Reducing the resource utilization in the frequency domain is typically compensated by extending the resource utilization in the time domain. This principle has been adopted for the support of sub-PRB into PUSCH, where the fundamental transmission duration (i.e., RU length) is determined as a function of the number of allocated subcarriers. 

Aiming at preserving in the sub-PRB transmissions the same number of resource elements (RE) that are usable in a full PRB allocation, the Resource Unit lengths for “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” should be equal to {2ms, 4ms} for {6, 3} subcarriers respectively.
Proposal 1: The resource unit lengths for sub-PRB over PUSCH of “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” are {2ms, 4ms} for {6, 3} subcarriers respectively.

On the other hand, for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” only two out of the three allocated subcarriers are used, reason why the number of usable Resource Elements (RE) decreases. On this matter, keeping unimpacted the number of usable RE with respect to a conventional 3 subcarrier allocation would require using a Resource Unit length equal to 6ms. However, a RU length equal to 6ms doesn’t suit well the maximum total number of (valid) subframes that will be used for the sub-PRB transmissions (i.e., 32 and 2048), reason why the RU length in this case could be either 4ms, 8ms, or even 16ms. A RU length equal to 4ms is below the RU length that in principle is needed (i.e., 6ms), reason why a RU length equal to 8ms would be a better choice. However, the Transport Block sizes that have been agreed to be supported are as large as “of 1000 bits for CE Mode A and 936 bits for CE Mode B”, and on top of that the BPSK only counts with one bit per M-ary symbol. Therefore, using for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” a Resource Unit length equal to16ms will be beneficial for achieving better code rates (see section 3.3).
Observation 1: “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” would require using a Resource Unit length equal to 6ms (recall only two out of the three allocated subcarriers are used). However, a RU length equal to 6ms doesn’t suit well the maximum total number of (valid) subframes that will be used for the sub-PRB transmissions (i.e., 32 and 2048), reason why the RU length in this case could be either 4ms, 8ms, or even 16ms. The Transport Block sizes that have been agreed to be supported are as large as “of 1000 bits for CE Mode A and 936 bits for CE Mode B”, and on top of that the BPSK only counts with one bit per M-ary symbol. Therefore, using for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” a Resource Unit length equal to16ms will be beneficial for achieving better code rates (see section 3.3).

Proposal 2: The resource unit length for sub-PRB over PUSCH of “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” is 16ms, and optionally a resource unit length equal to 8ms can also be supported and indicated via DCI.
Finally, there is still a need for determining how DRMS is going to be transmitted for sub-PRB over PUSCH. Table 1 and Table 2 show examples on how DMRS is transmitted in NB-IoT for 6 and 3 subcarrier allocations respectively.
Table 1: DMRS for a subcarrier allocation consisting of 6 subcarriers where the RU length is 2ms.
	
	Subframe #0 (1 ms)
	Subframe #1 (1 ms)

	
	Slot (0.5 ms)
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	Resource Elements carrying data

	
	Resource Elements carrying DMRS


Table 2: DMRS for a subcarrier allocation consisting of 3 subcarriers where the RU length is 4ms.
	
	Subframe #0 (1 ms)
	Subframe #1 (1 ms)

	
	Slot (0.5 ms)
	Slot (0.5 ms)
	Slot (0.5 ms)
	Slot (0.5 ms)
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	Subframe #2 (1 ms)
	Subframe #3  (1 ms)

	
	Slot (0.5 ms)
	Slot (0.5 ms)
	Slot (0.5 ms)
	Slot (0.5 ms)
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	Resource Elements carrying data

	
	Resource Elements carrying DMRS


In NB-IoT, the location of the DMRS sequences (i.e., within a slot) varies depending on the Format, but the bandwidth is always matching the number of allocated subcarriers of the sub-PRB transmission. For the sub-PRB transmissions over PUSCH, both “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” can re-use the DMRS sequences from NB-IoT. On the other hand, for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” which only uses two out of the three allocated subcarriers, the DMRS sequence should be mapped to resource elements within the bandwidth of the used subcarriers rather than the bandwidth of the allocated subcarriers. Moreover, the DMRS should appear one at a time in one out two usable subcarriers aiming at preserving a low PAPR, which can be achieved by for example predetermining that the DMRS will be always mapped to only one of the two usable subcarriers, or by alternating the mapping among the usable subcarriers as depicted in Table 3a and 3b respectively, which brings different benefits.
Table 3a: Example of a subcarrier allocation consisting of 3 subcarriers when only two out of three are used, where the RU length is 16ms, and when the DMRS is mapped in a predetermined manner to only one subcarrier.
	
	Subframe #0 (1 ms)
	Subframe #1 (1 ms)

	
	Slot (0.5 ms)
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	Subframe #4 (1 ms)
	Subframe #5 (1 ms)
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	Subframe #14 (1 ms)
	Subframe #15 (1 ms)

	
	Slot (0.5 ms)
	Slot (0.5 ms)
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	Resource Elements usable for carrying DMRS

	*
	Resource Elements selected for carrying DMRS


If the DMRS is always mapped to only one of the two usable subcarriers (any of them) in a predefined manner, then an estimate of the uplink channel for one of the tones would be as good as in the baseline. Moreover, in case the centered subcarrier (i.e, among the three allocated ones) were always used for carrying DMRS, then it wouldn’t be necessary knowing in advance which two adjacent subcarriers among the three allocated subcarriers will be used, since the centered subcarrier is always used.

As mentioned earlier, the DMRS can consists of a deterministic pattern that alternates the DMRS mapping among the two used subcarriers as depicted in Table 3b.
Table 3b: Example of a subcarrier allocation consisting of 3 subcarriers when only two out of three are used, where the RU length is 8ms, and when the DMRS is mapped in an alternating manner among the two usable subcarrier.
	
	Subframe #0 (1 ms)
	Subframe #1 (1 ms)
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	Slot (0.5 ms)
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	Subframe #14 (1 ms)
	Subframe #15(1 ms)

	
	Slot (0.5 ms)
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	Resource Elements usable for carrying data

	
	Resource Elements usable for carrying DMRS

	*
	Resource Elements selected for carrying DMRS


If the DMRS has a deterministic pattern that alternates the DMRS mapping among the two used subcarriers, the number of channel estimates per tone will be half as compared to the baseline but it will still be possible to obtain estimates of the uplink channels for both tones.
Observation 2: For the sub-PRB transmissions over PUSCH, both “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” can re-use the DMRS sequences from NB-IoT. On the other hand, the DMRS sequence for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” only uses two out of the three allocated subcarriers, for this reason the DMRS sequence should be mapped to resource elements within the bandwidth of the used subcarriers rather than the bandwidth of the allocated subcarriers, and the DMRS should appear one at a time in one out two usable subcarriers aiming at preserving a low PAPR.
Proposal 3: Re-use the DMRS sequences from NB-IoT, for both “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation”.

Proposal 4: For “3 subcarriers with SC-FDMA Pi/2 BPSK modulation,” the DMRS mapping should adopt one of the following alternatives:
· The DMRS is always mapped to only one of the two usable subcarriers in a predefined manner.
· The DMRS uses a deterministic pattern that alternates the DMRS mapping among the two used subcarriers.
3.1.1 Six subcarriers with SC-FDMA QPSK modulation

	Agreement:
· 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
· FFS: CE Mode B


For the support of “6 subcarriers with SC-FDMA QPSK modulation,” there is an FFS on whether a 6-subcarrier allocation should be supported also in CE Mode B. Aiming at understanding the gains that could potentially be obtained from supporting sub-PRB with 6 subcarriers in CE Mode B, a performance comparison between 3, 6, and 12 subcarriers was performed keeping the total resource utilization to be the same as shown in Table 4.
Table 4: Performance comparison of 3, 6 and 12 subcarriers in CE Mode B.
	
	CE Mode B
	TU, 1 Hz Doppler, No FH

	TBS (bits)
	72
	72
	72
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	Modulation
	QPSK
	QPSK
	QPSK
	

	Number of subcarriers
	3
	6
	12
	

	RU length (ms)
	4
	2
	1
	

	Number of RU per repetition
	1
	1
	1
	

	Number of repetitions
	16
	32
	64
	

	Total transmission length (maximum total number of (valid) subframes of transmission)
	64
	64
	64
	


The evaluations described in Table 4, show that the benefits from supporting 6 subcarriers in CE Mode B are not negligible (black curve) since the following gains were observed:

· The gain in CE Mode B for 6 subcarriers as compared to a full PRB allocation is ~ 1.08dB (throughput gain ~ 21.42%).

· The gain in CE Mode B for 3 subcarriers as compared to a full PRB allocation is ~ 2.28dB (throughput gain ~ 35.71%).
Beyond keeping a good commonality by supporting 6 subcarriers in both CE Mode A and B, the simulation results seem to suggest that is beneficial supporting 6 subcarriers also in CE Mode B.

Observation 3: The simulations performed show that the potential gains of supporting a 6-subcarrier allocation in CE Mode B w.r.t. 12 subcarriers are not negligible, since ~1.08dB gain was observed.
Proposal 5: Whether a 6-subcarrier allocation shall be supported or not in CE Mode B should account for the potential gains that can be obtained from it.
3.1.2 Three subcarriers with SC-FDMA QPSK modulation
	Agreement:
· 3 subcarriers with SC-FDMA QPSK modulation


The sub-PRB transmissions using “3 subcarriers with SC-FDMA QPSK modulation” is supported in both CE Mode A and B. There is no FFS under this agreement, but as pointed out right before the beginning of the section 3.1.1 (concretely in proposals 1 to 4), both the RU length and DMRS design still need to be determined.

3.1.3 Three subcarriers with SC-FDMA Pi/2 BPSK modulation
	Agreement:
· 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


The allocation of “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” was agreed to be supported for sub-PRB transmissions over PUSCH, due to its ability of providing the same PAPR performance as single tone. For this to work, it is necessary to use two out of the three allocated subcarriers, so in the transceiver the output of the N-FFT converts the two tone BPSK into a single tone BPSK.

In other words, the legacy baseband LTE SC-FDMA transceiver chain is not modified at all, meaning that the only change consists in “replacing” the QPSK module by a BPSK module. The high-level operation principle behind the usage of “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” is illustrated in Table 5.

Table 5: Operation principle behind the usage of “3 subcarriers with SC-FDMA Pi/2 BPSK modulation”
	N = 2; Number of utilized subcarriers

0 0 ---BPSK modulator-->{1; 1}---N-FFT--->{2;0}--> …
N = 2; Number of allocated subcarriers

0 1 ---BPSK modulator-->{1; -1}---N-FFT--->{0;2}--> …
N = 2; Number of allocated subcarriers

1 0 ---BPSK modulator-->{-1; 1}---N-FFT--->{0;-2}--> …
N = 2; Number of allocated subcarriers

1 1 ---BPSK modulator-->{-1; -1}---N-FFT--->{-2;0}--> …



From Table 5, it is possible to observe that “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” in all cases provides as output of the N-FFT a single-tone baseband signal. Once it has been described why “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” uses “only 2 adjacent subcarriers out of the 3 allocated subcarriers with DFT-spread of length 2”, there are other technical aspects that need to be resolved, such as “which 2 subcarriers out of the 3 allocated subcarriers are used”, and the “Frequency hopping case,” which are treated separately in the subsections below.

3.1.3.1 Selection of the two out of three usable subcarriers
The “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” use “only 2 adjacent subcarriers out of the 3 allocated subcarriers with DFT-spread of length 2,” letting as FSS “which 2 subcarriers out of the 3 allocated subcarriers are used”. Under the above FSS, the following statement was included “Working assumption: The 2 used subcarriers shall be fixed per cell in specification,” together with “FFS: semi-statically configured.”

Accounting for what has been stated in the Working Assumption, and recognizing the importance of randomizing the interference, one way of selecting two out three allocated subcarriers can be based on the Physical Cell ID (PCI) which ranges from 0 to 503. Using the PCI, a Modulus operation can be applied to determine the subcarrier that will not be used (e.g., Non_used_allocated_subcarrier = mod(PCI,2) ).
At first glance it can be though that “three” should be the number used in the Modulus operation (i.e.,  mod(PCI,3) ) but that will sometimes lead to not using the subcarrier in the middle, however, the agreement says that the two selected subcarriers should be adjacent. Thus, mod(PCI,2) should be used, where “0” means subcarrier #0 is not selected, and “1” means subcarrier number #2 is not selected.

Proposal 6: For “3 subcarriers with SC-FDMA Pi/2 BPSK modulation,” use the PCI along with a Modulus 2 operation to determine the subcarrier that will not be used out of the three allocated subcarriers.

3.1.3.2 Frequency Hopping case

Another FSS captured at the end of the agreements associated with “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” states the following “FFS: Frequency hopping case”.

In our understanding, the “Frequency hopping case” shouldn’t be tied to the “3 subcarriers with SC-FDMA Pi/2 BPSK modulation.” Instead, the “Frequency hopping” should encompass the sub-PRB transmissions in general. The sub-PRB transmissions will be carried over PUSCH, and because PUSCH has been equipped with the ability of performing “frequency hopping,” the sub-PRB transmissions should continue following the same behavior for avoiding collisions. 

Therefore, unless an issue be found, the sub-PRB transmissions should follow the “frequency hopping” procedures as described for PUSCH.

Proposal 7: The sub-PRB transmissions over PUSCH should follow the “frequency hopping” procedures as described for PUSCH.

3.2 Sub-PRB over PUSCH in CE Mode A

	Agreement:
· Confirm WA: 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.


RAN1 has confirmed the support of sub-PRB in CE Mode A, reason why, in addition to resolving the open issues tied to each CE Mode, updates will be needed in both “DCI format 6-0B” and “DCI format 6-0A”. Later in section 3.3.7 we discuss the resource allocation for sub-PRB.

3.3 Transport Block mapping
	Agreement:
· 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


As mentioned earlier, the resource unit (RU) is the smallest unit over which a Transport Block can be mapped. For sub-PRB transmissions over PUSCH, RAN1 has agreed that a TBS can be mapped over one RU or multiple resource units considering “a maximum of [FFS:2 or 4] resource units (RUs).” As per the agreements, there are several open issues around the Transport Block mapping, which are addressed one-by-one below.

In RAN1 #91 it was agreed “Mapping one TB to 1 RU shall be supported at least for CE Mode A,” letting open whether mapping one TB to 1 RU will be supported or not for CE Mode B. In our view, not allowing mapping one TB to 1 RU in CE Mode B would be like overlooking the small Transport Blocks in the TBS Tables for PUSCH in CE Mode B. For that reason, mapping one TB to 1 RU shall be also supported for CE Mode B.

Observation 4: In RAN1 #91 it was let open whether mapping one TB to 1 RU will be supported or not for CE Mode B. In our view, not allowing mapping one TB to 1 RU in CE Mode B would be like overlooking the small Transport Blocks in the TBS Tables for PUSCH in CE Mode B. For that reason, mapping one TB to 1 RU shall be also supported for CE Mode B. 

Moreover, in RAN1 #91 it was agreed “Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported,” reason why at the incoming meeting RAN1 should decide whether the maximum number of Resource Units shall be either 2 or 4.

For providing an appropriate decision, we need to refer to another agreement reached in RAN1 #91, which states that a “Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B.” Accounting for the above agreement, if we refer to the TBS tables for PUSCH in CE mode A and CE mode B respectively, we will realize that:

· For CE mode B, a resource allocation consisting of two PRBs results to be sufficient to support a maximum TBS of 1000 bits (see Table 6 below). Thus, it would be possible to re-use the TBS table as designed for PUSCH in CE mode B, where PRB #1 and PRB #2 would take the role of 1RU and 2RUs respectively. That is, for full PRB allocations the TBS table in CE Mode B would be used as today, while for sub-PRB allocations the PRB #1 and PRB #2 would become 1RU and 2RUs.

Table 6: TBS table as designed for PUSCH in CE mode B.
	MCS index
	Modulation scheme
	TBS index
	CE mode B

	
	
	
	# PRBs

	
	
	
	1
	2

	0
	QPSK
	0
	56
	152

	1
	QPSK
	1
	88
	208

	2
	QPSK
	2
	144
	256

	3
	QPSK
	3
	176
	328

	4
	QPSK
	4
	208
	408

	5
	QPSK
	5
	224
	504

	6
	QPSK
	6
	256
	600

	7
	QPSK
	7
	328
	712

	8
	QPSK
	8
	392
	808

	9
	QPSK
	9
	456
	936

	10
	QPSK
	10
	504
	1032

	11
	16QAM
	11
	Unused

	12
	16QAM
	12
	

	13
	16QAM
	13
	

	14
	16QAM
	14
	

	15
	16QAM
	15
	


Table 7a to 7b below show the code rates for sub-PRB transmissions in CE Mode B when the number of PRBs take the role of Resource Units:
Table 7a: TBS table as designed for PUSCH in CE mode B when 1PRB takes the role of 1RU.
	Transport Blocks associated to one allocated PRB
	CE Mode B

	
	TB and a CRC consisting of 24bits mapped over 1 RU
	TB and a CRC consisting of 24bits mapped over 1 RU using 4RV

	
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms

	56
	0.28
	0.28
	0.42
	0.21
	0.07
	0.07
	0.10
	0.05

	88
	0.39
	0.39
	0.58
	0.29
	0.10
	0.10
	0.15
	0.07

	144
	0.58
	0.58
	0.88
	0.44
	0.15
	0.15
	0.22
	0.11

	176
	0.69
	0.69
	1.04
	0.52
	0.17
	0.17
	0.26
	0.13

	208
	0.81
	0.81
	1.21
	0.60
	0.20
	0.20
	0.30
	0.15

	224
	0.86
	0.86
	1.29
	0.65
	0.22
	0.22
	0.32
	0.16

	256
	0.97
	0.97
	1.46
	0.73
	0.24
	0.24
	0.36
	0.18

	328
	1.22
	1.22
	1.83
	0.92
	0.31
	0.31
	0.46
	0.23

	392
	1.44
	1.44
	2.17
	1.08
	0.36
	0.36
	0.54
	0.27

	456
	1.67
	1.67
	2.50
	1.25
	0.42
	0.42
	0.63
	0.31

	504
	1.83
	1.83
	2.75
	1.38
	0.46
	0.46
	0.69
	0.34
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Table 7b: TBS table as designed for PUSCH in CE mode B when 1PRB takes the role of 1RU.
	Transport Blocks associated to two allocated PRB
	CE Mode B

	
	TB and a CRC consisting of 24bits mapped over 2 RU
	TB and a CRC consisting of 24bits mapped over 2 RU using 4RV

	
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms

	152
	0.31
	0.31
	0.46
	0.23
	0.08
	0.08
	0.11
	0.06

	208
	0.40
	0.40
	0.60
	0.30
	0.10
	0.10
	0.15
	0.08

	256
	0.49
	0.49
	0.73
	0.36
	0.12
	0.12
	0.18
	0.09

	328
	0.61
	0.61
	0.92
	0.46
	0.15
	0.15
	0.23
	0.11

	408
	0.75
	0.75
	1.13
	0.56
	0.19
	0.19
	0.28
	0.14

	504
	0.92
	0.92
	1.38
	0.69
	0.23
	0.23
	0.34
	0.17

	600
	1.08
	1.08
	1.63
	0.81
	0.27
	0.27
	0.41
	0.20

	712
	1.28
	1.28
	1.92
	0.96
	0.32
	0.32
	0.48
	0.24

	808
	1.44
	1.44
	2.17
	1.08
	0.36
	0.36
	0.54
	0.27

	936
	1.67
	1.67
	2.50
	1.25
	0.42
	0.42
	0.63
	0.31

	1032
	1.83
	1.83
	2.75
	1.38
	0.46
	0.46
	0.69
	0.34
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· For CE mode A, a resource allocation consisting of four PRBs results to be sufficient to support a maximum TBS of 1000 bits (see Table 8 below). Thus, for introducing sub-PRB over PUSCH without causing significant impacts, it would be possible to re-use the TBS table as designed for PUSCH in CE mode A focusing on PRB #1 to PRB #4, which would take the role of 1RU to 4RUs. That is, for full PRB allocations the TBS table in CE Mode A would be used as today, while for sub-PRB allocations the PRB #1 to PRB #4 (i.e., the four left most columns in Table 7 under # PRBs) would become 1RU to 4RUs.

Table 8: TBS table as designed for PUSCH in CE mode A.
	MCS index
	Modulation scheme
	TBS index
	CE mode A

	
	
	
	# PRBs

	
	
	
	NRU for sub-PRB allocations
	

	
	
	
	1
	2
	3
	4
	5
	6

	0
	QPSK
	0
	16
	32
	56
	88
	120
	152

	1
	QPSK
	1
	24
	56
	88
	144
	176
	208

	2
	QPSK
	2
	32
	72
	144
	176
	208
	256

	3
	QPSK
	3
	40
	104
	176
	208
	256
	328

	4
	QPSK
	4
	56
	120
	208
	256
	328
	408

	5
	QPSK
	5
	72
	144
	224
	328
	424
	504

	6
	QPSK
	6
	328
	176
	256
	392
	504
	600

	7
	QPSK
	7
	104
	224
	328
	472
	584
	712

	8
	QPSK
	8
	120
	256
	392
	536
	680
	808

	9
	QPSK
	9
	136
	296
	456
	616
	776
	936

	10
	QPSK
	10
	144
	328
	504
	680
	872
	1032

	11
	16QAM
	10
	144
	328
	504
	680
	872
	1032

	12
	16QAM
	11
	176
	376
	584
	776
	1000
	1192

	13
	16QAM
	12
	208
	440
	680
	904
	1128
	1352

	14
	16QAM
	13
	224
	488
	744
	1000
	1256
	1544

	15
	16QAM
	14
	256
	552
	840
	1128
	1416
	1736


Table 8a to 8c below show the code rates for sub-PRB transmissions in CE Mode A when the number of PRBs take the role of Resource Units:
Table 8a: TBS table as designed for PUSCH in CE mode A when 1PRB takes the role of 1RU.
	Transport Blocks associated to one allocated PRB
	CE Mode A

	
	TB and a CRC consisting of 24bits mapped over 1 RU
	TB and a CRC consisting of 24bits mapped over 1 RU using 4RV, 4RV, 4RV and 2RV respectively. Recall max usable number of subframes in CE mode A is 32 subframes.

	
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms using 4RVs
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms

using 4RVs
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms using 4RVs
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms using 2RVs

	16
	0.14
	0.14
	0.21
	0.10
	0.03
	0.03
	0.05
	0.05

	24
	0.17
	0.17
	0.25
	0.13
	0.04
	0.04
	0.06
	0.06

	32
	0.19
	0.19
	0.29
	0.15
	0.05
	0.05
	0.07
	0.07

	40
	0.22
	0.22
	0.33
	0.17
	0.06
	0.06
	0.08
	0.08

	56
	0.28
	0.28
	0.42
	0.21
	0.07
	0.07
	0.10
	0.10

	72
	0.33
	0.33
	0.50
	0.25
	0.08
	0.08
	0.13
	0.13

	328
	1.22
	1.22
	1.83
	0.92
	0.31
	0.31
	0.46
	0.46

	104
	0.44
	0.44
	0.67
	0.33
	0.11
	0.11
	0.17
	0.17

	120
	0.50
	0.50
	0.75
	0.38
	0.13
	0.13
	0.19
	0.19

	136
	0.56
	0.56
	0.83
	0.42
	0.14
	0.14
	0.21
	0.21

	144
	0.58
	0.58
	0.88
	0.44
	0.15
	0.15
	0.22
	0.22

	144
	0.58
	0.58
	0.88
	0.44
	0.15
	0.15
	0.22
	0.22

	176
	0.69
	0.69
	1.04
	0.52
	0.17
	0.17
	0.26
	0.26

	208
	0.81
	0.81
	1.21
	0.60
	0.20
	0.20
	0.30
	0.30

	224
	0.86
	0.86
	1.29
	0.65
	0.22
	0.22
	0.32
	0.32

	256
	0.97
	0.97
	1.46
	0.73
	0.24
	0.24
	0.36
	0.36
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Table 8b: TBS table as designed for PUSCH in CE mode A when 2PRBs takes the role of 2RUs.
	Transport Blocks associated to two allocated PRB
	CE Mode A

	
	TB and a CRC consisting of 24bits mapped over 2 RU
	TB and a CRC consisting of 24bits mapped over 2 RU using 4RV, 4RV, and 2RV respectively. Recall max usable number of subframes in CE mode A is 32 subframes.

	
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms using 4RVs
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms using 4RVs
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms 



	32
	0.10
	0.10
	0.15
	0.07
	0.02
	0.02
	0.07

	56
	0.14
	0.14
	0.21
	0.10
	0.03
	0.03
	0.10

	72
	0.17
	0.17
	0.25
	0.13
	0.04
	0.04
	0.13

	104
	0.22
	0.22
	0.33
	0.17
	0.06
	0.06
	0.17

	120
	0.25
	0.25
	0.38
	0.19
	0.06
	0.06
	0.19

	144
	0.29
	0.29
	0.44
	0.22
	0.07
	0.07
	0.22

	176
	0.35
	0.35
	0.52
	0.26
	0.09
	0.09
	0.26

	224
	0.43
	0.43
	0.65
	0.32
	0.11
	0.11
	0.32

	256
	0.49
	0.49
	0.73
	0.36
	0.12
	0.12
	0.36

	296
	0.56
	0.56
	0.83
	0.42
	0.14
	0.14
	0.42

	328
	0.61
	0.61
	0.92
	0.46
	0.15
	0.15
	0.46

	328
	0.61
	0.61
	0.92
	0.46
	0.15
	0.15
	0.46

	376
	0.69
	0.69
	1.04
	0.52
	0.17
	0.17
	0.52

	440
	0.81
	0.81
	1.21
	0.60
	0.20
	0.20
	0.60

	488
	0.89
	0.89
	1.33
	0.67
	0.22
	0.22
	0.67

	552
	1.00
	1.00
	1.50
	0.75
	0.25
	0.25
	0.75
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Table 8c: TBS table as designed for PUSCH in CE mode A when 4PRBs takes the role of 4RUs.
	Transport Blocks associated to four allocated PRB
	CE Mode A

	
	TB and a CRC consisting of 24bits mapped over 4 RU
	TB and a CRC consisting of 24bits mapped over 4 RU using 4RV. Recall max usable number of subframes in CE mode A is 32 subframes.

	
	6 subcarriers with SC-FDMA QPSK modulation,

RU length = 2ms
	3 subcarriers with SC-FDMA QPSK modulation,

RU length = 4ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 8ms
	3 subcarriers with SC-FDMA Pi/2 BPSK modulation, RU length = 16ms
	6 subcarriers with SC-FDMA QPSK modulation,

4*RU length = 2ms using 4RVs
	3 subcarriers with SC-FDMA QPSK modulation,

4*RU length = 4ms using 2RVs


	88
	0.10
	0.10
	0.15
	0.07
	0.02
	0.05

	144
	0.15
	0.15
	0.22
	0.11
	0.04
	0.07

	176
	0.17
	0.17
	0.26
	0.13
	0.04
	0.09

	208
	0.20
	0.20
	0.30
	0.15
	0.05
	0.10

	256
	0.24
	0.24
	0.36
	0.18
	0.06
	0.12

	328
	0.31
	0.31
	0.46
	0.23
	0.08
	0.15

	392
	0.36
	0.36
	0.54
	0.27
	0.09
	0.18

	472
	0.43
	0.43
	0.65
	0.32
	0.11
	0.22

	536
	0.49
	0.49
	0.73
	0.36
	0.12
	0.24

	616
	0.56
	0.56
	0.83
	0.42
	0.14
	0.28

	680
	0.61
	0.61
	0.92
	0.46
	0.15
	0.31

	680
	0.61
	0.61
	0.92
	0.46
	0.15
	0.31

	776
	0.69
	0.69
	1.04
	0.52
	0.17
	0.35

	904
	0.81
	0.81
	1.21
	0.60
	0.20
	0.40

	1000
	0.89
	0.89
	1.33
	0.67
	0.22
	0.44

	1128
	1.00
	1.00
	1.50
	0.75
	0.25
	0.50
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Table 9 below provides an overview on the number of milliseconds used when a Transport Block is mapped over 1, 2, and 4 RUs, as well as the maximum possible number of repeats, and number of usable RVs for both CE Mode A and B respectively.
Table 9a: Overview on the number of milliseconds used when a Transport Block is mapped over 1, 2, and 4, including the maximum possible number repeats, and number of usable RVs in CE mode A.
	
	RU Length
	Number of Resource Units

	
	
	1
	2
	4

	6 subcarriers with SC-FDMA QPSK modulation
	2ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	2ms
	16
	4
	4ms
	8
	4
	8ms
	4
	4

	3 subcarriers with SC-FDMA QPSK modulation
	4ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	4ms
	8
	4
	8ms
	4
	4
	16ms
	2
	2

	3 subcarriers with SC-FDMA Pi/2 BPSK modulation
	8ms/16ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	8ms/16ms
	4/2
	4/2
	16ms/32ms
	2/1
	2/1
	32ms/x

x: For a RU length = 16ms, using 4RUs is not allowed since it exceeds the max number of usable subframes in CE mode A.
	1/x
	1/x


Table 9a: Overview on the number of milliseconds used when a Transport Block is mapped over 1, and 2, including the maximum possible number repeats, and number of usable RVs in CE mode B.
	
	RU Length
	Number of Resource Units

	
	
	1
	2

	6 subcarriers with SC-FDMA QPSK modulation
	2ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	2ms
	1024
	4
	4ms
	512
	4

	3 subcarriers with SC-FDMA QPSK modulation
	4ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	4ms
	512
	4
	8ms
	256
	4

	3 subcarriers with SC-FDMA Pi/2 BPSK modulation
	8ms/16ms
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions
	TB is mapped over
	Max number of Repeats
	Usable Redundancy Versions

	
	
	8ms/16ms
	256/128
	4/4
	16ms/32ms
	128/64
	4/4


It is worth noting from the Table above, that for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” mapping a TB over 4 RUs using each a RU length equal to 8ms, is equivalent to mapping a TB over 2RUs using each a RU length equal to 16ms.
Moreover, all the code rates shown above were computed by using the modulation schemes agreed for sub-PRB over PUSCH. However, it is important to mention that according to the TBS table as designed for PUSCH in CE mode A, the first eleven Transport Block sizes are associated with the QPSK modulation, while the five Transport Block sizes located at the lower end of the TBS table for CE mode A are associated with 16-QAM. Thus, for the TBs that in principle would require the usage of a higher order modulation (i.e., 16QAM), it would be possible to predetermine (i.e., hardcode) that modulation order is set to Qm =2/ Qm =1 (i.e., QPSK/BPSK), by using the already standardized “Modulation order override” technique [26]. 
Observation 5: In RAN1 #91 it was agreed “Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported,” as well as “Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B.” Accounting for the above agreements, if we refer to the TBS tables for PUSCH in CE mode A and CE mode B respectively, we will realize that:

· For CE mode A, a resource allocation consisting of four PRBs results to be sufficient to support a maximum TBS of 1000 bits. Thus, for introducing sub-PRB over PUSCH without causing significant impacts, it would be possible to re-use the TBS table as designed for PUSCH in CE mode A focusing on PRB #1 to PRB #4, which would take the role of 1RU to 4RUs.

· Observation 5a: For Transport Blocks that according with the TBS table as designed for PUSCH in CE mode A would require the usage of a higher order modulation (i.e., 16QAM), it would be possible to predetermine (i.e., hardcode) that modulation order is set to Qm =2/ Qm =1 (i.e., QPSK/BPSK), by using the already standardized “Modulation order override” technique [26].

· For CE mode B, a resource allocation consisting of two PRBs results to be sufficient to support a maximum TBS of 1000 bits. Thus, it would be possible to re-use the TBS table as designed for PUSCH in CE mode B, where PRB #1 and PRB #2 would take the role of 1RU and 2RUs respectively.

Proposal 8: For full PRB allocations the TBS table in CE Mode A would be used as today, while for sub-PRB allocations the PRB #1 to PRB #4 (i.e., the four left most columns under # PRBs in the TBS table as designed for PUSCH in CE mode A) would become 1RU to 4RUs.
Proposal 9: For full PRB allocations the TBS table in CE Mode B would be used as today, while for sub-PRB allocations the PRB #1 and PRB #2 would become 1RU and 2RUs.
3.4 Number of repetitions for sub-PRB over PUSCH

The maximum total number of (valid) subframes for sub-PRB transmissions in CE Mode A has been agreed to be 32 subframes. Thus, to be compliant with the agreement, the max number of repeats in CE Mode A would have to be adjusted as follows:

· CE Mode A

For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {16, 8} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {8, 4} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {4, 2} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 4/ Max repeats 2.

· TB mapped over 2RU: Max repeats 2/ Max repeats 1.

· TB mapped over 4RU: Max repeats 1/ Not usable.

On the other hand, the maximum total number of (valid) subframes for sub-PRB transmissions in CE Mode B has been agreed to be 2048 subframes. Thus, to be compliant with the agreement, the max number of repeats in CE Mode B would have to be adjusted as follows:

· CE Mode B

For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {1024, 512} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {512, 256} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {256, 128} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 256/ Max repeats 128.

· TB mapped over 2RU: Max repeats 128/ Max repeats 64.

· TB mapped over 4RU: Max repeats 64/ Max repeats 32.

Observation 6: The maximum total number of (valid) subframes for sub-PRB transmissions in CE Mode A and B have been agreed to be 32 and 2048 respectively, thus the maximum number of repeats in each of the CE Modes have to be revised to be compliant with those numbers. Moreover, the number of Resource Units used for mapping a TB limits the number of repeats leading to different maximum in each case. 

Proposal 10: Revise the maximum number of repeats in CE Mode A and CE Mode B as follows:

· CE Mode A

For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {16, 8} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {8, 4} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {4, 2} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 4/ Max repeats 2.

· TB mapped over 2RU: Max repeats 2/ Max repeats 1.

· TB mapped over 4RU: Max repeats 1/ Not usable.

· CE Mode B

For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {1024, 512} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {512, 256} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {256, 128} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 256/ Max repeats 128.

· TB mapped over 2RU: Max repeats 128/ Max repeats 64.

· TB mapped over 4RU: Max repeats 64/ Max repeats 32.

3.5 UCI Piggybacking on PUSCH with sub-PRB allocation

In RAN1 #91, there was an agreement on UCI piggybacking which states the following “UCI Piggybacking on PUSCH with sub-PRB allocation is not supported,” letting as “FFS: which UL channel is dropped”. Before providing a view on the FFS, we present first a background on “UCI piggybacking for PUSCH”.

Piggyback transmission of UCI refers to the transmission of uplink control information (UCI) and data on the data region.

In relation to the UCI piggybacking on PUSCH for BL/CE UEs, the Technical Specification 36.213 states the following: 

Table 10: UCI Piggybacking on PUSCH.
	For a BL/CE UE, uplink control information (UCI) shall be transmitted in subframe [image: image20.wmf]n


-
on PUCCH using PUCCH formats 1, 1a, 2, 2a for FDD and a UE configured with CEModeA if the UE is not transmitting PUSCH in subframe [image: image21.wmf]n

, or if the UE is transmitting PUSCH in subframe [image: image22.wmf]n

and the number of PUCCH repetitions defined for the UCI in [3] is larger than 1, or if the UE is transmitting PUSCH in subframe [image: image23.wmf]n

and the indicated PUSCH repetition number in DCI format 6-0A/6-0B is larger than 1

-
on PUCCH using PUCCH formats 1, 1a, 1b, 2, 2a, 2b for TDD and a UE configured with CEModeA if the UE is not transmitting PUSCH in subframe[image: image24.wmf]n

, or if the UE is transmitting PUSCH in subframe [image: image25.wmf]n

and the number of PUCCH repetitions defined for the UCI in [3] is larger than 1, or if the UE is transmitting PUSCH in subframe [image: image26.wmf]n

and the indicated PUSCH repetition number in DCI format 6-0A/6-0B is larger than 1

-
on PUCCH formats 1, 1a for a UE configured with CEModeB

-
on PUSCH if the UE is transmitting PUSCH in subframe [image: image27.wmf]n

 and the number of PUCCH repetitions defined for the UCI in [3] is equal to 1, and the indicated PUSCH repetition number in DCI format 6-0A/6-0B is equal to 1 unless the PUSCH transmission corresponds to a Random Access Response Grant or a retransmission of the same transport block as part of the contention based random access procedure, in which case UCI is not transmitted

------------------------------------------------------------------- Text Omitted ------------------------------------------------------------

For a BL/CE UE, in case of collision between a UCI and a PUSCH transmission in a same subframe, if the number of PUCCH repetitions defined for the UCI in [3] is larger than 1 or if the indicated PUSCH repetition number in DCI format 6-0A/6-0B is larger than 1, the PUSCH transmission is dropped in that subframe. 


The information carried by UCI may be for example SR (Scheduling Request), HARQ ACK/NACK, or CQI. The main reason for RAN1 to reach the above agreement on “UCI piggybacking” was related with the fact that now the sub-PRB transmission will span over several subframes which may cause some inconsistencies since the “piggybacking” accounts for a repetition using a 1ms TTI basis. Regarding the FSS, the hierarchical dropping rules as defined in the standard for handling collisions between a UCI and PUSCH transmissions shall be kept applicable when PUSCH carries sub-PRB transmissions.

Observation 7: The main reason for not supporting “UCI Piggybacking on PUSCH with sub-PRB allocation” was related with the fact that now the sub-PRB transmission will span over several subframes which may cause some inconsistencies since the “piggybacking” accounts for a repetition using a 1ms TTI basis. Thus, regarding the FSS, the hierarchical dropping rules as defined in the standard for handling collisions between a UCI and PUSCH transmissions shall be kept applicable when PUSCH carries sub-PRB transmissions.
Proposal 11: For sub-PRB transmissions over PUSCH, the hierarchical dropping rules as defined in the standard for handling collisions between a UCI and PUSCH transmissions are kept and followed.

3.6 Support of sub-PRB allocation in Msg3

The support of the sub-PRB allocation in message 3, not only impacts the Msg3 by enabling UL transmissions over PUSCH with finer granularity, since it mostly impacts SIB2, Msg1 and Msg2. The table below briefly summarizes the RACH sequence for initial access until Msg3 is transmitted.

Table 11: RACH sequence for initial access until Msg3 is transmitted.
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	A)  SIB2 contains the PRACH configuration information (e.g., the PRACH resource configurations).

B)  Before the BL/CE device transmits Msg1, it needs to determine an appropriate PRACH resource configuration according to its coverage level estimation.
The cell can configure up to three Reference Signal Received Power (RSRP) thresholds that are used by the BL/CE device to select the PRACH resource configuration.
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The device performs a CRS-based RSRP measurement and selects a PRACH CE level accordingly.
C) Few subframes after the PRACH preamble has been transmitted, the BL/CE device attempts to decode MPDCCH carrying the DCI required to decode the RAR message. That is, once the eNB received the RACH Preamble, the eNB transmits the MPDCCH carrying DCI for the PDSCH carrying the RACH response (RAR).
D) The RAR message contains a Temporary C-RNTI and a RAR grant which are used to schedule the initial Message 3 transmission over PUSCH. The resource allocation Information for Msg3 largely varies depending on the CE mode as can be seen from sub-clause 6.2 in the Technical Specification 36.213.
E)  Upon decoding the contents of RAR, the BL/CE device transmits the Msg3.


From the description in the table above, the first thing to highlight is that the sub-PRB for Msg3 (i.e., if any) will be early conditioned by the RSRP measurement. This because if a PRACH preamble associated to a certain PRACH CE level is successfully received, then the following messages (i.e., RAR, Message 3) will use DCI formats and a set of parameters signaled in SIB tied to either CE Mode A or B.

Moreover, as mentioned earlier, supporting sub-PRB for Msg 3 mostly impacts SIB2, Msg 1 and the RAR message (Msg 2). 

The SIB2 would be impacted if the sub-PRB and the full-PRB Msg3 transmissions were not supposed to share the same bandwidth, since the contents of SIB2 would have to include information about the new partition(s) of PRACH resources. If the PRACH resources were further partitioned, then Msg 1 would be impacted, since the existing preamble indexes would have to be shared with sub-PRB and non-sub-PRB devices. For example, if each PRACH CE level were subdivided in two parts, then the number of preamble indexes would be split for hosting both sub-PRB and non-sub-PRB devices, meaning that the capacity that today is available per PRACH CE level for non-sub-PRB devices would be decreased (i.e., there is a risk of hitting the capacity limit much faster).

Alternatively, some companies have mentioned the possibility of using the same PRACH resources and two RAR messages (i.e., one for sub-PRB devices, and for non-sub-PRB devices), meaning that the BL/CE devices will transmit a Msg3 following either of the two RAR messages, forcing the network to determine whether it is dealing with a full-PRB Msg3 or sub-PRB transmission, in addition, the network would have to temporarily lock the full PRB until it knowns if the PRB will be fully or partially occupied.

The impacts on Msg2, are more specifically associated with the “Random Access Response Content Field Size” shown in the Table below.

Table 12: Random Access Response Grant Content field size

	DCI contents
	CEmodeA
	CEmodeB

	Msg3 PUSCH narrowband index
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	2

	Msg3 PUSCH Resource allocation
	4
	3

	Number of Repetitions for Msg3 PUSCH
	2
	3

	MCS
	3
	0

	TBS
	0
	2

	TPC
	3
	0

	CSI request
	1
	0

	UL delay
	1
	0

	Msg3/4 MPDCCH narrowband index
	2
	2

	Zero padding
	4 - 
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	0

	Total Nr-bits
	20
	12


The numbers in table above correspond to predetermined values, being their meaning and other possible configurations obtained from a set of tables described in sub-cause 6.2 of TS 36.213, If sub-PRB for message 3 is supported, most (if not all) the set of nested tables used by the DCI contents of the Random Access Response Grant wouldn’t be applicable any longer, and both re-interpretations and possibly new fields (e.g., subcarrier index) would be needed.

Based on the analysis above, the impacts derived from supporting sub-PRB in Msg3 are not minor, since SIB2, Msg1, and Msg2 would be impacted. Thus, based on the identified complexity, and potential capacity drawbacks on non-sub-PRB BL/CE devices, supporting sub-PRB in Msg 3 for increasing the PUSCH spectral efficiency at this stage does not seem to be needed.

Observation 8: Supporting sub-PRB for Msg 3 mostly impacts SIB2, Msg 1, and the RAR message (Msg 2):

· SIB2: If the sub-PRB and the full-PRB Msg3 transmissions were not supposed to share the same bandwidth, then the contents of SIB2 would have to include information about the new partition(s) of PRACH resources.

· Msg1: If the PRACH resources were further partitioned, then Msg 1 would be impacted, since the existing preamble indexes would have to be shared with sub-PRB and non-sub-PRB devices. In this case, the capacity that today is available per PRACH CE level for non-sub-PRB devices would be decreased (i.e., there is a risk of hitting the capacity limit much faster).

· Msg2: The set of nested tables described in sub-cause 6.2 of TS 36.213 used by the DCI contents of the Random Access Response Grant wouldn’t be applicable any longer, and both re-interpretations and possibly new fields (e.g., subcarrier index) would be needed.

· Other solutions: Some companies have mentioned the possibility of using the same PRACH resources and two RAR messages (i.e., one for sub-PRB devices, and for non-sub-PRB devices), meaning that the BL/CE devices will transmit a Msg3 following either of the two RAR messages, forcing the network to determine whether it is dealing with a full-PRB Msg3 or sub-PRB transmission, in addition, the network would have to temporarily lock the full PRB until it knows if the PRB will be fully or partially occupied.

Observation 9: The impacts derived from supporting sub-PRB in Msg3 are not minor, since SIB2, Msg1, and Msg2 would be impacted. Thus, based on the identified complexity, and potential capacity drawbacks on non-sub-PRB BL/CE devices, supporting sub-PRB in Msg 3 for increasing the PUSCH spectral efficiency at this stage does not seem to be needed.

Proposal 12: Keep the Message 3 transmissions on PUSCH unmodified. 

3.7 Channel Interleaving for Sub-PRB

A document entitled “WF on Sub-PRB Modulated Symbols Mapping” was briefly discussed in RAN1 #91 [R1-1721103], which contained the following proposal “The 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)”.

Aiming at understanding how the channel interleaving treats an ordinary PUSCH transmission as compared to a transmission that makes use of the Resource Unit concept, this subsection is intended to analyse the proposal above by referring to the technical specifications.

The Technical Specification 36.212, in subclause 5.2.2.8 describes the channel interleaving, from which some points touching upon the proposal above have been highlighted in Table 13.

Table 13a: Channel interleaver for PUSCH:

	5.2.2.8
Channel interleaver

The channel interleaver described in this section in conjunction with the resource element mapping for PUSCH in [2] implements a time-first mapping of modulation symbols onto the transmit waveform while ensuring that the HARQ-ACK and RI information are present on both slots in the subframe. HARQ-ACK information is mapped to resources around the uplink demodulation reference signals while RI information is mapped to resources around those used by HARQ-ACK. 

------------------------------------------------------------------- Text Omitted ------------------------------------------------------------

The number of modulation symbols per layer in the subframe is given by [image: image32.wmf]'
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 is determined according to section 5.2.2.6, or by higher layer parameter symPUSCH-UpPts for PUSCH transmission in UpPTS.
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Note: 
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 is the number of SC-FDMA symbols in the current PUSCH transmission sub-frame


When the uplink transmission makes use of the resource unit concept, the technical specification keeps referring to the channel interleaver description in subclause 5.2.2.8, however the variable Cmux is different in this case as described in Table 12b.

Table 13b: Channel interleaver for PUSCH:

	6.3.2
Uplink shared channel

Figure 6.3.2-1 shows the processing structure for the UL-SCH transport channel. Data arrives to the coding unit in the form of a maximum of one transport block over a number of resource units per UL cell. The number of resource units is scheduled according to [3]. The following coding steps can be identified:
-
CRC attachment

-
Channel coding

-
Rate matching

------------------------------------------------------------------- Text Omitted ------------------------------------------------------------

In addition, after rate matching interleaving is applied per resource unit according to sections 5.2.2.7 and 5.2.2.8 without any control information in order to apply a time-first rather than frequency-first mapping, where the input sequence to 5.2.2.7 is the portion of e for a resource unit instead of f, and where [image: image37.wmf](
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 is the number of SC-FDMA symbols for NPUSCH in a UL resource unit as given in section 10.1.2.3 of [2].

Note: The reference cited as [2] in the above subclause refers to the TS 36.211, from which the subclause 10.1.2.3 has been copied below:

10.1.2.3
Resource unit

Resource units are used to describe the mapping of the NPUSCH to resource elements. A resource unit is defined as [image: image38.wmf]UL
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In a broad sense, from the above analysis it can be pointed out that for an ordinary PUSCH transmission the variable Cmux spans over one subframe, while for uplink transmissions using the Resource Unit concept Cmux spans across K subframes where K is the number of subframes in an RU. For the support of sub-PRB over PUSCH the intention behind the way forward discussed in RAN1 #91 is keeping the channel interleaving processing on a per subframe basis to allow for an early decoding, which can be seen as having to distribute 
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 consecutive SC-FDMA symbols across several subframes one subframe at a time, assuming that the channel interleaver keeps processing a maximum of [image: image50.wmf]PUSCH
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Thus, for sub-PRB transmissions over PUSCH, it might be possible to refer to the RU based data transmission duration as 
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 as today for PUSCH including one statement for emphasizing that the data from 
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 will arrive to the coding unit on a per subframe basis. For example, re-using text from 6.3.2 we can have the following: “For sub-PRB transmissions over PUSCH, Data arrives to the coding unit on a per subframe basis in the form of a maximum of [image: image54.wmf]PUSCH
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 SC-FDMA symbols per subframe out of a total of 
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 SC-FDMA symbols per resource unit, which correspond to one transport block over a number of resource units per UL cell”.

Observation 10: For an ordinary PUSCH transmission the variable Cmux spans over one subframe, while for uplink transmissions using the Resource Unit concept Cmux spans K subframes where K is the number of subframes in an RU. Keeping the channel interleaving processing on a per subframe basis (i.e., to allow for an early decoding), can be seen as having to distribute consecutive SC-FDMA symbols across several subframes one subframe at a time.

Proposal 13: Keep the PUSCH channel interleaving processing on a per subframe basis. 

3.8 Cyclic Repetition for sub-PRB over PUSCH

In relation to the cyclic repetition on PUSCH for BL/CE UEs, the Technical Specification 36.213 states the following: 
Table 14: Redundancy Version Cyclic for BL/CE UEs.
	For BL/CE UEs, the same redundancy version is applied to PUSCH transmitted in a given block of 
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 as the subframe number of the first uplink subframe intended for PUSCH. The PUSCH transmission spans 
[image: image61.wmf]PUSCH

abs

N

 consecutive subframes including non-BL/CE subframes where the PUSCH transmission is postponed. For the 
[image: image62.wmf]th

j

 block of 
[image: image63.wmf]acc

N

consecutive subframes within the set of 
[image: image64.wmf]PUSCH

abs

N

 subframes, the redundancy version (rvidx) is determined according to Table 7.1.7.1-2 using 
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Using as an example a PUSCH transmission that spans over 8 consecutive subframes, the guidelines above would lead to the following cyclic repetitions in CE Mode A and B respectively.

Table 15: Example of the Redundancy Version Cyclic for BL/CE UEs.
	For BL/CE UEs, the same redundancy version is applied to PUSCH transmitted in a given block of 
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	CE Mode A:
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	CE Mode B:
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The procedures for assigning the redundancy versions for BL/CE UEs will cause conflicts if they are followed as stated today in the specifications, this is due that the sub-PRB transmissions over PUSCH have adopted the Resource Unit (RU) concept from NB-IoT. The issue is mainly associated with CE Mode A, since for sub-PRB transmissions the RU length will span across more than one block (recall 
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, while the RU length is either 2ms for a 6 subcarrier allocation or 4ms for a 3 subcarrier allocation), in which case the same RU would be associated to different redundancy versions. In CE Mode B, issues may arise when a Transport Block is mapped over more than one Resource Unit.

For the support of sub-PRB over PUSCH, the total number of redundancy versions that are used today should be kept, and the same redundancy version should be used across the number of subframes encompassing the number of RUs over which a Transport Block was mapped. Figure 1, shows an example on how the same redundancy version is used when the Transport Block is mapped over one and four RUs respectively.
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Figure 1: RV when a TB is mapped over one and more than one RU respectively.

Observation 11: The procedures for assigning the redundancy versions for BL/CE UEs will cause conflicts if they are followed as stated today in the specifications, this is due that the sub-PRB transmissions over PUSCH have adopted the Resource Unit (RU) concept from NB-IoT. The issue is mainly associated with CE Mode A, since for sub-PRB transmissions the RU length will span across more than one block (recall  
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, while the RU length is either 2ms for a 6 subcarrier allocation or 4ms for a 3 subcarrier allocation), in which case the same RU would be associated to different redundancy versions. In CE Mode B, issues may arise when a Transport Block is mapped over more than one Resource Unit.

Proposal 14: For the support of sub-PRB over PUSCH, the total number of redundancy versions that are used today should be kept (i.e., 4), and the same redundancy version should be used across the number of subframes encompassing the number of RUs over which a Transport Block was mapped.

3.9 Sub-PRB resource allocation design

The resource allocation design for sub-PRB depends very much on the number of subcarriers to be supported, and on whether the Transport Block will be mapped over one or several Resource Units. The table below shows an analysis on the required number of bits for the “subcarrier indication”.

Table 16: Number of bits required for the “subcarrier indication of sub-PRB transmissions over PUSCH.
	Sub-PRB over PUSCH including full PRB and multi-tone allocations.

	· For allocating transmissions consisting of 3 subcarriers with SC-FDMA QPSK modulation:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

0 – 3

3(Isc)+{0,1,2}
· For allocating transmissions consisting of 6 subcarriers with SC-FDMA QPSK modulation:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

8 – 9

6(Isc- 8)+{0,1,2,3,4,5}
· For allocating full PRB transmissions consisting of 12 subcarriers with SC-FDMA QPSK modulation on 1 PRB:
Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

10

{0,1,2,3,4,5,6,7,8,9,10,11}
· For allocating full PRB transmissions consisting of 12 subcarriers with SC-FDMA QPSK modulation on 2 PRBs:
Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

11
{0,1,2,3,4,5,6,7,8,9,10,11} 

	· For allocating transmissions consisting of 3 subcarriers with SC-FDMA Pi/2 BPSK modulation
Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

4 – 7

3(Isc- 4)+{0,1,2}


	The above means that 4bits would be needed for a subcarrier indication field signalling 12 values (representing 0-11). 


Since the allocation of 3 subcarriers with QPSK and Pi/2 BPSK should be treated independently, a total of 4bits would be needed for performing a subcarrier indication within a PRB. However, a flexible resource allocation scheme should make possible to perform a sub-PRB allocation on any PRB within a given system’s bandwidth. For example, a 10MHz system’s bandwidth is made up of 50 PRBs, and ideally the sub-PRB allocation should be possible to be performed on any of those PRBs. In that case, a flexible resource allocation scheme would require 50*12=600 values, meaning that 10bits would be needed in total.

Therefore, we can use a resource indication value, which depending on the number of subcarriers to be supported for sub-PRB over PUSCH would be as follows:

Table 17: Example of the sub-PRB allocation over the whole BW using RIV.
	Resource Allocation for Sub-PRB over PUSCH including full PRB and multi-tone allocations.

	RIV = 12* 
[image: image84.wmf]UL

RB

N

  [values]

	Example of the Resource Indication Values for a 10MHz bandwidth (i.e., 50 PRBs), 10 bits required:

      0.- 0000000000 -> meaning Isc = 0 , at PRB # 0

      1.- 0000000001 -> meaning Isc = 1 , at PRB # 0

      2.- 0000000010 -> meaning Isc = 2 , at PRB # 0

      3.- 0000000011 -> meaning Isc = 3 , at PRB # 0

      4.- 0000000100 -> meaning Isc = 4 , at PRB # 0

      5.- 0000000101 -> meaning Isc = 5 , at PRB # 0

      6.- 0000000110 -> meaning Isc = 6 , at PRB # 0

      7.- 0000000111 -> meaning Isc = 7 , at PRB # 0
      8.- 0000001000 -> meaning Isc = 8 , at PRB # 0
      9.- 0000001001 -> meaning Isc = 9 , at PRB # 0

    10.- 0000001010 -> meaning Isc = 10 , at PRB # 0
    11.- 0000001011 -> meaning Isc = 11 , at PRB # 0 and at PRB #1
    12.- 0000001100 -> meaning Isc = 0 , at PRB # 1

    13.- 0000001101 -> meaning Isc = 1 , at PRB # 1

                                     .

                                     .

                                     .

599.- 1001010111 -> meaning Isc = 11 , at PRB # 49 and at PRB #0



Note:  
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 refers to the number of PRBs in a given bandwidth.

The resource allocation scheme based on a resource indication value (RIV) allows to re-use the “subcarrier indication field” as designed for NB-IoT, while offers full flexibility for allocating both sub-PRB and full-PRB transmissions over PUSCH on any PRB within a given system’s bandwidth, and in addition it can be used for any CE Mode.

Moreover, in RAN1 #91 it was decided that the Transport Block can be mapped over more than one RU [55], unless a hardcoded solution be applied (e.g., tying the number of repetitions with the usage of a certain number of RUs in a predefined way), then an additional number of bits would be required for the “Resource Unit indication field” (known as IRU).

Observation 12: The resource allocation design for sub-PRB depends very much on the number of subcarriers to be supported, and on whether the Transport Block will be mapped over one or several Resource Units, which conditions the required number of bits. In addition, a flexible resource allocation scheme should allow to perform a sub-PRB allocation on any PRB within a given system’s bandwidth, which also contributes to increase the required number of bits.

Observation 13: A resource allocation scheme based on a resource indication value (RIV) will allow to use a “subcarrier indication field” based on the design for NB-IoT, while offers full flexibility for allocating both sub-PRB and full PRB transmissions over PUSCH on any PRB within a given system’s bandwidth, and in addition it can be used for any CE Mode.
Proposal 15: The resource allocation scheme for sub-PRB over PUSCH is based on a resource indication value (RIV) as follows: RIV = Total_Subcarrier_indication_fields_used* 
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4 Conclusions 

This contribution provided an analysis on how to introduce the sub-PRB technique into PUSCH by re-using NB-IoT concepts without causing significant specifications and implementation impacts. From the analysis performed the following observations and proposals are stated:

· RU Lengths for the supported subcarriers for sub-PRB over PUSCH

· Proposal 1: The resource unit lengths for sub-PRB over PUSCH of “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” are {2ms, 4ms} for {6, 3} subcarriers respectively.
· Observation 1: “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” would require using a Resource Unit length equal to 6ms (recall only two out of the three allocated subcarriers are used). However, a RU length equal to 6ms doesn’t suit well the maximum total number of (valid) subframes that will be used for the sub-PRB transmissions (i.e., 32 and 2048), reason why the RU length in this case could be either 4ms, 8ms, or even 16ms. The Transport Block sizes that have been agreed to be supported are as large as “of 1000 bits for CE Mode A and 936 bits for CE Mode B”, and on top of that the BPSK only counts with one bit per M-ary symbol. Therefore, using for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” a Resource Unit length equal to16ms will be beneficial for achieving better code rates (see section 3.3).
· Proposal 2: The resource unit length for sub-PRB over PUSCH of “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” is 16ms, and optionally a resource unit length equal to 8ms can also be supported and indicated via DCI.
· DMRS for the supported subcarriers for sub-PRB over PUSCH

· Observation 2: For the sub-PRB transmissions over PUSCH, both “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation” can re-use the DMRS sequences from NB-IoT. On the other hand, the DMRS sequence for “3 subcarriers with SC-FDMA Pi/2 BPSK modulation” only uses two out of the three allocated subcarriers, for this reason the DMRS sequence should be mapped to resource elements within the bandwidth of the used subcarriers rather than the bandwidth of the allocated subcarriers, and the DMRS should appear one at a time in one out two usable subcarriers aiming at preserving a low PAPR.
· Proposal 3: Re-use the DMRS sequences from NB-IoT, for both “6 subcarriers with SC-FDMA QPSK modulation” and “3 subcarriers with SC-FDMA QPSK modulation”.
· Proposal 4: For “3 subcarriers with SC-FDMA Pi/2 BPSK modulation,” the DMRS mapping should adopt one of the following alternatives:
· The DMRS is always mapped to only one of the two usable subcarriers in a predefined manner.
· The DMRS uses a deterministic pattern that alternates the DMRS mapping among the two used subcarriers.

· On the support of 6 subcarriers with SC-FDMA QPSK modulation in CE Mode B:

· Observation 3: The simulations performed show that the potential gains of supporting a 6-subcarrier allocation in CE Mode B w.r.t. 12 subcarriers are not negligible, since ~1.08dB gain was observed.
· Proposal 5: Whether a 6-subcarrier allocation shall be supported or not in CE Mode B should account for the potential gains that can be obtained from it.
· Two out of three usable subcarriers for 3 subcarriers with SC-FDMA Pi/2 BPSK modulation

· Proposal 6: For “3 subcarriers with SC-FDMA Pi/2 BPSK modulation,” use the PCI along with a Modulus 2 operation to determine the subcarrier that will not be used out of the three allocated subcarriers.
· Proposal 7: The sub-PRB transmissions over PUSCH should follow the “frequency hopping” procedures as described for PUSCH.
· Transport Block Mapping 

· Observation 4: In RAN1 #91 it was let open whether mapping one TB to 1 RU will be supported or not for CE Mode B. In our view, not allowing mapping one TB to 1 RU in CE Mode B would be like overlooking the small Transport Blocks in the TBS Tables for PUSCH in CE Mode B. For that reason, mapping one TB to 1 RU shall be also supported for CE Mode B.
· Observation 5: In RAN1 #91 it was agreed “Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported,” as well as “Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B.” Accounting for the above agreements, if we refer to the TBS tables for PUSCH in CE mode A and CE mode B respectively, we will realize that:
· For CE mode A, a resource allocation consisting of four PRBs results to be sufficient to support a maximum TBS of 1000 bits. Thus, for introducing sub-PRB over PUSCH without causing significant impacts, it would be possible to re-use the TBS table as designed for PUSCH in CE mode A focusing on PRB #1 to PRB #4, which would take the role of 1RU to 4RUs.
· Observation 5a: For Transport Blocks that according with the TBS table as designed for PUSCH in CE mode A would require the usage of a higher order modulation (i.e., 16QAM), it would be possible to predetermine (i.e., hardcode) that modulation order is set to Qm =2/ Qm =1 (i.e., QPSK/BPSK), by using the already standardized “Modulation order override” technique [26].

· For CE mode B, a resource allocation consisting of two PRBs results to be sufficient to support a maximum TBS of 1000 bits. Thus, it would be possible to re-use the TBS table as designed for PUSCH in CE mode B, where PRB #1 and PRB #2 would take the role of 1RU and 2RUs respectively.

· Proposal 8: For full PRB allocations the TBS table in CE Mode A would be used as today, while for sub-PRB allocations the PRB #1 to PRB #4 (i.e., the four left most columns under # PRBs in the TBS table as designed for PUSCH in CE mode A) would become 1RU to 4RUs.
· Proposal 9: For full PRB allocations the TBS table in CE Mode B would be used as today, while for sub-PRB allocations the PRB #1 and PRB #2 would become 1RU and 2RUs.
· Number of repetitions for sub-PRB over PUSCH

· Observation 6: The maximum total number of (valid) subframes for sub-PRB transmissions in CE Mode A and B have been agreed to be 32 and 2048 respectively, thus the maximum number of repeats in each of the CE Modes have to be revised to be compliant with those numbers. Moreover, the number of Resource Units used for mapping a TB limits the number of repeats leading to different maximum in each case.
· Proposal 10: Revise the maximum number of repeats in CE Mode A and CE Mode B as follows:
· CE Mode A

For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {16, 8} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {8, 4} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {4, 2} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 4/ Max repeats 2.

· TB mapped over 2RU: Max repeats 2/ Max repeats 1.

· TB mapped over 4RU: Max repeats 1/ Not usable.

· CE Mode B



For 3 and 6 subcarriers with SC-FDMA QPSK modulation (RU lengths: 2ms and 4ms respectively):

· TB mapped over 1RU: Max repeats {1024, 512} for {6, 3} subcarriers, respectively.

· TB mapped over 2RU: Max repeats {512, 256} for {6, 3} subcarriers, respectively.

· TB mapped over 4RU: Max repeats {256, 128} for {6, 3} subcarriers, respectively.

For 3 subcarriers with SC-FDMA Pi/2 BPSK modulation (RU length: 8ms/16ms):

· TB mapped over 1RU: Max repeats 256/ Max repeats 128.

· TB mapped over 2RU: Max repeats 128/ Max repeats 64.

· TB mapped over 4RU: Max repeats 64/ Max repeats 32.

· UCI Piggybacking

· Observation 7: The main reason for not supporting “UCI Piggybacking on PUSCH with sub-PRB allocation” was related with the fact that now the sub-PRB transmission will span over several subframes which may cause some inconsistencies since the “piggybacking” accounts for a repetition using a 1ms TTI basis. Thus, regarding the FSS, the hierarchical dropping rules as defined in the standard for handling collisions between a UCI and PUSCH transmissions shall be kept applicable when PUSCH carries sub-PRB transmissions.
· Proposal 11: For sub-PRB transmissions over PUSCH, the hierarchical dropping rules as defined in the standard for handling collisions between a UCI and PUSCH transmissions are kept and followed.
· Support of sub-PRB allocation in Msg3

· Observation 8: Supporting sub-PRB for Msg 3 mostly impacts SIB2, Msg 1, and the RAR message (Msg 2):
· SIB2: If the sub-PRB and the full-PRB Msg3 transmissions were not supposed to share the same bandwidth, then the contents of SIB2 would have to include information about the new partition(s) of PRACH resources.
· Msg1: If the PRACH resources were further partitioned, then Msg 1 would be impacted, since the existing preamble indexes would have to be shared with sub-PRB and non-sub-PRB devices. In this case, the capacity that today is available per PRACH CE level for non-sub-PRB devices would be decreased (i.e., there is a risk of hitting the capacity limit much faster).
· Msg2: The set of nested tables described in sub-cause 6.2 of TS 36.213 used by the DCI contents of the Random Access Response Grant wouldn’t be applicable any longer, and both re-interpretations and possibly new fields (e.g., subcarrier index) would be needed.
Other solutions: Some companies have mentioned the possibility of using the same PRACH resources and two RAR messages (i.e., one for sub-PRB devices, and for non-sub-PRB devices), meaning that the BL/CE devices will transmit a Msg3 following either of the two RAR messages, forcing the network to determine whether it is dealing with a full-PRB Msg3 or sub-PRB transmission, in addition, the network would have to temporarily lock the full PRB until it knows if the PRB will be fully or partially occupied.

· Observation 9: The impacts derived from supporting sub-PRB in Msg3 are not minor, since SIB2, Msg1, and Msg2 would be impacted. Thus, based on the identified complexity, and potential capacity drawbacks on non-sub-PRB BL/CE devices, supporting sub-PRB in Msg 3 for increasing the PUSCH spectral efficiency at this stage does not seem to be needed.
· Proposal 12: Keep the Message 3 transmissions on PUSCH unmodified.
· Channel Interleaving for sub-PRB

· Observation 10: For an ordinary PUSCH transmission the variable Cmux spans over one subframe, while for uplink transmissions using the Resource Unit concept Cmux spans K subframes where K is the number of subframes in an RU. Keeping the channel interleaving processing on a per subframe basis (i.e., to allow for an early decoding), can be seen as having to distribute consecutive SC-FDMA symbols across several subframes one subframe at a time.
· Proposal 13: Keep the PUSCH channel interleaving processing on a per subframe basis.
· Cyclic repetition for sub-PRB over PUSCH
· Observation 11: The procedures for assigning the redundancy versions for BL/CE UEs will cause conflicts if they are followed as stated today in the specifications, this is due that the sub-PRB transmissions over PUSCH have adopted the Resource Unit (RU) concept from NB-IoT. The issue is mainly associated with CE Mode A, since for sub-PRB transmissions the RU length will span across more than one block (recall  [image: image87.wmf]1
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, while the RU length is either 2ms for a 6 subcarrier allocation or 4ms for a 3 subcarrier allocation), in which case the same RU would be associated to different redundancy versions. In CE Mode B, issues may arise when a Transport Block is mapped over more than one Resource Unit.
· Proposal 14: For the support of sub-PRB over PUSCH, the total number of redundancy versions that are used today should be kept (i.e., 4), and the same redundancy version should be used across the number of subframes encompassing the number of RUs over which a Transport Block was mapped.
· Sub-PRB Resource Allocation

· Observation 12: The resource allocation design for sub-PRB depends very much on the number of subcarriers to be supported, and on whether the Transport Block will be mapped over one or several Resource Units, which conditions the required number of bits. In addition, a flexible resource allocation scheme should allow to perform a sub-PRB allocation on any PRB within a given system’s bandwidth, which also contributes to increase the required number of bits.
· Observation 13: A resource allocation scheme based on a resource indication value (RIV) will allow to use a “subcarrier indication field” based on the design for NB-IoT, while offers full flexibility for allocating both sub-PRB and full PRB transmissions over PUSCH on any PRB within a given system’s bandwidth, and in addition it can be used for any CE Mode.
· Proposal 15: The resource allocation scheme for sub-PRB over PUSCH is based on a resource indication value (RIV) as follows: RIV = Total_Subcarrier_indication_fields_used* [image: image88.wmf]UL
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