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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]. The agreements reached in RAN1 #90bis are summarized below [36]:
	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.



Following the above agreements, RAN1 now needs to address 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.
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 with the re-utilization of the Resource Unit (RU) concept from NB-IoT, which determines the fundamental transmission duration (i.e., RU length) as a function of the number of allocated subcarriers.
At this point, it is needed for RAN1 to reach a consensus on elementary technical details (e.g., number of subcarriers to be supported), so the support of sub-PRB into PUSCH can continue to be developed. Otherwise, it wouldn't even be possible to know the duration of the Resource Units, the number of bits required for the resource allocation, etc.
3 Elements of Sub-PRB for PUSCH
The sections below address first the open issues described as Working Assumptions, or For Further Study (FFS) in the list of RAN1 agreements [36], and then other open issues are analyzed.
3.1 Sub-PRB over PUSCH in CE Mode A
	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.


In the incoming meeting, RAN1 has to decide whether sub-PRB shall be supported in CE Mode A or not. Aiming at understanding the gains that could potentially be obtained from supporting sub-PRB in CE Mode A, a performance comparison between 1, 3, 6, and 12 subcarriers was performed keeping the total resource utilization to be the same as shown in Table 1.
Table 1: Performance comparison of 1, 3, 6 and 12 subcarriers in CE Mode A.
	
	CE Mode A
	

	TBS (bits)
	256
	256
	256
	256
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	Modulation
	QPSK
	QPSK
	QPSK
	QPSK
	

	Number of subcarriers
	1
	3
	6
	12
	

	RU length (ms)
	8
	4
	2
	1
	

	Number of RU per repetition
	1
	1
	1
	1
	

	Number of repetitions
	4
	8
	16
	32
	

	Total transmission length (maximum total number of (valid) subframes of transmission)
	32
	32
	32
	32
	


From the performed evaluations described in Table 1 for CE Mode A, the following gains were found:
· The gain of 6 subcarriers compared to full PRB allocation at 10% BLER is ~ 0.44dB.
· The gain of 3 subcarriers compared to full PRB allocation at 10% BLER is ~ 0.63dB.
· The gain of 1 subcarriers compared to full PRB allocation at 10% BLER is ~ 1.3dB.

The simulation results above seem to suggest that the decision of supporting Sub-PRB in CE Mode A depends on the number of subcarriers to be supported by sub-PRB.
Observation 1: The simulations performed show that the potential gains of sub-PRB in CE Mode A w.r.t. 12 subcarriers using 6 and 3 subcarriers are ~0.44dB, and ~0.63dB respectively, while for 1 subcarrier the potential gain is ~1.3dB. 
Proposal 1: The WA on whether Sub-PRB shall be supported in CE Mode A should weigh the potential gains (e.g., depending on the number of supported subcarriers) against the increased complexity.

3.2 Number of repetitions for sub-PRB over PUSCH
	Agreement:
· 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)



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:
· Max repeats {16, 8, 4} for {6, 3, 1} subcarriers, respectively
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:
· Max repeats {1024, 512, 256} for {6, 3, 1} subcarriers, respectively
The supported transport block sizes will be discussed later together with the usage of one or multiple RUs.
Observation 2: 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.
Proposal 2: Revise the maximum number of repeats in CE Mode A (if supported) and CE Mode B as follows:
· Max repeats in CE Mode A {16, 8, 4} for {6, 3, 1} subcarriers, respectively.
· Max repeats in CE Mode B {1024, 512, 256} for {6, 3, 1} subcarriers, respectively.

3.3 RU for sub-PRB over PUSCH
	Agreement:
· 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




In RAN1 #90bis it was agreed that “Sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes,” letting open the exact values of the RU lengths, the RE mapping, and whether more than one RU will be allocated per transported block. The above set of open issues associated to the RU concept are addressed below:
3.3.1 RU lengths
The current agreement says that “The RU length depends on number of subcarriers in the Sub-PRB allocation,” however for knowing the exact RU lengths, it is yet again needed for RAN1 to determine the number of subcarriers that will be supported by sub-PRB over PUSCH.
In NB-IoT, the resource unit (RU) is the smallest unit over which a Transport Block can be mapped. The RU duration depends on the number of allocated subcarriers, and the size of the subcarrier spacing which determines the slot duration as shown in Table 2.
Table 2: Resource Unit duration as function of the subcarrier spacing, slot duration, and number of allocated subcarriers

	Subcarrier spacing
	Slot duration
	Number of allocated subcarriers
	Length of the Resource Unit



	15KHz
	0.5ms
	12
	1ms

	
	
	6
	2ms

	
	
	3
	4ms

	
	
	1
	8ms


For sub-PRB over PUSCH, the number of allocated subcarriers to be supported is expected to be inherited from the existing set in NB-IoT. Therefore, the Resource Unit lengths will be either {2ms, 4ms, 8ms} for {6, 3, 1} subcarriers respectively, or at least {2ms, 4ms} for {6, 3} subcarriers respectively.
Proposal 3: The number of allocated subcarriers for sub-PRB over PUSCH is inherited from the existing ones in NB-IoT, being the supported RU lengths at least {2ms, 4ms} for {6, 3} subcarriers respectively, and 8ms for 1 subcarrier if supported.
3.3.2 RE mapping

Another FFS refers to a question on whether the RE mapping needs to be different for the sub-PRB allocations over PUSCH. A good starting point for answering that question consists in investigating how the RE mapping is performed today, and if there is any reason for doing something different. In relation with the RE mapping for PUSCH, the TS 36.211 states the following:
	The mapping to resource elements 
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 corresponding to the physical resource blocks assigned for transmission and 
-
not used for transmission of reference signals, and

-
not part of the last SC-FDMA symbol in a subframe, if the UE transmits SRS in the same subframe in the same serving cell, and

-
not part of the last SC-FDMA symbol in a subframe configured with cell-specific SRS for non-BL/CE UEs and BL/CE UEs in CEModeA, if the PUSCH transmission partly or fully overlaps with the cell-specific SRS bandwidth, and

-
not part of an SC-FDMA symbol reserved for possible SRS transmission in a UE-specific aperiodic SRS subframe in the same serving cell, and

-
not part of an SC-FDMA symbol reserved for possible SRS transmission in a UE-specific periodic SRS subframe in the same serving cell when the UE is configured with multiple TAGs

-
not part of the first SC-FDMA symbol in a subframe if the associated DCI indicates PUSCH starting position ‘01’, ‘10’, or ‘11

-
not part of the last SC-FDMA symbol in a subframe if the associated DCI indicates PUSCH ending symbol ‘1’

shall be in increasing order of first the index 
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Figure 1. Uplink resource grid (The blue arrow shows progressively the direction in which the RE mapping is performed)


The RE mapping is time progressive, acting first on every subcarrier in ascending order, to later pass to the next symbol in the time domain and start over. NB-IoT follows the same principle, as can be read from the following text “Resource mapping for NB-PUSCH is implemented in the order of frequency first then time”.
The RE mapping as performed today for PUSCH seems to be compatible with sub-PRB allocations, since something similar is done on a larger scale when 
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[image: image7.wmf]RB

sc

UL

RB

N

N

 subcarriers as per a given uplink transmission bandwidth. Moreover, the signal processing associated with the RE mapping can be re-used from existing implementations, which would facilitate the introduction of sub-PRB over PUSCH, especially if there are no obvious reasons for doing something different in terms of RE mapping.
Observation 3: The RE mapping is time progressive, acting first on every subcarrier in ascending order, to later pass to the next symbol in the time domain and start over. This seems to be compatible with sub-PRB allocations, since something similar is done on a larger scale when 
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 subcarriers as per a given uplink transmission bandwidth.
Proposal 4: Keep the RE mapping as it is performed today implemented in the order of frequency first then time, that is, for sub-PRB over PUSCH the RE mapping “shall be in increasing order of first the index k, then the index l, starting with the first slot in an uplink subframe.”
3.3.3 Transport Block mapping over one or multiple RUs

Once it was agreed to adopt the RU concept for sub-PRB transmission over PUSCH, it remained as FFS “whether more than one RU is allocated per transport block”. In NB-IoT a TBS can be mapped over one RU or multiple resource units as illustrated in Figure 1.

[image: image10.png]The Tosis mapped
overaRU lasting for 1ms

-
gt [0

ATBS lsmapped
over3RUslasting each for 1ms

g ﬁ
oo

The ToSs mapped
overaRU lasting for 2ms

Gallocated
subcarriers

ATBS lsmapped
ver3RUslasting eachfor 2ms

Gallocated
subcarriers




Figure 1: TBS mapping over one or multiple resource units (“U” stands for an Uplink subframe)

One of the advantages of mapping a TB across multiple Resource Units is that a better code rate is obtained with respect to the one that would be obtained when the same TB is mapped over only one RU. Nonetheless, if the maximum TB size is properly chosen and the usage of repetitions with different redundancy versions is accounted, then the obtained code rate should suitable enough as to provide a proper performance (the TB size will be discussed later in a different subsection).
Aiming at understanding the potential gains that could be obtained from mapping a TB over multiple Resource Units as compared to mapping the same TB over a single RU using repetitions, we performed a simulation where the total resource utilization was kept the same as shown in Table 3.
Table 3: Performance comparison of mapping a TB over one or multiple RUs in CE Mode B.
	
	CE Mode B
	

	TBS (bits)
	256
	256
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	Modulation
	QPSK
	QPSK
	

	Number of subcarriers
	3
	3
	

	RU length (ms)
	4
	4
	

	Number of RU per repetition
	1
	6
	

	Number of repetitions
	12
	2
	

	Total transmission length (maximum total number of (valid) subframes of transmission)
	48
	48
	


From the performed evaluations described in Table 3, we can see that the curves almost overlap each other. Therefore, from the performed evaluation we can conclude that “No clear benefits were found by extending the number of RUs as compared to extending the number of repeats”.
Moreover, the resource allocation for PUSCH will allow commuting between a full PRB allocation and sub-PRB allocations. The full PRB allocation will remain as it is today, that is 12 subcarriers will be allocated over 1ms with no possibility of mapping a single TB across multiple allocations consisting of 12 subcarriers each. Thus, in any case the possibility of a mapping a TB across multiple Resource Units would only be possible for sub-PRB allocations over PUSCH.
In addition, mapping a TB across multiple Resource Units would be limited by the following agreement reached in RAN1 #90bis “For Sub-PRB, the maximum total number of (valid) subframes of transmission is” 32 and 2048 for CE Mode A and B respectively. That is, the number of Resource Units over which a TB would be mapped, accounting for the number of repetitions to be used must be compliant with not exceeding either 32 or 2048 valid subframes depending on the CE Mode.
Thus, given that a full PRB allocation will inherently map per repetition a Transport Block on 12 subcarriers over 1ms (i.e., the equivalent to always using at most 1RU), that no gains were found when compared a multiple RU allocation versus a single RU allocation, and that mapping a TB across multiple Resource Units will end up reaching faster the maximum allowed number of usable subframes for sub-PRB transmissions (i.e., 32 or 2048 subframes depending on the CE Mode), then it is preferable to map a TB over one RU (i.e., every repetition consists of one RU).
Observation 4: In relation to whether a TB should be mapped over one or multiple RU, the following points can be highlighted:
· One of the advantages of mapping a TB across multiple Resource Units is that a better code rate can be obtained. Nonetheless, if the maximum TB size is properly chosen and the usage of repetitions with different RV is accounted, then the obtained code rate should be suitable enough as to provide a proper performance.
· A full PRB allocation will remain as it is today, and it will inherently map per repetition a Transport Block on 12 subcarriers over 1ms (i.e., the equivalent to always using at most 1RU).

· No clear benefits were found by extending the number of RUs as compared to extending the number of repeats. 

· Mapping a TB across multiple Resource Units will end up reaching faster the maximum allowed number of usable subframes for sub-PRB transmissions (i.e., 32 or 2048 subframes depending on the CE Mode).
Proposal 5: For a sub-PRB allocation over PUSCH, the TBS mapping is performed only over one RU (i.e., every repetition consists of one RU).
3.4 DMRS, Allocation in connected mode, and Msg3 for sub-PRB
	Agreement:
· 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


3.4.1 DMRS for sub-PRB over PUSCH

In RAN1 #90bis it has been agreed that “For Sub-PRB, increasing DMRS shall not be supported”. Even though DMRS won’t be increased, still there is a need for determining how DRMS is going to be transmitted for sub-PRB over PUSCH. Table 4 and Table 5 show how DRMS is transmitted in NB-IoT for 6 and 3 subcarrier allocations respectively.
Table 4: 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)
	Slot (0.5 ms)
	Slot (0.5 ms)
	Slot (0.5 ms)
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	Resource Elements carrying data

	
	Resource Elements carrying DMRS


Table 5: 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)

	
	0
	1
	2
	3
	4
	5
	6
	0
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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)

	
	0
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	Resource Elements carrying data

	
	Resource Elements carrying DMRS


In NB-IoT NPUSCH Format 1 with 15 kHz subcarrier spacing, the OFDM symbol located in the middle of each slot is used as demodulation reference signal (DMRS), being the bandwidth of the DMRS sequences always adjusted according to the number of allocated subcarriers for the sub-PRB transmission. Thus, for the number of sub-carriers to be supported by sub-PRB over PUSCH, the DMRS sequences from NB-IoT can be re-used when applicable.
Proposal 6: Reutilize for the sub-PRB over PUSCH, the NB-IoT DMRS sequences for bandwidths smaller than 180KHz when applicable.
3.4.2 Sub-PRB allocation in connected mode
About the sub-PRB allocation in connected mode it has been agreed that “The Sub-PRB feature is configured/enabled by RRC signaling”, and that “The Sub-PRB resource allocation shall be signaled by DCI”. The sub-PRB resource allocation design will be different for CE Mode A and B, since different DCI formats have to be used (i.e., DCI Format 6-0A and DCI Format 6-0B), while their complexity depends on the maximum TB size, and number of subcarriers to be supported. In the Chairman’s notes from RAN1 #90bis, a second set of agreements in relation with the “sub-PRB allocation in connected mode” was captured, therefore we will provide more details in a later subsection.
3.4.3 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 6: 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 7: 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, while the larger PAPR gains yet again depend on the number of subcarriers to be supported.
Observation 5: 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 6: 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, while the larger PAPR gains yet again depend on the number of subcarriers to be supported.
Proposal 7: Keep the Message 3 transmissions on PUSCH unmodified. 

3.5 Maximum TBS, and Resource Allocation design for sub-PRB over PUSCH
	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.




In the subsections below, the maximum TBS to be supported by sub-PRB transmissions over PUSCH is addressed first given that it impacts the sub-PRB allocation design. 
3.5.1 Maximum TBS for sub-PRB over PUSCH
In CE mode B which is the CE Mode currently agreed to be supported for sub-PRB over PUSCH [36], the PUSCH is modulated with QPSK and mapped to 1 or 2 PRBs within a narrowband. The subsection below describes how the CE Mode B TBS table as it was designed for PUSCH, can be re-used to adopt the resource unit concept for supporting the sub-PRB technique over PUSCH by using only one RU along with a maximum TBS of 504 bits (i.e., the largest TBS that can be supported with 1 PRB).
3.5.1.1 Re-using the TBS Table in CE Mode B as designed for PUSCH

CE Mode B: According to the 3GPP specifications, the maximum PUSCH channel bandwidth for CE Mode B is 2 PRBs. For introducing sub-PRB over PUSCH, we can re-use the TBS table as designed for PUSCH focusing only on the PRB #1, which will be used to take the role of 1RU. That is, for full PRB allocations the table is used as today, while for sub-PRB allocations the PRB # 1 (left column in Table 8 under # PRBs) becomes one RU.
Table 8: TBS table as designed for PUSCH in CE mode B, re-used to adopt the RU concept for supporting the sub-PRB technique by using at most 1RU.
	MCS index
	Modulation scheme
	TBS index
	CE mode B

	
	
	
	# PRBs

	
	
	
	NRU for sub-PRB allocations
	

	
	
	
	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
	


Aiming at not causing significant specifications and implementation impacts, the proposed approach makes use of only 1RU for performing sub-PRB transmissions over PUSCH. As an example, when a subcarrier allocation consisting of 3 subcarriers is used along with a MCS index and a TBS index equal to 10, then the Transport Block consisting of 504 bits would be mapped over a single Resource Unit lasting for 4ms.

About the maximum Transport Block size to be supported for sub-PRB transmissions over PUSCH, below we show the maximum number of bits that can be used for carrying data over one RU:

· 6 subcarriers:
· Number of bits per RU (2ms) using QPSK: (6 subcarriers)(24 symbols carrying user data)(2 bits per RE) = 288bits.

· 3 subcarriers:

· Number of bits per RU (4ms) using QPSK: (3 subcarriers)(48 symbols carrying user data)(2 bits per RE) = 288bits.

When the Transport Block size exceeds the maximum number of bits available for data transmission in a RU, it is still possible to transmit such a large TBS by relying on repetitions using different redundancy versions. For example, if we account for 4 repetitions, then the number of bits usable for data transmission would be as follows: 
· 6 subcarriers:
· Number of bits per RU (2ms) using QPSK: (6 subcarriers)(24 symbols carrying user data)(2 bits per RE)(4 repetitions with different RV)= 1152bits.

· 3 subcarriers:

· Number of bits per RU (4ms) using QPSK: (3 subcarriers)(48 symbols carrying user data)(2 bits per RE)(4 repetitions with different RV= 1152bits.

Therefore, for a TBS equal to 504 bits (largest TBS that can be supported with 1 PRB) and a CRC consisting of 24bits, the code rate would be 528bits/1152bits = 0.4583.
Similarly, in Table 2 a TBS of 256 bits was transmitted over one RU relying on repetitions, which was compared against transmitting the same TBS over multiple Resource Units keeping the total number of utilized subframes the same for both transmissions. The resulting BLER curves almost overlapped each other, reason why it was concluded that “No clear benefits were found by extending the number of RUs as compared to extending the number of repeats”. Meaning in this case, that by relying on repetitions it was possible to transmit without performance losses a TB whose size was in principle larger than the number of bits available in one RU.
In CE Mode B, the BL/CE UEs require a large number of repetitions, and most likely the sub-PRB transmissions over PUSCH in this CE Mode will be used for transmitting small Transport Block sizes, reason why a maximum TBS of 504 bits seems to be a sufficiently large TBS for sub-PRB in CE Mode B.

Observation 7: When the Transport Block size exceeds the maximum number of bits available for data transmission in a RU, it is still possible to transmit such a large TBS by relying on repetitions using different redundancy versions.

Observation 8: For a TBS equal to 504 bits (i.e., the largest TBS that can be supported with 1 PRB) and a CRC consisting of 24bits, the code rate using one RU and four repetitions with different RV is 528bits/1152bits = 0.4583.
Proposal 8: Confirm that for the sub-PRB allocation over PUSCH the maximum supported TBS is 504 bits.

Proposal 9: Re-use the CE Mode B TBS table as designed for PUSCH, focusing only on PRB #1 which for sub-PRB transmissions will take the role of 1 RU (i.e., for sub-PRB allocations the PRB # 1 becomes one RU).
3.5.2 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 a comparative analysis on the required number of bits for the “subcarrier indication” depending on whether single-tone is supported or not.
Table 9: Comparative analysis on the required number of bits for the “subcarrier indication” depending on whether single-tone is supported or not.
	Sub-PRB over PUSCH including both single-tone and multi-tone support.
	Sub-PRB over PUSCH including multi-tone support.

	· For allocating single tone transmissions (i.e., in case it happens): 

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

0 – 11

Isc
· For allocating transmissions consisting of 3 subcarriers:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

12 – 15

3(Isc-12)+{0,1,2}
· For allocating transmissions consisting of 6 subcarriers:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

16 – 17

6(Isc-16)+{0,1,2,3,4,5}
· For allocating full PRB transmissions consisting of 12 subcarriers:
Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

18
{0,1,2,3,4,5,6,7,8,9,10,11}

	· For allocating transmissions consisting of 3 subcarriers:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

12 – 15

3(Isc-12)+{0,1,2}
· For allocating transmissions consisting of 6 subcarriers:

Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

16 – 17

6(Isc-16)+{0,1,2,3,4,5}
· For allocating full PRB transmissions consisting of 12 subcarriers:
Subcarrier indication field (Isc)

Set of Allocated subcarriers (nsc)

18
{0,1,2,3,4,5,6,7,8,9,10,11}


	The above means that 5bits would be needed for a subcarrier indication field ranging from 0 to 18.
	The above means that 3bits would be needed for a subcarrier indication field signalling 7 values (representing 12-18). 


Thus, either 5bits or 3bits would be needed for 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 50x19= 950 or 50*7=350 values respectively depending on the subcarrier allocation, meaning that either 10bits or 9bits would be needed in total.
Moreover, if for a sub-PRB allocation over PUSCH, the TBS mapping is performed only over one RU (i.e., every repetition consists of one RU), then no bits would be required for the “Resource Unit indication field” better identified as IRU, since it will be always equal to 1.
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:

	Resource Allocation for Sub-PRB over PUSCH including both single-tone and multi-tone support.
	Resource Allocation for Sub-PRB over PUSCH including multi-tone support.

	RIV = 19* 
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  [values]
	RIV = 7* 
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	Example of the Resource Indication Values for a 10MHz bandwidth (i.e., 50 PRBs), 10bits 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

    12.- 0000001100 -> meaning Isc = 12 , at PRB # 0

    13.- 0000001101 -> meaning Isc = 13 , at PRB # 0

    14.- 0000001110 -> meaning Isc = 14 , at PRB # 0

    15.- 0000001111 -> meaning Isc = 15 , at PRB # 0

    16.- 0000010000 -> meaning Isc = 16 , at PRB # 0

    17.- 0000010001 -> meaning Isc = 17 , at PRB # 0
    18.- 0000010010 -> meaning Isc = 18, at PRB #0
    19.- 0000010011 -> meaning Isc = 0 , at PRB # 1

    20.- 0000010100 -> meaning Isc = 1 , at PRB # 1

                                     .

                                     .

                                     .

949.- 1110110101 -> meaning Isc = 18 , at PRB # 49


	Example of the Resource Indication Values for a 10MHz bandwidth (i.e., 50 PRBs), 9 bits required:

      0.- 000000000 -> meaning Isc = 12 , at PRB # 0

      1.- 000000001 -> meaning Isc = 13 , at PRB # 0

      2.- 000000010 -> meaning Isc = 14 , at PRB # 0

      3.- 000000011 -> meaning Isc = 15 , at PRB # 0

      4.- 000000100 -> meaning Isc = 16 , at PRB # 0

      5.- 000000101 -> meaning Isc = 17 , at PRB # 0
      6.- 000000110 -> meaning Isc = 18 , at PRB # 0
      7.- 000000111 -> meaning Isc = 12 , at PRB # 1

      8.- 000001000 -> meaning Isc = 13 , at PRB # 1

                                     .

                                     .

                                     .

349.- 101011101 -> meaning Isc = 18 , at PRB # 49




Note:  
[image: image18.wmf]UL

RB

N

 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.

Observation 9: 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 (e.g., if every repetition is made to consists of one RU, then no bits are required for “Resource Unit indication field” since it will be always 1). 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 10: A resource allocation scheme based on a resource indication value (RIV) will allow 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.
Proposal 10: 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:
· Sub-PRB over PUSCH in CE Mode A:

Observation 1: The simulations performed show that the potential gains of sub-PRB in CE Mode A w.r.t. 12 subcarriers using 6 and 3 subcarriers are ~0.44dB, and ~0.63dB respectively, while for 1 subcarrier the potential gain is ~1.3dB. 
Proposal 1: The WA on whether Sub-PRB shall be supported in CE Mode A should weigh the potential gains (e.g., depending on the number of supported subcarriers) against the increased complexity.
· Number of repetitions for sub-PRB over PUSCH

Observation 2: 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.
Proposal 2: Revise the maximum number of repeats in CE Mode A (if supported) and CE Mode B as follows:
· Max repeats in CE Mode A {16, 8, 4} for {6, 3, 1} subcarriers, respectively.
· Max repeats in CE Mode B {1024, 512, 256} for {6, 3, 1} subcarriers, respectively.

· RU for sub-PRB over PUSCH

Proposal 3: The number of allocated subcarriers for sub-PRB over PUSCH is inherited from the existing ones in NB-IoT, being the supported RU lengths at least {2ms, 4ms} for {6, 3} subcarriers respectively, and 8ms for 1 subcarrier if supported.
· RE mapping

Observation 3: The RE mapping is time progressive, acting first on every subcarrier in ascending order, to later pass to the next symbol in the time domain and start over. This seems to be compatible with sub-PRB allocations, since something similar is done on a larger scale when [image: image20.wmf]RB
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consecutive subcarriers are allocated from total number of [image: image21.wmf]RB
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 subcarriers as per a given uplink transmission bandwidth.
Proposal 4: Keep the RE mapping as it is performed today implemented in the order of frequency first then time, that is, for sub-PRB over PUSCH the RE mapping “shall be in increasing order of first the index k, then the index l, starting with the first slot in an uplink subframe.”
· Transport Block mapping over one or multiple RUs

Observation 4: In relation to whether a TB should be mapped over one or multiple RU, the following points can be highlighted:
· One of the advantages of mapping a TB across multiple Resource Units is that a better code rate can be obtained. Nonetheless, if the maximum TB size is properly chosen and the usage of repetitions with different RV is accounted, then the obtained code rate should be suitable enough as to provide a proper performance.
· A full PRB allocation will remain as it is today, and it will inherently map per repetition a Transport Block on 12 subcarriers over 1ms (i.e., the equivalent to always using at most 1RU).

· No clear benefits were found by extending the number of RUs as compared to extending the number of repeats. 

· Mapping a TB across multiple Resource Units will end up reaching faster the maximum allowed number of usable subframes for sub-PRB transmissions (i.e., 32 or 2048 subframes depending on the CE Mode).



 REF Proposal_5 \h 

Proposal 5: For a sub-PRB allocation over PUSCH, the TBS mapping is performed only over one RU (i.e., every repetition consists of one RU).
· 
 DMRS for sub-PRB over PUSCH
Proposal 6: Reutilize for the sub-PRB over PUSCH, the NB-IoT DMRS sequences for bandwidths smaller than 180KHz when applicable.
· 
 Support of sub-PRB allocation in Msg3

Observation 5: 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.



 REF Observation_6 \h 

Observation 6: 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, while the larger PAPR gains yet again depend on the number of subcarriers to be supported.



 REF Proposal_7 \h 

Proposal 7: Keep the Message 3 transmissions on PUSCH unmodified. 

· 
 Maximum TBS for sub-PRB over PUSCH

Observation 7: When the Transport Block size exceeds the maximum number of bits available for data transmission in a RU, it is still possible to transmit such a large TBS by relying on repetitions using different redundancy versions.



 REF Observation_8 \h 

Observation 8: For a TBS equal to 504 bits (i.e., the largest TBS that can be supported with 1 PRB) and a CRC consisting of 24bits, the code rate using one RU and four repetitions with different RV is 528bits/1152bits = 0.4583.


 REF Proposal_8 \h 

Proposal 8: Confirm that for the sub-PRB allocation over PUSCH the maximum supported TBS is 504 bits.



 REF Proposal_9 \h 

Proposal 9: Re-use the CE Mode B TBS table as designed for PUSCH, focusing only on PRB #1 which for sub-PRB transmissions will take the role of 1 RU (i.e., for sub-PRB allocations the PRB # 1 becomes one RU).
· 
 Sub-PRB resource allocation design

Observation 9: 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 (e.g., if every repetition is made to consists of one RU, then no bits are required for “Resource Unit indication field” since it will be always 1). 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.



 REF Observation_10 \h 

Observation 10: A resource allocation scheme based on a resource indication value (RIV) will allow 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.


 REF Proposal_10 \h 

Proposal 10: 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: image22.wmf]UL
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