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Discussion and Decision
1 Introduction
New WI for further enhancements to NB-IoT [1] was approved in RAN#80. One of the objective of the WI is to support early data transmission in downlink for connectionless small data transmission in downlink.

In this discussion paper we analyse the possible options for early data transmission in downlink considering the energy efficiency, resource utilization and associated complexity for each of the options. The discussion and observations/proposals made for downlink EDT in this document are also applicable for the MTC WI.
2 Background
The signaling procedure associated with network initiated small data transmission towards NB-IoT device in idle mode as per Rel-15 specification is illustrated in the below diagram.
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In the above reference procedure for single downlink transmission of small data in the last step of the procedure, 6 additional signaling steps are required. Each additional step results in additional resource utilization at eNB and energy consumption at UE.
The objective of the WI is to reduce the overhead associated with the above procedure with modifications to the above procedure for early downlink data transmission within the complete procedure. Different alternatives possible for downlink early data transmission can be compared based on the resource efficiency and energy efficiency associated with the procedure.
Resource efficiency can be defined as ratio between the resources (DL and UL) required for transmission of single NPDSCH transmission in downlink to the overall resource utilization for transmission of the small packet including the resource utilization for paging and random access procedure associated with the small data transmission.

Resource Efficiency for EDT = Resource Requirement for single downlink transmission / Resource requirement for downlink transmission including the signaling procedure.

Energy efficiency can be defined as ratio between the energy consumption associated with transmission of single downlink transmission and associated physical layer acknowledgement to the overall energy consumption including the signaling procedure.
Energy Efficiency for EDT = Energy Consumption for single downlink transmission / Energy Consumption for overall signaling procedure.

As per the Rel-14 signaling procedure associated with network initiated small data transmission for idle mode, the resource utilization for uplink and downlink for the complete procedure is given in below Figure.
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The energy consumption for the signaling procedure at UE is the energy consumption associated with transmission /reception during the complete signaling procedure. 
As per the power consumption assumption refered in [2] for battery life time, the energy consumption associated with uplink transmission is 7 times higher than downlink reception of NPDSCH and NPDCCH. [ Energy consumption for TX-Active = 500 mW; Energy Consumption for RX-Active for NPDCCH/NDSCH = 70 mW]. Thus the impact of uplink transmission steps associated with the signaling procedure is higher on the overall energy efficiency compared to the downlink transmission steps.
As illustrated in the above Figure, for single packet transmission using the Rel-14 signaling procedure, 3 additional downlink transmissions, one NPRACH transmission, two NPUSCH uplink transmission and one NPUSCH-F2 transmission are needed prior to actual downlink data transmission. 
Further enhancements for small data transmission in downlink for idle mode UE are possible by scheduling the actual downlink transmission earlier in the signaling procedure thus avoiding additional downlink and uplink transmissions required for the transmission.
The resource efficiency and energy efficiency for reference signaling procedure for downlink small data transmission and different downlink EDT procedures are captured in Annex A.

Observation 1: The resource efficiency and energy efficiency of the reference signaling procedure for downlink small data transmission for idle mode is very low due to more than 100% additional resource usage /energy consumptions required for the additional signaling steps. 

Observation 2: Better energy efficiency is possible for the signaling procedure for downlink EDT if the uplink transmission related to the signaling procedure is also optimized.

3 Downlink Early Data Transmission Options

For single downlink data transmission towards idle mode UE, the signaling procedure described in earlier section can be optimized in multiple ways.

· The downlink small data can be included in the Msg4 associated with the random access procedure triggered by the UE for sending the paging response. 

· The downlink small data can be included in Msg2 which is meant to send random access response to acknowledge the reception of random access preamble.

Early Data Transmission in Msg4

In this option, if only single small data transmission needs to be sent towards idle mode UE, the network can send the small data as part of Msg4 itself instead of scheduling the downlink transmission after completion of RRC connection setup. The modified signaling procedure for transmission of downlink small data over Msg4 is illustrated in below diagram.
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In the reference signaling procedure, the downlink transmission starts only after reception of Msg5 which is considered to include the paging response message over secured dedicated signaling. With this mechanism the paging response from the UE is sent using the access security associated with UE in case UP based solution or the paging response message is sent using NAS security keys. This method ensures that the downlink data transmission is sent towards valid and authenticated UE. When the downlink data transmission over Msg4 is used, the Msg3 transmission should include additional security so that Msg4 transmission is scheduled after reception of secured paging response via Msg3. Rel-15 uplink early data transmission feature already supports secured transmission of Msg3. Similar mechanism can be considered for sending secured paging response over Msg3. The message contents of Msg3 should include information to bind the response to the NAS Identifier of the UE along with additional integrity protection information. The integrity protection should be based on NAS security keys for CP based solution and it should be based on RRC Integrity protection keys for UP based solution. This can be consulted with SA3 when RAN2 sees the need. Further analysis is required to identify the new RRC message contents of Msg3 sent for downlink early data transmission.
Observation 2: For downlink early data transmission in Msg4, new RRC message for Msg3 to include secured paging response needs to be defined. The security aspects considered for uplink EDT can be reused for the secured Msg3 containing page-response.

Early Data Transmission in Msg2

The resource efficiency and energy efficiency of downlink early data transmission can be further improved, if the downlink early transmission can be scheduled in Msg2 in response to reception of NPRACH preamble triggered by UE to send the paging response. With this option, the overall resource overhead associated with EDT transmission is reduced to one downlink transmission for paging message and one uplink transmission for NPRACH transmission. The resource and energy efficiency for EDT transmission is higher for this option compared to EDT in Msg4.
The key challenge for this mechanism is to identify the actual UE which corresponds to the NPRACH preamble to schedule the corresponding downlink transmission in Msg2. For this purpose, the paging message towards UE to trigger downlink early data transmission can include dedicated preamble on which Msg1 to be sent from this UE as paging response.

Assigning dedicated preamble for paging response also brings the following issues to be addressed.

· The eNB needs to reserve set of preambles over the NPRACH resources for dedicated preamble transmission for page-response.

· When dedicated preamble is reserved for page-response, the duration for which the preamble to be reserved is not clear because the success of UE’s attempt for the preamble transmission is not known. Moreover, whether the paged UE is present in the current cell is not known to eNB. In such case, eNB may not receive any transmission on the dedicated preamble.

· As the RRC Paging message is sent without any additional security applied, it is possible that any fake UE may attempt to send the preamble provided in the paging message to send ‘false page-response’ for early data transmission.
Observation 3: Downlink early data transmission in Msg2 will require complex changes associated with NPRACH resource reservation and security of the downlink early data transmission.

Based on the above observations, downlink early data transmission over Msg4 can be achieved with minimum specification impacts and minor impacts to resource allocation at eNB.

Proposal 1: Msg4 should be considered for downlink early data transmission with re-use of security mechansim associated with uplink EDT for sending secured page response.
4 Downlink Early Data Transmission towards UE with valid Timing advance

In many of the IoT use case such as smart meters, the UE is expected to be fixed at specific position with minimum changes expected on its radio condition/distance from the base station. When network commands contain small data to be triggered towards these devices, and if the UE stores the timing advance received from last uplink transmission to maintain the uplink synchronization for any further uplink transmissions, this feature can be further used to improve the efficiency associated with downlink early data transmission.

Moreover, as part of Rel-16 WI, uplink transmission over pre-configured resources for the UE with valid timing advance will be introduced. One of the pre-requisite for uplink transmission over preconfigured resources for idle mode UE is the possession of valid timing advance. For this purpose, the UE is expected to store the last received timing advance and can use this value for further transmission over preconfigured resources.
If the eNB knows that the UE for which the downlink early data transmission is to be scheduled is having valid timing advance, the eNB can trigger the paging message towards UE with additional indication of NPUSCH resources for UE to send scheduling request to send paging response. Based on reception of scheduling request eNB can assign NPUSCH for transmission of Msg3 containing paging response from UE.
The modified signaling procedure for downlink early data transmission towards UE having valid timing advance is given in below Figure.
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The above signaling procedure can be further enhanced if the paging message can include the uplink grant for transmission of paging response.
Observation 4: Use of NPUSCH resources directly for Msg3 transmission for paging response towards UE having valid timing advance improves the energy efficiency of the downlink EDT procedure significantly.
Proposal 2: The downlink EDT transmission towards UE having valid timing advance should consider further simplification of the signaling procedure for the uplink transmission steps associated with the procedure.

5 Summary

We analyse the possible enhancements for downlink early data transmission to idle mode UE in this discussion paper. We make the following observations and proposals based on our analysis.

Observation 1: The resource efficiency and energy efficiency of the reference signaling procedure for downlink small data transmission for idle mode is very low due to more than 100% additional resource usage /energy consumptions required for the additional signaling steps. 

Observation 2: To achieve higher energy efficiency for the downlink early data transmission, the new procedure should aim to reduce the uplink transmission overheads as much as possible.

Observation 3: Downlink early data transmission in Msg2 will require complex changes associated with NPRACH resource reservation and security of the downlink early data transmission.

Observation 4: Use of NPUSCH resources directly for Msg3 transmission for paging response towards UE having valid timing advance improves the energy efficiency of the downlink EDT procedure significantly.

Proposal 1: Msg4 should be considered for downlink early data transmission with re-use of security mechansim associated with uplink EDT for sending secured page response.
Proposal 2: The downlink EDT transmission towards UE having valid timing advance should consider further simplification of the signaling procedure for the uplink transmission steps associated with the procedure.
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7 Annexure

In this section, the resource efficiency and energy efficiency for example downlink small data transmission using different downlink EDT mechanism is given.

The size of network command assumed in [2] as part of traffic model assumption for CIoT device is 20 bytes of application data. With additional IP overhead and other radio link layer overheads we assume here the nominal size for the downlink network command size as 40 bytes =320 bits of TBS Size at radio interface. For this TBS transmission the closest TBS value in the TBS table [TS36.213] selected as 392 with <I-TBS,I-SF> values as <6,3> for this calculation.
Note : If some other CIoT use cases which requires to send larger small data than network command, larger TBS size can be considered.

Consider the following values for other signaling messages and NPDCCH for UE in normal coverage condition which does not require any blind physical layer transmissions..

	
	

	NPDCCH For Paging message 
	1 DL Subframe (2 CCE Aggregation level is assumed)

	NPDSCH for RRC Paging message
	2 DL Subframes 

	NPRACH Transmission
	6.4 UL Subframes ( Single 3.75 KHz subcarrier) 

As multiple RACH are sharing the same duration, the effective resource usage can be considered as l msec.

1 UL subframe equivalent of resources (Approx)

	NPDCCH For RAR 
	1 DL Subframe (2 CCE Aggregation level is assumed)

	NPDSCH for RAR
	2 DL Subframes 

	NPUSCH For Msg3
	2 UL Subframes ( Assuming the I-SF value =1)

	NPDCCH For Msg4 
	1 DL Subframe (2 CCE Aggregation level is assumed)

	NPDSCH for Msg4
	2 DL Subframes 

	NPUSCH for Ack for Msg4
	2 UL Subframes

	NPDCCH for Msg5
	1 DL Subframes

	NPUSCH for Msg5
	2 UL Subframes (Same as Msg3)

	NPDCCH DL Small Data 
	1 DL Subframe

	NPDSCH For DL Small Data
	4 DL Subframes 

	NPUSCH for DL Small Data-Ack
	2 UL Subframes 


Resource Efficiency for small data transmission using Rel-15 signaling procedure (In terms of number of subframes used) 

= ( 1+4 +2) / (1+2+1+2+2+1+2+2+1+2+1+4+2)
= 7 /(17+7) = 7/24 = 29%
This also means that overall resource overhead associated with the small data transmission using reference signaling procedure (Rel-15) is more than 200 %.

Using the same approach the resource efficiency for downlink EDT over Msg4 and downlink EDT over Msg2 are calculated in the below table.

	Procedure
	Resource Efficiency (%)

	Reference Signaling Procedure
	29

	Downlink EDT over Msg4
	38

	Downlink EDT over Msg2 
	55


For energy efficiency calculations, the uplink transmission uses 7 times more power consumption than downlink transmission as per the Energy consumption assumptions in [2]. So each of uplink transmission additional weightage of 7 should be considered for Energy consumption.

As per the above changes, energy efficiency associated with reference signaling procedure

= (5+(2*7) ) / ( 13 + 5 + (10.4 )*7 + (2*7)) = 19/104 =18%
In the same way the energy efficiency calculation for other downlink EDT mechanisms are calculated and captured in below table.

	Procedure
	Resource Efficiency (%)

	Reference Signaling Procedure
	18

	Downlink EDT over Msg4
	23

	Downlink EDT over Msg2 
	29


The energy efficiency for downlink EDT procedure towards device with valid timing advance where the NPRACH transmission is replaced by NPUSCH transmission for Msg3 directly is increased to 38%. This is higher than other downlink EDT procedures proposed for small data transmission where transmission of random access preamble is main step associated with higher energy consumption.
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