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Introduction
The WI description for further NB-IoT enhanced is given in [1]. One of the objectives of the WI is:
	Further latency and power consumption reduction 
· [bookmark: _Hlk481494552]Evaluate power consumption/latency gain and specify necessary support for DL/UL data transmission on a dedicated resource during the Random Access procedure after NPRACH transmission and before the RRC connection setup is completed. [RAN2, RAN1, RAN3]


 
In this contribution, we discuss some aspects of supporting DL/UL data transmission during the RA procedure for UEs in IDLE mode. 

Background
Many NB-IoT applications involve relatively infrequent exchange of small amounts of data.  For example, metering, alarm etc. are expected to produce small UL data whereas queries, notifications of update, command to actuators, etc. generates small DL data transmissions.
Full RRC Connection establishment procedure for Idle NB-IoT UEs involving RA procedure has a large overhead. For example, the sequence of messages involves Paging (for MT data), msg1 (NPRACH preamble), msg2 (RAR), msg3 (RRC Connection Request or RRC Connection Re-establishment Request or RRC Connection Resume Request etc. depending on the reason for RA procedure), msg4 (early contention resolution, RRC Connection Setup etc.), and finally msg5 which can be used for the UL data (unless SR/BSR is required before actual payload transmission), and msg6 which can be used for the DL data. This involves 6 message exchanges for a small DL data and 5 or more messages for UL data. before actual payload transmission. 
Therefore, the level of overhead to transmit such small data may be unreasonably high. 

Random Access Procedure
A brief overview of contention based random access procedure is given in [2].


Figure 10.1.5.1-1 in [2]: Contention based Random Access Procedure
For NB-IoT UEs, this procedure is performed for:
-	Initial access from RRC_IDLE;
-	RRC Connection Re-establishment procedure, except for NB-IoT UE that only uses Control Plane CIoT EPS optimizations, as defined in TS 24.301;
-	DL data arrival during RRC_CONNECTED when UL synchronisation status is "non-synchronised".
-	UL data arrival during RRC_CONNECTED requiring random access procedure, e.g. when UL synchronisation status is "non-synchronised" or there are no PUCCH resources for SR available.
- 	For positioning purpose during RRC_CONNECTED requiring random access procedure, e.g. when timing advance is needed for UE positioning, etc.
Normal DL/UL transmission can take place after the random access procedure. Therefore, there are a large number of message exchanges before the actual payload transmission, even for very small and infrequent payload.
[bookmark: _Toc480987811][bookmark: _Toc480987915][bookmark: _Toc480987950][bookmark: _Toc480987964][bookmark: _Toc480987975][bookmark: _Toc480988117][bookmark: _Toc480988251][bookmark: _Toc480988281][bookmark: _Toc480988292][bookmark: _Toc480988334][bookmark: _Toc480988389][bookmark: _Toc480988398][bookmark: _Toc480988414][bookmark: _Toc480988426][bookmark: _Toc480988453][bookmark: _Toc480988469][bookmark: _Toc480988476][bookmark: _Toc480988626][bookmark: _Toc480989528][bookmark: _Toc480989570][bookmark: _Toc480992254][bookmark: _Toc481421017][bookmark: _Toc481422412][bookmark: _Toc481495785][bookmark: _Toc481495826][bookmark: _Toc481529011][bookmark: _Toc481580787][bookmark: _Toc481741198]The number of steps involved in establishing RRC connection for uplink is the same regardless of the volume of data to be transferred.
It should be noted that for each message exchange, there is not only communication overhead, but also inherent latency involved. For example, typical values of delays for each of these steps in legacy LTE have been documented in [4]. The values assume error-free first transmissions without repetitions or HARQ delays. Since NB-IoT involves repetitions of certain messages, the delays are expected to be much larger compared to the values in the table below.

Table B.1.2.1.2-1 from [4]: Uplink initiated dormant to active transition for unsynchronized UE (error free)
	Component
	Description
	Minimum [ms]
	Average 
[ms]

	1
	Average delay due to RACH scheduling period
	0.5
	2.5

	2
	RACH Preamble
	1
	1

	3
	Preamble detection and transmission of RA response (Time between the end of RACH transmission and UE’s reception of scheduling grant and timing adj.)
	3
	5

	4
	UE Processing Delay (decoding of scheduling grant and timing alignment + L1 encoding of UL data)
	5
	5

	5
	Transmission of UL data
	1
	1

	
	Total delay
	10.5
	14.5



Therefore, it is reasonable to assume that lower number of message exchanges leads to both lower latency and lower power consumption. 

[bookmark: _Toc481495786][bookmark: _Toc481495827][bookmark: _Toc481529012][bookmark: _Toc481580788][bookmark: _Toc481741199]Lower number of message exchanges is expected to lead to both lower latency and lower power consumption. 
Note that the following discussion assumes the UE is in IDLE mode at the time of the initiation of data transmission.
Uplink data transmission
In the figure given in section 3, the first UL signal from UE is msg1, whereas the first scheduled UL transmission is msg3. Therefore, it is natural that “early” data transmission in UL can target to transmit 
Option 1. payload UL data in Msg1, or
Option 2. payload UL data in Msg3,
instead of msg5 or even later.
UL data in msg1
Uplink data transmission without having a dedicated grant has been previously discussed in RAN1/2 for CONNECTED mode UEs where it was generally referred to as “contention-based” UL. In such case, the basic idea would be to allow grant sharing among multiple UEs, assuming that the UL is synchronized.
However, it should be noted that there are several challenges, especially for UEs in IDLE mode. For example:
· UL synchronization: The UE may not have uplink timing sync, so a new waveform or new procedures are needed.
· Alt 1: Define a new waveform to be used as “training sequence” to acquire UL sync. This approach may not be preferable for LTE evolution as this involves significant PHY changes.
· Alt 2: Use LTE PRACH preamble as training sequence. The idea would be to include payload along with the PRACH preamble (e.g. NPRACH followed by NPUSCH).
· Alt 3: The UE remembers the TA from the last connection, such that it remains orthogonal to other users. This assumes that the UE has not “drifted” since the last UL transmission, therefore it may not be practical for infrequent small data transmission, as the UE is likely to have been idle for a long time.
· Channel adaptation: The initial UL MCS also needs to be predetermined. In addition, the initial CE levels (e.g. repetition levels) need to be determined.
· It may be possible for the UE to choose between different initial MCS’s/CE levels based on “history”, however in this case, signaling on the UL to indicate this MCS to the eNB is required.
· This may be a separate UL control signal
· This may be implicitly indicated by partitioning the NPRACH sequences.
· Power control: Initial tx power may be blindly selected (open loop), or selected based on history.
· Contention resolution: the UL tx needs to include some form of UE ID also in msg1 for contention resolution purposes.
· Payload Data: The payload would be a NAS message as DRB/PDCP/RLC are not yet established for this data since this is transmission without RRC connection. The payload would have to be secured by NAS (Integrity and ciphering).

Figure 1 below shows the components of an UL transmission using NPRACH preamble along with payload data in msg1.
 
	NPRACH preamble
	UE ID
	Uplink Control Information
	Payload Data
(NAS PDU)


Figure 1 UL data transmission in msg1
Since the UL synchronization is not guaranteed, the fact that msg1 is much bigger compared to simply the preamble (due to addition of UE-ID, other control information and the payload data) increases the probability of collision and therefore reduction in resource efficiency significantly. Additionally, the introduction of this feature requires non-trivial changes at the physical layer due to the need of decoding a shared channel without uplink synchronization.
UL data in msg3
The transmission of msg3 is performed on the initial UL grant provided by RAR, therefore the size of the transport block depends on the grant. When an uplink transmission is required, e.g., for contention resolution, the eNB should not provide a grant smaller than 88 bits (for NB-IoT) in the Random Access Respons [3].
Msg3 uses HARQ. It conveys at least NAS UE identifier for initial access, but no NAS message [2]. Msg3 transmission is done using a separate msg3 buffer (which has higher priority than the UL buffer).
The RA procedure can be enhanced with minimal specification impacts to support UL data transmission in msg3. The payload may be included as CCCH SDU. Note that the payload would be a NAS message as DRB/PDCP/RLC are not yet established for this data since this is transmission without RRC connection. The payload would have to be secured by NAS (Integrity and ciphering).
A call flow allowing data transmission in msg3 as NAS PDU is shown below.


Figure 2 Data transmission in msg3
The steps are briefly described below:
A. Resource determination: eNB decides to allow transmission of certain packet sizes (e.g. 10 bytes to 20 bytes) without establishing full RRC connection. It allocates NPRACH resources for this purpose (Resources may also be different for different CE levels).
0. eNB announces the resources via system information broadcast (SIB)
B. The UE selects an NPRACH resource based on the announced resources and the amount of data to transmit. The selection may be based on random selection. If enough resources are available as the traffic frequency may be very low, a dedicated allocation may be possible (described later).
1. UE transmits the NPRACH preamble (msg1).
2. The UE receives RAR. In current LTE, RAR may contain uplink grant, and TA (in addition to RNTI etc.). To enable msg3+data, RAR may be updated to include power control information. Otherwise, the UE may use open-loop power control (i.e., UE decides on tx power itself).
3. UE transmits msg3 with UEID + NAS PDU using the UL grant indicated in RAR. UE takes into account the power control information from RAR, if included. UE starts a contention resolution timer after this step.
C. The eNB decodes the RRC message.
4. The eNB forwards the NAS PDU to the MME. New S1 message may be needed for this step.
5. The eNB sends the contention resolution msg (using NPDCCH or NPDSCH) with UE ID (msg4)
Note: steps 4 and 5 may happen in any order.
If contention resolution is not successful, UE goes back to step B. 
Size of UL grant for msg3
Currently the minimum size of msg3 UL grant is defined (56bits for legacy, 88bits for NB-IoT). There is no restriction on larger grants if eNB wants to provide to UE. However, this involves tradeoff based on likelihood of collision in msg3, and the tradeoff becomes more important where large number of repetitions are involved because the resource (a large block of it) is blocked for multiple of TTIs. 
The eNB may be able to use some statistical models to guess/estimate the collision of preambles with the knowledge of total number of preambles, and expected number of “active” UEs (arrival) based on traffic pattern.  The eNB may use the estimated collision probability to decide between providing larger grants for “msg3+data” vs smaller grant for legacy msg3.
The UE can differentiate between grants for msg3+data vs grant for legacy msg3 based on size of the grant implicitly (if grant > threshold, then it is for msg3+data), or based on explicit flag in the grant. This may be up to the UE to decide how to use this grant (for RRC connection request or for data in msg3).
Contention-free msg3
Given that the expected data arrival may be infrequent, it may be possible for the eNB to allocate contention-free NPRACH to each UE. This is particularly possible for NB-IoT case since multiple number of carriers can be allocated as NPRACH resources. A predefined timing, frequency, periodicity or pattern may be defined for each UE to have access to a dedicated NPRACH preamble resource. The predefined resource may be present during a predefined time window to increase the probability of successful acquisition and usage of such resource.
If such method is considered, it can further reduce delay by avoiding collision and also because the contention resolution (step 5) may not be needed. In such scenarios, a separate ACK indication (1-bit) using a separate control channel instead of a contention resolution MAC PDU in shared data channel may be introduced.
This method requires that the network has knowledge of UEs’ traffic patterns. The UE may provide this information to the network at the time of initial attach or it may indicate how long it will be until its next expected transmission. The network may indicate the future dedicated NPRACH resource (or its index) in one of the steps of current session.
If there is a concern that the network may not have such level of resources to provide contention free RA, a hybrid approach can be considered where the eNB may allocate a predefined “time window” within which the UE performs a contention based RA. This can be beneficial when a large number of UEs are present in the network and the network wants to “smooth” out the possible peaks of access requests by distributing the UEs across different time windows.
Based on the above discussion, it is clear that UL data transmission in msg1 requires a lot of RAN1 time whereas UL data transmission in msg3 can be achieved with minimal RAN1 impact where the enhancements will be mostly handled by RAN2. This is also in-line with the objective where it is noted that the sub item is owned by the WGs in following order: “RAN2, RAN1, RAN3”. Therefore, we propose:
[bookmark: _Toc480987917][bookmark: _Toc480988486][bookmark: _Toc480989532][bookmark: _Toc480989574][bookmark: _Toc480992264][bookmark: _Toc481421020][bookmark: _Toc481422415][bookmark: _Toc481495787][bookmark: _Toc481529014][bookmark: _Toc481580790][bookmark: _Toc481741200]From RAN1 perspective, it is reasonable to support early UL data transmission on msg3.
Downlink Data transmission
For a MT call for IDLE UE, the first downlink message is paging from the network. Once the UE receives paging message (i.e., a paging record corresponding to UE’s NAS identity is present), it initiates RA procedure. Therefore, the early data transmission in DL can be achieved by:
Option 1. Including small DL data as NAS message in paging message
Option 2. Small DL data after paging
Option 3. Small DL data after paging and NPRACH preamble
DL data in paging
It should be possible to include additional payload in paging record for the UE. The payload would be included as a NAS message. The advantage is that there is no need to even have a full RA procedure. Only msg1 transmission may be needed which can be used as ACK for DL data. Furthermore, no significant RAN1 impact is foreseen with such a solution. However, the challenge is that the paging load may significantly increase since each paging record could be large. The following call flow illustrates the method.


Figure 3 DL data in paging
The steps are briefly described below:
1) S-GW receives DL data. It needs to know that the UE for which it is directed supports small data over paging.
2) The S-GW sends a “small data transfer request” to the MME with the data to transmit. The MME buffers this data. 
3a) In case of MME overloading, it can reject the request. Otherwise it confirms it.
A) The MME encapsulates the data in a NAS PDU and prepares a paging message. 
3b) MME sends it to the eNB.
B)  Upon reception of the paging message, the eNB determines a NPRACH resource for contention-free random access and include it in the paging message.
4)  The UE monitors for paging. 
5) If the UE decodes paging containing DL data, the UE delivers the PDU to NAS. The UE transmits the dedicated NPRACH preamble which indicates ACK of data. 
6) eNB ACKs the MME about successful transfer of DL data.
DL data after paging
Including the actual payload in paging message may increase the size of paging message and hence the paging load significantly. This means the UEs for which the paging is not intended may also need to decode the large paging messages. Therefore, it may be reasonable to include a RNTI information in the paging record instead of the actual payload. After receiving such information, the UE monitors NPDCCH scrambled with a given RNTI. The NPDSCH contains a NAS PDU. This is illustrated in the following figure.


Figure 4 DL data after paging
DL data after NPRACH preamble
The main issue with the above solutions is that all the eNBs where the UE will be paged will need to allocate large NPDSCH (either to send paging message with payload, or send payload in a separate NPDSCH assignment). This can lead to significant resource wastage at the eNB as well as high backhaul load between MME and eNBs (since the payload needs to be sent to all eNBs in the paging area). To overcome this, MME can indicate to the eNBs in the paging area that small data tx is required for a certain UE. Paging record for the UE can indicate dedicated PRACH resource (preamble) and RNTI. The UE after receiving the page uses the NPRACH resource to transmit the dedicated preamble. Only the eNB that receives the NPRACH preamble needs to retrieve the NAS PDU from MME and respond with downlink transmission using the RNTI. This way while NPRACH preamble and RNTI would be reserved in all the eNBs that page the UE, only one eNB will use downlink NPDSCH resources for the actual payload. This is illustrated in the following figure.


Figure 5 DL data after NPRACH preamble
In our understanding, these methods involve minimal RAN1 impact. Therefore, we think that from RAN1 perspective, it is reasonable if RAN2 wants to define paging enhancements for early DL data transmission.
[bookmark: _Toc481529015][bookmark: _Toc481580791][bookmark: _Toc481741201] From RAN1 perspective, it is reasonable to support early DL data transmission with paging enhancements.
Conclusion
In this contribution, we discussed some aspects of support for DL/UL data transmission during the RA procedure. Based on the above discussion, we made the following observations:
Observation 1.	The number of steps involved in establishing RRC connection for uplink is the same regardless of the volume of data to be transferred.
Observation 2.	Lower number of message exchanges is expected to lead to both lower latency and lower power consumption.

Based on the observations and discussion, we propose:
Proposal 1.	From RAN1 perspective, it is reasonable to support early UL data transmission on msg3.
Proposal 2.	From RAN1 perspective, it is reasonable to support early DL data transmission with paging enhancements.
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