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Introduction
[bookmark: _Ref421460494]At RAN#75 it was agreed to start the Release 15 work item on Even further enhanced MTC for LTE. In this paper we address the objective on “Support early data transmission” [1]:
· Support early data transmission [RAN2 lead, RAN1, RAN3]
· Evaluate power consumption/latency gain and specify necessary support for DL/UL data transmission on a dedicated resource during the Random Access procedure (after PRACH transmission and before the RRC connection setup is completed) at least in the RRC Suspend/Resume case.
In this paper we discuss the possibility to support early data transmission for both Mobile Originating (MO) and Mobile Terminating (MT) events. The focus of this contribution is on RRC Resume procedure, although the discussion provided is largely agnostic to the actual used RRC procedure. We provide results based on analytical calculation and simulations on the achievable gain when using “early data” transmission vs sending the data using Rel-13 RRC Resume procedure. 
Motivation for early data
Currently, especially when sending small data such as few bytes sensor reports or similar, the amount of overhead is relatively high due to random access and RRC signalling. This is still the case even with recent EPS CIoT optimizations for user plane and control plane (i.e., RRC Suspend/Resume and Data over NAS procedures). Figure 1 shows an example of RRC Suspend/Resume procedure for MO traffic case for an eMTC UE. For the UE to send UL data, it needs to go through sync acquisition, MIB and at least SIB1-BR acquisition, random access up to Msg4 (e.g. RRC Connection Resume) after which the UE can send the actual UL data. 
Similar situation would occur with MT data, where DL data can be sent after the eNB has received the RRC Connection Resume Complete message. 
If this sequence would be shorter, the UE would benefit in 
1. Latency: If either UL or DL could be sent earlier, the latency starting from either the triggered MO or MT event up to the delivery of the data packet to higher layers in eNB or UE
2. UE power consumption: By reducing the steps needed to send UL or DL data, the UE can save cycles in MPDCCH monitoring and signalling reception and transmission. 


[bookmark: _Ref485818584][bookmark: _Ref485821009]Figure 1. Example of signalling for uplink data transmission in Msg5 using RRC suspend/resume (User plane CIoT EPS optimization)
[bookmark: _Toc490143885][bookmark: _Toc490150264][bookmark: _Toc490213644][bookmark: _Toc490228953][bookmark: _Toc490237824][bookmark: _Toc490237858][bookmark: _Toc490234492][bookmark: _Toc490236228][bookmark: _Toc490254552][bookmark: _Toc490255005][bookmark: _Toc490255893]Early data transmission possibility for UL and/or DL data results in improvements in latency and UE power consumption. 
Early data in UL
Compared to doing the “full” RRC connection setup procedure as defined in Rel-8, in Rel-13 optimizations to support earlier data transmission were specified. Solution using user plane transmission is called User plane CIoT EPS optimizations, which from RRC perspective means using RRC Suspend / Resume procedures. For control plane, the solution is called Control plane CIoT EPS optimizations or Data-over-NAS (DoNAS), where from RRC perspective the data contained in NAS-PDU, which is then piggybacked to a RRC message. Figure 1 shows the example signalling for RRC suspend / resume case. 
Early data in Msg1
One could consider sending data already in Msg1. The main argument against this is uplink timing and transmission power: Without proper timing a message transmission will likely fail resulting in no benefit but additional interference in the cell. To solve the uplink timing issue, new formats should be designed for PRACH channel which would take payload transmission into account, e.g. by introducing longer cyclic prefixes. 
LTE was not designed to support Msg1 payload transmissions, and we do not think this is a viable way forward for early data transmission. Moreover, sending data together with the PRACH preamble is excluded in the WID [1].

[bookmark: _Toc490143886][bookmark: _Toc490150265][bookmark: _Toc490213645][bookmark: _Toc490228954][bookmark: _Toc490237825][bookmark: _Toc490237859][bookmark: _Toc490234493][bookmark: _Toc490236229][bookmark: _Toc490254553][bookmark: _Toc490255006][bookmark: _Toc490255894]Sending data in Msg1 is not within the scope of the WID.

Early data in Msg3
The remaining alternative is to look into transmission of early data in Msg3, that is, together with RRC Connection Resume Request or RRC Connection Request. In [2], we discuss security aspects of early data transmission in Msg3, and present a solution to restore suspended DRB(s) and respective PDCP entities with new keys derived before passing RRC Connection Resume Request to lower layers. This way, data could be ciphered and multiplexed with RRC Connection Resume Request in Msg3 in MAC layer.
In principle, the eNB does not know the UE identity nor its supported capabilities, before Msg3 transmission. There are two aspects an early data procedure should achieve: 
1. Indicate to the UE the possibility to send early data (in Msg3)
2. Provide information on the resources to send the early data (i.e. a larger UL grant)

One way to keep backwards compatibility is to use existing signalling and embed any necessary information needed for early data in Random Access Response message (RAR). Both of the above aspects can be handled in RAR alone, or then just the indication part alone and the grant would be sent separately. 
For example, support for early data could be indicated using R-bit(s) in MAC subheader or RAR message. The early data grant information could be either derived from the information of the legacy grant included in RAR, for example, by configuring an offset to TBS to provide larger grants for supporting UEs, or then a new RAR or grant could be included in the padding region of the RAR message. The second grant should re-use as much information from the first grant as possible, for example timing advance is the same so there is no need to include it twice.
This way the eNB does not need exact information of the UE capabilities, but would provide “dual grant” in RAR, where legacy UEs act according to pre-Rel-15 procedure and UEs supporting early data could use the (larger) grants provided for multiplexing data with RRC Connection Resume Request. It would be up to UEs supporting the early data feature to select the legacy grant or a larger grant for early data.
 
[bookmark: _Toc490143887][bookmark: _Toc490143888][bookmark: _Toc490150266][bookmark: _Toc490213646][bookmark: _Toc490228955][bookmark: _Toc490237826][bookmark: _Toc490237860][bookmark: _Toc490234494][bookmark: _Toc490236230][bookmark: _Toc490254554][bookmark: _Toc490255007][bookmark: _Toc490255895]Indication of early data opportunity and larger grants for early data in Msg3 can be provided in a backwards-compatible way. 
[bookmark: _Toc490143889][bookmark: _Toc490150267][bookmark: _Toc490213647][bookmark: _Toc490228956][bookmark: _Toc490237827][bookmark: _Toc490237861][bookmark: _Toc490234495][bookmark: _Toc490236231][bookmark: _Toc490254555][bookmark: _Toc490255008][bookmark: _Toc490255896]Backwards compatibility can be kept by embedding additional grant information in RAR.

As the results show later is this document, there are considerable power consumption and latency gains to be achieved when transmitting uplink data in Msg3 compared to transmissions in Msg5 or later. Based on this and the above discussion we think a viable way forward for RAN2 is to continue discussion on the details how early data in Msg3 can be specified in backwards-compatible manner.

[bookmark: _Toc490237863][bookmark: _Toc490234487][bookmark: _Toc490254557][bookmark: _Toc490255010][bookmark: _Toc490255906][bookmark: _Toc490143892][bookmark: _Toc490150271][bookmark: _Toc490213651][bookmark: _Toc490228959]RAN2 should specify support for early data transmission in Msg3. 
[bookmark: _Toc490237864][bookmark: _Toc490234488][bookmark: _Toc490254558][bookmark: _Toc490255011][bookmark: _Toc490255907][bookmark: _Toc490150272][bookmark: _Toc490213652][bookmark: _Toc490228960][bookmark: _Toc490143893]An additional grant is provided in RAR for early transmission in Msg3. 
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[bookmark: _Ref490047566][bookmark: _Ref490047558]Figure 2. Early UL data in Msg3 using RRC Resume.
Figure 2 shows the message flow for early data in Msg3 together with RRCConnectionResumeRequest, with possible further UL/DL data transmissions. For more details on the RRC procedures and security details, see [2].
Early data transmission in Msg3 vs data transmission in Msg5
Power consumption
In Table 1 and Table 2 we present result comparing transmitting data during (early data) and after RRC Resume procedure according to reference performance framework as presented in the Appendix of this contribution. The comparison is made between early data like in Figure 2 to RRC resume as shown in Figure 1. The UE goes to PSM in between the MO events. It is further assumed the UE is released to idle mode as soon as possible after the DL packet has been received. The UE stays 10 s waiting for possible paging (PSM active timer) until it goes to PSM and deep sleep. 
[bookmark: _Ref489862059]Table 1. Results for early data in Msg3 vs Msg5, no DL application ACK in Msg4 (MO event).
	Reporting interval 
	UL Packet size (byte)
	Battery life [Years] 

	
	
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)

	2 hours
	50
	29.93
	33.19
	10.89
	16.92
	19.43
	14.83
	2.47
	3.05
	23.48

	
	200
	27.73
	30.62
	10.42
	9.85
	10.78
	9.44
	1.05
	1.14
	8.57

	24 hours
	50
	37.48
	37.87
	1.04
	34.7
	35.48
	2.25
	17.37
	19.53
	12.44

	
	200
	37.17
	37.57
	1.08
	30.9
	31.62
	2.33
	9.65
	10.28
	6.53




[bookmark: _Ref489862046]Table 2. Results for early data transmission in Msg3 and application ACK in Msg4 (MO event). 
	Reporting interval 
	DL Packet size (byte)
	UL Packet size (byte)
	Battery life [Years]

	
	
	
	144 dB MCL
	154 dB MCL
	164 dB MCL 

	
	
	
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)

	1 hour
	20
	20
	23.78
	30.04
	26.32
	12.18
	16.2
	33.00
	1.76
	2.47
	40.34

	2 hours
	65
	50
	28.97
	33.09
	14.22
	15.99
	19.16
	19.82
	2.27
	2.95
	29.96

	
	
	200
	26.9
	30.53
	13.49
	9.52
	10.7
	12.39
	1.01
	1.12
	10.89

	24 hours
	
	50
	37.35
	37.85
	1.34
	34.35
	35.4
	3.06
	16.52
	19.16
	15.98

	
	
	200
	37.04
	37.55
	1.38
	30.63
	31.56
	3.04
	9.38
	10.18
	8.53

	24 hours
	20
	200
	37.05
	37.56
	1.38
	30.66
	31.6
	3.07
	9.45
	10.24
	8.36




The coverage level significantly impacts the gains both in absolute and relative terms. The larger the coverage, the more gain one can achieve with early data with respect to legacy RRC resume and suspend. The operation mode has clearer impact on the performance gains in poor coverage level, e.g., 164 dB MCL.
Results are dependent on assumed traffic model and power consumption levels. For 24 hour reporting interval the battery life exceeds 10 years with early data in Msg3, when assuming the “worst” model, i.e. 200 bytes UL and 65 bytes DL packets With smaller data size the battery lifetime is better. 

Latency

	UL Packet size (byte)
	UL report latency (ms)

	
	144 dB MCL
	154 dB MCL
	164 dB MCL 

	
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)

	20
	197
	180
	8.63 %
	435
	295
	32.18 %
	4779
	3720
	22.16 %

	50
	201
	184
	8.46 %
	501
	360
	28.14 %
	5882
	4686
	20.33 %

	200
	223
	205
	8.07 %
	853
	702
	17.70 %
	10461
	9265
	11.43 %



For the extended coverage cases, the early data for MO events can result in substantial gains, up to one second reduction in the latency for the 164 MCL. Relative gains are even better for the medium coverage (154 dB) case, where the absolute gain naturally is not as large. 
Early data in DL
Early data in Msg2
For MT events, where the UE does not have uplink data to send but the network instead is triggered to deliver data to the UE, the first alternative to consider is to send data already in Msg2 after the UE has been paged. 
For UEs starting in idle mode, unless the preamble the UE uses is reserved for indicating early data, the eNB would not know UE ID at this stage. Also, it is not clear how the user data would be ciphered if in RAR, and the RAR message can be received by multiple UEs. We do not think the cost of reserving resources for early data transmission in Msg2 for example by using preamble space partition and changing the RAR reception principles are worth the possible achieved gain for this use case. For these reasons, we do not think specifying early data in Msg2 for UEs is worth considering. 

[bookmark: _Toc490143895][bookmark: _Toc490150274][bookmark: _Toc490213654][bookmark: _Toc490228962][bookmark: _Toc490237866][bookmark: _Toc490234490][bookmark: _Toc490254560][bookmark: _Toc490255013][bookmark: _Toc490255909]Early data in Msg2 is not specified. 

Early data transmission in Msg4
The remaining alternative is to look for DL early data in Msg4. From RAN2 perspective we should make it possible for the eNB to send ciphered DL data in Msg4. The solution for the Msg4 case is the same as for Msg3 UL early data, as discussed in [2], that is, restore DRBs and respective PDCP entities already before Msg3 transmission. 

[bookmark: _Toc490143890][bookmark: _Toc490150268][bookmark: _Toc490213648][bookmark: _Toc490228957][bookmark: _Toc490237828][bookmark: _Toc490237862][bookmark: _Toc490234496][bookmark: _Toc490236232][bookmark: _Toc490254556][bookmark: _Toc490255009][bookmark: _Toc490255897]From a security perspective, DL data multiplexed with RRC Connection Resume in Msg4 is ciphered with the same solution as early data transmission in Msg3. 
[bookmark: _Toc490143896][bookmark: _Toc490150275][bookmark: _Toc490213655][bookmark: _Toc490228963][bookmark: _Toc490237867][bookmark: _Toc490234491][bookmark: _Toc490254561][bookmark: _Toc490255014][bookmark: _Toc490255910]Specify details for early data transmission support for MT data in Msg4.

Note that there is a difference in where the first DL data are sent between the UL and DL triggered case: For DL triggered or MT traffic case the DL data can be sent in Msg4, but in the UL triggered case it might not be possible to send possible DL answer to UL data back in Msg4 if there is considerable delay (such as 1000 ms as used in some models. In this case the DL answer to UL triggered data transmission would be sent in a later message after Msg4.
Gains due to early data transmission in Msg4
[bookmark: _Ref490222453]Table 3. Results of downlink transmission only (Msg4).
	Reporting interval 
	DL Packet size (byte)
	Battery life [Years]

	
	
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)
	Resume
	Early + Resume
	Gain (%)

	2 hours
	65
	29.7
	34.04
	14.61
	20.81
	26.51
	27.39
	4.48
	7.15
	59.60

	
	20
	29.76
	34.11
	14.62
	21.02
	26.84
	27.69
	4.67
	7.57
	62.10

	24 hours
	65
	37.45
	37.96
	1.36
	35.84
	36.98
	3.18
	23.53
	28.13
	19.55

	
	20
	37.45
	37.96
	1.36
	35.89
	37.03
	3.18
	23.95
	28.64
	19.58


[bookmark: _Toc490143891]
[bookmark: _Toc490228958][bookmark: _Toc490237829]As for MO early data transmission, also transmission of MT data in Msg4 show significant relative gains as shown in Table 3. The exact gains heavily depend on the used traffic model, and the gains decrease with increasing interarrival time and/or better UE coverage.  
Conclusion
We have made the following observations:
Observation 1	Early data transmission possibility for UL and/or DL data results in improvements in latency and UE power consumption.
Observation 2	Sending data in Msg1 is not within the scope of the WID.
Observation 3	Indication of early data opportunity and larger grants for early data in Msg3 can be provided in a backwards-compatible way.
Observation 4	Backwards compatibility can be kept by embedding additional grant information in RAR.
Observation 5	From a security perspective, DL data multiplexed with RRC Connection Resume in Msg4 is ciphered with the same solution as early data transmission in Msg3.

Based on the discussion we propose the following:
Proposal 1	RAN2 should specify support for early data transmission in Msg3.
Proposal 2	An additional grant is provided in RAR for early transmission in Msg3.

Proposal 3	Early data in Msg2 is not specified.
Proposal 4	Specify details for early data transmission support for MT data in Msg4.
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Appendix: Assumptions for the analysis
Figure 3 presents the signalling assumed in the calculations for RRC Resume. The UE is assumed to consist of four parts which can be enabled/disabled somewhat independently: Transmission chain (TX), reception chain (RX), Idle mode (i.e. accurate clock to keep frame/symbol timing etc.) and deep sleep, where only a coarse clock is running and the UE is basically switched off otherwise. The power consumption of each of these parts is presented in Table 6.
DL assignments and UL grants are not explicitly shown in Figure 3 for clarity, but they are included in the model. An Active timer of 10 seconds is assumed after the procedure, after which the UE enters PSM. The wait time after UL data before DL application Ack is tried to be received is 1000 ms (according to [6]).



[bookmark: _Ref477786263]Figure 3: Data and signalling flow used to model RRC Resume battery performance.

Table 4 and Table 5 presents the application layer assumptions used for evaluation of battery life performance.
[bookmark: _Ref478049579]Table 4: Release 13 battery life evaluation scenarios.
	Message type
	UL report
	DL Application Acknowledgment

	Size
	200 bytes
	50 bytes
	65 bytes

	Arrival rate
	Once every 2 h or once every 24 h



[bookmark: _Ref478049584]Table 5: Release 14 battery life evaluation scenarios.
	Message type
	UL report
	DL Application Acknowledgment

	Size
	200 bytes
	20 bytes

	Arrival rate
	Once every 24 h



Table 6 presents the power consumption assumptions used for evaluation of battery life performance taken from the Rel-13 NB-IoT evaluations [6]. The results derived using this model depend on the used values and we welcome any feedback regarding these assumptions. The same models can be used for UL latency evaluation, but note that the arrival rate or the DL message size do not have an effect as the uplink latency is calculated up to the point where the UE has sent (and eNB received) the uplink data packet(s). 

[bookmark: _Ref478049589]Table 6: Release 13 power consumption levels.
	Device power consumption 

	TX (23 dBm, integrated PA: 45% eff.)
	500 mW (incl. 60 mW support circuity) 

	RX
	80 mW 

	Light sleep
	3 mW 

	Idle – Deep sleep
	0.015 mW 



Table 7 presents the higher layer assumptions used for evaluation of latency and battery life performance.
[bookmark: _Ref477776263]Table 7: Assumptions on core network protocol overheads and RRC message sizes.
	Parameter
	Assumption

	MIB
	24 bits

	SIB1-BR
	152 bits

	Higher layer procedure
	RRC Resume

	PDCP
	Data: 1 byte, Signalling: 5 bytes

	RLC
	2 byte

	MAC
	2 byte

	Random Access Response
	7 byte

	RRC Connection Resume Request PDU
	6 byte

	RRC Connection Resume PDU
	2 byte

	RRC Connection Resume Complete PDU
	3 bytes

	RRC Connection Release PDU
	8 byte



Table 8 and Table 9 presents the radio related assumptions used for evaluation of latency and battery life performance. For power consumption evaluation we use average values, where available, and for latency calculation the 90th percentile values. 


[bookmark: _Ref477776533]Table 8: Radio related assumptions.
	Parameter
	Assumption

	Propagation condition
	ETU, EPA

	Fading 
	Rayleigh, 1 Hz 

	Mobile NF
	5 dB 

	Base station NF
	3 dB 

	Device power class
	23 dBm

	LTE system BW
	10 MHz

	Base station power class
	46 dBm 

	Power boosting
	3 dB on PSS/SSS, MIB

	Coupling loss
	144, 154, 164 dB 

	Targeted link level performance
	PSS/SSS, PBCH, SIB1-BR: 90th percentile acquisition time
PDSCH, PUSCH: 10% BLER
MPDCCH, PUCCH, PRACH: 10% BLER

	Link level scenario
	Sensitivity limited 

	SIB1-BR repetitions
	16



[bookmark: _Ref477776581]Table 9: Assumed transmission times/repetitions for different channels at 144, 154 and 164 dB coupling losses.
	Coupling loss
	PDSCH
10% BLER
932 bit TBS
	PUSCH
10% or 40% BLER
932, 512 or 392 bit TBS
	MPDCCH
10% BLER
	PUCCH F1A
10% BLER
	PRACH F0
10% BLER
	PSS/SSS
Avg. / 90th percentile
	MIB
Avg. / 90th percentile
	SIB1-BR
Avg. / 90th percentile

	144
	8
	16
10% BLER
932 bit TBS
	1
	1
	2
	40 / 40
	40 / 40
	80 / 80

	154
	64
	256
10% BLER
932 bit TBS
	16
	8
	16
	40 / 40
	40 / 40
	80 / 80

	164
	1024
	2048 
10% BLER, 392 bit TBS
1024
42% BLER, 512 bit TBS
	64
	32
	128
	240 / 460
	152 / 520
	334 / 1040
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