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[bookmark: _Ref409106980]Introduction

[bookmark: _GoBack]In RAN#75, The work item on Further NB-IoT enhancements was approved [1]. One of the objectives is to reduced system acquisition time, e.g., by improving system information acquisition performance.
RAN4 earlier indicated the UE requirements for the acquisition delays of system information for REL-13 category NB1 UEs in normal and enhanced coverage [2] as shown in Table 1.
Table 1 RAN4 MIB and SIB acquisition observations [2].
	Parameter (ms)
	Cat 0
	Cat NB1 NC
	Cat NB1 EC

	T_MIB-NB
	50
	640
	2560

	T_SIB1-NB
	
	5120
	29440

	T_SIB2-NB
	
	2560
	9560

	T_SI for cell re-selection
	1280
	8320
	41560

	T_SI for RRC re-establishment
	1280
	8320
	41560

	NOTE 1: The parameters T_MIB-NB and T_SI are defined in TS 36.133
NOTE 2: The terms NC and EC are abbreviations for normal coverage and enhanced coverage, respectively
NOTE 3: The values for SI acquisition delays for Category NB1 UEs have been derived using baseband only simulations and do not include RF impairment margin
NOTE 4: The SIB2-NB acquisition delay depends on network configuration


RAN4 observed:
Observation 1: It is RAN4 understanding that the acquisition delay of the MIB-NB and SIB1-NB may become greater than or equal to the SIB1-NB modification boundary, and then the UE may have to re-acquire the MIB-NB.
Observation 2:  Since the SI acquisition delay values for NB-IoT in Table 1 are derived from baseband only simulations, the inclusion of RF impairment margin is expected to increase the delays for both coverage conditions.
And RAN4 asks RAN2 (and RAN1): 
[bookmark: _Toc242573354]Action 1: RAN4 respectfully asks RAN1 and RAN2 to consider future enhancements that can reduce the system information acquisition delay.
Action 2: RAN4 respectfully asks RAN1 and RAN2 to clarify whether the UE is expected to re-acquire the MIB-NB in those situations where the UE does not acquire the SIB1-NB before the end of the SIB1-NB modification period.
In [3], RAN1 replied as follows:
RAN1 thanks RAN4 for the LS in R1-1701571 (R4-1611002) regarding the acquisition delays associated with the reception of system information for Rel-13 Category NB1 UEs. RAN1 has discussed on the possible enhancements that could be considered to improve the MIB-NB and SIB1-NB acquisition performance and would like to inform RAN4 of the following:
· Cross-subframe channel estimation
· The coverage for MIB-NB and SIB1-NB may be improved (and acquisition latency reduced) by considering cross-subframe channel estimation. However, for MIB-NB and SIB1-NB acquisition, only subframes #0, #4, and #9 not containing NSSS for in-band mode, and only subframes #0, #1, #3, #4, and #9 not containing NSSS for guard-band and stand-alone modes can be assumed to have NRS presence. 
RAN1 understands this is different to the current RAN4 receiver assumptions.
· Enhanced SIB1-NB accumulations
· Enhanced SIB1-NB accumulations across multiple SIB1-NB transmission periods of 2560ms may be feasible without UE having to reacquire MIB-NB if the SIB1-NB scheduling information in the MIB can be assumed to be fairly static. 
· This aspect is expected to be confirmed by RAN2 WG.
· Additional NPBCH repetitions and advanced MIB-NB decoding techniques
· One option to improve the coverage is via transmission of additional repetitions of NPBCH beyond those specified in Rel-13. Advanced MIB-NB decoding techniques may be able to combine across multiple 640ms windows.
Such enhancements could be considered for future releases. 

In this contribution, we discuss these three possible enhancements
Background
SI acquisition
In the SI acquisition process the UE first has to acquire MIB-NB to be able to acquire SIB1-NB. The MIB-NB, among other, contains the SFN and SIB1-NB scheduling info. After the UE has acquired SIB1-NB the UE can acquire the other SIBs. SIB1-NB contains the scheduling info of the other SIBs, and may also indicate which specific SI messages have changed. The systemInfoValueTag in MIB-NB indicates if any of the SIBs other than MIB-NB/SIB14-NB/SIB16-NB have changed, i.e. is common for all the other SIBs. The SI acquisition process is depicted below: 
[image: ]
Figure 1 NB-SIB scheduling.
MIB-NB
MasterInformationBlock-NB (MIB-NB) scheduling is fixed with a periodicity of 640 ms and with L1 repetitions in between, i.e. in every sub-frame 0. MIB-NB is sent on NPBCH. The MIB-NB contains:
· SFN (4 MSB bits)
· H-SFN (2 LSB bits)
· schedulingInfoSIB1
· systemInfoValueTag (any SIB change other than MIB-NB/SIB14-NB/SIB16-NB)
· ab-Enabled (access barring activated/de-activated, SIB14 acquisition)
· operationModeInfo
Due to the 4 MSB bits of the SFN in MIB-NB, the MIB-NB content is changed every 640 ms. In addition to SFN and H-SFN, the ab-Enabled bit (only 1 bit) may also change in every 640 ms.  All the other information content in MIB-NB has modification period equals 40.96 sec.
SIB1-NB
SIB1-NB scheduling is fixed with a periodicity of 2.56 sec. SIB1-NB is broadcasted in every second sub-frame 4. SIB1-NB is sent on DL‑SCH. The number of NPDSCH repetitions are indicated in MIB-NB (schedulingInfoSIB1). SIB1-NB has a modification period of 40.96 sec or larger, i.e. SIB1-NB content will remain the same at least for 40.96 seconds.
SIB1-NB contains important system information, e.g. cell access and cell re-selection info, which is typically not changed that frequently. However SIB1-NB also contains the 8 MSB bits of the hyper SFN, and is therefore updated every 4x10.24 = 40.96 sec[footnoteRef:1]. SIB1-NB also carries the scheduling information of the other SIBs and optionally an SI message specific value tag list, which can indicate which SI message has changed.  [1:  When H-SFN in SIB1-NB is updated, systemInfoValueTag in MIB-NB is not updated. ] 

The UE can accumulate and combine SIB1-NB (NPDSCH repetitions) for up to 40.96 sec because the content does not change during that time.
Other SIBs
SIBs other than SIB1-NB are sent in SI-messages, which are sent on DL‑SCH. An SI message may contain one or more SIBs, as indicated in the scheduling info in SIB1-NB.
The content of these other SIBs may change after the BCCH modification period. The BCCH modification period is larger or equal to 40.96s and indicated in SIB2-NB (modificationPeriodCoeff * defaultPagingCycle). SIB change (content and/or scheduling) is indicated by systemInfoValueTag in MasterInformationBlock-NB or systemInfoValueTagSI in SystemInformationBlockType1-NB.
[bookmark: _Toc470095114]The Access Barring parameters in SIB14-NB can change at any point in time (section 5.2.1.7 in 36.331), and such change does not impact systemInfoValueTag in MasterInformationBlock-NB or systemInfoValueTagSI in SystemInformationBlockType1-NB.
The content in the other SIBs is not expected to change frequently, except for SIB14-NB during congestion periods. 
UE requirements
In NB-IoT the UE is not required to accumulate several SI messages in parallel. But the UE may need to accumulate an SI message across multiple SI windows depending on coverage condition (section 5.2.1.2a in 36.331).
When camped on a cell the UE monitors for system information change. UE is notified of SI change through paging when the DRX cycle is smaller than the modification period. Otherwise the UE needs to have valid system information before access, i.e. before access the UE needs to check systemInfoValueTag and ab-Enabled in MIB-NB. When the UE is in eDRX the UE is paged for any essential SI changes, such that the UE is not required to acquire SI changes when monitoring paging only.  
[bookmark: _Ref465843822]When the UE re-selects to a cell, for which it does not have stored info, the UE needs to re-acquire the complete system information. This use case is more relevant for mobile UEs, than for stationary UEs. For mobile UEs the UE should be able to re-acquire the complete system information for the duration the UE is in the cell. The UE is reachable in cell after the UE has acquired SIB2-NB and has configured the paging channel. 
Cross-subframe channel estimation
Cross channel can improve MIB-NB acquisition performance substantially. Figure 2 shows the performance of MIB-NB acquisition for the in-band deployment. The channel model used in the simulation is Typical Urban with 1 Hz Doppler. Here, the “keep-trying” method is used during a period of 1920 ms. This can be compared with the 2560 ms indicated in Table 1. The receiver accumulates and combines the NPBCH subframes according to the repetition pattern and code subblock structure of NPBCH for up to 640 ms, during which all 8 subblocks, each of 8 repetitions, are combined and decoded jointly. If the receiver fails to check the CRC, it starts a new accumulation and combining process. The main point of Figure 2 is to illustrate that channel estimation may impact the MIB-NB acquisition performance very significantly. The three curves shown in Figure 2 correspond to three different channel estimators differentiated by different levels of cross-subframe channel estimation. The red curve is the performance without cross-subframe channel estimation. In this case, the channel coefficients are estimated based on NRS in only one subframe. The blue curve represents the performance achieved by jointly using NRS’s in 8 subframes for channel estimation, whereas the magenta curve represents the performance achieved by jointly using NRS’s in 20 subframes for channel estimation. In the simulations, the NRSs are transmitted in all subframes not transmitting NPSS or NSSS. This is a possible situation for cell re-selection or RRC re-establishment if the UE has previously acquired SIB1-NB; and the SIB1-NB has indicated that the NRSs are transmitted in all subframes not transmitting NPSS or NSSS. Note however that during cell initial acquisition though, the UE can only assume that NRS’s are available in subframe #0, #4, and #9 not transmitting NSSS. In such scenarios, the subframes that can be assumed to have NRS’s are spread out in time. However, the UE can still use cross-subframe channel estimation in such scenarios. The SI acquisition performance is the most challenging for UEs in static channel due to lack of time diversity. However, for these UEs, the channel coefficients also change very slowly, and thus having NRS’s spread in time does not pose a problem for cross-subframe channel estimation. The SNR of -12 dB corresponds to the enhanced coverage scenario used in the RAN4 study [2]. We see that with an 8-subframe cross-subframe channel estimator, MIB-NB acquisition performance after 1920 ms reaches 2% BLER. 
[image: ]
Figure 2: MIB-NB acquisition performance in the Typical Urban channel with 1 Hz Doppler. Acquisition time = 1920 ms. (in-band deployment with two NRS ports)
Observation 1: Cross-subframe channel estimation improves MIB-NB acquisition performance significantly.
MIB-NB acquisition performance using cross-subframe channel estimation over a 20-ms estimation window is summarized in Table 2. Observe that, the MIB-NB acquisition performance for stand-alone operation is significantly better than that for in-band and guard-band operations. The average MIB-NB acquisition time is less than 100 ms in stand-alone operation. 
Table 2 MIB-NB performance with cross-subframe channel estimation at 164 dB MCL in different operation modes, assuming 6 dB inband power boosting and 5 dB device NF.
	Coverage level (MCL)
	Stand-alone
	In-band/Guard-band

	acquisition time required for achieving 95% success rate
	240 ms
	1280 ms

	Average acquisition time
	83.9 ms
	357.1 ms



Observation 2: With cross-subframe channel estimation, the average MIB-NB acquisition time is less than 100 ms in stand-alone operation.
Observation 3: With cross-subframe channel estimation, the average MIB-NB acquisition time is less than 400 ms in in-band and guard-band operations.
Enhanced SIB1-NB accumulations
According to [2], SIB1-NB acquisition time dominates T_SI for cell re-selection and for RRC re-establishment. SIB1-NB transmission in L1 is illustrated in Figure 3. One SIB1-NB transmission period is 2.56 seconds, and within one SIB1-NB modification period there are 16 transmission periods. We believe the results in [2] were based on the “keep-trying” algorithm suggested in [5] which was agreed in RAN4#80bis. The “keep-trying” algorithm does not combine received signals over multiple SIB1-NB transmission periods. Instead, it decodes the received SIB1-NB signal in each transmission period separately. Note that the SIB1-NB information content remains the same across all the 16 transmission periods within the same SIB1-NB modification period. Therefore, it is straightforward for a UE to accumulate SIB1-NB across these transmission periods. Accumulation across multiple SIB1-NB transmission periods is expected to improve performance significantly. In addition, cross-subframe channel estimation is also expected to improve SIB1-NB acquisition performance significantly.

[image: ]
Figure 3: illustration of SIB1-NB transmission in L1.
SIB1-NB acquisition performance after 10.24 seconds at different SINR levels are shown in Table 3. SINR level of -12 dB corresponds to RAN4 extended coverage scenarios. It can be seen that without cross-subframe channel estimation and without SIB1-NB combining across multiple transmission periods gives rise to poor SIB1-NB acquisition performance after 10.24 acquisition time. In this case, the SIB1-NB decoder buffer is reset after a transmission period when the decoding is an error. The UE attempts SIB1-NB decoding with a fresh start in the subsequent SIB1-NB transmission period. It can be seen from Table 3 that combining across multiple transmission periods together with cross-subframe channel estimation (using NRS’s in 20 subframes) gives rise to very good SIB1-NB performance after 10.24 sec acquisition time, to be compared with 29.44 sec observed in Table 1. We therefore suggest the UE could keep accumulating SIB1-NB across multiple transmission periods (within a 40.96 sec modification period) until it can decode SIB1-NB successfully.
Observation 4: SIB1-NB acquisition performance can be significantly improved by combining across multiple SIB1-NB transmission periods within a SIB1-NB modification period and cross-subframe channel estimation.
Table 3: SIB1-NB acquisition error rate in the Typical Urban channel with 1 Hz Doppler. Acquisition time = 10.24 seconds. (in-band deployment with two NRS ports)
	
	SINR=-15 dB
	SINR=-12 dB
	SINR=-9 dB

	no cross-subframe channel estimation
no combining across transmission periods
	100.0%
	97.3%
	29.8%

	no cross-subframe channel estimation
combining across transmission periods
	99.8%
	57.4%
	1.8%

	cross-subframe channel estimation
no combining across transmission periods
	79.8%
	5.2%
	0.0%

	cross-subframe channel estimation
combining across transmission periods
	6%
	0%
	0%



Additional NPBCH repetitions and advanced MIB-NB decoding techniques
The performance of the keep-trying method used in MIB-NB acquisition is far from optimal. A more sophisticate MIB-NB decoder can jointly decode the NBPCH signal across 640-ms TTI borders. Such a technique is described in [4], which recognizes that in most cases the only information content changes across NPBCH TTI borders is the SFN and H-SFN information. The SFN and H-SFN information changes follow a predictable pattern. The feasibility of the joint decoding of MIB blocks differing only in an incremented SFN value has been demonstrated in [4] under AWGN conditions. The reduction in acquisition time compared to using the keep-trying method is substantial. In [4], it was shown that in extended coverage situation, the required acquisition time can be reduced by more than 80%.
Such a decoding technique can be extended for MIB-NB acquisition. In the case of MIB-NB, in addition to SFN and H-SFN, the Access Barring (AB) flag may toggle between NPBCH TTIs. This however can be hypothesized when the NPBCH received signal over multiple NPBCH TTIs is decoded jointly.
Observation 5: Jointly decoding MIB blocks differing only in an incremented SFN value has been demonstrated to reduce the acquisition time significantly in an extended coverage scenario. This approach can be extended to also cater for reliable acquisition of the AB information.
Improving MIB-NB acquisition performance via advanced decoding techniques is strongly preferred than using additional NPBCH repetitions. As shown in Table 4, on a Rel-13 NB-IoT anchor carrier, the percentage of resource elements available for NPDCCH/NPDSCH symbols, excluding those carrying SIB1-NB, may be as small as 42% in the worst-case scenario (in-band, 3 OFDM symbols for LTE PDCCH, and 4 CRS ports). Using more NPBCH repetitions will further reduce the percentage of resource elements available for NPDCCH/NPDSCH.

Table 4: Overheads and percentage of resource elements available to NPDSCH/NPDCCH on a Rel-13 anchor carrier. (in-band, 3 OFDM symbols for LTE PDCCH, and 4 CRS ports)
	overhead due to LTE
	31.0%

	overhead due to NPBCH
	6.0%

	overhead due to NPSS
	6.9%

	overhead due to NSSS
	3.5%

	overhead due to NRS
	8.1%

	SIB1-NB
	3.0%

	total overhead
	58.3%

	percentage of resource elements available to NPDSCH/NPDCCH
	41.7%



Observation 6: On a Rel-13 NB-IoT anchor carrier, the percentage of resource elements available for NPDCCH/NPDSCH symbols, excluding those carrying SIB1-NB, is only 42% in the worst-case scenario (in-band, 3 OFDM symbols for LTE PDCCH, and 4 CRS ports). Using more NPBCH repetitions will further reduce the percentage of resource elements available for NPDCCH/NPDSCH.
Summary
In this contribution we discuss the performance of MIB-NB and SIB1-NB acquisition, considering all the three methods suggested in [3],
•	Cross-subframe channel estimation
•	Enhanced SIB1-NB accumulations
•	Additional NPBCH repetitions and advanced MIB-NB decoding techniques
The following observations can be made from the numerical results and discussions presented in this contribution.
Observation 1: Cross-subframe channel estimation improves MIB-NB acquisition performance significantly.
Observation 2: With cross-subframe channel estimation, the average MIB-NB acquisition time is less than 100 ms in stand-alone operation.
Observation 3: With cross-subframe channel estimation, the average MIB-NB acquisition time is less than 400 ms in in-band and guard-band operations.
Observation 4: SIB1-NB acquisition performance can be significantly improved by combining across multiple SIB1-NB transmission periods within a SIB1-NB modification period and cross-subframe channel estimation.
Observation 5: Jointly decoding MIB blocks differing only in an incremented SFN value has been demonstrated to reduce the acquisition time significantly in an extended coverage scenario. This approach can be extended to also cater for reliable acquisition of the AB information.
Observation 6: On a Rel-13 NB-IoT anchor carrier, the percentage of resource elements available for NPDCCH/NPDSCH symbols, excluding those carrying SIB1-NB, is only 42% in the worst-case scenario (in-band, 3 OFDM symbols for LTE PDCCH, and 4 CRS ports). Using more NPBCH repetitions will further reduce the percentage of resource elements available for NPDCCH/NPDSCH.
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» As for eMTC, the same Sl broadcast procedure is reused but in a PDCCH-less manner.

— PDCCH-less scheduling means scheduling parameters are either fixed or indicated in MIB-NB or SIB1-NB.

— 2 Hyper-SFN bits in MIB-NB, 8 remaining Hyper-SFN bits in SIB1-NB.

> NPBCH carrying MIB-NB is broadcasted every 10ms.
— For UEs in good coverage successful decoding is possible in only 1 subframe, i.e. accumulation is not
required which is beneficial for UE power consumption.
— MIB-NB contains Sl-valueTag and Access Barring enabled indication (unlike legacy and eMTC) .
» TBS (4 different) and number of repetitions for SIB1-NB is indicated in MIB.
— The is an offset for SIB1-NB between cells based on physical cell ID.
— As for eMTC, SIB1-NB can optionally contain a list valueTags for the Sl-messages.

— SIB1-NB indicate the scheduling information for SI-messages with 8 TBSs spread over 2 or 8 subframes,
and a repetition pattern to indicate in which radio frames during the si-Window these will be transmitted.

SImessage

Scheduling info
ng infc (examplary contents) Sl message

SysteminfoValueTog SImessage

\

-

=

Stheduling info NG
SI-Value Tog —~ ~





image2.png
BLER

— 110 CrOss-subframe

== == § subframes

== 20 subframes

-17 -16 -15 -14 -13
SNR (dB)




