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Introduction
[bookmark: _Ref421460494]At RAN#75 it was agreed to start the Release 15 work item on Further NB-IoT enhancements. In this paper we address the objective on measurement accuracy improvements [1]:
· “Evaluate and if appropriate specify use of additional existing signals than NRS for RRM measurements, with associated RAN4 core requirements taking into account e.g. UE complexity, power consumption, system capacity.”

[bookmark: _Toc478430969]At RAN1#88bis the following set of agreements were made under the agenda item of Narrowband measurement accuracy improvements: 
· “At least NSSS is used additionally to NRS for in-band, guard-band, standalone.
· FFS details of related signaling
· Additional candidates can be NPSS, NPBCH, NPRS, PRS (in-band), CRS (in-band),  physical signal that can be efficiently decoded or detected prior to decoding NPDCCH/NPDSCH (if standardized) and the performance improvements should be evaluated until RAN1#89
· Among the additional candidates, companies are recommended to prioritise CRS (in-band)
· FFS if the existing signal(s)/channel(s) used additionally to NRS can be different in the serving cell to a neighbour cell
· FFS for RRC_connected mode where at least the NPDCCH could be helpful for narrowband measurement accuracy improvement
· FFS details of how UE is informed of differing EPRE between signals”

The scope of this paper is to continue the discussion on Narrowband measurement accuracy improvements.
Release 13 specification
Absolute NRSRP requirements
3GPP TS 36.133 v14.3.0 [2] contains the RAN4 Radio Resource Management (RRM) requirements for devices in RRC idle and connected mode. This is made clear from the scope of the specification: “The present document specifies requirements for support of Radio Resource Management for the FDD and TDD modes of Evolved UTRA.”. With that said we believe it is clear that the Further NB-IoT enhancements work item objective on measurement accuracy improvements applies to both RRC idle and connected mode.
RAN1 confirms that the Further NB-IoT enhancements work item objective on measurement accuracy improvements applies to both RRC idle and connected mode.
TS 36.133 section 3.6.1 declares the applicability of the absolute measurement requirements contained in the specification. For NB-IoT it is clarified that: 
· “The measurement accuracy requirements in section 9.22 for intra-frequency and inter-frequency absolute NRSRQ accuracy for UE Category NB1 apply only in idle mode.
· The measurement accuracy requirements in section 9.22 for intra-frequency and inter-frequency absolute NRSRP accuracy for UE Category NB1 apply also in idle mode.”

TS 36.133 section 9.22 [2] presents the below tabulated requirements. It is seen that no less than eight levels of accuracy requirements are specified and that the applicable requirement depends on the:
· Accuracy condition (Normal or Extreme), 
· SINR (-6 dB ≤ Ês/Iot, or -15 dB ≤ Ês/Iot ≤ -6 dB), and
· Total received power (-118 dBm/15kHz≤  Io ≤ -70 dBm/180kHz or -70 dBm/180kHz≤  Io ≤ -50 dBm/180kHz). 

It should be noted that the Io values are in brackets, and that -118 dBm/15kHz needs to be extended down to at least -140 dBm/15kHz. It should further be noted that the use of ‘≤’ and ‘’ in the Es/Iot column has been corrected compared to the latest specification. 
Table 1: NRSRP Intra frequency absolute accuracy for UE Category NB1 for HD-FDD [2].
	Accuracy
	Conditions

	Normal condition
	Extreme condition
	Ês/Iot
	Io Note 1 range

	
	
	
	E-UTRA operating band groups Note 2
	Minimum Io
	Maximum Io

	dB
	dB
	dB
	
	dBm/15kHz 
	dBm/BWChannel
	dBm/BWChannel

	6
	9
	-6 dB
	NFDD_G
	[-118]
	N/A
	[-70]

	8
	11
	-6 dB
	NFDD_G
	N/A
	[-70]
	[-50]

	10.3
	13.3
	-15≤Ês/Iot≤-6 dB
	NFDD_G
	[-118]
	N/A
	[-70]

	12.3
	15.3
	-15≤Ês/Iot≤-6 dB
	NFDD_G
	N/A
	[-70]
	[-50]

	NOTE 1:	Io is assumed to have constant EPRE across the bandwidth.
NOTE 2:	E-UTRA operating band groups are as defined in Section 3.5. 



When discussing the existing specifications it can be noted that Cat M1 is exhibiting better measurement performance than NB-IoT in the extreme coverage range. The below table shows that Cat M1 has 2.3 dB better performance at the side condition of  -15≤Ês/Iot≤-12 dB, and 3.3 dB better performance at the side condition Ês/Iot≥-12 dB than NB-IoT. This is likely due to the larger measurement bandwidth of Cat M1, but it is our view that NB-IoT in Release 15 should strive to perform at least as good Cat M1 in Release 13.
RAN1 should aim at making the NB-IoT Release 15 absolute measurement accuracy for the side condition -15≤Ês/Iot≤-6 dB at least as good Cat M1 in Release 13.
Table 2: RSRP Intra frequency absolute accuracy for UE category M1 with CE mode B for FDD and TDD [2].
	Accuracy
	Conditions

	Normal condition
	Extreme condition
	Ês/Iot
	Io Note 1 range

	
	
	
	E-UTRA operating band groups Note 3
	Minimum Io
	Maximum Io

	dB
	dB
	dB
	
	dBm/15kHz Note 2
	dBm/BWChannel
	dBm/BWChannel

	8
	11
	-15≤Ês/Iot≤-12 dB
	FDD_A, TDD_A
	-121
	N/A
	-70

	
	
	
	FDD_D
	-119.5
	N/A
	-70

	
	
	
	FDD_E, TDD_E
	-119
	N/A
	-70

	7
	10
	-12 dB
	FDD_F
	-118.5
	N/A
	-70

	
	
	
	FDD_G
	-118
	N/A
	-70

	
	
	
	FDD_N
	-114.5
	N/A
	-70

	10
	13
	-15≤Ês/Iot≤-12 dB
	FDD_A, TDD_A, FDD_D, FDD_E, TDD_E, FDD_F, FDD_G, FDD_N
	N/A
	-70
	-50

	9
	12
	-12 dB
	
	
	
	

	NOTE 1:	Io is assumed to have constant EPRE across the bandwidth.
NOTE 2:	The condition level is increased by ∆>0, when applicable, as described in Sections B.4.2 and B.4.3.
NOTE 3:	E-UTRA operating band groups are as defined in Section 3.5.


Relative NRSRP requirements
TS 36.133 also specifies relative NRSRP requirements. Sections 4.6.2.4 and 4.6.2.6 contains the below tables where ‘X’ and ‘Y’ determines the cell reselection margin needed for a device to select to a new inter- or intra-frequency cell within a specified measurement time. It is clear that the relative requirements are slightly better than the absolute requirements in the previous section, this is a consequence of the relative measurement not taking a RF margin into account which is done in case of the absolute requirements. Improving also these requirements are important to make sure the device selects the right cell. An improvement of the absolute requirements will also lead to a corresponding improvement of the relative measurement accuracy.
RAN1 should aim at improving the NB-IoT Release 15 relative measurement accuracy.

Table 3: Conditions on NSCH Ês/Iot of identified and of the neighbour intra-frequency cell [5].
	NSCH Ês/Iot of already identified cell including serving cell: Q1 [dB]
	Neighbouring cell NSCH Ês/Iot: Q2 [dB]
	Intra-frequency cell Reselection Margin
‘X’ [dB]

	-15≤Q1<-6
	-15≤ Q2 < -6
	8.3

	-15≤Q1<-6
	Q2-6
	8.3

	Q1 -6
	Q2-6
	4


Table 4: Conditions on NSCH Ês/Iot of identified and of the neighbour inter-frequency cell [5].
	NSCH Ês/Iot of already identified cell including serving cell: Q1 [dB]
	Neighbouring cell NSCH Ês/Iot: Q2 v
	Inter-frequency cell Reselection Margin
‘Y’ [dB]

	-15≤Q1<-6
	-15≤ Q2 < -6
	9.3

	-15≤Q1<-6
	Q2-6
	9.3

	Q1 -6
	Q2-6
	5



Impact on performance 
The objective on improving RRM measurement accuracy was approved by RAN plenary without quantification of the impact on NB-IoT performance from the current specification, or from an tightening of the specified requirements. Next we therefor presents results from a system simulation campaign where NPRACH CE level selection accuracy is presented for different levels of absolute NRSRP measurement accuracy.
The system simulator was configured in accordance with the Release 13 agreements captured in 3GPP TR 45.820 [3]. The below table highlights some additional parameters implemented in the simulator to model NPRACH CE level selection.
Table 5: System simulation settings.
	Parameter
	Value

	Mode of operation
	Standalone

	BS Power
	43 dBm

	BS NF
	5 dB

	UE Power
	23 dBm

	UE NF
	9 dB

	NPRACH CE level repetitions
	2, 8, 32

	NPRACH CE levels NRSRP thresholds
	-101, -111 dBm@180 kHz1)

	CE 0 UL RSRP target
	-111 dBm@3.75kHz2)

	1) The RSRP thresholds corresponds to coupling loss levels of 144 and 154 dB.
2) The RSRP target corresponds to coupling loss levels of 134 dB.



Under the assumption of ideal device NRSRP measurement accuracy all devices select the correct CE level. This is illustrated in the below PDF, where the blue curve illustrates devices in CE level 0, the red curve devices in CE level 1 and the green curve devices in CE level 2. It is seen that all devices belong to an estimated coupling loss range associated with their true coupling loss range and correct CE level.
[image: ]
Figure 1: Illustrating CE level selection accuracy at ideal measurement accuracy performance. 
Next a NRSRP accuracy model was implemented. A normal distributed measurement error was assumed with a standard deviation set to one third of the absolute accuracy requirement associated with the applicable side conditions. It should be remembered that the 99.7% of all samples in the Normal distribution lies within ±3× the standard deviation. This model is preliminary and should be confirmed.
[bookmark: _Ref481575245]Table 6: NRSRP measurement accuracy model. 
	NRSRP standard deviation
	Ês/Iot side condition
	Io side condition

	6/3 dB
	-6 dB ≤ Ês/Iot
	Io ≤ -70 dBm/180kHz

	8/3 dB
	-6 dB ≤ Ês/Iot
	-70 dBm/180kHz≤ Io ≤ -50 dBm/180kHz

	10.3/3 dB
	Ês/Iot ≤ -6 dB
	Io ≤ -70 dBm/180kHz

	12.3/3 dB
	Ês/Iot ≤ -6 dB
	-70 dBm/180kHz≤ Io ≤ -50 dBm/180kHz



The below figure visualizes the NRSRP error model. The CDFs were recorded during the system simulations. The wobbly shape of the green curve is due to the low number of devices experiencing a SINR < - 6 dB. Since not a single device was recorded to fulfil the side conditions associated with an NRSRP error of 12.3 dB, this CDF is missing in the below plot.
[image: ]
Figure 2: NRSRP measurement error model.
The CE level selection accuracy is significantly impacted by the NRSRP error model. The below figure depicts the recorded CE level selection when NRSRP error model is activated. A visible leakage between CE levels is observed. 
[image: ]
Figure 3: Illustrating CE level selection accuracy at measurement accuracy performance based on 3GPP Release 13 specifications.
The below table summarizes the recorded leakage between CE levels and also from CE2 to the region beyond 164 dB, which in the table is denoted out of coverage. The leakage is defined as the percentage of devices in a certain CE level that has selected a too high, or a too low CE level. Since the absolute number of devices in CE0 is much higher than in CE levels 1, 2 a leakage at a certain percentage level is higher from CE0 in absolute numbers. 
The leakage is presented for the NRSRP accuracy model presented in Table 4. The leakage is also presented for 2, 3, and 4 dB tighter measurement requirements. To exemplify the meaning of  a X dB improvement consider first the Rel-13 model for side conditions -6 dB ≤ Ês/Iot and Io ≤ -70 dBm/180kHz which follows a normal distribution . The X dB improvement leads to a NRSRP error distribution of .
Table 7: Leakage between CE levels due to NRSRP measurement accuracy.
	
	CE level leakage

	RSRP error model
	CE0CE1
	CE1CE0
	CE1CE2
	CE2CE1
	CE2Out of coverage

	Rel-13
	2%
	13%
	4%
	18%
	3%

	2 dB improved requirement
	1%
	9%
	3%
	12%
	2%

	3 dB improved requirement
	1%
	7%
	2%
	9%
	2%

	4 dB improved requirement
	1%
	5%
	1%
	6%
	2%



It is clear from the presented results that the CE level leakage is significantly reduced if the NRSRP accuracy is improved by 3-4 dB. This will allow the device to connect to the correct cell and optimize its CE level selection which is vital for the network when performing uplink and downlink link adaptation. This is especially the case for short lived connections where the device CE level selection is one of the strongest indicators for the devices coverage. Poor link adaptation due to CE level leakage will impact device battery life, latency and system capacity.
CE level leakage is significantly reduced if the NRSRP accuracy is improved by 3-4 dB. This will allow the device to connect to the correct cell and optimize its CE level selection which is vital for the network when performing uplink and downlink link adaptation
Idle mode improvements
Measurement improvements
At RAN1#88bis it was agreed that “At least NSSS is used additionally to NRS for in-band, guard-band, standalone”. Ericsson were proponents of the use of the NSSS already in Release 13, and performed extensive simulations to show that the use of NSSS in addition to the NRS will improve the NRSRP and NRSRQ measurement accuracy. The below figures presents results shown in RAN4 during Release 13 in terms of measurement accuracy recorded at the 5th, 50th and 95th percentile [4]. 
The left plot in Figure 4 shows the NRSRP accuracy for a measurement based on NRS and coherent averaging across three consecutive sub-frames during a measurement period of 800 ms. The right plot shows the results when the NSSS is used instead of the NRS. In reality both signals will be available for usage. For the first case based on NRS it is seen that the measurements reaches an error floor at -15 dB SNR. This proves that NRS are not suitable for NRSRP measurements at extreme coverage situations.
The right plot in Figure 4 shows that the measurements are robust at least down to -15dB SNR. The error at the 5th and 95th percentile is stable around 5 dB, and mainly due to the Rayleigh fading channel. This shows the potential of NSSS based measurements in Release 15. The small bias is due to the ETU channel profile giving a non-zero energy contribution to the NRSRP measurment.
Similar to NRSRP improvements using NSSS in addition the NRS will improve NRSRQ measurement performance as presented in Figure 5.
With this said it is also clear that in good SINR conditions, the measurement based on NRS alone present robust performance.
NSSS based NRSRP and NRSRO measurements outperforms NRS based measurements when going to low SINR. 
RAN1 should update the NRSRP/NRSRQ measurement definition to include NSSS and inform RAN4 about this and the observation that NSSS based NRSRP and NRSRQ measurements improves both absolute and relative NRSRP accuracy in the low SINR domain.

[image: ][image: ]
[bookmark: _Ref481610728]Figure 4: NRSRP  simulation results using NRS signals and NSSS signals are shown for ETU 1 Hz channel when coherent averaging is performed over 3 of consecutive subframes over measurement period of 800 ms [4].
[image: ][image: ]
[bookmark: _Ref481610653]Figure 5: NRSRQ  simulation results using NRS signals and NSSS signals are shown for ETU 1 Hz channel when coherent averaging is performed over 3 of consecutive subframes over measurement period of 800 ms [4].
Signalling improvements
To support idle mode measurements using the NSSS the measuring devices needs to know the power difference between the NRS and the NSSS. It is expected that in most cases these signals are configured with the same power. It is therefore proposed that RAN1 sends a LS to RAN2 to  ask them to start developing efficient signaling for the support of idle mode NRSRP measurements based on NSSS in addition to NRS.
RAN1 sends a LS to RAN2 to asked ask them to start developing efficient signaling for the support of idle mode NRSRP measurements based on NSSS in addition to NRS.
In addition a device may make more efficient use of existing NRS transmission if it knows a neighbour cell RSRP measurements if knowing the neighbor cell mode of operation, antenna port configuration and valid sub-frame configuration.
RAN1 to inform RAN2 about the potential to improve NRSRP measurements in neighbor cells through the signaling of neighbor cell mode of operation, antenna port configuration and valid sub-frame configuration.

Connected mode improvements
In addition to idle mode improvements it is important to improve performance also in connected mode. On the anchor carrier it is proposed that NSSS is used in addition to NRS. For a device assigned resources on a non-anchor carriers it may however not be optimal to switch to the anchor for performing NRSRP measurements. The NPDCCH and NPDSCH are then candidates for measuring the NRSRP. Especially the NPDCCH is of relevance to consider further as it is always used for assigning both uplink and downlink resources.
NSSS is agreed to be used for connected mode NRSRP measurements on the anchor carrier.	
For non-anchor NRSRP measurements the NPDCCH and NPDSCH are candidates for improving measurement accuracy.
Conclusion
In this paper we start the discussion around the potential of improving NB-IoT RSRP measurement accuracy. We make the following observations and proposal:
1. RAN1 confirms that the Further NB-IoT enhancements work item objective on measurement accuracy improvements applies to both RRC idle and connected mode.
1. RAN1 should aim at making the NB-IoT Release 15 absolute measurement accuracy for the side condition -15≤Ês/Iot≤-6 dB at least as good Cat M1 in Release 13.
1. RAN1 should aim at improving the NB-IoT Release 15 relative measurement accuracy.
1. RAN1 should update the NRSPR/NRSRQ measurement definition to include NSSS inform RAN4 about this and the observation that NSSS based NRSRP and NRSRQ measurements improves both absolute and relative NRSRP accuracy.
1. RAN1 sends a LS to RAN2 to asked ask them to start developing efficient signaling for the support of idle mode NRSRP measurements based on NSSS in addition to NRS.
1. RAN1 to inform RAN2 about the potential to improve NRSRP measurements in neighbor cells through the signaling of neighbor cell mode of operation, antenna port configuration and valid sub-frame configuration.
1. NSSS is agreed to be used for connected mode NRSRP measurements on the anchor carrier.

1. CE level leakage is significantly reduced if the NRSRP accuracy is improved by 3-4 dB. This will allow the device to connect to the correct cell and optimize its CE level selection which is vital for the network when performing uplink and downlink link adaptation
1. NSSS based NRSRP and NRSRO measurements outperforms NRS based measurements. 
1. For non-anchor NRSRP measurements the NPDCCH and NPDSCH are candidates for improving measurement accuracy
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