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Introduction
[bookmark: _Ref178064866]The objective of the work item on further enhanced NB-IoT is to introduce further support of enhanced features for NB-IoT, supporting standalone, guard-band, and in-band operation modes. One objective is to study, and if found necessary improve, narrowband measurement accuracy improvements as listed below.

Narrowband measurement accuracy improvements [RAN1, RAN4, RAN2]
· 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.

In RAN1#89, the following agreements were made with regards to measurement accuracy improvements: 
· For connected mode in the serving cell and idle mode in camped cell and neighbour cells, it is feasible from RAN1 point of view to use NSSS on an anchor carrier for RRM measurement
· RAN4 are requested to consider if NSSS is a suitable transmission
· How to use, i.e. if and/or under what circumstances to combine NRS with NSSS depend on RAN4 study
· Send an LS containing the above to RAN4, including the agreement from RAN1#88bis that “At least NSSS is used additionally to NRS for in-band, guard-band, standalone”
· Continue to study
· CRS for in-band operation mode
· NPBCH, NPDCCH, NPDSCH on an anchor carrier in the serving cell

In RAN1#91, an LS reply [4] from RAN4 to RAN1 regarding the use of NSSS to improve the measurement states that
“RAN4 confirms that it is feasible to use NSSS on an anchor carrier for RRM measurement, under the working assumption that the ratio of NSSS EPRE to NRS EPRE is configured from {-3, 0, 3, spare} dB.”
However, RAN4 also identifies some potential issues as follows, and conducts further studies.
“RAN4 identified that the antenna port(s) used for the measurement may vary arbitrarily across subframes and across cells in NSSS, and is still studying the potential impact of such variation. Solutions that might have RAN1 impact are not excluded from further study.”
In this contribution, based on the RAN4 LS reply, we discussed the potential RAN1 impacts regarding the use of NSSS for NRSRP and NRSRQ measurements.  In addition, we present our views on the suitability to use CRS for measurements and on the gains from and ability to improve connected mode measurements using the NPBCH, NPDCCH and NPDSCH. This paper is a revision of R1-1719366.
Discussion
Enhanced NRSRP measurements
Since RAN4 confirms the feasibility to use NSSS on an anchor carrier for RRM measurement, RAN1 can continue the work regarding the use of NSSS for NRSRP measurements. This implies the definition of NRSRQ needs to be updated in TS 36.214. Currently, we have the following definition for NRSRP:
Table 1 TS 36.214 NRSRP definition.
	Definition
	Narrowband Reference signal received power (NRSRP), is defined as the linear average over the power contributions (in [W]) of the resource elements that carry narrowband specific reference signals within the considered measurement frequency bandwidth. 

For NRS based NRSRP determination the narrowband reference signals for the first antenna port (R2000) according to TS 36.211 [3] shall be used. If the UE can reliably detect that a second antenna port (R2001) is available it may use the second antenna port in addition to the first antenna port to determine NRSRP. 

The reference point for the NRSRP shall be the antenna connector of the UE.

	Applicable for
	RRC_IDLE intra-frequency,
RRC_IDLE inter-frequency,
RRC_CONNECTED intra-frequency,



As RAN4 identifies that for NRSRP measurements, the potential issue is that “RAN4 identified that the antenna port(s) used for the measurement may vary arbitrarily across subframes and across cells in NSSS”. In TS 36.211, it indicates that the UE should not assume NSSS is transmitted from the same antenna ports in different subframes. This allows NSSS transmit diversity in RAN1 specifications to improve the coverage of the NSSS if multiple TX antennas are used at the eNB. Therefore, it is preferable not to change this behaviour, as existing cells are planned and deployed based on the NSSS can achieve a certain coverage level. To limit the flexibility by which the NSSS can be mapped to physical antenna ports is also not future proof at it will limit the potential use of the available antennas in future deployments. 
1. To limit the transmit diversity possibilities of NSSS may result in negative impacts on existing and future NB-IoT deployments. 
Therefore, a practical way is to convey information of how a UE makes best use of the NSSS. If the UE is provided guidance on how to conduct the measurements, e.g., number of consecutive NSSS occasions to use, the UE can adapt the measurement procedure to avoid conducting measurements only on one of the transmit diversity configurations in use. Such information may for instance be conveyed to the UE via RRC signaling. This is feasible from RAN1 perspective. 
Figure 1 gives a typical example of how an eNB maps the NSSS logical antenna port to two physical antenna ports and alternates between two transmit diversity configurations. To optimize the measured NRSRP in this configuration a UE should measure on at least two consecutive NSSS transmissions. 


[bookmark: _Ref506301777]Figure 1 Exemplified NSSS transmit diversity scheme with UE sampling every instance of the transmitted signal.

1. Inform RAN4 that from RAN1 perspective, it is feasible to provide UE information of how to conduct the measurement when NSSS is configured to be used for RRM measurements, e.g., conveyed the information to the UE via RRC signaling.
Enhanced NRSRQ measurements
The opportunity to improve NRSRP by means of measuring on the NSSS should also be exploited to improve the NRSRQ measurements. Currently, we have the following definition for NRSRQ:
[bookmark: _Ref506303302]Table 2 TS 36.214 NRSRQ definition.
	Definition
	Narrowband Reference Signal Received Quality (NRSRQ) is defined as the ratio NRSRP/NRSSI. The measurements in the numerator and denominator shall be made over the same set of resource blocks.

Narrowband Received Signal Strength Indicator (NRSSI), comprises the linear average of the total received power (in [W]) observed OFDM symbols of measurement subframes, in the measurement bandwidth by the UE from all sources, including co-channel serving and non-serving cells, adjacent channel interference, thermal noise etc. 

NRSSI is measured from all OFDM symbols of measurement subframes. 

The reference point for the NRSRQ shall be the antenna connector of the UE.

	Applicable for
	RRC_IDLE intra-frequency, 
RRC_IDLE inter-frequency



In short this means that NRSRQ is defined by NRSRP divided by NRSSI. NRSP is defined as the NRS power on a single resource element while NRSSI is defined as the average power of a full OFDM symbol, measured on average over a full subframe. This gives NRSSI, and NRSRQ, an unfortunate dependency on the load in the own cell. Figure 2 illustrates the NRSRQ relation to SINR under the two extreme situations of a fully loaded system and a system with no load.
[image: ]
[bookmark: _Ref506302838]Figure 2 SINR-NRSRQ relation depicted in a full load, and a no-load scenario.
Ideally, we want NRSRQ to be as closely coupled to the SINR in the system as possible, which implies that NRSRQ measured when the load in the own system is low is optimal. This then implies that a UE should not measure NRSSI on subframes 0, 5 and (every 2nd) that carries NPSS, NSSS or NPBCH since in those subframes 11 out of 14 OFDM symbols are always fully loaded.
1. A UE should refrain from measuring NRSSI on subframes 0, 5 and (every 2nd) that carries NPSS, NSSS or NPBCH to optimize the coupling between SINR to NRSRQ. 
[bookmark: _GoBack]Also notice that the current NRSRQ measurement implies that that the NRSSI should be performed on the same radio resource as the ones used for NRSRP measurements (see underlined sentence in  Table 2). But as just observed, basing the NRSSI measurements on subframes (in your serving cell) that carries NPSS, NSSS or NPBCH will negatively influence the coupling between NRSRQ and SINR. This is not a desired situation, as the UE needs to evaluate NRSRQ before camping on a cell, and potentially also report the NRSRQ to the camped on cell upon access (depending the outcome of the discussions in [5]). Therefore, it is proposed that 
1. When NSSS is configured and used for the NRSRP measurements in a cell intended for camping, the NRSSI measurement needed to calculate NRSRQ should not be made on subframes containing NSSS, NPSS, and NPBCH transmitted from the evaluate cell.
On CRS based measurements
In the basic design of NB-IoT Release 13 it was decided to base radio resource management (RRM) measurement on NRS transmissions. In cased of idle mode, this was, in our opinion, an unfortunate decision since the NB-IoT downlink is already carrying a large overhead in terms of NPSS, NSSS and NPBCH transmissions dimensioned to support idle mode operations even in extended coverage. These transmissions were already in Release 13 valuable candidates for supporting RRM. 
Hence, we would not like to introduce new mandatory idle mode measurement signal in the NB-IoT downlink, as this would further increase the requirement on the base station transmitter to be on with negative implications in terms of base station power consumption and downlink interference levels. It is also unwanted to create strong couplings between NB-IoT and LTE as NB-IoT in a few years’ time may be operating within a NR carrier and not within a LTE carrier. 
In case of inband mode with same PCI set in LTE and NB-IoT, there is already a requirement on the base station transmitter to deliver the CRS. In this specific case CRS may be used, if proven beneficial, to measure NRSRP/NRSRQ for connected mode procedures. However, when there are 4 TX antenna ports at the eNB used for LTE, the CRS cannot be used by the NB-IoT UE. Therefore, there are lots of restrictions to use CRS for idle mode RRM measurement. 
1. CRS is not a candidate for improving NB-IoT idle mode RRM measurements.
On the use of NPBCH, NPDCCH and NPDSCH for improving connected mode measurements
Connected mode power control tolerance
For connected mode improved measurement accuracy can be expected to positively influence e.g. the power control accuracy. TS 36.101 section 6.3.5.1 specifies an absolute power tolerance of ± 9 dB (under normal conditions), which sets the initial accuracy by which a device configures its output power. In addition, one needs to consider the aggregated power control tolerance specified in TS 36.101 section 6.3.5F.3 which specifies the ability of the device to maintain the initial selected power level during a NPUSCH transmission.  The aggregated power control tolerance is set to ± 3.5 dB. This implies that a device may have a power inaccuracy spanning ± 12.5 dB under normal conditions.
Such high inaccuracy has several drawbacks e.g. in terms of unpredictable link level performance, loss of orthogonality between subcarriers and reduced device battery life. As the allowed inaccuracy to a large extent can be related to the NRSRP measurement inaccuracy, an improved measurement accuracy will allow a tightened power control tolerance.
Impact on subcarrier orthogonality
The orthogonality between NB-IoT subcarriers are in theory determined by the transmitter Fourier transformation but are in practice set by the inband spectrum emission requirements as specified in TS 36.101 section 6.5.2F.3. 
Consider two devices which are located next to each other and experiencing the same received NRSRP, e.g. the same coupling loss. Ideally their uplink transmission should use the same power, resulting in both transmissions reaching the base station at the same receive power level. However, in the extreme case, if the first UE underestimates the NRSRP with 12.5 dB while the second UE overestimates the NRSRP with 12.5 dB, then the system need to cope with a power difference of 25 dB between the two devices. Figure 3 illustrates this situation for two devices assigned NPUSCH transmissions on subcarriers 4 and 5. Assuming 0 dB is the ideal configured power, the two UEs are 12.5 dB above and 12.5 dB below the ideal level. The NB-IoT inband emission requirements require an UE to supress its emission with 18 dBc. The figure clearly shows that this is far from sufficient, as the second UE is 7 dB below the inband emission level allowed for the first UE. It should be noted that the inband emissions shown for UE1 and UE2 are only examples used in this illustration, and not examples of expected emission levels seen in a real UE implementation.
Notice that only open-loop power control is not used by NB-IoT. Therefore, there are only limited tools for the eNB to limit the powers from the UEs, which are not sufficient is this case. Based on this it is clear that an improved NRSRP and power control accuracy will improve the orthogonality between adjacent subcarriers and result in an overall more robust system design.
1. Improved connected mode NRSRP and power control accuracy will improve the orthogonality between adjacent subcarriers and result in an overall more robust system design.
To secure that UE2 is never below the inband emission levels of UE1 times the sum of the absolute power tolerance and the aggregated power control tolerance should not be allowed to exceed 9 dB.
1. RAN1 should strive to limit the sum of the absolute power tolerance and the aggregated power control tolerance to ±9 dB.

[image: ]
[bookmark: _Ref486413451]Figure 3 Illustration of impact on subcarrier orthogonality due to power control inaccuracy of ± 12.5 dB.
Impact on UE power consumption
It can be expected that an inaccurate power control will lead to a suboptimal power consumption. Since NB-IoT is a new technology limited/no public material describing the power consumption profile for a range of output power levels exists. For LTE, there are however published articles in this area that can be used to exemplify the negative impact on UE power consumption from using an incorrect power level. In [1] a model to characterize the average power consumption of a 23 dBm smart phone transmitting at 800 MHz is described as:

[image: ]
Figure 4 Smart phone power consumption model [1].
Based on this simple model the excessive power consumption for a given ideal power level PIDEAL and a power configuration error PERR can be calculated as:


Figure 5 gives the excessive power consumption for the worst-case power error of +12.5 dB which gives a peak excessive power consumption of ~42% at an ideal output power of 11 dB which results in an configured actual output power of 23 dBm due to the large error of +12.5 dB.
[image: ]
[bookmark: _Ref486421649]Figure 5 Excessive power consumption due to a power error of 12.5 dB [1].
It is clear to this is a very simple model that only applies in worst case for a smart phone device, but it serves its purpose to illustrate that incorrectly configured output power levels may cause waste of battery power. 
1. Improved connected mode NRSRP and power control accuracy will improve the UE power consumption characteristics.
Connected mode measurements
In connected mode, a UE is currently required to base NRSRP on NRS transmissions. In our view it is reasonable to also consider making general use of the NPDCCH for improving the measurements. This since an uplink transmission per definition is scheduled by a NPDCCH, so a device should be able to decode the NPDCCH and measure its power at the same time.
For a device configured on the anchor carrier the NSSS and NPBCH transmissions may in addition to the NPDCCH be used for connected mode measurements.
The NRS is at most transmitted on 8 resource elements per antenna port, i.e. at most on 16 out of the 168 resource elements (REs) in a subframe. This can be compared to the NPBCH which is transmitted on 100 REs and the NPDCCH that is transmitted on between 100 and 160 REs depending on the mode of operation and the NRS/CRS antenna port configurations. The power carried by the NPBCH and NPDCCH is hence in the order of 8 to 13 dB higher than what is carried by the NRSs. The densification offered by the NPBCH and NPDCCH should have the ability to improve the reliability of NRSRP measurements. 
The use of the NPDSCH for measuring NRSRP is somewhat limited due to NB-IoT not supporting simultaneous uplink and downlink data transmission. It is therefore proposed to focus on improving connected mode anchor and non-anchor RRM measurements based on NPDCCH and NPBCH transmission.
1. RAN1 should consider connected mode anchor and non-anchor RRM measurements based on NPDCCH and NPBCH transmission.
Conclusions
In this contribution, we have discussed the support for NB-IoT measurement accuracy improvements. We made the following observations and proposals:
1. Inform RAN4 that from RAN1 perspective, it is feasible to provide UE information of how to conduct the measurement when NSSS is configured to be used for RRM measurements, e.g., conveyed the information to the UE via RRC signaling.
1. When NSSS is configured and used for the NRSRP measurements in a cell intended for camping, the NRSSI measurement needed to calculate NRSRQ should not be made on subframes containing NSSS, NPSS, and NPBCH transmitted from the evaluate cell.
1. CRS is not a candidate for improving NB-IoT idle mode RRM measurements.
1. RAN1 should strive to limit the sum of the absolute power tolerance and the aggregated power control tolerance to ±9 dB.
1. RAN1 should consider connected mode anchor and non-anchor RRM measurements based on NPDCCH and NPBCH transmission.

1. To limit the transmit diversity possibilities of NSSS may result in negative impacts on existing and future NB-IoT deployments. 
1. A UE should refrain from measuring NRSSI on subframes 0, 5 and (every 2nd) that carries NPSS, NSSS or NPBCH to optimize the coupling between SINR to NRSRQ. 
1. Improved connected mode NRSRP and power control accuracy will improve the orthogonality between adjacent subcarriers and result in an overall more robust system design.
1. Improved connected mode NRSRP and power control accuracy will improve the UE power consumption characteristics.
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