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1 Introduction
In RAN4#79 NB-IoT meeting in Nanjing RAN4 made further progress regarding NB-IoT measurement requirements. The core requirements are in general clear but the detailed numbers are still in [] and open for discussion and confirmation. In RAN4#78bis it was agreed that NRSRP and NRSRQ measurements will be based on NRS and NRSRQ is based on all symbols in the measured subframe. Additionally it was agreed to introduce normal and enhanced coverage modes with breakpoints at -6dB and -15dB, respectively. 
In this paper, we study the impact of power boosting and two NRS Tx sequences on measurement performance in NB-IoT in-band deployment.
Simulation results for NB-IoT stand-alone deployment are presented in our companion contribution [5] and basic results for in-band deployment are presented in our companion contribution [1].
2 Discussion
This paper is a follow up paper of [2], in which we present and analyse the basic results for in-band deployment. In this paper, we focus on studying the impact of power boosting and two NRS Tx sequences on measurements performance in the in-band deployment. 

We look at the achievable NRSRP and NRSRQ accuracy when using only NRS for measurements. From our earlier results [2] it has become clear that the 1 PRB measurement bandwidth available in NB-IoT is a challenge when it comes to the measurement accuracy and noise bias. The noise bias is introduced mainly due to relatively low number of available NRS REs used for coherent combining before calculating the metrics (NRSRP, NRSRQ).

Especially in the in-band deployment in enhanced mode we see that the residual noise in the estimates is a challenge and the bias can be quite significant. From measurements accuracy perspective, in-band deployment is more challenging than stand-alone/guard-band deployment [1, 2, 5] due to the following reasons:
· For in-band operation, in NB-IoT carrier, a UE without a valid configuration of the cell-specific valid DL subframes may assume NRS is transmitted in subframes #0 and #4 and in subframe #9 if it does not contain N-SSS.
· For guard-band and stand-alone operation, in NB-IoT carrier, a UE may assume NRS is transmitted in all subframes except in subframes where N-PSS and N-SSS are present.
Hence in the in-band deployment, there are significantly less available NRS occasions.
In our companion contribution [1], we have presented the baseline results, where sample durations of 1ms, 5ms, 11ms and 21ms are used with sampling rate of 40ms and measurement periods of 400/800ms and 800/1600ms for normal and enhanced mode, respectively.
In addition to increased measurement period and sample duration, there are other potential methods to improve the measurement performance in the in-band deployment. These methods are:
· Power boosting of NB-IoT signal.

· Using two NRS Tx antenna sequences, which potentially doubles the available samples for coherent combining. 

· Algorithm used to calculate the metrics.

· We provide a detailed analysis of the used algorithms in our companion contribution [4].
According to the agreed simulation assumptions, two Tx antennas are used on eNB side in the in-band deployment. This makes it possible to utilize NRS transmitted from both antenna ports #0 and #1, which in turn doubles the NRS REs available for the measurements as illustrated in Figure 1, which is from [1].
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Figure 1: Mapping of downlink narrowband reference signals in the case of two transmit antennas and normal cyclic prefix.

3 Simulation Results
In this section, we present our simulation results. Simulations assumptions are presented in Appendix A. In the following tables, by sample duration we refer to the duration of the window during which the UE collects measurement samples, i.e., NRS REs. 
When calculating the metrics, we use an algorithm in which the measurement samples (NRS REs) are coherently combined once per sampling rate (every 40ms) after the sample duration. The measurement metrics (NRSRP, NRSRQ…) are calculated once per sampling rate. The metrics are then averaged over the L1 measurement period. This algorithm has relatively low UE complexity. This algorithm is referred as Alg4 in this paper.
Better measurement performance can be achieved using an algorithm in which coherent combining is performed at each L1 measurement period before calculating the metrics. We have as reference also included results using such algorithm. This algorithm is referred as Alg1 in this paper.

A detailed description and comparison of the algorithms used for the measurements are addressed in our companion contribution [4] in which we discuss UE impact in terms of memory consumption and complexity.
Due to presence of N-PSS and N-SSS as well as invalid subframes in the in-band deployment, sample duration in time domain does not correspond directly to number of NRS occasions. In this paper, we use sample durations of 1ms, 5ms, 11ms and 21ms, which corresponds to a number of NRS occasions of 1, 2, 3 and 6, respectively.
In the following sections, we present the results in form of delta NRSRP and delta NRSRQ, which are showing directly the NRSRP and NRSRQ estimation offset compared to ideal NRSRP and ideal NRSRQ, respectively. In other words, NRSRP and NRSRQ accuracy are directly shown in the results. 
Simulations are based on the agreements made in the Stockholm AH: NRS is used for NRSRP and NRSRQ measurements. NRSRQ is based on using all the symbols in the measured subframe. We have included results for the agreed SNR break points of -6dB and -15dB for normal and enhanced mode, respectively. 
In Sections 3.1 - 3.3, we present the following results:
· NRSRP and NRSRQ accuracy results using power boosting

· Measurement periods of 400ms and 800ms for normal and extended mode, respectively

· One NRS Tx antenna sequence used for the measurements

· Power boosting is 6 dB

· NRSRP and NRSRQ accuracy results using two NRS Tx antenna sequences

· Measurement periods of 400ms and 800ms for normal and extended mode, respectively

· Two NRS Tx antenna sequence used for the measurements

· Power boosting is 0 dB

· NRSRP and NRSRQ accuracy results with multiple performance enhancement methods
· Measurement periods of 800ms and 1600ms for normal and extended mode, respectively

· Two NRS Tx antenna sequence used for the measurements

· Power boosting is 6 dB
3.1 Impact of 6 dB power boosting on NRSRP and NRSRQ accuracy
In this section, we present simulation results with the baseline measurement periods of 400ms and 800ms for normal and enhanced mode, respectively, and four different sample durations. In addition, power boosting of 6 dB has been applied.
Table 1 presents the NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) and Table 2 presents the NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50% and 95%.
Table 1: NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 400 ms, four different sample durations and power boosting of 6 dB.

	
	Meas-period = 400ms

Sample duration = 1ms
NRS occasions = 1

Power boosting = 6dB
	Meas-period = 400ms

Sample duration = 5ms
NRS occasions = 2

Power boosting = 6dB
	Meas-period = 400ms

Sample duration =11 ms
NRS occasions = 3

Power boosting = 6dB
	Meas-period = 400ms

Sample duration = 21ms
NRS occasions = 6

Power boosting = 6dB

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	0.18
	0.73
	1.29
	-0.06
	0.39
	0.73
	-0.14
	0.25
	0.57
	-0.18
	0.12
	0.38

	EPA1Hz
	-1.88
	1.83
	7.43
	-2.53
	1.50
	7.43
	-2.54
	1.01
	7.00
	-2.63
	0.74
	6.82

	ETU1Hz
	-2.05
	1.36
	6.36
	-2.62
	1.11
	5.77
	-2.60
	0.81
	5.43
	-2.87
	0.55
	5.88

	NRSRP (Alg1)

	AWGN
	-1.29
	0.10
	1.30
	-1.05
	0.04
	1.01
	-0.87
	-0.01
	0.74
	-0.57
	0.05
	0.56

	EPA1Hz
	-2.38
	0.08
	1.98
	-1.51
	0.07
	1.48
	-1.57
	0.03
	1.61
	-0.83
	0.03
	0.81

	ETU1Hz
	-3.26
	-0.28
	1.50
	-3.40
	-0.37
	0.98
	-2.51
	-0.28
	0.83
	-2.82
	-0.42
	0.37

	NRSRQ (Alg4)

	AWGN
	2.90
	3.50
	4.02
	2.71
	3.15
	3.50
	2.61
	3.00
	3.33
	2.57
	2.88
	3.15

	EPA1Hz
	0.38
	4.79
	10.87
	-0.38
	4.47
	10.86
	-0.35
	3.80
	10.45
	-0.42
	3.56
	10.16

	ETU1Hz
	0.15
	4.22
	9.65
	-0.50
	4.04
	9.17
	-0.32
	3.75
	8.77
	-0.48
	3.46
	9.24

	NRSRQ (Alg1)

	AWGN
	1.51
	2.86
	4.06
	1.72
	2.79
	3.75
	1.90
	2.74
	3.48
	2.19
	2.81
	3.31

	EPA1Hz
	0.77
	2.76
	5.20
	1.36
	2.74
	4.79
	1.51
	2.82
	4.96
	1.84
	2.77
	4.07

	ETU1Hz
	-0.16
	2.31
	4.71
	-0.09
	2.36
	4.19
	0.64
	2.37
	3.93
	0.38
	2.21
	3.36


Table 2: NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 800 ms, four different sample durations and power boosting of 6 dB.

	
	Meas-period = 800ms

Sample duration = 1ms
NRS occasions = 1

Power boosting = 6dB
	Meas-period = 800ms

Sample duration = 5ms
NRS occasions = 2

Power boosting = 6dB
	Meas-period = 800ms

Sample duration =11 ms
NRS occasions = 3

Power boosting = 6dB
	Meas-period = 800ms

Sample duration = 21ms
NRS occasions = 6

Power boosting = 6dB

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	5.62
	5.92
	6.21
	4.21
	4.52
	4.79
	3.49
	3.78
	4.06
	2.30
	2.60
	2.90

	EPA1Hz
	2.38
	7.11
	12.12
	1.57
	5.31
	10.48
	1.28
	4.84
	10.07
	-0.46
	3.01
	8.17

	ETU1Hz
	3.11
	6.66
	11.57
	1.68
	5.14
	10.42
	0.71
	4.40
	9.67
	-0.27
	3.40
	8.09

	NRSRP (Alg1)

	AWGN
	-3.67
	0.84
	3.55
	-3.94
	0.53
	2.64
	-3.56
	0.51
	2.52
	-2.46
	0.26
	1.94

	EPA1Hz
	-2.90
	1.67
	6.10
	-2.22
	0.99
	5.17
	-2.86
	0.40
	4.03
	-2.55
	0.14
	2.59

	ETU1Hz
	-4.70
	1.01
	5.25
	-4.41
	0.34
	3.82
	-3.44
	0.48
	3.79
	-3.19
	-0.17
	2.23

	NRSRQ (Alg4)

	AWGN
	9.26
	9.61
	9.90
	7.83
	8.22
	8.48
	7.17
	7.45
	7.74
	5.98
	6.27
	6.56

	EPA1Hz
	5.81
	10.84
	15.95
	5.09
	9.00
	14.26
	4.82
	8.53
	13.92
	3.02
	6.67
	11.96

	ETU1Hz
	6.59
	10.38
	15.30
	5.21
	8.80
	14.25
	4.22
	8.07
	13.44
	3.30
	7.09
	11.87

	NRSRQ (Alg1)

	AWGN
	0.06
	4.52
	7.21
	-0.22
	4.20
	6.31
	0.10
	4.19
	6.21
	1.21
	3.93
	5.61

	EPA1Hz
	0.74
	5.29
	9.87
	1.41
	4.63
	8.96
	0.82
	4.05
	7.82
	1.17
	3.74
	6.31

	ETU1Hz
	-1.06
	4.69
	9.04
	-0.81
	3.97
	7.59
	0.24
	4.14
	7.53
	0.54
	3.48
	5.94


As expected, the improvement in the NRSRP performance significant when power boosting of 6 dB is applied, whereas power boosting has less impact on NRSRQ performance. 

Observation 1: Power boosting improves NRSRP accuracy significantly but has less impact on NRSRQ performance.

3.2 Impact of using two NRS Tx antenna sequences on measurements performance
In this section, we present simulation results with the baseline measurement periods of 400ms and 800ms for normal and enhanced mode, respectively, and four different sample durations. In addition, two NRS Tx antenna sequences are used for the measurement. 
Table 3 presents the NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) and Table 4 presents the NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50% and 95%.
Table 3: NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 400 ms, four different sample durations and two NRS Tx antenna sequences.

	
	Meas-period = 400ms

Sample duration = 1ms
NRS occasions = 1

Nbr NRS Tx sequences = 2
	Meas-period = 400ms

Sample duration = 5ms
NRS occasions = 2

Nbr NRS Tx sequences = 2
	Meas-period = 400ms

Sample duration =11 ms
NRS occasions = 3

Nbr NRS Tx sequences = 2
	Meas-period = 400ms

Sample duration = 21ms
NRS occasions = 6

Nbr NRS Tx sequences = 2

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	1.83
	2.36
	2.95
	0.85
	1.43
	1.95
	0.50
	1.05
	1.49
	0.11
	0.56
	0.99

	EPA1Hz
	-1.23
	3.37
	10.05
	-1.66
	2.80
	9.22
	-1.90
	2.41
	9.16
	-3.10
	1.64
	8.55

	ETU1Hz
	-1.07
	3.57
	8.60
	-2.24
	2.60
	8.40
	-2.51
	1.83
	7.28
	-2.92
	1.52
	7.08

	NRSRP (Alg1)

	AWGN
	-2.99
	0.27
	2.27
	-2.36
	0.07
	1.69
	-1.92
	0.12
	1.45
	-1.25
	0.03
	1.07

	EPA1Hz
	-3.97
	0.54
	6.03
	-3.61
	0.25
	6.52
	-3.54
	0.14
	5.90
	-2.76
	-0.01
	6.34

	ETU1Hz
	-4.32
	0.71
	6.98
	-4.11
	0.02
	5.40
	-4.09
	-0.68
	4.21
	-3.97
	-0.67
	4.79

	NRSRQ (Alg4)

	AWGN
	1.80
	2.37
	2.95
	0.87
	1.42
	1.97
	0.48
	1.05
	1.50
	0.11
	0.56
	0.99

	EPA1Hz
	-1.14
	3.39
	9.95
	-1.59
	2.74
	9.13
	-1.84
	2.39
	9.06
	-2.98
	1.63
	8.47

	ETU1Hz
	-1.03
	3.53
	8.50
	-2.14
	2.57
	8.28
	-2.40
	1.81
	7.19
	-2.85
	1.51
	7.00

	NRSRQ (Alg1)

	AWGN
	-3.00
	0.30
	2.25
	-2.34
	0.07
	1.68
	-1.90
	0.11
	1.44
	-1.24
	0.03
	1.06

	EPA1Hz
	-3.84
	0.53
	5.90
	-3.51
	0.24
	6.39
	-3.46
	0.15
	5.70
	-2.67
	-0.02
	6.09

	ETU1Hz
	-4.27
	0.69
	6.95
	-4.07
	-0.02
	5.31
	-3.96
	-0.65
	4.08
	-3.88
	-0.67
	4.70


Table 4: NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 800 ms, four different sample durations and two NRS Tx antenna sequences.

	
	Meas-period = 800ms

Sample duration = 1ms
NRS occasions = 1

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration = 5ms
NRS occasions = 2

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration =11 ms
NRS occasions = 3

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration = 21ms
NRS occasions = 6

Nbr NRS Tx sequences = 2

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	9.70
	10.03
	10.33
	8.29
	8.62
	9.04
	7.44
	7.78
	8.08
	6.10
	6.31
	6.56

	EPA1Hz
	6.90
	10.95
	17.12
	5.39
	9.74
	15.15
	4.11
	8.06
	14.60
	2.52
	6.57
	11.95

	ETU1Hz
	7.24
	10.77
	15.35
	5.04
	9.04
	12.97
	4.22
	7.72
	12.94
	3.20
	7.27
	12.91

	

	AWGN
	-2.36
	3.34
	6.78
	-3.37
	2.30
	5.53
	-3.59
	1.65
	4.98
	-4.21
	1.02
	3.90

	EPA1Hz
	-3.00
	3.35
	8.97
	-3.23
	2.99
	9.35
	-3.43
	2.65
	10.11
	-4.22
	0.98
	5.75

	ETU1Hz
	-2.07
	4.36
	9.76
	-3.04
	3.06
	8.61
	-2.94
	2.92
	8.11
	-3.53
	2.03
	7.24

	NRSRQ (Alg4)

	AWGN
	9.68
	10.04
	10.34
	8.29
	8.62
	9.03
	7.43
	7.77
	8.07
	6.10
	6.31
	6.56

	EPA1Hz
	6.93
	10.94
	17.13
	5.43
	9.73
	15.17
	4.12
	8.05
	14.55
	2.54
	6.56
	11.94

	ETU1Hz
	7.21
	10.77
	15.38
	5.04
	9.03
	13.00
	4.24
	7.73
	12.92
	3.19
	7.27
	12.92

	NRSRQ (Alg1)

	AWGN
	-2.39
	3.34
	6.77
	-3.35
	2.31
	5.55
	-3.59
	1.65
	4.98
	-4.20
	1.02
	3.89

	EPA1Hz
	-2.95
	3.38
	8.95
	-3.23
	2.99
	9.32
	-3.40
	2.66
	10.14
	-4.21
	0.98
	5.75

	ETU1Hz
	-2.10
	4.36
	9.74
	-3.02
	3.05
	8.62
	-2.95
	2.92
	8.14
	-3.52
	2.04
	7.22


As expected, there is improvement in the NRSRP performance when two NRS Tx antenna sequences is used. The improvement is also present concerning NRSRQ performance. 

Observation 2: Use of two NRS Tx antenna sequences improves both NRSRP and NRSRQ accuracy although less significantly than power boosting.

3.3 NRSRP and NRSRQ Accuracy Results with Multiple Performance Enhancement Methods

In this section, measurement performance enhancement methods presented in sections 3.1 and 3.2 are combined with increased measurement periods in order to have the total possible gain. In other words, to have the upper boundary of achievable NRSRP and NRSRQ accuracy.
Therefore additional simulation assumptions are:

· Measurement periods of 800ms and 1600ms for normal and enhanced mode, respectively
· Two NRS Tx antenna sequence used for the measurements

· Power boosting is 6 dB

Table 5 presents the NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) and Table 6 presents the NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50% and 95%.
Table 5: NRSRP and NRSRQ accuracy in normal mode (SNR of -6 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 800 ms, four different sample durations, power boosting of 6 dB and two NRS Tx antenna sequences.
	
	Meas-period = 800ms

Sample duration = 1ms
NRS occasions = 1

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration = 5ms
NRS occasions = 2

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration =11 ms
NRS occasions = 3

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 800ms

Sample duration = 21ms
NRS occasions = 6

Power boosting = 6 dB

Nbr NRS Tx sequences = 2

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	0.16
	0.36
	0.56
	0.04
	0.21
	0.39
	0
	0.13
	0.31
	-0.04
	0.09
	0.18

	EPA1Hz
	-2.38
	1.31
	6.49
	-3.08
	0.70
	6.64
	-2.97
	0.75
	5.16
	-2.88
	1.00
	6.22

	ETU1Hz
	-2.79
	0.69
	4.92
	-2.84
	0.93
	5.05
	-3.05
	0.42
	5.84
	-2.72
	0.46
	4.29

	NRSRP (Alg1)

	AWGN
	-0.75
	-0.03
	0.59
	-0.46
	0.04
	0.46
	-0.42
	0
	0.37
	-0.30
	0.03
	0.28

	EPA1Hz
	-2.33
	0.03
	4.96
	-2.25
	-0.21
	4.78
	-1.94
	0.35
	5.18
	-2.27
	-0.22
	4.55

	ETU1Hz
	-2.64
	-0.16
	4.11
	-2.87
	-0.64
	4.47
	-2.73
	-0.62
	3.60
	-2.58
	-0.26
	4.22

	NRSRQ (Alg4)

	AWGN
	2.90
	3.12
	3.35
	2.77
	2.96
	3.18
	2.75
	2.90
	3.07
	2.71
	2.84
	2.95

	EPA1Hz
	-0.06
	4.21
	9.81
	-0.88
	3.53
	10.02
	-0.64
	3.61
	8.52
	-0.72
	3.81
	9.56

	ETU1Hz
	-0.56
	3.49
	8.25
	-0.57
	3.76
	8.24
	-0.60
	3.29
	9.19
	-0.33
	3.31
	7.58

	NRSRQ (Alg1)

	AWGN
	2.03
	2.72
	3.35
	2.28
	2.80
	3.21
	2.34
	2.77
	3.14
	2.47
	2.79
	3.03

	EPA1Hz
	0.04
	2.77
	8.22
	0.36
	2.70
	7.88
	0.36
	3.17
	8.36
	0.21
	2.58
	7.66

	ETU1Hz
	0.05
	2.70
	7.34
	-0.33
	2.24
	7.73
	-0.26
	2.14
	6.69
	0.04
	2.59
	7.36


Table 6: NRSRP and NRSRQ accuracy in enhanced mode (SNR of -15 dB) at CDF percentiles of 5 %, 50 % and 95 % using measurement period of 1600 ms, four different sample durations, power boosting of 6 dB and two NRS Tx antenna sequences.
	
	Meas-period = 1600ms

Sample duration = 1ms
NRS occasions = 1

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 1600ms

Sample duration = 5ms
NRS occasions = 2

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 1600ms

Sample duration =11 ms
NRS occasions = 3

Power boosting = 6 dB

Nbr NRS Tx sequences = 2
	Meas-period = 1600ms

Sample duration = 21ms
NRS occasions = 6

Power boosting = 6 dB

Nbr NRS Tx sequences = 2

	Channel
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%
	5%
	50%
	95%

	NRSRP (Alg4)

	AWGN
	4.43
	4.68
	4.87
	3.09
	3.24
	3.39
	2.52
	2.64
	2.77
	1.50
	1.60
	1.73

	EPA1Hz
	1.84
	5.15
	8.51
	0.85
	3.94
	8.28
	0.16
	3.55
	7.71
	-1.16
	2.33
	5.88

	ETU1Hz
	1.47
	4.59
	8.53
	1.03
	3.89
	7.12
	0.24
	3.07
	6.70
	-1.01
	1.55
	5.27

	NRSRP (Alg1)

	AWGN
	-2.98
	0.32
	2.14
	-1.75
	0.13
	1.58
	-1.56
	0.08
	1.31
	-1.39
	0
	0.97

	EPA1Hz
	-2.71
	0.88
	4.88
	-3.13
	0.17
	3.72
	-3.06
	0.03
	3.28
	-2.24
	0.27
	3.87

	ETU1Hz
	-4.20
	-0.03
	3.23
	-2.96
	-0.24
	3.27
	-2.96
	-0.44
	2.36
	-2.34
	-0.08
	2.96

	NRSRQ (Alg4)

	AWGN
	8.08
	8.33
	8.53
	6.74
	6.92
	7.05
	6.17
	6.31
	6.45
	5.15
	5.27
	5.41

	EPA1Hz
	5.34
	8.85
	12.33
	4.41
	7.65
	12.06
	3.74
	7.26
	11.48
	2.35
	6.03
	9.66

	ETU1Hz
	5.00
	8.23
	12.27
	4.60
	7.59
	10.88
	3.80
	6.74
	10.47
	2.53
	5.19
	9.01

	NRSRQ (Alg1)

	AWGN
	0.69
	4.01
	5.79
	1.92
	3.80
	5.23
	2.11
	3.76
	4.97
	2.26
	3.67
	4.63

	EPA1Hz
	0.95
	4.56
	8.55
	0.52
	3.85
	7.44
	0.58
	3.71
	7.01
	1.39
	3.94
	7.63

	ETU1Hz
	-0.56
	3.63
	6.98
	0.68
	3.43
	6.97
	0.70
	3.22
	6.09
	1.30
	3.59
	6.69


Using combination of power boosting, two NRS Tx antenna sequences and longer measurement period shows, that there even the performance is good even when using sample duration of 1ms. The improvement is also present for both NRSRP and NRSRQ performance. It is still observed that even under these conditions the noise bias is visible present when using the simpler measurement algorithm (Alg4).
Observation 3: Combining power boosting, two NRS Tx antenna sequences and longer measurement period provides good NRSRP and NRSRQ accuracy.

Observation 4: Noise bias is still present especially for the simple measurement algorithm even when power boosting, two NRS Tx antenna sequences and longer measurement period is used.

Observation 5: Coherent combining of measurement samples prior to metric calculation seems most efficient in mitigating the residual noise bias in NB-IoT.

3.4 Summary of simulation results
In this section, NRSRP simulation results presented in Sections 3.1 - 3.3 are further analysed. 
In our companion contribution [1], basic NRSRP accuracy results in in-band deployment were presented, which can be considered as a baseline. In this paper, we studied different methods to potentially improve the measurement accuracy in in-band deployment. In the following, we compare results to the baseline using 95%-percentile in normal and enhanced mode. 
Table 7: Comparison of NRSRP simulation results using different performance enhancement methods to the baseline using 95%-percentile in normal mode. Algorithm type 4 based results.
	
	Alg 4 baseline [dB]

([1], Section 3.1)
	Alg4 gain using power boosting of 6 dB [dB]

(Section 3.1)
	Alg 4 gain using two NRS TX sequences [dB]

(Section 3.2)
	Alg4 gain using increased measurement period, power boosting and two NRS Tx sequences [dB]

(Section 3.3)

	Sample duration
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz

	1ms
	4.12
	12.00
	10.88
	+ 2.83
	+ 4.57
	+ 4.52
	+ 1.17
	+ 1.95
	+ 2.28
	+ 3.56
	+ 5.51
	+ 5.96

	5ms
	3.04
	10.83
	9.30
	+ 2.31
	+ 3.40
	+ 3.53
	+ 1.09
	+ 1.61
	+ 0.90
	+ 2.65
	+ 4.19
	+ 4.25

	11ms
	2.39
	9.80
	8.60
	+ 1.82
	+ 2.80
	+ 3.17
	+ 0.90
	+ 0.64
	+ 1.32
	+ 2.08
	+ 4.64
	+ 2.76

	21ms
	1.45
	7.56
	7.75
	+ 1.07
	+ 0.74
	+ 1.87
	+ 0.46
	- 0.99
	+ 0.67
	+ 1.27
	+ 1.34
	+ 3.46

	Average gain:
	+ 2.01
	+ 2.88
	+ 3.27
	+ 0.90
	+ 0.80
	+ 1.29
	+ 2.39
	+ 3.92
	+ 4.11


Table 8: Comparison of NRSRP simulation results using different performance enhancement methods to the baseline using 95%-percentile in normal mode. Algorithm type 1 based results.

	
	Alg 1 baseline [dB]

([1], Section 3.1)
	Alg1 gain using power boosting of 6 dB [dB]

(Section 3.1)
	Alg 1 gain using two NRS TX sequences [dB]

(Section 3.2)
	Alg1 gain using increased measurement period, power boosting and two NRS Tx sequences [dB]

(Section 3.3)

	Sample duration
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz

	1ms
	3.02
	6.42
	5.57
	+ 1.72
	+ 4.44
	+ 4.07
	+ 0.75
	+ 0.39
	-1.41
	+ 2.43
	+ 1.46
	+ 1.46

	5ms
	2.34
	5.56
	4.00
	+ 1.33
	+ 4.08
	+ 3.02
	+ 0.65
	- 0.96
	- 1.40
	+ 1.88
	+0.78
	- 0.47

	11ms
	1.88
	4.67
	3.67
	+ 1.14
	+ 3.06
	+ 2.84
	+ 0.43
	- 1.23
	- 0.54
	+ 1.51
	- 0.51
	+ 0.07

	21ms
	1.49
	2.90
	2.35
	+ 0.93
	+ 2.09
	+ 1.98
	+ 0.42
	-3.44
	- 2.44
	+ 1.21
	- 1.65
	- 1.87

	Average gain:
	+ 1.28
	+ 3.42
	+ 3.23
	+ 0.56
	- 1.31
	- 1.45
	+ 1.76
	+ 0.02
	- 0.20


From Table 7 (Alg4 based results in normal mode), the following observations can be drawn:

· When considering baseline results only, increasing sample duration from 1ms up to 21ms improves the measurement accuracy by 2.7 dB, 4.4 dB and 3.1 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.
· By applying 6 dB power boosting, measurement accuracy is further improved (compared to the baseline) by 2.0 dB, 2.9 dB and 3.3 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By utilizing two NRS Tx antenna sequences improves (compared to the baseline) the measurement accuracy by 0.9 dB, 0.8 dB and 1.3 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By combining multiple performance enhancement methods in normal mode, NRSRP accuracy is improved (compared to the baseline) by 2.4 dB, 3.9 dB and 4.1 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

From Table 8 (Alg1 based results in normal mode), the following observations can be drawn:

· When considering baseline results only, increasing sample duration from 1ms up to 21ms improves the measurement accuracy by 1.5 dB, 3.5 dB and 3.2 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By applying 6 dB power boosting, measurement accuracy is further improved (compared to the baseline) by 1.3 dB, 3.4 dB and 3.2 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By utilizing two NRS Tx antenna sequences improves (compared to the baseline) the measurement accuracy by 0.6 dB in AWGN channel and does not further improve performance in EPA 1Hz and ETU 1Hz channels.
· By combining multiple performance enhancement methods in normal mode, NRSRP accuracy is improved (compared to the baseline) by 1.8 dB in AWGN channel and does not further improve performance in EPA 1Hz and ETU 1Hz channels.
When comparing baseline performance of Alg4 and Alg1, Alg1 performs significantly better compared to Alg4. As the baseline results for Alg1 are relatively accurate as such, performance improvement methods in normal mode have less benefit for Alg1 than for Alg4.
Table 9: Comparison of NRSRP simulation results using different performance enhancement methods to the baseline using 95%-percentile in enhanced mode. Algorithm type 4 based results.
	
	Alg4 baseline [dB]

([1], Section 3.1)
	Alg4 gain using power boosting of 6 dB [dB]

(Section 3.1)
	Alg4 gain using two NRS TX sequences [dB]

(Section 3.2)
	Alg4 gain using increased measurement period, power boosting and two NRS Tx sequences [dB]

 (Section 3.3)

	Sample duration
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz

	1ms
	11.84
	17.61
	16.45
	+ 5.63
	+ 5.49
	+ 4.88
	+ 1.51
	+ 0.49
	+ 1.10
	+ 6.97
	+ 9.10
	+ 7.92

	5ms
	10.30
	15.91
	15.65
	+ 5.51
	+ 5.43
	+ 5.23
	+ 1.26
	+ 0.76
	+ 2.68
	+ 6.91
	+ 7.63
	+ 8.53

	11ms
	9.60
	16.54
	14.81
	+ 5.54
	+ 6.47
	+ 5.14
	+ 1.52
	+ 1.94
	+ 1.87
	+ 6.83
	+ 8.83
	+ 8.11

	21ms
	8.14
	13.69
	12.72
	+ 5.24
	+ 5.52
	+ 4.63
	+ 1.58
	+ 1.74
	- 0.19
	+ 6.41
	+ 7.81
	+ 7.45

	Average gain:
	+ 5.48
	+ 5.73
	+ 4.97
	+ 1.47
	+ 1.23
	+ 1.12
	+ 6.78
	+ 8.34
	+ 8.00


Table 10: Comparison of NRSRP simulation results using different performance enhancement methods to the baseline using 95%-percentile in enhanced mode. Algorithm type 1 based results.

	
	Alg1 baseline [dB]

([1], Section 3.1)
	Alg1 gain using power boosting of 6 dB [dB]

(Section 3.1)
	Alg1 gain using two NRS TX sequences [dB]

(Section 3.2)
	Alg1 gain using increased measurement period, power boosting and two NRS Tx sequences [dB]

 (Section 3.3)

	Sample duration
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz
	AWGN
	EPA 1Hz
	ETU 1Hz

	1ms
	7.91
	12.43
	10.87
	+ 4.36
	+ 6.33
	+ 5.62
	+ 1.13
	+ 3.46
	+ 1.11
	+ 5.77
	+ 7.55
	+ 7.64

	5ms
	6.81
	10.73
	9.61
	+ 4.17
	+ 5.17
	+ 5.79
	+ 1.28
	+ 1.38
	+ 1.00
	+ 5.23
	+ 7.01
	+ 6.34

	11ms
	6.32
	9.97
	8.36
	+ 3.80
	+ 5.94
	+ 4.57
	+ 1.34
	- 0.14
	+ 0.25
	+ 5.01
	+ 6.69
	+ 6.00

	21ms
	4.87
	8.76
	7.42
	+ 2.93
	+ 6.17
	+ 5.19
	+ 0.97
	+ 3.01
	+ 0.18
	+ 3.90
	+ 4.89
	+ 4.46

	Average gain:
	+ 3.82
	+ 5.90
	+ 5.29
	+ 1.18
	+ 1.93
	+ 0.64
	+ 4.98
	+ 6.54
	+ 6.11


From Table 9 (Alg4 based results in enhanced mode), the following observations can be drawn:

· When considering baseline results only, increasing sample duration from 1ms up to 21ms improves the measurement accuracy by 3.7 dB, 3.9 dB and 3.7 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By applying 6 dB power boosting, measurement accuracy is further improved (compared to the baseline) by 5.5 dB, 5.7 dB and 5.0 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By utilizing two NRS Tx antenna sequences improves (compared to the baseline) the measurement accuracy by 1.5 dB, 1.2 dB and 1.1 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By combining multiple performance enhancement methods in enhanced mode, NRSRP accuracy is improved (compared to the baseline) by 6.8 dB, 8.3 dB and 8.0 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

From Table 10 (Alg1 based results in enhanced mode), the following observations can be drawn:

· When considering baseline results only, increasing sample duration from 1ms up to 21ms improves the measurement accuracy by 3.0 dB, 3.7 dB and 3.5 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By applying 6 dB power boosting, measurement accuracy is further improved (compared to the baseline) by 3.8 dB, 5.9 dB and 5.3 dB on average in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.

· By utilizing two NRS Tx antenna sequences improves (compared to the baseline) the measurement accuracy by 1.2 dB, 1.9 dB and 0.6 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.
· By combining multiple performance enhancement methods in enhanced mode, NRSRP accuracy is improved (compared to the baseline) by 5.0 dB, 6.5 dB and 6.1 dB in AWGN, EPA 1Hz and ETU 1Hz channels, respectively.
When comparing baseline performance of Alg4 and Alg1, Alg1 performs significantly better compared to Alg4 (~4-5 dB better). 

From the results, we observe that power boosting has a positive effect on the NRSRP measurement performance and accuracy for all cases simulated. The use of 2Tx has both positive and negative impact depending on the algorithm used. The negative impact is likely coming from the fact that EPA and ETU channel does not provide conditions to get the full gain from coherent combining but instead the NRS would propagate through different paths. The use of both signals is up to UE.
4 Conclusion
In this paper, we have studied the impact of power boosting and two NRS Tx sequences on measurement performance in NB-IoT in-band deployment. From the results, we made following observations:
Observation 1: Power boosting improves NRSRP accuracy significantly but has less impact on NRSRQ performance.

Observation 2: Use of two NRS Tx antenna sequences improves both NRSRP and NRSRQ accuracy although less significantly than power boosting.

Observation 3: Combining power boosting, two NRS Tx antenna sequences and longer measurement period provides good NRSRP and NRSRQ accuracy.

Observation 4: Noise bias is still present especially for the simple measurement algorithm even when power boosting, two NRS Tx antenna sequences and longer measurement period is used.

Observation 5: Coherent combining of measurement samples prior to metric calculation seems most efficient in mitigating the residual noise bias in NB-IoT.
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Appendix A

Simulation assumptions for NB-IoT in-band deployment
	Parameters
	Value
	Comments

	Measurement bandwidth 
	1 resource block
	Both RSRP and RSRQ measured over 1 RB*

	L1 measurement period
	Normal mode: 400ms (800ms)
Extended mode: 800ms (1600 ms)
	

	Measurement sampling rate
	40ms
	

	Sample duration 

(NRS occasions)
	In-band: 1ms (1), 5ms (2), 11ms (3), 21ms (6)
	

	L3 filtering
	Disabled
	

	Antenna configuration
	In-band: 2 Tx, 1 Rx
	

	Channel model
	AWGN, EPA 1Hz, ETU 1Hz
	

	Measurement type
	NRS only based
	

	CP length
	Normal
	

	Carrier frequency
	2.0 GHz
	

	Ec/IoT
	Normal mode: -6 dB
Extended mode: -15 dB
	AWGN noise

	Frequency error modeling 
	±50 Hz
	With respect to reference cell

	*NOTE: RSRQ is be based on using all symbols in the measured subframe















One antenna port
Two antenna ports
Resource element (k,l)
Not used for transmission on this antenna port
Reference symbols on this antenna port








even-numbered slots
odd-numbered slots
Antenna port 0
even-numbered slots
odd-numbered slots
Antenna port 1






