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1 Introduction
In RAN4#79 NB-IoT meeting in Nanjing RAN4 made further progress regarding NB-IoT measurements. Core requirements are in general clear but detailed numbers are still open. In RAN4#78bis it was agreed that RRM measurements are based on NRS and NRSRQ is based on all symbols in the measured subframe. Additionally it was agreed to introduce normal and extended coverage modes with breakpoints at -6dB and -15dB, respectively. Earlier a set of simulation assumptions were agreed to be used for evaluating the measurement performance for NB-IoT.
In this paper, we will take a closer look at the complexity of the different measurement algorithms used in our simulations. The reason for describing and analyzing different algorithms is to illustrate that the used algorithms sometimes have a large impact on the achievable accuracy. How to achieve the accuracy in the end, how the algorithm in the end is implemented, and how the UE actually processes the measurements is of course fully up to the UE implementation – provided it can fulfill the minimum requirements. 
In the Nanjing RAN4 meeting, the feasibility and practicality of specific algorithms used for the measurements was discussed. As RAN4#79AH did not manage to address this issue, we address this issue by providing complexity analysis of two different algorithms and compare their performance in similar manner as in [4].

2 Background
Reference signal received power (RSRP) is defined as the linear average over the power contributions (in [W]) of the resource elements that carry reference signals within the considered measurement frequency bandwidth. By assuming that the cyclic prefix is longer than the channel delay spread and therefore the received signal at a single NRS position is the following:
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 is the channel, [image: image6.png]


 is the NRS and [image: image8.png]


 is the noise term.
The RSRP by definition is the average of [image: image10.png]


 over time and frequency. However, due to the existence of the noise term, the averaging and extraction of [image: image12.png]


 is not trivial. If we multiply with the conjugate of the NRS we get the raw channel estimate in that RE position:
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.
On approach to better estimate [image: image20.png]


 could be to average the received signal over a time-frequency region of the aforementioned equation to average out the noise terms, and then compute the power, which will be some noisy estimation of [image: image22.png]|H|?



. However, this approach is not going to remove completely the noise (i.e. converge), since when we take the power [image: image24.png]E{-1?}



, the variance of noise terms will kick in. Therefore an algorithm is needed that will not yield quadratic noise terms when we take the power. However, such algorithm is implementation specific and hence could be implemented in several ways. 
Let’s assume that such algorithm is used that it will not yield the quadratic noise terms when we take the power.

Consequently, the quantity, where the averaging is taken over many samples, below gives the RSRP:
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(2.3)
From our earlier results it has become clear that the 1 PRB bandwidth available in NB-IoT is a challenge when it comes to measurement accuracy and noise bias especially in the enhanced coverage region. This noise bias is introduced mainly due to relatively low number of available NRS REs used for the averaging (coherent combining) when calculating the RSRP. In other words, the number of samples used for the averaging determines how well the noise term can be averaged out.

3 Description of Algorithms Used for RSRP calculation
In this section, we describe two different algorithms which could be used for the RSRP calculation. They differ mainly in how the samples are collected and averaged before calculating the final RSRP metric at the measurement period. In this paper, we use the following definitions:

· By sample duration, we refer to the duration of the window during which the UE collects measurement samples (NRS REs).
· By sampling rate, we refer to the time instants when the UE starts sample duration timer and starts collecting measurement samples within the sample duration.
· By measurement period, we refer to the time instant when the UE calculates final metrics from samples (RSRP, RSRQ…)
In Algorithm type 1 (later referred as Alg1), measurement samples ([image: image28.png]


 in Equation 2.3) are collected every sampling rate (40ms) within the sample duration and are averaged (coherently combined) for calculating the RSRP for each L1 measurement period. For Alg1, number of samples which are coherently combined can be calculated as follows:
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where [image: image32.png]nNRS b frame



 is the number of NRS REs per subframe. [image: image34.png]nNRS b frame



 in Equation 3.1 is divided by two due to implementation specific algorithm. Hence, at measurement period, final RSRP metric is calculated directly from the collected samples as follows:
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where the number of [image: image38.png]


 corresponds to [image: image40.png]nSamplesAlgl



.
In Algorithm type 4 (later referred as Alg4), measurement samples ([image: image42.png]


 in Equation 2.3) are averaged (coherently combined) every sampling rate (40ms) after the sample duration and the RSRP is calculated for every sampling rate instance. RSRP samples, obtained once per sampling rate, is then averaged for each L1 measurement period. For Alg4, number of samples which are coherently combined can be calculated as follows:
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(3.3)
Per sampling rate (after the sample duration), RSRP sample is calculated as follows:
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Where the number of [image: image48.png]


 corresponds to [image: image50.png]nSamplesAlg4



.

The final RSRP metric calculated at measurement period is an average of RSRP samples, hence:
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where the number of [image: image53.png]RSRP,
Psample



 corresponds to [image: image55.png]camplingRate



.
4 Complexity and Performance Comparison of Algorithms
The number of samples used for coherent combining significantly affects how efficiently the noise term can be averaged out from the RSRP estimate. Based on Equations 3.1 and 3.3, it can be clearly seen that the number of samples used for coherent combining is significantly larger in Alg1 than in Alg4. Consequently using Alg1 should result in more accurate RSRP estimates especially at low SNR conditions. Alg1 can be also considered more complex than Alg4 from the memory usage point of view. Furthermore, standard deviation of RSRP estimates using Alg1 might be larger than using Alg4 due to the fact that in Alg4 RSRP samples calculated per sampling rate are further averaged at each measurement period. Hence both algorithms have different advantages and drawbacks, which are analyzed in more detail in the following.
4.1 Complexity Comparison of Algorithms

In Table 1, Alg1 and Alg4 are compared from memory usage point of view. 
Table 1: Number of samples stored per sampling rate after the sample duration and at measurement period for Alg1 and Alg4.

	Parameters

(samplingRate fixed to 40ms)
	Number of samples (complex numbers) stored per sampling rate after the sample duration. Same for Alg1 and Alg4.
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	Number of samples (complex numbers) stored at measurement period for Alg1.

Equation 3.1
	Number of samples (scalars) stored at measurement period for Alg4.

[image: image57.png]measPeriod

samplingRate





	measPeriod = 400ms

sampleDuration = 1ms
	4
	40 
	10 

	measPeriod = 400ms

sampleDuration = 10ms
	40
	400
	10

	measPeriod = 800ms

sampleDuration = 1ms
	4
	80
	20

	measPeriod = 800ms

sampleDuration = 10ms
	40
	800
	20

	measPeriod = 1600ms

sampleDuration = 1ms
	4
	160
	40

	measPeriod = 1600ms

sampleDuration = 10ms
	40
	1600
	40


From Table 1 it can be observed that Alg1 and Alg4 store the same number of samples (complex numbers) per sampling rate and the quantity of samples is directly proportional to the sampleDuration. At measurement period, Alg1 has to store more samples than Alg4. In addition, samples for Alg1 are complex numbers whereas for Alg4 samples are scalars. To be more exact, when sampleDuration is 1ms, Alg1 has to store four times more samples than Alg4, which is 40 and 160 for measPeriod of 400ms and 1600ms, respectively. When sampleDuration is 10ms, Alg1 has to store 40 times more samples than Alg4, which is 400 and 1600 for measPeriod of 400ms and 1600ms, respectively.
Observation 1: For calculating the final RSRP estimate at the measurement period, Alg1 has to store complex numbers whereas Alg4 stores scalars.
Observation 2: When keeping sample duration fixed to 1ms, Alg1 has to store four times more samples than Alg4.
Observation 3: When sample duration is > 1ms, Alg1 has to store [image: image59.png]


  times more samples than Alg4, which is 40 in the case of sample duration of 10ms.
4.2 Performance Comparison of Algorithms

In the following, we compare the performance of Alg1 and Alg4 using link level simulations in stand-alone deployment. Sampling rate is fixed to 40ms while measPeriod and sampleDuration are varying. We present the results in form of RSRP accuracy as a function of SNR. These results are compiled from CDF curves of RSRP estimates using 90% -percentile and thus showing directly the RSRP estimation offset compared to ideal RSRP at 90% -percentile. RSRP accuracy of 0 dB means that RSRP estimate equals to the ideal RSRP. This may be an efficient and compact form of comparing different measurement parameters but conceals some properties like standard deviation of the estimates. This aspect is addressed separately in Section 4.3. Simulations are based on the agreements made in the Stockholm AH: only use NRS as basis for NRSRP. Only AWGN channel is used in the results. Simulation assumptions are presented in Appendix A.
4.2.1 Effect of measurement period

First we study the effect of increasing measurement period on Alg1 and Alg4 performance in AWGN channel. Sample duration and sampling rate are fixed to 1ms and 40ms, respectively. Results for both algorithms are given in Figure 1.
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Meas-period=200ms,  Alg4

Meas-period=400ms,  Alg4

Meas-period=800ms,  Alg4

Meas-period=1600ms, Alg4

Meas-period=200ms,  Alg1

Meas-period=400ms,  Alg1

Meas-period=800ms,  Alg1

Meas-period=1600ms, Alg1


Figure 1: The effect of increased measurement period on RSRP accuracy using two different algorithms. Results are compiled from CDF curves of delta RSRP estimates using 90% -percentile.
From the results, we see that for Alg4 there is not much effect in RSRP accuracy from increasing the measurement period from 200ms up to 1600ms. When using Alg1 there is a noticeable improvement on the RSRP accuracy, especially at SNR below 0dB. At SNR point below -5dB there is a gain between approximately 2-4dB when increasing the measurement period from 200ms up to 1600ms. This also reflects the difference in how well the two algorithm can manage to handle the noise bias due to the narrower bandwidth.
Observation 4: Using Alg1 there is a noticeable gain in RSRP accuracy when increasing the measurement period at SNR below 0dB.
Observation 5: Using Alg4 there is not noticeable gain in RSRP accuracy when increasing the measurement period.
4.2.2 Effect of sample duration
Next, we look at the effect from increasing the sample duration. Here we keep the L1 measurement period fixed at 200ms while we increase the sampling duration from 1ms to 18ms, which resembles the device receiving 1 – 15 NRS occasions in stand-alone operation. Results in Figure 2 and Figure 3 are showing performance when using Alg4 and Alg1, respectively.
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Sample duration = 1 ms (Occasions=1), Alg4

Sample duration = 3 ms (Occasions=3), Alg4

Sample duration = 6 ms (Occasions=5), Alg4

Sample duration = 10 ms (Occasions=8), Alg4

Sample duration = 12 ms (Occasions=10), Alg4

Sample duration = 18 ms (Occasions=15), Alg4


Figure 2: Effect of increased sample duration on RSRP accuracy using algorithm type 4. Results are compiled from CDF curves of delta RSRP estimates using 90% -percentile
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Sample duration = 1 ms (Occasions=1), Alg1

Sample duration = 3 ms (Occasions=3), Alg1

Sample duration = 6 ms (Occasions=5), Alg1

Sample duration = 10 ms (Occasions=8), Alg1

Sample duration = 12 ms (Occasions=10), Alg1

Sample duration = 18 ms (Occasions=15), Alg1


Figure 3: Effect of increased sample duration on RSRP accuracy using algorithm type 1. Results are compiled from CDF curves of delta RSRP estimates using 90% -percentile
From the results, it is clear that there is a noticeable gain in RSRP accuracy when increasing the sample duration from 1ms to 18ms (i.e. increasing the NRS occasions from 1 to 15 instances). This observation applies for both Alg1 and Alg4. We also observe a gain between approximately 3-5 dB at SNR below -5dB (for both used algorithms). Additionally, we see same trend as for when increasing the measurement period – namely that the gain in RSRP accuracy is mostly noticeable at SNR below 0dB. This indicates that an efficient method to manage the noise bias originating from the narrower measurement bandwidth is by increasing the sample duration.
Observation 6: There is a noticeable gain in the RSRP accuracy below 0dB for both algorithms, when increasing the sample duration.
4.2.3 Combined effect of measurement period and sample duration

As the results above shows clear gain from increased measurement period (for Alg1) as well as from increased sample duration (for Alg1 and Alg4), we next look at the combined effect, i.e., in Figure 4 we look at the effect from increasing both sample duration as well as the measurement period for both algorithms.
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SampleDuration=1ms (Occasions=1), Meas-period=200ms, Alg4

SampleDuration=3ms (Occasions=3), Meas-period=800ms, Alg4

SampleDuration=18ms (Occasions=15), Meas-period=1600ms, Alg4

SampleDuration=1ms (Occasions=1), Meas-period=200ms, Alg1

SampleDuration=3ms (Occasions=3), Meas-period=800ms, Alg1

SampleDuration=18ms (Occasions=15), Meas-period=1600ms, Alg1


Figure 4: Combined effect of increased sample duration and measurement period on RSRP accuracy using two algorithm types. Results are compiled from CDF curves of delta RSRP estimates using 90% -percentile
The results are interesting in the way that it shows that by combining increased measurement period and sample duration, two observations can be made:

· There is as expected a clear gain in the RSRP accuracy for both algorithms at SNR below 0dB

· The gain when using Alg1 is significantly higher at very low SNRs.

By combining the two methods enables shorter measurement time on the device side, which has positive impact on the device power consumption. E.g. having measurement period of 800ms combined with sampling duration of 3ms gives about same RSRP accuracy as if having measurement period of 200ms and sample duration of 18ms (figures 2 and 3). 

Observation 7: Combining increased measurement period and sample duration results in significant gain in RSRP accuracy for Alg1 and Alg4 at SNR below 0dB.
Observation 8: Combining increased measurement period and sample duration results in significantly higher gain for Alg1 than for Alg4 at very low SNRs.
4.3 Additional Aspects
From the results presented in Section 4.2, it may appear that using one algorithm provides gains compared to second algorithm. This might be the case when only looking at RSRP measurement accuracy in an AWGN channel at the 90%-percentile point. These results are derived as the difference between the ideal RSRP at a given SNR minus the actual measured RSRP – all at 90%-percentile.

In addition to these results, one should also consider the standard deviation of the estimates, i.e., how close the estimates are to the mean value.

In the following we take one example of the results presented, namely the NRS based RSRP estimate with different measurement periods. In the following two Figures 5 and 6 (used for compiling the RSRP accuracy figures), we can see a clear difference in the spread of result depending on whether Alg1 or Alg4 was used.
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Figure 5: NRS based RSRP estimate with different measurement periods using Algorithm type 1.
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Figure 6: NRS based RSRP estimate with different measurement periods using Algorithm type 4.
Observation 9:  The standard deviation of RSRP estimates is larger when using Alg1 than using Alg4. 
5 Conclusion
In this paper, we took a closer look at the complexity of the different measurement algorithms used in the simulations. The analysis is done, as we have seen that there is significant difference in the performance between the different algorithms. We also listed results to illustrate that the used algorithm in fact do have a large impact on the achievable accuracy. RSRP measurement accuracy performance listed in this paper in NB-IoT stand-alone operation. Based on the analysis and results we observe the following:

Observation 1: For calculating the final NRSRP estimate at the measurement period, Alg1 has to store complex numbers whereas Alg4 stores scalars.
Observation 2: When keeping sample duration fixed to 1ms, Alg1 has to store four times more samples than Alg4.

Observation 3: When sample duration is > 1ms, Alg1 has to store [image: image67.png]


  times more samples than Alg4, which is 40 in the case of sample duration of 10ms.

Observation 4: Using Alg1 there is a noticeable gain in NRSRP accuracy when increasing the measurement period at SNR below 0dB.

Observation 5: Using Alg4 there is not noticeable gain in NRSRP accuracy when increasing the measurement period.

Observation 6: There is a noticeable gain in the NRSRP accuracy below 0dB for both algorithms, when increasing the sample duration.
Observation 7: Combining increased measurement period and sample duration results in significant gain in NRSRP accuracy for Alg1 and Alg4 at SNR below 0dB.

Observation 8: Combining increased measurement period and sample duration results in significantly higher gain for Alg1 than for Alg4 at very low SNRs.

Observation 9:  The standard deviation of NRSRP estimates is larger when using Alg1 than using Alg4. 

Based on the observations, it is clear that Alg1 performs significantly better than Alg4 in most cases from NRSRP accuracy point of view, that is, Alg1 has better capability than Alg4 to average out the noise term from NRSRP estimate. However, Alg1 has some drawbacks compared to Alg4 when it comes to its complexity, namely memory consumption and larger standard deviation of NRSRP estimates. On the other hand, Alg4 does not benefit noticeable from increased measurement period and its accuracy can be enhanced mainly by increasing the sample duration, which increased memory consumption similarly in both algorithms. Consequently the following conclusions can be drawn:
Observation 10:  When Alg4 is used, mainly increasing sample duration improves the NRSRP accuracy whereas increased measurement period does not improve the NRSRP accuracy noticeably.

Observation 11: When Alg1 is used, both increased sample duration and measurement period improve the NRSRP accuracy significantly.

Especially in in-band deployment, increasing sample duration has its limits due to the fact that 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 instance, this means that using sample duration as high as 21ms corresponds to only 6 NRS occasions, which in turn determines the available samples for coherent combining in Alg1 and Alg4. Therefore increasing measurement period in in-band operation is also needed, if RSRP accuracy is wanted to be enhanced, but only Alg1 benefits from the increased measurement period.
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Appendix A

Simulation assumptions

	Parameters
	Value
	Comments

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

	L1 measurement period
	200ms, 400ms, 800ms, 1600ms
	

	Measurement sampling rate
	40ms
	

	Sample duration 

(NRS occasions)
	1ms, 3ms, 6ms, 10ms, 12ms, 18ms
	Even further increased sample duration can be considered

	L3 filtering
	Disabled
	

	Antenna configuration
	Stand-alone: 1 Tx, 1 Rx
	

	Channel model
	AWGN
	

	Measurement type
	NRS only based
	

	CP length
	Normal
	

	Carrier frequency
	2.0 GHz
	

	Ec/IoT
	[-20:5:10] 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


