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1
Introduction
NB-IoT physical layer design will be different from LTE, which affects the very basic cell detection and measurement requirements defined in RAN4. In RAN4#78 measurement performance was discussed and a set of simulation assumptions were agreed in [12]. NB-RS design is now stable based on the final decisions made during the RAN1 AH. 
In this contribution, we discuss measurement performance and simulation results based on the assumptions agreed in the RAN4#78 meeting. 
2
Discussion
RAN1 decided in the Sofia Antipolis AH meeting some final details related to the NB-RS:

· In cell-specific valid DL PRB pairs, a NB-IoT UE may assume that NB-RS is present
· In cell-specific invalid DL PRB pairs, a NB-IoT UE shall not expect NB-RS
· In the PRB pair to carry NB-PSS and NB-SSS, a NB-IoT UE shall not expect NB-RS
· For in-band operation, in NB-IoT carrier, a UE without a valid configuration of the cell-specific valid DL subframes may assume NB-RS is transmitted in subframes #0 and #4 and in subframe #9 if it does not contain NB-SSS
· For guard-band and stand-alone operation, in NB-IoT carrier, a UE may assume NB-RS is transmitted in all subframes except for NB-PSS and NB-SSS
Besides the earlier agreements that NB-RS is unconditionally present in all deployment scenarios – stand-alone, guard-band and in-band deployments scenarios. The details of the NB-RS pattern are decided by RAN1 and illustrated in figure 1.
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Figure 1: NB-RS mapping within a subframe.
Assuming valid DL subframes in all downlink subframes – as is the case for stand-alone and guard-band – the NB-RS distribution will look as illustrated in figure 2 (with NB-PSS repetition period of 10ms and assuming NB-SSS repetition period of 20ms):
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Figure 2: Illustration of NB-PSS, NB-PSS and NB-RS in stand-alone NB-IoT.
Based on the agreements on NB-RS we have executed link level simulations according to the simulations assumption [12] agreed in RAN4#78. In next section, we present our results.
3
Measurement performance
NB-IoT includes three different deployment scenarios, namely in-band, guard-band and stand-alone deployments. Each scenario will possibly present different conditions for the UE, e.g., when it comes to expected interference levels. All of these scenarios are included in the agreed assumptions. The results presented in this paper are for stand-alone deployment. In the simulation assumptions, results were requested for the following cases:
The CDF curves are to be provided for:

· Estimated RSRP

· Estimated RSRQ

· Delta RSRP   = (estimated RSRP – ideal RSRP) 
[dB]  
· Delta RSRQ  = (estimated RSRQ – ideal RSRQ) [dB]
3.1 Effect of increased measurement period
First, we look at the estimated RSRP, RSRQ, and delta RSRQ using different measurement periods of 200ms, 400ms and 800ms for an AWGN channel, in order to analyze the effect of increasing the measurement period. In the results, we keep the sampling rate at 40ms and sweep the SNR range from -20dB to 10dB. Figures 3, 4 and 5 illustrates the RSRP results while other results for estimated RSRQ and delta RSRQ are in Appendix A.
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Figure 3: Estimated RSRP using measurement period of 200ms
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Figure 4: Estimated RSRP using measurement period of 400ms
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Figure 5: Estimated RSRP using measurement period of 800ms
From the Figures 3, 4 and 5 it can be observed that keeping the sampling rate fixed (40ms) and increasing the measurement period from 200ms to 800ms does not help in reducing the residual noise power in NB-RS based measurements in AWGN channel. The effect from increasing the measurement period is limiting the spread of distribution, meaning that the measurement samples are closer to the mean value.
Observation 1: Keeping the sampling rate fixed (40ms) and increasing the measurement period from 200ms to 800ms does not help in reducing the residual noise power in NB-RS based measurements.
Observation 2: The effect from increasing the measurement period is limiting the spread of distribution, meaning that the measurement samples are closer to the mean value.

3.2 Effect of increasing number of measurement samples
In order to address the issue with biased results due to narrow measurement bandwidth (compared to LTE), we increase the number of measurement samples, taken per sampling rate, in time direction. In other words, increasing the number of consecutive subframes per sampling rate used for the measurements. Here we look at the estimated RSRP using fixed measurement period of 200ms for an AWGN channel. In the results, we keep the sampling rate at 40ms and sweep the SNR rang from -20dB to 10dB. Figures 6, 7 and 8 illustrates the RSRP results for SNR at -20dB, -10dB and 0dB while other results for are in Appendix B.
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Figure 6: Estimated RSRP using different number of measurement samples per sampling rate (40ms) at -20dB
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Figure 7: Estimated RSRP using different number of measurement samples per sampling rate (40ms) at -10dB
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Figure 8: Estimated RSRP using different number of measurement samples per sampling rate (40ms) at 0dB
The results show a clear impact when increasing the number measurement samples per sampling rate. The impact is more significant at low SNRs while it is less significant at higher SNRs. It can be seen that increasing the number of measurements samples per sampling rate from 1 to 10 has the most significant impact on the performance while further increase still provide improvements although the effect decreases.
Observation 3:  Increasing the number of measurement samples per sampling rate improves the measurement performance.
Observation 4: Increasing the number of measurement samples per sampling rate from 1 to 10 has the most significant impact on the performance.
3.3 Comparing NB-IoT and LTE measurement performance
Based on the presented results and the observations 1 - 4 drawn from the results, it can be seen that increasing the measurement period alone has no significant effect on the measurements performance. Instead, we see that increasing the number of measurement samples per sampling rate  may improve the measurements performance significantly. 

We next compare the measurement results between NB-IoT NB-RS (using measurement bandwidth of 1 PRB) and LTE CRS (using measurement bandwidth of 6 RPB). We look at how well the NB-RS RSRP performs compared to LTE CRS based RSRP. In LTE UE minimum measurement BW is 6 PRBs, which is of course not possible to use in NB-IoT where maximum measurement BW is 1 PRB. 

In the basic setup we use existing LTE measurement assumptions for the LTE results (sampling rate of 40ms and measurement period of 200ms, measurement bandwidth is 6 PRB). For NB-IoT we use same sampling of 40ms and measurement period of 200ms but we collect different number of measurement samples per 40ms. The number of measurement samples per sampling rate vary and is either 1, 3, 10 or 15.. Figures 9, 10 and 11 present the results for RSRP in an AWGN channel at SNR -20dB, -10dB and 0dB. Other results including RSRQ and delta RSRQ can be found from Appendix C.
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Figure 9: RSRP estimate at -20dB for LTE CRS and NB-RS using different number of measurement samples per 40ms. 
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Figure 10: RSRP estimate at -10dB for LTE CRS and NB-RS using different number of measurement samples per 40ms.
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Figure 11: RSRP estimate at 0dB for LTE CRS and NB-RS using different number of measurements sample per 40ms.
The results show that at low SNRs there is a significant difference between the estimated RSRP for LTE and for NB-IoT – which is as expected. What can also be seen is that by taking more measurement samples per sampling rate (40ms) in NB-IoT, the estimate difference decreases. The RSRP estimate for NB-IoT gets very close to that of the RSRP estimate of LTE by using 10 measurement samples per sampling rate in NB-IoT.
Observation 5: By coherent combining of multiple measurement samples per sampling rate in NB-IoT helps reducing the negative impact from the reduced measurement bandwidth.
These results confirm that there – as expected – is a significant impact on the achievable measurement performance in NB-IoT when compared to LTE due to reduced measurement bandwidth when using the same measurement assumptions on UE side (1 measurement sample per sampling rate (40ms)). The effect from measurement bandwidth reduction can be handled by increasing the number of measurement samples per sampling rate – achieving same RSRP estimate as what can be achieved in LTE.
Observation 6: It seems to be possible to reach similar measurement performance in NB-IoT as in LTE.

Same trend can be seen for RSRQ and delta RSRQ estimates presented in Appendix C. Although some results might indicate that it is possible to reach even better measurement performance in NB-IoT than in LTE under same conditions, we do not see a need for NB-IoT to perform better than what is possible in LTE.

3
Conclusion
In RAN4#78 measurement performance was discussed and a set of simulation assumptions were agreed in [12]. NB-RS design is now stable based on the final decisions made during the RAN1 AH. 
In this contribution, we discuss measurement performance and simulation results based on the assumptions agreed and based on the presented results we make a number of observations:

Observation 1: Keeping the sampling rate fixed (40ms) and increasing the measurement period from 200ms to 800ms does not help in reducing the residual noise power in NB-RS based measurements.

Observation 2: The effect from increasing the measurement period is limiting the spread of distribution, meaning that the measurement samples are closer to the mean value.

Observation 3: Increasing the number of measurement samples per sampling rate improves the measurement performance.
Observation 4: Increasing the number of measurement samples per sampling rate from 1 to 10 has the most significant impact on the performance.
Observation 5: By coherent combining of multiple measurement samples per sampling rate in NB-IoT helps reducing the negative impact from the reduced measurement bandwidth.
Observation 6: It seems to be possible to reach similar measurement performance in NB-IoT as in LTE.
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Figure 12 NB-RS based RSRQ, 200ms
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Figure 13 NB-RS based delta RSRQ, 200ms
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Figure 14 NB-RS based RSRQ, 400ms
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Figure 15 NB-RS based delta RSRQ, 400ms
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Figure 16 NB-RS based RSRQ, 800ms
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Figure 17 NB-RS based delta RSRQ, 800ms

Appendix B
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Figure 18 NB-RS based RSRP, -15dB
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Figure 19 NB-RS based RSRP, -5dB
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Figure 20 NB-RS based RSRP, 5dB
Appendix C
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Figure 21 RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB
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Figure 22 Delta RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB
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Figure 23 RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB, EPA1Hz
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Figure 24 Delta RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB, EPA 1Hz
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Figure 25 RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB, ETU 1Hz
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Figure 26 Delta RSRQ, NB-RS vs. LTE-CRS (6 PRB), -15dB, ETU 1Hz
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