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1 Introduction
Rel-13 WI on further MTC enhancements [1] has been discussed in several RAN4 meetings, and the focus is on the RRM measurement performance, as well as the feasibility to use RSRP measurement to distinguish different coverage enhancement (CE) levels for initial PRACH transmission, as asked in two RAN1 LS [2-3].

In last RAN4 meeting, link level simulation results were provided by some companies, with the agreed simulation assumptions. However, the results are not aligned due to different measurement technique, which is UE implementation issue, used in the simulations. 
As shown in our previous paper [4], the measurement performance in enhanced coverage (or equivalently very low SNR condition) will degrade significantly with Rel-8 measurement technique. In [5] a new measurement technique is proposed, with coherent combining of CRS REs across two consecutive subframes, and it is expected that the coherent combining can help to achieve noise suppression, thus considered as a promising means to improve the measurement performance in enhanced coverage. 

At the same time, in last meeting concerns around time/frequency tracking were raised as a limiting factor for measurement performance in enhanced coverage, and it was agreed in [6] to further study the performance.     

In this paper, we will provide our simulation results on RSRP/RSRQ measurement in enhanced coverage, with coherent combining technique. In addition, we will also discuss the frequency tracking performance in enhanced coverage.
2 Discussion

Simulation assumptions

The simulations are conducted with the assumptions agreed in RAN4, which is shown in Table 1. 

It should be noted that the results shown in the following are based on coherent averaging length of 2 consecutive subframes in time domain and 6 PRBs in frequency domain. Our study shows that different averaging length can provide a trade-off between performance in low and medium SNR, between different propagation conditions, and between different accuracy metrics. The 6 PRBs results are shown in order to enable a better alignment of simulation results in RAN4.
Table 1 Simulation assumptions for RRM measurement in enhanced coverage

	Parameters
	Value

	SNR 
	{-18, -14, -10, -6} dB 

	Measurement Bandwidth 
	6 RBs

	Number of Tx Antennas 
	1 

	Number of Rx Antennas 
	1, 2

	Measurement Period 
	200ms, 400ms 

	Sampling Period
	40ms 

	Coherent averaging length
	2 consecutive subframes, 6 PRBs

	L3 filtering 
	Disable 

	DRX
	OFF

	Propagation Condition
	AWGN, EPA5, ETU70 

	CP Length
	Normal


RSRP/RSRQ performance for 1Rx and low mobility channel 

The performance of RSRP/RSRQ performance for 1Rx and low mobility channel is shown in Table 2-5. In the following tables, the absolute and relative accuracy is derived as max(abs(5%), abs(95%)) and (95%-5%), respectively. 
Table 2 Simulation results of Delta RSRP with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	AWGN
	-6
	-0.77659
	0.1534
	1.0006
	1.0006
	1.77719

	
	-10
	-1.1524
	0.33421
	1.629
	1.629
	2.7814

	
	-14
	-1.6025
	0.76623
	2.5609
	2.5609
	4.1634

	
	-18
	-1.6502
	1.662
	4.099
	4.099
	5.7492

	EPA1
	-6
	-1.4666
	-0.03217
	1.4495
	1.4666
	2.9161

	
	-10
	-1.4027
	0.30737
	2.6254
	2.6254
	4.0281

	
	-14
	-1.5425
	0.9615
	5.2615
	5.2615
	6.804

	
	-18
	-1.1759
	2.1936
	8.2442
	8.2442
	9.4201

	ETU1
	-6
	-6.1251
	-1.9003
	-0.31817
	6.1251
	5.80693

	
	-10
	-5.9587
	-1.6869
	0.36015
	5.9587
	6.31885

	
	-14
	-4.3665
	-0.6661
	2.0925
	4.3665
	6.459

	
	-18
	-3.0481
	0.97846
	4.7614
	4.7614
	7.8095


Table 3 Simulation results of Delta RSRP with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	AWGN
	-6
	-0.54604
	0.10609
	0.72584
	0.72584
	1.27188

	
	-10
	-0.72641
	0.3442
	1.2268
	1.2268
	1.95321

	
	-14
	-0.70659
	0.85665
	2.11
	2.11
	2.81659

	
	-18
	-0.29892
	1.8345
	3.5889
	3.5889
	3.88782

	EPA1
	-6
	-0.75776
	0.047901
	1.0483
	1.0483
	1.80606

	
	-10
	-0.81595
	0.35719
	1.9157
	1.9157
	2.73165

	
	-14
	-0.88398
	0.77268
	3.4316
	3.4316
	4.31558

	
	-18
	-0.44719
	1.9059
	6.0865
	6.0865
	6.53369

	ETU1
	-6
	-5.106
	-1.9138
	-0.4162
	5.106
	4.6898

	
	-10
	-4.1314
	-1.4664
	0.054207
	4.1314
	4.185607

	
	-14
	-3.2171
	-0.63136
	1.3278
	3.2171
	4.5449

	
	-18
	-1.751
	0.70455
	3.7006
	3.7006
	5.4516


Table 4 Simulation results of Delta RSRQ with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	AWGN
	-6
	-0.59066
	0.32789
	1.1621
	1.1621

	
	-10
	-1.0686
	0.42071
	1.6891
	1.6891

	
	-14
	-1.57
	0.79981
	2.6043
	2.6043

	
	-18
	-1.6298
	1.6646
	4.1311
	4.1311

	EPA1
	-6
	-1.3779
	0.17661
	1.5212
	1.5212

	
	-10
	-1.3491
	0.41314
	2.6662
	2.6662

	
	-14
	-1.5263
	0.98882
	5.2779
	5.2779

	
	-18
	-1.1682
	2.2081
	8.2425
	8.2425

	ETU1
	-6
	-6.0215
	-1.7082
	-0.10854
	6.0215

	
	-10
	-5.8445
	-1.6203
	0.45917
	5.8445

	
	-14
	-4.3237
	-0.6195
	2.0973
	4.3237

	
	-18
	-3.0419
	0.9782
	4.7514
	4.7514


Table 5 Simulation results of Delta RSRQ with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	AWGN
	-6
	-0.35803
	0.28915
	0.88731
	0.88731

	
	-10
	-0.62405
	0.42784
	1.2958
	1.2958

	
	-14
	-0.67287
	0.89591
	2.126
	2.126

	
	-18
	-0.28636
	1.857
	3.596
	3.596

	EPA1
	-6
	-0.62633
	0.2574
	1.1078
	1.1078

	
	-10
	-0.73793
	0.44751
	1.9333
	1.9333

	
	-14
	-0.84107
	0.80917
	3.4305
	3.4305

	
	-18
	-0.41955
	1.9203
	6.0779
	6.0779

	ETU1
	-6
	-4.9903
	-1.7289
	-0.21552
	4.9903

	
	-10
	-4.0823
	-1.3823
	0.14623
	4.0823

	
	-14
	-3.1984
	-0.59768
	1.3553
	3.1984

	
	-18
	-1.7286
	0.7295
	3.7252
	3.7252


From Table 2 and 3, it can be seen that the RSRP absolute accuracy with 200ms measurement period is degraded by 3.5dB compared to current requirement of ±7dB for Cat-0 UE, if a 2.5dB RF margin is assumed. If we double the measurement period to 400ms, 2 gain of 2.2dB can be observed, which means approximately the current requirement can be met.
Still from Table 2 and 3, on RSRP relative accuracy, with 200ms measurement period the gap with current Cat-0 UE requirement is around 5.5dB, but again with 400ms measurement period, the gap is reduced to 2.5dB.
From Table 4 and 5, the RSRQ absolute accuracy is 3.7dB and 1.5dB worse than the current requirement for Cat-0 UE, with 200ms and 400ms measurement period. 

Observation 1: For RSRP absolute accuracy, the current requirement for Cat-0 UE can be approximately met with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.
Observation 2: For RSRP relative accuracy, there is a 2.5dB gap compared to the current requirement for Cat-0 UE, even with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.

Observation 3: For RSRQ absolute accuracy, there is a 1.5dB gap compared to the current requirement for Cat-0 UE, even with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.

RSRP/RSRQ performance for 2Rx and low mobility channel 

The performance of RSRP/RSRQ performance for 2Rx and low mobility channel is shown in Table 6-9. 
Table 6 Simulation results of Delta RSRP with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	AWGN
	-6
	-0.54662
	0.12776
	0.76375
	0.76375
	1.31037

	
	-10
	-0.68577
	0.29086
	1.252
	1.252
	1.93777

	
	-14
	-0.76702
	0.77743
	2.1005
	2.1005
	2.86752

	
	-18
	-0.48334
	1.7312
	3.536
	3.536
	4.01934

	EPA1
	-6
	-2.8817
	-1.4104
	0.19626
	2.8817
	3.07796

	
	-10
	-3.0065
	-1.217
	0.91062
	3.0065
	3.91712

	
	-14
	-2.9091
	-0.65458
	2.2294
	2.9091
	5.1385

	
	-18
	-2.3285
	0.35723
	4.2531
	4.2531
	6.5816

	ETU1
	-6
	-3.9787
	-2.3337
	-0.73516
	3.9787
	3.24354

	
	-10
	-3.7404
	-2.0137
	-0.24734
	3.7404
	3.49306

	
	-14
	-3.4254
	-1.3595
	0.80654
	3.4254
	4.23194

	
	-18
	-2.7821
	-0.04496
	3.0494
	3.0494
	5.8315


Table 7 Simulation results of Delta RSRP with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	AWGN
	-6
	-0.32062
	0.14128
	0.57234
	0.57234
	0.89296

	
	-10
	-0.41985
	0.35942
	1.015
	1.015
	1.43485

	
	-14
	-0.26638
	0.76159
	1.665
	1.665
	1.93138

	
	-18
	0.43378
	1.8046
	3.0492
	3.0492
	2.61542

	EPA1
	-6
	-2.6308
	-1.2591
	0.087973
	2.6308
	2.718773

	
	-10
	-2.5596
	-1.0481
	0.51187
	2.5596
	3.07147

	
	-14
	-2.289
	-0.52209
	1.5789
	2.289
	3.8679

	
	-18
	-1.6813
	0.6768
	3.7355
	3.7355
	5.4168

	ETU1
	-6
	-3.4813
	-2.1516
	-0.87386
	3.4813
	2.60744

	
	-10
	-3.2914
	-1.799
	-0.36219
	3.2914
	2.92921

	
	-14
	-2.8943
	-1.138
	0.53201
	2.8943
	3.42631

	
	-18
	-2.0461
	0.14491
	2.478
	2.478
	4.5241


Table 8 Simulation results of Delta RSRQ with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	AWGN
	-6
	-0.28936
	0.35579
	0.96154
	0.96154

	
	-10
	-0.56419
	0.41624
	1.3658
	1.3658

	
	-14
	-0.70225
	0.85633
	2.1606
	2.1606

	
	-18
	-0.41928
	1.797
	3.5826
	3.5826

	EPA1
	-6
	-1.7978
	-0.50551
	0.54004
	1.7978

	
	-10
	-2.3897
	-0.82218
	1.0445
	2.3897

	
	-14
	-2.6447
	-0.49365
	2.3031
	2.6447

	
	-18
	-2.1712
	0.44697
	4.3004
	4.3004

	ETU1
	-6
	-3.4022
	-1.4458
	-0.2029
	3.4022

	
	-10
	-3.4254
	-1.6211
	-0.07899
	3.4254

	
	-14
	-3.2182
	-1.1828
	0.9037
	3.2182

	
	-18
	-2.6944
	0.063519
	3.103
	3.103


Table 9 Simulation results of Delta RSRQ with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	AWGN
	-6
	-0.09474
	0.35253
	0.76853
	0.76853

	
	-10
	-0.29852
	0.4715
	1.1175
	1.1175

	
	-14
	-0.19289
	0.8285
	1.7384
	1.7384

	
	-18
	0.47233
	1.8501
	3.0913
	3.0913

	EPA1
	-6
	-1.54
	-0.38794
	0.3895
	1.54

	
	-10
	-1.9558
	-0.70873
	0.61983
	1.9558

	
	-14
	-1.9751
	-0.37159
	1.6456
	1.9751

	
	-18
	-1.5311
	0.75288
	3.7733
	3.7733

	ETU1
	-6
	-2.8394
	-1.3609
	-0.35247
	2.8394

	
	-10
	-2.9355
	-1.4837
	-0.2136
	2.9355

	
	-14
	-2.6943
	-1.0036
	0.60685
	2.6943

	
	-18
	-1.9184
	0.20197
	2.5115
	2.5115


A comparison of Table 2 and Table 6 shows that with 200ms measurement period, the gain of 2Rx over 1Rx is 5dB and 3dB for absolute and relative RSRP accuracy, respectively. If we look at the 400ms results in Table 3 and Table 7, the 2Rx gain is 2.3dB and 1dB for absolute and relative accuracy. 

A comparison of 400ms results in Table 7 and current requirements for normal UE, we can see that there is a gap of 0.7dB and 2.4dB for absolute and relative accuracy, respectively. 
For RSRQ absolute accuracy in Table 9, the current requirements for normal UE can be approximately met with 400ms measurement period. 
Observation 4: The accuracy with 2Rx is 2.3dB and 1dB better than 1Rx for absolute and relative RSRP, respectively.
Observation 5: Compared to current requirements for normal UE, the 2Rx performance of absolute and relative RSRP accuracy is 0.7dB and 2.4dB worse when SNR is -18dB and mobility is low.
Observation 6: For RSRQ absolute accuracy, with 2Rx the current requirement for normal UE can be approximately met with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.
RSRP/RSRQ performance for 1Rx and normal mobility channel 

The performance of RSRP/RSRQ performance for 1Rx and normal mobility channel is shown in Table 10-13. 
Table 10 Simulation results of Delta RSRP with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	EPA1
	-6
	-9.1438
	-3.8014
	-0.93234
	9.1438
	8.21146

	
	-10
	-8.3948
	-3.3658
	-0.16201
	8.3948
	8.23279

	
	-14
	-6.9888
	-2.2796
	1.3894
	6.9888
	8.3782

	
	-18
	-5.0715
	-0.47253
	3.6057
	5.0715
	8.6772

	ETU1
	-6
	-8.0011
	-3.562
	-1.4316
	8.0011
	6.5695

	
	-10
	-7.2403
	-2.984
	-0.65717
	7.2403
	6.58313

	
	-14
	-6.2278
	-2.1836
	0.58168
	6.2278
	6.80948

	
	-18
	-4.8033
	-0.4239
	3.2409
	4.8033
	8.0442


Table 11 Simulation results of Delta RSRP with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy
	Relative accuracy

	EPA1
	-6
	-7.4015
	-3.8828
	-1.6476
	7.4015
	5.7539

	
	-10
	-6.6182
	-3.2962
	-0.85213
	6.6182
	5.76607

	
	-14
	-5.574
	-2.3275
	0.28651
	5.574
	5.86051

	
	-18
	-3.7055
	-0.44204
	2.5552
	3.7055
	6.2607

	ETU1
	-6
	-5.8578
	-3.2706
	-1.8183
	5.8578
	4.0395

	
	-10
	-5.4531
	-2.9217
	-1.1867
	5.4531
	4.2664

	
	-14
	-4.4999
	-1.9037
	0.056694
	4.4999
	4.556594

	
	-18
	-3.0125
	-0.13318
	2.465
	3.0125
	5.4775


Table 12 Simulation results of Delta RSRQ with 200ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	EPA1
	-6
	-9.0073
	-3.609
	-0.77875
	9.0073

	
	-10
	-8.2911
	-3.279
	-0.09131
	8.2911

	
	-14
	-6.9496
	-2.2435
	1.3816
	6.9496

	
	-18
	-5.0162
	-0.46579
	3.6085
	5.0162

	ETU1
	-6
	-7.8543
	-3.3855
	-1.2168
	7.8543

	
	-10
	-7.1462
	-2.9005
	-0.5643
	7.1462

	
	-14
	-6.1804
	-2.1552
	0.60924
	6.1804

	
	-18
	-4.7695
	-0.41777
	3.2322
	4.7695


Table 13 Simulation results of Delta RSRQ with 400ms measurement period 
	Channel model
	SNR (dB)
	5%-tile
	50%-tile
	95%-tile
	Absolute accuracy

	EPA1
	-6
	-7.1986
	-3.6943
	-1.5014
	7.1986

	
	-10
	-6.5317
	-3.2134
	-0.78079
	6.5317

	
	-14
	-5.514
	-2.2954
	0.31497
	5.514

	
	-18
	-3.6895
	-0.42369
	2.5591
	3.6895

	ETU1
	-6
	-5.6992
	-3.102
	-1.6491
	5.6992

	
	-10
	-5.4071
	-2.845
	-1.1317
	5.4071

	
	-14
	-4.4437
	-1.8639
	0.05621
	4.4437

	
	-18
	-2.9771
	-0.11717
	2.4834
	2.9771


The most obvious observation for the normal mobility results is that performance in normal SNR like -6dB is degraded quite a lot; in particular, there is a big negative bias, and the 5% point is giving the worst performance. This is expected as the coherent combining will reduce the strength of useful signal at the same as it reduces noise power, and such effect is mostly visible when the channel is varying in time and frequency domain. The accuracy of -18dB “seems” better than in -6dB because the large residual noise power “compensates” the channel gain, that is overly reduced (or averaged out) by the coherent combining.

On the other hand, it we compare the performance for low and normal mobility in low SNR like -18dB, we can find that there is not much difference. This is because in low SNR, noise is the dominating factor for the achievable performance.        
We will not show the performance tables for RSRP/RSRQ for 2Rx and normal mobility channel, as the observation is same as for 1Rx.
Observation 7: The coherent combining technique does not work well in normal mobility channels with -6dB SNR, as the useful signal, which is more varying than low mobility channels, is averaged out.

Observation 8: The coherent combining technique gives similar performance in normal and low mobility channels, with -18dB SNR, as noise becomes the limiting factor.

Frequency tracking in low SNR condition 
As frequency tracking is a common problem for both demodulation and RRM measurement, we studies the tracking performance separately from the measurement, and a comparison between -6dB and -18dB performance with AWGN channel is shown in Figure 1. It can be seen that the tracking performance is not much degraded when SNR goes low, so we do not expect big impact on the measurement performance.
[image: image1.png]CDF

09

08

07

06

05

04

03

02

01

-30

AWGN, 1 Rx, nPRBs = 6

-20 -10 0 10 20
Residual frequency error (Hz)

30




Figure 1: Comparison of tracking performance with -6dB and -18dB SNR 
Observation 9: In AWGN channel, the tracking performance is not degraded much when SNR is reduced from -6dB to -18dB.
3 Conclusions 

In this paper, we provided our further simulation results on RSRP/RSRQ measurement in enhanced coverage, with coherent combining technique. In addition, we also studied the frequency tracking performance in low SNR condition.  
Specifically, we have the following observations.
Observation 1: For RSRP absolute accuracy, the current requirement for Cat-0 UE can be approximately met with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.

Observation 2: For RSRP relative accuracy, there is a 2.5dB gap compared to the current requirement for Cat-0 UE, even with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.

Observation 3: For RSRQ absolute accuracy, there is a 1.5dB gap compared to the current requirement for Cat-0 UE, even with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.
Observation 4: The accuracy with 2Rx is 2.3dB and 1dB better than 1Rx for absolute and relative RSRP, respectively.

Observation 5: Compared to current requirements for normal UE, the 2Rx performance of absolute and relative RSRP accuracy is 0.7dB and 2.4dB worse when SNR is -18dB and mobility is low.

Observation 6: For RSRQ absolute accuracy, with 2Rx the current requirement for normal UE can be approximately met with 400ms measurement period (10 samples) when SNR is -18dB and mobility is low.
Observation 7: The coherent combining technique does not work well in normal mobility channels with -6dB SNR, as the useful signal, which is more varying than low mobility channels, is averaged out.

Observation 8: The coherent combining technique gives similar performance in normal and low mobility channels, with -18dB SNR, as noise becomes the limiting factor.

Observation 9: In AWGN channel, the tracking performance is not degraded much when SNR is reduced from -6dB to -18dB.
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