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Introduction

[bookmark: _GoBack]This paper is related to the “New Study Item on Self-Evaluation towards IMT-2020 submission” [1]. In this paper, we review the IMT-2020 performance metrics and the minimum performance requirements associated with each metric [2, 3]. In addition, we present an initial assessment of NR with respect to some of the simulation based and analytical performance metrics.    
NR Self-Evaluation Methods and Performance Metrics 

The IMT-2020 evaluation guidelines for radio interface technologies [3] outline a set of performance metrics and associated evaluation methods. In the next two sections, we review these metrics and highlight the minimum performance requirements for each metric. We also present a comparative study of the minimum requirements of IMT-2020 [2] with respect to the corresponding requirements for IMT-Advanced [4].
Self-evaluation Methods
The self-evaluation methods for IMT-2020 are divided broadly into three categories – (i) Simulation based (including both system and link level simulations), (ii) Analytical calculation based and (iii) Inspection based methods. Table 1 summarizes the performance metrics and test environments for each self-evaluation method [3]. 

Table 1: IMT-2020 Self Evaluation Methodologies and Metrics
	Evaluation Method
	Performance Metric
	Purpose of Evaluation

	Simulation
	Average Spectral Efficiency
	eMBB

	
	5th Percentile Spectral Efficiency
	eMBB

	
	Connection Density
	mMTC

	
	Mobility
	eMBB

	
	Reliability
	URLLC

	Analytical
	Peak Spectral Efficiency
	eMBB

	
	Peak Data Rate
	eMBB

	
	User Experienced Data Rate 
	eMBB

	
	Area Traffic Capacity
	eMBB

	Inspection Based
	Bandwidth
	N.A.

	
	Energy Efficiency
	eMBB

	
	Support of wide range of services
	N.A.

	
	Supported spectrum bands(s)/ranges(s)
	N.A.


IMT-2020 Minimum Performance Requirements
For the performance metrics listed in Table1, ITU-R also specifies the minimum performance requirements for a radio access technology to be considered as a candidate technology for IMT-2020 [2]. The minimum requirements for each metric are shown in Table 2. 

Table 2: Minimum Performance Requirements
	Performance Metric
	Scenario
	Minimum
Requirement

	
	
	Downlink
	Uplink

	Peak Data Rate (Gbit/s)
	N.A.
	20
	10

	Peak Spectral Efficiency (bits/s/Hz)
	N.A.
	30
	15

	User experienced Data Rate (Mbit/s)
	N.A.
	100
	50

	5th percentile user spectral efficiency (bits/s/Hz)
	Indoor Hotspot – eMBB
	0.3
	0.21

	
	Dense Urban – eMBB
	0.225
	0.15

	
	Rural – eMBB
	0.12
	0.045

	Average Spectral Efficiency (bits/s/Hz/TRxP)
	Indoor Hotspot – eMBB
	9
	6.75

	
	Dense Urban – eMBB
	7.8
	5.4

	
	Rural – eMBB
	3.3
	1.6

	
Reliability
(success probability of transmitting a MAC PDU of 32 bytes within 1 ms in channel quality of coverage edge)

	URLLC
	1-10-5 

	

Area Traffic Capacity:
(Mbit/s/m2)

	Indoor Hotspot – eMBB
	10
	

	Mobility/Normalized traffic channel link data rate (bits/s/Hz)

	10 km/h
	Indoor Hotspot – eMBB
	N/A
	1.5

	
	30 km/h
	Dense Urban – eMBB
	N/A
	1.12

	
	120 km/h
	Rural – eMBB
	N/A
	0.8

	
	500 km/h
	
	N/A
	0.45

	Connection Density (devices/km2)
	Dense Urban/mMTC
	1 000 000

	Bandwidth
	100 MHz



Comparison of Minimum Requirements with IMT-Advanced
In this section, we briefly compare the IMT-2020 performance requirements against that of IMT-Advanced [4]. We begin by noting that IMT-Advanced did not specify a minimum requirement for peak data rate, reliability, area traffic capacity, connection density, mobility interruption time, support of wide range of services and support of spectrum bands and ranges. The increase in requirements for corresponding to IMT-Advanced metrics are as follows:

· Peak Spectral Efficiency: In terms of peak SE, IMT-Advanced had requirements of 15 bits/s/Hz for DL and 6.75 bits/s/Hz for UL. Observing the corresponding requirements from Table 2, we see that this marks around a 2x increase for DL and 2.2x increase for UL for IMT-2020. Based on the peak SE requirement IMT-Advanced showed example peak data rates (without any explicit requirement). For example, for 40MHz operating BW, the example peak data rate was 600Mbit/s for DL.
· Average Spectral Efficiency: In terms of average spectral efficiency, IMT-2020 requires the following performance improvements over IMT-Advanced for comparable test scenarios:
· Indoor: IMT-2020 minimum requirement is 3x that of IMT-Advanced for both DL and UL. 
· Urban: For dense urban deployment scenarios IMT-2020 requirement is 3.6x for DL and 3.9x for UL compared to IMT-Advanced
· Rural: For the case of high speed rural deployments, IMT-2020 requirement 3x in DL and 2.3x in UL compared to IMT-Advanced
· 5th percentile spectral efficiency: Similar to average spectral efficiency, the cell-edge SE requirement for IMT-2020 requires the following performance improvements over IMT-Advanced
· Indoor: IMT-2020 minimum requirement is 3x that of IMT-Advanced for both DL and UL. 
· Urban: For dense urban deployment scenarios IMT-2020 requirement is 3.75x for DL and 5x for UL compared to IMT-Advanced
· Rural: For the case of high speed rural deployments, IMT-2020 requirement 3x in DL and UL compared to IMT-Advanced
· Bandwidth: The bandwidth requirement for IMT-Advanced was 40 MHz (2 CA for LTE) while IMT-2020 with a requirement of 100MHz marks a 2.5x increase.
· Latency: The IMT-Advanced requirement for control plane latency was 100ms i.e., IMT-2020 requires a 5x improvement. The IMT-Advanced requirement for user plane latency was 10ms i.e., IMT-2020 requires a 10x performance improvement with respect to user plane latency for URLLC and 2.5x for eMBB. 
· Mobility: In terms of mobility, IMT-Advanced specified a highest speed of 350kmph compared to 500kmph for IMT-2020. At the highest specified speed, IMT-2020 requires a 1.8x improvement in terms of normalized traffic channel data rate (bits/s/Hz), while at a speed of 120kmph, IMT-2020 requires a 1.45x improvement over IMT-Advanced. 

In the following sections we present initial results for simulation based and analytical methods for self-evaluation of NR with respect to the metrics in Tables 1 and 2. 
Simulation Based Self-Evaluation Metrics

The evaluation methods for simulation-based metrics in Table 1 can be broadly classified as follows:

1. System Level Simulations: Average and 5th percentile spectral efficiency, user experienced data rate, connection density (using non-full buffer traffic modelling) can be evaluated using this method

2. System and Link Level Simulations: For methods using system level simulations followed by link level simulations, first a full buffer system level simulation is performed to evaluate SINR statistics followed by link level simulations using the evaluated SINRs as operating points to evaluate the performance metrics. Connection density (as an alternative to using system-level-only simulations), mobility and reliability can be evaluated using this method. 

For the case of connection density evaluations, we note that the minimum requirement for IMT-2020 is 1000000 devices per km2. Therefore, evaluations based only on system level simulations with non-full buffer traffic modelling could be challenging. 
Initial Spectral Efficiency Results for eMBB Scenarios
In this section, we present initial self-evaluation results for NR eMBB deployment scenarios. The spectral efficiency for Indoor Hotspot, Dense Urban Macro and Rural Macro scenarios was evaluated. To this end, we considered a system using MU-MIMO with 12 spatial layers at the gNB with 2 symbol Type 2 DM-RS. In these initial results we consider Type II advanced CSI feedback and ideal channel estimation. Details of evaluation assumptions are provided in the Appendix. Table 3 summarizes the initial simulation results. 
Table 3: Initial Evaluation Results for eMBB Spectral Efficiency
	DL Spectral Efficiency
(bits/s/Hz)
	Scenario

	
	Dense Urban - eMBB
IMT Model A – 4 GHz
	Indoor Hotspot – eMBB
IMT Model A – 4GHz
	Rural Macro - eMBB
IMT Model A – 700 MHz

	Per UE 
Spectral Efficiency
	Average
	1.442
	1.156
	0.9

	
	5% of CDF
	0.537
	0.416
	0.18

	
	50% of CDF 
	1.296
	0.952
	0.76

	
	95% of CDF
	2.974
	2.65
	2.14

	Average Cell SE
	14.417
	11.559
	8.99


 
Comparing the 5th percentile and average spectral efficiency from Table 3 to the minimum IMT-2020 requirements in Table 2, it can be seen that NR satisfies all the requirements. Furthermore as noted in our companion contribution [7], use of larger antenna arrays as compared to the ones shown in the Appendix and used for calibration purposes [8], particularly for the case of Indoor Hotspot can potentially improve performance. 

Analytical Performance Evaluation Metrics	
The analytical performance evaluation metrics for IMT-2020 self-evaluation [2, 3] are shown in Table 1. In the following we present analytical results for NR and show that it is capable of meeting the minimum requirements for consideration as an IMT-2020 candidate technology. 
Peak Spectral Efficiency
In our companion contribution [7], we have presented the methodology for analytically evaluating the peak spectral efficiency of NR. In order to in order to facilitate the exposition in this paper, we first highlight the different frequency ranges that are to be used for NR deployment [1, 2]. The two operating ranges FR1 and FR2 are shown in Table 5.

Table 5: Definition of frequency ranges
	Frequency range designation
	Corresponding frequency range 

	FR1
	450 MHz – 6000 MHz

	FR2
	24250 MHz – 52600 MHz



The support of different numerologies and operating bandwidths in FR1 and FR2 are shown in Tables 6 and 7. 

[bookmark: _Hlk497144372]Table 6: Maximum transmission bandwidth configuration NRB in FR1
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	[160]
	216
	270
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	[78]
	106
	133
	162
	217
	273

	60
	N/A
	11
	18
	24
	31
	[38]
	51
	65
	79
	107
	135



Table 7: Maximum transmission bandwidth configuration NRB in FR2
	SCS (kHz)
	50MHz
	100MHz
	200MHz
	400 MHz

	
	NRB
	NRB
	NRB
	NRB

	60
	66
	132
	264
	N.A

	120
	32
	66
	132
	264



Based on the approach outlined in [7], the analytical peak spectral efficiency for NR in FR1 and FR2 for DL and UL are shown in Tables 9 and 10 respectively:

Table 9: Peak Spectral Efficiency (bit/s/Hz) for NR in FR1
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	30 MHz  
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	15
	DL
	42.80
	44.51
	45.08
	45.37
	45.54
	45.66
	46.23
	46.23
	-
	-
	-

	
	UL
	22.89
	23.81
	24.12
	24.27
	24.36
	24.42
	24.73
	24.73
	-
	-
	-

	30
	DL
	37.67
	41.09
	43.37
	43.66
	44.51
	44.51
	45.37
	45.54
	46.23
	46.44
	46.74

	
	UL
	20.15
	21.98
	23.20
	23.35
	23.81
	23.81
	24.27
	24.36
	24.73
	24.84
	25.00

	60
	DL
	
	37.67
	41.09
	41.09
	42.46
	43.37
	43.66
	44.51
	45.08
	45.80
	46.23

	
	UL
	
	20.15
	21.98
	21.98
	22.71
	23.20
	23.35
	23.81
	24.12
	24.50
	24.73



Table 10: Peak Spectral Efficiency (bit/s/Hz) for NR in FR2
	SCS (kHz)
	50MHz
	100MHz
	200MHz
	400 MHz

	60
	DL
	43.10
	43.10
	43.10
	-

	
	UL
	23.65
	23.65
	23.65
	-

	120
	DL
	41.79
	43.10
	43.10
	43.10

	
	UL
	22.93
	23.65
	23.65
	23.65




From Table 7 and 8, it can be seen that NR meets the peak spectral efficiency requirements of 30 bits/s/Hz for DL and 15 bits/s/Hz for UL for both FR1 and FR2 and all supported SCS and BW combinations. 

Observation 1:
NR meets the IMT-2020 minimum requirements for peak spectral efficiency for all supported BW and SCS combinations for DL and UL

Peak Data Rate 
The methodology to analytically evaluate the peak data rate supported by NR has been outlined in [7]. Based on the proposed method, the peak data rate for FR1 and FR2 are shown in Tables 11 and 12 respectively. 

Table 11: Peak Data Rate (Gbit/sec) for NR in FR1 assuming 16 CA
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20 MHz
	25 MHz
	 30 MHz 
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	15
	DL
	3.42
	7.12
	10.82
	14.52
	18.22
	21.91
	29.58
	36.98
	-
	-
	-

	
	UL
	1.83
	3.81
	5.79
	7.77
	9.74
	11.72
	15.82
	19.78
	-
	-
	-

	30
	DL
	3.01
	6.57
	10.41
	13.97
	17.81
	21.37
	29.04
	36.43
	44.38
	59.44
	74.78

	
	UL
	1.61
	3.52
	5.57
	7.47
	9.52
	11.43
	15.53
	19.49
	23.74
	31.80
	40.00

	60
	DL
	
	6.03
	9.86
	13.15
	16.98
	20.82
	27.94
	35.61
	43.28
	58.62
	73.96

	
	UL
	
	3.22
	5.27
	7.03
	9.08
	11.14
	14.95
	19.05
	23.15
	31.36
	39.56



Table 12: Peak Data Rate (Gbit/sec) for NR in FR2 assuming 16 CA
	SCS (kHz)
	50MHz
	100MHz
	200MHz
	400 MHz

	60
	DL
	34.48
	68.95
	137.91
	-

	
	UL
	18.92
	37.84
	75.68
	-

	120
	DL
	33.43
	68.95
	137.91
	275.82

	
	UL
	18.35
	37.84
	75.68
	151.36



 The peak data rate is calculated assuming 8 layer transmission for DL and 4 layer transmission for UL with a modulation order of 8 (256 QAM). We have also assumed J=16 aggregated carriers where all carriers are identical. Under this assumption of homogeneity, it can be seen that for FR1, NR needs 30MHz channel BW to satisfy the minimum DL and UL peak data rate requirements of 20 Gbit/sec and 10 Gbit/sec respectively. For FR2, NR is capable of meeting the requirements for all supported carrier bandwidths. Furthermore, we also evaluate the number of aggregated carriers required for each BW and SCS combination for NR achieve the minimum requirements for FR1 and FR2. The results are presented in Tables 13 and 14. 

Table 13: Minimum value of J (# of CCs) Required to Meet Target Data Rate in FR1
	SCS (kHz)
	30 MHz
	40 MHz
	50MHz
	60 MHz
	80 MHz
	100 MHz

	15
	DL
	15
	11
	9
	-
	-
	-

	
	UL
	14
	11
	9
	-
	-
	-

	30
	DL
	15
	12
	9
	8
	6
	5

	
	UL
	14
	11
	9
	7
	6
	4

	60
	DL
	16
	12
	9
	8
	6
	5

	
	UL
	15
	11
	9
	7
	6
	5
















Minimum value of J (# of CCs) Required to Meet Target Data Rate in FR2
	SCS (kHz)
	50MHz
	100MHz
	200MHz
	400 MHz

	60
	DL
	10
	5
	3
	-

	
	UL
	9
	5
	3
	-

	120
	DL
	10
	5
	3
	2

	
	UL
	9
	5
	3
	2


	

Observation 2:
NR meets the IMT-2020 minimum requirements for peak data rate using 16 aggregated component carriers with operating BW of 30 MHz and higher for FR1 and for all BWs and SCSs in FR2. 	
User Experienced Data Rate
The user experienced data rate is evaluated for Dense Urban-eMBB test scenario and can be derived analytically after system level simulations. The 5th percentile SE evaluated from full buffer system level simulator can be used to calculate UE experienced data rate as follows:

                                                                        (4)
Based on the results of system level evaluation, 
· Dense Urban – eMBB: At 4GHz carrier frequency, NR can achieve 5th percentile SE of 0.537 bits/s/Hz in the downlink. Then in order to meet the minimum DL requirement of 100 Mbit/s, NR will require a BW of 186.21MHz. Based on Table 6 and 7, this is easily achievable by using 2 CA for 100 MHz CC in FR1 and using a single carrier in FR2.
· Indoor Hotspot – eMBB: At 4GHz carrier frequency, NR can achieve a 5th percentile SE of 0.416 bits/s/Hz in the downlink. Then in order to meet the minimum DL requirement of 100 Mbit/s, NR will require a BW of 240.39 MHz. Based on Table 6 and 7, this is easily achievable by using 3 CA for 100 MHz CC in FR1 and using 2 CA for 60 kHz SCS and a single 400 MHz carrier for SCS 120 kHz in FR2.
· Rural Macro – eMBB: At 700 MHz carrier frequency, NR can achieve 5th percentile SE of 0.18 bits/s/Hz in the downlink. Then in order to meet the minimum DL requirement of 100 Mbit/s, NR will require a BW of 556 MHz. Based on Table 6 and 7, this is easily achievable by using 6 CA for 100 MHz CC in FR1 and using 3 CA for 60 kHz SCS and 2 CA for SCS 120 kHz in FR2.

Observation 3:
NR meets the IMT-2020 minimum requirements User Experienced Data rate for downlink operation.

Area Traffic Capacity
The area traffic capacity is calculated for Indoor Hotspot-eMBB test scenario and can be calculated as 

                                                                    (5)   



where is the TRxP density in TRxP/m2 and average spectral efficiency can be evaluated through system level simulations. For Indoor Hotspot –eMBB deployment scenario in ITU-R M.2412-0, we have for the case of 12 TRxP deployment and for a 36 TRxP deployment. 
For the case of downlink operation at 4 GHz carrier frequency, Indoor Hotspot – eMBB with 12 TRxP can achieve an average spectral efficiency of 11.559 bits/s/Hz. Then, to meet the minimum requirement of 10 Mbit/s/m2 in the downlink, NR will require 432.56 MHz of BW which can be achieved by 5 CA in FR1 and by using 3 CA for 60 kHz SCS and 2 CA for 120 kHz SCS in FR2. 

Observation 4:
NR meets the IMT-2020 minimum requirements for area traffic capacity for the case of 12 TRxP Indoor Hotspot deployment in FR1. 

Inspection Based Self-Evaluation Methods
In this section, we comment on the minimum BW requirements for IMT-2020. The minimum BW requirement as defined in ITU-R M.2410-0 is that an RIT/SRIT shall support at least100 MHz BW and shall support up to 1 GHz  for operation in higher frequency bands i.e., above 6 GHz. From Table 6 and 7, we can see that using 16 CA, NR can easily meet both the requirements. In fact for FR2, using 3 CA for 120 kHz SCS and 400 MHz CC, NR can meet the BW requirement of 1 GHz. 

Observation 5:
NR meets the IMT-2020 minimum requirements for operation BW in both high (above 6 GHz) and low (sub-6 GHz) frequency bands.


Conclusions
In this paper, we presented initial results for the IMT-2020 performance metrics. We highlighted simulation based aspects as well analytical performance evaluation for NR as a candidate technology for IMT-2020. The summary of observations made in this paper are provided below:

· Observation 1: NR meets the IMT-2020 minimum requirements for peak spectral efficiency for all supported BW and SCS combinations for DL and UL
· Observation 2: NR meets the IMT-2020 minimum requirements for peak data rate using 16 aggregated component carries with operating BW of 30 MHz and higher for FR1 and for all BWs and SCSs in FR2.
Observation 3: NR meets the IMT-2020 minimum requirements User Experienced Data rate for downlink operation.
· Observation 4:  NR meets the IMT-2020 minimum requirements for area traffic capacity for the case of 12 TRxP Indoor Hotspot deployment in FR1. 
· Observation 5: NR meets the IMT-2020 minimum requirements for operation BW in both high (above 6 GHz) and low (sub-6 GHz) frequency bands.
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Appendix
In this section, we provide the simulation assumptions used for initial system level evaluations.

	Simulation Parameter
	Scenario

	
	Dense Urban - eMBB
	Indoor Hotspot – eMBB
	Rural Macro - eMBB

	Carrier Frequency
	4GHz
	4GHz
	700 MHz

	Simulation BW
	10MHz

	Sub-carrier Spacing
	15 kHz

	Channel Model
	IMT UMa A
	IMT InH A
	IMT RMa A

	Inter-Site Distance
	200m
	20m
	1732m

	Total BS Tx Power
	41 dBm
	21 dBm
	46 dBm

	UE Power Class
	23 dBm
	23 dBm
	23 dBm

	BS Antenna Configuration

 
	(1,1,8,8,2; 2,8): 32 TXRU
	(1,1,4,4,2; 4,4): 32 TXRU
	(1,1,8,4,2; 2,4): 16 TXRU

	
BS Antenna Spacing  
	(0.8, 0.5)
	(0.5, 0.5)
	(0.8, 0.5)

	UE Antenna Configuration

 
	(1,1,1,2,2; 1,2): 4TXRU
	(1,1,1,2,2; 1,2): 4TXRU
	(1,1,1,1,2; 1,1): 2TXRU

	UE Antenna Spacing


	(0.5, 0.5)
	(0.5, 0.5)
	(0.5, 0.5)

	Beam set at BS
	Single beam at 
100 tilt angle
	For direction of BS analog beam steering (in LCS):
Azimuth angle φi = [-3*pi/8, -1*pi/8, 1*pi/8, 3*pi/8]
Zenith angle θj = [pi/4  3*pi/4]

	Single beam at 
100 tilt angle

	Beam Set at UE
	Single Beam Omni
	Single Beam Omni
	Single Beam Omni

	UE Deployment
	80% Indoor; 20% Outdoor
	100% Indoor
	50% Indoor; 50% Outdoor

	UE Speeds
	Indoor: 3kmph
Outdoor: 30kmph
	Indoor: 3kmph
	Indoor: 3kmph
Outdoor: 120kmph

	Traffic Model
	Full Buffer

	Frame Structure
	FDD DL only

	Highest Modulation
	256 QAM

	Transmission Scheme
	Multi-user MIMO with 12 layers at BS 

	Scheduler
	MU-PF with sub-band scheduling

	Feedback
	Type II Codebook based CSI
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