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Introduction
This paper is related to the “New Study Item on Self-Evaluation towards IMT-2020 submission” [1]. In this paper, we provide self-evaluation results for the analytical metrics of Peak Data Rate and Peak Spectral Efficiency for NR. We present the detailed assumptions considered for this evaluation and show that NR can meet IMT-2020 minimum requirements [2]. 
Evaluation Assumptions
In this section, we present the evaluation methodology and related assumptions for NR peak data rate and peak spectral efficiency calculation. In order to facilitate the calculation, we first present an overview of the frequency ranges in which NR operate and the corresponding sub-carrier spacing and transmission bandwidth configurations. In NR, there are two different frequency ranges of operation as shown in Table 1 [5, 6].

Table 1: Definition of frequency ranges
	Frequency range designation
	Corresponding frequency range 

	FR1
	450 MHz – 6000 MHz

	FR2
	24250 MHz – 52600 MHz



Furthermore, multiple combinations of system bandwidth and subcarrier spacing are also supported by NR as shown in Tables 2 and 3.
[bookmark: _Hlk497144372]Table 2: 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 3: 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



The evaluation of peak data rate and peak spectral efficiency for NR is based on supported frequency range, sub-carrier spacing and transmission bandwidth configuration presented in this section.
[bookmark: _Ref520898163]NR Peak Data Rate
A formula to calculate the peak data rate with which a UE is expected to be scheduled in NR has been specified in [7]. In this paper, we adopt the same methodology for the analytical calculation of peak data rate for NR. The specified formula for peak data rate is as follows: 

.
The terms in the formula are defined as follows:
· J is the number of aggregated component carriers in a band or band combination
· Rmax = 948/1024 is the nominal code rate
· For the j-th CC,
· 
 is the maximum number of layers 
· 
 is the maximum modulation order
· 
is the scaling factor 
· The scaling factor can at least take the values 1 and 0.75. 
· 
is signaled per band and per band per band combination as per UE capability signalling
· 
 is the numerology (as defined in [9])
· 


 is the average OFDM symbol duration in a subframe for numerology, i.e.,   Note that normal cyclic prefix is assumed.
· 



 is the maximum RB allocation in bandwidth  with numerology , as given in TR 38.817-01 section 4.5.1 (to be eventually defined in TS 38.101), where  is the UE supported maximum bandwidth in the given band or band combination
· 
 is the overhead as defined in [7].


Using the above formula, the peak data rate for NR can be calculated. The assumed scaling factor is 1 for highest modulation order of 8. A maximum of 8 transmit layers for downlink and 4 transmit layers for uplink can be assumed. The values for  can be obtained from Tables 2 and 3 for FR1 and FR2 respectively. The considerations for overhead are further discussed in the sequel.

[bookmark: _Ref520899191]Consideration for Peak Data Rate Evaluation for TDD
The peak data rate calculated using the formula presented in [7] does not account for DL/UL occupancy ratio for the case of TDD operation. Therefore, in the case of TDD, for peak data rate evaluation, the data rate can be evaluated as follows

.

The additional scaling term  accounts for the DL/UL occupancy ratio for TDD and can be evaluated as follows


. 

In this paper, we consider a TDD frame structure of ‘DSUUD’ with the switch slot having 6 downlink symbols, 2 guard symbols and 6 uplink symbols. Therefore in this case the. Note that for TDD operation the system bandwidth is considered to be double that of the FDD case.
[bookmark: _Ref520898023]NR Peak Spectral Efficiency
For peak spectral efficiency, a similar approach as for the case of peak data rate can be used. The peak spectral efficiency for a single carrier (j) can be defined as:


1. 
2. 
2.2 
2. 
2. 
[bookmark: _Ref520898058]Overhead Assumptions
In this section we provide a detailed outline of the overhead assumptions considered for evaluations presented in Section 3. To this end, we first note that in [7], the agreed upon values of overhead are as follows: 
•	0.14, for frequency range FR1 for DL
•	0.18, for frequency range FR2 for DL
•	0.08, for frequency range FR1 for UL
•	0.10, for frequency range FR2 for UL

The assumptions under which the above overhead were derived is outlined in the following sections. 

Firstly, however, an explanation pertaining to the utility of the approximate peak data rate, calculated in [7] is in order. To this end, we would like to highlight the following points:
i. 





First, we will discuss the configurability of a lower overhead i.e., 1 OFDM symbol per slot or 7.14%, according to the TBS calculation formula presented in TS 38.214 [8]. To this end, we note that represents the maximum data rate aggregated over CCs that is supported by a UE based on the reported UE capability on the band or band combinations supported by the UE.  On the other hand, TS 38.214 [8] provides TBS calculation formula that is applicable per CC. Note that a gNB scheduler is free to transmit a TBS on one or more CCs (assuming a 7.14% overhead as per [8]) as long as the total data rate transmitted to that UE is not above. Therefore there is no conflict between TS 38.214 [8] and TS38.306 [7]. However, a UE is not expected to receive a peak data rate that is above. Therefore for peak data rate calculation for IMT, it is not preferable to assume an overhead that violates. To emphasize again, the utility of a lower overhead assumption in [8] lies in the fact that it can provide high data rate in one or more CC while not violating the . Therefore the lower overhead assumption in [8] should not be extended to one or more CCs such that it violates. 
ii. 
Secondly, the term “approximate peak rate” is used in this regard since the data rate calculated using the formula in [7] does not use the actual TBS size from [8]. Therefore the actual scheduled peak data rate based on TBS configuration will be based on the highest TBS size such that the scheduled data rate does not exceed. 
Based on the above clarification, we prefer using the overhead values specified in [7] and provide further details on the system assumptions under which these overhead values can be derived for any given CC. We also provide some clarification on TBS size determination with respect to reported UE category in our contribution [11].
[bookmark: _GoBack]




Frequency Range 1
In this section, we present detailed overhead assumptions for the case of Frequency Range 1.

Table 4: Overhead Assumptions for FR1 (TDD/FDD) 
	Parameter
	Downlink
	Uplink

	Max # Transmit Layers
	8 MIMO Layers
	4 MIMO Layers

	Duplexing Scheme
	FDD
	TDD
	FDD
	TDD

	Frame Structure
	DDDDD x2

140 DL sym/PRB/10 slots
	DSUUD x2
S = (6D 2G 6U)
68 DL 
sym/PRB/10 slots
	UUUUU x2

140 UL
sym/PRB/10 slots
	DSUUD
S = (6D 2G 6U)
68 UL 
sym/PRB/10 slots

	DM-RS
	2 symbol Type 2 FL DMRS with RS on 2 combs: 
16 RE/PRB/slot
	2 symbol Type 2 FL DMRS with RS on 2 combs: 
16 RE/PRB/slot 
	1 symbol Type 2 FL DMRS in each slot with RS on 2 combs: 8 RE/PRB/slot
	1 symbol Type 2 FL DMRS in each slot
 with RS on 2 combs: 
8 RE/PRB/slot

	SRS
	-
	-
	12 RE/PRB/5 slots
	12 RE/PRB/10 slots

	CSI-RS
(for CSI)
	8-port CSI-RS resource per slot
8 RE/PRB/10 slots

	8-port CSI-RS resource per slot
8 RE/PRB/20 slots
	-
	-

	CSI-IM 
	-
	-
	-
	-

	TRS
	2x4 RE/PRB/20 slots
	2x4 RE/PRB/40 slots
	-
	-

	SSB
	1 SSB 
960 RE/20 slots
	1 SSB 
960 RE/20 slots
	· 
	· 

	PDCCH
	4 CCE + 1 symbol per slot
12x24 RE/slot
	2 CCE + 1 symbol per slot
12x12 RE/slot
	-
	

	PUCCH
	-
	
	Short – 2 symbols, 8 PRBs
192 RE/slot
	Short – 2 symbols, 8 PRBs
192 RE/2 slots



Based on the above overhead assumptions, we next evaluate the overhead percentages for each case. For the purposes of this evaluation, we use a sub-carrier spacing of 15 kHz. For the case of DL/UL FDD, we consider an operating BW of 10MHz with 52 PRBs. For the case of DL/UL TDD, we consider an operating BW of 20MHz with 106 PRBs.

Table 4: Downlink Overhead in FR1
	Case
	DMRS
	CSI-RS
	CSI-IM
	TRS
	SSB
	PDCCH
	Total OH RE
	Total RE
	OH %

	Downlink
	FDD
	8320
	416
	-
	208
	480
	2880
	12304
	87360
	14.08

	
	TDD
	10176
	424
	-
	212
	480
	864
	12156
	86496
	14.05



Table 5: Uplink Overhead in FR1
	Case
	DMRS
	SRS
	PUCCH
	Total OH RE
	Total RE
	OH %

	Uplink
	FDD
	4160
	1248
	1920
	87360
	7328
	8.38

	
	TDD
	5088
	1272
	576
	86496
	6936
	8.02



It can be seen that these overhead values are well aligned with [7].
Frequency Range 2
In this section, we present detailed overhead assumptions for Frequency Range 2. 
Table 6: Overhead Assumptions for FR2 (TDD/FDD) 
	Parameter
	Downlink
	Uplink

	Max # Transmit Layers
	8 MIMO Layers
	4 MIMO Layers

	Duplexing Scheme
	TDD
	TDD

	Frame Structure
	DSUUD x2
S = (6D 2G 6U)
68 DL sym/PRB/10 slots
	DSUUD
S = (6D 2G 6U)
68 UL sym/PRB/10 slots

	DM-RS
	2 symbol Type 2 FL DMRS in each slot
with RS on 2 combs: 
16 RE/PRB/slot 
	1 symbol Type 2 FL DMRS in each slot
 with RS on 2 combs: 
8 RE/PRB/slot

	SRS
	-
	12 RE/PRB/5 slots

	CSI-RS
(for CSI)
	8-port CSI-RS resource per slot
8 RE/PRB/16 slots
	-

	CSI-IM 
	-
	-

	TRS
	8 RE/PRB/16slots
	-

	PTRS
	-
	-

	SSB
	8 SSB 
8x960 RE/10slots
	· 

	PDCCH
	4 CCE + 1 symbol per slot
12x24 RE/slot
	

	PUCCH
	
	Short – 2 symbols, 8 PRBs
192 RE/2 slots



Based on the above overhead assumptions, we next evaluate the overhead percentages for each case. For the purposes of this evaluation, we use a sub-carrier spacing of 120 kHz and an operating BW of 100MHz with 66 PRBs in the system.  The overhead percentages can be found in the following tables.

Table 7: Downlink Overhead in FR1
	Case
	DMRS
	CSI-RS
	CSI-IM
	TRS
	SSB
	PDCCH
	Total OH RE
	Total RE
	OH %

	Downlink
	50688
	2640
	
	2640
	7680
	13824
	77472
	430848
	17.98



Table 8: Uplink Overhead in FR1
	Case
	DMRS
	SRS
	PUCCH
	Total OH RE
	Total RE
	OH %

	Uplink
	25344
	12672
	4608
	42624
	430848
	9.89



Based on the above calculations, we observe that the overhead values are well aligned with [7]. Furthermore, the overhead values for both TDD and FDD cases are approximately equal. Therefore for the peak data rate and spectral efficiency evaluations, we use the overhead values from [7] without differentiating between TDD and FDD overhead cases. 

Evaluation Results 
In this section, we present detailed evaluation results for peak spectral efficiency and peak data rate. We first present the spectral efficiency analysis and then the peak data rate with differentiation between FDD and TDD cases.

Peak Spectral Efficiency
Based on the approach outlined in Section 2.2 and considering the overhead assumptions from Section 2.4, 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
Based on the evaluation approach outlined in Section 2.1 and the overhead assumptions in Section 2.4, we present an evaluation for the peak data rate for NR. 

FDD Case
For the case of FDD, the peak data rate evaluation is shown in Tables 11 and 12 for FR1 and FR2 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
















Table 14: 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 in the case of FDD operation.
TDD Case


For the case of TDD operation, the DL/UL slot occupancy is taken into account as discussed in Section 2.1.1. For the case the peak data rate calculation is presented in the following tables. It can be generally observed that roughly twice the BW as compared to FDD is required in case of TDD to achieve minimum requirements. Note that in this example, we have used the slot format ‘DSUUD’ with ‘S = 6D 2G 6U’ and . In order to show better DL and UL peak data rates for TDD, different slot formats with different values can be also be considered. 

Table 15: 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

	30
	DL
	1.46
	3.19
	5.06
	6.79
	8.65
	10.38
	14.10
	17.70
	21.55
	28.87
	36.32

	
	UL
	0.78
	1.71
	2.70
	3.63
	4.63
	5.55
	7.54
	9.47
	11.53
	15.44
	19.43

	60
	DL
	-
	2.93
	4.79
	6.39
	8.25
	10.11
	13.57
	17.30
	21.02
	28.47
	35.92

	
	UL
	-
	1.57
	2.56
	3.42
	4.41
	5.41
	7.26
	9.25
	11.24
	15.23
	19.21



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

	60
	DL
	16.75
	33.49
	66.98
	-

	
	UL
	9.19
	18.38
	36.76
	-

	120
	DL
	16.24
	33.49
	66.98
	133.97

	
	UL
	8.91
	18.38
	36.76
	73.52





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 60MHz channel BW to satisfy the minimum DL and UL peak data rate requirements of 20 Gbit/sec and 10 Gbit/sec respectively. In order to show requirements for 15 kHz sub-carrier spacing, for DL peak rate, a “DSUDD” frame structure with “S= 6D 2G 6U” and can be considered. For the case of UL, a “DSUUU” frame structure with similar S and can be considered. In both these cases, the requirements can be met with aggregation of 16 CCs, each having 40MHz bandwidth.

For FR2, NR is capable of meeting the requirements for all carrier bandwidths above 100 MHz for the considered frame structure. Similar to FR1, consideration of alternate downlink or uplink heavy frame structures can show requirements being met for all bandwidth and sub-carrier spacing combinations. 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 17 and 17. 

Table 17: Minimum value of J (# of CCs) Required to Meet Target Data Rate in FR1
	SCS (kHz)
	60 MHz
	80 MHz
	100 MHz

	30
	DL
	15
	12
	9

	
	UL
	14
	11
	9

	60
	DL
	16
	12
	9

	
	UL
	15
	11
	9














Table 18: Minimum value of J (# of CCs) Required to Meet Target Data Rate in FR2
	SCS (kHz)
	100MHz
	200MHz
	400 MHz

	60
	DL
	10
	5
	-

	
	UL
	9
	5
	-

	120
	DL
	10
	5
	3

	
	UL
	9
	5
	3


	



Observation 3:
NR meets the IMT-2020 minimum requirements for peak data rate using 16 aggregated component carriers for FR1 and FR2 for the case of TDD operation assuming different frame structures.

Conclusions
In this paper, we have evaluated the peak data rate and peak spectral efficiency for NR. It was shown that under reasonable overhead assumptions, NR can easily meet the spectral efficiency and data rate targets. 
· 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 carriers with operating BW of 30 MHz and higher for FR1 and for all BWs and SCSs in FR2 in the case of FDD operation.
· Observation 3: NR meets the IMT-2020 minimum requirements for peak data rate using 16 aggregated component carriers for FR1 and FR2 for the case of TDD operation assuming different frame structures.
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