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1 Introduction
In RAN4#87 channel models for UE demodulation requirements was discussed [1]. In this paper we provide our views on the options for channel modelling for FR1 and FR2. 
2 Channel Models for FR1
2.1 Multipath fading channels
2.1.1 Channel Model Simplification
The power delay profiles for TDL channel model defined in [2] are TDL-A/B/C for NLOS and TDL-D/E for LOS propagation conditions. The PDP defined have about 23 paths for NLOS models and 13 paths for LOS models. The TDL channel models could be simplified further to eliminate low power paths thus reducing the channel modelling complexity (which is beneficial for both TE and in terms of modelling complexity). 
In RAN4#87 channel models for FR1 were discussed and the following were agreed in the WF [1] for multipath channel model simplification:
	· Channel model simplifications
· Simplify the existing 38.901 TDL channel models by choosing strongest paths 
· Option 1: Choose strongest paths that contribute to [95%] of total power. 
· Option 2: Choose [7] strongest paths that contribute for NLOS PDPs 
· Apply normalization of the normalized DS after removing the weak paths (DS RMS = 1). 
· Use equidistant delay modelling grid for TDL channel models after DS scaling with grid step ΔT ≤ 1/BW. 
· BW = [200] MHz
· Paths that end up with the same delay will be combined into a single path by adding their respective powers
· Note: Initial simulations for July AH can be done based on non-simplified TDL models


From the options for channel model simplification discussed in RAN4#87 we propose option 1. With option 2 choosing N number of strongest paths may not guarantee that sufficient channel power is retained in all cases. Hence we recommend using option 1.
Based on the recommendation in [3] to keep strongest paths that contribute to 95% of the channel power, we showed that the number of taps reduces significantly. In Table 1 below we summarize the number of channel taps for simplified TDL channel models by choosing strongest paths that contribute to 95% and 90% of total power.
Table 1: Number of paths for simplified TDL channel models
	
	Original model
	Simplified model-95%
	Simplified model-90%

	TDL-A
	23
	14
	11

	TDL-B
	23
	17
	15

	TDL-C
	24
	15
	12

	TDL-D
	13
	3
	2

	TDL-E
	14
	5
	1



It may be observed that in case of using 95% criteria NLOS models will require 14-17 taps modelling, while in case of using 90% criteria the total number of taps is reduced to 11-15. Meantime, we also note that for LTE models the total number of taps for EPA/ETU/EVA models does not exceed 9. Same time, the number of taps in multipath channel models has impact on the complexity of channel model emulation (multi-path fader emulation complexity) and may have impact on the overall maximum number of faders that can be supported by the TE. Overall, it is desirable to ensure that TE could provide lower complexity solutions based on baseband multi-path channels emulation. Therefore, we recommend to further discuss this aspect jointly with the overall UE demodulation test setup fading channel emulation complexity, which depends on the number of RX ports, number of CC, CBW, etc. 
Proposal #1: For FR1, simplify TDL channel models by choosing strongest paths that contribute to [X] % of total power
Proposal #2: Further study the number of taps impact on the fading channel emulation complexity and feasibility of low complexity implementations from TE perspective
With such simplification the normalized path delays need to be re-calibrated. In Table 2 and Table 3 below the updated PDP profiles for TDL NLOS and LOS channels are provided keeping the strongest paths that contribute to 95% of total power. 
[bookmark: _Ref513777722]

Table 2: Simplified Power Delay Profiles for TDL N-LOS Models-95% of total power
	Simplified TDL-A PDP
	Tap #
	Normalized delay
	Power in [dB]

	1
	0
	-13.4

	2
	0.4999
	0

	3
	0.5269
	-2.2

	4
	0.7681
	-4

	5
	0.6034
	-6

	6
	0.7036
	-8.2

	7
	0.8781
	-9.9

	8
	0.7527
	-10.5

	9
	0.9972
	-7.5

	10
	2.4842
	-6.6

	11
	2.8429
	-12.4

	12
	3.2881
	-10.8

	13
	4.0032
	-11.3

	14
	5.3420
	-12.7



	Simplified TDL-B PDP
	Tap #
	Normalized delay
	Power in [dB]

	1
	0
	0

	2
	0.1380
	-2.2

	3
	0.2774
	-4

	4
	0.2696
	-3.2

	5
	0.3843
	-1.2

	6
	0.4829
	-3.4

	7
	0.6506
	-5.2

	8
	0.4738
	-7.6

	9
	0.4758
	-3

	10
	0.7336
	-8.9

	11
	0.6800
	-9

	12
	1.4185
	-4.8

	13
	1.6418
	-5.7

	14
	1.9917
	-7.5

	15
	2.2964
	-1.9

	16
	2.5960
	-7.6

	17
	5.5075
	-9.2



	Simplified TDL-C PDP
	Tap #
	Normalized delays
	Power in [dB]

	1
	0
	-4.4

	2
	0.4974
	-1.2

	3
	0.5258
	-3.5

	4
	0.5519
	-5.2

	5
	0.5156
	-2.5

	6
	1.5085
	0

	7
	1.5279
	-2.2

	8
	1.5544
	-3.9

	9
	1.5601
	-7.4

	10
	1.8802
	-7.1

	11
	1.9461
	-10.7

	12
	2.2122
	-11.1

	13
	2.9110
	-5.1

	14
	3.1001
	-6.8

	15
	5.1429
	-8.7





 
[bookmark: _Ref514055195]Table 3: Simplified Power Delay Profiles for TDL LOS Models-95% of total power
	TDL-D Simplified PDP
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.2
	LOS path

	
	0
	-13.5
	Rayleigh

	2
	0.2000
	-18.8
	Rayleigh

	3
	8.0297
	-17.9
	Rayleigh



	TDL-E Simplified PDP
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.03
	LOS path

	2
	2.1152
	-15.8
	Rayleigh

	3
	2.2417
	-18.1
	Rayleigh

	4
	2.3200
	-19.8
	Rayleigh

	5
	7.8673
	-18.6
	Rayleigh






Tables 4, 5 below capture the updated PDP profiles for simplified TDL channel models by keeping strongest paths that contribute to 90% of total power.


Table 4: Simplified Power Delay Profiles for TDL N-LOS Models-90% of total power
	Simplified TDL-A PDP
	Tap #
	Normalized delay
	Power in [dB]

	1
	0.624161
	0

	2
	0.657829
	-2.2

	3
	0.959041
	-4

	4
	0.753439
	-6

	5
	0.878467
	-8.2

	6
	1.096327
	-9.9

	7
	0.939755
	-10.5

	8
	1.245053
	-7.5

	9
	3.101683
	-6.6

	10
	4.105341
	-10.8

	11
	4.99819
	-11.3



	Simplified TDL-B PDP
	Tap #
	Normalized delay
	Power in [dB]

	1
	0
	0

	2
	0.1757
	-2.2

	3
	0.3533
	-4

	4
	0.3434
	-3.2

	5
	0.4895
	-1.2

	6
	0.6151
	-3.4

	7
	0.8287
	-5.2

	8
	0.6034
	-7.6

	9
	0.6060
	-3

	10
	0.9344
	-8.9

	11
	1.8067
	-4.8

	12
	2.0911
	-5.7

	13
	2.5366
	-7.5

	14
	2.9248
	-1.9

	15
	3.3063
	-7.6



	Simplified TDL-C PDP
	Tap #
	Normalized delays
	Power in [dB]

	1
	0
	-4.4

	2
	0.61655
	-1.2

	3
	0.651798
	-3.5

	4
	0.684109
	-5.2

	5
	0.639168
	-2.5

	6
	1.869918
	0

	7
	1.894004
	-2.2

	8
	1.926903
	-3.9

	9
	1.933952
	-7.4

	10
	2.330789
	-7.1

	11
	3.608537
	-5.1

	12
	3.842937
	-6.8






Table 5: Simplified Power Delay Profiles for TDL LOS Models-90% of total power
	TDL-D Simplified PDP
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.2
	LOS path

	
	0
	-13.5
	Rayleigh



	TDL-E Simplified PDP
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.03
	LOS path

	2
	6.3074
	-15.8
	Rayleigh






2.1.2 Antenna Correlation models
Baseband testing with non-zero antenna correlation values are necessary to evaluate performance under practical conditions. The TDL channel models can be used with correlation matrices to simulate MIMO conditions.
In FR1 the correlation models defined in LTE in TS 36.101 shall be used as a starting point. The requirements shall cover XPOL and ULA antenna configurations with the emphasis on XPOL antenna configurations. In addition, the requirements shall cover low, medium to high antenna correlation cases. For the initial test definition we propose to prioritize defining requirements under the following scenarios:
· ULA low and medium for 2 and 4 Tx cases
· XPL low and medium for 4 and 8 Tx cases
Proposal #3: Consider the following antenna array configurations for initial test case definition:
· ULA low and medium for 2 and 4 Tx cases
· XPL low and medium for 4 and 8 Tx cases
· Other models are FFS

2.1.3 Channel Models for demodulation requirements definition
In RAN4#87 channel models for FR1 were discussed and the following was agreed in the WF [1] for channel model for performance requirements:
	· Channel model for initial simulations 
· Model #1
· TDL-A
· DS = 30 ns
· Max Fd = 10 Hz
· Low antenna correlation
· Model #2
· TDL-C
· DS = 300 ns
· Max Fd = 100 Hz
· Low antenna correlation
· Channel model for performance requirements are FFS
· Power delay profiles
· Option 1: TDL-A
· Option 2: TDL-B
· Option 3: TDL-C
· Option 4: TDL-D
· Option 5: TDL-E
· Delay spread values is FFS
· Option 1: 30 ns
· Option 2: 100 ns
· Option 3: 300 ns
· Doppler spread is FFS
· MIMO correlation models
· Use low antenna correlation for initial simulations
· Further discuss other antenna correlations models.


The TDL NLOS channel models-TDL-A/B/C shall be used to define UE performance requirements in FR1. Along with selecting a model, the Doppler and delay spread also need to be specified to test in varying channel conditions.
The NR FR1 operation is expected to support a wide range of UE mobility scenarios (3 km/h, 30km/h, 120 km/h). The performance requirements will be defined in band agnostic manner and therefore, instead of using absolute speed value, Doppler frequency shall be used to characterize the mobility conditions. In the tables below we show 1) the maximum Doppler for different carrier frequencies and different UE speeds and 2) the maximum speed for different carrier frequencies and different Doppler frequencies. The max Doppler spread can be categorized into low medium and high mobility scenarios. A max Doppler value of 10Hz, 100Hz and 300Hz could be used to define requirements in low, medium and high mobility in FR1:
Table 6: Max Doppler at different carrier frequency in FR1
	Speed
	1 GHz
	2 GHz
	3 GHz
	4 GHz
	5GHz

	3 km/h
	2.8 Hz
	5.6 Hz
	8.3 Hz
	11 Hz
	13.9 Hz

	30 km/h
	28 Hz
	56 Hz
	83 Hz
	110 Hz
	139 Hz

	120 km/h
	110 Hz
	222 Hz
	333 Hz
	444 Hz
	555 Hz


Table 7: UE Speed at different carrier frequency in FR1
	Max Doppler (Hz)
	1 GHz
	2 GHz
	3 GHz
	4 GHz
	5GHz

	10
	11 Kmph
	5.5 Kmph
	3.5 Kmph
	2.5 Kmph
	2 Kmph

	30
	32 Kmph
	16 Kmph
	11 Kmph
	8 Kmph
	6.5 Kmph

	50
	55 Kmph
	27.5 Kmph
	17.5 Kmph
	12.5 Kmph
	10 Kmph

	100
	110 Kmph
	55 Kmph
	35 Kmph
	25 Kmph
	20 Kmph

	200
	220 Kmph
	110 Kmph
	70 Kmph
	50 Kmph
	40 Kmph

	300
	325 Kmph
	160 Kmph
	110 Kmph
	80 Kmph
	65 Kmph



The options for channel delay spread are 30ns, 100ns and 300ns corresponding to small and medium delay spread. All 3 delay spread values shall be used to define requirements in FR1.
Based on Doppler and delay spread combinations, we recommend the following models for defining requirements in FR1:
TDL-A; 10Hz; 30ns
TDL-B; 300Hz; 100ns
TDL-C; 100Hz; 300ns
Proposal #4: Define UE performance requirements in FR1 using channel models: (1) TDL-A; 10Hz; 30ns, (2) TDL-B; 300Hz; 100ns; (3) TDL-C; 100Hz; 300ns
2.2 Static Channel model
Static channel shall be used to define performance requirements for SDR, CQI and LTE-NR DC testcases. In TS 36.101 Annex B.1.1 static channel models are defined. We recommend that similar static channel models be defined to define UE performance requirements in FR1.
Proposal #5: Define static channel models for defining requirements for SDR, wideband CQI and LTE-NR DC testcases
2.3 Fading Channel Models for CQI tests
In TS 36.101 Annex B.2.4 channel models for CQI tests for frequency selective scheduling, sub-band CQI are defined. It is FFS if sub-band CQI requirements shall be introduced in FR1. In case sub-band CQI tests are introduced, we recommend that similar multipath channel models be defined.
Proposal #6: Define channel models for CQI test in frequency selective fading conditions if sub-band CQI requirements are introduced in FR1

3 Channel Models for FR2
The TDL channels as defined in [2] are generated assuming isotropic antenna at Tx and Rx side and don’t capture the effect of Tx/Rx beamforming. In FR2 with Tx/Rx beamforming the channel model might incorrectly represent the actual propagation environment. With Tx/Rx beamforming the channel PDP is modified and the delay spread of the channel is smaller.
In order to capture the effect of Tx/Rx beamforming with TDL channel models and make it more suitable in FR2, we proposed the following options in [3]. 
Option 1: Use TDL LOS channel models with reduced delay spread in FR2 with beamforming
Option 2: Use TDL LOS/NLOS models with reduced maximum delay spread
Option 3: Re-define TDL channel models to take beamforming into account
In NR Testability SI propagation channel models for UE demodulations requirements were discussed and 2 options for TDL channel model generation were identified and declared as feasible [4]. In general, the models can be described as follows:
· Option 1. TDL channel modelling based on TR 38.901 
· Modelling methodology is based on TR 38.901
· TDL PDPs can be generated from CDL taking into account Tx/Rx beamforming or existing PDPs in TE 38.901 could be reused 
· Each tap is modelled based on the Jakes Doppler fading model
· Option 2. CDL-based channel modelling 
· This option considers channel model methodology with non-Jakes spectrum. Multi-path fading propagation conditions between the gNB emulator and test chamber probe is modelled as Tapped Delay Line (TDL) based on Clustered Delay Line (CDL). Doppler Spread and MIMO correlation related to such methodology is defined in Subclauses 8.2.1.2.1 and 8.2.1.2.2 respectively of [5].
· Detailed model description is provided in TR 38.810 and TR 38.901
· The model results in Non-Jakes Doppler spectrum
The down selection between the methodologies shall be made in NR performance part and was agreed to be done in RAN4 AH1807 (“RAN4 will make decision on the channel model methodology defined in NR testability SI between two options for FR2 in July AH.”). 

3.1 TDL vs CDL channel model
The CDL channel model is more suitable for emulating channel conditions for Tx/Rx beamforming, best beam selection, but at the same time is very complex compared to TDL channel models. In order to achieve similar statistical properties of the channel, multiple parameters need to be aligned, such as – random phases, beam-selection method, antenna array geometries and directivity, BS/UE antenna orientations, UE direction of travel. Also, in general case the CDL channel impulse response depends on the antennas orientation and hence can be non-ergodic and in order to provide sufficient statistics the testing needs to be run for multiple realizations. Hence, we propose to use TDL channel models with some modifications to make it more suited to emulate channel conditions with Tx/Rx beamforming.
Doppler Spectrum
The Doppler spread on taps in TDL channel model are modelled based on classical Jake’s spectrum. In CDL channel model the Doppler is not explicitly modelled, but is part of the channel model generation.
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Figure 1: Doppler Spectrum of CDL Channel
In Figure 1 above the Doppler spectrum is shown for different realizations of the CDL channel model, with and without Tx/Rx beamforming. It can be observed that the Doppler spectrum of CDL channel is different from Jake’s spectrum. For CDL channel model without Tx/Rx beamforming, the Doppler spectrum is generally distributed between –Fdmax to Fdmax. However the spectral density with Tx/Rx beamforming is different and looks more like a Doppler shift with a smaller spread around it. It can also be observed that different channel realization have a different Doppler spectrum with Tx/Rx beamforming. 
Observation #1: CDL channel model Doppler spectrum is different from Jake’s spectrum
Observation #2: The Doppler spectrum with Tx/Rx beamforming can be characterized as a Doppler shift with smaller spread, not occupying the entire –Fdmax to Fdmax frequency range.
Observation #3: The Doppler spectrum for CDL channel model with Tx/Rx beamforming varies with channel realization
Channel Delay Spread
In FR2 with beamforming and best beam selection, the channel PDP changes and delay spread is reduced compared to the actual DS scaling. For FR1 in section 2.1.3 we propose using delay spread scaling values of 30ns for small delay spread channel and 100ns, 300ns for medium delay spread. In the figure below, we illustrate the RMS delay spread after applying the Tx/Rx beamforming. It may be observed that the DS is substantially reduced due to spatial filtering effects.
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Figure 3: Beamforming impact on the CDL channel model delay spread
For defining performance requirements in FR2 we recommend using DS scaling of 5ns, 10ns, 20ns for different delay spread channel conditions.
Doppler Frequency
The UE speeds considered in TR 38.802 for FR2 are 3-30kmph. For 30GHz carrier frequency, this range of speeds corresponds to maximum Doppler of 80-800 Hz. However, as shown in Figure 1 above, when Tx/Rx beamforming is applied the effective max Doppler spread is reduced. The actual max Doppler values with beamforming are FFS. The max Doppler spread for the UE speeds in FR2 with beamforming shall be evaluated and used to define range of Doppler to emulate low to medium mobility conditions.
Proposal#7: Study the effective max Doppler spread value due to Tx/Rx beamforming in FR2
Summary
Based on the discussion above we propose the following channel models for UE demodulation requirements in FR2:
TDL-A; DS: 5ns; Doppler: TBD Hz
TDL-C; DS: 20ns; Doppler:  TBD Hz
TDL-D; DS: 10ns; Doppler: TBD Hz
Proposal #8: Use the following channel models to define UE performance requirements in FR2: (1) TDL-A; DS: 5ns; Doppler: TBD Hz; (2) TDL-C; DS: 20ns; Doppler: TBD Hz; (3) TDL-D; DS: 10ns; Doppler: TBD Hz
3.2 [bookmark: _GoBack]Channel Model Simplification
The channel model simplification described in section 2.1.1 for FR1 apply to FR2 as well. The same approach used to simplify channel models shall be used for FR1 and FR2.
Proposal#9: Channel model simplification for FR2 shall follow the same approach as FR1
3.3 Antenna Correlation models
In Rel-15 for FR2 the antenna configuration is limited to 1x2 and 2x2. Hence the correlation models for FR2 shall be limited to low correlation.
Proposal#10: In FR2 low antenna correlation model shall be used to define UE demodulation requirements
4 Conclusions
In this paper we have presented our views on propagation channel models for NR UE demodulation requirements for FR1 and FR2 and have the following proposals.
For FR1:
Proposal #1: For FR1, simplify TDL channel models by choosing strongest paths that contribute to [X] % of total power. 
Proposal #2: Further study the number of taps impact on the fading channel emulation complexity and feasibility of low complexity implementations from TE perspective.
Proposal #3: Consider the following antenna array configurations for initial test case definition:
· ULA low and medium for 2 and 4 Tx cases
· XPL low and medium for 4 and 8 Tx cases
· Other models are FFS
Proposal #4: Define UE performance requirements in FR1 using channel models: (1) TDL-A; 10Hz; 30ns, (2) TDL-B; 300Hz; 100ns; (3) TDL-C; 100Hz; 300ns
Proposal #5: Define static channel models for defining requirements for SDR, CQI and LTE-NR DC testcases
Proposal #6: Define channel models for CQI test in frequency selective fading conditions if sub-band CQI requirements are introduced in FR1
For FR2:
Proposal#7: Study the effective max Doppler spread value due to Tx/Rx beamforming in FR2
Proposal #8: Use the following channel models to define UE performance requirements in FR2: (1) TDL-A; DS: 5ns; Doppler: TBD Hz; (2) TDL-C; DS: 20ns; Doppler: TBD Hz; (3) TDL-D; DS: 10ns; Doppler: TBD Hz
Proposal#9: Channel model simplification for FR2 shall follow the same approach as FR1
Proposal#10: In FR2 low antenna correlation model shall be used to define UE demodulation requirements
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