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[bookmark: _Ref129681832]Diverse scenarios and requirements for next generation access technologies have been defined, among which multi-frequency is expected to be deployed. Channel model, as a key component in simulation, is needed to support such kind of evaluation work. However, according to the previous discussion on different channel models, how to model the links among different bands is still an open issue. Therefore, in this contribution, we first analyze the requirements and state of art in channel model to identify the necessity of such evaluation, and after that, we try to propose a new method to support multi-band simulation with minor procedure revision of generic stochastic-based channel models. 
Requirements on multi-band simulation
In [1], the scenarios and requirements for next generation access technologies are presented. In terms of deployment scenarios, in total 12 scenarios for enhanced mobile broadband, massive machine type communications, and ultra-reliable and low latency communications were proposed. In each scenario, the options on carrier frequency for evaluation purpose were also given in order to guide the following performance assessment. The table below gives a brief summary on the carrier frequency of proposed scenarios.
Table 1: Summary of carrier frequency parameter for deployment scenarios defined in TR 38.913
	Deployment scenario
	Carrier frequency
	Necessity

	Indoor hotspot
	Around 30 GHz or Around 70 GHz or Around 4 GHz
	Median

	Dense urban
	Around 4GHz + Around 30GHz (two layers)
From [2]
Macro layer: 4GHz and 30GHz
Micro layer: 30GHz and 4GHz; 70 GHz (optional)
	Median to high

	Rural
	Around 700MHz or  Around 4GHz (for ISD 1)
Around 700 MHz and Around 2 GHz combined (for ISD 2)
	No

	Urban macro
	Around 2 GHz or Around 4 GHz or Around 30 GHz
	Median

	High speed
	Macro only: Around 4GHz 
Macro + relay nodes: 
1) For BS to relay: Around 4 GHz
For relay to UE: Around 30 GHz or Around 70 GH or Around 4 GHz
2) For BS to relay: Around 30 GHz
For relay to UE: Around 30 GHz or Around 70 GHz or Around 4 GHz
	No

	Extreme long distance coverage in low density areas
	Below 3 GHz
With a priority on bands below 1GHz
Around 700 MHz
	No

	Urban coverage for massive connection
	700MHz, 2100 MHz as an option
	No

	Highway scenario
	Macro only: Below 6 GHz (around 6 GHz)
Macro + RSUs: 
1) For BS to RSU: Below 6 GHz (around 6 GHz) 
2) RSU to vehicles or among vehicles: below 6 GHz
	No

	Urban grid for connected car
	Macro only: Below 6 GHz (around 6 GHz)
Macro + RSUs: 
1) For BS to RSU: Below 6 GHz (around 6 GHz) 
2) RSU to vehicles or among vehicles/pedestrians: below 6 GHz
	No

	Commercial air to ground scenario
	Macro + relay: for BS to relay: Below ITU-R report M.2135 [4] GHz, for relay to UE: [TBD] GHz
	No

	Light aircraft scenario
	Macro only: Below [4GHz]
	No

	Satellite extension to terrestrial
	Deployment1: Around 1.5 or 2 GHz for both DL and UL
Deployment2: Around 20 GHz for DL
Around 30 GHz for UL
Deployment3: Around 40/50 GHz
	No



From the table we can see that among 12 deployment scenarios, multi-band simulation may be needed for at most 3 scenarios, where dense urban might be the most likely scenario. 
Observation1: Multi-band simulation may be needed for at most 3 scenarios, where dense urban might be the most likely scenario.
The detailed configuration of carrier frequency for multi-band simulation is summarized in the following table.
Table 2: Summary of multi-band simulation options
	Deployment scenario
	Carrier frequency
	Multi-band simulation options

	Indoor hotspot
	Around 30 GHz or Around 70 GHz or Around 4 GHz
	Option1: 4 GHz + 30/70 GHz


	Dense urban
	Around 4GHz + Around 30GHz (two layers)
From [2]
Macro layer: 4GHz and 30GHz
Micro layer: 30GHz and 4GHz; 70 GHz (optional)
	Single layer:
Option1: Macro 4 GHz + 30/70 GHz
Option2: Micro 4 GHz + 30/70 GHz
Two layer:
Option3: Macro 4 GHz, Micro 4 GHz
Option4: Macro 4 GHz, Micro 30/70 GHz
Other options may exist.

	Urban macro
	Around 2 GHz or Around 4 GHz or Around 30 GHz
	Option1: 2 GHz + 4 GHz
Option2: 2/4 GHz + 30 GHz



Observation2: Frequencies for below and above 6 GHz may be taken into account for multi-band simulation. 
According to the detailed carrier frequency configurations, it is clear to see that in general, two types of multi-band simulation are needed. One type is that the single layer operates on both below and above 6GHz, while the other type is that macro layer works on below 6GHz and micro layer works on above 6GHz, or vice versa. Considering the difference carrier frequencies below and above 6 GHz, we can summarize the configurations as below.
For the first type, it indicates a channel model should consider a specific link operating on different bands. The frequency domain propagation characteristics would be correlated. For example, the LoS state would be the same across all bands, and the cluster delay / angle of each band would be correlated. It would be good that channel modeling takes into the consideration the correlation for a specific link operating on different bands.
Observation3: For a specific link, frequency domain correlation for multi-band simulation needs to be considered.
Discussion on procedure of multi-band channel model
In this section, the approaches in terms of channel model to support multi-band simulation for NR study are discussed. The existing solution in TR 38.900 is analysed, and then a new method based on more generic stochastic channel models is provided. 
Approach defined in TR 38.900 
In [4], the correction modelling for multi-frequency simulations was proposed as an additional modelling components, which was used to generate parameters to reflect correlation across different frequencies for a BS-UT link. In specific, the steps needed to support multi-frequency simulations were summarized as below.
	For those simulations, the steps in Section 7.5 should be revised according to the following:
-	The parameters generated in Step 1 are the same for all the frequencies, except for antenna patterns, array geometries, system center frequency and bandwidth.
-	Propagation conditions generated in Step 2 are the same for all the frequencies. It is noted that soft LOS states may be different due to frequency dependent function.
-	The parameters generated in Step 4 are the same for all the frequencies, except for possibly frequency-dependent scaling of e.g. delay spread and angular spreads according to the LSP tables.
-	The cluster delays and angles resulting from steps 5-7 are the same for all frequency bands
-	Per-cluster shadowing (n in step 6) are independently generated for the frequency bands.
-	Cluster powers in step 6 may be frequency-dependent.
-	Steps 8-11 are independently applied for the frequency bands.
In addition, when blockage is modeled according to 7.6.4, the positions of blockers are the same across all the frequencies.



The approach defined in TR 38.900 provides a way to support multi-band simulations in high frequency, i.e., above 6 GHz. However, it is still unable to fully support NR evaluation requirements, and the related limitations are listed as below.
· The approach works only for high frequency related multi-band simulations, which is not applicable for low frequency related evaluation (e.g., 2GHz + 4GHz or 4GHz + 30GHz).
· The approach is not complete, as some key procedures are still missing. For example, “the cluster delays and angles resulting from steps 5-7 are the same for all frequency bands”, but how to make sure the delays and angles among different bands are the same, and how to make sure the approach is reasonable.
Observation4: The approach defined in TR 38.900 is incomplete in terms of applicability and procedure, and can not fully support the multi-band simulation requirements in NR.
Proposed approach to support multi-band simulation
Assuming in total N bands are needed to be simulated at the same time for a certain BS-UE link, then without loss of generality, one could use 0≤n≤N-1 to denote the n-th band. First, it is expected that for each band, the line of sight state should be the same for a specific link. On the other hand, in real world, there would be many clusters for a specific link, and the delay and angle of departure / arrival (AoA, AoD, ZoA and ZoD) of each cluster would be identical across the N bands. However, the power, polarization ratio, and the phase of the cluster would be different for different bands. The difference of the power of a specific cluster on different band is because of the different absorption / diffraction / reflection coefficient on different bands. The differences of phase and polarization ratio are also due to the difference of above mentioned coefficients. 
By noting this, a simple modeling method could be as follows: assume the number of clusters is identical among all bands, and make the cluster delay and angle of departure / arrival identical among all bands for this specific link, however set different cluster power for each band according to the frequency dependent delay-power profile and angle-power profile. 
To meet this goal, one solution is to assume one band as the anchor band, and then generate the line of sight state, delay and angle, as well as all other parameters on this band for the specific link, while for other “non-anchor” bands of this specific link, one can reuse the delay and angle of departure / arrival parameters on the anchor band. Other parameters will be different for different bands. Especially, the power of the cluster for a non-anchor band needs to be carefully set to meet the frequency dependent delay spread and angular spread. For example, as shown in the figure below [3], different band will have different delay-power profile, which implies that the same cluster of a specific link would have different power for different band. 
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Figure1: Normalized APDP and excess delay, 25 dB threshold, 10 GHz (left) and 60 GHz (right)
	
For anchor band selection, it is noted that the band with the largest delay spread could be used as anchor band. This is because the band with the largest delay spread would see all visible clusters among all bands. Therefore it is reasonable to use that band to generate the N clusters. 
For cluster power generation, the power could be generated based on the delay spread (DS) and angular spread (including ASD, ASA, ZSD and ZSA) of this band. 
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Figure 2: Impact of proposed method on the channel coefficient generation procedure[4]

The detailed procedure to generate the channel coefficients to support multi-band simulation is illustrated in Figure 2, and can be summarized as below.
· Generate the propagation condition (LOS/NLOS) for this link and assign it to all bands; and calculate pathloss for all bands.
· Determine the anchor band 
· Generate delay spread (DS) for each band, and the anchor band is the band with the largest delay spread.
· Generate channel on anchor band
· Generate channel on the anchor band according to the remaining steps of the main modeling procedure of TR 36.873/TR 38.900/M.2135 (model selection depends on the applicability of the listed channel model)
· Record the cluster delays and angles (AoA, AoD, ZoA and ZoD) for each link on the anchor band
· Generate channel on non-anchor band
· For each non-anchor band, 
· Set the cluster delays of each link as that of the same link on anchor band
· Set the cluster angles of each link as that of the same link on anchor band
· Generate cluster power of each non-anchor band with the cluster delays, the delay spread DS and delay distribution proportionality factor r of this band
· Cross polarization power ratios and initial random phases are generated independently for this band
· Generate channel matrix coefficients according to TR 36.873/TR 38.900/M.2135 depending on the applicability of each model

Proposal1: Use the following procedure to generate channel coefficients to support multi-band simulation in NR.
	· Generate the propagation condition (LOS/NLOS) for this link and assign it to all bands; and calculate pathloss for all bands.
· Determine the anchor band 
· Generate delay spread (DS) for each band, and the anchor band is the band with the largest delay spread.
· Generate channel on anchor band
· Generate channel on the anchor band according to the remaining steps of the main modeling procedure of TR 36.873/TR 38.900/M.2135 (model selection depends on the applicability of the listed channel model)
· Record the cluster delays and angles for each link on the anchor band
· Generate channel on non-anchor band 
· For each non-anchor band, 
· Set the cluster delays of each link as that of the same link on anchor band
· Set the cluster angles of each link as that of the same link on anchor band
· Generate cluster power of each non-anchor band with the cluster delays, the delay spread DS and delay distribution proportionality factor r of this band
· Cross polarization power ratios and initial random phases are generated independently for this band
· Generate channel matrix coefficients according to TR 36.873/TR 38.900/M.2135 depending on the applicability of each model



Discussion on parameters of multi-band channel model
In section3, we provided a new procedure to generate channel coefficients to support multi-band simulation with general stochastic channel models. However, considering the applicability of each channel model, it is still an open issue to select specific parameters to match the propagation features of each kind of links. In general, there are two major solutions, i.e., one is to harmonize different channel models into a single one, while the other is to use different channel models for different links on different bands, e.g., TR 36.873 for frequency below 6 GHz while TR 38.900 for frequency above 6 GHz. In the following, we’ll firstly compare the difference of these two models, then try to analyze the advantages and disadvantages of these two solutions, and give our solutions.
Table 4: Summary of difference between TR 36.873 and TR 38.900 (38.900-36.873/M.2135)
	
	UMa
	UMi
	InH

	Path loss (LoS part)
	Small difference in the coverage range, e.g., 2.4dB at 10m and -0.65 at 333m.
	Small difference in the coverage range, e.g., 3.4dB at 10m and 2.3 at 133m.
	Small difference in the coverage range, e.g., -0.2dB at 3m and 0.1dB at 20m.

	Path loss (NLoS part)
	Identical.
	Big difference in the coverage range, e.g., -4.5dB at 10m and -6.1dB at 133m for 4GHz.
	Big difference in the coverage range, e.g., 6.4dB at 3m and 2.2dB at 20m for 4GHz.

	LoS probability
	Identical.
	Identical.
	Big difference, e.g., 0.81 LoS probability for 38.900 and 0.93 LoS probability for M.2135 at 20m.

	Shadow fading
	Identical.
	Identical.
	Big difference for NLoS, e.g., 8.03dB for 38.900 and 4dB for 36.873.

	Outdoor to indoor penetration loss
	Big difference, e.g., 36.873 is partly link-specific, while 38.900 is fully UE-specific. 
	Big difference, e.g., 36.873 is partly link-specific, while 38.900 is fully UE-specific. 
	N/A

	Indoor distance model
	Big difference, e.g., 36.873 is U(0,25m), while 38.900 is min(U(0,25m), U(0,25m).
	Big difference, e.g., 36.873 is U(0,25m), while 38.900 is min(U(0,25m), U(0,25m).
	N/A

	Large scale parameters
	Difference, e.g., DS/AS in 38.900 is frequency dependent, while in 36.873 it is frequency independent.
	Difference, e.g., DS/AS in 38.900 is frequency dependent, while in 36.873 it is frequency independent.
	Big difference, e.g., 3D modeling is missing in M.2135.



From this summary we can see that there are many differences between these models. To be specific, for UMa, the major difference lies in O2I penetration loss and LSP. For UMi, the difference is quite similar to that in UMa, in addition to the NLoS path loss model. For InH, these two model are quite different from each other in terms of path loss, LoS probability, shadow fading and LSP. As mentioned before, in order to support multi-band simulation, two alternatives to determine the specific channel model parameters may exist.
Alternative1: Single model for multi-band simulation.
In order to harmonize different channel models into a single one for further NR evaluation, some key principles should be followed. 
· The harmonized channel model should be well verified by existing or new measurement results.
· The harmonized channel model should support evaluation of NR for IMT-2020 requirements via reducing biased factors in terms of propagation as much as possible.
Regarding to these two principles, one possible solution is taking TR 38.900 as baseline, then trying to extend it to below 6 GHz with some modifications to avoid or reduce the differences mentioned above. However, the major challenge here is that such kind of harmonization is mainly based on numerical calculation which may lack of support from field measurements. In addition, as long as the new model is harmonized, another calibration campaign is needed to check the understanding and implementation of different companies, which may later impact the schedule and process of NR evaluation. Note that currently, some study on NR has also launched the evaluation work for below 6 GHz, e.g., NR MIMO calibration, mMTC calibration and flexible duplexing. It is expected that a new model would impose direct impact on the existing observations and agreements during the last several meetings.

Alternative2: Multiple models for multi-band simulation.
Since different channel models were proposed based on different measurement campaigns with different purpose, e.g., TR 36.873 is focused on 3D extension of UMa/UMi for below 6 GHz, and TR 38.900 is focused on high frequency extension and additional feature enhancement, another straight forward solution is to use multiple models based on their own features for different bands in multi-band simulation. Therefore, it is proposed to use TR 36.873 for UMa/UMi for below 6GHz, TR 38.900 for UMa/UMi/InH for above 6GHz, and M.2135 for InH for below 6GHz. Note that there is no lack of models for TR 36.873 for UMa/UMi, thus for these two scenarios, both models for above and below 6 GHz are accurate as they are based on measurements. For InH below 6 GHz, as mentioned before, the 3D parameters are still missing. However, we noted that in [5], a new 3D model based on measurements was proposed, which could be used as a start point together with M.2135 to support the evaluation of InH in NR. In addition, for the LoS probability, it seems dependent on the layout of building and the deployment of TRPs, thus different LoS probability models should be used according to different TRP deployment solutions.
One major drawback of alternative2 seems that each company should maintain implementations of two or even three different channel models. However, it is obviously an implementation issue which should be independent of standardization discussion. Furthermore, as all these models have been calibrated among different companies since Release10, and channel model is a relatively stable module in system level simulator, it is expected that maintaining multiple channel models is not a big issues. 

Proposal2: Adopt multiple channel models for multi-band simulation as below:
· For UMa/UMi scenario, use TR 36.873 for below 6 GHz and TR 38.900 for above 6 GHz, respectively.
· For InH scenario, use M.2135 for below 6 GHz and TR 38.900 for above 6 GHz, respectively.
· Use zenith parameters in [5] for below 6 GHz.
· For LoS probability, use M.2135 for 2 TRP (site) deployment, while use TR 38.900 for 12 TRP (site) deployment.
Conclusion
In this contribution, we provided a new method to support multi-band simulation with generic stochastic channel model. The observations and proposal are summarized as follows.
Observation1: Multi-band simulation may be needed for at most 3 scenarios, where dense urban might be the most likely scenario.
Observation2: Frequencies for below and above 6 GHz may be taken into account for multi-band simulation. 
Observation3: For a specific link, frequency domain correlation for multi-band simulation needs to be considered..
Observation4: The approach defined in TR 38.900 is incomplete in terms of applicability and procedure, and can not fully support the multi-band simulation requirements in NR.
Proposal1: Use the following procedure to generate channel coefficients to support multi-band simulation in NR.
	· Generate the propagation condition (LOS/NLOS) for this link and assign it to all bands; and calculate pathloss for all bands.
· Determine the anchor band 
· Generate delay spread (DS) for each band, and the anchor band is the band with the largest delay spread.
· Generate channel on anchor band
· Generate channel on the anchor band according to the remaining steps of the main modeling procedure of TR 36.873/TR 38.900/M.2135 (model selection depends on the applicability of the listed channel model)
· Record the cluster delays and angles for each link on the anchor band
· Generate channel on non-anchor band 
· For each non-anchor band, 
· Set the cluster delays of each link as that of the same link on anchor band
· Set the cluster angles of each link as that of the same link on anchor band
· Generate cluster power of each non-anchor band with the cluster delays, the delay spread DS and delay distribution proportionality factor r of this band
· Cross polarization power ratios and initial random phases are generated independently for this band
· Generate channel matrix coefficients according to TR 36.873/TR 38.900/M.2135 depending on the applicability of each model 



Proposal2: Adopt multiple channel models for multi-band simulation as below:
· For UMa/UMi scenario, use TR 36.873 for below 6 GHz and TR 38.900 for above 6 GHz, respectively.
· For InH scenario, use M.2135 for below 6 GHz and TR 38.900 for above 6 GHz, respectively.
· Use zenith parameters in [5] for below 6 GHz.
· For LoS probability, use M.2135 for 2 TRP (site) deployment, while use TR 38.900 for 12 TRP (site) deployment.
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Figure 8. Normalized APDP and excess delay, 10 GHz, 25 dB threshold
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Figure 9. Normalized APDP and excess delay, 60 GHz, 25 dB threshold




