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[bookmark: _Toc436774892][bookmark: OLE_LINK3][bookmark: OLE_LINK4]1. Introduction
At the RAN#69, a study item (SI) for channel modelling of frequency spectrum above 6 GHz was approved [1]. A building penetration loss model [2] is agreed in the March RAN1 channel modelling ad-hoc meeting in Ljubljana [3]. 
In this model, building penetration loss formula are provided for a low-loss scenario and a high-loss scenario and are frequency dependent. However, questions remain on how these two formula should be used in system simulation. 

2. Building penetration loss models
The characteristics of the building penetration loss depends on the composition of building exterior walls and varies greatly over frequency. Figure 1 summarize some recent measurements of material and penetration losses [4]. 
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[bookmark: _Ref436765154]Figure 1. Material and effective building penetration loss measurements [4]
The building penetration loss model according to the 3D channel model [5] consists of the following parts:
					
where PLb is the basic outdoor path loss given by the UMa or UMi path loss models, PLtw is the building penetration loss through the external wall, PLin is the inside loss dependent on the depth into the building, and σ is the standard deviation. The building penetration loss through the external wall is modelled using the composite approach first described in [6]. In this approach, linear loss as a function of frequency is assumed for any specific material, see Table 1.
[bookmark: _Ref445048576][bookmark: _Ref445048671]Table 1. Material penetration losses
	Material
	Penetration loss [dB]

	Standard multi-pane glass
	

	IRR glass
	

	Concrete
	



The composite penetration loss is obtained through a weighted average of the transmission through two different materials, where the weight is given by the relative surface area of each material over the façade of the building. Two variants of the model are given, a low loss and a high loss model, see Table 2. An additional loss of 5 dB has been added to the external wall loss to account for non-perpendicular incidence. The indoor loss has been selected at 0.5 dB/m to maintain consistency with the 3D SCM [5]. Finally, the standard deviation has been tentatively selected based on the experience from the reported measurements. 
[bookmark: _Ref445049023]Table 2 Recommended building penetration loss model
	 
	Path loss through external wall:  [dB]
	Indoor loss:  [dB/m]
	Standard deviation:  [dB]

	Low loss model
	
	0.5
	[3]

	High loss model
	
	0.5
	[5]



Figure 2 shows a comparison between the model components and aggregate behaviour and the reported measurements.
[image: ][image: ]
[bookmark: _Ref445049457]Figure 2 Comparison between the material loss model and measurements (left) and the composite penetration loss model for normal incidence and measurements (right) [4]

[bookmark: _Toc436774893]3. Energy Efficient Windows 
As evident from the building penetration loss models and measurement data, the type of glass used in windows play a major role in determining the building penetration loss. Energy efficient windows are increasingly used in new building construction and building renovation projects. Majority of the old buildings in the U.S. and Europe are fitted with single-pane (or single-glazing) windows or clear double-pane (or double-glazing) windows while most of the new buildings use energy efficient windows such as low-emissivity (“low-e”) double-pane windows and triple-pane windows. Typically a single thin layer of metallic coating is applied to the low-e double-pane windows. A low-e triple-pane window typically has two layers of metallic coating. These metallic coating significantly increase the penetration loss of radio signals. Some of the low-e windows are filled with argon gas to further improve thermal insulation and energy efficiency. But argon gas fill does not increase penetration loss for radio waves in the frequency of interest for 5G (up to 100 GHz). Tinted windows are another type of energy efficient windows. Tinting refers to the process of adding alloying materials to the glass while coating applies a very thin layer of metallic particles onto the glass. As a result, the colour of the tinted windows depend on the thickness of the glass. Tinted windows can result in significant penetration loss for radio waves because metallic materials are added to the whole glass. However, tinted windows absorb heat and reradiate it into the building, making it a less favourable choice than low-e coated windows when it comes to energy saving.
As provided in Table 1, the penetration loss of clear glass can be well approximated by . The penetration loss of IRR glass and triple-pane windows with two layers of low-e coating can be well approximated by . When it comes to penetration loss, however, the difference between windows with a single layer of low-emissivity coating vs. windows with two layers of low-emissivity coating or window tinting should not be ignored. As observed in [7], double-pane windows (with a single layer of low-e coating) gives 22 ~ 25 dB penetration loss while a triple-pane window (with two layers of low-e coating) gives 35 ~ 40 dB penetration loss at 38 GHz. For the purpose of studying the penetration loss of radio waves through these windows, we can treat single-pane windows, clear double-pane windows (with or without argon gas filled) as low loss (e.g., <10 dB at 30 ~ 40 GHz), double pane window with low-e coating as medium loss (e.g., ~20 dB at 30 ~ 40 GHz), and tinted window and triple-pane windows as high loss (e.g., 30 ~ 40 dB at 30 ~ 40 GHz). For simplicity, we propose to use the average of   as the approximation of the penetration loss for the windows with medium loss. For example, the formula would yield 22 dB as the penetration loss at 38 GHz, well matching the measurement data in [7]. 
[image: ]
[bookmark: _Ref447037216]Figure 3. Glazing type distribution in the EU building stock [8]
Most of the building windows are either single-pane window or double-pane windows without tinting or low-emissivity coating. As shown in Figure 3, a TNO report [8] estimates around 14% of Europe’s windows in 2010 contains energy-saving glasses (12% for low-e coated double glazing windows and 2% for triple glazing windows) whereas these solutions have been available on the market for over 20 years. The situation in the U.S. is similar. According to the U.S. Energy Information Administration (EIA) Commercial Buildings Energy Consumption Survey (CBECS) 2012 [11], there are total around 5.6 million commercial buildings in the U.S. Among them, 65% of the windows are clear, 28% are tinted, and 7% are reflective.[footnoteRef:1]  According to the U.S. EIA Residential Buildings Energy Consumption Survey (RECS) 2005 [12], there are total around 109.2 million of residential buildings in the U.S. Among them, around 46.4% (50.7 million homes) have single-pane windows, around 46.3% (50.6 million homes) have clear double-pane windows, and around 7.2% (7.9 million homes) have double-pane windows with low-e coating.[footnoteRef:2] We further weight-average these data based on the square footage of the buildings to take into account the fact that commercial buildings are typically larger than residential buildings.[footnoteRef:3] The results are tabulated in Table 3. [1:  	See U.S. DoE Building Energy Data Book Table 5.2.7, available at http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=5.2.7]  [2:  	See U.S. DoE Building Energy Data Book Table 5.2.6, available at http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=5.2.6  ]  [3:  	The total square footage of the U.S. residential homes is 223.9 billion according to U.S. EIA RECS 2009. The total square footage of the U.S. commercial buildings is 87 billion according to U.S. EIA CBECS 2012.] 

[bookmark: _Ref447273146]Table 3. Building and Window stock in the U.S.
	 
	Number of buildings (million)
	Total area (billion square foot)
	Clear windows (single- or double-pane)
	Single-layer low-e coated
	Tinted, reflective, or double-layer low-e coated

	Commercial buildings
	5.6
	87
	65%
	2%
	33%

	Residential buildings
	109.2
	223.9
	93%
	7%
	0%

	Total
	114.8
	310.9
	85%†
	6%†
	9%†


† Obtained by averaging the percentages of energy efficient windows in commercial and residential buildings, weighted by area
We expect the percentages of different types of windows among the building window stock to remain stable and slowly changing over the next 10 years. First of all, it takes a long time for the building stock and window stock to turn over. More than 60% of the commercial buildings and more than 70% of the residential buildings in the U.S. was built before 1990 (over 25 years old). New building construction is estimated to be around 1% per year in U.S. and slightly less in Europe [9]. Secondly, majority of the new commercial building and home construction tend to use either clear windows (single-pane or double-pane) or double-pane windows with a single layer of low-e coating with a general tendency of moving away from tinted windows and triple-pane windows with two layers of low-e coating. 
Since 1990, the window industry saw major shifts in glazing (i.e., glass) and framing materials. In the commercial market, tinted and reflective glazing, which together accounted for 47% of the market in 1995, accounted for only 13% in 2009. Low-e coatings increased their share from 17% to 54%, and clear glazing held on to about 38% of the market.[footnoteRef:4] In the residential market, double-pane sealed insulated glass units took market share from single-pane and unsealed double-pane windows.[footnoteRef:5] As shown in Figure 4, double-pane windows with argon gas filled are used in around 80% of the new home construction. Among them, double-paned windows with argon gas filled and low-e coating account for around 30% of the new home construction, while triple-paned windows are used in around 8% of the new home construction [14]. Part of the reason for the low adoption rate of the triple-pane window is due to its high cost and the long period to recoup the investment. For example, a Pacific Northwest National Laboratory (PNNL) report [16] concludes that “[b]ased on windows cost data available from manufacturers via the Windows Volume Purchase Program and a local cost of electricity, highly insulating windows have a simple [payback period] of 23 to 55 years.” [4:  	See U.S. DoE Building Energy Data Book Table 5.2.7, available at http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=5.2.7]  [5:  	See U.S. DoE Building Energy Data Book Table 5.2.5, available at http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=5.2.5 ] 
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[bookmark: _Ref447035570]Figure 4. Use of high-efficiency windows in home construction [14]
The data in [14] are tabulated in Table 4 according to the penetration loss caused by different window types.
[bookmark: _Ref447286431]Table 4. New windows sales in the residential sector in the U.S. 
	Penetration Loss
	Window Type
	 
 Market share

	Low
	Single pane or double pane, clear glass
	62%

	Medium
	Double pane, low-e glass
	30%

	High
	Triple-pane windows
	8%


Similarly, we tabulated the percentages of new window sales in the U.S. for the commercial sector based on data in [15]. 
Table 5. New windows sales in the commercial sector in the U.S. 
	Penetration Loss
	Window Type
	 
 Market share

	Low
	Single Pane, Clear Glass
	11%
	41%

	
	Double Pane, Clear Glass
	30%
	

	Medium
	Double Pane, Low-e Glass
	30%
	30%

	High
	Double Pane, Tinted Glass
	6%
	29%

	
	Double Pane, Reflective Glass
	20%
	

	
	Triple Pane, Low-e Glass
	3%
	


Based on these data, we plot the trend of low-, medium-, and high- loss windows for both the commercial and residential sector in the U.S., as shown in Figure 5.
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[bookmark: _Ref447288192]Figure 5. Trends for commercial and residential building windows in the U.S. (2010 – 2025)
The trend for averaged percentages of window types among commercial and residential buildings, weighted by area, is plotted in Figure 6.
[image: ]
[bookmark: _Ref447291101]Figure 6. Trends for overall building windows in the U.S. (2010 – 2025)
Therefore, we propose to the following mix in terms of modelling the percentage of buildings that should follow the high loss or low loss building penetration:
Proposal: The low loss model should be used with 80% probability, the high loss model should be used with 10% probability, and a medial loss model (the average of the high-loss and the low-loss model) should be used for 10% of the probability.
We believe this proposal is already pessimistic for the following reasons:
1. Signal strength received inside a building increases with height [17]. At the lower floors of a building, the urban clutter induces greater attenuation and reduces the level of penetration. At the higher floors, a LOS path may exist, thus causing a stronger incident signal at the exterior wall of the building. This effect is particularly pronounced for commercial buildings in the urban areas as these buildings typically have many floors. 
2. [bookmark: _GoBack]Technology solutions exist that can significant reduce the penetration loss for radio waves through energy efficient windows [18].
Note this proposal only addresses the mean penetration loss for a given UE, i.e., PLtw. The log-normal shadowing should be additionally applied to account for other factors such as percentage of exterior wall as windows, variations of impinging angles, etc. 
 	
4. Conclusion
Based on discussions in this document, we propose RAN1 to adopt the following proposal:
Proposal: For building penetration loss modelling, the low-loss model shall be used with 80% probability, the high-loss model shall be used with 10% probability, and a medial loss model (the average of the high-loss and the low-loss model) shall be used for 10% of the probability, with the low-loss model and the high-loss model as defined in R1-161687.
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