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1. Introduction
A previous submission [1] discussed spherical coverage performance of a thin, large display UE. It observed that mmWave modules and their placement has a strong impact on spherical coverage performance. It also quantified the effect of various realistic considerations like being limited to a finite number of beams, and lossy covers on spherical coverage performance.
In this paper we share simulation results assuming glass packaging and highlight possible ways to mitigate radiative loss due to packaging.
2. Discussion

In our simulation results, we adopted a 4x1 antenna module packaged under glass. Figure 2.0 shows the geometry of the problem.
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Figure 2.0: Simulation Geometry
Our simulation assumptions are laid out in terms of the ‘standard geometry’ of [2].
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	Layer Properties

	Name
	Material
	Thickness
	Ɛr
	tan δ

	Antenna substrate Dielectrics
	TBD
	(not relevant)
	
	

	Antenna Substrate Metals
	copper
	-
	conductivity

	Gap 1
	Air
	 large
	
	

	Gap 2
	Air
	large
	
	

	Gap 3
	Air
	 large
	
	

	Gap 4
	Air
	0.5, 1.0, 1.5, 2.0mm
	
	

	Edge material 1
	(not present)
	
	
	

	Edge material 2
	(not present)
	
	
	

	Edge material 3
	(not present)
	
	
	

	Edge material 4
	Glass
	‘thickness’= 0.5, 1.0, 1.5, 2.0mm
	7
	0.05


2.1. Boresight Radiative Performance at 28G
Gap and glass thickness were varied to try and determine pattern of variation of loss at 28G. Results are captured in figures 2.1 as array gain degradation from uncovered state. 
There is some asymmetry in H- and V-pol performance, which we believe is rooted in the aspect ratio of the module and specifically, its ground plane.
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Figures 2.1: Boresight Gain Degradation in V- and H-polarization, as a Function of Gap and Glass Thickness.

Observation 1: Radiative loss in array does not change monotonically with glass thickness dimension. 

At 28G, 1mm thick glass reduces beam gain significantly (bluish areas in the contours). 2mm thick glass on the other hand seems to present relative less loss at 28GHz. This favoured thickness of 2mm at 28G corresponds to a half wavelength. Our continuing work aims to verify this half wavelength hypothesis.
Observation 2: Radiative loss seems less sensitive to gap dimension. 

There is mild preference for larger gaps among the range of gaps studied.
2.2. Spherical Coverage of ‘Optimally Dimensioned’ Glass

From the previous section, data from our simulation studies suggest that 2mm thick glass is a good choice from a bore-sight performance stand point for 28GHz. To determine effect of glass cover on spherical coverage, we studied radiated fields from our packaged module, under an optimally dimensioned cover in non-boresight directions. We chose a total of 7 discrete beams for the module, and constructed a notional UE by replicating the module on multiple faces.
Figures 2.2.1 show a hypothetical UE with a single module on any face, and its associated spherical coverage CDF.
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Figures 2.2.1
Observation 3: ‘Optimally’ dimensioned glass causes a simulated loss of 1.7dB in the best direction.

While this result needs to be backed up by experimental verification and variation analysis, it does provide a glimpse into the potential of glass as a mmW-friendly material.

Observation 4: ‘Optimally’ dimensioned glass with a single module causes not only a drop in best gain, but also a degradation of coverage quality.

The degradation in coverage quality can be seen in how the red curve (glass packaged) becomes progressively shallower than the blue curve (air) for 60th %ile points and lower

Figures 2.2.2 show a hypothetical UE with 2 modules on any pair of opposite face, and its associated spherical coverage CDF.
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Figures 2.2.2
Observation 5: ‘Optimally’ dimensioned glass with two modules show a loss in best gain, but CDF degradation is limited to the lower %ile points.

This behaviour is consistent with a visualization of more directions being occupied by fully formed beams, and less directions depending on shallow angles of transmission through the cover.
Observation 6: a UE with ‘Optimally’ dimensioned glass and two modules show a loss in best gain of about 10dB at the 20%ile point.
The notional UEs used in this simulation are relatively simple, so it is difficult to use these results as direct benchmarks for spherical coverage of real UEs. The results however do demonstrate proof of concept of glass packaging, from modest boresight loss to spherical coverage (CDF shape) that remains unaffected until the lower %iles.

3. Conclusion
Our results show that it is possible to make design choices with glass packaging to minimize degradation in array performance.
Further, we show that spherical coverage CDF is not degraded significantly by glass packaging, if spherical coverage is good to begin with, in free space. Conversely, CDF degradation seems to get worse with glass packaging if free space CDF is bad to begin with.

Finally, using the concept of notional UEs, we show it is possible to have ~10dB droop from best direction at the 20%ile point, with optimally chosen glass dimensions. Acknowledging the possibly optimistic view, we propose that gain degradation of 15dB at the 20%ile points is achievable with careful design.

Proposal 1: Spherical coverage goal from a capability stand point shall be 15dB at 20%ile direction.
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