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Introduction
In [1], the antenna and radome technology for mm-wave bands was described in detail. As in RAN4 #85, the requirements for first release of NR should be settled,  proper considerations over possible implementation and losses for applicable requirements such as OTA sensitivity should be taken to account.
This paper is thus focusing on radome performance in mm-wave bands as the discussion in this paper is essential to consider when receiver requirements such as OTA sensitivity for mm-wave bands (FR2).
Discussion
Radomes usually function as a protective shell around an antenna. Protection is usually against weather impact such as rain, snow, salt, and UV radiation that can cause reduction of the electromagnetic properties of the antenna. The most basic radome could be just a piece of cover material of a certain thickness that is placed above the antenna at a certain distance. It can be shaped to follow the antenna structure itself, or just simply a planar sheet of some material. This simple radome has only one layer, but to give strength to the mechanical design, a sandwich structure could be used. Typical, for passive base station antennas, the radome is designed in homogeneous plastic material. 
Ideally, the thickness of a homogeneous radome should be tuned to be 0.5n. At lower frequencies however, this becomes impractical as the wavelength is in the cm-region. Therefore, in modern radome design, usually some sort of plastic material strengthened with fiberglass, quartz, etc. is used. The different layers are usually held together with polyester, epoxy, and other resins. The bearing materials often have dielectric properties with high relative permittivity constant. 
In a sandwich structure, foam or some kind of honeycomb material with low permittivity is often placed between stiffer materials for the mechanical/structural strength and rigidity. This structured radome makes the electromagnetic properties more complex than a simple dielectric slab.
As a general rule for radome design is that it should be almost invisible at the frequency of design. This may be accomplished for a certain frequency and for normal incidence to the radome.
In the simplest case, a dielectric slab of electric thickness θ may be analyzed for normal incidence. The dielectric slab then acts as a transmission line transforming the free space wave impedance (377 ) to something else, on the backside of the radome. The impedance follows classical transmission line calculations and may be readily expressed as:




It is particularly interesting to notice that when the electric thickness θ of the dielectric slab is n, that is if the thickness is a multiple of /2 = 0/(2) then the radome would be almost electrically invisible to the radiation. At least this is true for a planar wave incident at normal angle to the radome. In reality, waves that are actually spherical are coming in from all directions originating from the antenna array behind the radome. However, in the sense of design issues, this simple approach may be used.


[image: ]
Figure 2.1: Simplified single slab radome 

The radome thickness of /2 at lower frequencies (FR1) may turn out to be very thick and in turn cause weight and loss issues while for mm-wave bands (FR2), a single layer radome would be too thin and lack mechanical rigidity needed and thus a sandwich radome design is necessary as in Figure 2.2.
                       [image: ]          [image: ] 
Figure 2.2	Sandwich radome design for mm-waves
For complex sandwich radome design, the inner layer is based on low loss material while the outer layers giving mechanical rigidity, would have high losses.
Considering that the ohmic losses also depend on frequency as described in formula below and a reasonable but fairly expensive state-of-the-art sandwich radome design for mm-wave bands, the total losses from different layers as well as reflection losses could be around 0.5 dB and even slightly possibly higher over the steering range (AoA range).  

Dielectric losses in radomes
Pure dielectric losses in a radome can be said to be attributed to the relative dielectric constant (relative permittivity) being complex having also an imaginary part in addition to its real part. The real part accounts for the wave propagation and the imaginary part gives rise to an attenuation within each dielectric slab in the radome. Without loss in generality, one might set up the expression for a travelling wave within a dielectric material as below:



The wave propagation factor k in the equation above, is proportional to  where in general the relative dielectric constant may be further expressed as below. This relative permittivity in turn relates to the permittivity as it indicates by a ratio, also expressed below.





In general, the Loss Tangent tan(δ) is relatively small which makes a first order McLaurin expansion possible.



 and we may write down the following expression for a damped wave in a lossy medium as:





This means that there is a pure damping factor associated with the imaginary part of the relative permittivity. This may directly be expressed in dB as:






So, this last expression which indicate the frequency dependency of dielectric losses can be used to calculate the expected loss for radomes having structures that may be of a simple slab type or for radomes that have a more complex structure such as the sandwich structure as presented in Fig. 2.2 above. Table below that the example dielectric loss state-of-the art sandwich structure.





The same radome (same physical dimensions and material) at twice the carrier frequency also gives twice as much loss in each radome layer:


If the radome design would been have made in the form of a less complex structure, say only having one single dielectric slab like what is depicted in Fig. 2.1, but compensated by a larger thickness to give the same mechanical strength as the more complicated sandwich structure, the losses would be 0.3 dB. That is, the losses are then becoming noticeable.


Further, by chosing a feasible and less sophisticated radome material, basically presenting a larger loss factor, the losses will increase proportionally. As an example we may choose a material that has a loss tangent of twice of that above, say tan(δ) = 0.04. Then we would get dielectric losses that are in the order of 0.7 dB. This means that in this case one has to consider increasingly higher dielectric losses from the radome.



Missmatch of radome structures
Another cause of apparent power loss would be caused by a pure impedance mismatch between the antenna connector[s] and what is actually radiated into free space. What might seem to work for an array antenna which is steered towards broadside, may not be true for an scanned array antenna under the influence of a radome. Allthough, having reasonable levels of dielectric loss within the parts of the radome material, scanning off broadside may cause infavorable interaction between rays propagating through the different radome layers in a sandwitch structure. The apparent thickness will differ for rays that are propagating over different angles in the radome. Some rays will constructively combine while others in different directions will destructively interact as to casue a non-negligable reflection at the inner surface of the radome. This is very much thje case when viewing a simple radome structure consisting of just one dileelctric slab as is demonstrated below.
Figure 2.3 below shows a simulated example of a radome covering a typical array antenna. Both the single element pattern covered by the radome as well as the pattern from 8-element array antenna is shown. The array antenna is steered from 40° to broadside (90°). As a comparison, also the same array antenna but without any radome is steered correspondingly on the other side of the broadside direction. The radome consists of a single dielectric slab of premittivity = 2.3 with a thickness of 1.0 mm and the antenna is operated at 28 GHz. The radome is located at 1.0 λ above the antenna surface. 
It shows that the radiation pattern can be severely altered depending on the observation angle even for a very simple radome structure. Further, since the total radiation pattern is a combination of the array factor and the element factor, one  may well come to the conclusion that depending on the steering angle, the directivity of the array antenna is altered to a larger extent than what is just normally attributed to the projection angle towards the antenna surface, i.e. having the typical cos(φ) -decay. 
What is more affecting the overall performance is the apparent drop in total transmitted power at certain beam steering angles. For example, in the case of the simple dielectric slab radome as described above, the drop in transmitted power could be as much as 3 dB at a steering angle of 30° off broadside compared to broadside radiation for this particular example, as shown in Figure 2.4. 
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Figure 2.3	Element pattern from a simple dielectric slab radome, together with 8-array antenna pattern with/without radome.
[image: ]

Figure 2.4	Relative transmitted power vs array scan angle for a typical 8x8 array antenna with a simple dielectric lsba radome.
In summary, the mm-wave radome with complex structures would result in not only dielectric losses but also mismatch losses around 0.7 dB which is not negligible and should be considered when relevant requirements are settled. In addition, it was shown that the radiation pattern can be distorted depending on the observation angel due to radome where variation of up to 3 dB over the steering range could be observed. This is also an additional aspect which should be taken into account when settling the concerned FR2 requirements. We thus propose the following:
Proposal 1:
The dielectric and impedance matching losses of mm-wave radomes are around 0.8 dB and should be taken to account when concerned requirements are settled.

Proposal 2:
The radiation pattern distorsion induced by mm-wave pattern over the steering range can be up to 3 dB and should be considered when concerned requirements are settled.


Conclusion
Losses in a radome may be attributed to the relative permittivity being complex and having also an imaginary part. This imaginary part may be small in highly sophisticated radome designs and material, or it may become quite substantial using feasible and reasonable materials and radome designs. A good radome design based on reasonable choice of material shows dielectric losses that are in the order of 0.7 dB.. In addition to pure dielectric losses, wave impedance mismatch at the radome interface would also give rise to maybe another tenth of dB (0.1 dB) still having a good design. So, it is not out of believe that losses in a radome could in fact come up to 0.8 dB depending on design and choice of material.
The impact over radiation pattern for a typical 8x8 antenna array covered by a single dielectric slab radome was shown to be  as much as 3 dB over the steering range. This would be an additional drop in radiation pattern (e.g. affecting EIRP or EIS) on top of the ordinary reduction in directivity due to array scanning with its cos(φ) -decay. 
We thus propose the following:
Proposal 1:
The dielectric and impedance matching losses of mm-wave radomes are around 0.8 dB and should be taken to account when concerned requirements are settled.

Proposal 2:
The radiation pattern distorsion induced by mm-wave radome over the steering range can be up to 3 dB and should be considered when concerned requirements are settled.
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f [MHz] ε' tan(δ) z [m] Loss [dB]
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f [MHz] ε' tan(δ) z [m] Loss [dB]
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