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Background

The impact of mm-wave filters due to stringent spurious emissions for specific bands and radome on FR2 requirements has been discussed in previous RAN4 meeting. To document the impact which can be useful in future discussions, simplified text related to mm-wave filters and radome is proposed in the technical report. 

This contribution is a revision of [1].
Proposal

It is proposed that the attached text proposal is included in TR 38.817-02 [2].
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TEXT PROPOSAL:

5.10
Impact of mm-wave filters and radomes for FR2

In this sub-clause, the impact of mm-wve filters and radomes which can affect the requirements is described in detail.

5.10.1
mm-wave filter performance

Considering the discussion for feasible spurious emission levels protecting EESS bands in 23.6 – 24.0 GHz, the level of around -25 dBm/MHz and -30 dBm/MHz has been considered and is under study. Note that significantly more stringent levels are discussed in other forums. 

The spurious emission level of -30 dBm/MHz taking into account the emission mask for FR2 would result in filter attenuation requirement of  around 15 dB to 20 dB.
There are dependencies and tradeoffs considering attenuation, bandwidth, and Insertion Loss (IL). In selecting the best loss-bandwidth trade-off there are some basic dependencies to be aware of:
-
IL decreases with increasing BW (for fixed fc).

-
IL increases with increasing fc (for fixed BW).

-
IL decreases with increasing Q-value
In sub-clause 5.10.1.1 and 5.10.1.2, the filter characteristics and performance of two mm-wave filter technologies is investigated and described in detail.

5.10.1.1
PCB integrated implementation example

Filters can conveniently be integrated in a PCB carrying the antenna elements. Typical characteristics of such filters can be found by looking at the following design example.
-
5-pole, coupled line, strip-line filter

-
Permittivity: 3.4

-
Dielectric thickness: 500 um (ground to ground)

-
Unloaded Q: 130 (using low loss microwave laminate/prepreg)
The filter was tuned give 20 dB suppression at 24 GHz (EESS band), while passing as much as possible of the band 24.25-27.5 GHz. Significant margins were added to make room for variations in the manufacturing processes of the PCB.
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Fig 5.10.1.1-1: Layout of stripline filter in a PCB
In addition, a Monte Carlo analysis was carried out using the following quite aggressive tolerance assumptions:
-
Permittivity Std-dev: 0.02

-
Line width Std-dev: 8 um

-
Thickness of dielectric Std-dev: 15 um
With these assumptions, 1000 iterations give the result shown in Fig 5.10.1.1-2, in which the yellow trance corresponds to the nominal design, blue traces account for random variations, and the red lines indicate possible requirement levels.

From this filter example we find for a PCB implementation:
-
3-4 dB insertion loss

-
20 dB suppression (17 dB if IL is subtracted).

-
1.5 GHz transition region with margins included 

-
Size: 25 mm2, which can be difficult to fit in case of individual feed and/or dual polarized elements.

There would be significant yield loss with the suggested requirement, if 3 dB IL is targeted, in particular for channels close to the pass-band edges.
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Fig 5.10.1.1-2: Simulated impact of manufacturing tolerances on the pass-band characteristics of a stripline filter in PCB. The yellow trace corresponds to the nominal design, while blue traces account for random variations. Red lines indicated possible requirement limits.

5.10.1.2
LTCC filter example

A leading vendor of mm-wave filters has demonstrated promising prototypes that can serve as guiding examples of what could be feasible in terms of RF-filtering in a millimeter wave array antenna for 5G. The solution is based on LTCC and combines a filter with an antenna in a component intended for surface mount assembly.
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Figure 5.10.1.2-1

Example of prototype of an LTCC-component containing both antenna elements and filters.

To accurately estimate the impact of filtering, without relying on assumptions about the antenna, one can look at results for the corresponding filter alone. Measured performance of a such an LTCC filter, without integrated antenna, is given in Figure 5.10.1.2-2.
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Figure 5.10.1.2-2: Measured performance of corresponding filter without antenna.

Additional margin relative to this example should be considered, since further compromises may have to be done to meet the combined set of future requirements (concerning tolerance sensitivity, bandwidth, insertion loss, reliability related to CTE-mismatch, antenna performance, dual-polarization properties, integration aspects, attenuation, spurious pass-bands, reduced guard etc).

Based on this example we propose the following parameters to be used to roughly describe a state-of-the-art filter suitable for integration in millimeter wave array antennas.

For PCB integrated filter:
-
IL: ~4 dB (including additional margins needed as stated above).

-
Suppression: ~17 dB for this example within 1.5 GHz from the pass-band edge (including 500 MHz of tolerance in the pass-band and stop-band).
While for LTCC filter with integrated antennas:

-
IL: ~3 dB (including additional margins needed as stated above).

-
Suppression: 18 dB for this example within 1.5 GHz from the pass-band edge (including 250 MHz of tolerance in the pass-band and stop-band).

5.10.2
mm-wave radome
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:
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It is particularly interesting to notice that when the electric thickness θ of the dielectric slab is n[image: image7.png]


, that is if the thickness is a multiple of (/2 = (0/(2[image: image9.png]


) 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.
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Figure 5.10.2-1: 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 5.10.2-2.
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Figure 5.10.2-2: 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 the ohmic losses which depend on frequency, it has been shown that for 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). The ohmic losses for less complex structures could be as high as 0.8 dB.
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 in favorable 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 dielectric slab as is demonstrated below.

Figure 5.10.2-3 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 permittivity = 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 5.10.2-3. 
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Figure 5.10.2-3: Element pattern from a simple dielectric slab radome, together with 8-array antenna pattern with/without radome.
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