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Background
The discussion on whether certain LSPs such as rms delay spread and angular spread are frequency-dependent have been ongoing since the start of the channel model SI. The current agreements and working assumptions on LSPs for the different scenarios [21][22][23] include frequency-dependent functions for several LSPs, although some of these are still within square brackets. 
Since there are a lot of views and opinions on this topic, this contribution aims at a comprehensive review of the frequency-dependent trends that have been observed in the literature together with an analysis of whether these trends stand up to closer scrutiny. 
[bookmark: _Ref450937502]Comparability of measurements at different frequency bands
To be able to draw any conclusions on frequency trends of e.g. LSPs, measurements at multiple frequency bands are needed. But this is not enough; one needs to ensure that the measurement data is captured under comparable conditions and analyzed with comparable methods. This is discussed at length in [1], where the following set of guidelines is given:
1. The same measurement bandwidth should be used
2. Equal antenna pattern should be used (may also be synthesized)
3. Equal dynamic range should be used, both in delay and angle domains
4. When the channel is sampled in space the same volume in terms of number of wavelengths should be used
5. The environment should be equal i.e. same location and same variability in terms of moving people and vehicles etc.
6. Locations of antennas should be the same
7. The oxygen absorption at 60 GHz should be compensated for using propagation path lengths as agreed in [3]. This is important for securing smooth frequency properties when extrapolating/interpolation using 60 GHz.
It is also demonstrated in [1] and in [2] that just changing a single parameter such as the bandwidth or noise floor can introduce strong bias into the results and make the data for different frequency bands incomparable.
Observation 1: Comparability between measurements at different frequency bands can easily be lost unless particular care is taken to ensure that all measurement and post-processing steps are identical
Measurements of frequency-dependent LSPs
A number of measurements of frequency-dependent trends have been reported in 3GPP contributions and in the literature. Here we take a closer look at these with the comparability considerations in the previous section in mind.
The mmMAGIC project [4]
In its deliverable on measurements and initial channel models for the 6-86 GHz range [4], the mmMagic project acknowledges the difficulties in making comparisons between different frequency bands and does not give a definite answer on whether the LSPs are frequency-dependent or not. Some quotes:
“Regarding the frequency dependency of measured channel characteristics the results found in literature are divergent.”
“At the current point in time, the question to what extent different channel model characteristics scale with frequency cannot be definitively answered”
White paper “5G Channel Model for bands up to 100 GHz” [5]
This white paper compiled by a number of companies and universities reports on a number of measurements of various LSPs at different frequency bands. From curve fitting to scatter plots of e.g. delay spread vs frequency from measurements and ray-tracing, trends of reducing delay and angular spreads are found. These trends have been used in contributions that have been agreed or taken as working assumptions in 3GPP, such as [21][22][23] However, this curve-fitting is done without consideration of whether the measurement data is comparable over the different frequency ranges. Details of the measurement campaigns that would allow establishing of whether all measurements fulfill all the requirements outlined in section 2 are missing in the main body of the white paper. The Annex contains descriptions on some but not all of the measurement campaigns. From these descriptions it is evident that measurements have been done in such diverse conditions and with such diverse equipment that the use of all data simultaneously would break all seven guidelines given in the previous section. 
Nevertheless, some measurements have been performed using similar locations or equipment. In [6] the optimistic assumption is made that all data collected by a given company or university is completely comparable over different frequency bands. By isolating these measurements, which represent a subset of the full data set where the comparability is expected to be better, the trends can be more clearly studied. The analysis in [6] shows that there are as many measurements of delay spread increasing with frequency as there are of delay spread decreasing with frequency. 
Observation 2: Even with a very benign assumption on the comparability of the measurements in the white paper [5] there are still no conclusive trends on frequency-dependence of LSPs
Some of the measurements sets in this white paper have subsequently been described in more detail in 3GPP contributions. Furthermore, other measurements have been submitted to 3GPP or are available in the open literature. Some of these will be further analyzed in the below subsections.
UMi, O2I and InH measurements by Ericsson [7][8][9][10]
These four measurement campaigns have all been done with considerable attention to the guidelines in section 2. The indoor cubic array measurements in [7] fulfills all seven recommendations except for a slight offset of the locations of the antennas. The indoor delay spread measurements in [9] fulfills all seven recommendations. The microcell measurements [8] suffer from a bit less comparability due to differences in the locations of the antennas and some movement of people and cars during the measurements. Finally, the outdoor to indoor measurements in [10] fulfills all seven recommendations. 
The coherent message from all these indoor, outdoor to indoor, and microcell measurements is that the LSPs have no obvious decreasing trend with increasing frequency. There are some variations as a function of frequency but this can go both upwards and downwards non-monotonically.
Airport measurements by Aalto university ([11], referenced in [12])
These measurements have been performed with a high degree of comparability between the frequency bands. As shown in [12], these measurements show almost flat trends of delay spread, azimuth spread, and elevation spread over the range 15-60 GHz. 
Indoor measurements by University of Wales [13]
These measurements performed at 2, 5, and 17 GHz indicate a trend of delay spread reducing with increasing frequency. However, the description does not clarify if any of the comparability requirements outlined above are met in these measurements. 
Indoor measurements by Elektrobit et al. [14]
These ultra-wideband measurements produced highly comparable measurement data at different frequency bands in the 1-10 GHz range by filtering out different sub-bands from the same measurements. Most or all of the requirements outlined above are fulfilled. As stated in the paper:
“There is no clear trend of the delay spread versus frequency. The result in Figure 10 confirms that the delay spread is almost frequency independent, or exhibits only a slight dependency.”
UMi measurements by Frauenhofer HHI [15]
These measurements feature a dual-band 10 and 60 GHz channel sounder with a high degree of similarity of the measurement equipment characteristics between the two bands. In LOS, where the measured impulse responses appears have a good dynamic range with respect to the noise floor, the rms delay spread varies only by a few percent between the two bands. One of the reasons suggested by the authors is the oxygen absorption which hasn’t been compensated for at 60 GHz. The NLOS data in Fig. 12 of [15] reveals a strong reduction of the delay spread for the higher frequency. However, as acknowledged by the authors, many of the NLOS data locations are affected by noise to the extent that these are excluded from the analysis. As can be seen in the path loss data, a large fraction of the NLOS measurements at 60 GHz are saturated by noise. It cannot be excluded that this introduces a significant bias since the 10 GHz data may include a much larger fraction of samples at long ranges. It should be noted that the authors make no claims as to the frequency-dependence of the delay spread in the NLOS data.
InH and UMi measurements by Durham University [16]
These measurements are performed with a multi-band channel sounder at the frequencies of 30 GHz and 60 GHz using high gain antennas with narrow beamwidths. The measurements have not been conducted with strict comparability in mind, so there are a number of differences in setups and measurement execution. Nevertheless, rms delay spread values are reported for the two frequency bands. The numerical values are roughly twice as large at the higher frequency; however the authors do not attempt to draw any conclusions on the frequency-dependent trends. 
Indoor measurements by CATT [17]
The contribution [17] reports on trends of delay and angular spreads from indoor measurements at 26 and 39 GHz, where the delay and angular spreads are smaller at the higher frequency. No details are given on the measurement setup that would allow an assessment of the comparability of the data at the two bands. 
UMi, InH and shopping mall measurements by Qualcomm [18][19][20]
These measurements have been performed with a channel sounder at 2.9, 29, and 60 GHz under conditions and with equipment that suggests a high degree of comparability between the frequency bands. The measurement bandwidth at the different bands is however not provided, nor is information on whether oxygen loss compensation has been applied [3]. Thus the comparability cannot be conclusively established. 
In all measurement scenarios except the open square scenario there are clear trends reported of rms delay spread reducing with increasing frequency.
Discussion
A very clear trend emerges when reviewing all these measurements. Whenever the measurements have been performed and documented in such a way that the comparability between frequency bands can be established, there are weak or no frequency-dependent trends in the measured LSP. But when the measurements do not fulfill the comparability requirements or when too little information on the measurement procedure is available, the frequency-dependent trends appear. 
Observation 3: No obvious or very weak frequency dependent trends are observed in measurements with a very high degree of comparability between measurements at different frequency bands such as [7] [8][9][10][11][14][15]
Observation 4: Frequency-dependent trends are only observed in measurements where the measurements or analysis do not fulfill the comparability requirements of [1] or where information that could be used to ascertain comparability is lacking
Since it has been shown in [1] and [2] that differences in measurement setup and analysis can introduce frequency-dependent bias in the results the conclusion has to be that there is too little scientific evidence suggesting frequency-dependent LSPs that would stand up to scrutiny. It is therefore proposed that the LSPs are modeled using frequency-independent or weakly frequency-dependent functions. This has the added benefit of lowering the complexity of implementation and simulation.
Proposal: Use frequency-independent or weakly frequency-dependent functions for modeling LSPs
Summary
Observation 1: Comparability between measurements at different frequency bands can easily be lost unless particular care is taken to ensure that all measurement and post-processing steps are identical
Observation 2: Even with a very benign assumption on the comparability of the measurements in the white paper [5] there are still no conclusive trends on frequency-dependence of LSPs
Observation 3: No obvious or very weak frequency dependent trends are observed in measurements with a very high degree of comparability between measurements at different frequency bands such as [7] [8][9][10][11][14][15]
Observation 4: Frequency-dependent trends are only observed in measurements where the measurements or analysis do not fulfill the comparability requirements of [1] or where information that could be used to ascertain comparability is lacking
Proposal: Use frequency-independent or weakly frequency-dependent functions for modeling LSPs
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