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1. Introduction
3GPP has begun a study item on channel modeling for frequencies above 6 GHz.  To assist in that modeling effort, this contribution summarizes results from measurements taken by Aalborg University in Denmark plus ray tracing studies done in Nokia using a data base for the same environment which these measurements were taken.  The following conclusions are drawn:

1.
The UMa path loss appears to have little frequency dependency except for the free space path loss at a reference distance (e.g., a reference distance of 1 m).

2.
UMa path loss decreases with TX height in NLOS and appears to decrease more at higher frequencies (at least going from 2 to 10 GHz, going from 10 GHz to 18 GHz showed little change).  In LOS, there is no significant change in path loss with TX height.

3.
From measurements, the shadow fading in the UMa environment appears not to match the log-normal distribution well, particularly for frequencies of 10 GHz or higher based on measurements.  The likely reason is that the measurement environment includes blockage and thus a blockage model needs to be present in bands above 6 GHz.

4.
The RMS delay and angle spreads appear to decrease with frequency in the NLOS environment.

5.
The Ricean K factor decreases with distance, particularly after around 100-150 m depending on TX height.

6.
The gamma parameter (which characterizes how the path loss changes across frequency) in the ABG model is very unstable when looking at different combinations of frequencies in the measured data.  Without a sufficient amount of measurements across multiple frequencies in many environments, it might be best to fix the gamma parameter at 2.0 if using the ABG path loss model.  The CI path loss model does not have this issue as it models the frequency dependency of path loss with the free space path loss formula at a given reference distance such as 1 m.
For the studies, two different path loss models [1] were compared.  For a more comprehensive comparison of the two models, please refer to [5].  The first path loss model considered is the close-in (CI) reference distance model which is:
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where f is the frequency in Hz, n is the PL exponent (PLE), d is the distance in m, 
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 is the shadow-fading term, and the FSPL(f, 1 m) is:
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where c is the speed of light.

The second path loss model considered is a floating-intercept model, the alpha-beta-gamma (ABG) model which is given as:
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where  captures how the PL changes in distance,  is an optimized offset value in dB,  captures how the path loss changes in frequency, and 
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 is the shadow-fading term.  Note that the ABG model could be recast as an alpha-beta (AB) model by removing the gamma term if the equation is only used for a single frequency.
2 Details from an Outdoor UMa Measurement Campaign at 2, 10, 18, and 28 GHz
The measurement campaign was carried out at Aalborg, Denmark to investigate the propagation characteristics of the UMa environment above 2 GHz [2].  The environment, as shown in Figure 1, represented a typical European medium city’s residential district, in which the building height and street width were relatively homogeneous and measured at 17 and 20 meter, respectively.  For UMa there were 6 transmitter (TX) locations (4 sites with 6 sectors total), and the TX height was 20, 25 or 54 m.  A narrowband continuous wave (CW) signal was transmitted at the frequencies of interest, i.e. 10, 18 and 28 GHz, and another CW signal at 2 GHz was always transmitted in parallel and served as a reference.  The receiver (RX) was mounted on a van, driving at a speed of 20 km/h within the experimental area. The driving routes were chosen so that they were confined within the 3 dB beamwidth of the TX antennas. The received signal strength and GPS location were recorded at a rate of 10 samples/s using the R&S TSMW Universal Radio Network Analyzer for the calculation of PL and TX-RX separation.  The data points were visually classified into LOS and NLOS condition based on Google Maps and the number of data samples available is listed in Table 5 of the Appendix.  Antenna decoupling procedures are employed to determine an omni-directional path loss.
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Figure 1.
Measurement Site of Vestby, Aalborg Denmark which is a typical medium European city with average building heights of 17 m and average street widths of 20 m.  There are 6 TX locations spread over four sites (two sites, 1 and 4, have two sectors).
2.1 NLOS UMa Path Loss Results for Different TX Heights

In this section the effect of TX height on the NLOS path loss is investigated.  Note that only NLOS is considered as the LOS UMa measurements showed no effect of TX height on the path loss.  Figure 2 shows the different path loss best-fit lines for the AB path loss model for 10 GHz.  We compare the average difference (i.e., offset) between the best-fit AB models at different TX heights in Table 1 where a positive offset means the path loss decreases.  As can be seen, the path loss decreases with increasing TX height and that gain appears to increase with frequency, at least when going from 2 to 10 GHz.
Table 1. Offset (dB) due to TX height in NLOS UMa for the AB path loss model
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OFFSET DUE TO TX HEIGHT IN NLOS SCENARIO

Frequency Offset (dB)
15vs25m 25 vs 54 m 15 vs 54 m
2 GHz 4.0 11.8 157
10 GHz 75 148 23.4
18 GHz Not available 14.2 Not available
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Figure 2.
NLOS path loss using the AB formulation at 10 GHz for different TX heights.  The offset (dB) noted in the table is the average difference between the best fit lines.

2.2 Shadow Fading Distribution Analysis

In this section we show the results of an investigation as to how well the shadow fading can be modelled as a log-normal distribution.  To determine how well the shadow fading matched the log normal distribution, we used the Kolmogorov-Smirnov test with a 1% significance level.  PDFs of the shadow fading for the ABG path loss model are shown in Figures 3-6.  Using the test, we found that none of the measured shadow fading values were a perfect match for the log-normal distribution, however from a visual inspection it appears that as you go above 2 GHz the shadow fading quickly becomes non-log-normally distributed.  The likely reason is that the measurements include both the effects of path loss and blocking from objects in the environment other than just buildings like vehicles and trees.  At 2 GHz it appears that the blocking effect is not too significant and the PDFs of the shadow fading still look very Gaussian.  Hence below 6 GHz it appears that modelling of additional blockage is not necessary.  However going above 6 GHz the modelling of blockage will be important to be able to regenerate similar final shadow fading distributions as were seen in the measurements.
[image: image9.png]ABG model - Freq 2GHz
0.2 T

015+

0.1

PDF

0.05

0
-15 -10 -5 0
Shadowing [dB]

; :
I | OS (Ns=8916, failed)
—— N(0.0dB, 3.3dB)

0.08

0.06

-30 -20 -10 0
Shadowing [dB]

10 20 30




Figure 3.
Shadow fading at 2 GHz for the ABG path loss model.  Ns is the number of samples available and “failed” means if failed the log-normal test.
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Figure 4.
Shadow fading at 10 GHz for the ABG path loss model.  Ns is the number of samples available and “failed” means if failed the log-normal test.
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Figure 5.
Shadow fading at 18 GHz for the ABG path loss model.  Ns is the number of samples available and “failed” means if failed the log-normal test.
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Figure 6.
Shadow fading at 28 GHz for the ABG path loss model.  Ns is the number of samples available and “failed” means if failed the log-normal test.

3 Ray Tracing Results for the UMa Environment
This section presents results from a ray-tracing study in the same environment as the measurements.  A ray tracing study is useful as it fills in gaps from measurements especially with large-scale parameters which the measurement results are not able to determine (like delay and angle spreads in this case). The ray-tracing simulation was performed using the WinProp v.13 ray-tracing simulator [3] with the 3D Standard Ray Tracing model (Fresnel coefficients for reflection and the uniform theory of diffraction (UTD) model for diffraction based on electrical parameters of materials, plus diffuse scattering was enabled).  The simulation was carried out in the same environment, Vestby, Aalborg, Denmark as the measured data.  The simulation was performed for TX 2 and TX3 shown on the Figure 1 with antenna heights of 25 m and 17 m.  The antenna height of the RX points were 1.5 m and isotropic antennas were used at both the TX and RX.  The frequencies used in the simulation were the following: 2, 5.6, 10, 18, 28, 39.3 and 73.5 GHz. The walls and ground were modeled by electrical parameters for brick and medium dry ground respectively for all frequencies according to ITU-R recommendation P.2040 [4].  The maximum numbers of reflections used in the simulations were 4 and maximum numbers of diffractions were 2 for frequencies below 10 GHz and 1 above 10 GHz.  Only outdoor simulations were performed, the transmission from outdoor to indoor was disabled and 20 rays were calculated per RX point.  The path loss model comparison based on ray-tracing and measurement data are shown in Section 4.  
3.1 RMS Delay Spread at Different TX Heights and Different Frequencies
Figure 7 and Figure 8 show the RMS delay spread from the ray-tracing study for different TX heights and frequencies in LOS and NLOS respectively.  As can be seen, the RMS delay spread decreases with frequency in both the LOS and NLOS cases.  More interestingly, the RMS delay spread decreases with TX height in the LOS case and increases with TX height in the NLOS case.  The results may be due to the 17 m TX height being below the rooftops of most of the surrounding buildings as compared to the 25 m TX height which is above most rooftops.
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Figure 7.
RMS delay spread for different frequencies and transmitter heights in the LOS UMa environment.
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Figure 8.
RMS delay spread for different frequencies and transmitter heights in the NLOS UMa environment.

3.2 RMS Angle Spread at Different TX Heights and Different Frequencies

Figure 9 and Figure 10 show the RMS azimuth and elevation angle spreads of arrival as determined from the ray tracing study for frequencies of 2, 10, 18, and 28 GHz in the LOS UMa environment.  There appears to be an increase in the angle spreads when increasing the TX height at all frequencies in the LOS environment.  However little azimuth angle spread change is seen across frequency but the elevation angle spread increases a little in frequency.
Figure 11 and Figure 12 show the RMS azimuth and elevation angle spreads of arrival as determined from the ray tracing study for frequencies of 2, 10, 18, and 28 GHz in the NLOS UMa environment.  Here the azimuth angle spread tends to increase with TX height at all frequencies while the elevation spread tends to decrease with TX height at all frequencies.  Both the azimuth and elevation angle spreads tend to decrease with frequency in the NLOS environment.
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Figure 9.
RMS azimuth arrival angle spread for different frequencies and transmitter heights in the LOS UMa environment.
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Figure 10.
RMS elevation arrival spread for different frequencies and transmitter heights in the LOS UMa environment.
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Figure 11.
RMS azimuth arrival spread for different frequencies and transmitter heights in the NLOS UMa environment.
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Figure 12.
RMS elevation arrival spread for different frequencies and transmitter heights in the NLOS UMa environment.

3.3 Ricean K Factor

In this section the frequency and distance behavior of the Ricean K factor is explored using the ray tracing results.  There appears to be a slight decrease in the K factor when increasing in frequency.  The K factor also seems to decrease at larger distances (e.g., above around 100 m for the 17 m high TX and above around 150 m for the 25 m high TX) where the decrease is likely due to wave-guiding effects seen in the street canyons.
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Figure 13.
Ricean K factor for a 17 m high TX.
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Figure 14.
Ricean K factor for a 25 m high TX.

4 UMa Path Loss Determined from Measurements and Ray Tracing
Ray tracing is used along with the measurements to determine path loss formulas for both the CI and ABG path loss models.  The comparison of CI path loss models for NLOS based on measurement data and ray-tracing simulation data for 25 m of antenna height is shown in Table 2. In the last column, the ray-tracing based path loss model prediction is compared to the measurement data by calculating the mean RMS error on prediction set (where the prediction set is the real-world measurement data). We can observe that the PLE is a bit lower for the ray-tracing based path loss model as compare to path loss model based on the measured data for frequencies of 2, 10 and 18 GHz. The reason is that in the ray-tracing map not all objects are modelled on the map other than buildings, such as trees, lamp posts, cars, etc. Therefore the simulated path loss values are a bit lower. The reverse situation is only for 28 GHz but the reason is the limited number of measurement points for this frequency due to limited RX sensitivity.  The ray-tracing based path loss models do have a larger shadow fading than models based on measurement data due to larger dynamic range of ray-tracing simulation. The mean RMS error on the prediction set (the measurement data) is lower than the shadow fading value of ray-tracing based CI PL model which indicates that the ray-tracing based path loss models have a reasonable prediction.

The ray tracing results have additional frequencies (in particular 5.6, 39.3 and 73.5 GHz) compared to the real-world measurements.  The path loss results are given in Table 3 for both the CI and ABG path loss models.  Note that the shadow fading and path loss exponents are very similar between the two models in the LOS case.  In the NLOS case, however, the path loss exponents are very different between the two models while the shadow fading is within 0.18 dB of each other.  In other words, the CI model with a much simpler parameterization (i.e., one parameter instead of three) produces a model with almost the same shadow fading.  Note that the CI model obtains this decent match to the data with only modeling the frequency dependency with the free space path loss at 1 m, FSPL(f, 1 m).  What this result seems to show is that the ABG model may be inaccurately modeling the path loss changes across frequency because of the instability of the estimation of the gamma term.  In other words, a gamma term of greater than 2 means that the path loss minus the FSPL(f, 1 m) increases with frequency, and if gamma is less than 2 than the path loss minus FSPL(f, 1 m) decreases with frequency.

To show the instability of the ABG model to available data set, we will look at the model parameters of both path loss models for different subsets of the measured data.  Note that only 2, 10 and 18 GHz data are used since 28 GHz had less RX locations due to RX sensitivity issues.  Also note that all of the observations about the stability are gamma are made with a very large set of measurements (tens of thousands of points, see Appendix A).  The results are summarized in Table 4.  When computing the path loss exponent (PLE) of the CI model with the different data sets, only small variations in the PLE were seen (i.e., it ranged from 2.95 to only 3.13) across the different frequency sets.  This range of PLEs represents only a slight deviation in path loss.  On the other hand, the ABG has quite a wider range of PLEs (alphas) from 3.22 to 3.62.  More troubling is the variation of the gamma parameter from a low of 0.88 (indicating the path loss minus FSPL(f, 1m) improves greatly with increasing frequency) to a high of 2.92 (indicating the path loss minus FSPL(f, 1m) degrades greatly with increasing frequency).  This investigation shows that the parameterization of the ABG model is very sensitive to the data set it computed over and is in fact a poor predictor of path loss behavior outside of the measurement set.  More details on this limitation of the ABG model can be found in [5].  Also it is very difficult to accurately estimate the gamma parameter and without an extreme number of available measurements, it might be best to set gamma equal to two.
Table 2. Comparison of Measurement and Ray-Tracing Based CI PL Models and Ray-Tracing Prediction Accuracy

	Frequency [GHz]


	CI PL model

(meas. data)
	CI PL model

(ray-tracing data)


	Mean RMS error on prediction set



	
	PLE
	SF [dB]
	PLE
	SF [dB]
	Mean RMS err. [dB]

	2
	2.84
	5.98
	2.79
	9.69
	6.14

	10
	3.07
	5.45
	2.86
	10.06
	8.13

	18
	3.00
	5.28
	2.81
	10.24
	7.44

	28
	2.62
	4.48
	2.80
	10.09
	6.50


Table 3. Path Loss Parameters Using Both Ray Tracing and Measurements (2-73.5 GHz)
	
	n/
	
	
	SF

	CI-LOS
	2.11
	-
	-
	4.20 dB

	ABG-LOS
	2.19
	30.49
	1.99
	4.19 dB

	CI-NLOS
	2.97
	-
	-
	7.68 dB

	ABG-NLOS
	3.60
	14.56
	2.16
	7.50 dB


Table 4. NLOS Path Loss Parameters for the Measured Data on Different Frequency Sets

	
	n/
	
	
	SF

	2, 10, 18, 28 GHz
	CI
	2.98
	-
	-
	7.45 dB

	
	ABG
	3.62
	13.91
	2.25
	7.23 dB

	2, 10, and 18 GHz
	CI
	3.00
	-
	-
	7.13 dB

	
	ABG
	3.33
	20.07
	2.62
	6.67 dB

	2 and 10 GHz
	CI
	2.99
	-
	-
	7.27 dB

	
	ABG
	3.23
	21.48
	2.92
	6.65 dB

	10 and 18 GHz
	CI
	3.13
	-
	-
	6.17 dB

	
	ABG
	3.22
	42.08
	0.88
	6.00 dB

	2 and 18 GHz
	CI
	2.95
	-
	-
	6.84 dB

	
	ABG
	3.29
	21.55
	2.38
	6.66 dB


5 Conclusion
In this contribution, observations were made for the UMa environment based on extensive measurements in the Aalborg, Denmark environment plus a ray-tracing study in the same environment.  The following conclusions are drawn:
1.
The UMa path loss appears to have little frequency dependency except for the free space path loss at a reference distance (e.g., a reference distance of 1 m).
2.
UMa path loss decreases with TX height in NLOS and appears to decrease more at higher frequencies (at least going from 2 to 10 GHz, going from 10 GHz to 18 GHz showed little change).  In LOS, there is no significant change in path loss with TX height.
3.
From measurements, the shadow fading in the UMa environment appears not to match the log-normal distribution well, particularly for frequencies of 10 GHz or higher based on measurements.  The likely reason is that the measurement environment includes blockage and thus a blockage model needs to be present in bands above 6 GHz.

4.
The RMS delay and angle spreads appear to decrease with frequency in the NLOS environment.

5.
The Ricean K factor decreases with distance, particularly after around 100-150 m depending on TX height.

6.
The gamma parameter (which characterizes how the path loss changes across frequency) in the ABG model is very unstable when looking at different combinations of frequencies in the measured data.  It is recommended that 3GPP is cautious about the use of the gamma parameter in path loss modeling since it can vary quite a bit when looking at data in a single environment.  When calculating across multiple data sets which include a variety of environments at different frequencies, it will be impossible to tell if the environment is causing the path loss changes across frequency or if gamma indeed properly models the path loss tend across frequency.
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Appendix A. Measurement Details
Table 5. Summary of Measurement Routes and Frequencies

	Frequency
	Tx Antenna Height
	Location(s)
	Measurement Range
	Number of Samples

	10 GHz
	15 m
	2, 3
	54.5 - 793.5 m
	8,765

	
	20 m
	1a
	60.5 - 880.3 m
	3,022

	
	25 m
	2, 3
	60.2 - 1239.3 m
	19,723

	
	54 m
	4a, 4b
	68.4 - 1425.5 m
	28,123

	18 GHz
	15 m
	3
	52.8 - 926.8 m
	5,296

	
	20 m
	1a
	60.2 - 870.6 m
	3,328

	
	25 m
	2, 3
	60.8 - 1032.3 m
	10,285

	
	54 m
	4a, 4b
	52.2 - 1429.1 m
	31,064

	28 GHz
	15 m
	1b, 3
	50.7 - 539.8 m
	5,841

	
	20 m
	1a, 1b
	60.4 - 539.8 m
	3,328

	
	25 m
	1b, 2, 3
	50.7 - 876.7 m
	10,285
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