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REPORT ITU-R P.2406-2

Studies for short-path propagation data and models for terrestrial
radiocommunication systems in the frequency range 6 GHz to 450 GHz 1

(Question ITU-R 211/3)
(2017-2019-2021)

1 Introduction

In recent years, many research projects, research institutes and organizations have undertaken
activities in characterizing terrestrial propagation environments in higher frequency bands (above
6 GHz) as one of the emerging areas of research. This is especially important since there is not yet a
complete set of verified and agreed-upon propagation data, channel models and prediction methods
for higher frequencies in ITU-R to evaluate emerging terrestrial radiocommunication systems and
applications and to conduct sharing studies between the same or different systems.

This Report provides visibility on progresses and trends reported to ITU-R related to short-path
propagation models and related characteristics in the frequency range 6 GHz to 450 GHz.

2 Scope

This Report provides experimental and theoretical results related to:

- propagation models and characteristics relevant to terrestrial radiocommunication services;
— indoor and outdoor environments;

— line-of-sight and non-line-of-sight propagation conditions;

— the frequency range 6 GHz to 450 GHz.

This Report includes the following information:

— results of propagation experiments, analyses and simulations related to the above
environments and scenarios;

— preliminary proposals of channel models and prediction methods, based on results of
experiments, analyses, simulations;

— additional background information that complements the Recommendations ITU-R P.1411
and ITU-R P.1238, e.g. explanations on how the propagation data and models were obtained
and derived.

3 Related documents and list of studies

3.1 Related documents
Recommendation ITU-R P.1411
Recommendation ITU-R P.1238

1 Further measurement results are required to validate the models above 100 GHz in this Report (also see
Question ITU-R 211-7/3).
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3.2

The studies described in this ITU-R Report for outdoor environments are shown in Table 1. The
studies for indoor environments are shown in Table 2.

List of studies

TABLE 1
List of studies for outdoor environments
Section Study title Frequency Related Related
bands/ranges version of | section(s)
(GH2) Rec. in Rec.
ITU-R ITU-R
P.1411 P.1411
Urban and sub-urban environments
511 Site-general models 0.8~73 411,421
5.1.2 Site-specific model, propagation within street 4.1.3.2
canyons and modelling for chamfered shape | 2.2, 4.7, 26.4, 37.1
buildings at intersections
5.1.3 Site-specific model, propagation within street 28. 38 9 4.1.3.2
canyons '
5.1.4 Site-specific model, propagation over-rooftop 28. 38 9 4.2.2.2
in suburban environments '
5.15 Delc_aly spread, propagation in urban 25.5-28.5, 51-57, 9 5.1.1,
environments, below-rooftop and over- 5.1.2.2
67-73
rooftop
516 Delay spread, propagation in urban 9 5.1.2.2
- 28, 38
environments, below-rooftop
5.1.7 Delay spread, propagation in urban 29.3-31.5, 58.7- 9 5.1.2.2
environments, below-rooftop 63.1
5138 Prediction models of delay and angular 9 5.3
. . 28, 38
spreads as a function of antenna beamwidth
5.1.9 Cross-polarization discrimination 51-57, 67-73 9 6
Residential environments
521 Basic transmission loss model for 9 4.3.3
propagation between terminals located below | 2.4, 4.7, 26.4
roof-top height in residential environments
522 Delgy spread, propagation in residential 25.5-28.5, 67-73 9 5122
environments, below-rooftop
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TABLE 2
List of studies for indoor environments
Section Study title Applicable Related Related
frequency version of | section(s)
bands/ranges Rec. in Rec.
(GH2) ITU-R ITU-R
P.1238 P.1238
6.1 Site-general models (Frequency range: 0.3-100 11 3.1
variable in 0.3-100 GHz)
6.2 Power loss coefficients and shadow fading 0.8,2.2,4.7, 26, 9 3.1
statistics 37
6.3 Power loss coefficients and shadow fading 28, 38 9 3.1
statistics
6.4 Power loss coefficients, shadow fading 51-57, 67-73 9 31,43
statistics, rms delay spread parameters
6.5 Power loss coefficients 70 9 3.1
6.6 Power loss coefficients 300 9 3.1
6.7 Rms delay spread parameters 28, 38 9 4.3
6.8 Rms delay spread parameters 30, 60 9 4.3
6.9 Antenna directivity dependence of static rms | 60 9 5.1.2
delay spread in NLoS
6.10 Effects of antenna beamwidth to multipath 28, 38 9 5.1.2
delay and angular spread
6.11 Effect of movement of objects in the room 70 9 8
6.12 Power loss coefficients 250-325 10 3.1
6.13 Power loss coefficients (Frequency bands: 340, 410 11 3.2
340 and 410 GHz)
4 General considerations for mobile systems

In order to be of practical use, propagation data and models must take into account the following
likely technological developments and deployment scenarios associated with future terrestrial mobile
systems operating in the range 6 GHz to 450 GHz:

- Mobile systems operating in the range 6 GHz to 450 GHz will likely be deployed
predominantly in areas where the density of mobile traffic is very high, such as indoor,
outdoor and outdoor-to-indoor urban environments.

— There is growing evidence that several frequency bands above 6 GHz can be used to provide
non-line-of-sight mobile services over hundreds of metres or more, as well as under mobility.

- Overcoming the propagation limitations associated with spectrum in the range 6 GHz to
450 GHz will likely require the use of highly directional, steerable antennas at the transmitter,
receiver, or both.

- To be able to provide anticipated future data rates, mobile systems operating in the range
6 GHz to 450 GHz should support contiguous bandwidths of hundreds of megahertz or more.
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5 Studies for outdoor environments

51 Urban and suburban environments

5.1.1 Study 1: Site-general models (Frequency range: variable in 0.8 ~ 73 GHz)

5.1.1.1 Executive summary

This section provides additional information related to the development of site-general models for
urban and suburban environments included in Recommendation ITU-R P.1411.

5.1.1.2 Background and proposal

The site-general model is provided by the following equation:

where:

B:
Y:

N(0,0):

PL(d, f) = 10alog,o(d) + B + 10ylog,,(f) + N(0,0) (dB) 1)

3D direct distance between the transmitting and receiving stations (m)
operating frequency (GHz)

coefficient associated with the increase of the basic transmission loss with
distance

coefficient associated with the offset value of the basic transmission loss

coefficient associated with the increase of the basic transmission loss with
frequency

Gaussian distribution with standard deviation o.

5.1.1.3 Measurement setup and procedure

Table 3 provides the list of data sets used to develop the site-general models.

TABLE 3

Data sets for the development of site-general models for urban and suburban environments

Propagation category | Environment Link Frequency Distance Contributors
type (GHz) (m)

0.8 10-530 NTT

2.2 10-530 NTT

_ 4.7 10-500 NTT

Below roof top Urb??sz'gh' LoS 6 5-650 RRA

10 40-660 RRA

18 35-565 RRA

26.4 10-500 NTT
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TABLE 3 (end)

Propagation category | Environment Link Frequency Distance Contributors
type (GHz) (m)
28 10-380 ETRI
37.1 10-500 NTT
38 10-320 ETRI
60 5-50 Intel
0.8 45-690 NTT
NLoS 2.2 45-690 NTT
4.7 40-690 NTT
6 50-705 RRA
10 65-715 RRA
18 50-570 RRA
26.4 40-690 NTT
28 25-235 ETRI
37.1 40-610 NTT
38 30-230 ETRI
10 10-210 Intel
27 (255-285) | 20-140 Durham
University
28 10-250 ETRI, Samsung
LoS 38 10-250 ETRDI, S:msung
urham
54 (51-57) 20-140 University
60 10-210 Intel
Urban low-rise Durham
Below roof top / Suburban 70 (67-73) 10-140 University
10 10-165 Intel
27(255-285) | 10-140 Durham
University
NLOS 28 30-250 ETRI, Samsung
38 30-240 ETRI, Samsung
60 10-150 Intel
Durham
70 (67-73) 10-170 University
2.2 155-1140 NTT
LoS 4.7 155-1140 NTT
26.4 155-1140 NTT
Urban high- 66.5 170-340 NTT
Above roof top rise 22 260-1630 NTT
4.7 260-1630 NTT
NLoS 26.4 260-1630 NTT
66.5 260-340 NTT
Durham
Urban low-rise 27(255-285) | 55-145 University
Above roof top / Suburban LoS Durh
70 (67-73) 55-145 drham

University
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The following methodology was applied to gather and harmonize the different sets of data:

5.1.1.4

Sub-sample all measurement data with local median every 1 metre.

Develop a single propagation model encompassing all available frequencies per environment
(urban high-rise, urban low-rise/suburban) and condition (below-rooftop, above-rooftop).

For each environment and condition, use a common distance range available across all
available data sets and frequencies for basic transmission loss fitting. However the minimum
and maximum distance range was used for distance range applicability of the models (e.g.
the min-max ranges for urban high-rise NLoS below-rooftop were 30 to 715 m, while the
common distance range based on which basic transmission loss fitting was performed, was
65 to 230 m).

A 10 dB minimum SNR level above noise-floor was applied on every data set.
All basic transmission loss measurements were given with respect to the 3D direct distance
between the Tx and Rx antennas.

Validation results

Basic transmission loss obtained for different environments and situations, based on all data sets and
the methodology above, are depicted in the following Figures:

Figure 1: LoS situations in below-rooftop urban and suburban environments.
Figure 2: NLoS situations in below-rooftop urban environments.

Figure 3: NLoS situations in below-rooftop suburban environments.

Figure 4: LoS situations in over-rooftop urban and suburban environments.
Figure 5: NLoS situations in over-rooftop urban environments.

FIGURE 1

Basic transmission loss for LoS in below-rooftop urban and suburban environments
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FIGURE 2

Basic transmission loss for NLoS in below-rooftop urban environments
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FIGURE 3

Basic transmission loss for NLoS in below-rooftop suburban environments
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FIGURE 4

Basic transmission loss for LoS in above-rooftop urban and suburban environments
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FIGURE 5

Basic transmission loss for NLoS in above-rooftop urban environments
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5.1.1.5 Summary of the results

The results from the different data sets showed consistent behaviour across all frequency ranges for
both LoS and NLoS situations in the different environments studied. The resulting coefficients (o, {3,
Y, o) associated with the model have been included in Recommendation ITU-R P.1411.
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5.1.2 Study 2: Site-specific model, propagation within street canyons and modelling for
chamfered shape buildings at intersections (Frequency bands: 2.2, 4.7, 26.4, 37.1 GHz)
5.1.2.1 Executive summary

This section provides additional information on the site-specific model for propagation within street
canyons, included in Recommendation ITU-R P.1411. This study focuses on the extension of the
upper frequency limit of the model to 37.1 GHz and modelling for chamfered shape buildings at
intersections.

5.1.2.2 Background and proposal

5.1.2.2.1 Site-specific model for propagation below-rooftop within street canyons
The site-specific model is provided by the following expression:

Lnios2 = Lios + Le + Lat )
I-corner
10g;q(X, —W,; /2 W, /2+1<X, <W;/2+1+d

Lc — |0910(1+dcorner) 910( 2 1/ ) 1/ 2 1/ corner (3)

I—corner Xy > W1/2 +1+d corner

X1 + X

10Blo 172 X, >W /2+1+d
= B glo(x1 i W1/2 N dcorner} 2 1 corner (4)

0 Xo SWp/2+1+deommer

where:
Lyros2:  total basic transmission loss (dB)
L;,s: basic transmission loss before the corner region (dB)
L.: basic transmission loss expression at the corner region (dB)
Lgaet. basic transmission loss expression after the corner region (dB)
dcorner-  distance of the corner region (m)
Leorner:  basic transmission loss at the corner region (dB)
w;. street width at the position of the Station 1 (m)
w,: street width at the position of the Station 2 (m)
x,: distance from Station 1 to the corner region (m)
x,. distance from the corner region to Station 2 (m).

LLos is the basic transmission loss in the LoS street for x1 (> 20 m). In equation (3), Lcormer is given as
20 dB in an urban environment and 30 dB in a residential environment. And dcorner 1S 30 m in both
environments.

5.1.2.2.2 Basic transmission loss model for chamfered shape building at intersection

In equation (4), B = 6 in urban and residential environments for wedge-shaped buildings at four
corners of the intersection as illustrated in case (a) of Fig. 6. If a particular building is chamfered at
the intersection in urban environments as illustrated in case (b) of Fig. 6, B is calculated by equation
(5). Because the specular reflection paths from chamfered-shape buildings significantly affect basic
transmission loss in NLoS region, the basic transmission loss for case (b) is different from that for
case (a).

B = 4.2 + (1.4 10g10 f - 7.8)(0.8 10g10 x1 - 1.0) (5)
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where f is frequency in MHz.

FIGURE 6
Case (a) Wedge shaped buildings layout Case (b) Chamfered shape buildings layout
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5.1.2.3 Measurement setup and procedure

The propagation characteristics were measured around Tokyo Station, Tokyo, Japan. Most buildings
in this area fall into the high-rise (over 30 m) category, and the gaps between buildings are small
compared with the building width. This environment is called a “street canyon”.

The basic transmission loss measurements in four NLoS routes, NLoS1 to 4, including LoS, were
taken as shown in Fig. 7. The measurements were taken in four frequency bands: 2.2, 4.7, 26.4 and
37.1 GHz. Tx antennas were set at two different positions (Tx1 and Tx2), at 10-m height. They were
used to transmit continuous waves (CW). An Rx antenna was fixed on the roof of a measurement car
whose height was 2.5 m. The antenna radiation pattern was omni-directional. Table 4 summarizes
these parameters. The distance to the intersection was about 242 m for NLoS 1, 57 m for NLoS 2,
169 m for NLoS 3, and 192 m for NLoS4. The moving distance after the corner was 913 m for NLoS1,
440 m for NLoS2, 925 m for NL0S3, and 372 m for NLoS4. Figure 8 shows photographs of the
measurement environment.

FIGURE 7
Measurement routes at (a) Tx1 (b) Tx2
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A A T .
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TABLE 4

Measurement parameters
Measured frequency (GHz) 2.2,4.7,26.4 and 37.1 (CW)
Antenna radiation pattern Omni-directional in horizontal plane for both Tx and Rx
Antenna gain Around 2 dBi for each antenna
Tx antenna height 10 m from the ground
Rx antenna height 2.5 m from the ground

FIGURE 8

View from (a) Tx1 (b) Tx2

g ar - MK
L

In a second measurement campaign, the basic transmission loss measurements were taken as shown
in Fig. 9. The measurements were taken in four frequency bands: 2.2, 4.7, 26.4 and 37.1 GHz. Tx
antennas were set at 10 m height. They were used to transmit continuous waves (CW). An Rx antenna
was fixed on the roof of a measurement car whose height was 2.5 m. The antenna radiation pattern
was omni-directional. Table 5 summarizes these parameters. The distance to the intersection was
about 169 m. The moving distance after the corner was 431 m.

FIGURE 9

Measurement route
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Corner region
dcorner=30m g

Tx.
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TABLE 5
Measurement parameters
Measured frequency (GHz) 2.2,4.7,26.4 and 37.1 (CW)
Antenna radiation pattern Omni-directional in horizontal plane for both Tx and Rx
Tx antenna height 10 m from the ground
Rx antenna height 2.5 m from the ground

5.1.2.4 Validation results

5.1.2.4.1 Wedge shaped building at intersection

This subsection shows comparison results in the case of a wedge-shaped building at the intersection.
This shape is utilized by a Manhattan grid layout. The measurements for NLoS4 at Tx2 and
predictions are summarized in Fig. 10. From this Figure, the prediction with Recommendation ITU-R
P.1411 seems relatively accurate. Quantitative evaluation is given where root mean square (RMSE)
values of each frequency band are calculated. Figure 10 shows RMSE to be about 3.7 dB at 2.2 GHz,
3.2dBat4.7 GHz, 3.0dB at 26.4 GHz, and 3.3 dB at 37.1 GHz with Recommendation ITU-R P.1411.
This shows that the Recommendation ITU-R P.1411 model can cover the frequency range up to
37.1 GHz for a wedge-shaped building layout.

FIGURE 10

Comparison of measurement results and predicted results with ITU-R model for NLoS4
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5.1.2.4.2 Chamfered shape building at intersection

Figure 11 compares measurement results with prediction results. Table 6 shows the median prediction
error values for prediction results obtained with the proposed and current models at the distance range
from 185 to 600 m and at the distance range from 185 to 300 m. The Table shows that the prediction
error values obtained with the former are almost the same as those obtained with the latter at places
near the intersection. On the other hand, Table 6 shows that the prediction error values obtained with
the former are smaller than those obtained with the latter at places far from the intersection. In the
chamfered shape building case, the proposed model is valid at distances relatively far from the
intersection because the specular reflection paths from chamfered shape buildings significantly affect
basic transmission loss in NLoS regions and the coefficient parameter § becomes smaller than for the
wedge-shaped building case. As a result, it was possible to confirm that the proposed model covers
all distances from the intersection.
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FIGURE 11

Comparison of prediction results obtained with proposed and current models
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TABLE 6

Prediction error values

Prediction error (dB) Prediction error (dB)

Frequency Places far from an intersection Places near an intersection
(GHz) (from 185 to 600 m) (from 185 to 300 m)

Proposed model Current model Proposed model Current model

2.2 -14 -11.9 —4.2 7.1

4.7 -0.9 -10.6 —-4.4 -7.4

26.4 -1.3 -9.3 2.1 4.4

37.1 -1.0 —8.6 -2.3 —4.2

5.1.25 Summary of the results

This study presented the verification results obtained for a site-specific basic transmission loss model
in street canyon environments. An extension model of Recommendation ITU-R P.1411 that is
applicable for chamfered shape buildings was proposed. To verify the model’s validity, ray tracing
calculation was used to obtain results which were compared with measurement results. It was clarified
that specular reflection paths from chamfered shaped buildings strongly contribute to basic
transmission loss, since in this case the prediction error values ranged from about 4.1 to 7.0 dB for
bands between 2.2 and 37.1 GHz. In addition, it was confirmed that the prediction error obtained with
the proposed and current models is almost the same at distances relatively near the intersection, thus
confirming the proposed model’s validity at distances relatively far from the intersection in NLoS
streets. These results indicate that the proposed model covers all distances from the intersection.

5.1.3 Study 3: Site-specific model, propagation within street canyons (Frequency bands: 28,
3 GH2)
5.1.3.1 Executive summary

This section provides additional information on the site-specific model for propagation within street
canyons, included in Recommendation ITU-R P.1411. This study focuses on the extension of the
upper frequency limit of the model to 38 GHz.
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5.1.3.2 Background and proposal
The site-specific model is provided by the following expression:

Lntosz = Lios + ke + Lan (6)
I-corner
10g;q(X, —W,; /2 W, /2+1<X, <W;/2+1+d

L. = IOglO(l"'dcorner) 910( 2 1/ ) 1/ 2 1/ corner (7)

I—corner Xy > W1/2 +1+d corner

X1 + X
10plo 1 72 X, >W /2+1+d

att — B 910( Xq + Wl/2 + dcorner} ? ! commer (8)

0 Xo SWy/2+1+dcomer

where:
Lyros2:  total basic transmission loss (dB)
L;,s . basic transmission loss before the corner region (dB)
L. : basic transmission loss expression at the corner region (dB)
Lgee - basic transmission loss expression after the corner region (dB)
dcorner - distance of the corner region (m)
Leorner - basic transmission loss at the corner region (dB)
w; . Street width at the position of the Station 1 (m)
w, . street width at the position of the Station 2 (m)
x, . distance from Station 1 to the corner region (m)
x, . distance from the corner region to Station 2 (m).
LLos is the basic transmission loss in the LoS street for x1 (> 20 m). In equation (7), Lcorner IS given as

20 dB in an urban environment and 30 dB in a residential environment. And dcorner 1S 30 m in both
environments.

Note that the applicable frequency range was from 2 to 16 GHz in Recommendation ITU-R P.1411-8
and the range was extended up to 38 GHz in Recommendation ITU-R P.1411-9 based on the study
described here.

5.1.3.3 Measurement setup and procedure

Figure 12 shows the 28/38 GHz channel sounder, where detailed specification relevant to basic
transmission loss measurements is listed in Table 7.
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FIGURE 12

Measurement equipment

[TRXM: Transceiver Module] [BBM : Baseband Module] [RFM: RF Module]

‘ \Y‘
{ Y X!
[Directional Horn Antennas]

[3D-Positioner]
[Power Module] [Omni-directional Antenna]

[TIM: Timing Module]

TABLE 7

Measurement equipment specification
System parameters Specifications
Centre frequency 28 and 38 GHz
Maximum Tx RF power 29 dBm (28 GHz)
(w/o antenna gain) 21 dBm (38 GHz)
AGC range 60 dB
Measurable basic transmission loss range 170 dB

Measurement campaigns were conducted in urban street environments with the following
configurations:

- 4 m Tx height and 1.5 m Rx height;
— 30-50 m building height and 30 m street width;
— Two different Tx locations.

Figure 13(a) shows the measurement environment, which can be considered as a street canyon
environment. This street is in a downtown metro station in Daejeon near the City Hall. The average
street width is 30 m and the building height is between 30 m and 50 m.

Figure 13(b) shows the measurement layout on which the location of Tx and the measurement route
of Rx are marked. During the measurements, Tx was held stationary and Rx was moved along the
designated measurement route. As can be seen, the Rx measurement route is perpendicular to the Tx
street, the corner is the NLoS obstruction source. To see the effect of the distance between the corner
and Tx, measurements were conducted in two different Tx locations: 65 m (denoted by Tx1) and
105 m (denoted by Tx2). Considering two frequencies (28 and 38 GHz) and two Tx locations, four
sets of measurements were collected.
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FIGURE 13

Measurement street environment (b) Measurement layout

5.1.3.4 Validation results

This section retraces the archived documents relevant to the Recommendation ITU-R P.1411 NLoS
basic transmission loss model. The first proposal was made in 2001, in which a then-new propagation
model for the SHF band was proposed based on 3.35, 8.45 and 15.75 GHz measurements. By
comparing these frequency band measurements to the then-existing UHF propagation model, it
claimed that the propagation behaviour in the SHF band is different, and proposed an initial model.
With continuing discussions in the Working Party 3K meetings, the current form of the model was
adopted in 2007.

If measurement conditions of previous measurements and results are briefly reviewed, their x;
distance (distance between TX and the corner) is 65 and 430 m (ours is 65 and 105 m). With their x;
distance setting, they obtained L., and B, as listed in Table 8. Note that since they have only two
TX-location measurements, the “ranges” in Table 8 were derived from only these two measurements.

TABLE 8

Rec. ITU-R P.1411 NLoS basic transmission loss model parameters for
urban environments obtained from previous measurements

Frequency (GHz) Leorner (dB) B
3.35 16-17 4.7-12
8.45 22-28 5.2
15.75 22-23 4.2-12
Rec. ITU-R P.1411 nominal (typical) value 20 6

Although the literature and archived documents were searched, it was not possible to find a nominal
(typical) value determination process, which was set t0 L.yyner = 20 dB and B = 6 for urban
environments. According to a previous contribution in 2005, the “typical value” of 3 was chosen as
8, since the range of  was from 4.7 to 12. In another contribution (2006), the typical value of 8 was
changed to 6 since the range was adjusted from 4.2 to 12. A similar argument is applied to Ly;ner-

According to the two contributions mentioned above, the typical value of L., Was chosen as
20 dB in urban environments, considering that measurements were given by 16-28 dB. The reason
for this choice was drawn from arguments regarding the importance of cell-edge interference in
practical cellular network designs, which emphasized the importance of the lower bound. It can be
observed that the parameter range from the measurements as listed in Table 9 are also in, or close to,
the parameter range of the original document listed in Table 8. Considering the small RMSE
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differences, it is proposed that the same typical value can be used for 28 and 38 GHz. Figure 14 shows
the 28 and 38 GHz measurement data along with the predictions generated by the existing
Recommendation ITU-R P.1411 street canyon NLoS propagation model.

TABLE 9
Parameter range from measurement data
Frequency (GHz) Lorner (dB) B
28 10-19 4-11
38 14-20 6-10
FIGURE 14
Measurement data and prediction to the existing Recommendation ITU-R P.1411 model
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O 38 GHz measurements o O 38 GHz measurements
100 | D e] prediction with existing P.1411 for 28 GHz | | 100 - prediction with existing P.1411 for 28 GHz ||
O% prediction with existing P.1411 for 38 GHz prediction with existing P.1411 for 38 GHz
%%
o 1100 N 1@ 1101 §
2 Z
] )
L 120 -4 L
< < 120 i
8 8
130 - B
130 |- B
140 - B
Ono
o 140 |- B
! ! ! ! !
80 100 120 140 160 180 120 140 160 180 200 220
travel distance x1 + x2 (m), x1 =65 (m) travel distance x; 4+ x; (m), x; = 105 (m)

5.1.3.5 Summary of the results

Based on the results and analyses above, it can be concluded that the applicable frequency range of
the site-specific model for NLoS propagation in street canyon environments can be extended to
38 GHz.

5.1.4 Study 4: Site-specific model, propagation over-rooftop in suburban environments
(Frequency bands: 28, 38 GHz)
5.14.1 Executive summary

This section provides additional information on the site-specific model for propagation over-rooftop
in suburban environments, included in Recommendation ITU-R P.1411. This study focuses on the
extension of the upper frequency limit of the model to 38 GHz.

5.1.4.2 Background and proposal
The site-specific model is provided by the following expression:
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20- Ioglo(élzd) for d<dj (Direct wave dominant region)
LnLost = Lon for dy <d <dgrp (Reflected wave dominant region) (9)
32.1- Ioglo[dd] +Llg,, for d=dgp (Diffracted wave dominant region)
RD

where:
d: 3D direct distance between the transmitting and receiving stations (m)
A. wavelength (m)
d, . distance separating the direct and reflected wave dominant regions (m)
Lon: basic transmission loss expression for the reflected wave dominant region (dB)
drp: distance separating the reflected and diffracted wave dominant regions (m)
Lg,,. basic transmission loss expression for the diffracted wave dominant region (dB).

Equations that further detail this model can be found in Recommendation ITU-R P.1411.

5.1.4.3 Measurement setup and procedure

The measurement campaign was conducted in Gwanpyeong, Daejeon, Republic of Korea.
Transmitter (Tx) was installed on the top of a 30 m high building. The average height of buildings
surrounding Tx was 11 m and the average width of the streets was 10 m. Receiver (Rx) was set on
the streets and its height was 1.7 m. The beam width of Tx was 30 degrees and an omni-directional
receive antenna was used. In Fig. 15(a), Tx and Rx which were used in the measurement campaign
are shown. To obtain various transmission losses with respect to distance, Rx was consistently moved
in small increments. Thus, Rx routes were made. The location of Tx and Rx routes are provided in
Fig. 15(b). The frequency band of 28 GHz and 38 GHz were measured at the same streets, thus the
number of Rx routes for 28 GHz and 38 GHz are the same. However, the number of total transmission
loss samples are different (28 GHz: 810, 38 GHz, 666). It is assumed that a limitation of measurement
performance makes the difference.

FIGURE 15
(a) View from Tx and Rx (b) Locations of Tx and Rx
g %
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5.1.4.4 Validation results

In Fig. 16, a comparison of the measurements and Recommendation ITU-R P.1411 over rooftops
basic transmission loss model are provided. The parameters of Recommendation ITU-R P.1411 over
rooftops basic transmission loss model are shown in Table 10. As a matter of fact, every angle of
street orientation () of the samples is different. However, to compare the measurements and the
basic transmission loss model, 45 degree is chosen to represent the rest of . The boundary between
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the reflected and diffracted wave dominant regions (dro) of Recommendation ITU-R P.1411 over
rooftops basic transmission loss model becomes 121.86 and 125.07 at 28 GHz and 38 GHz
respectively. To verify the application of Recommendation ITU-R P.1411 over rooftops the basic
transmission loss model at 28 GHz and 38 GHz, RMS errors, which are tabulated in Table 11, are
calculated. RMS errors of the reflected wave dominant region and the diffracted wave dominant
region are 7.77 dB and 7.71 dB, respectively, thus the total RMS error becomes 7.73 dB. Considering
the RMS error of 7.73 dB, it is clear that the Recommendation ITU-R P.1411 over rooftops basic
transmission loss model matches the measurements at 28 GHz and 38 GHz.

FIGURE 16
Comparison of the measurements and Rec. ITU-R P.1411 over rooftops at (a) 28 GHz and (b) 38 GHz
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TABLE 10
Over rooftops parameter list
hy BS antenna height (m) 30
h, MS antenna height(m) 1.7
h, Average building height(m) 11
w Average distance between buildings (m) 10
© Angle of street orientation(degree) 45
drp BS-MS separation at the boundary between the reflected and 121.86 (28 GHz)
diffracted wave dominant regions (m) 125.07(38 GHz)
TABLE 11

RMS error of the measurements and P.1411 over rooftops basic transmission loss model

28 GHz (dB) 38 GHz (dB)

Reflected wave dominant region 6.41 8.96
Reflected wave dominant region 7.77

(28 GHz + 38 GHz)

Diffracted wave dominant region 8.43 | 6.67
Diffracted wave dominant region 7.71

(28 GHz + 38 GHz)

All regions 7.97 l 7.41

All regions (28 GHz + 38 GHz) 7.73
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5.1.4.5

The results show that the reflected wave dominant region and diffracted wave dominant region are
well matched with the measurements. In addition, a total RMS error of 7.73 dB is small enough that
a higher frequency, up to 38 GHz, is applicable. As a result, it can be concluded that the
Recommendation ITU-R P.1411 over rooftops basic transmission loss model can be applied up to
38 GHz.

Summary of the results

5.1.5 Study 5: Delay spread, propagation in urban environments, below-rooftop and over-
rooftop (Frequency bands: 25.5-28.5 GHz, 51-57 GHz, 67-73 GHz)
5.1.5.1 Executive summary

This section provides additional information for the rms delay spread values included in
Recommendation ITU-R P.1411. This study focuses on the frequency ranges 25.5-28.5 GHz,
51-57 GHz and 67-73 GHz based on measurements made in urban high-rise and low-rise
environments.

5.1.5.2 Background and proposal

Table 12 and Table 13 show the proposed rms delay spread values for over-rooftop and below-
rooftop, respectively.

TABLE 12
Rms delay spread values for 25.5-28.5 GHz, 51-57 GHz and 67-73 GHz, over-rooftop case
rms delay
Measurement conditions spread
(ns)

TX RX g;?;f/
Scena f ha h2 | Range | beam- beam- Polariza o o
A | Trio | GH2) | m) | (m) | () | width | width | "0 gion | 50% | 95%

(degree) | (degree) (ns)
255- 20 | 1.6 | 54-142 33 i 0.5 hAd 22% | 699
28.5 : ] omn ‘ HV | 980 | 2810
VV/HH | 1.6® | 4020
VH/HV | 270 | 37.90

51-57 | 18.2 | 1.6 | 50-180 56.3 18.4 0.5
Los VV/HH | 75@ | 9210

0

%Irgﬁ” VHHV | 480 | 819
rise VV/HH 1.70 | 31.3W
67-73 | 18.2 | 1.6 | 50-180 40 14.4 05 | VHHV | 20 | 1920
VV/HH | 6@ | 78.7@
67-73 | 20 | 1.6 | 54-142 40 omni 0.5 \AY, 2 9.8
NLoS 22%% 20 | 1.6 | 61-77 33 omni 0.5 vV 745 | 159.1

@) Receiver antenna rotated around 360 degrees. The values represent when the bore-sight of receiver antenna is aligned
to the direction of transmitter.

@ Receiver antenna rotated in a step of 5° around 360 degrees. The value represents a directional delay spread when
the bore-sight of receiver antenna is not aligned to the direction of transmitter.
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TABLE 13
Rms delay spread values for 25.5-28.5 GHz, 51-57 GHz and 67-73 GHz, below-rooftop case
. rms delay spread
Measurement conditions
(ns)
TX RX Time
Scena f h: | h2 | Range | beam- beam- delay | Polari o o
Area | “rio | @Hz) | m) | (m) | (m) | width | width | resoluti | zation | 07 | 95%
(degree) | (degree) | on (ns)
vV 35 43.6
> | 3 |16 | 18140 33 Oomni 05
: HV 8.7 57
VV/H | 0.740 30
H
VH/H 1.70 7.5
\Y;
51-57 | 3 | 1.6 | 11-180 | 56.3 18.4 0.5
VV/H | 11.2@ | 72.9@
H
@ @
LoS VI;/|/H 8.5 40.9
Urban
low- VV/H 0.6 3.50
rise H
VH/H 1.60 5.90
\Y
3 | 1.6 | 11-180 40 14.4 0.5
67-73 VV/H 8.9@ 80@
H
VH/H 5@ 39.8@
\%
3 | 1.6 | 18-140 40 Oomni 0.5 A% 2.6 36
255 | 3 | 16 | 40-84 33 omni 0.5 vV 134 303
NLoS 28.5
67-73 3 1.6 | 40-84 40 Oomni 0.5 \AY 10 23.7

M Receiver antenna was rotated around 360 degrees in measurements. The value represents a directional delay spread
when the bore-sight of receiver antenna is aligned to the direction of transmitter.

@ Receiver antenna was rotated in a step of 5° around 360 degrees in measurements. The value represents a directional
delay spread when the bore-sight of receiver antenna is not aligned to the direction of transmitter.

5.1.5.3 Measurement setup and procedure

To study the radio channel in these wave bands, a custom designed radio channel sounder capable of
measuring with two transmit and two receive antennas has been designed [1] and used for
measurements in an outdoor environment with a transmit antenna height at ~3 m for below roof top
measurements and 18.2 m for above roof top measurements. The receiver antenna height was set at
1.6 m for all the measurements.

In a first set of measurements, horn antennas were used at the receiver with a beam width (18.4° in
the E plane and 19.7° in the H plane at 50 GHz and 14.4° in the E plane and 15.4° in the H plane at
67.5 GHz). At the transmitter two horn antennas with beam widths (56.3° in the E plane and 51.4° in
the H plane at 50 GHz and 40° in the E plane and 38° in the H plane at 67.5 GHz). To perform dual
polarisation measurements, a twist was used at one of the transmit channels and another at one of the
receive channels. To enable LoS measurements (including both cases where the bore-sight of the
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receive antenna is aligned and not aligned to the direction of the transmitter) the receiver was mounted
on a turntable which was rotated in 5 degree steps. The measurements were performed with a 6 GHz
bandwidth with a 305 Hz waveform repetition frequency and data were acquired over 1 second for
each angle of rotation. Measurements were performed in two frequency bands: 51-57 GHz and
67-73 GHz along a number of routes in a low rise urban environment which included street canyons,
open squares, pedestrian paths and road side scenarios. The data were analysed with a 2 GHz
bandwidth, to give a 0.5 ns time delay resolution and the power delay profiles from all angles of
rotation were used to estimate the rms delay spread in the two frequency bands for 20 dB threshold.

In a second set, measurements were performed with dual polarised antennas at the transmitter and an
omni-directional antenna at the receiver with vertical polarisation. At the transmitter two horn
antennas with beam widths (40° in the E-plane and 38° in the H-plane) were used in the 67-73 GHz
band with a twist at one of the transmit channels. In addition, a new set of dual polarised transmitters
and two receivers were designed and implemented to perform measurements in the 25.5-28.5 GHz
band. The transmit antenna has a 3 dB beam width of ~36° in the H-plane and 33° in the E-plane and
the receive antenna was omni-directional. The measured environments include above rooftop and
below roof top in both residential and low rise urban environments. The measurements were
performed in both line of sight and non-line of sight where the transmitter was placed around the
corner of a street. The data were systematically collected by moving the receiver trolley over
consecutive 1 m intervals and the power delay profiles were then obtained by dividing the 1 m data
into five sections. The data were analysed with 2 GHz bandwidth to give a 0.5 ns time delay resolution
and the power delay profiles were used to estimate the rms delay spread in the two frequency bands
for 20 dB threshold using the method defined in Recommendation ITU-R P.1407.

Figure 17 shows some of the measured environments.

FIGURE 17

View of the measured environment (a) above rooftop, (b) below rooftop

5.1.5.4 Validation results

For the first set of experiments described in the previous section, Table 14 gives the parameters of
the rms delay spread for the 51-57 GHz and 67-73 GHz bands for the co-polar and cross polar
antennas for the LoS case (where the bore-sight of receiver antenna is not aligned to the direction of
transmitter) for a 20 dB threshold from the maximum of the power delay profile in the street canyon
and open square environment.
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TABLE 14

Rms delay spread (ns) for LoS
(Tx and Rx antenna directions not aligned; street canyon and open square)
(a) 52 GHz (b) 68 GHz

(@)

CDF % \AY VH HV HH
50% 6.07 9.88 16.56 3.66
95% 20.98 86.44 139.48 67.62

(b)
CDF % \AY VH HV HH
50% 3.39 10.16 12.43 5.53
95% 9.13 132.96 166.87 20.18

The data from all the below the roof top measured scenarios were then combined together and the
cumulative distribution function (CDF) generated for each polarisation for the two frequency bands.

The co-polarised (VV and HH) and cross-polarised (VH and HV) data for each of the two frequency
bands were then combined as shown in Fig. 18. Similarly the combined data for the over roof top

were used to generate CDF’s for the LoS and NLoS as in Fig. 19.

FIGURE 18

CDF of rms delay spread for LoS and “NLo0S” (i.e. LoS but with Tx-Rx antenna directions not aligned)
for below the roof top scenario (a) 51-57 GHz, (b) 67-73 GHz
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For the second set of experiments described in the previous section, Fig. 20 displays the CDF of the
rms delay spread obtained from all the measured locations below rooftop environments for the two
bands (with VV at 67-73 GHz and VV co-polarised and HV cross-polarised in the 25.5-28.5 GHz
band). Similarly, Fig. 21 displays the delay spread for the above roof top scenario for LoS and only
the VV in the 25.5-28.5 GHz for the NLoS scenario due to the limited number of data points that met
the 20 dB threshold.

FIGURE 20

Rms delay spread for 20 dB threshold in the 25.5-28.5 GHz and 67-73 GHz bands for the
(a) LoS, (b) NLoS scenarios for below roof top
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FIGURE 21

Rms delay spread for 20 dB threshold in the 25.5-28.5 GHz and 67-73 GHz bands for the
(a) LoS, (b) NLoS scenarios for above roof top
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The 50% and 95% values were estimated from the CDF’s and these are summarised in Table 13.

5.1.5.5 Summary of the results
These results and analyses were used as basis to propose the new rms delay spread values.

5.1.5.6 References

[1] Salous, Sana, Feeney, Stuart, Raimundo, Xavier & Cheema, Adnan (2016). Wideband MIMO
channel sounder for radio measurements in the 60 GHz band. IEEE Transactions on Wireless
Communications 15(4): 2825-2832.

5.1.6 Study 6: Delay spread, propagation in urban environments, below-rooftop
(Frequency bands: 28, 38 GHz)

5.1.6.1 Executive summary

This section provides additional information for the rms delay spread values included in
Recommendation ITU-R P.1411. This study focuses on the frequency bands 28 GHz and 38 GHz
based on measurements made in urban low-rise and very high-rise environments.
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Table 15 shows the proposed rms delay spread values.
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TABLE 15
Rms delay spread values for 28 GHz and 38 GHz, below-rooftop case
rms delay
Measurement conditions spread
(ns)
X RX Time
Scena f hi | h2 | Range | beam- beam- delay | Polariza o 0
Area | “rio | @Hz) | m) | m) | (m) | width | width | resoluti | tion | 0% | 95%
(degree) | (degree) | on (ns)
28 4 | 15| 0 30 10 2 \AY, 1.90 | 590
400
Urban
low- | LoS 38 4 | 15 | 50-400 30 10 2 \AY, 1.20 | 4.8®
rise 28 4 | 15 | 90-350 30 10 2 vV 48.5@ | 112.4@
38 4 | 15 | 90-250 30 10 2 \AY, 25.9@) | 75.0@)
28 4 | 15 | 50-350 30 10 2 \AY, 1.70 | 7.8
Urban | LoS
very 38 4 | 15 | 20-350 30 10 2 \AY; 1.60 | 7.40
high- 28 4 | 15 | 90-350 30 10 2 Y% 67.20 | 177.9@
rise | NLoS
38 4 | 15 | 90-350 30 10 2 \AY, 57.99) | 151.6@

M Receiver antenna was rotated around 360 degrees in measurements. The value represents a directional delay spread
when the bore-sight of receiver antenna is aligned to the direction of transmitter.

@ Receiver antenna was rotated around 360 degrees in measurements. The value represents a directional delay spread
regardless of antenna alignment.

5.1.6.3

Measurement setup and procedure

The delay spread measurement campaign has been performed using the millimetre wave channel
sounder, which was developed by Electronics and Telecommunications Research Institute (ETRI),
Republic of Korea [1]. Figure 22 is a wideband channel sounder for measuring the spatial and
temporal channel characteristics of 500 MHz bandwidth in the 28/38 GHz band. The RF modules
including antenna can rotates from 0° to 360° horizontally and tilts from —90° to 90° vertically. Table
16 shows detailed specifications of the channel sounder.

[TRXM: Transceiver Module]

FIGURE 22

28/38 GHz wideband channel sounding system

[BBM : Baseband Module]

[Power Module]

[TIM: Timing Module]

[Positioner]

[ 28GHz RF Module] )

38GHz RF Module
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TABLE 16
Specifications of the channel sounder

Description Specifications
Carrier Frequency 28/38 GHz
Channel Bandwidth 500 MHz
PN Code length 4 095 chips
Sliding factor 12,500
Receiver chip rate 499.96 MHz
Maximum TX Power 29/21 dBm
Automatic Gain Control range <60dB

The measurement campaign was done in Seoul and Daejeon of the Republic Korea. Seoul is an urban
very high-rise environment, which has a downtown area with 50-200 m height buildings and 54 m
wide streets. Daejeon is an urban low-rise environment, which has a small town area with 3~5 story
buildings (11~14 m height) and 18 m wide streets.

Directional horn antennas were used for 28/38 GHz. They have a gain of 15.4 dBi (30° HPBW, Half
Power Beam Width) at TX and 24.4 dBi (10° HPBW) at RX for 28 GHz, and 16.4 dBi (30° HPBW)
antenna at TX and 24.6 dBi (10° HPBW) antenna at RX for 38 GHz. The azimuthal rotation step size
was 10° for 28 GHz and 9° for 38 GHz from 0° to 360°. The elevation range was —10° to 10° for both

bands. The TX antenna was installed at a height of 4 m (assumed lamp-post level) and the RX antenna
at 1.5 m for both bands

The measurements were taken at 17 positions (7 LoS/11 NLoS) at the Seoul site and 21 positions
(6 LoS/15 NLoS) at the Daejeon site for 28 GHz, and 35 positions (17 LoS/18 NLoS) at the Seoul
site and 26 (9 LoS/17 NLoS) positions at the Daejeon site for 38 GHz. In the NLoS case, each position
has 36 x 3 = 108 samples for 28 GHz and 40 x 3 = 120 samples for 38 GHz. However, in the LoS
case, it refers to the case when the antennas are aligned; each position has 3 x 3 = 9 samples for both
bands. So the positions for LoS and NLoS are different from each other at 28/38 GHz.

5.1.6.4 Validation results

Figure 23 shows CDFs of all measurement results at each site and at each band. The typical rms delay
spread values of 50% and 95% of cumulative probability are shown in Table 15. The threshold value
of 20 dB is used for the rms delay spread calculation.

FIGURE 23
Cumulative probability of RMS delay spread in urban environments: (a) CDF of LoS (b) CDF of NLoS
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5.1.6.5 Summary of the results
These results and analyses were used as a basis to propose the new rms delay spread values.

5.1.6.6 References
[1] Jong Ho Kim, Y Yoon, Y. Chong and M Kim. "28 GHz Wideband Characteristics at Urban Area."
Vehicular Technology Conference (IEEE 82nd VTC-Fall) 2015.

517 Study 7: Delay spread, propagation in wurban environments, below-rooftop
(Frequency bands: 29.3-31.5 GHz, 58.7-63.1 GHz)

5.1.7.1  Executive summary

This section provides additional information for the rms delay spread values included in
Recommendation ITU-R P.1411. This study focuses on the frequency ranges 29.3-31.5 GHz and
58.7-63.1 GHz based on measurements made in urban low-rise environments.

5.1.7.2  Background and proposal
Table 17 shows the proposed rms delay spread values.

TABLE 17
Rms delay spread values for 29.3-31.5 GHz and 58.7-63.1 GHz, below-rooftop case
rms delay
Measurement conditions spread
(ns)
X RX Time
Scena f hi | hz2 | Range | beam- beam- delay Polari o o
Area | "o L GHz) | m) | m) | (m) | width | width | resolution | zation | 0% | 9%
(degree) | (degree) (ns)
Urban | LoS | 293- | 3 | 13 | 6-60 35 35 0.45 WH | e | 5o
low- 315 H '
rise
vV 6 14.3
58.7- | 24 | 1.5 | 20-200 15.4 15.4 0.22 A% 0.60 | 1.20
631 | 3 | 16 | 6-60 15.4 2.2 0.9 VW | 66@ | 40.7®

M Receiver antenna was rotated around 360 degrees in measurements. The value represents a directional delay spread
when the bore-sight of receiver antenna is aligned to the direction of transmitter.

@ Receiver antenna was rotated in a step of 5° around 360 degrees in measurements. The value represents a directional
delay spread when the bore-sight of receiver antenna is not aligned to the direction of transmitter.

5.1.7.3 Measurement setup and procedure

To study the radio channel in the 60 GHz band, a custom designed radio channel sounder capable of
measuring with two transmit and two receive antennas has been designed and used for measurements
in an outdoor environment with a transmit antenna height of ~3 m and a receiver antenna height of
1.6 m. A lens antenna was used at the receiver with a narrow beam width (2.2 in the E plane and 2.6
in the H plane). The lens antenna was mounted on a turntable which was rotated in 5 degree steps.
The transmission bandwidth used in the measurements was 4.4 GHz and the waveform repetition
frequency was 1.2 kHz enabling Doppler measurements. The data were analysed with 1.1 GHz to
evaluate rms delay spread for different angles of arrival. The transmitter antenna has a theoretical
gain equal to 20.7 dB and 15.4° azimuthal angular width and the transmit power was 7 dBm. The data
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were acquired with a 14 bit ADC in one second at each location while the receiver was stationary.
Measurements were performed over a distance from 5 m up to ~ 60 m. The measurement environment
is shown in Fig. 24 where the transmitter and receiver were in line of sight of each other but the
receive antenna rotated to capture the variations as a function of angle of arrival.

The same environment was measured at 30 GHz with dual polarised antennas where the transmit
antenna was mounted at about 3 m and the receiver antenna at 1.3 m above ground. The data were
analysed for a 20 dB threshold, for both co-polarised and cross polarised antennas.

FIGURE 24

Measurement environment

(a) Receiver trolley with lens (b) Transmitter antenna (c) Measurement path
antenna

(d) Plan of measurements: green: transmitter, purple: receiver

5.1.7.4 Validation results

Figure 25 displays an example of the measured power delay profile for one location at 60 GHz over
the 73 angular positions. The dynamic range for most of the measured profiles exceeded 20 dB hence
the rms delay spread channel parameters were estimated for a threshold level of 20 dB down from
the peak. Figure 26 displays the CDF for the rms delay results which are summarised in Table 18 for
the 95% and for the 50% value as obtained from the CDF curve.
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FIGURE 25

Power delay profile at a single location as a function of angle of rotation
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FIGURE 26
CDF of rms delay spread at 60 GHz for the combined data from the all the angles
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TABLE 18
Summary of rms delay spread scaled from Fig. 26 for 20 dB threshold value

From all angles

20 dB threshold
95% CDF value 36.8 ns
50% CDF value 4.7 ns

The resulting CDF for 30 GHz is displayed in Fig. 27. Table 19 summarises the 50% and 95% for all
the data regardless of polarisation.
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FIGURE 27

rms delay spread for 20 dB threshold for co-polarised and cross polarised transmission

I— — : - : - - - - —

Cumulative probability

—ds co-polarised
i i | | i i -==ds cross polarised
6 8 10 12 14 16 18 20 22

time delay ns
TABLE 19
Summary of rms delay results for 50% and 95% values
Co-polarised Cross-polarised All data
95% 15.2 ns 5ns 10.2
50% 6 ns 1.5ns 2.7

5.1.7.5
These results and analyses were used as basis to propose the new rms delay spread values.

Summary of the results

5.1.8 Study 8: Prediction models of delay and angular spreads as a function of antenna
beamwidth (Frequency bands: 28 GHz, 38 GHz)
5.1.8.1 Executive summary

This section provides additional information for the prediction models of rms delay spread and
angular spreads as a function of antenna beamwidth, included in Recommendation ITU-R P.1411.
This study focuses on the frequency ranges 28 GHz and 38 GHz based on measurements made in
urban low-rise and very high-rise environments.

5.1.8.2
The rms delay spread (DS) depends on half-power beamwidth of antenna 6 (degree):
DS (0) = a X log,, 6 (10)

where o is a coefficient of rms delay spread and the range of 6 is defined as 10°< 6 <120°. Table 20
lists the typical values of the coefficients and standard deviation ¢ based on each measurement
condition. The coefficients of delay spread represent cases when the boresights of antennas were
aligned to have maximum receiving power in LoS and NLoS situations, respectively.

Background and proposal
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TABLE 20
Typical coefficients for rms delay spread

31

Measurement conditions

Coefficients of rms
delay spread

f Environ Scenario s h. | Range bean-:v);idth bearrITv)\(/idth a c (ns)
(GH2) ment (m) | (m) (m) (degree) (degree)
28 Urban LoS 4 | 15 | 20-400 30 10 2.32 5.83
low-rise NLoS 20-300 35.1 43
Urban LoS 40-300 3.67 7.07
ver
high_?’ise NLoS 80-340 43.19 38.62
38 Urban LoS 4 | 15 | 20-400 30 10 2.14 7.3
low-rise | NLos 20-200 30.01 35.51
Urban LoS 20-340 1.61 3.15
ver
high_ﬁfise NLoS 80-210 26.93 27.95

The rms angular spread AS depends on the half power beamwidth of an antenna 6 (degree):

AS(0) = o x 8P  degree

(11)

Where o and [ are coefficients of rms angular spread and the range of 0 is defined as 10°< 6 < 120°.
Table 21 lists the typical values of the coefficients and standard deviation o based on each
measurement condition. The coefficients of angular spread represent cases when the boresights of
antennas are aligned to have maximum receiving power in LoS and NLoS situations, respectively.

TABLE 21
Typical coefficients for rms angular spread
Measurement conditions Coefficients of rms angular
spread
TX RX
f Environ | Scena | h: h. | Range beam- beam- " B c
(GH2) ment rio (m) | (m) (m) width width (degree)
(degree) | (degree)

28 Urban LoS 1.5 | 20-400 30 10 1.84 0.39 2.1

low-rise [\ o5 20-300 0.42 0.84 3.42

Uban | Los | 4 40-300 1.98 0.34 1.45

VeIY 1 NLos 80-340 0.38 0.89 2.47
high-rise

38 Urban LoS 1.5 | 20-400 30 10 1.76 0.36 1.5

low-rise |y os 20-200 0.33 0.91 3.39

Uban | Los | 4 20-340 17 0.38 1.95

VeIY 1 NLos 80-210 0.23 1.03 3.3
high-rise
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5.1.8.3 Measurement setup and procedure

The measurement campaigns have been performed using the millimetre-wave Band Exploration and
Channel Sounder (mBECS) system, which was developed by ETRI, Republic of Korea. The mBECS
system is a wideband channel sounder for measuring the spatial and temporal characteristics of a
500 MHz bandwidth channel at the centre frequency of 28 GHz [1] and 38 GHz. It is noted that the
channel sounder can measure the multipath distribution characteristics using a 500 MHz wideband
probing signal with a temporal resolution of 2 ns and an angular domain of 1 degree. Table 22 lists a
detailed specification of the channel sounder.

TABLE 22

Specifications of ETRI’s channel sounder
System parameters Specifications
Centre frequency 28 /38 GHz
Channel Bandwidth 500 MHz
PN code length of probing signal 4095 chips
Maximum TX power 28 GHz 29 dBm
(w/o antenna) 38 GHz 21 dBm
Multipath resolution 2ns
HPBW of pyramidal horn 28 GHz 10°(24.4 dBi), 30° (15.4 dBi)
antenna and gain 38 GHz 10°(24.6 dBi), 30° (16.4 dBi)

The measurement campaign has been carried out in a typical urban low-rise and an urban very high-
rise environment respectively as follows:

. Site 1 (Urban low-rise, Daejeon): Urban area with low-rise buildings (3-5 storey, 11-14 m
height) which are located at both side of a 2-lane road (18 m wide).
. Site 2 (Urban very high-rise, Seoul): Urban area with skyscrapers and very high buildings

(50-120 m height) which are located at both side of a 12-lane road (50 m wide).

Figure 28 shows the layouts of measurement places on which locations of a transmitter (Tx) and a
receiver (Rx) are marked. During measurement, the location of each Tx was fixed, and the Rxs were
positioned at line-of-sight (LoS) and non-line-of-sight (NLoS) situations. In the TX side, a 30° half-
power-beam-width (HPBW) horn antenna was installed at the height of 4 m above the ground. On
the other hand, a 10° HPBW antenna was installed in the RX side at the height of 1.5 m, and the bore-
sight of antenna was rotated with a step size of 10° in azimuth from 0° to 350°.

FIGURE 28

Second measurement campaign locations: (a) Site 1 (urban low-rise) (b) Site 2 (urban very high-rise)




Rep. ITU-R P.2406-2 33

In order to calculate the directional rms delay spread (DS) with respect to the beamwidth of the
receive antenna, the RX antenna in the measurements is rotated by a certain number of steps (N = 36)
in azimuth directions. Therefore, each channel impulse response (CIR) is collected at a different bore-
sight direction, respectively. From measured CIRs, it is possible to derive a directional rms delay
spread (DS) with the following steps [2]-[4].

. The power azimuth-delay spectrum (PADS) is calculated by using the Bartlett beamforming
technique [5] for decoupling the influence of the antenna radiation pattern from measured
CIRs.

. Define a power angular window (PAW) depending on the antenna’s beamwidth to search.

. Search an angular range having the highest power using the PAW in the 3-dimentional PADS
i.e. power, delay and angle of arrival domain.

. The power delay profile (PDP) is obtained by summation in the angular domain within the
observed angular range in the PADS.

. Calculate a DS from multipath components which are only within a given threshold level in
the PDP.

The threshold was set to 20 dB to determine received multipath components since the power delay
profiles have enough peak-to-spurious dynamic range to ensure the integrity of the results.

The range of PAW was given from 10° to 120°. The directional rms delay spread values of each LoS
and NLoS case were derived separately. It is noted that a delay spread is calculated within the
observed angular range in which the highest received power is obtained. That is, it can be understood
that the beam alignment between TX and RX is well established.

For the calculation of the directional rms angular spread (AS) with respect to the beamwidth of the
receive antenna, the AS can be easily derived from the power azimuth spectrum (PAS). The PAS is
calculated from the PADS by summation in the delay domain [2]-[4]. To calculate the directional rms
AS, the threshold level was set to 20 dB.

5.1.8.4 Validation results

Figure 29 shows the DS curves obtained from measurement data at 28 and 38 GHz for the LoS and
NLoS case. To obtain the best fitted curves, mean values of rms DS for each beamwidth are utilized.

FIGURE 29
Measurement results of rms delay spread for 28 and 38 GHz: (a) LoS case (b) NLoS case

DS vs Beamwidih of antenna (Outdaor, LOS @ 28GHz & 36GHz) DS vs Beamwidth of antenna (Outdoor, NLOS @ 28GHz & 38GHz)

©  Mean of DS (Sitel 7 28GHz)
——— D$=2 32i0g, 8,5=5 830s (Site1, LoS @ 28GHz)

O Meanof DS (Sitel, LoS @ 38GHz)

Site?, LoS @ 28GHz)
2 38GHz)
=== DS=161l0g, 8 0=3 15ns(Site2, LoS @ 38GHz)

0 i i i i :
o 20 40 80 80 100 120 ['] 20 40 60 80 100 120
Beamwidth of RX antenna (g degrae) Beamwidih of RX antenna (3 degree)

(A) (B)

Based on the measurement results, the following observations can be made:

- The DS has a strong dependency on the antenna beamwidth. The wider beamwidth has the
larger DS.
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— The DSs in NLoS case is larger than the values of LoS case.

- These particular properties are very similar to the measurement results in a previous
contribution.

— In both LoS and NLoS cases, the curves of 28 GHz are higher than 38 GHz.
The rms AS with respect to 6 with the standard deviation o is given by equation (10).

Figure 30 shows the AS curves obtained from measurement data at 28 and 38 GHz for LoS and NLoS
cases. To obtain the best fitted curves, mean values of rms AS for each beamwidth are utilized.

FIGURE 30

Measurement results of rms angular spread for 28 and 38 GHz: (a) LoS case (b) NLoS case

AS vs Beamwidth of antenna (Qutdoor, LOS @ 28GHZ & 38GHz
12 . : ‘! . @ . ! . AS vs Beamwidth of anteana (Outdoor, NLOS @ 2BGHz & 38GHz)

o 20 0 60 0 100 120
eamwidth of RX antenna (g degrea)

From measurement results, the following can be observed.

- The AS shows a strong dependency on the antenna beamwidth as similar to the DS. The
wider beamwidth of the antenna is the larger angular spread.

— Frequency dependency of AS is not clearly seen in both LoS and NLoS cases.

- At NLoS case, the angular spread monotonously increases from a narrow beam to a wider
beam.

- These particular properties are very similar to the measurement results in a previous
contribution.

The rms AS with respect to 6 with the standard deviation o is given by equation (11).

5.1.8.5 Summary of the results

This study presented prediction methods and coefficients for delay spread and angular spread
associated with antenna beamwidth based on additional measurement results in the 28 and 38 GHz
bands. The results and analyses show that both delay spread and angular spread have a strong
dependency on the antenna beamwidths.

5.1.8.6 References

[1] H.-K. Kwon et al., “Implementation and Performance Evaluation of mmWave Channel Sounding
System”, in Proc. IEEE AP-S 2015, July 2015.

[2] M.-D. Kim et al., “Directional Multipath Propagation Characteristics based on 28 GHz Outdoor
Channel Measurements,” in Proc. The European Conference on Antennas and Propagation (EUCAP),
April, 2016.

[3] M.-D. Kim et al., “Directional Delay Spread Characteristics based on Indoor Channel Measurements
at 28 GHz,” PIMRC 2015, pp. 505-509, Aug. 2015.
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5.1.9 Study 9: Cross-polarization discrimination (Frequency bands: 51-57, 67-73 GHz)

5.1.9.1 Executive summary

This section provides additional information related to the cross-polarization discrimination values
included in Recommendation ITU-R P.1411 for the 51-57 GHz and 67-67 GHz bands.

5.1.9.2 Background and proposal

In the millimetre band the measured cross-polarization characteristics for the bands 51-57 GHz and
67-73 GHz in a low rise urban environment has a median value of 16 dB for the LoS component with
3 dB variance and 9 dB for NLoS paths with a 6 dB variance.

5.1.9.3 Measurement setup and procedure

To study the radio channel in the millimetre wave band, a custom designed radio channel sounder
capable of measuring with two transmit and two receive antennas has been designed [1] and used for
measurements in an outdoor environment in a low rise urban environment with the transmit antenna
height being either below the roof top at 3 m or above the roof tops at 18.2 m and a receiver antenna
height of 1.6 m. Horn antennas were used at the receiver with a beam width (18.4° in the E plane and
19.7° in the H plane at 50 GHz with 19 dB gain and 14.4° in the E plane and 15.4° in the H plane with
21 dB gain at 67.5 GHz). At the transmitter two horn antennas were used and these have beam widths
(56.3° in the E plane and 51.4° in the H plane with 11 dB gain at 50 GHz and 40° in the E plane and
38° in the H plane with 13.5 dB gain at 67.5 GHz). To perform dual polarisation measurements, a
twist was used at one of the transmit channels and another at one of the receive channels. To enable
LoS, NLoS and the synthesis of non-directional propagation, the receiver was mounted on a turntable
which was rotated in 5 degree steps. The measurements were performed with a 6 GHz bandwidth at
305 Hz waveform repetition frequency and data were acquired over 1 second for each angle of
rotation. Measurements were performed in two frequency bands: 51-57 GHz and 67-73 GHz along a
number of routes as in Table 23 with the corresponding routes highlighted in Fig. 31(a) and (b).

TABLE 23
Measurements Scenarios

Outdoor Scenarios Location/Route Transmitter level

Urban low rise . ) Over Rooftop
Street canyon, open square, hilly terrain (R1d),

(R1b) (R1c) and (R1a) Tx182m
Rx 1.6 m
Street canyon and open square (R2) Below Rooftop
Roadside terminals (R4) Tx3m
Rx 1.6 m

Hilly terrain (R7)
Pathway with vegetation either side (R3a)
Car park (R8) and (R3c)
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FIGURE 31

Routes of measurement scenarios (a) routes 1-3 and 8, (b) routes 4 and 7

PN e

Dual polarised power delay profiles in the measured environments for the 51-57 GHz and 67-73 GHz
bands were generated. The power delay profiles were then used to estimate the received power by
taking the area under the profile for each angle.

Following full calibration of the data, the received power was then used to estimate the transmission
loss for the following antenna beam widths:

1 Strongest beam: The maximum received power representing the main beam of the receive
antenna. When unobstructed by vegetation or buildings it represents the LoS.

2 40°main beam power: The received power for a 40° beam width around the maximum
received power.

3 NLoS: The sum of the received power from the remaining angles outside the 40° main beam.

4 360° (omni-directional): The sum from all the azimuthal angles.

Since the antenna azimuthal beam width is larger than the rotational angular step, the transmission
loss was adjusted for the additional antenna gain due to the overlap of the beam.

These were then used to estimate transmission loss coefficients for the different measurement
scenarios. The scenario in Fig. 32 corresponds to route 2, which combines non-line of sight around
the corner of the building and locations where the receiver antenna when pointed toward the
transmitter was in the line of sight. For the LoS component transmission loss estimation, the NLoS
data were filtered out.
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FIGURE 32

Measurement environment for route 2 (street canyon and open square) indicated by the blue line

5.1.9.4 Validation results

Tables 24 to 28 give a summary of the results of transmission loss parameters for the dual polarised
transmissions for the 51-56 GHz and 67-73 GHz frequency bands using equation (12) which
corresponds to equation (12) in Recommendation ITU-R P.1411-8 with the additional term o which
represents the standard deviation of the fit, where n represents the transmission loss coefficient, L,
is the transmission loss at a reference distance, d, = 1.

PL(d) = Lo +10n10g10 (=) + Lyas + Lyqin + 0 dB (12)
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TABLE 24
Model parameters (street canyon and open square) (A) 51-57 GHz, (B) 67-73 GHz
(A)
Antenna Strongest beam Sybr:et:ris\';?gtﬁoo Synthesised omni Syrtl)t:ceilgee(;riZOO
polarisation
n, L,, © n, L,, © n, L,, © n, L,, ©
VH 2.38,66.12, 2.40 2.33,66.48, 2.15 2.21,66.91, 1.86 2.31,66.51, 2.12
\AY 2.83,40.90, 3.72 2.91, 38.88, 3.92 2.81, 39.79, 3.59 2.45,54.01, 2.78
HH 2.23,49.82, 3.56 2.24, 48.86, 3.69 2.15, 49.86, 3.22 1.66, 67.87, 2.09
HV 2.14,71.56, 3.05 2.17,70.28,2.92 2.18, 68.90, 2.49 2.26, 74.05, 1.91
(B)
Antenna Strongest beam Sybr;tat]:]s:;(iegtﬁOO Synthesised omni Syr;)t;ce; |;Z(;r:r’>]20°
polarisation
n, L, o n, L, o n, L, o© n, L,, o©
VH 1.74, 85.99, 3.66 1.90, 83.16, 3.91 1.89, 81.58, 3.08 2.12,79.87,2.92
VvV 2.16,56.77, 3.76 2.20, 56.25, 3.81 2.11,57.09, 3.42 1.72,72.44,2.31
HH 1.98, 59.97, 3.86 1.97,60.39, 3.98 1.85,61.91, 3.40 1.24,83.50, 2.18
HV 1.42,89.87, 3.72 1.61, 86.37, 3.94 1.73, 82.64, 3.06 2.00, 84.15, 2.10
TABLE 25
Model parameters (roadside terminals) (A) 51-57 GHz, (B) 67-73 GHz
(A)
Antenna Strongest beam S)g]et;is:;?gtﬁm Synthesised omni Syrgt;celj ';ZZ;ZOO
polarisation
n, L,, © n, L,, o n, L,, o n, L,, ©
VH 1.66, 73.74, 2.15 1.64, 73.08, 2.09 1.83, 68.02, 1.92 1.89, 69.31, 2.29
vV 1.44 ,59.34,1.82 1.55,56.91, 1.40 1.56, 56.07, 1.31 1.67,63.62, 1.01
HH 1.58, 57.65, 1.59 1.66, 55.46, 1.51 1.67,54.99, 1.46 1.70, 65.82, 1.63
HV 1.46, 80.50, 2.12 1.46, 79.69, 2.35 1.74,73.06, 1.84 2.19, 70.36, 1.68
(B)
Antenna Strongest beam Sﬁ;t;ris:;?gtﬁoo Synthesised omni Syr;)t;celi 'gigrizoo
polarisation
n, L, o n, L, o n, L, o© n, L, o©
VH 2.53, 66.09, 4.03 2.73,61.81, 3.62 2.81, 58.93, 3.22 3.19, 54.34, 3.53
\AY 2.33,50.47, 2.04 2.34,49.79, 2.03 2.34,49.20, 1.99 2.35,58.13, 1.82
HH 1.65, 63.86, 2.38 1.78, 60.83, 1.98 1.81, 60.05, 1.93 2.27,64.55, 1.76
HV 3.31,50.73, 3.79 3.17,52.78, 3.41 3.17,51.38, 2.97 3.08, 59.57, 1.67
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TABLE 26
Model parameters (hilly terrain with roadside vegetation), (A) 51-57 GHz, (B) 67-73 GHz
(A)
Antenna Strongest beam S%Zt;;sﬁ?gtﬁoo Synthesised omni Syrgt:cei ';ggrizoo
polarisation
n, L,, © n, L,, © n, L,, © n, L,, ©
VH 1.54,79.94, 2.74 1.69, 77.60, 2.50 1.76, 75.16, 2.37 4.16, 40.89, 12.49
\AY 2.70, 45.83, 4.60 2.87,43.44,5.08 2.85,43.03, 4.92 2.93,50.83, 4.85
HH 2.69, 45.01, 5.35 2.88,42.07,5.72 2.87,42.05,5.61 2.75,57.10, 4.64
HV 1.58, 82.30, 4.03 1.83, 78.18, 3.45 1.87,76.72, 3.26 2.42,76.29, 5.94
(B)
Antenna Strongest beam Sybr;tat]:]s:;(iegtﬁOO Synthesised omni Syr;)t;ce; |;Z(;r:r’>]20°
polarisation
n, L, o n, L, o n, L, o© n, L,, o©
VH 1.86, 84.16, 3.31 2.03.81.84,3.71 2.01,79.94,2.31 2.65,70.57, 5.01
VvV 2.86,45.71, 4.70 2.84,46.77, 4.45 2.82,46.43,4.28 2.77,56.62, 3.53
HH 2.78,48.92, 4.54 2.86,48.41,4.74 2.81,48.87,4.54 2.29, 71.06, 3.27
HV 2.11,79.13, 4.16 2.17,78.27, 3.86 2.37,73.21, 3.43 2.87,70.92,2.83

TABLE 27
Model parameters (pathway with vegetation either side) (A) 51-57 GHz, (B) 67-73 GHz
(A)
Antenna Strongest beam S)g]et;is:;?gtﬁm Synthesised omni Syrgt;celj ';ZZ;ZOO
polarisation
n, L,, © n, L,, o n, L,, o n, L,, ©
VH 2.65, 64.53, 1.75 2.52, 65.63, 1.42 2.08,70.48, 1.34 2.22,69.15,1.31
\AY 3.95,27.82,4.71 3.76, 30.17, 4.27 3.49, 33.27, 3.85 2.66, 53.56, 2.73
HH 3.76, 30.15, 4.14 3.70, 30.74, 4.10 3.33,35.38, 3.44 1.47,73.45, 1.43
HV 2.03, 78.46, 1.55 1.89, 79.67, 1.34 1.76,79.21, 1.13 1.64, 84.86, 1.42
(B)
Antenna Strongest beam S)g;t;;s:;eizgtﬁw Synthesised omni Syr;)t;celi 'gigrizoo
polarisation
n, L, o n, L,, o© n, L, o© n, L, o©
VH 1.95, 86.01, 2.52 1.93, 85.66, 2.00 1.69, 86.90, 1.62 2.42,76.77,0.97
\AY 4.49, 23.62, 4.25 4.37,25.94,4.18 3.98, 31.07, 3.85 2.79,57.38, 2.93
HH 4.01,32.72, 4.53 3.88, 34.90, 4.31 3.54, 39.55, 3.80 1.43,83.47,1.25
HV 2.18,81.78, 2.39 2.14,81.62,1.74 2.10, 79.68, 1.48 2.08, 83.67, 1.52
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TABLE 28
Model parameters (car park) (A) 51-57 GHz, (B) 67-73 GHz
(A)
Antenna Strongest beam S%Zt;risﬁ?gtﬁoo Synthesised omni Syrgt:cei ';ggrizoo
polarisation
n, L,, © n, L,, © n, L,, © n, L,, ©
VH 2.59,61.31, 1.89 2.47,62.39, 1.52 2.36,62.51, 1.28 2.07, 69.83, 0.99
\AY 1.93,55.17, 2.21 1.93, 54.29, 2.08 1.87, 54.50, 1.90 1.66, 66.13 1.54
HH 1.75, 57.56, 1.27 1.79,55.94, 1.24 1.76, 56.08, 1.12 1.61, 69.87, 1.36
HV 2.76, 63.52, 1.63 2.71,63.26, 1.46 2.55, 63.78, 1.28 2.26, 73.09, 1.52
(B)
Antenna Strongest beam Sybr;tgr?]s:;(iegtﬁOO Synthesised omni Syr;)t;ce; |gzgr:r’>]20°
polarisation
n, L, o n, L, o n, L, o© n, L,, o©
VH 2.85, 66.99, 2.79 2.71, 68.68, 2.50 2.56,69.17,1.94 2.51,73.02, 1.67
vV 2.45,53.20, 1.92 2.34,54.70, 2.04 2.33,54.22,1.95 2.31,63.59, 1.60
HH 2.51, 53.96, 1.62 2.43,54.90, 1.75 2.41,54.95,1.73 2.07,72.55,1.73
HV 3.32,59.60, 2.37 3.18,61.35, 2.29 2.95,62.99, 1.95 2.42,76.13, 2.05

Taking the parameters for the vertical to vertical polarisation the Tables indicate that the coefficients,
the synthesised beam around the strongest component, and the synthesised omni-directional beam

give values which are fairly close with about 18-19 dB increase in transmission loss for the

synthesised NLoS beam. For all values, the co-polarised antennas give lower transmission loss than

the cross-polarised antennas. To quantify this, the cross-polarisation was also estimated from the

measurements and a CDF for cross-polar discrimination was generated. The CDF for one of the
measured routes is shown in Fig. 33.

FIGURE 33

Cross polar discrimination for route shown in Fig. 32
in the frequency range 67-73 GHz
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Table 29 summarises the cross polar discrimination XPD for the 50%, 90% and 95%. The Table
shows the feasibility of using cross polarised antennas in the mm wave band.

TABLE 29
XPD for route shown in Fig. 32 in the frequency range 67-73 GHz
XPD 50% 90% 95%
HV 13.02 20.16 21.72
VH 17.82 23.18 24.56

5.1.95 Summary of the results

These results and analyses were used as basis to propose the new cross-polarization discrimination
values.

5.1.9.6 References

[1] Salous, Sana, Feeney, Stuart, Raimundo, Xavier & Cheema, Adnan (2016). Wideband MIMO
channel sounder for radio measurements in the 60 GHz band. IEEE Transactions on Wireless
Communications 15(4): 2825-2832.

5.2 Residential environment

5.2.1 Study 1: Basic transmission loss model for propagation between terminals located
below roof-top height in residential environments (Frequency bands: 2.4, 4.7, 26.4 GHz)

5.2.1.1 Executive summary

This study proposes a basic transmission loss calculation method for propagation between terminals
located below roof-top height in residential environments, which uses three propagation paths
between terminals: a path along a road, a path between buildings, and an over-roof propagation path.

5.2.1.2 Background and proposal

This study proposes a basic transmission loss model for propagation between terminals below roof-
top height in residential environments. The basic transmission loss model is constructed by using
three types of propagation paths.

Figure 34 describes a propagation model that predicts whole basic transmission loss L between two
terminals of low height in residential environments as represented by equation (13) by using basic
transmission loss along a road Lr, basic transmission loss between houses L», and over-roof
propagation basic transmission loss Lv. Lr, Lb, and Ly are respectively calculated by equations (14) to
(16), (17), and (18) to (23).

This model is recommended for frequencies in the 2-26 GHz range. The maximum distance between
terminals d is up to 1 000 m. The applicable road angle range is 0-90 degrees. The applicable range
of the terminal antenna height is set to be from 1.2 m to hsmin, Where hsmin is the height of the lowest
building in the area (normally 6 m for a detached house in a residential area).
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FIGURE 34

Propagation model for paths between terminals located below roof-top height
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The relevant parameters for this model are:

d:
A
f:
0i:
X1i
X2i:

distance between two terminals (m)

wavelength (m)

frequency (GHz)

road angle of i-th corner (degrees)

road distance from transmitter to i-th corner (m)
road distance from i-th corner to receiver (m)

(13)

(14)

(15)

(16)
7)
(18)

(19)

(20)

(21)

(22)

(23)
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R:  mean visible distance (m)

horx:  height of nearest building from transmitter in receiver direction (m)

horx:  height of nearest building from receiver in transmitter direction (m)

hrx:  transmitter antenna height (m)
hr«:  receiver antenna height (m)
distance between transmitter and nearest building from transmitter (m)

b: distance between nearest buildings from transmitter and receiver (m)
c: distance between receiver and nearest building from receiver (m).

5.1.1.2 Measurement setup and procedure
The measurement parameters are summarized in Table 30.

TABLE 30
Measurement parameters

Frequency (GHz) 2.1975, 4.703, 26.365
Tx antenna height (m) 25

Rx antenna height (m) 25

Antenna type Omni-directional (Tx and Rx)

Measurement frequencies were 2.1975, 4.703, and 26.365 GHz. To measure basic transmission loss
characteristics below house-roof height, the heights of the Tx and Rx antennas were set at 2.5 m.
Omni-directional antennas were used at Tx and RX.

Tx was set at the roadside, and Rx was set on the measurement vehicle. Figure 35 shows the
measurement environment and routes. The average building height is 6.7 m, and the mean visible
distance R is 67 m, which were calculated using the building database. The measurement area has
many detached houses and is a typical residential environment. The measurement route has four
corners (the black dashed lines in Fig. 35) and can be separated to five parts, A to E.

The corners from A to B and from D to E are right-angle corners, and so, the road angles are
90 degrees at these corners. The corners from B to C and from C to D are gently curved, and the LoS
between Tx and Rx is shielded. Both road angles of these gently curved corners are 10 degrees. Part C
is LoS, and the other parts are NLoS. The measurement data were obtained by running the
measurement vehicle along the route from part A to E.
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FIGURE 35

Measurement environment and routes
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5.2.1.4 Validation results

Figure 36 compares the predicted total basic transmission losses calculated with the proposed model
and the measured results. The parts of the measurement route are also represented in the Figure. This
Figure shows that the predictions and measurements have good agreement over the whole route.

Further analyses show that the path along the road is dominant on almost the whole route of parts B,
C and D. On the other hand, in parts A and E, the path between buildings become dominant, and the
over-rooftop path as well as the path along the road becomes strong. Also, the effects of the path
between buildings and the over-rooftop path decrease with increasing frequency, and the path along
road become dominant on the whole measurement route.

Figure 37 shows the prediction error calculated from the measured basic transmission losses and
predictions. The error values lie between —20 dB and 20 dB for the areas where a single path type is
dominant. The root mean square values of the prediction error are 5.5 dB, 5.0 dB, and 5.5 dB at
2.2 GHz, 4.7 GHz, and 26 GHz, respectively. These results show that the model can predict the actual
basic transmission loss accurately in the environment.
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FIGURE 36

Predicted and measured total basic transmission loss
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FIGURE 37

Prediction error versus running distance
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5.2.1.5 Summary of the results

The results showed that the model can accurately predict basic transmission loss characteristics in
residential areas.

5.2.2 Study 2: Delay spread, propagation in residential environments, below-rooftop
(Frequency bands: 25.5-28.5, 67-73 GHz)

5.2.2.1  Executive summary

This section provides additional information for the rms delay spread values included in
Recommendation ITU-R P.1411. This study focuses on the frequency ranges 25.5-28.5 GHz and
67-73 GHz based on measurements made in residential environments.
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5.2.2.2 Background and proposal
Table 31 shows the proposed rms delay spread values.

TABLE 31
Rms delay spread values for 25.5-28.5 GHz and 67-73 GHz
rms delay
Measurement conditions spread
(ns)
TX RX Time
Scena f h1 h. | Range | beam- beam- delay Polariza
Area | “ro L @Hz) | m) | m) | m) | width | width | resoluti | tion | 0% | 9%
(degree) | (degree) | on (ns)
255 | 3 | 16 | 37167 | 33 Omni 05 hhd >3 | 136
i . - mnl .
Erftsi:l' NLoS | 285 HV 91 | 155
67-73 | 3 | 1.6 | 37-167 40 omni 0.5 vV 7.4 15.4

5.2.2.3 Measurement setup and procedure

Measurements were performed with dual polarised antennas at the transmitter and an omni-
directional antenna at the receiver with vertical polarisation. At the transmitter two horn antennas
with beam widths (40° in the E-plane and 38° in the H-plane) were used in the 67-73 GHz band with
a twist at one of the transmit channels. In addition, a new set of dual polarised transmitters and two
receivers were designed and implemented to perform measurements in the 25.5-28.5 GHz band. The
transmit antenna has a 3 dB beam width of ~36° in the H-plane and 33° in the E-plane and the receive
antenna was omni-directional. The measured environments include above rooftop and below roof top
in both residential and low rise urban environments. The measurements were performed in both line
of sight and non-line of sight where the transmitter was placed around the corner of a street. The data
were systematically collected by moving the receiver trolley over consecutive 1 m intervals and the
power delay profiles were then obtained by dividing the 1 m data into five sections. The data were
analysed with 2 GHz bandwidth to give a 0.5 ns time delay resolution and the power delay profiles
were used to estimate the rms delay spread in the two frequency bands for 20 dB threshold using the
method defined in Recommendation ITU-R P.1407. Figure 38 shows the measured residential
environment.

FIGURE 38

View of the measured environment (residential street)
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5.2.2.4 Validation results

Figure 39 gives the corresponding CDFs of the rms delay spread obtained from all the measured
locations in the NLoS residential environment.

FIGURE 39
rms delay spread for 20 dB threshold in the two bands for the NLoS residential scenario
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The 50% and 95% values were estimated from the CDFs and these are summarised in Table 31.

5.2.25 Summary of the results
These results and analyses were used as a basis to propose the new rms delay spread values.

6 Studies for indoor environments

6.1 Study 1: Site-general models (Frequency range: variable in 0.3-100 GHz)

6.1.1 Executive summary

This section provides additional information related to the development of site-general models for
indoor environments included in Recommendation ITU-R P.1238.

6.1.2 Background and proposal

The site-general model is based on the following equation:

Ly(d, f) = 10alog;o(d) + B + 10ylog;o(f) dB (24)

with an additive zero mean Gaussian random variable N(0,c) with a standard deviation o (dB),
where:

d: 3D direct distance between the transmitting and receiving stations (m)

f: operating frequency (GHz)

a: coefficient associated with the increase of the basic transmission loss with
distance

B: coefficient associated with the offset value of the basic transmission loss
y: coefficient associated with the increase of the basic transmission loss with
frequency.

6.1.3 Measurement datasets

Tables 32, 33 and 34 provide the list of data sets used to develop the site-general models.
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TABLE 32
Data sets for the development of site-general models for indoor office environments
Environment Link type Frequency (GHz) Distance (m) Contributors
Office LoS 0.300 2.20-10.16 Orange Polska S.A.
0.625 2.57-26.24 Durham University
2.405 3.39-26.34 Durham University
4.100 4.41-23.20 ETRI
4.810 3.42-26.34 Durham University
7.075 4.41-23.20 ETRI
15.650 2.87-26.73 Durham University
17.570 4.08-26.97 Durham University
26.820 3.83-26.73 Durham University
28.000 4.41-23.20 ETRI
28.500 3.50-13.32 NIST
38.000 4.41-23.20 ETRI
38.310 3.01-26.70 Durham University
60.500 3.52-14.69 NIST
62.600 2.46-26.01 Durham University
70.280 3.58-26.44 Durham University
71.600 4.41-23.20 ETRI
82.000 4.41-23.20 ETRI
83.500 4.01-14.52 NIST
NLoS 0.300 6.14-17.30 Orange Polska S.A.
0.625 7.21-28.67 Durham University
2.405 6.37-28.80 Durham University
4.100 4.37-25.96 ETRI
4.810 7.08-28.61 Durham University
7.075 4.37-26.31 ETRI
15.650 6.76-29.37 Durham University
17.570 7.15-29.48 Durham University
26.820 7.12-29.37 Durham University
28.000 4.37-25.96 ETRI
38.000 4.37-25.96 ETRI
38.310 7.38-29.58 Durham University
62.600 6.89-28.72 Durham University
70.280 7.53-28.51 Durham University
71.600 4.37-25.96 ETRI
82.000 4.37-26.31 ETRI
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TABLE 33
Data sets for the development of site-general models for indoor corridor environments
Environment | Link type Frequency Distance (m) Contributors
(GH2)
Corridor LoS 0.300 2.70-19.83 Orange Polska S.A.
0.625 3.39-22.81 Durham University
2.1975 6.00-87.00 NTT
2.405 3.39-22.97 Durham University
3.000 3.00-30.00 Sunchon Nat’]
University

4.100 4.44-70.03 ETRI

4.703 4.00-87.00 NTT

4.810 3.62-22.82 Durham University

6.000 3.00-30.00 Sunchon Nat’l
University

7.075 4.44-70.03 ETRI

10.000 3.00-30.00 Sunchon Nat’]
University

15.650 3.85-23.33 Durham University

17.000 3.00-30.00 Sunchon Nat’l
University

17.570 4.60-23.36 Durham University

26.365 4.00-87.00 NTT

26.820 4.54-23.23 Durham University

28.000 4.44-70.03 ETRI

28.500 5.96-159.25 NIST

37.075 4.00-87.00 NTT

38.000 4.44-70.03 ETRI

38.310 3.88-23.37 Durham University

60.500 11.02-159.25 | NIST

62.600 3.22-22.67 Durham University

66.500 4.00-87.00 NTT

70.280 4.14-22.89 Durham University

71.600 4.44-70.03 ETRI

82.000 4.44-70.03 ETRI
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TABLE 33 (end)
Environment | Link type Frequency Distance (m) Contributors
(GHz)
83.500 6.08-158.95 NIST
NLoS 0.625 4.60-23.52 Durham University
2.1975 7.00-94.00 NTT
2.405 4.47-22.77 Durham University
3.000 6.27-32.75 Sunchon Nat’l
University
4.100 5.56-76.66 ETRI
4.703 7.00-94.00 NTT
4.810 4.37-22.81 Durham University
6.000 6.27-32.75 Sunchon Nat’l
University
7.075 5.56-77.67 ETRI
10.000 6.27-32.75 Sunchon Nat’l
University
15.650 4.56-23.58 Durham University
17.000 6.27-32.75 Sunchon Nat’l
University
17.570 4.72-23.49 Durham University
26.365 7.00-94.00 NTT
26.820 4.93-23.84 Durham University
28.000 5.56-76.66 ETRI
28.500 13.35-37.15 NIST
37.075 7.00-94.00 NTT
38.000 5.56-76.66 ETRI
38.310 4.25-23.59 Durham University
62.600 4.72-22.06 Durham University
66.500 7.00-94.00 NTT
70.280 5.05-16.81 Durham University
71.600 5.56-64.75 ETRI
82.000 5.56-68.83 ETRI
83.500 13.35-37.07 NIST
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TABLE 34
Data sets for the development of site-general models for indoor industrial environments

Environment | Link type Frequency Distance (m) Contributors
(GH2)

Industrial LoS 0.625 9.09-30.56 Durham University
2.405 9.68-30.69 Durham University
3.700 2.86-78.24 Durham/5GCONNI
4.100 10.20-100.02 | ETRI
4.810 9.68-30.69 Durham University
15.650 9.39-30.89 Durham University
17.570 9.57-31.03 Durham University
26.820 10.23-31.18 Durham University
28.000 3.27-78.23 Durham/5GCONNI
38.310 9.58-31.07 Durham University
62.600 8.69-30.18 Durham University
70.280 9.08-30.53 Durham University

NLoS 0.625 10.02-30.87 Durham University
2.405 10.31-30.81 Durham University
3.500 5.98-101.96 Nokia, AAU
3.7000 11.21-78.38 Durham/5GCONNI
4.100 15.33-107.91 | ETRI
4.810 10.39-30.85 Durham University
15.650 10.90-31.71 Durham University
17.570 10.87-31.79 Durham University
26.820 11.31-31.73 Durham University
28.000 10.72-78.53 Durham/5GCONNI
38.310 10.63-31.57 Durham University
62.600 10.05-30.73 Durham University
70.280 10.21-31.04 Durham University
6.1.4 Modelling methodology

The following methodology was applied to harmonise the different sets of data and to derive the
model parameters in equation (24):

Split the frequency range at 100 GHz. All the discussions concerning modelling methodology are

In order to harmonise the different sets of data and to derive the model parameters defined in equation
(24), the methodology applied was to split the frequency range at 100 GHz. All the discussions
concerning modelling methodology:

— are relevant to frequencies below 100 GHz;

— separate LoS and NLoS by the existence of visual LoS path, which is a function only of
locations;

— decimate the measurement data with the distance interval of 0.5 m;
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— fit the decimated measurement data to the ABG model;
— apply the capping method to avoid smaller NLoS losses than free-space losses.

6.1.5 Validation results

For indoor office, corridor and industrial environments, all measurement data and the corresponding
prediction curves based on equation (24) are illustrated in Figs 40 to 45.

FIGURE 40

Basic transmission loss for office LoS
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FIGURE 41

Basic transmission loss for office NLoS
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FIGURE 42

Basic transmission loss for corridor LoS
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FIGURE 43

Basic transmission loss for corridor NLoS
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FIGURE 44

Basic transmission loss for industrial LoS
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FIGURE 45

Basic transmission loss for industrial NLoS
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6.1.6 Summary of the results

The results from various data sets show consistent behaviour across all frequency ranges for both LoS
and NLoS in office, corridor and industrial environments. The resulting coefficients (o, B,y, o)
associated with model are proposed to be included in Recommendation ITU-R P.1238.

6.1.7 Measurement details about the data sets used for the site-general model

This subsection provides detailed measurement information about the data sets listed in Tables 32,
33 and 34.
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6.1.7.1 Data sets from ETRI: Office, corridor and industrial environments for 4.1-82 GHz

6.1.7.1.1 Executive summary

ETRI developed multiple wideband channel sounders that can be configured to operate at 4.1, 7.1,
28, 38, 71 and 82 GHz. With these six frequency band sounders, ETRI conducted measurement
campaigns in several indoor environments to contribute to the development of the site-general
propagation model.

6.1.7.1.2 Measurement setup and procedure

6.1.7.1.2.1

Table 35 shows a summary of ETRI’s channel sounder specifications that were used for the indoor
measurement campaigns. Among these, the 4.1 GHz and the 7.1 GHz sounders were developed with
identical technology as shown in Fig. 46, while the 28 GHz, the 38 GHz, the 71.6 GHz and the 82 GHz
sounders are shown in Fig. 47.

Measurement equipment

TABLE 35
Channel sounder system parameters

System parameters Channel sounder specifications

4.1 GHz 7.1 GHz 28 GHz 38 GHz 71 GHz 82 GHz
Carrier centre 410GHz | 7.075GHz | 28.00 GHz | 38.00 GHz | 71.60 GHz | 82.00 GHz
frequency
Channel bandwidth 100 MHz 100 MHz 500 MHz 500 MHz | 500 MHz | 500 MHz
Maximum TX power | 35 dBm 35dBm 29 dBm 21 dBm 23dBm 23dBm
PN code length 1023 1023 4 095 4 095 4 095 4 095
Omnidirectional Tx: 2.0 Tx: 2.15 Tx: 3.95 Tx: 4.8 Tx: 3.6 Tx: 4.33
antenna gain dBi dBi dBi dBi dBi dBi

Rx: 2.3 Rx: 2.15 Rx: 3.95 Rx: 4.8 Rx: 3.6 Rx: 3.81

dBi dBi dBi dBi dBi dBi
FIGURE 46

4.1 and 7.1 GHz channel sounder configuration
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FIGURE 47
28, 38, 71.6 and 82 GHz channel sounder: An illustration
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6.1.7.1.2.2 Office environment measurement

Figure 48 shows the office measurement layout. The measurements were collected for all the six
frequency bands. The size of the office is 20 m x 27 m, and has cubicles to accommodate several
users. The Figure depicts five TX points and 65 RX points. At every RX point, the transmission loss
measurement from all the five TXs were collected, i.e. a total of 65 x 5 = 325 points. The TX and RX
antennas were installed at 2.17 m and 1.2 m, respectively. Note that the data such that the TX-RX
separation distance is less than 4 m are excluded to ensure that all the transmitted signals are within
the elevation beamwidth coverage.

FIGURE 48

Office measurement point layout
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6.1.7.1.2.3 Corridor environment measurement

Figure 49 shows the corridor measurement layout. The measurements were collected for all the six
frequency bands. There are four Tx points and 70 Rx points, i.e. 4 x 70 = 280 points were measured.
The Tx and Rx antenna were set up at 2.10 m and 1.2 m, respectively. Data for Tx-Rx separation
distance is less than 4 m are excluded to ensure that all the transmitted signals are within the elevation
beamwidth coverage.

FIGURE 49
Corridor measurement layout
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6.1.7.1.2.4 Industrial environment measurement

Figure 50 shows the industrial environment measurement layout. Unlike the office and the corridor
measurement, the measurements were collected with only the 4.1 GHz sounder.

FIGURE 50

Industrial environment measurement layout
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6.1.7.1.2.5 Measurement data illustrations
Figures 51 to 56 illustrate the measurement results compared to free space loss (FSL).
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FIGURE 51

Office LoS measurements compared to FSL
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Office NLoS measurements compared to FSL
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FIGURE 53

Corridor LoS measurements compared to FSL
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FIGURE 54

Corridor NLoS measurements compared to FSL
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FIGURE 55

Industrial LoS measurements compared to FSL
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Industrial NLoS measurements compared to FSL
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6.1.7.2 Data sets from Durham University: Office, corridor and industrial environments for
0.625-73 GHz

6.1.7.2.1 Executive summary

The FMCW multiband channel sounders developed at Durham University were used to conduct
measurements across nine frequency bands in three environments for both LoS and NLoS scenarios.
The measurements were performed to obtain a power delay profile on average every 25 cm and
following calibration the data were used to estimate the basic transmission loss versus the 3D distance
between the transmitter and receiver. In all cases only power delay profiles which met the 10 dB SNR
were included in the estimation of the basic transmission loss. Omni-directional antennas were used
at both ends of the link with the transmitter antenna set up at a height typical of access point and the
receiver antenna mounted at a height of 1.5 m.
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6.1.7.2.2 Measurement setup and procedure

Measurement equipment: The measurements were performed with the wideband FMCW
programmable channel sounder developed at Durham University. The sounder covers three frequency
bands below 6 GHz: 250 MHz to 1 GHz and 2.2-2.9 GHz with a maximum of 750 MHz bandwidth
and 4.4-5.9 GHz with a maximum of 1.5 GHz bandwidth. Using a second programmable IF unit, the
frequency range between 12.5-18 GHz can be covered with a bandwidth of 1.5 GHz. The second IF
can be used with three other RF heads in the frequency ranges between 24-29 GHz with a maximum
of 3 GHz bandwidth, 37-41 GHz with a maximum of 4.5 GHz bandwidth and 50-75 GHz with a
maximum of 6 GHz bandwidth. Table 36 gives the parameters of the measurements and the

processing bandwidth.

TABLE 36
Measurement set up

Frequency
band (GHz)
RF
bandwidth 0.75 0.25 05 15 15 3 45 6 6
(GHz)
Analysis
bandwidth 0.25 0.25 05 1 1 1 15 2 2

(GHz)

Transmit o
Omni-directional
antenna

Receiwe Omni-directional
antenna
Transmit
antenna 22:26m
height
Receiwe
antenna 15-1.6m

height

Measurement environment: Three different types of environments were measured: office, corridor
and industrial. Two offices were measured both LoS and NLoS, one corridor LoS, and a second
corridor LoS and NLoS, and industrial both LoS and NLoS. Figures 57 and 58 show the measured
environments and the layout respectively.

0.25-1 2.28-253 | 456-5.06 | 149-164 | 1682-18.32 | 25.32-28.32 | 36.06-40.56 | 59.6-65.6 | 67.28-73.28

FIGURE 57

Measurement environments (a) corridor, (b) and (c¢) office, (d) industrial

(A) (B) © (D)
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FIGURE 58
Layout of measurement environments (a) corridor, (b) and (c) office, (d) industrial
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Figure 59 displays the resulting basic transmission loss versus distance for the corridor LoS and NLoS

using the ABG model.

FIGURE 59

Obtained basic transmission loss across the multiple frequency bands

for the corridor (a) LoS, (b) NLoS environment
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Data sets from Nokia, AAU: Industrial environments for 3.5 GHz

6.1.7.3.1 Executive summary
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Nokia and Aalborg University performed in spring 2018 different measurements at two different
operational factory halls with focus on 3.5 GHz. The characteristics of the different measurement
scenarios (hall 1 and hall 2) and the different measurement configurations are summarized in

Table 37.
TABLE 37
Overview of the Nokia/AAU indoor factory measurements at 3.5 GHz
Parameters Hall 1 Hall 2
:22 Rectangular: 100 m x 50 m (5000 m?) Squared: 70 m x 70 m (4900 m?)
Layout
Ceiling
height om 1om
External Concrete walls with metal-coated windows
wall type

Clutter type

Small to medium metallic machinery
and objects with irregular structure

Big machineries composed of regular
metallic surfaces

Clutter density

High ~57%

High ~69%

Clutter height

~2.5m

~35m
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TABLE 37 (end)
Parameters Hall 1 Hall 2
3.5 GHz (NLOS) 3.5 GHz (NLOS)

sets

Measurement data

(al) TX height =1.75 m
RX _height=1.75m
(a2) TX height=1.75m
RX_height =0.25 m
(a3) TX height=0.25m
RX_height =0.25 m

(b1) TX height =1.75m
RX height=1.75m
(b2) TX height =1.75m
RX _height =0.25 m
(b3) TX height =0.25 m
RX _height =0.25 m

6.1.7.3.2 Measurement setup and procedure

The 3.5 GHz measurement campaign was performed at the two operational halls, considering various
deployment configurations with different transmitter and receiver heights ranging from 0.25 to
1.75 m. Omnidirectional antennas were used.

The measurements were done with the same multi-node setup that is described in [1], which was
especially upgraded to operate in the 3.5 GHz band, with an 18 MHz signal bandwidth and +10 dBm
transmit output power. The system allows for calibrated basic transmission loss measurements of
approximately 130 dB.

To perform the measurements, 12 transceiver system nodes (Fig. 60), considering specific transmitter
or receiver antenna configurations, were re-deployed several times across several selected locations
which were approximately uniformly spatial-distributed across each of the two operational factory
hall facilities. In each re-deployment, all links between all the deployed system nodes are measured,
generating the large amount of independent measurement samples that is used in the following
analysis (Fig. 61).

FIGURE 60

Picture of the transceiver nodes deployed at different measurement positions
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FIGURE 61

Distributed measurement approach with multiple nodes

Note to Fig. 61: Different Device to Device (D2D) node configurations are measured at the same time. The
example illustrated a simplified overview of the data collection procedure considering five D nodes re-
deployed two times (purple, green). The access point (AP) (grey) should be neglected as it was not used in
relation with the presented data.

All samples consider NLOS conditions and vertical polarization. The samples obtained for each of
the different node-to-node links and antenna configurations are geometrically-compensated to cope
with antenna pattern effects, and averaged over the multiple measurement realizations available, to
remove fast fading effects and obtain local mean basic transmission loss samples.

Further details on this measurement campaign are given in [2].

Figures 62 and 63 display the calibrated measurement data samples compared to free space for the
different factory halls and Tx-Rx antenna height configurations.

FIGURE 62

Calibrated basic transmission loss measurement data for Hall 1 at 3.5 GHz

AAU/Mokia Indoor Factory Measurements at 3.5 GHz (Hall 1)

140
oll @ h;,=0.25m,h_, =0.25m ]
o hy=176mh, =0.25m

120 o hpy=1.75mh_, =1.75m .

110 L [=——FSPL |

100 | 1
vy
2 90t 1
| -
(218 -

80 | o 1

@
(o]
70 | ¢ 1
86%Qc-
60 | e 1
- =7 . °
50 L _ — - 4
40 : :
10° 10’ 10°



66 Rep. ITU-R P.2406-2

FIGURE 63

Calibrated basic transmission loss measurement data for Hall 2 at 3.5 GHz

AAU/Mokia Indoor Factory Measurements at 3.5 GHz (Hall 2)
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[1] D.A. Wassie, |. Rodriguez, G. Berardinelli, F.M.L. Tavares, T.B. Sgrensen, T.L. Hansen, and P.
Mogensen, “An Agile Multi-Node Multi-Antenna Wireless Channel Sounding System”, IEEE
Access, vol. 7, no.1, pp. 17503-17516, January 2019.

[2] 3GPP R1-1813177, “Scenarios, Frequencies and New Field Measurement Results from two
Operational Factory Halls at 3.5 GHz for various Antenna Configurations”, Nokia, Nokia Shanghai
Bell, RAN1#95, Spokane, USA, 12-16 November 2018. [Online].

6.1.7.4  Data sets from Sunchon National University: Corridor environments for 3-17 GHz

The indoor corridor measurements at 3, 6, 10 and 17 GHz were conducted by Sunchon National
University, Korea.

6.1.7.4.1 Executive summary

The propagation characteristics at 3, 6, 10 and 17 GHz in indoor corridor environments were studied.
This contribution introduces the measurement environment and scenarios for LoS and NLoS
transmission on the second floor of a traditional three-storey building with a corridor width of 2.7 m.

6.1.7.4.2 Measurement setup and procedure

The measurement campaigns were conducted with continuous wave (CW) signals at 3, 6, 10 and
17 GHz. Table 38 presents the measurement conditions. Biconical-type omnidirectional antennas
installed at a height of 1.5 m above the floor were used in the measurements. The Tx was configured
with a signal generator (SG), Tx cable 1, and an antenna. The Rx used an antenna, Rx cable 1, a
low-noise amplifier (LNA), Rx cable 2, and a signal analyser (SA). Table 39 provides the details of
the measurement system, and Fig. 64 shows the measurement system configuration.
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TABLE 38
Conditions of measurement parameters
Frequency (GHz) 3 6 10 17
Tx / Rx antenna type 2—-24 GHz bi-conical omnidirectional antenna
Tx / Rx antenna height (m) 1.5
TABLE 39
Basic details of measurement items
requency (GHz) 3 6 10 17
Items
Low noise amplifier gain (dB) 56.10 55.13 56.05 54.99
Tx antenna gain (dBi) -1.75 -1.51 0.47 0.81
Rx antenna gain (dBi) —0.63 2.36 0.15 3.49
Tx RF cable 1 loss (dB) 1.47 2.14 2.81 3.72
Rx RF cable 1 loss (dB) 1.65 2.35 3.06 4.19
Rx RF cable 2 loss (dB) 0.72 1.03 1.28 1.82
Signal generator 100 kHz to 20 GHz (Model: SMB 100A)
Signal analyser 100 Hz to 50 GHz (Model: N9020B)
FIGURE 64
Measurement system configuration
Tx % ﬁ Rx
3/6/10/17 GHz
LNA
SG SA <
Tx Cable 1 Rx Cable 2 Rx Cable 1

Figure 65 shows the measurement environment, including the layout of the measurement points.
Along the corridor, offices, laboratories and classrooms are located. Two Tx positions were used:
Tx 1 is for LoS measurements, and Tx 2 is for NLoS measurements. The Rx data were collected at
50 cm intervals, and a 10A local averaging was performed at every Rx point. All distances were

measured in 3D. The construction materials for walls and ceilings were cement bricks and calcium
silicate plate, respectively. The results of the measurements are presented in Fig. 66.



68 Rep. ITU-R P.2406-2

FIGURE 65

Scenario of the measured indoor corridor environment: (a) scenario, (b) view, (C) detailed view
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FIGURE 66
Measurement and fitting results: (a) LoS and (b) NLoS
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6.1.7.5 Data sets from Orange Polska S.A.: Office and corridor environments at 0.3 GHz

Indoor measurements in the office and corridor environments at 300 MHz were performed by Orange
Polska S.A. in its facility in Wroclaw, Poland.

6.1.7.5.1 Executive summary

In corridors, at low frequencies, the transmission loss is usually lower than in free space due to the
waveguide effect. However, the transmission loss increases with frequency and becomes closer to
free space conditions.

In open space offices and LoS conditions the transmission loss is close to free space. In an open space
office and NLoS conditions the transmission loss is only a few dB higher than in LoS conditions.
However, measurements were done in the environment with walls made of plasterboard that have a
low attenuation.

6.1.7.5.2 Measurement setup and procedure

The measurements were conducted using R and S signal generator SMS-2 and R and S receiver ESV
with vertically polarised Tx and Rx antennas. The Tx antenna was omnidirectional. Rx antenna was
omnidirectional. Measurements were done using a signal with FM modulation with 120 kHz
deviation.

In Fig. 67 below there is description of the two offices (LoS and LoS/NLoS measurements) and two
corridors (LoS measurements) where the measurements were performed.
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FIGURE 67
Measurement layout
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In Fig. 68 below, the photos of the measurement environment are presented.

FIGURE 68

Measurement photos

The summarized results of measurements are presented in Figs 69 to 72 below.
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FIGURE 69

Combined results of measurements, corridors B and F — FM 120 kHz
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FIGURE 70
Results of measurements, office in the building B — FM 120 kHz, LoS
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FIGURE 71
Results of measurements, office in the building F — FM 120 kHz, LoS
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FIGURE 72
Results of measurements, office in the building F — FM 120 kHz, NLoS
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6.1.7.6  Data sets from NIST: Office and corridor environments for 28.5-83.5 GHz

Indoor measurements in the office and corridor environments at 28.5 GHz, 60.5 GHz and 83.5 GHz
frequencies were conducted by the National Institute of Standards and Technology (NIST) on the
NIST Boulder campus in Colorado, USA.

6.1.7.6.1 Executive summary

NIST developed three switched-array channel sounders at mmWave frequencies that can precisely
measure radio propagation channel characteristics such as basic transmission loss, small-scale fading,
delay dispersion, absolute delay, angle-of-arrival, and Doppler power spectrum. Measurement data
were collected for nine different scenarios comprising two indoor environments, three different
frequencies, and in LoS and NLoS conditions.

6.1.7.6.2 Measurement setup and procedure

6.1.7.6.2.1 Measurement equipment

Measurements were conducted with 28.5, 60.5 and 83.5 GHz channel sounders designed at NIST, all
with similar configurations. On the receiver side, every system is equipped with a custom-designed
scalar-feed-horn antenna array with 16 elements featuring an omnidirectional azimuthal field-of-view
and enabling 3D angle-of-arrival extraction.

The channel sounders at 28.5 and 83.5 GHz have a single omni-directional antenna on the transmitter
side, while the channel sweep time is 65 ps. The transmitter generates a 2 047-bit pseudo-noise code
with 1 Gb/s bit rate occupying the 1 GHz 3-dB bandwidth of the system and yielding a delay
resolution of 1 ns. On the other hand, the 60.5 GHz channel sounder has an antenna array on the
transmitter side as well, adding capabilities of 3D angle-of-departure extraction and slightly
increasing channel sweep time to 262 ps. This channel sounder has a 2 Gb/s bit rate yielding to a
better delay resolution of 0.5 ns.

Configuration simulated a hotspot in which the transmitter was fixed at 2.5 m and the receiver was
lower at 1.6 m for all scenarios. The receiver equipment was placed on top of the robotic positioning
system enabling data acquisition in untethered, mobile mode, while reporting position and heading
of the receiver.
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6.1.7.6.2.2

One measurement campaign was conducted in the office environment with all three channel sounders
maintaining LoS all the time. The second campaign was done in the corridor in both LoS and NLoS
conditions. Measurement environments with photos and maps are shown in Figs 73, 74 and 75.

Measurement environments

FIGURE 73
Office LoS: (a-b) photos, (¢) map
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FIGURE 74
Corridor LoS: (a) photo, (b) map
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FIGURE 75
Corridor NLoS: (a) photo, (b) map
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6.1.7.6.2.3 Measurement data illustrations
Measurement results for all scenarios are shown in Figs 76, 77 and 78.

FIGURE 76
Office LoS: measured data points compared to the FSL
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FIGURE 77
Corridor LoS: measured data points compared to the FSL
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FIGURE 78
Corridor NLoS: measured data points compared to the FSL
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6.1.7.7 Data sets from NTT: Corridor environments for 2.2-67.5 GHz

6.1.7.7.1 Executive summary

This section provides additional information for basic transmission-loss measurements. These data
are included in Recommendation ITU-R P.1238 for a site-general model. This study focuses on the
frequency bands 2.2 4.7, 26, 27, and 66 GHz on the basis of measurement carried out in a corridor
environment.

6.1.7.7.2 Measurement setup and procedure

Basic transmission loss was measured in an indoor environment. The measured frequency bands were
2.2,4.7,26.4, 37.1, and 66.5 GHz with a continuous wave. The Tx antenna height was 2.5 m above
the floor, and an Rx antenna was installed on a trolley at a height of 1.5 m above the floor. The
measurement parameters are summarized in Table 40.

TABLE 40
Measurement parameters

Measurement parameters Value
Frequency 2.2,4.7,26.4, 37.1, 66.5 GHz
Antenna pattern Omni-directional (Tx and Rx)

Tx height 25m

Rx height 15m

Ceiling height 3.0m

Width of corridor 2.65m

Figure 79 shows the measurement environment and measured routes. The size of the building was
150 by 55 m, the ceiling height was 3.0 m, and the width of the corridor was 2.65 m. The
measurements were carried out so as not to shield between Tx and Rx antennas and that the effect of
the trolley and human body was reduced. Measurement was carried out on six routes, as shown in
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Fig. 79. Route 1 was under a line-of-sight (LOS) condition, and the other routes were under a non-
line-of-sight (NLOS) condition.

Figures 80 to 84 show the measurement setup for each frequency band. The basic transmission loss
was obtained by subtracting gains and losses of the measurement setup after calibration. To exclude
the effects of fast fading, median values were obtained at every 1-m section from the Tx for each
route.

FIGURE 79

Measurement environment
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T.X Route 1 265 m \J/
55m 5 m1| Route 3 | N
55 m 20m Route 4
Route 5
Route 2 40 m
Route 6
150 m
FIGURE 80

Measurement setup for 2.2 GHz

2.2 GHz

Ant. Ant.
10MHz Ref. i |:> 10MHz Ref.
Signal Spectrum Data
—{  HPA — | - [
Generator BPF LNA analyzer logger
FIGURE 81
Measurement setup for 4.7 GHz
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FIGURE 82
Measurement setup for 26.4 GHz
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FIGURE 83
Measurement setup for 37.1 GHz
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FIGURE 84
Measurement setup for 66.5 GHz
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6.1.7.7.3 Measurement results

Figure 85 shows the measured basic transmission loss characteristics for Route 1 (LoS condition).
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FIGURE 85

Basic transmission loss characteristics for Route 1
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Figures 86 to 90 show the measured basic transmission loss characteristics for Routes 2 to 6 (NLOS
condition).

FIGURE 86

Basic transmission loss characteristics for Route 2
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FIGURE 87

Basic transmission loss characteristics for Route 3
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FIGURE 88
Basic transmission loss characteristics for Route 4
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FIGURE 89

Basic transmission loss characteristics for Route 5
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FIGURE 90
Basic transmission loss characteristics for Route 6
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6.1.7.8  Data sets from Durham University/5G CONNI: Industrial environment for 3.7 and
28 GHz

6.1.7.8.1 Executive summary

The wideband time domain channel sounder developed at the Fraunhofer HHI was used to conduct
measurements across two frequency bands (3.7 and 28 GHz) in an industrial environment for both
LoS and NLoS scenarios. A power delay profile, PDP, at about every 15 cm was obtained. Following
calibration, the measurement data were used to estimate the basic transmission loss vs the 3D distance
between the transmitter and the receiver. Only PDPs which had a minimum of 12 dB SNR were
included in the estimation of the basic transmission loss. Omni-directional antennas were used at both
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ends of the link with the transmitter antenna set up at a height of 2.7 m and the receiver antenna
mounted at a height of 2.2 m.

6.1.7.8.2 Measurement setup and procedure

Measurement equipment: The channel sounder setup is based on advanced test and measurement
equipment and specific components developed by the Fraunhofer HHI. The sounder uses a Frank-
Zadoff-Chu sequence with a bandwidth up to 2 GHz and covers frequencies up to 43.5 GHz. The
sounder uses distributed, untethered reference clocks at the transmitter and at the receiver for
synchronization. Table 41 gives the parameters of the measurements and the processing bandwidth.

TABLE 41

Measurement set up
Frequency band (GHz) 2.7-4.7 27-29
RF bandwidth (GHz) 2 2
Analysis bandwidth (GHz) 2 2
Transmit antenna Omni-directional (bicone) Omni-directional (bicone)
Receive antenna Omni-directional (bicone) Omni-direcitonal (bicone)
Transmit antenna height (m) 2.7 2.7
Receive antenna height (m) 2.2 2.2

Measurement environment: The measurements were conducted around the perimeter of a typical
industrial production hall densely packed with machinery. The dimensions of the hall are about 85
by 45 m and the transmitter was set up at a typical access point location in one corner of the hall at a
height of 2.7 m. After a back-to-back calibration of the transmitter and the receiver, the receiver was
moved at a constant speed of 0.5 m/s along a trajectory around the hall. Figure 91 shows the layout
of the measurement environment, and photos of the environment are displayed in Fig. 92. On sub-
trajectories 1 (blue) and 3 (yellow), the SNR at both bands was sufficient to evaluate the basic
transmission loss, whereas on sub-trajectory 2 (red), only the SNR at 3.7 GHz was high enough. The
3D distances were as follows: 3-78 m on sub-trajectory 1, 3-42 m on sub-trajectory 3 and 42-62 m on
sub-trajectory 2. Figure 93 displays the basic transmission loss across the two bands for both LoS and
NLoS.
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FIGURE 91

Layout of the measurement environment

FIGURE 92

Pictures of the measurement environment
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FIGURE 93
Basic transmission loss across the two frequency bands in (a) LoS, (b) NLoS
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6.2 Study 2: Power loss coefficients and shadow fading  statistics
(frequency bands: 0.8, 2.2, 4.7, 26, 37 GHz)
6.2.1 Executive summary

This section provides additional information for the power loss coefficients and shadow fading
statistics included in Recommendation ITU-R P.1238. This study focuses on the frequency bands 0.8,
2.2,4.7, 26, 37 GHz based on measurements made in an indoor open office environment.

6.2.2 Background and proposal

Tables 42 and 43 show the proposed power loss coefficients and shadow fading statistics,

respectively.

TABLE 42

Power loss coefficients, N, for indoor transmission loss calculation

Fr(eglli'ezr;cy Residential Office Commercial | Factory Corridor | Data Centre
0.8 — 2250 - - - -
2.2 - 20.7 0 - - - -
4.7 - 19.8® - - - -
26 - 195 ® - - - -
37 - 15.6 @ - - - -

@ Open office (50 m x 16 m x 2.7 m (H)): LoS case.

height was 1.5 m height. Both Tx and Rx are omni-directional antennas.

Averaged results with Tx heights of 2.6 and 1.2 m. Rx
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TABLE 43
Shadow fading statistics, standard deviation (dB), for indoor transmission loss calculation
Fréaglli'ezr;cy Residential Office Commercial
0.8 - 34 —
2.2 - 2.3 -
4.7 - 2.7 -
26 - 2.8 —
37 — 2.4 -

6.2.3 Measurement setup and procedure

Figure 94 shows the measurement environment and measurement parameters summarized in
Table 44. The measurement environment was a large office environment (50 m width x 16 m depth
x 2.7 m above-floor height). Transmitter (Tx) antennas were placed in two locations (Tx1/3 and Tx2).
Tx1 and Tx3 were set near the centre of the room and Tx2 was placed near the edge of the room as
shown in Fig. 40. For Tx1 and Tx2, the height of the Tx antennas was 2.6 m above the floor (0.1 m
from the ceiling), and the antenna height of Tx3 was 1.2 m above the floor. Receive (Rx) antennas
with a height of 1.5 m above the floor (1.2 m from the ceiling) were set on a push car. When the Tx
antenna height was 2.6 m (Tx1 and Tx2), the measurements were taken in LoS between Tx and Rx
antennas. For an antenna height of 1.2 m (Tx3), obstacles on the desk and partitions in the room
caused quasi LoS because of blockages between Tx and Rx. The received power was measured by
moving the push car as shown along the red line in Fig. 40. Five measurement frequencies were used,
including high frequency bands above 6 GHz (0.8, 2.2, 4.7, 26.4, 37.1 GHz). A continuous wave was
used at all five frequencies. Both the Tx and Rx antennas’ radiation patterns were omni-directional
in the horizontal plane with a 60-degree half-power beam width in the vertical plane. The basic
transmission loss was obtained by subtracting gains and losses of the measurement setup after
calibration. In order to exclude the effects of fast fading, median values were obtained at 1-metre
intervals.

FIGURE 94

Measurement environment
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TABLE 44
Measurement parameters
Frequency (GHz) 0.8,22,4.7,26.4,37.1
Tx1 2.6
Tx antenna height (m) Tx2 2.6
Tx3 1.2
Rx antenna height (m) 15
Tx/Rx antenna H-plane: Omni-directional
half power beam width V-plane: 60 degrees

6.2.4 Validation results

In order to obtain the power loss coefficients, the basic transmission loss characteristics were analysed
with the Tx-Rx direct distance. Figure 95 shows the measurement results at each Tx position using
frequencies from 0.8 GHz to 37.1 GHz. The measurement results for Tx1, Tx2, and Tx3 are
respectively shown in (a), (b), and (c). In this Figure, the solid lines represent regression results
obtained by using the site-general basic transmission loss model in Recommendation ITU-R
P.1238-8. The equation used for regression is as follows.

L = L(do) + Nlogio- + L(n) dB (25)

where Nis a distance power loss coefficient, fis frequency in MHz, dis separation distance between
the base station and portable terminal (whered > 1 m), do is a reference distance, Lt is a floor
penetration loss factor, nis the number of floors between base station and portable terminal, and L(do)
is basic transmission loss at do (dB). Here, 1 m is used as the reference distance do and (20 logqg f
—28) as the free space basic transmission loss L(do). As the Figure shows, the regression results a
have good agreement with the measurement results.

FIGURE 95

Measurement results and regression results: (a) Tx1, (b) Tx2, (¢) Tx3
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To further analyse prediction error characteristics of the regression results, the CDF of the prediction
error was derived. Figure 96 shows the CDF curve at each Tx position. As the Figure shows, median
values of the prediction error at each frequency and each Tx position are almost 0 dB, which means
the regression results can accurately predict the basic transmission loss.
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FIGURE 96
CDF of prediction error: (a) Tx1, (b) Tx2, (c) Tx3
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The derived coefficients are summarized in Table 45. In this Table, the mean value of the coefficients
at the three Tx positions is also shown. In Recommendation ITU-R P.1238-8, the power loss
coefficients are described such that they include an implicit allowance for various loss mechanisms
likely to be encountered within a single floor of a building. Therefore, power loss coefficients were
derived from the measurement results at the three Tx positions that include loss mechanisms such as
blockage in addition to LoS loss. The shadow fading statistics values were also derived, which are
calculated by using the standard deviation of the prediction errors. The values are summarized in
Table 46. These values, as well as the power loss coefficients, are important for predicting the
transmission loss in indoor environments.

TABLE 45
Power loss coefficients obtained from regression results
Power loss coefficients, N
Frequency (GHz)
Tx1 Tx2 Tx3 Mean value

0.8 21.7 234 22.3 22.5
2.2 21.0 21.7 19.5 20.7
4.7 20.1 204 18.9 19.8
26.4 17.6 19.3 21.5 195
37.1 154 154 16.1 15.6

TABLE 46

Shadow fading statistics, standard deviation obtained from regression results

Shadow fading (dB)
Frequency (GHz)
Tx1 Tx2 Tx3 Mean value
0.8 3.3 3.8 3 34
2.2 2.5 2.2 2.3 2.3
4.7 34 2.7 2.1 2.7
26.4 2.6 2.9 2.8 2.8
37.1 2.6 3.2 15 2.4
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In addition, the frequency dependency of the power loss coefficients was analysed. Figure 97 shows
the frequency dependency of (a) the values in Table 45, and (b) the values described in the current
Recommendation 1TU-R P.1238. It should be noted that the values in Recommendation ITU-R
P.1238 were derived from measurements in various environments, and so it is difficult to simply
compare with the results obtained here. In this figure, the regressed result is also shown by the solid
line. As can be seen in this figure, the power loss coefficients decrease as the frequency increases,
meaning that they have a frequency dependency. Such frequency dependency could be used for
developing the power loss coefficient model.

FIGURE 97
Frequency dependency of power loss coefficients
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6.2.5 Summary of the results

This contribution presented measurement results of five frequency bands up to 37 GHz in an office
environment, as well as the power loss coefficients and the shadow fading characteristics. It was
shown that the power loss coefficients have a frequency dependency, which could be used for
developing the power loss coefficient model.

6.3 Study 3: Power loss coefficients and shadow  fading  statistics
(Frequency bands: 28, 38 GHz)

6.3.1 Executive summary

This section provides additional information for the power loss coefficients and shadow fading
statistics included in Recommendation ITU-R P.1238. This study focuses on the frequency bands
28 GHz and 38 GHz based on measurements made in indoor office and indoor commercial (train
station and airport terminal) environments.

6.3.2 Background and proposal

Tables 47 and 48 show the proposed power loss coefficients and shadow fading statistics,
respectively.
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TABLE 47
Power loss coefficients, N, for indoor transmission loss calculation
Frgglli'ezr;cy Residential Office Commercial Factory Corridor | Data Centre

28 - 18.4@ 27.6M - - -
29.9@ 17.9@¢3)
24829

38 - 20.3@ 18.6@¥ - - -
29.6@ 25.9@¢9

@ Railway station (170 m x 45 m x 21 m(H)) and airport terminal (650 m x 82 m x 20 m(H)): NLoS case,
60° half-power beam width antenna for transmitter is set at the height of 8 m, and 10° beam width for
receiver is set at 1.5 m on the floor. The value was obtained from the maximum path gain among various
Tx and Rx antenna orientations.

@ The upper number is for LoS cases and the lower number is for NLoS cases.

® The environments are same to (8) and a Tx antenna with 60° beamwidth is set at the height of 8 m and a
Rx with an omni-directional antenna is set at the height of 1.5 m.

TABLE 48
Shadow fading statistics, standard deviation (dB), for indoor transmission loss calculation
Frequency . . . .
(GH2) Residential Office Commercial

28 - 3.4@ 6.7W

66(2) 1.4(2, 3)

6.4%3)

38 — 4_6(2) 1.6(2' 3)

6.8 5.5 %)

@ Railway station (170 m x 45 m x 21 m(H)) and airport terminal (650 m x 82 m x 20 m(H)): NLoS case,
60° half-power beam width antenna for transmitter is set at the height of 8 m, and 10° beam width for
receiver is set at 1.5 m on the floor. The value was obtained from the maximum path gain among various
Tx and Rx antenna orientations.

@ The upper number is for LoS case and the lower number is for NLoS case.

®  The environments are same to (1) and a Tx antenna with 60° beamwidth is set at the height of 8 m and a
Rx with an omni-directional antenna is set at the height of 1.5 m.

6.3.3 Measurement setup and procedure

The basic transmission loss measurement campaign was conducted with a 28 and 38 GHz channel
sounder system, which was developed by the ETRI. Table 49 shows the specification of the channel
sounder.
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TABLE 49
Specification of the channel sounder
Description Specification
Carrier frequency 28 GHz ‘ 38 GHz
Channel bandwidth 500 MHz
Maximum TX power 29 dBm ‘ 21 dBm
Automatic gain control range <60dB

The measurement campaign was conducted in three areas: a) an ETRI office, b) Seoul railway station,
and c) Incheon airport terminal. The ETRI office is a typical indoor office environment. Seoul railway
station and Incheon airport terminal are the representative indoor commercial environments in the
Republic of Korea.

6.3.3.1 Basic transmission loss measurements in indoor office environments

The size of the office is 72 m x 23 m x 2.6 m. There are cubicle areas, meeting rooms, corridors,
pillars, etc. The locations of the Tx and Rx are shown in Fig. 98. The outside walls are composed of
concrete and large tempered glass, whereas the inside walls and ceilings are made of reinforced
concrete, steel and plaster board. The basic transmission loss measurements were collected at two Tx
locations and 48 Rx locations. In Fig. 98, the red stars show the Tx locations and the blue circles
show the LoS Rx locations. The red and green circles show the NLoS Rx locations. The heights of
the Tx and the Rx are 2.5 m and 1.2 m, respectively. The transmitting antenna and the receiving
antenna are omni-directional antennas.

FIGURE 98

Basic transmission loss measurement campaign in an ETRI office (Site 1):
(a) Layout of the measurement scenario, (b) Installation of measurement equipment

@) (b)

6.3.3.2 Basic transmission loss measurements in indoor commercial environments

The basic transmission loss measurements were collected in two indoor commercial environments.
Horn antennas with 60- and 40-degree beamwidths were used at Tx for 28 and 38 GHz measurements,
respectively. The Tx antenna direction was fixed to the measurement area. At RX, an omni-directional
antenna was installed. For detail information about the locations of the antennas and the direction of
the transmitting antennas is shown in Figs 99 and 100.

The first measurement site is Seoul railway station as shown in Fig. 99 where the antenna locations
of the measurements are marked. Seoul railway station is a large hall with a dimension of 170 m x
45m x 21 m. There are many stores, ticketing boxes, and offices. The ceiling and walls are
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constructed with steel frames and thick tempered glasses. In Fig. 99, the blue and green circles denote
LoS locations and NLoS locations, respectively. The Tx antenna was set up at 8 m high. The Rx
antenna moved while maintaining the antenna height at 1.5 m.

The second site is Incheon airport terminal as shown in Fig. 100. Incheon airport terminal is a very
large hall with a dimension of 650 m x 82 m x 20 m. There are many reception tables, banks, stores,
and many partitions. In Fig. 99, the blue and green circles denote LoS locations and NLoS locations,
respectively. The Tx antenna was set up at the height of 8 m. The Rx antenna moved at the height of
1.5m.

FIGURE 99

Transmission loss measurement campaign in Seoul railway station (Site 2):
(a) Layout of the measurement scenario, (b) Installation of the measurement equipment
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FIGURE 100

Transmission loss measurement campaign in Incheon airport terminal (Site 3):
(a) Layout of the measurement scenario, (b) Installation of the measurement equipment
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6.3.4 Validation results

The measurement result was analysed based on the transmission loss model in Recommendation
ITU-R P.1238-8, which is given by:

Liotar = L(do) + Nlogso (1) + Ly () (26)

where:
d: distance from TX to RX
do: reference distance
N: transmission loss exponent
n: number of floors between the stations (i.e. TX and RX)
L(do) : transmission loss at the reference distance
Li«(n) :  floor penetration loss.

In this study, the reference distance is set by 1 m and the transmission loss at the reference distance
is assumed to be free space loss. Since TX and RX are on the same floor, the floor penetration loss is
zero. Figures 101 and 102 show the measurement results and the fitted curves for the indoor office
and the indoor commercial environments, respectively.
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FIGURE 101
Measurement results of indoor office environments: (a) 28 GHz, (b) 38 GHz
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FIGURE 102
Measurement results of the indoor commercial environments: (a) 28 GHz, (b) 38 GHz
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Table 50 shows the optimized parameters based on the measurements. In the Table, o is the standard
deviation of the log-normal shadow fading. It can be seen that the transmission loss exponents and
the shadow fading standard deviations of NLoS environments are larger than those of LoS
environments. It can also be seen that the transmission loss exponents and the shadow fading standard
deviations of 38 GHz are larger than those of 28 GHz.

TABLE 50
Transmission loss coefficients (n) and standard deviation (¢) of Cl model
at 28 GHz and 38 GHz
LoS NLoS
Environments Frequency Range of
(GH2) N 6 (dB) N o (dB) distance (m)
Office 28 18.4 34 29.9 6.6 <60
38 20.3 4.6 29.6 6.8 <60
Commercial 28 17.9 1.4 24.8 6.4 <210
38 18.6 1.6 25.9 5.5 <210

6.3.5 Summary of the results

These results and analyses were used as a basis to propose the new transmission loss exponents and
the shadow fading standard deviations for 28 and 38 GHz.
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6.4 Study 4: Power loss coefficients, shadow fading statistics, rms delay spread parameters
(Frequency bands: 51-57, 67-73 GHz)
6.4.1 Executive summary

This section provides additional information for the power loss coefficients, shadow fading statistics
and rms delay spread parameters included in Recommendation ITU-R P.1238. This study focuses on
the frequency bands 51-57 GHz and 67-73 GHz based on measurements made in three indoor
environments which include a computer cluster room, classroom and corridor.

6.4.2 Background and proposal

Tables 51, 52 and 53 show the proposed power loss coefficients, shadow fading statistics, and rms
delay spread parameters, respectively.

TABLE 51
Power loss coefficients, N, for indoor transmission loss calculation

NOTE - The original values from this study were reworked so that they are consistent with the methodology
used for the other values in the corresponding Table in Recommendation ITU-R P.1238. The reworked values
are shown below.

Frequency . . . . .
(GH2) Residential Office Commercial Factory Corridor | Data Centre
z
13(10)
(10)
161D
11
67-73 — 194D - - 17 610 -

@ Computer room where there are many computers around the room.

9 Transmit antenna beamwidth 56.3°, synthesised 360° in azimuth at receiver with 19.7° beamwidth in
elevation.

@) Transmit antenna beamwidth 40°, synthesised 360° in azimuth at receiver with 14.4° beamwidth in
elevation.

TABLE 52
Shadow fading statistics, standard deviation (dB), for indoor transmission loss calculation

Frequency . . . .
(GH2) Residential Office Commercial
51-57 - 2.7 —

67-73 - 2.1 -
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TABLE 53
rms delay spread parameters
Time Tx beam | Rx beam Note
Freq. Environ- | Polari- delay . . A B C
(GHz) ment zation | resolution width width (ns) | (ns) | (ns) for
(ns) (degrees) | (degrees) A B,C
18.4 0.69 0.96 2.89 @
Computer | /4y 05 56.3
Cluster 18.49 | 214 | 10.7 | 29.7 2
i 18.4 0.56 0.65 4.29 @
51-57 | Officel 1 umn |l os 56.3
classroom 18.4®) 16 | 158 | 26.7 2
] 18.4 0.54 0.72 1.34 @
Corridor VV/HH 0.5 56.3 3 12
18.4G 081 | 89 | 446 .2)
14.4 0.36 0.57 2.4 @
Computer | /iy | 05 40
cluster 14.4® 1.1 | 109 | 281 €2
; 14.4 033 | 05 | 6.39 @
67-73 | Office/ 1y 05 40
classroom 144® | 159 | 126 | 25.9 €.2)
) 14.4 036 | 047 | 1.2 @
Corridor VV/HH 0.5 40 3 )
14.4® 0.49 6.11 35.2 .2

@ 20 dB threshold.
@ Receiver antenna was rotated in a step of 5° around 360 degrees in measurements. The value represents

a directional delay spread when the bore-sight of receiver antenna is not aligned to the direction of
transmitter.

@ The original values (3202) from this study were changed to reflect the actual beamwidth of the antenna.

6.4.3 Measurement setup and procedure

Wideband measurements in three typical indoor environments were performed which include a
computer cluster room, classroom and corridor. The measurements were performed at two
frequencies in the 50-75 GHz band identified by WRC-15 as possible bands for future wireless
communications. The measurements were obtained with dual polarised antennas at the transmitter
and at the receiver using a 2 by 2 wideband channel sounder. The measurements were performed with
6 GHz bandwidth between 51-57 GHz and 67-73 GHz and analysed with 2 GHz bandwidth.

Horn antennas were used at the receiver with a beam width (18.4° in the E plane and 19.7° in the H
plane at 50 GHz and 14.4° in the E plane and 15.4° in the H plane at 67.5 GHz). At the transmitter
two horn antennas were used and these have beam widths (56.3° in the E plane and 51.4° in the H
plane at 50 GHz and 40° in the E plane and 38° in the H plane at 67.5 GHz). To perform dual
polarisation measurements, a twist was used at one of the transmit channels and another at one of the
receive channels. To enable LoS, NLoS and the synthesis of non-directional propagation, the receiver
was mounted on a turntable which was rotated in 5-degree steps to cover all azimuthal angles.

Following calibration rms delay spread for 20 dB threshold below the peak and the coefficients of the
transmission loss model for the four polarisations were estimated using the least square fit. The data
from each set of measurements were grouped for the co-polarised and cross-polarised antennas and
the results for the transmission loss coefficients and for the rms delay spread are proposed to be added
to the current Recommendation.
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6.4.3.1 Summary of measurements

The multiband wideband chirp channel sounder at Durham University was used to carry out
measurements in the 50-75 GHz band with two transmit and two receive antennas. The sounder was
used to measure the channel response in different indoor environments including a classroom, a
corridor, and a computer cluster room, shown in Fig. 103.

FIGURE 103

Measured indoor environments (a) classroom, (b) corridor, (c) computer cluster

(A ©)

For these measurements, the transmitter and receiver were mounted on trolleys with the transmitter
being held in a fixed location with the RF head unit being mounted close to the ceiling at about 2.35 m
and the receiver antenna was mounted on the trolley at 1.6 m.

6.4.4 Validation results

The data were used to synthesise the received power from an omnidirectional antenna to estimate the
transmission loss and for each angle of arrival the rms delay spread was estimated. The omni-
directional power was estimated by taking the sum of the received power from the power angular
profile illustrated in Fig. 104 for one of the locations in the classroom environment. The transmitter
and receiver used high stability rubidium standards which also enabled the synthesis of the omni-
directional power delay profiles as shown in Fig. 105 for the VV and VH polarisations in the same
environment.

FIGURE 104

Power versus angle of rotation for the dual polarised antennas in the classroom environment
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FIGURE 105
Synthesised omni-directional power delay profile (a) VV and (b) VH

dB
do
S

100 150

Time (ns)

200 250 300

A

dB

0,

| |
0 50 100

i
150

Time (ns)

i | i
200 250 300

(B)

The rms data were estimated for each angle of arrival and then separated as LoS and NLoS for the
back beam of the antenna. All LoS data were unobstructed. The estimated values of the rms delay

spread are given in Table 54.

TABLE 54
rms delay spread in LoS and NLoS

Band Environment Polarisation LoS NLoS
10%; 50%0; 90% 10%; 50%; 90%
5157 VV/HH 0.69; 0.96; 2.89 2.14; 10.74; 29.71
Computer VH/HV 0.98; 2.33; 8.14 3.19; 11.14; 31.90
6772 Cluster VV/HH 0.36; 0.57; 2.4 1.06; 10.91; 28.08
VH/HV 0.58; 1.26; 5.39 2.27; 8.54; 26.61
_— VV/HH 0.54;0.72; 1.34 0.81; 8.90; 44.55
. VH/HV 0.83; 5.16; 14.34 2.72;10.36; 43.04
Corridor
67 _73 VV/HH 0.36; 0.47; 1.20 0.49; 6.11; 35.16
VH/HV 1.04; 7.94; 21.47 1.51; 6.40; 34.18
51 &7 VV/HH 0.56; 0.65; 4.29 1.60; 15.75; 26.67
- VH/HV 2.92; 7.58; 14.66 7.06; 14.37; 21.02
Classroom
67 73 VV/HH 0.33; 0.50; 6.39 1.59; 12.55; 25.85
- VH/HV 2.80; 11.69; 22.76 5.84; 13.40; 22.72

The power delay profiles were also used to estimate the parameters L(do) and N as in equation (27)
in the Recommendation, and the results for the three environments are given in Table 55 for the
co-polarized antennas where o gives the standard deviation of the fit.

d
Ltotal = L(do) + N |0910d—0 + Lf(n)

(27)
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TABLE 55
Transmission loss parameters
Band Environment N L(do=1m) c
51 -57 Computer room 14.5 55.1 2.7
67-73 18.8 54.6 2.1
51 -57 Corridor 16.9 44.7 11
67-73 12.8 57.7 0.8
51 -57 Classroom 26.0 39.4 0.6
67-73 27.3 48.1 14

6.4.5 Summary of the results

These results and analyses were used as basis to propose the new power loss coefficients, shadow
fading statistics and rms delay spread parameters.

6.5 Study 5: Power loss coefficients (Frequency band: 70 GHz)

6.5.1 Executive summary

This section provides additional information for the power loss coefficients included in
Recommendation ITU-R P.1238. This study focuses on the frequency band 70 GHz based on
measurements made in an indoor office environment.

6.5.2 Background and proposal
Table 56 shows the proposed power loss coefficient.

TABLE 56
Power loss coefficients, N, for indoor transmission loss calculation
Frequency . . . . .
(GH2) Residential Office Commercial Factory Corridor | Data centre
z
70 - 22W - - - -

) 60 GHz and 70 GHz values assume propagation within a single room or space, and do not include any
allowance for transmission through walls. Gaseous absorption around 60 GHz is also significant for
distances greater than about 100 m, which may influence frequency reuse distances (see
Recommendation ITU-R P.676).

6.5.3 Measurement setup and procedure

Measurements were performed in an office. The area measured was 22 x 12.5 x 3.5 m. The walls
were made of metal, and metal bookshelves were set along the walls. Along the window, there were
low bookshelves also made of metal. The ceiling was made of plasterboard, and fluorescent lights
and air conditioning units were positioned on the ceiling. The flooring was made of metal, which was
covered by a carpet. Table 57 shows the measurement parameters, and Fig. 106 shows the
measurement conditions in the office.
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TABLE 57
Measurement conditions (Office)
Frequency | Polarization | Tx antenna | Rx antenna Environment Antenna
(GH2) (degree) (degree) height
(m)
70 \Y 60 15,30,60 | LoS1,2 3,57 10,14 m 1
70 \Y 60 15, 30, 60 NLoS 3,7,10,14 m 1
FIGURE 106
Measurement environment (Office)
] .|
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The distance characteristics on the passage and desk sides of the office were measured. The LoS was
between the Tx and Rx on the passage side. Because the average height of the office fixtures on the
desk side was 1.2 m, the environment between the Tx and Rx could be classified as a NLoS.

6.5.4 Validation results

Figure 107 shows the measurement results. N was obtained by using the least square method for each
environment. Equation (1) with N=20 and 24 approximates the LoS and NLoS in the office results
well, respectively. N=22 approximates the total results. The results are summarized in Table 58.

FIGURE 107

Measurement results
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TABLE 58
Power loss coefficients N
Frequency Office (LoS) Office (NLoS) Office (total)
70 GHz @ 20 24 22

W70 GHz values assume propagation within a single room or space, and do not include any allowance
for transmission through walls.

6.5.5 Results of studies
Based on the results and analyses above, a new power loss coefficient value is proposed for 70 GHz.

6.6 Study 6: Power loss coefficients

6.6.1 Executive summary

This section provides additional information for the power loss coefficients included in
Recommendation ITU-R P.1238. This study focuses on the frequency band 300 GHz based on
measurements made in indoor office and corridor environments.

6.6.2 Background and proposal
Table 59 shows the proposed power loss coefficients.

TABLE 59
Power loss coefficients, N, for indoor transmission loss calculation
Frequency ) . . . )
(GH2) Residential Office Commercial Factory Corridor | Data Centre
300 - 2019 - = 19519 20.249)

© Transmitter and receiver are on LoS corridor.
5 Transmit and received antennas have 10° beamwidth.

6.6.3 Measurement setup and procedure

6.6.3.1  First measurement campaign — office and corridor environments

In a first measurement campaign, propagation loss was measured by using 300 GHz continuous wave
in an anechoic chamber as shown in Fig. 108 to confirm the transmitter (Tx) and receiver (Rx).
Subsequently propagation loss in office and corridor environments was measured. The maximum
transmission distance was a few tens of meters in the line-of-sight situation because the output power
was limited to —15 dBm by a used RF device performance. In the measurement, directional antennas
were used by considering actual 300 GHz wireless applications. The aperture size of antenna is
6 mm x 8.36 mm and the antenna gain is 25 dBi as shown in Fig. 109. The antenna heights of Tx and
Rx were 1.1 m above the floor. The measured polarization was set to vertical. For transmission loss
measurement, the Tx was fixed and Rx was moved by using a platform truck. Table 60 summarizes
these parameters.
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FIGURE 108

Propagation measurement in anechoic chamber

Signal generator .
Signal generator

Spectrum analyser

FIGURE 109

Standard gain horn antenna

(a) Standard gain horn (b) Simulated antenna directivity

E-plane H-piane

oldeg)

Total Gain (Frequency = 300 GHz)

TABLE 60
Measurement parameters

Measured frequency 300 GHz (CW)
Output power —15dBm

Standard gain horn
TX and RX antennas Gain: 25 dBi (HPBW 10 degree)
Height: 1.1 m above the floor

Figure 110 shows the measurement system for indoor environments. The Tx and Rx were put on the
trucks and the Rx position was changed in the measurement. There was no human in the environments
during the measurement to keep the static condition. The measured distance was up to 12 m for office
and 35 m for corridor environments in the line-of-sight situation.
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FIGURE 110

Measurement system for indoor environment

TS
!

Transmitter Receiver

The snapshots of transmitter and receiver are shown in Fig. 111. The indoor measurement was carried
out in the office and corridor environments as shown in Fig. 112.

FIGURE 111

Snapshots of transmitter and receiver: (a) Transmitter, (b) Receiver

FIGURE 112

Snapshots of measurement in the office and corridor environments: (a) Office, (b) Corridor

(B)

6.6.3.2  Second measurement campaign — data centre environment

In a second measurement campaign, propagation loss was measured by using 300 GHz continuous
wave in a data centre environment as shown in Fig. 113(a) and (b). The server arrangement is mixed
with regular intervals and non-regular intervals. The server body is made of metal, the ceiling is
plasterboard, and the floor is concrete covered by carpet. In the transmission loss measurement, the
Tx position is fixed and the Rx position is changed. The antenna heights of Tx and Rx were set as
2.15 m from the floor, and the Rx antenna height is changed to examine the antenna height effects.

The snapshots of Tx and Rx modules are the same as in the first measurement campaign, shown in
Fig. 111. Tx and Rx modules were put on the server rack. There was no human in the environment
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during the measurement to keep the static condition. The measured distance was up to 22.3 m in the
line-of-sight situation. In the measurement, directional antennas were used by considering actual
300 GHz wireless applications. As in the first measurement campaign, the aperture size of the antenna
is 6 mm x 8.36 mm and the antenna gain 25 dBi, as shown in Fig. 109. The measured polarization
was set to vertical. The output power was limited to —15 dBm by a used RF device performance.
Table 61 summarises these parameters.

FIGURE 113

(a) Data centre environment, (b) Server arrangement in the data centre

Celng d=13-223(m
Floor =215(m)
(A) (B
TABLE 61
Measurement parameters — second measurement campaign
Measured frequency 300 GHz (CW)
Output power —15dBm

Rectangular horn

TX and RX . )
and RX antennas Gain: 25 dBi (HPBW 10 degree)

6.6.4 Validation results

6.6.4.1 Results for the office and corridor environments

The relationship between the received power and the transmission distance in the anechoic chamber
is shown in Fig. 114. In this Figure the simulation result by a moment method (MoM) including
antenna structure is also plotted. It was confirmed that the pass loss coefficient is N = 20 identical
with the free space loss in the far field.

FIGURE 114
Received power measurement in the anechoic chamber
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Measured transmission loss results in the office and corridor environments are shown in Fig. 115. By
a linear approximation, transmission loss coefficients were extracted as N =20 and 19.5 for each
environment. The coefficient of office environment was roughly identical with the free space loss
because antenna half power beam width was narrow as 10 degrees. The coefficient of corridor
environment was slightly decreased from N = 20.

FIGURE 115

Measured transmission loss results (a) in the office environment, (b) in the corridor environment
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6.6.4.2 Results for the data centre environment

The relationship between the measured transmission loss and the transmission distance in the data
centre is shown in Fig. 116. By a linear approximation, transmission loss coefficients were extracted
as N = 20.2. The coefficient of the data centre environment was roughly identical with the free space
loss; however, it had about +5 dB deviation.

FIGURE 116

Measured transmission loss results in the data centre environment
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6.6.5

The transmission loss coefficients of office and corridor environments at 300 GHz have been
extracted using directional antennas. The coefficient of office environment was roughly identical with
the free space loss of N = 20, and the coefficient of corridor environment was slightly decreased to
N = 19.5. These parameters are also close in value to the coefficient at 60 and 70 GHz of
Recommendation ITU-R P.1238.

The transmission loss coefficients of a data centre environment at 300 GHz have been extracted using
directional antennas. The transmission loss coefficient was N = 20.2 which is roughly identical with
the free space loss of N = 20; however, it has a £5 dB deviation by interference of direct and reflection
waves.

Summary of the results
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The new power loss coefficients were proposed based on the results and analyses.

6.7 Study 7: Rms delay spread parameters (Frequency bands: 28, 38 GHz)

6.7.1 Executive summary

This study provides additional information for the rms delay spread parameters included in
Recommendation ITU-R P.1238. This study focuses on the frequency bands 28 and 38 GHz based
on measurements made in indoor commercial environments (Seoul railway station and Incheon
international airport terminal).

6.7.2 Background and proposal
Table 62 shows the proposed rms delay spread parameters.

TABLE 62
rms delay spread parameters

Time

Freq. | Environ- | Polari- delay T\)/(vit:jetim R\)/(vi%et%m A B C Nfgﬁe
(GHz) ment zation reS(()rI]L;;lon (degrees) | (degrees) (ns) | (ns) | (ns) A B,C
28 Commercial AVAY/ 2 60 Omni L7 34 64 1.2

36 65 86

_ , . @
38 | Commercial \VAY/ 2 40 Omni 42 69 82

W Upper and lower values are LoS and NLoS cases, respectively.
@20 dB threshold.

6.7.3 Measurement setup and procedure

6.7.3.1 Channel sounder

The channel sounder operates with 4 095 chips pseudo random noise (PN) mode, 500 Mcps chip
rates, 2 ns measurement resolution. A channel sounder was implemented using a swept time delay
cross-correlation technique. Transmitter (Tx) is installed at the height (Hb) of 8.2 m. Its conducting
power is 29 dBm at 28 GHz and 21 dBm at 38 GHz carrier frequency. A receiver is at the height
(Hm) of 1.7 m. During the measurement, the location of a Tx was fixed, and a Rx on the floor was
positioned at LoS or NLoS environments. A Tx antenna has the directional horn type with half-power-
beamwidth (HPBW) of 40° at 38 GHz or 60° at 28 GHz in order to mostly cover the measurement
area (railway station or airport terminal), and a Rx antenna has the beam pattern of omnidirectional
type. Both the Tx and Rx antenna have the same vertically polarization.

6.7.3.2 Omnidirectional measurements in an indoor commercial environment

Measurements were performed in the Seoul railway station and the Incheon airport terminal in the
Republic of Korea. The features of these indoor environments are given below and shown in Fig. 117.

- Site 1 (Seoul railway station): The measurement was carried out in a large hall with a
dimension of 80 m (length) x 45 m (width) x 21 m (height) located on the 1% floor of terminal
building. The ceiling and walls of the hall are built with steel frames and thick tempered
glasses. The floors are constructed with steel-reinforced concrete. There are offices, ticketing



Rep. ITU-R P.2406-2 107

boxes and shops in the hall. A large electric notice board informing train departure-and-
arrival time is on the wall.

- Site 2 (Incheon airport terminal): The measurement has been carried out in a big hall with a
dimension of 320 m (length) x 82 m (width) x 20 m (height) which is on the third floor of
the airport passenger terminal building. Building materials are similar to the Seoul railway
station except for parallel arranged check-in booths.

FIGURE 117

Measurement environments
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(b) Incheon airport terminal

Considering available measurement data including both LoS and NLoS environment, a maximum Tx
to Rx measurement distance was determined as within either 150 m at 38 GHz or 85 m at 28 GHz.
At every measurement location, 441 power delay profile (PDP) samples were obtained. The
maximum floor space for the measurements was 3 600 m? in the railway station and 26 240 m? in the
airport terminal.

The rms delay spread (DS) was derived for four categories (LoS at 38 GHz, LoS at 28 GHz, NLoS at
38 GHz, and NLoS at 28 GHz) from gathering the measured PDPs given by the square of the
magnitude of the channel impulse response (CIR). The threshold was used for determining the
multipath if PDPs have enough peak-to-spurious dynamic range to ensure the integrity of the results.
For the results reported in this study, the threshold was set 20 dB below the peak of PDP. The
parameters chosen to provide the statistical description of the multipath effects are median values that
occur frequently, 10%, and 90% values of the cumulative distribution on omnidirectional rms DS.

6.7.4 Validation results

Firstly, typical DS parameters estimated from average delay profiles for indoor environments are
given in Table 5 in § 4.3 of Recommendation ITU-R P.1238-8. The values given in the Table
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represent the largest hall sizes likely to be encountered in each environment. Based on the rms DS
given in Recommendation ITU-R P.1238-8, A(10%), B(50%), and C(90%) values of the CDF on rms
DS at 28 GHz and 38 GHz. For an indoor commercial environment, it was found that omnidirectional
rms DS depends on both frequency and LoS/NLoS environment from results in Table 62.

6.7.5

This study describes additional information on measurement environment and the process for
deriving the proposed rms delay spread parameters. From the results, these parameters could be
applied for indoor environments such as public commercial indoor area at 28 and 38 GHz.

Summary of the results

6.8 Study 8: Rms delay spread parameters (Frequency bands: 30, 60 GHz)

6.8.1

This study provides additional information for the rms delay spread parameters included in
Recommendation ITU-R P.1238. This study focuses on the frequency band 60 GHz based on
measurements made in various indoor office environments (computer cluster, office/classroom,
corridor).

Executive summary

6.8.2
Table 63 shows the proposed rms delay spread parameters.

Background and proposal

TABLE 63
rms delay spread parameters
Time Tx beam | Rx beam Note
Freq. Environ- Polari- delay width width A B C for
(GHz) ment zation | resolution (ns) (ns) | (ns)
(degrees) | (degrees) A B, C
(ns)
0.45 35 35 1.2 2.5 14 @
Computer
Clufter Dual® 0.45 35 35 16 | 176 | 34 @
18.4 214 | 10.7 | 29.7 29
o3 i 184 | 056 | 065 | 429 | ©
315 | officel | os 56.3 ' ' ' ' —
classroom 18.4 16 | 158 | 26.7 | @9
_ 18.4 054 | 0.72 | 1.34 @
Corridor VV/HH 0.5 56.3 x
18.4 0.81 8.9 44.6 29
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TABLE 63 (end)
Time Tx beam | Rx beam Note
Freq. Environ- Polari- delay width width A B C for
(GH2) ment zation | resolution d (ns) (ns) (ns)
(ns) (degrees) | (degrees) A B, C
Computer \aY 0.22 15.4 15.4 1.0 52 | 10.6 @
58.7- cluster \Y% 0.9 15.4 2.2 12 | 12 | 375 ®
63.1 6 vV 0.22 Omni Omni | 068 | 1.7 4 ©
Office® - - -
\aY 0.22 omni omni 045 | 177 | 5.2 @

@ Mean value of VV, VH, HV, and HH.

@20 dB threshold.

®) 30 dB threshold.

@ 30 dB threshold, receiver pointing towards transmitter.

® 20 dB threshold, receiver antenna rotated around 360 degrees.
®  Tx and Rx are on body to on body

) Tx and Rx are on body to off body.

®  Receiver antenna was rotated in a step of 5° around 360 degrees in measurements. The value represents
a directional delay spread when the bore-sight of receiver antenna is not aligned to the direction of
transmitter.

6.8.3

Under the Open Call 1 of CREW (Cognitive Radio Experimental World), measurements were
performed in three of the test beds: the air cabin in EADS, the office environment at the Technical
University of Berlin (TUB) and the semi-shielded environment in iMinds to estimate channel
parameters including transmission loss. The measurements were performed with 550 MHz bandwidth
with waveform repetition rate equal to ~1.1 kHz in the ISM 1 band (2.2-2.75 GHz) using the multi
band radio channel sounder recently developed at Durham University [1]. Where possible the
measurements were taken at the positions of the nodes in the test beds. Thus for example in the
measurements at TUB, the antennas were placed in close proximity to the nodes which are all
mounted on the ceiling in different rooms on the same floor. Similarly in the test bed at iMinds, the
antennas were placed in the locations of the nodes which are at about 1.5 m above ground.

Measurement setup and procedure

In addition to three frequency bands below 6 GHz, the sounder has up and down converters to two
mm wave bands: 30 GHz and 60 GHz with 2 transmit and two receive channels.

In a first measurement campaign, was used in a wide corridor environment as shown in Fig. 118. For
these measurements, the transmitter and receiver were mounted on trolleys with the receiver being
held in a fixed location with the 60 GHz unit mounted close to the ceiling at 2.35 m as illustrated by
the arrow in Fig. 118(a) and the receiver antenna was mounted on the side of the trolley at 1.46 m as
in Fig. 118(b). The measured environment is shown in Fig. 118(c) where it can be seen to be a long
wide corridor with workstations with computers and a light well to one side as indicated by the blue
arrow on the right-hand side and offices on the opposite side. The measurements were taken along a
path starting from a distance of ~8.7 m to a distance of 35 m. The measurements were performed with
a bandwidth of 4.4 GHz and waveform duration of 819.2 us. To enable the 2 by 2 MIMO
measurements two-way switching at the transmitter was used while receiving in parallel.
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FIGURE 118

Experimental set up for the two by two measurements in the indoor environment (a) receiver location with antenna set up as
close as possible to ceiling, (b) receiver trolley with antenna mounting, and (c) overview
of the measured environment with the red arrow indicating the location of the receiver trolley

(a) (b) (c)

In a second measurement campaign, the sounder was used to measure the delay spread in a computer
cluster environment as shown in Fig. 119. For these measurements, the transmitter and receiver were
mounted on trolleys with the transmitter being held in a fixed location with the 30 GHz or 60 GHz
unit being mounted close to the ceiling at about 2.35 m as illustrated by the arrow in Fig. 119(a) and
the receiver antenna was mounted on the trolley at 1.5-1.6 m as in Fig. 119(b). For the 30 GHz
measurements both the transmitter and receiver used dual polarised antennas. At the transmitter the
transmission was switched sequentially between the two polarisations while at the receiver the two
polarisations were received simultaneously. For the 60 GHz measurements a single horn antenna was
used at the transmitter while at the receiver a lens antenna (with 2.2 in the E plane and 2.6 in the H
plane) mounted on the receiver unit was used to estimate the channel response as a function of angle
of arrival. For this the receiver unit was mounted on a turntable which was controlled to rotate at
5 degree steps to generate 73 channel responses for each location.

FIGURE 119

Experimental set up for the measurements in the indoor environment

(a) transmitter location with antenna (b) receiver trolley with lens antenna (c) overview of the measured environment
set up as close as possible to ceiling mounted on rotating table

The measured environment is shown in Fig. 119(c) where it can be seen to consist of workstations
with computers, a light well on one side as indicated by the arrow on the right-hand side and offices
on the opposite side.

6.8.4 Validation results

6.8.4.1 First measurement campaign

Following thorough calibration of the sounder, the wideband data were processed to obtain the power
delay profiles (see Fig. 120 for an example of power delay profile at 60 GHz), and the area under the
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profile integrated to estimate the received energy as in equation (1) of Recommendation ITU-R
P.1407.

FIGURE 120

Power delay profile at 60 GHz for a single channel in one of the measured locations
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The transmission loss was then evaluated where in the TUB and iMinds measurements wideband
omni-directional antennas were used and in the 60 GHz measurements, two horn antennas with
directional beam equal to 15.4°.

The estimated transmission loss dependence on distance in the 2.625 GHz band in the two measured
environments is shown in Fig. 121(a) and (b) where the slope of the curve, n is equal to 4.4 for the
office environment in the TUB data and 3.3 for the iMinds measurements.

FIGURE 121

Estimated transmission loss in (a) office environment in TUB and (b) iMinds with
the transmission loss coefficient fit
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Since all the measurements displayed a dynamic range of at least 40 dB the rms delay spread was
computed for 20 and 30 dB threshold levels. The resulting CDF for the thresholds is shown in Fig. 122
which also displays the rms delay spread for the 30 dB threshold for all the four MIMO channels.
The Figure shows that the difference between the four MIMO channels is small. Taking the median
values gives a rms delay spread of 0.42, and 5.13 ns for the 20, and 30 dB thresholds, respectively
and corresponding 90% values equal to 0.69, and 10.65 ns. The 20 dB threshold is seen in the main

to capture the dominant components whereas the lower threshold captures the farther away
components.
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FIGURE 122

(a) rms delay spread for two threshold levels for a single transmitter and receiver channel at 20 dB and for all the four
channels for the 30 dB threshold , (b) rms delay spread from all the data for the two threshold levels
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Figure 123 displays the transmission loss versus distance and the estimated transmission loss
coefficient estimated using the least squares method which is lower than the free space loss.

The extent of the rms delay spread in the measured environment could be due to the glass windows
surrounding the space which led to highly reflective surfaces. The lower transmission loss coefficient
can also be attributed to the presence of these reflections which seem to enhance the received energy
computed from the area under the power delay profile.

FIGURE 123

Transmission loss versus range and fit of basic transmission loss coefficient
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On body networks have also been measured at 60 GHz as in Fig. 124 with the transmitter and receiver
antennas placed on body [2]. Measurements were performed with various movements as well as from
an on body antenna to an antenna fixed on a trolley and moved away from the transmitter for distances
up to 6 m. Each data file consisted of 15 second of continuous measurements. An example is

illustrated in Fig. 125.

FIGURE 124

Configuration of on body measurements
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FIGURE 125

Examples of power delay profile (a) on body to off body antenna, (b) on body measurements
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The data were analysed to estimate the delay spread as in Fig. 126.

FIGURE 126

rms delay spread of on body and on body to off body measurements

6.8.4.2 Second measurement campaign

60 GHz measurements: The measurements were taken along a path starting from a distance of
~2.2 mto a distance of 27 m with a bandwidth of 4.4 GHz and 819.2 us waveform duration. The data
were subsequently analysed with a 1.1 GHz bandwidth resolution and an example of the power delay
profile as a function of angle of arrival is shown in Fig. 127 for one of the locations.

FIGURE 127

Power delay profile at a single location for different angles of arrival

For each power delay profile, a 20 dB threshold below the peak was used to estimate the rms delay
spread and all power delay profiles not meeting the threshold level were discarded from the CDF
shown in Fig. 128. For the 19 measured locations a total of 1 387 delay profiles were used with 1 376
delay profiles meeting the threshold criterion. Table 64 summarises the results of the 10%, 50% and

90% values as estimated from the CDF.
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FIGURE 128

Cumulative distribution function of rms delay spread for lens antenna for all angles of arrival
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TABLE 64
Summary of rms delay spread for 20 dB threshold for different antenna orientation
Parameter 10% 50% 90%
20 dB rms delay spread | 1.2 ns 12 ns 37.5ns

30 GHz measurements: The measurements were performed with 2.2 GHz bandwidth and 819.2 us
waveform duration. A total of 21 locations were measured over distances from 3 to 31 m. The transmit
antenna mounted at 2.25 m and the receiver antenna at 1.3 m above ground. Dual polarised antennas
at both ends were used. Figure 129 displays the normalised power delay profile for the four channels
whereas Fig. 130 displays the relative power delay profiles for the 21 locations for the V to H
polarised antennas.

FIGURE 129

Power delay profiles with the dual polarised antennas (top left) V to H, (top right) Vto V,
(bottom left) H to H, (bottom right) H to V
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FIGURE 130

Power delay profiles for the V to H antennas for all the measured locations
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The data were analysed with the full bandwidth. Both 20 dB and 25 dB thresholds were subsequently
used to estimate the rms delay spread as shown in Fig. 131(a) for the co-polarised and cross polarised
antennas and Fig. 131(b) for all the data with 20 dB threshold. A summary is given in Table 65.

FIGURE 131

rms delay spread:

(a) For both dual polarised antennas for 20 and 25 dB threshold (b) For all the data for 20 dB threshold
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TABLE 65
Summary of rms delay spread for 20 dB threshold for different antenna polarisation
Parameter 10% 50% 90%
20 dB rms delay 1.2ns 3.4 ns (cross-polarised) 7 ns (cross-polarised)
spread 1.2 ns 1.7 ns (co-polarised) 10.6 ns (co-polarised)
All data ~1.2ns 2.5ns 14 ns
25 dB 1.6 ns 17.6 ns 33.6 ns (co-polarised)
1.6 ns 17.6 ns 37 ns (cross-polarised)
All data 1.6 ns 17.6 ns 34 ns

6.8.5

Summary of the results

Based on above measurement results and observations, new rms delay spread parameters were
included in Recommendation ITU-R P.1238.
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6.9 Study 9: Antenna directivity dependence of static rms delay spread in NLoS (Frequency
band: 60 GHz)

6.9.1

This study provides additional information to the antenna directivity dependence of static rms delay
spread in NLoS at 60 GHz, included in Recommendation ITU-R P.1238.

Corresponding to the requirement of new spectrum resources for the expansion of the existing
services and incoming new services, the study of millimetre wave bands (30 to 300 GHz) has been
improved [1]. At high frequency bands, above 60 GHz band have been considered for providing the
highest speed services [2][3]. But the transmission rate is limited by delay spread. This is more
sensitive at millimetre-wave band because of high speed and very small wavelength [4].

Executive summary

To study the delay spread characteristics in the millimetre-wave band, about four types of antenna
beamwidth have been measured and about eight types of antenna beamwidth have been simulated in
an empty office room with only a partition by ray-tracing method. To verify the validity of the ray-
tracing method, propagation characteristics were measured in the office with NLoS and compared to
simulated results.

In this Report, the static rms delay spread in NLoS is proposed according to the beamwidth of a
receive antenna at 60 GHz and add some parameters in Recommendation ITU-R P.1238.

6.9.2

Table 66 shows the proposed parameters for antenna directivity dependence of static rms delay spread
in NLoS at 60 GHz.

Background and proposal

TABLE 66
Example of antenna directivity dependence of static rms delay spread

Static rms
Frequency RX antenna delay spread Room size
Tx antenna beamwidth th . Remarks
(GH2) (90" percentile) (m)
(degrees)
(ns)
60 Omnidirectional | Omnidirectional 22 13.0 x 8.6 Ray-tracing
60 21 Empty NLoS
office room
10 10
5 6
6.9.3 Measurement setup and procedure

The radio propagation measurements at 60 GHz were done in an empty office, the size was
13 x 8.6 x 3 m. The transmitter was composed of a signal generator, a power amplifier, and an
omnidirectional antenna which was located on the corner of the room. The receiver was composed of
a low noise amplifier, a spectrum analyser, a laptop computer for data storage, and four antennas,
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they were an omnidirectional antenna and 3 horn antennas each beamwidth 45°, 30°, 12°. The radio
path was made NLoS installing a partition before the transmitter. The height of transmitter and
receiver was 1.5 m equally, and the distance between them was from 1.8 m to 9.8 m. The receiver
system was set on a 2 m length of rail to move mechanically very precisely, 2 mm step, smaller than
a half wavelength. It was possible to see the characteristics of the short term fading in this case.

Figure 132(a) shows a top view of measurement office room that is represented by x-y coordinate
with 1 m step. The centre of the room is (0,0) and the transmitter is located at (—3.2, —5.5).
Figure 132(b) is one of the measurement photos, Table 67 provides the measurement specifications,
and Fig. 132(c) is a partition for NLoS.

A ray tube method of a ray-tracing was used for simulation in the same conditions of Fig. 132(a). The
tree of ray-tracing was considered three times reflections include a diffraction or four times
reflections, and some penetration through obstacles.

FIGURE 132

(a) Top view of measurement environment, (b) Measurement photo, (c) A partition for NLoS
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TABLE 67
Measurement specifications
Tx antenna Omnidirectional antenna
Rx antennas 4 types beamwidth : omni, 45°, 30°, 12°
Distance between Tx and RX straight line, from 1.8 mt0 9.8 m
(y=-3.7~44.3)
Height of Tx and Rx 15m
Measurement spacing 2 mm step
Empty room size 13x8.6%x3m

6.9.4 Validation results

Figure 133(a), (b), (c), (d) with the measured and simulated results show the level of the received
signals based on distance between transmitter and receiver. They almost agree with each other and
the difference of them is represented by the rms error of equation (28).

(28)

The receive antenna of Fig. 133(a) shows a 12° beamwidth and it shows 6.8 dB of rms error.
Figure 133(b) shows a 30° beamwidth of the receive antenna and 5.8 dB of rms error. Figure 133(c)
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shows a 45° beamwidth of the receiving antenna and 6.9 dB of rms error. The omni directional receive
antenna of Fig. 133(d) is 7.3 dB of rms error. Overall, the rms error distributes between the
5.8 ~7.3dB, and they are a severe variation due to including the short-term fading. If it were
considered as long-term fading, the rms error is expected much reduced.

FIGURE 133

Comparison of measurement and simulation results:
(a) beamwidth 12 degrees, RMSE : 6.8 dB, (b) beamwidth 30 degrees, RMSE : 5.8 dB
(c) beamwidth 45 degrees, RMSE : 6.9 dB, (d) omnidirectional antenna, RMSE : 7.3 dB
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Ray-tracing as one of the analytical method can make a much more accurate prediction of radio
propagation characteristics than the other statistical prediction methods [5]. The statistical
propagation model in a millimetre-wave band can be obtained by analysing the measured data in
various conditions and environments. However, satisfactory results cannot be obtained if the
measurement is difficult. Therefore, the simulations have been conducted with various conditions
instead of measuring in the real environments. After that, the propagation model can be obtained by
statistical parameters extracted from simulation results. The accuracy of the prediction results is
obtained from comparing them to the actual measurement results. The obtained rms errors are within
about 6 ~ 7 dB in Fig. 134, these are very accurate results because the short-term fading has been
considered which has 20 ~ 30 dB of instantaneous fluctuation.
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FIGURE 134
RMS delay spread according to beamwidth of antenna in NLoS
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The channel impulse response h(t) of equation (28) is obtained using a ray-tracing simulation.

() =3 prexp()5(r - 7)

And the rms delay spread is:

Trms = IZOT_Tr?
P’
i=0
where:
1-1
7Pl
Ty =05
p
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(29)

(30)

(31)

Figure 135 shows simulation results of the rms delay spread according to the variation of antenna
beamwidth by a ray-tracing method with Fig. 132(a)’s conditions. Figure 135 shows the comparison
of measured and simulated rms delay spread according to the beamwidth of antennas in NLoS. They
are very similar to each other. It shows that the narrower the beamwidth of the antenna used indoor,
the smaller the delay spread, because an antenna with narrow beamwidth cannot receive many

multipath reflection waves.

FIGURE 135

Comparison of measured and simulated RMS delay spread according to beamwidth of antenna in NLoS
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6.9.5 Summary of the results

The measurements and simulations have been used to study the delay spread characteristics in a
millimetre-wave band. Propagation characteristics were measured according to antenna beamwidth
in an empty office room with only a partition for NLoS and obtained the accuracy of the simulation
from a ray-tracing method compared to the measurement results. Static rms delay spread was analysed
in an empty office room.

Based on the results and analyses, new values for the antenna directivity dependence of static rms
delay spread were included in Recommendation ITU-R P.1238.
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6.10 Study 10: Effects of antenna beamwidth to multipath delay and angular spread
(Frequency bands: 28, 38 GHz)
6.10.1 Executive summary

This study observes the effect of antenna beamwidth for multipath propagation characterization in
various indoor office environments to derive coefficients of delay spread and angular spread as a
function of antenna beamwidth. Measurements were conducted at 28 GHz and 38 GHz.

6.10.2 Background and proposal
The rms delay spread DS depends on half-power beamwidth of antenna 6 (degree):

where a is a coefficient of rms delay spread and the range of 6 is defined as 10°< 6 <120°. Table 68
lists the typical values of the coefficients and a standard deviation ¢ based on each measurement
condition. The coefficients of delay spread represent cases when the boresights of antennas were
aligned to have a maximum receiving power in LoS and NLoS situations, respectively.
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TABLE 68
Typical coefficients for rms delay spread
Coefficients of
Measurement conditions rms delay
spread
TX RX
(Gsz) Environment | Scenario (m) (25) Rg;\ige beamwidth | beamwidth o (r?s)
(degree) (degree)
Railway LoS 8.25 16.11
. 8-80
Station NLoS 37.54 | 27.22
28 8 15 60 10
Airport LoS 753 | 15.98
. 8-200
Terminal NLoS 63.9 | 96.57
Station NLoS 24.85 | 28.48
8 15 40 10
38 Airport LoS 8.200 4.46 | 14.13
Terminal NLoS 54.54 | 80.72
. LoS . 1.16 12
Office 25 | 12| 7-24 omni 10
NLoS 15.13 21.8

The rms angular spread AS depends on half-power beamwidth of antenna 6 (degree):
AS(0) = o x 8% degree (33)

where a and B are coefficients of rms angular spread and the range of 6 is defined as 10°< 6 <120°.
Table 69 lists the typical values of the coefficients and standard deviation o based on each
measurement condition. The coefficients of angular spread represent cases when the boresights of
antennas are aligned to have a maximum receiving power in LoS and NLoS situations, respectively.

TABLE 69
Typical coefficients for rms angular spread
Measurement conditions Coefficients of rms
angular spread
Tx Rx
f . . hy | h, | Range | beam- beam- c
(GH_z) | EnVironment | Scenario | | iy | (m) | width | width | ¢ | B | (degree)
(degree) | (degree)
Railway LoS 05 | 0.77 2.3
X 8-80
station NLoS 025| 1.0 | 232
28 8 15 60 10
Airport LoS 8-200 1.2 0.49 2.18
terminal NLoS 03 096 | 312
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TABLE 69 (end)
Measurement conditions Coefficients of rms
angular spread
i LoS 1.14 | 0.54 3.36
Rall\_/vay 8-80
station NLoS 016 | 1.1 3.24
LoS 8113 40 10 20 | 034 | 1.36
i 0 ) ) )
38 Airport 8-200
terminal NLoS 0.34 | 093 | 2.99
] LoS . 0.07 | 1.22 5.58
Office 25| 1.2 7-24 omni 10
NLoS 0.17 | 1.07 481

6.10.3 Measurement setup and procedure

6.10.3.1 Measurement equipment

Table 70 lists a detailed specification of the ETRI’s channel sounder measuring the spatial and
temporal characteristics of a 500 MHz wideband channel at the centre frequencies of 28 and 38 GHz
[4]. As shown in Fig. 136, the positioner can mount a directional horn antenna and can rotate the
orientation of the horn antenna both horizontally and vertically with 1° accuracy to control the bore-
sight of transmitting/receiving beams during measurements.

TABLE 70
Specifications of ETRI’s channel sounder

System parameters Specifications

Centre frequency 28/38 GHz

Channel bandwidth 500 MHz

PN code length of probing signal 4095 chips

Maximum TX power 28 GHz 29.dBm

(w/o antenna) 38 GHz 21 dBm

Multipath resolution 2ns

HPBW of pyramidal horn 28 GHz 10°(24.4 dBi), 60° (9.9 dBi)

antenna and gain 38 GHz 10°(24.6 dBi), 40° (12.6 dB)
FIGURE 136

ETRI’s mmWave channel sounder

[ 28GHz RF Module] [ 38GHz RF Module]

[Power Module] [Positioner]
[TIM: Timing Module]
[BBM : Baseband Module]
[TRXM: Transceiver Module]
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6.10.3.2 Measurement scenarios

A first indoor measurement campaign has been carried out in Seoul railway station and Incheon
international airport terminal. Detailed features of each measurement place are summarized as below.

- Seoul railway station, Republic of Korea (ST): A large hall with a dimension of 170 m x
45 m x 21 m (height) located on the 1st floor of passenger terminal building. The ceiling and
walls of the hall are built with steel frames and thick tempered glasses. The floors are
constructed with steel-reinforced concrete. There are offices, ticketing boxes and shops in
the hall. A large electric notice board informing train departure-and-arrival time is on the
wall.

- Incheon airport terminal, Republic of Korea (AP): A big hall with a dimension of 650 m x
82 m x 20 m (height) located on the third floor of a passenger terminal building. Building
materials are similar to those of the Seoul railway station except for the parallel-arranged
check-in booths.

Figure 137 shows the layouts of measurement sites on which locations of a transmitter (Tx) and a
receiver (Rx) are marked. To emulate typical hot-spot scenarios, the Tx antenna (a 60° HPBW horn
antenna for 28 GHz and a 40° antenna for 38 GHz measurement) was installed at a height of 8 m from
the floor and the Rx antenna (a 10° HPBW horn antenna for both 28 and 38 GHz) at 1.5 m (pedestrian
level). During measurement, the location of Tx was fixed, and the RXs were placed at LoS and NLoS
positions. The bore-sight direction of the Tx antenna was directed to cover the entire range of interest.
On the other hand, the bore-sight of the Rx antenna was rotated with a step size of 10° in the azimuth
from 0° to 350° and in the co-elevation from —10° to 10°.

FIGURE 137

Layout of measurement scenario in (a) Seoul Railway station (ST), (b) Incheon Airport terminal (AP)
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A second measurement campaign has been conducted in a typical office environment at 38 GHz. It
is noted that the channel sounder can measure the multipath distribution characteristics using a
500 MHz wideband probing signal with a temporal resolution of 2 ns and an angular domain of
1 degree. Figure 138 shows the office map on which the locations of Tx and Rx are marked. The
office has a dimension of 33 m (L) x 23 m (W) x 2.6 m (H), in which cubicle areas, meeting rooms,
pillars, etc. are laid out.

The outside walls of the building are composed of concrete and large tempered glass, whereas the
inside walls and ceilings are made of reinforced concrete, steel and plaster board. As shown in the
Figure, measurement data are collected at the links between two Tx (red points) and 20 Rx locations
(blue, green and purple points distributed evenly in the office) for LoS and NLoS situations. The
separation distance of Tx to Rx ranges from 7 m to 24 m.
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FIGURE 138

Layout of measurement scenario in a typical office environment
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Figure 139 shows the photographs of channel sounders including the Tx and Rx antennas at the height
of 2.5 mand 1.2 m, respectively. All the setting parameters of the channel sounder were same as the
previous measurement campaign except that an omnidirectional antenna at the Tx and a 10° HPBW
horn antenna at the Rx side were used, respectively. During measurements as shown in Fig. 140, the
horn antenna mounted on the positioner was rotated in the step size of 10° in the azimuth from 0° to
350° and in the co-elevation from —15° to 45°. The measured data are used to derive the delay and
angular spread characteristics of multipath arrivals.

FIGURE 139

Measurement campaign in the office (picture)

/ y
| 38GHz Channel Sounder (|

For the calculation of a directional rms DS with respect to the beamwidth of receiving antenna, CIRs
collected through a 360° antenna steering are used. All the procedures were followed as described
above, which included steps of combining CIRs to calculate the PADS, searching a certain angular
range using a PAW, obtaining the PDP by summing in angular domain within the observed window,
and deriving the DS in the PDP. It should be noted that the delay spread was calculated within an
angular range in which the highest received power is detected. The threshold was set to 20 dB to
determine the delay spread.

6.10.4 Validation results

6.10.4.1 Rms delay spread vs. antenna beamwidth

For the first measurement campaign, the RX antenna is rotated by a certain number of steps (N = 36)
in azimuth directions. Therefore, each CIR is collected at a different bore-sight direction respectively.
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From measured CIRs, it is possible to derive a directional rms delay spread (DS) as the following
steps [1]-[3].

. The PADS is calculated by using the Bartlett beamforming technique [5] for decoupling the
influence of antenna radiation pattern from measured CIRs.

. Define a PAW depending on the antenna’s beamwidth to search.

. Search an angular range having the highest power using the PAW in the three-dimentional
PADS i.e. power, delay and angle of arrival domain.

. The PDP is obtained by summation in angular domain within the observed angular range in
the PADS.

. Calculate a DS from multipath components which are only within a given threshold level in
the PDP.

The threshold was set to 20 dB to determine received multipath components since the power delay
profiles have enough peak-to-spurious dynamic range to ensure the integrity of the results. The range
of PAW was given from 10° to 120°. The directional rms delay spread values of each LoS and NLoS
case were derived separately. It is noted that a delay spread is calculated within the observed angular
range in which the highest received power is obtained. That is, it can be understood that the beam
alignment between Tx and Rx is well established.

Figure 140 shows the DS curves obtained from measurement data at 28 GHz and 38 GHz for LoS
and NLoS case, respectively. To obtain the best fitting curve, means of rms DS for each beamwidth
are used.

FIGURE 140

Measurement results of directional rms delay spread: (a) LoS, (b) NLoS
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Based on the measurement results, the following observations are made:

. The DS has a strong dependency on the antenna beamwidth. The difference of DS between
a narrow beamwidth antenna and a wider one looks considerably large.

. The DSs of a NLoS case is larger than the values of a LoS case

. The DS curves of 28 GHz are higher than the lines of 38 GHz at both LoS and NLoS cases.

. For a LoS case, the DS curve of ST is close to the one of AP in the same frequency band.

. For a NLoS case, the DS curves of AP are seen as higher than ST. It means that multipath

components in AP are more widespread in the delay domain than the circumstance of ST. It
is noted that the hall size of AP is bigger than the ST.

The rms delay spread DS with respect to 6 which follows a normal distribution with the standard
deviation o is given by;

DS(0) = a X log,, 6 ns (34)

where the range of 0 is defined as 0°< 6 <120°.
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Table 71 summarizes the typical coefficients of DS model and standard deviation ¢ for each
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measurement scenario and frequency band.

TABLE 71
Directional rms delay spread parameters

rms delay spread (ns)

Indoor environments -

* (ns)
Railway Station (ST) 28 GHz LoS 8.25 16.11
NLoS 37.54 27.22
38 GHz LoS 4.18 4.33
NLoS 24.85 28.48
Airport Terminal (AP) 28 GHz LoS 7.53 15.98
NLoS 63.9 96.57
38 GHz LoS 4.46 14.13
NLoS 54.54 80.72

For the second measurement campaign, for the calculation of a directional rms DS with respect to the
beamwidth of receiving antenna, CIRs collected through a 360° antenna steering are used. All the
procedures of the first campaign were followed, which include steps of combining CIRs to calculate
the PADS, searching a certain angular range using a PAW, obtaining the PDP by summing in angular
domain within the observed window, and deriving the DS in the PDP. It should be noted that the
delay spread was calculated within an angular range in which the highest received power is detected.
The threshold was set to 20 dB to determine the delay spread. Figure 141 shows the DS curves for
LoS and NLoS cases.

FIGURE 141
Measurement results of rms delay spread for LoS and NLoS (office at 38 GHz)

DS vs Beamwidth of antenna (Indoor office @ 38GHz)
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Based on the measurement results in a typical office environment at 38 GHz, the following
observations are made.

— The DS has a strong dependency on the antenna beamwidth. The wider beamwidth has the
larger DS.
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— The DSs at NLoS case is larger than those of LoS case.

- These properties are very similar to the measurement results in commercial environments at
28 and 38 GHz

Table 72 summarizes the typical coefficients of DS model and a standard deviation ¢ for LoS and
NLoS situations, respectively, in a typical indoor office environment.

TABLE 72

rms delay spread parameters

rms delay spread (ns)

Indoor environments

o o (ns)
Office 38 GHz LoS 10.16 12
NLoS 15.13 21.8

6.10.4.2 Rms angular spread vs. antenna beamwidth

For the first measurement campaign, the rms AS can be easily derived from the PAS. The PAS is
calculated from the PADS by summation in delay domain [1]-[3]. To calculate the directional rms
AS, the threshold level was set to 20 dB. Figure 142(a) and (b) shows the AS curves which were
obtained from measurement data at 28 and 38 GHz for LoS and NLoS cases, respectively. To derive
the best fitting curve, mean values of AS for each beamwidth are used.

FIGURE 142

Measurement results of directional rms angular spread: (a) LoS, (b) NLoS

ASA vs. Beamwidth of antenna (Indoor, NLOS @ 28GHz & 38GHz)
T

i
100 120
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From measurement results, the following can be observed:

— The AS shows a strong dependency on the antenna beamwidth as similar to the DS. The
wider beamwidth of the antenna is the larger angular spread.

— For the LoS case, the AS of 28 GHz is higher than the curve of 38 GHz. However, the
frequency dependency is not seen in case of NLoS.

- For the NLoS case, the angular spread continuously increases from narrow to wider
beamwidths.

— For the LoS case, the AS values of ST are larger than the AP environment. On the other hand,
the values of ST and AP are similar in case of NL0oS. The multipath components in AP are



128

more spread in the delay domain but the spread in angular domain is similar to the

circumstance of ST.

The rms angular spread AS with respect to 6 which follows a normal distribution with the standard

deviation o is given by:

AS(®) = a x 6P

where the range of 0 is defined as 0°< 6 <120°.

The typical coefficients of angular spread model AS and standard deviation ¢ for each measurement
scenario and frequency band are summarized in Table 73.

TABLE 73

Rep. ITU-R P.2406-2

degree

Directional rms angular spread parameters

rms angular spread (degree)
Indoor environments
o B c

LoS 0.5 0.77 2.3
28 GHz

(ST) LoS 1.14 0.54 3.36
38 GHz

NLoS 0.16 1.1 3.24

LoS 1.2 0.49 2.18
28 GHz

Airport Terminal NLoS 0.3 0.96 3.12

(AP) LoS 2.0 0.34 1.36
38 GHz

NLoS 0.34 0.93 2.99

For the second measurement campaign, the rms AS depending on the antenna’s beamwidth is derived
using the same methods as in the first campaign. To calculate the directional rms AS, the threshold
level was set to 20 dB. Figure 143 shows the AS curves which are obtained from measurement data

at 38 GHz for LoS and NLoS situations, respectively.

Measurement results of rms angular spread for LoS and NLoS (office at 38 GHz)

From measurement results, it can be observed the following properties:

35

Angular Spread ()

FIGURE 143

AS vs Beamwidth of antenna (Indoor office @ 38GHz)
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- The AS shows a strong dependency on the antenna beamwidth as similar to the DS. When
the beamwidth of RX antenna is wider, the larger angular spread is observed.

- For the NLoS case, the angular spread monotonically increases as beamwidth increases.

— These properties are very similar to the measurement results in commercial environments at
28 and 38 GHz.

Table 74 summarizes the typical coefficients of AS model and a standard deviation o for LoS and
NLoS situations, respectively, in a typical indoor office environment.

TABLE 74

rms angular spread parameters

rms angular spread (degree)

Indoor environments
a B c
Office 38 GHz LoS 0.07 1.22 5.58
NLoS 0.17 1.07 481

6.10.5 Summary of the results

Based on above measurement results and observations, new prediction models for delay spread and
angular spread associated with antenna beamwidth were included in Recommendation ITU-R P.1238.

6.10.6 References
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6.11  Study 11: Effect of movement of objects in the room (Frequency band: 70 GHz)

6.11.1 Executive summary

The movement of persons within the room cause temporal variations of the indoor propagation
characteristics. Therefore the measurements had been executed in an exhibition hall using a frequency
band of 70 GHz and antenna height of about 1-2 m propagation paths.

In this study, a statistical procedure is proposed to estimate mean fade duration in an hour over short-
range propagation path.
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6.11.2 Background and proposal

Measurements at 70 GHz have shown that the mean fade duration due to body shadowing were 0.52 s,
0.25s and 0.09 s for the fade depth of 10 dB, 20 dB and 30 dB, respectively, in which the mean
walking speed of persons was estimated at 0.74 m/s with random directions and human body
thickness was assumed to be 0.3 m.

Measurements indicate that the mean number occurrence of body shadowing in an hour caused by
human movement in an office environment is given by:

N =260 D, (36)

where Dp (0.05 < Dp < 0.08) is the number of persons per square metre in the room. The total fade
duration per hour is then given by:

T=TxN (37)
where T_s is mean fade duration.

6.11.3 Measurement setup and procedure

The measurement of propagation characteristics was carried out in an exhibition hall, and investigated
the characteristic of the shadowing loss due to human movement. Figure 144 shows a measurement
layout in an exhibition hall. Table 75 shows measurement conditions. The width of this hall was 22 m
times 13 m with wooden inner walls [1]. A vector network analyser (VNA) was used in order to
measure propagation loss. Propagation path was set in front of exhibition booths. The transmitting
frequency was set at 70.0 GHz, and a carrier wave (CW) was transmitted. The instantaneous variation
of the received level was measured for several transmitting antenna heights and propagation
distances.

FIGURE 144

A measurement layout in an exhibition hall

Tx Antenna

Rx Antenna T

TABLE 75
Measurement conditions

Frequency 70.0 GHz (CW)

Polarization Vertical

Antenna (3 dB beam width) Wave Guide Horn (15 degrees)
Tx 1.05m, 2.05m

Antenna height
Rx 1.05m

Propagation distance 3.3m,7.3m,10.8m
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6.11.4 Validation results

6.11.4.1 Characteristics of cumulative probability distributions of attenuation level

Figure 145(a) shows cumulative probability distributions of attenuation level measured for several
propagation distances when a person crossed the path at a speed of about 1 m/s.

Figure 145(b) shows cumulative probability distributions of attenuation level measured for several
transmitting antenna heights.

FIGURE 145

Cumulative probability distributions of attenuation level measured for:
(a) several propagation distances, (b) several transmitting antenna heights
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6.11.4.2 Investigation of mean fade duration

Variations of mean fade durations versus attenuation level are shown in Fig. 146(a). This Figure
shows measured results when the transmitting antenna height was fixed at 2.05 m. According to
Fig. 146(a), the fade duration becomes longer in 3.3 m path in comparison with other paths. This is
because the attenuation had occurred in the limited area near the receiving antenna.

Variations of mean fade durations versus attenuation level when each transmitting antenna height was
fixed at 1.05 m and 2.05 m are shown in Fig. 146(b). The mean fade duration decreased gradually in
proportion with the attenuation level. Furthermore variations of mean fade duration became small in
the range of more than 25 dB. For example, when the attenuation level is 16.4 dB, the mean fade
duration was estimated about 0.35 s from Fig. 146(b). The mean fade duration at 70.0 GHz when the
attenuation level was 10 dB, 20 dB, and 30 dB then the fade duration was 0.52 s, 0.25s, and 0.09 s,
respectively. According to the measurement results at 37 GHz in an indoor office environment
reported in Recommendation ITU-R P.1238, at a fade depth of 10 dB, the mean fade duration was
0.11 s and at a fade depth of 15 dB, the mean duration was 0.05 s.
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FIGURE 146
Variation of mean fade durations: (a) ht=2.05 m, (b) ht=1.05 m, 2.05 m
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6.11.4.3 Characteristics of human movement

In order to presume the total amount of fade duration per hour, it is necessary to describe not only the
mean fade duration but also the characteristics of human movement in the actual environment.

6.11.4.3.1 Measurement procedure

The investigation was carried out in two different sized offices. A sample of propagation path layout
in the office is shown in Fig. 147. The 2 or 3 LoS paths were set in each office, and the number of
each path interruption occurrence was investigated. The measurement was carried out from 8:30 to
17:00.

FIGURE 147
A sample of propagation path layout in the office
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6.11.4.3.2 Measurement results of human movement

The number of path interruption occurrence (N) when people cross the propagation path in an hour
is shown in Fig. 148. A horizontal axis indicates a density of population per one square metre. In this
Figure, N of 57 was measured at lunchtime. Although there was variation by measurement time zone,
the N increased gradually in proportion with density of population per one square metre (Dp).

In Fig. 148, a regression curve is shown and it is expressed as follows.
N =260 x Dp (38)

Here, 0.05 < Dp < 0.08.
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FIGURE 148

Characteristics of the number interruption occurrence per hour
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6.11.4.4 Estimated total amount of fade duration per hour

It was proposed that a total amount of fade duration per hour (T) was estimated by using density of
population and the number of fade occurrence. The T was expressed as follows.

T =Ts_ave X N (39)
Where, T is a total amount of fade duration per hour in seconds, Ts_ave is the mean fade duration in
second, and N is the number of fade occurrence per hour.
6.11.5 Summary of the results

Propagation measurements were carried out in actual circumstances where humans randomly moved,
in order to design a millimetre-wave ad-hoc wireless access system. In addition to characteristics of
shadowing loss, characteristics of fade duration were analysed. Furthermore, human movement was
observed in offices, the relations between the number of path interruption occurrences and the density
of population per one square meter was derived. As a result, it was possible to estimate the total
amount of fade duration per hour by using the statistical function of attenuation level and density of
population per one square meter.

6.11.6 References

[1] F. Ohkubo, et al., “Millimeter-Wave Ad-Hoc Wireless Access System |1 (5) Statistical Characteristics
of Shadowing Loss due to Human Movement”, TSMMW2003, Mar. 2003.

6.12  Study 12: Power loss coefficients (Frequency bands: 250-325 GHz)

6.12.1 Executive summary

This section provides power loss coefficients which are based on measurements in indoor office and
corridor environments in the frequency band from 250 to 325 GHz.

6.12.2 Background and proposal
Table 76 shows the proposed power loss coefficients.



134 Rep. ITU-R P.2406-2
TABLE 76
Power loss coefficients, N, for indoor transmission loss calculation
Frequency . . . . .
(GH2) Residential Office Commercial Factory Corridor | Data centre

250 20.149 19.0¢:19)

275 2016 19.2¢:16)

300 - 2019 - - 19.54.19) 20.2%9)
2047 18.9¢:10

325 19.847 19.6¢: 1

©  Transmitter and receiver are on LoS corridor.

% Transmit and received antennas have 10° beamwidth.
(8 Transmit and received antennas have 8° beamwidth.
@7 Transmit and received antennas have 7° beamwidth.

6.12.3 Measurement setup and procedure

6.12.3.1 Measurement equipment

The measurements have been conducted both in office and corridor environments by using CW
(continuous wave) signal at 250, 275, 300 and 325 GHz, respectively.

For the office environment, measurements have been performed in three different office environments
such as small office, large office and conference room, respectively. For the case of the corridor, the
measurements were performed by choosing different corridor environments (88 m corridor Jeonnam
National University, the Republic of Korea and 48 m corridor in a typical office building).

Figure 149 shows the measurement configurations for a transmitter (Tx) and a receiver (Rx). The Tx
system was composed of the signal generator, frequency multiplier, standard gain horn antenna, laser
pointer and the target for the alignment. The Rx system was composed of the spectrum analyser,
frequency multiplier, standard gain horn antenna, laser pointer and the target for the alignment. The
antenna heights of Tx and Rx were 1.1 m above the floor. The measured antenna polarization was set
to be vertical.
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FIGURE 149

Measurement configuration
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Figure 150 shows the configuration of the output power measurement for the transmitter. Figure 151
shows the radiation pattern and gain of the horn antenna at 300 GHz. The aperture size of the horn
antenna is 11 mm x 8 mm. The antenna gains and the transmitted signal powers at 250, 275, 300 and

325 GHz are summarized in Table 77.

FIGURE 150

Output power measurement
= -\

— Ty S -
ST\

A




136 Rep. ITU-R P.2406-2

FIGURE 151
Standard gain horn antenna for TX and RX

Farfield Realized Gain Abs (Phi=90)

0

farfield (F=300) [1]

-90

Frequency = 300 GHz
Main lobe magnitude = 25.3 dB

180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 7.0 deg.
Theta / Degree vs. dB Side lobe level = -6.1dB
TABLE 77
Antenna gain and transmitted power for measurements
Frequency (GHz) 250 275 300 325
Gain (dBi) 24.9 25.1 25.3 25.2
Transmitted power (dBm) 2.20 2.09 1.06 -1.11

6.12.3.2 Measurement scenario in office environments

Figure 152 shows the measurement scenarios in a small office environment with a layout of
4.8 mx7.2m x 2.64 m. The antenna heights of Tx and Rx were 1.1 m above the floor. The two Tx
points were located about 33 cm and 120 cm away from the wall, and the other Tx points were located
about 7.5 m from the Rx diagonally in the room in this scenario.
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FIGURE 152

Measurement scenarios in a small office environment
(a) Measurement environment

4.8 m
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Desk

7.2 m

(b) Installation of the measurement equipment

Figure 153 shows the measurement scenario in a large office environment with a layout of
12 m x18 m x 3 m. The antenna heights of Tx and Rx were 1.1 m above the floor. For the LoS case,
the maximum distance between Tx and Rx was 15 m in this scenario.
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FIGURE 153

Measurement scenarios in a large office environment
(a) Measurement environment
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(b) Installation of the measurement equipment
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Figure 154 shows the measurement scenario in a conference room with a layoutof 9 m x 11 m x 3 m.
The conference room has many desks and chairs. The antenna heights of Tx and Rx were 1.1 m above
the floor. For the LoS case, the maximum distance between Tx and Rx was 10 m in this scenario.
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FIGURE 154

Measurement scenarios in a conference room environment
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6.12.3.3 Measurement scenario in corridor environments

Figure 155 shows measurement scenarios and a layout of a 48 m corridor environment
(48 m x 2.4 mx 2.8 m) in a typical office building. The antenna heights of Tx and Rx were 1.1 m
above the floor. Two cases are considered in this scenario. The first measurements were performed
for Tx points located about 50 cm away from the wall, and the second measurements were performed
for Tx points located along the centre (120 cm from the wall) of the corridor.
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FIGURE 155

Measurement scenarios in a 48 m corridor environment

scenario I: S0 cm distance fi

scenario II: 120 cm distance

(a) Measurement environment

(b) Installation of the measurement equipment

Figure 156 shows measurement scenarios and a layout of an 88 m corridor environment
(88mx27mx29m) at Jeonnam National University, the Republic of Korea. The first
measurements were performed for Tx points located about 30 cm away from the wall, and the second
measurements were performed for Tx points located along the centre (135 cm from the wall) of
corridor.
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FIGURE 156

Measurement scenarios in an 88 m corridor environment

Scenario I: 30 cmm distance from the wall

Scenario II: center of the corridor

(a) Measurement environment

(b) Installation of the measurement equipment

6.12.4 Validation results

6.12.4.1 Transmission loss coefficients for office environments

Transmission loss coefficients were extracted by linear regression, using equation (1) in
Recommendation ITU-R P.1238-9. The reference distance do is 1 m and the free space transmission
loss at 1 mwas used for fitting. Measured transmission loss and the fitted results in office environment
at 250, 275, 300 and 325 GHz are shown in Figs 157, 158, 159 and 160, respectively.
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FIGURE 157

Transmission loss measurement results in office environments at 250 GHz
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FIGURE 158
Transmission loss measurement results in office environments at 275 GHz
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FIGURE 159

Transmission loss measurement results in office environments at 300 GHz
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Transmission loss measurement results in office environments at 325 GHz
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6.12.4.2 Transmission loss coefficients for corridor environments

Transmission loss coefficients were extracted by linear regression as in the office environment.

Measured transmission loss and the fitted results in office environment at 250, 275, 300 and 325 GHz
are shown in Figs 161, 162, 163 and 164, respectively.
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FIGURE 161

Transmission loss measurement results in corridor environments at 250 GHz
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FIGURE 162
Transmission loss measurement results in corridor environments at 275 GHz
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FIGURE 163

Transmission loss measurement results in corridor environments at 300 GHz
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FIGURE 164
Transmission loss measurement results in corridor environments at 325 GHz
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6.12.5 Summary of the results

The transmission loss coefficients for office and corridor environments at 250, 275, 300 and 325 GHz
frequencies have been extracted from the measurement data. For the office environment,
measurements were performed for three different office environments: small office, large office and
conference room. For corridor environment, measurements were performed for two different corridor

environments: 48 m long corridor (width of 2.4 m) in a typical office building and 88 m long corridor
(width of 2.7 m) in a university campus building.



146 Rep. ITU-R P.2406-2

The transmission loss coefficients for office and corridor environment are summarized in Table 78.
Transmission loss coefficients for the office environments for each frequency were close to that for
free space, N = 20. Transmission loss coefficients for corridor environments ranges from about
N =18.9 ~ 19.6, depending on the frequency.

TABLE 78
Power loss coefficients, N, in office and corridor environments
Frequency (GHz) Office Corridor
250 20.11 18.97
275 20.02 19.21
300 20.0 18.93
325 19.80 19.60

6.13  Study 13: Power loss coefficients (Frequency bands: 340 and 410 GHz)

6.13.1 Executive summary

This section provides power loss coefficients which are based on measurements in indoor office and
corridor environments at 340 and 410 GHz, which correspond to the transmission window
frequencies in the frequency range of 330 ~ 450 GHz.

6.13.2 Background and proposal

Table 79 shows the proposed power loss coefficients, for the revision of Recommendation ITU-R
P.1238-10.

TABLE 79
Power loss coefficients, N, for indoor transmission loss calculation

Fréangi'ezr)]cy Residential Office Commercial Factory Corridor | Data centre
340 20.8(9.20) 19.9(9.20)
410 20.6:16) 20.1©. 16)

(20) Transmit and received antennas have 9° beamwidth.

6.13.3 Measurement setup and procedure

6.13.3.1 Measurement equipment

The measurements have been conducted both in office and corridor environments by using continuous
wave (CW) signal at 340 and 410 GHz.

For office environments, measurements have been performed in three different office environments
such as small office, large office and conference room. For the corridor, measurements were
performed by choosing two different corridor environments: a corridor in a typical office building
and a corridor in a university campus.
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Figure 165 shows the measurement configurations for a transmitter (Tx) and a receiver (Rx). The Tx
system was composed of signal generator, frequency multiplier, standard gain horn antenna, laser
pointer and target for the alignment. The Rx system was composed of spectrum analyser, frequency
multiplier, standard gain horn antenna, laser pointer and target for the alignment. The antenna heights
of Tx and Rx were 1.1 m above the floor. The measured antenna polarization was set to be vertical.

FIGURE 165

Measurement configuration
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The antenna gains and the transmitted signal powers at 340 and 410 GHz are summarized in Table 80.

TABLE 80
Antenna gain and transmitted power for measurements

Frequency (GHz) 340 410
Gain (dBi) 24.2 24.8
Transmitted power (dBm) -10.17 -9.17

6.13.3.2 Measurement scenarios in office environments

Figure 110 shows the measurement scenarios in office environments. Figure 166(a) shows a small
office with the size of 4.8 m x 7.2 m x 2.64 m. The two Tx points were located about 33 cm and
120 cm away from the wall, and the other Tx points were located about 7.5 m from the Rx diagonally
in the room in this Scenario. Figure 166(b) shows the measurement scenario in a large office
environment with the size of 12 m x 18 m x 3 m. For the LoS case, the maximum distance between
Tx and Rx was 15 m in this scenario. Figure 166(c) shows the measurement scenario in a conference
room with the size of 9 m x 11 m x 3 m. The antenna heights of Tx and Rx were 1.1 m above the
floor. For LoS case, the maximum distance between Tx and Rx was 10 m in this scenario.
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FIGURE 166
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6.13.3.3 Measurement scenarios in corridor environments

Figure 111 shows the measurement scenarios in corridor environments. Figure 167(a) shows
measurement scenarios and a corridor environment (48 m x 2.4 m x 2.8 m) in a typical office building.
Two cases are considered in this scenario. The first measurements were performed for Tx points
located about 50 cm away from the wall, and the second measurements were performed for Tx points
located along the centre (120 cm from the wall) of the corridor. The basic transmission losses were
measured from 1 m to 45 m at 1 m intervals. Figure 167(b) shows measurement scenarios and a
corridor environment (88 m x 2.7 m x 2.9 m) at Jeonnam National University, Korea. The first
measurements were performed for Tx points located about 30 cm away from the wall, and the second
measurements were performed for Tx points located along the centre (135 cm from the wall) of
corridor. Basic transmission losses were measured from 1 m to 45 m at 1 m intervals. The antenna

heights of Tx and Rx were 1.1 m above the floor.
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FIGURE 167

Measurement scenarios in corridor environments
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6.13.4 Validation results

6.13.4.1 Power loss coefficients for office environments

Overall measured basic transmission loss data in office environments at 340 and 410 GHz are shown
in Fig. 168. According to equation (1) in Recommendation ITU-R P.1238-10, power loss coefficients
were extracted as N = 20.80 and 20.59 for 340 and 410 GHz, respectively. The power loss coefficients
for each office environment and the overall power loss coefficients are summarized in Table 81.

FIGURE 168
Measured basic transmission loss data in office environments
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TABLE 81
Power loss coefficients, N, in office environment
Frequency Small office Large office Conference Overall
(GHz) room
340 20.3 20.9 20.8 20.8
410 20.8 20.5 20.6 20.6
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6.13.4.2 Power loss coefficients for corridor environments

Measured basic transmission loss data in corridor environments at 340 and 410 GHz are shown in
Fig. 169. According to equation (1) in Recommendation ITU-R P.1238-10, power loss coefficients
were extracted as N = 19.87 and 20.12 for 340 and 410 GHz, respectively. The power loss coefficients
for each corridor environment and the overall power loss coefficients are summarized in Table 82.

FIGURE 169

Measured basic transmission loss data in corridor environments
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TABLE 82
Power loss coefficients, N, in corridor environments
Frequency (GHz) Office building University building Overall corridor
340 19.8 19.9 19.9
410 20.1 20.1 20.1

6.13.5 Conclusion of the results

The power loss coefficients for office and corridor environments at 340 and 410 GHz have been
extracted from the measurement data. It should be noted that 340 and 410 GHz are the transmission
window frequencies in the frequency range of 330 ~ 450 GHz. For an office environment,
measurements were performed for three different office environments: small office, large office and
conference room. For a corridor environment, measurements were performed for two different
corridor environments for a distance up to 45 m: a corridor in a typical office building with width of
2.4 mand a corridor in a typical university building with width of 2.7 m.

The power loss coefficients for office and corridor environment are summarized in Table 83. In this
frequency range, power loss coefficients for corridor environments were close to that for free space,
N = 20.
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Power loss coefficients, N, in office and corridor environments
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TABLE 83

Frequency (GHz) Office Corridor
340 20.8 19.9
410 20.6 20.1

Studies for outdoor-to-indoor environments

151

Compilation of measurement data related to outdoor-to-indoor environments (building entry loss) can
be found in Report ITU-R P.2346 [1].

7.1
[1]

References

Report ITU-R P.2346 — Compilation of measurement data relating to building entry loss.
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