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This contribution reports multi frequency channel measurement results to be used as basis for 5G channel modelling. All measurements are performed in and around an eight stores office building in Kista, Stockholm.
The research leading to these results received funding from the European Commission H2020 programme under grant agreement n°671650 (mmMAGIC project).
Multi frequency outdoor to indoor channel measurements

An outdoor-to-indoor multi-frequency measurement campaign has been performed in an eight stores tall office building in Kista, Stockholm as depicted in Figure 1. The transmitter was located in an open window at the upper floor of the building and the received signal was measured at 2 slightly shifted (30 cm) positions at 40 indoor locations across the inner yard on the same floor. Four different carrier frequencies between 2.44 GHz and 58.68 GHz were measured at three different measurement occasions over a few days. The basic details of the measurement set-up are given in Table 3.1. At the upper floor of the building the exterior wall is covered with metal. The windows are however pure glass without metallization. It should be noted that there are three layers of glass in the window frames resulting in that some frequencies are substantially more attenuated than others with an oscillating trend over the measured frequency range. 
In order to avoid any bias due to the different bandwidth of the different frequencies the measured impulse responses are filtered down to 80 MHz for all frequencies. A dynamic range of the impulse responses of 30 dB is used. For some locations and frequencies 30 dB dynamic range was not possible to achieve. For these locations the dynamic range of the frequency having the smallest range is used for all frequencies in order to avoid any frequency dependent bias.Carrier frquency
2.44 GHz
5.8 GHz
14.8 GHz
58.68 GHz
Bandwidth
80 MHz
150 MHz
200 MHz
2 GHz
Transmit power
10 dBm
10 dBm
10 dBm
10 dBm
Antenna Tx (vert. polar.)
Patch ~7dBi
Patch ~7dBi
Open wave guide
Open wave guide
Antenna Rx (vert.polar.)
Omni 2dBi
Omni 2dBi
Omni 2dBi
Omni 2dBi
Tx Antenna height
1.5 m (ref : indoor floor)
Rx Antenna height
1.5 m (ref : indoor floor)
Table 1. Basic data of measurement setup

Between 2.44 GHz and 14.8 GHz the building penetration loss ranges from around 0 dB up to 30 dB. The lower end of penetration loss around 0 dB is similar for all frequencies while the highest losses around 45 dB occurs only at 58.68 GHz. Between 2.44 GHz and 14.8 GHz the high end of penetration loss is between 25 dB and 30 dB. The building entry loss is an important measure defined as the loss due to penetration of the exterior wall only. Measurement locations of the Rx which are less than 2 m from the exterior wall which is facing the Tx experience only building entry loss as there are no obstructing objects between the Rx and the exterior wall. It is clear from Figure 3 that the corresponding building entry loss is in the range 0-20 dB over all frequencies. The spread is substantially larger for the higher frequencies. In particular the building entry loss at 58.68 GHz is over 20 dB at the 90 percentile level i.e. 10 % of the locations experience more than 20 dB building entry loss. For 2.44 GHz and 14.8 GHz the 90 percentile level is only about 10 dB. This difference may be explained by two effects. The first effect is interference due to multiple layers of glass in the windows. The corresponding loss is particularly severe at 5.8 GHz. The other effect is blocking by venetian blinds and window frames. As the blinds are at the order of a couple of wavelengths at 58.68 GHz this effect becomes substantial at this frequency. At locations where high building entry loss is experienced at 58.68 GHz it is likely that either the blinds were down or that the window frame blocked line of sight. The window frame blocking might explain why the loss actually goes down only at 58.68 GHz when the distance to exterior wall increases. Figure 1. Outdoor to indoor measurement scenario (right). The indoor Rx locations are marked with red filled circles and the Tx location is marked with a blue filled circle. On the left hand side a photograph of the building is shown.
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  Figure 3. Building penetration loss versus distance from exterior wall for the different frequencies at 10, 50 and 90 percentile levels.
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Distance from exterior wall [m]
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50 percentile
90 percentile
Figure 2. Loss in excess of free space loss for the different frequencies in the outdoor to indoor measurements. On the left hand side the CDFs are shown and on the right hand side the loss as function of distance from the exterior wall which is in LOS with respect to the transmitter is shown.
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The data have been further analysed to determine delay spread and corresponding frequency dependency. It here important to point out that the dynamic range of the impulse responses in many locations is limited, down to below 10 dB. This means that the absolute delay spread sometimes may be underestimated. However, as the same dynamic range was used for all frequencies at each location no bias in the frequency dependency is introduced.  The trend seems to be that delay spread goes up with frequency (Figure 4). It is likely that the longer delays are caused by multiple reflections over the inner yard. Strong specular reflections are expected due to windows and/or metal tiles covering the exterior walls. However, these tiles and or windows are smaller than one Fresnel-zone at the lower frequencies resulting in that the corresponding reflections becomes non-specular and therefore attenuated.





Figure 4. CDF of RMS delay spread for the different frequencies.
RMS delay spread  [ns]
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Multi frequency indoor channel measurements
Channel measurements have been performed in an indoor office environment. The basic layout is a corridor with office rooms along both sides. At the end of the corridor there is a 90 degrees turn. The measurements have been performed based on the same equipment and analysis technique as described in previous section. The floorplan is shown in Figure 5. The receive (RX) antenna was placed at two locations, one in the corridor and one inside an adjacent office room. The transmit antenna was moved around to different locations both in the corridor and inside office rooms. The exterior walls are made of brick and the interior walls of plasterboard and glass. Vertical omni dipole antennas were used both at TX and RX in all measurements. 
In Figure 6 the main results of the campaign are summarized. The received power relative to free space power has been plotted for all frequencies, 2.44 GHz, 5.8 GHz. 14.8 GHz and 58.68 GHz, for the different LOS and NLOS scenarios. It should be noted that the additional loss due to oxygen absorption at 58.68 GHz has been compensated for. There are only small differences in path loss over the range 2.44 GHz to 14.8 GHz. At 58.68 GHz the loss is about 10 dB higher at 100 m distance than at the other frequencies for the NLOS data. For the LOS data a clear gain due to wave guiding is observed in the corridor for all frequencies.
A linear curve fit has been performed for the NLOS data. The resulting path loss exponent  is in the range 3.5 to 3.9 and the intersection with the free space curve is in the range  2-7 m.





Figure 6. Measured power relative to free space power at 1 m distance. For the NLOS data linear curve fits have been performed. The lines intersecting the y-axis at 0 dB indicate free space power level (n=2).
Figure 5. Floorplan of indoor office measurement scenario.
Propagation distance [m]
Rel. power [dB]
100 m
RX
TX

Conclusions

Channel measurement results for indoor and outdoor-to-indoor scenarios in an office building have been provided as input for the 5G channel modelling. Path loss in excess of free space loss is similar in the frequency range 2.44 GHz to 14.8 GHz. At the higher frequency 58.68 GHz substantially higher excess loss is observed. The delay spread seem to increase with frequency for the outdoor to indoor scenario. This might be explained as multiple specular reflections over the building inner yard. Reflectors like windows are smaller than one Fresnel zone for the lower frequencies which results in attenuated signal strength for reflections.     





image2.jpeg




image3.jpeg
ODDDDDDACS

NGO DO

DZ‘ a
THTA -

T EETRE T





image4.jpeg




image5.jpeg
—6— 58.68 GHz
—&— 14.8 GHz
—4A— 5.8 GHz
—b>— 244 GHz

)
N

10

12




image6.jpeg
—6— 58.68 GHz
—&8— 148 GHz
~—#&— 58 GHz
—b>—244GHz

N
N




image7.jpeg
—6— 58.68 GHz
—&— 14.8 GHz
—#A— 5.8 GHz
—b>— 244 GHz





image8.jpeg
—6— 58.68 GHz
—&— 14.8 GHz
—4A— 5.8 GHz
—b>— 244 GHz

)
N

10

12




image9.jpeg
—6— 5868 GHz
—&— 14.8 GHz
—4— 58 GHz
—b>— 244 GHz

N
N




image10.jpeg
—6— 58.68 GHz
—&— 14.8 GHz
—4A— 5.8 GHz
—b>— 244 GHz





image11.jpeg
50

40

30

20

10

vboo

58.68 GHz
14.8 GHz
5.8 GHz
244 GHz

-10

20




image12.jpg




image13.jpg




image14.jpeg
50

40

30

20

10

vboo

58.68 GHz
14.8 GHz
5.8 GHz
244 GHz

-10

20




image15.jpeg




image16.jpeg




image17.jpeg
—— 5868 GHz
02 ——— 148 GHz
it ———58GHz
——244GHz
0

0 100 200 300 400 500 600




image18.jpeg
—— 5868 GHz
02 ——— 148 GHz
it ———58GHz
——244GHz
0

0 100 200 300 400 500 600




image18.jpg
Powe Relative to Free Space at 1m [dB]

2.44 GHz

40 T A
LOS Corridor
o0k i NLOS Corridor

Corridor to room
Room to room

e pm 0|

Distance [m]




image19.jpg
Powe Relative to Free Space at 1m [dB]

40

14.8 GHz

greron e 2SS

LOS Corridor
NLOS Corridor
Corridor to room

O
[ |
A
o

Distance [m]

Room to room





image20.jpg
Powe Relative to Free Space at 1m [dB]

40

greron e 2SS

LOS Corridor
NLOS Corridor
Corridor to room

O
[ |
A
o

Room to room

Distance [m]





image21.jpg
Loss Realative to Free Space at 1m [dB]

58.68 GHz
40 - — T

LOS Corridor
NLOS Corridor

Corridor to room
Room to room

20k - S R NS

O
[ |
A
o

Distance [m]




image22.jpeg
Powe Relative to Free Space at 1m [dB]

2.44 GHz

40 T A
LOS Corridor
o0k i NLOS Corridor

Corridor to room
Room to room

e pm 0|

Distance [m]




image23.jpeg
Powe Relative to Free Space at 1m [dB]

40

14.8 GHz

greron e 2SS

LOS Corridor
NLOS Corridor
Corridor to room

O
[ |
A
o

Distance [m]

Room to room





image24.jpeg
Powe Relative to Free Space at 1m [dB]

40

greron e 2SS

LOS Corridor
NLOS Corridor
Corridor to room

O
[ |
A
o

Room to room

Distance [m]





image25.jpeg
Loss Realative to Free Space at 1m [dB]

58.68 GHz
40 - — T

LOS Corridor
NLOS Corridor

Corridor to room
Room to room

20k - S R NS

O
[ |
A
o

Distance [m]




image26.jpeg
=l == -

SEARESRRESSNCS

B o
A= e





image27.jpeg
=l == -

SEARESRRESSNCS

B o
A= e





image1.jpeg
ODDDDDDACS

NGO DO

DZ‘ a
THTA -

T EETRE T





