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Introduction 
The WID [1] for Release 17 NR MIMO was agreed in RAN #86 meeting. One issue is the enhancement of the Release 16 type II port selection codebook based on the following aspects:
4. Enhancement on CSI measurement and reporting:
b. Evaluate and, if needed, specify Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) where information related to angle(s) and delay(s) are estimated at the gNB based on SRS by utilizing DL/UL reciprocity of angle and delay, and the remaining DL CSI is reported by the UE, mainly targeting FDD FR1 to achieve better trade-off among UE complexity, performance and reporting overhead

The new port selection codebook is targeting enhancements for FDD FR1 systems utilizing the assumption of reciprocity of angle and delay of the downlink and uplink channels. This contribution presents some real-world measurement results on the reciprocity of the angles and delays of the uplink and downlink channels for FDD systems. 
Measurement setup 
A channel sounding measurement campaign was conducted jointly with Ilmenau University of Technology, Germany, and Deutsche Telekom in the city of Bonn, Germany. The channel measurements were performed at a carrier frequency of  GHz with a measurement bandwidth of 100 MHz. A vertical polarized omni directional disc-cone antenna was used at the receiver (Rx) and a  uniform rectangular array having 64 dual-polarized antennas was used at the transmitter (Tx). The transmitter antenna array was mounted on a lifting ramp (see Figure 1a) and kept fixed at a certain position (base station) at a height of 20m, whereas the receiver antenna was mounted on the roof of a mobile van (see Figure 1b) and moved with an approximate average speed of 16 km/h along the measurement track. Figure 2 shows the fixed position of the base station (Tx) and the tangential movement of the mobile van (Rx) along the measurement track marked by the blue solid line.
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	Figure 1a: Transmitter mounted on a lifting ramp.
	Figure 1b: Receiver antenna mounted on a van.
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	Figure 2: Measurement track (blue solid line) for the tangential movement of the receiver (Rx) with respect to the transmitter (Tx). 



Reciprocity analysis 
The channel measurement campaign was performed only for the downlink i.e., from the BS to the mobile receiver. Therefore, within the 100 MHz bandwidth, the lower 10 MHz bandwidth and the upper 10 MHz bandwidth are considered in the following to be associated with the uplink and downlink channel, respectively, corresponding to a duplexing distance of 90 MHz. To analyze the existence of FDD reciprocity, the channel impulse responses (CIR) were evaluated for the lower 10 MHz bandwidth (UL) and the upper 10 MHz bandwidth (DL) of the measured channel data. Furthermore, the channels were 2D beamformed with the array steering vectors of the antenna array used for the measurement using  and 5 different angles in azimuth and elevation, respectively, resulting in a total of 85 beams. The array steering vectors of the antenna array were measured in an anechoic chamber. 
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	  Figure 3: Consideration of lower 10 MHz and upper 10 MHz channels as uplink and downlink channels, respectively. 



The reciprocity is at first evaluated by considering the commonality of the beamforming directions for the lower 10 MHz (UL) and upper 10 MHz (DL) channels. Figures 4a-4c show exemplary the normalized magnitude of the beamformed UL and DL channels with respect to all beamforming directions (beams) for three different channel snapshots measured at different positions of the measurement track. From the figures, it can be seen that the dominant beamforming directions (beam indices) in the UL and DL channels matches reasonably well. Similar results were obtained at other positions of the measurement track. Therefore, it can be concluded that for the considered scenario FDD reciprocity is provided with respect to angles for the UL and DL channels. 
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	Figure 4a: Normalized magnitude of the lower 10 MHz, upper 10 MHz and 100 MHz beamformed channels with respect to all beamforming directions (beam indices) for both horizontal (left) and vertical polarizations (right) of the transmitter at position 1.
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	Figure 4b: Normalized magnitude of the lower 10 MHz, upper 10 MHz and 100 MHz beamformed channels with respect to all beamforming directions (beam indices) for both horizontal (left) and vertical polarizations (right) of the transmitter at position 2.

	[image: ]
	[image: ]

	Figure 4c: Normalized magnitude of the lower 10 MHz, upper 10 MHz and 100 MHz beamformed channels with respect to all beamforming directions (beam indices) for both horizontal (left) and vertical polarizations (right) of the transmitter at position 3. 



Observation 1: Measurement data results for an urban scenario and 90 MHz duplexing spacing show that channel reciprocity holds for UL/DL channels in most of the cases with respect to the angular domain. 

From Figures 4a-4c, it can be seen that the energy is concentrated in few specific directions. The beamformed CIRs associated with these beam indices are considered in the following to evaluate the delay reciprocity of the uplink and downlink channels. Figures 5-8 show exemplary the beamformed CIRs for six different channel snapshots measured at different positions of the measurement track. For each snapshot, the lower and upper 10 MHz beamformed CIRs are shown for the four dominant beamforming directions. The four delays associated with the strongest normalized magnitude values are marked in the beamformed CIRs of the lower and upper 10 MHz BW channels. In each sub-figure, the first dominant delay index is highlighted using a magenta colored circle (O). Similarly, the second, third and fourth dominant delay indices are highlighted using a black colored square, green colored diamond and blue colored star, respectively. Unlike the angles, it can be seen that in almost all figures, the dominant delays of the lower 10 MHz BW channel do not match with the dominant delays of the upper 10 MHz BW channel. Note that due to the limited channel bandwidth of 10 MHz, each channel tap of the CIR is always given by a superposition of several paths/rays of the radio channel. Each path is associated with a phase and amplitude value. Even small changes of the phase values of the paths/rays of the UL and DL channel may lead to a different superposition of the paths/rays of each channel tap. 
For example, as shown in Figure 9, the dominant delay of the lower 10 MHz channel does not correspond to the dominant delay of the upper 10 MHz channel. In the examples shown, the delay of the upper 10 MHz channel carries significantly less energy compared to the other dominant delays of the channel. As can be observed from Figures 5-9, the reciprocity assumption on the delays of the UL/DL channels does not hold in many cases. Note that the mismatch of the delays between the UL and DL channels influences the CSI-RS beamforming design. When the delays used for beamforming the CSI-RS do not match with the delays of the downlink channel, the overall performance of the downlink precoder may be degraded compared to the precoder based on the R16 Type-II CSI reporting scheme. Also note that the results are shown for a duplexing gap of 90 MHz only. Therefore, for even larger duplexing distances (e.g., the 200 MHz discussed in the EVM e-mail discussions) the assumption on the delay reciprocity shall be revisited. 

Observation 2: Results from the measurement data show that for a duplexing distance of 90 MHz channel reciprocity does not hold for the UL/DL channels in many cases with respect to the delay domain.

Observation 3: When the delays used for beamforming the CSI-RS do not match with the delays of the downlink channel, the overall performance of the downlink precoder may be degraded compared to the precoder based on the R16 Type-II CSI reporting scheme.
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	Figure 5: The first four dominant delays of the beamformed CIRs of the lower 10 MHz and upper 10 MHz channels.  
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	Figure 6: The first four dominant delays of the beamformed CIRs of the lower 10 MHz and upper 10 MHz channels.  
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	Figure 7: The first four dominant delays of the beamformed CIRs of the lower 10 MHz and upper 10 MHz channels.  
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	Figure 8: The first four dominant delays of the beamformed CIRs of the lower 10 MHz and upper 10 MHz channels of different snapshots.  
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	Figure 9: Dominant delay mismatch between the lower 10 MHz channel and the upper 10 MHz channel. In the figure (left) the dominant delay of the lower 10 MHz channel results in a significantly less energy in the corresponding upper 10 MHz channel. In the figure (right), the separation between the dominant delay of the upper 10 MHz channel and the lower 10 MHz channel is 400ns.




In the following, the delay reciprocity is analyzed using the channels generated according to the channel model provided in TR 38.901, Section 7.5 [2]. The simulation set up is in accordance with the SLS evaluation assumptions provided in Table 2 [3].  Two channels each of 10 MHz were generated. The channel with center frequency 3.66 GHz is considered as an UL channel and the channel with center frequency 3.75 GHz is assumed as a DL channel resulting in a duplexing distance of 90 MHz. Moreover, the CIRs of the UL and DL are beamformed using the Rel. 15 2D-DFT codebook. 

The beamformed CIRs are shown in the Figures 10-14 for five different snapshots. Compared to the results obtained from channel measurements, the reciprocity with respect to the delays holds in majority of the cases for the channel model provided in TR 38.901, Section 7.5. This is due the simplified assumptions of the channel model where only the first two strongest clusters are modeled with non-zero delay spread and the remaining clusters are modeled with a zero-delay spread. Moreover, even for 200 MHz duplexing distance, the results do not change which does not reflect the reality. 


Observation 4: For the channel model provided in TR 38.901, Section 7.5, the reciprocity with respect to the delays holds in many cases which is not in line with the results obtained from the channel measurements.
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	Figure 10: The first four dominant delays of the beamformed CIRs of the UL and DL channels.
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	Figure 11: The first four dominant delays of the beamformed CIRs of the UL and DL channels.





	[image: ]
	[image: ]

	[image: ]
	[image: ]

	Figure 12: The first four dominant delays of the beamformed CIRs of the UL and DL channels.
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	Figure 13: The first four dominant delays of the beamformed CIRs of the UL and DL channels.
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	Figure 14: The first four dominant delays of the beamformed CIRs of the UL and DL channels.













Proposal 1: Due to the discrepancies between the results obtained from the measurement data and the channel model provided in TR 38.901, Section 7.5, the assumption of delay reciprocity in the UL/DL shall be revisited. 


Moreover, different RF circuitry used at transmitter and receiver results in a calibration error which may have a significant impact on the performance [4]. Therefore, for more realistic performance analysis, a simplified model for modeling Tx/Rx calibration error shall be included in the evaluation.

Proposal 2: For more realistic performance analysis, Tx/Rx calibration error modelling shall be included in the evaluation.

Conclusions
Based on the above discussion, we have the following observations and proposals. 

Observation 1: Measurement data results for an urban scenario and 90 MHz duplexing spacing show that channel reciprocity holds for UL/DL channels in most of the cases with respect to the angular domain. 

Observation 2: Results from the measurement data show that for a duplexing distance of 90 MHz channel reciprocity does not hold for the UL/DL channels in many cases with respect to the delay domain.

Observation 3: When the delays used for beamforming the CSI-RS do not match with the delays of the downlink channel, the overall performance of the downlink precoder may be degraded compared to the precoder based on the R16 Type-II CSI reporting scheme.

Observation 4: For the channel model provided in TR 38.901, Section 7.5, the reciprocity with respect to the delays holds in many cases which is not in line with the results obtained from the channel measurements.

Proposal 1: Due to the discrepancies between the results obtained from the measurement data and the channel model provided in TR 38.901, Section 7.5, the assumption of delay reciprocity in the UL/DL shall be revisited. 

Proposal 2: For more realistic performance analysis, Tx/Rx calibration error modelling shall be included in the evaluation.

References
[1] RP-193133, Samsung, New WID: Further enhancements on MIMO for NR, 3GPP RAN#86, Sitges, Spain, 9-12 December, 2019.
[2] TR 38.901, “Study on channel model for frequencies from 0.5 to 100 GHz,” V16.0.0, October 2019.
[3] R1-2006126, “Moderator summary for Rel. 17 FeMIMO EVM offline”, RAN1#102-e, 17-28 August, 2020.
[4] R1-144943, “SRS and antenna calibration error modelling”, RAN1#79, San Francisco, USA, 17-21 Nov. 2014.








image5.png
Normalized Magnitude

18

—— Cover 0 B
| —— Upper 100t 8
p— %
“
12
'
08
s
04
0z
o 0 w4 s e 70 w0 w0

Beam Index




image6.png
18

18

“

Normalized Magnitude

s

04

0z

—— Cover 0 B
| —— Upper 100t 8
— e

10

20

0

w0 s
Beam Index

)

w0

%0




image7.png
Normalized Magnitude

13

12

—— Cover i B
|—— Upper 100t 8
ot}

1

s

04

03

W = 0 w0 s )
Beam Index

7w w0





image8.png
Normalized Magnitude

—— Cover i B
|—— Upper 100t 8
ot}

W s ) 7w w0
Beam Index





image9.png
Normalized Magnitude

18

—— Cover 0 B
| —— Upper 100t 8
p— %
“
12
'
08
s
04
0z
o 0 w4 s e 70 w0 w0

Beam Index




image10.png
1

09

Normalized Magnitude

04

03

10

20

0

w0 s
Beam Index

)

B

0

%0




image11.png
Normalized Magnitude

Beam IDx 41 Az=-22.5° CoEle=90° Snapshot38913

—— Lower 10 MHzBW
s —— Upper 10MHz BW
O First Dominant alay
O Second dominant delay
Third dominant delay
Fourth dominant deay

14 16 18 2 22 24 26 28 3 a2
Delay [us]




image12.png
Normalized Magnitude

o7

06

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot38913

—— Lower 10 MHzBW
—— Upper 10MHz BW
O First Dominant alay
O Second dominant delay
Third dominant delay
Fourth dominant deay

18 2 22 24 26 28 3
Delay [us]

a2




image13.png
Beam IDx 40 Az=-33.75° CoEle=00° Snapshot38913

08 T T
—— Lower 10 MHzBW
—— Upper 10MHz BW
O First Dominant alay

0s O Second dominant delay

Normalized Magnitude

o1

Third dominant delay
Fourth dominant delay.

18 2 22 24 26 28 3 a2
Delay [us]




image14.png
Beam IDx 24 Az=-22.5° CoEle=67.5° Snapshot38913

04—

035

Normalized Magnitude

°

o1

005

—— Lower 10 MHzBW
—— Upper 10MHz BW
O First Dominant alay
O Second dominant delay
Third dominant delay
Fourth dominant deay

o L L L
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5 52 54 56
Delay [us]




image15.png
Normalized Magnitude

Beam IDx 41 Az=-22,5° CoEle=00° Snap &8 E O Q\ Qa

o

$

—— Lower 10 MHzBW
———— Upper 10MHz BW
o

First Dominant delay
Second dominant delay
Third dominant delay
Fourth dominant delay.

22 24
Delay [us]

26

28 3 a2




image16.png
Normalized Magnitude

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot39372

—— Lower 10 MHzBW

—— Upper 10MHz BW

09 O First Dominant delay

O Second dominant delay
Third dominant delay
Fourth dominant deay

08

14 16 18 2 22 24 26 28 3 a2
Delay [us]




image17.png
Normalized Magnitude

os Beam IDx 39 Az=-45° CoEle=90° 72
—— Lower 10 MHzBW
—— Upper 10MHz BW
045 O First Dominant alay ||
O Second dominant delay
Third dominant delay
04 Fourth dominant delay
035
03
025
02
015
01
005
N . . . . . . )
16 18 22 24 26 28 3

Delay [us]

a2




image18.png
Normalized Magnitude

05

045

04

Beam IDx 24 Az=-22.

CoEle=67.5" Snapshot39372

Lower 10 MHz BW
——— Upper 10 MHz BW
O First Dominant delay
O Second dominant delay
g ‘Third dominant delay
Fourth dominant delay

04 06 08 1 12

14 16 18 2 22 24
Delay [us]




image19.png
Normalized Magnitude

Beam IDx 41 Az=-22.5° CoEle=90° Snapshot39423

—— Lower 10 MHzBW
s —— Upper 10MHz BW
O First Dominant alay
O Second dominant delay
Third dominant delay
Fourth dominant deay

16 18 2 22 24 26 28 3 a2 a4
Delay [us]




image20.png
Normalized Magnitude

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot39423

—— Lower 10 MHzBW
—— Upper 10MHz BW
O First Dominant alay

08 T

o7 O Second dominant delay
Thed domnantdeay
Fourth domant doley

16 18 2 22 24 26 28 3 a2 a4
Delay [us]




image21.png
Normalized Magnitude

Beam IDx 24 Az=-22.5° CoEle=67.5° Snapshot39423

05 T T
—— Lower 10 MHzBW
———— Upper 10MHz BW
045 O First Dominant delay ||
O Second dominant delay
Third dominant delay
04 Fourth dominant delay.

16 18 2 22 24 26 28 3 a2 a4
Delay [us]




image22.png
Beam IDx 75 Az=-22.5° CoEle=135° Snapshot39423

04

035

03

025

02

Normalized Magnitude

o1

005

—— Lower 10 MHzBW
—— Upper 10MHz BW
O First Dominant alay
O Second dominant delay
Third dominant delay
Fourth dominant deay

22

24

26

28

3
Delay [us]




image23.png
Boam IDx 40 Az=-33.75" CoEle=90" Snapshot38777

-
=
—
08 O Frst Dominant destay
el
e
. ey
o
Zo0a
;
.
:

Delay lus]




image24.png
Normalized Magnitude

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot39984

09

08

02

o1

——— Lower 10 MHzBW
Upper 10MHz BW

©  First Dominant delay

O Second dominant delay
Qo domvant oy

Fourth dominant dolay

18 2 22 24 26 28 3 a2 a4
Delay [us]




image25.png
Normalized Magnitude

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot42296

——— Lower 10 MHzBW
Upper 10MHz BW

0o ©  First Dominant delay

O Second dominant delay
Qo domvant oy

Fourth dominant dolay

08

16 18 2 22 24 26 28 3 a2 a4
Delay [us]




image26.png
Normalized Magnitude

Beam IDx 42 Az=-11.25° CoEle=00° Snapshot42636

——— Lower 10 MHzBW
) Upper 10MHz BW

©  First Dominant delay

O Second dominant delay
Qo domvant oy

Fourth dominant dolay

16 18 2 22 24 26 28 3 a2 a4
Delay [us]




image27.png
Beam IDx 41 Az=-22.5° CoEle=90" 13

——— Lower 10 MHz BW.
B Upper 10 MHz BW
‘O First Dominant delay

§ ‘Second dominant delay

i dominant delay.
Fourth dominant delay

Normalized Magnitude

02

14 18 18 2 22 24 26 28 3 32
Delay [us]




image28.png
09

Boam IDx 40 Az=-33.75" CoEle=90" Snapshot38777

08

i

07

—— Cover 0 B
—— Upoer 100 8
o

rstDomant el
‘Second comiant césy
T ot deay
Fourtn Gomeant gsy

Normalized Magnitude

0z

01

s 18 2 22 24 25 28
Delay lus]





image29.png
Boam idx 2

09

Normalized magnitude

01

04

[

08

12

4

6 18
delaylus]

2

24

26

28





image30.png
Normalized magnitude

08

07

0z

01

o

Boam ldx 13

[ S

e

4 05 o0a 1

12

4 18 18
delaylus]

2

22

24

26

28





image31.png
Boam ldx 16

08

07

Normalized magnitude

0z

01

Ll

A

04 08 o8 1

12

4 18 18
delaylus]

2

24

26

28





image32.png
Normalized magnitude

oa

o

4

o

oo

1

Boam idx 4

[

08

12

4

16 18
delaylus]

2

22

24

26

28





image33.png
o
0

Normalized magnitude
)
)

o
IS

0.2

CF = 3.705 GHz, BW = 10 MHz
CF = 3.795 GHz, BW = 10 MHz

0.6
delay[us]

0.8





image34.png
Normalized magnitude

Beam Idx 7

08

°

°

°

°

°

°

02

01

0 02 04 06 08 1
delaylus]




image35.png
0.7

0.6

o o [
w > o

Normalized magnitude

Q
)

0.1

CF = 3.705 GHz, BW = 10 MHz
CF = 3.795 GHz, BW = 10 MHz

0.2

0.4

0.6
delay[us]

0.8





image36.png
0.4

0.35

0.3

Q
I
a

Normalized magnitude
1)
N

0.15

0.1

0.05

CF = 3.705 GHz, BW = 10 MHz
CF = 3.795 GHz, BW = 10 MHz

0 0.2 0.4 0.6 0.8 1

delay[us]




image37.png
09

Normalized magnitude

01

04 o5 o8 1 12 14 18 18 2 22
delaylus]




image38.png
Normalized magnitude

01

Boam idx 4

s

0 os o8 1 12 14 18 18 2z 22
delaylus]




image39.png
Boam idx 7

Normalized magnitude

“% os o8 1 12 14 18 18 2 22
delaylus]




image40.png
Normalized magnitude

“% os o8 1 12 14 18 18 2z 22
delaylus]




image41.png
Boam idx 2

09

Normalized magnitude

01

0z

04

[

08

12

)

16 18
aelaylus]

22

24

26

28





image42.png
Normalized magnitude

Boam ldx 13

09

0z

01

LB

.

©z oa o0s 08 1

12

4

16
aelaylus]

18

22

24

26

28





image43.png
Normalized magnitude

Boam ldx 16

09

0z

01

[ S - V-N

©2 o4 o0s 08 1 12 14 18 18 2 22 24 25 28
delaylus]





image44.png
Boam idx 4

Normalized magnitude

©2 o4 0s 08 1 12 14 18 18 2 22 24 25 28
delaylus]




image45.png
Normalized magnitude

Boam ldx 10

0z

0z o4 08 o8 1 12 14 18 18 2
delaylus]




image46.png
Normalized magnitude

Boam ldx 12

07

s

01

0z o4 08 o8 1 12 14 18 18 2
delaylus]




image47.png
Boam ldx 14

Normalized magnitude

015

01

s

0z o4 08 08 1 12 14 15 18
delaylus]




image48.png
Normalized magnitude

o

01

Boam ldx 13

4

0z o4 08 08 1 12 14 18 18 2
delaylus]




image1.png




image2.png
o CIRGE SN Lt e o 3 -
e R e S R Y "





image3.png




image4.png
BW = 100 MHz

Lower FDD distance Upper
10 MHZ 90 MHz 10 MHZ
(Uplink) (Downlink)





