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Items of this work 

Motivation of this work 
Experiment design and environment description 
Channel characteristics in the analysis 
Power angular spectrum 
Angular spread and power weighted mean AoAs 
Cluster method and cluster number 
Cluster power and cluster width 

Modeling methods of azimuth angle of arrival  
Modeling methods of cluster AoA in standard models 
New modeling methods of rays’ angle and power 
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Motivation of this work 

At present 
 
 
 
However 

 
 
 
Thus  
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Standard models only assume the downlink channel. For 
uplink, arrival and departure parameters have to be 

swapped, based on the channel reciprocity.  

There are few articles 
studying the channel 

reciprocity in mmWave. 

The channel reciprocity 
may be influenced by link 

conditions.  

The best way to study uplink and downlink angular 
characteristics is conducting measurement in the real field.  
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Presenter
Presentation Notes
The correlation coefficient of uplink power angular spectrum (PAS) and downlink PAS is 0.84, and the correlation coefficient of angular spread (AS) is 0.83 (Pedersen et al., 1999). A rich multipath environment may weaken the channel reciprocity (Foo et al., 2002). When the measurement case changes from LOS to NLOS, the correlation coefficient of the uplink channel and downlink channel decreases 0.02 in (He et al., 2009) and decreases 0.12 in (Hamida et al.,2010).



Experiment design and environment description 
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(a) Downlink measurement (b) Uplink measurement 

Downlink Uplink 

Frequency 28 GHz 

Bandwidth 800 MHz 

TX antenna Sector antenna Biconical 
antenna 

RX antenna Horn antenna 

TX height 12.4 m 1.8 m 

Elevation angle 
of TX 

Mainly: 
[0°, 10°, 20°] 

P1: 
[40°, 50°, 60°] 

[0°, -10°,  
-20°] 

Step 5° 
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Presentation Notes
The BS antenna is on the top of Science Hall (Building 1) with a height of 12.4 m above the ground. The UT is placed at 10 different positions, and its antenna height is 1.8 m above the ground. The two-dimensional distance between the BS and the UT is from 25.5 m (position 1) to 164 m (position 8). All UT positions are divided into LOS and NLOS cases. Among them, position 1, 3, 4, 5, 6, 7, 8 are in LOS case. The position 2, 9, 10 are in NLOS

Horn         11          10         25
Biconical   360        40         3
Sector       92.19     40.15    9



Channel characteristics and analysis 
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Power angular spectrum-LoS case 

(a) Scanning PAS of downlink (left) 
and uplink (right) 

(b) SAGE PAS of downlink (left) and 
uplink (right) 

(c) Multipath matching with environment 

Direction paths and first-
order reflection paths are the 

main parts in LoS cases. 
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Presenter
Presentation Notes
It can be found the clusters in LOS cases mainly contain the direct paths and first order reflections. The received MPCs at BS side are just concentrated within 90◦, and there is no wave coming from the antenna back.
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Power angular spectrum-NLoS case 

(a) Scanning PAS of downlink (left) 
and uplink (right) 

(b) SAGE PAS of downlink (left) and 
uplink (right) 

(c) Multipath matching with environment 

Direction paths, first-order 
reflection paths and second-
order reflections (0.13%) are 

the main parts in NLoS 
cases. 
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Presenter
Presentation Notes
The range of AOA increases to 120◦. The first-order and second-order reflections reign in all propagation types in NLOS cases, but the power of second-order reflections is very limited, which is only 0.13% of total received power at position 2.
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ASA of uplink and downlink 

(a) Angular spread at different positions 

𝜑𝜑diff is from -42.1°to 6°. 

(b) P2 

Define: 𝜑𝜑UL − 𝜑𝜑DL = 𝜑𝜑diff          (1) 
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(c) P5 
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Presenter
Presentation Notes
Only position 2, 5 have larger ASA in uplink conditions. the mean ASA values of uplink and downlink are 13.3◦ and 28.8◦,
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Power weighted AoA 

(a) Mean AoA of LoS cases 

Mean AoAs are 
symmetrical about the 

original point. 

(b) Mean AoA of NLoS cases 

Mean AoAs are 
symmetrical about the  

x axis. 
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Channel characteristics and analysis 
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Cluster properties 
Cluster method 

(a) Cluster in lobe-shaped 

(b) Cluster multipath in lobe-shaped 

K-PowerMeans needs to 
assign different weight 
factors to parameters 

Multipaths whose interval is larger 
than 5°will be split into different 
clusters. 
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Cluster properties 
Cluster number 

Uplink Downlink 
LoS NLoS LoS NLoS 

TR 38.901 12 19 12 19 

mmMAGIC 2 3 2 3 

TCSL 1.9 1.6 1.8 1.6 

Measurement 3.5 5 6.9 5.3 

Uplink Downlink 

P1 (LoS) 3 6 

P2 (NLoS) 6 7 

P3 (LoS) 5 7 

P4 (LoS) 4 7 

P5 (LoS) 4 4 

P6 (LoS) 4 7 

P7 (LoS) 3 10 

P8 (LoS) 2 7 

P9 (NLoS) 4 4 

P10 
(NLoS) 

5 5 

Average 4 6 
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Presenter
Presentation Notes
In LOS cases, the range of number difference is from 2 to 7, and the average difference is 3.3. In NLOS cases, the maximum difference of the cluster number is only 1 between the uplink and downlink.

Because the 3GPP TR 38.901 model is gotten from the data sets from 0.5 GHz to 100 GHz, its numbers of cluster in UMi scenario are the largest.
They are 12 and 19 in LOS and NLOS cases. The mmMAGIC model focuses on the bands from 6 to 100 GHz. Its number of clusters is from 2 to 3.
The TCSL model is based on the measurements at 28 GHz and 73 GHz. Its mean numbers of lobes are smallest. They distribute from 1.6 to 1.9. The numbers of lobe-shaped clusters in our measurement are from 3.5 to 6.9, which is signifyingly smaller than 3GPP TR 38.901 model.

The largest cluster number appears in the downlink LOS case, which is in contradiction with common sense that the number of clusters is smaller in LOS. In my opinion, the number of clusters should be correlated with the number of scatterers around the transceiver rather than the LOS or NLOS conditions. For example, even though the position 7 is a LOS point, it can still have large number of clusters because of the rich scatterers around it.
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Cluster properties 
Cluster power and width 

(a) Percentage of cluster width in 
different ranges 

(b) Percentage of cluster power 
in different ranges 

Range 1: [0°, 10°] 
Range 2: [10°, 30°] 
Range 3: [30°, 60°] 
Range 4: >60° 

Pernum,𝑅𝑅1
UL = 𝑁𝑁𝑅𝑅1

UL

𝑁𝑁𝑅𝑅1
UL+⋯+𝑁𝑁𝑅𝑅4

UL            (1) 

Perpow,𝑅𝑅1
UL = 𝑃𝑃𝑅𝑅1

UL

𝑃𝑃𝑅𝑅1
UL+⋯+𝑃𝑃𝑅𝑅4

UL             (2) 
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Presentation Notes
The mean width of cluster is 18.3◦ in the uplink and 21.3◦ in the downlink
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Cluster properties 
Cluster power and width 

(a) Relationship of cluster power and width 

𝑊𝑊 = 𝑝𝑝1 ∙ exp (𝑝𝑝2 ∙ 𝑃𝑃) 

𝑝𝑝1 𝑝𝑝2 

Uplink 67.12 0.0503 

Downlink 72.08 0.0517 
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Modeling methods of cluster AoA 
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(a) Composite PAS in azimuth of 
clusters 

𝜑𝜑𝑛𝑛 = 𝑋𝑋𝑛𝑛𝜑𝜑𝑛𝑛′ + 𝑌𝑌𝑛𝑛 + 𝜑𝜑LOS          (1) 

𝜑𝜑𝑛𝑛′ =
2(𝜑𝜑ASA/1.4) −ln (𝑃𝑃𝑛𝑛/ max

𝑛𝑛
𝑃𝑃𝑛𝑛)

𝐶𝐶𝜑𝜑
       (2) 

(b) Composite PAS in azimuth of uplink 

(c) Composite PAS in azimuth of downlink 
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Presentation Notes
The main reason for this is our measurement environment. There is no building on the east side of the BS to produce reflections; thus the clusters only distribute on a single side of the PASs.

To verify whether our angle power spectrum is consistent with the standard model, we also use a quadratic function to fit PASs in Fig. 12. Surprisingly, the values of R-square in most curve-fitting results are negative, which means that our PASs are more subject to a uniform distribution rather than a wrapped Gaussian distribution. Only the curve-fitting of position 1, 7, 8 in uplink conditions have positive R-square values, and their range is from 0.8603 to 1. Nevertheless, this is because position 1, 7, 8 have a small number of clusters (no larger than 3 clusters), not because they do obey a wrapped Gaussian distribution.



Modeling methods of cluster AoA 

14 

(a) Distribution of cluster AoA in uplink (b) Distribution of cluster AoA in downlink 
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Modeling methods of rays’ AoA and power 
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(a) Distribution of rays’ AoA 
(b) Joint probability density function of 
rays’ AoA and power in uplink 

(c) Joint probability density function of 
rays’ AoA and power in downlink 

𝑝𝑝 𝑥𝑥1, 𝑥𝑥2 =
1

2𝜋𝜋 Σ
1
2

exp [−
1
2 (𝑥⃗𝑥 − 𝜇⃗𝜇)𝑇𝑇Σ−1(𝑥⃗𝑥 − 𝜇⃗𝜇)] 

𝜇⃗𝜇 Σ 

Uplink [−2.5, 38.2] 254.4 −2.6
−2.6 193.2  

Downlink [−1.1, 36.8] 546.1 23.9
23.9 157.6  
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