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Abstract: Three dimension (3D) Multi-input-multi-output (MIMO) scheme, which exploits another 
dimension of the spatial resource, is one of the enabling technologies for the next generation mobile 
communication. As the elevation angle in 3D-MIMO channel model might varies against the height 
of the base station transmit antenna, it has to be taken into account carefully. In this paper, the 
impact of antenna height on the channel characteristics of 3D MIMO channel is investigated by 
using the intelligent ray launching algorithm (IRLA). Three typical street scenarios, i.e., the straight 
street, the fork road and the cross road, are selected as benchmarks. On the basis of simulations, 
joint and marginal probability density functions (PDFs) of both the elevation angle of departure 
(EAoD) and the elevation angle of arrival (EAoA) are obtained. The elevation angle spread (AS) and 
the delay spread (DS) under various antenna heights are also discussed. Simulation results indicate 
that the PDFs of EAoD and EAoA vary characteristics under different street scenarios. Moreover, 
the minimum value of the DS can be achieved when the antenna height is half of the building height. 

Keywords: 3D MIMO; elevation angle; antenna height; elevation angle of departure; elevation angle 
of arrival; angle spread; delay spread 

 

1. Introduction 

One common feature of the research works on future wireless communication technologies is 
the pursuit of high spectral efficiency while multiple user equipments (UEs) are accessed into a base 
station (BS). Multi-User (MU) MIMO technologies are expected to play a key role to achieve high 
spectral efficiency [1]. To in-depth investigate MIMO, it is essential to have a good understanding of 
radio-propagation characteristics of transmission path between the BS and the mobile station (MS) 
[2]. Therefore, several models are proposed for the description of the radio channel [3-5]. In [3] and 
[4], the authors analyzed the channel characteristics by assuming the scatters are located uniformly 
within a circle or an ellipse. In [5], the author argued that stochastic geometry and random graph 
theory are indispensable tools for the analysis of wireless networks. For the conventional study on 
channel model, linear antenna arrays were assumed at horizontal direction [6-8]. The assumption is 
valid since the distance between the MS and the BS is much larger than the distance between the 
height of the BS antenna and the scatters around the MS [9]. However, with the UEs distributed in 
3D, the elevation angle should also be considered in channel modeling as it significantly influences 
the performance of MU-MIMO [10]. 

The first work on EAoD and EAoA was executed by T, Aulin in 1979 [11]. Then, more works 
have been researched to precisely describe the elevation angle. In 1990, a measurement in Tokyo 
based on 900 MHz observed that the distribution of elevation angle is extremely closed to Gaussian 
distribution [12]. After that, Petrus derived the PDF of the multipaths’ EAoD at the BS by assuming 
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that the scattering objects were located uniformly within a circle around the MS [13]. In [14], M. Shafi 
extended the Spatial Channel Model (SCM) to 3D model by taking into account the elevation angle 
at the MS. Nawaz generalized a 3D scattering model for the macrocell environment with an MS 
located at the center of a 3D scattering semispheroid and a base station employing a directional 
antenna which located outside of the semispheroid in [15]. Many other works focusing on the 
elevation angle in different propagation environments are listed in [16-18]. Although previous works 
have well analyzed the distribution of EAoD and EAoA, the impact of antenna height on the channel 
characteristics is rarely considered.  
    With Internet of Things (IoT) and small cells are universally utilized, the antenna will be 
deployed at different heights. In order to optimize the antenna height to achieve better channel 
performance, we need to understand the impact of antenna height on parameters of wireless 
propagation, especially the EAoD and the EAoA. As introduced in [19], the heights of the antennas 
at both the BS and the MS, particularly the relative height between the BS and the building 
significantly influence the distribution of EAoD and EAoA. The author also indicated that the AS will 
vary with the relative antenna height. In this paper, we mainly analyzed the characteristics of channel 
model under three different scenarios based on IRLA. The closed-form expressions are derived for 
the PDFs of EAoD and EAoA in terms of the antenna height. The effects of antenna height on the AS 
and the DS are also discussed.  

This paper is organized as follows. Section 2 briefly introduces the IRLA and the experiment 
scenarios. In section 3, we derive the PDFs of EAoD and EAoA under various scenarios. Meanwhile, 
the AS and DS are also analyzed. The simulation results are presented in section 4. Finally, 
conclusions are given in section 5.   

2. Methods and simulation scenarios 

2.1. Intelligent ray launching algorithm (IRLA) 

Radio wave propagation prediction modeling is critical in wireless network planning and 
optimization [20]. Kinds of propagation models have been presented in decades which can be 
classified as empirical models and deterministic models [21-24]. The calculation of the empirical 
models channel characteristics is based on empirical factors such as carrier frequency and distance 
between the BS and the MS. These models are time-efficient but with lower accuracy. On the other 
hand, deterministic models consider the environmental information precisely such as the position of 
the buildings and the corresponding reflection factor. Thus they are time consuming but with higher 
accuracy.   

The IRLA, which is utilized in our research, can be categorized as deterministic approaches. The 
concept of the IRLA is emitting the rays from the BS, and computing all the possible reflections and 
diffractions. Once the rays undergo reflections or diffractions, the additional loss will be added to the 
corresponding signal strength [25]. Inevitably, a small constant angle will be created to avoid distant 
area be covered when rays continue to diverge [26]. Therefore, a sphere structure is usually used to 
capture the missing rays.  

In [27], Zhihua have originally presented the IRLA model. He indicated the details of the 
algorithm and justified the correctness in wireless network planning. In [28], the authors 
implemented the angular dispersion of ray launching to improve the accuracy. Then the IRLA model 
was validated by the measurement campaign [29]. 

2.2. Experiment setup 

The simulation scenario is part of Paris center which is shown in Figure 1. The size of the area is 
500m×300m, and the average building height is approximately 21m [30]. We configure the transmit 
power of the BS as 0dBm and the carrier frequency as 2.4GHz. The antenna type is regarded as 
omnidirectional. The maximum reflection and diffraction number are 3 and 7 respectively. The 
parameters are list in Table 1. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 June 2017                   doi:10.20944/preprints201706.0084.v1

http://dx.doi.org/10.20944/preprints201706.0084.v1


 3 of 13 

 

Table 1. Parameters setting of experiment scenario 

Size of area 
Average 
building 

height 

BS 
power 

Carrier  
frequency 

Antenna type 
Max 

reflection 
number 

Max 
diffraction 

number 
500m×300m 21m 0dBm 2.4GHz Omnidirectional 3 7 

 

Figure 1 illustrates that there are three typical street scenarios: straight street (red rectangular 
area), fork road (black rectangular area) and cross road (rose rectangular area). These three typical 
scenarios are displayed in Figure 2 and the parameters for each scenario are list in Table 2. During 
the simulation for each scenario, we deployed the position of the BS to be (0, 0, h), and the receivers 
to be at (xn, yn, zn), both in the global coordinate system. The parameter h is the height of the BS, and 
n is the index of users arranging from 1 to 100000 which means 100000 receivers are uniformly located 
around the BS. We regard the angles collected above the antenna height as negative degree (< 00), and 
that below the antenna height as positive degree (> 00). Here we have not included the direct 
component. 

 
Figure 1. Part of Paris center (the red rectangular area, the black rectangular area and the rose 
rectangular area represent one of the straight streets, fork roads and cross roads respectively) [30].  
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             (a)                             (b)                             (c) 

Figure 2. Three typical scenarios, (a) Description of the straight street; (b) Description of the fork road; 
(c) Description of the cross road. 

Table 2. Parameters of three scenarios 

 
Average 

building height 
Length of 

wider street 
Width of 

wider street 
Length of 

lower street 
Width of 

lower street 
Straight 

street 20m 80m 20m 0 0 

Fork road 25m 80m 20m 40m 12m 
Cross road 22m 40m 20m 40m 12m 

 

3. Results 

3.1. Scenario A: Straight street in Paris center 

Firstly, we studied the PDFs of EAOD and EAOA under the straight street in Figure 2(a). 
According to reflection and diffraction, each receiver can obtain multi rays with different path losses, 
EAoDs and EAoAs. Based on the IRLA, path losses, EAoDs and EAoAs of multi rays can be 
calculated. Using radian to express the elevation angle, and evenly divided the (-π, π  into 101 
intervals. Then the PDFs of EAoD and EAoA can be calculated after adding the weighting value (path 
loss). One simulation result (antenna height is 8m) is indicated below. 

 
Figure 3. PDFs of EAoD and EAoA under straight street scenario when the antenna height is 8m. 

As can be seen in Figure 3 that the PDF values of these two curves around 0 radian are obviously 
greater than the values away from 0 radian, and the sub-curves at the negative and positive sides of 
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the peak are asymmetrical which have been verified by K. Kalliola in [18]. The author observed that 
a double-sided exponential function is more suitable for the PDF of elevation angles [18] which can 
be represented as:  

        
                             (   ,   0

  ,   0 ,                      (1) 

                        (   ,   0
  ,   0 ,                      (2) 

Logarithm fitting the PDFs of EAoD and EAoA, we can finally obtain the value of λ’1EAoD, λ’2EAoD, 
λ’1EAoA and λ’2EAoA, which are the logarithm of λ1EAoD, λ2EAoD, λ1EAoA and λ2EAoA (for example: λ’1EAoD = 10 × ×   ). For the simulation results of Figure 3, λ’1EAoD = 26.83, λ’2EAoD = -36.48, λ’1EAoA = 
16.43, λ’2EAoA = -15.69. The logarithm exponent value λ’ of the exponential distribution will be different 
with various antenna heights which are listed in Figure 4.  

 
Figure 4. The statistic results of logarithm exponent values under straight street scenario with various 
antenna heights (4m, 6m, 8m, 10m, 12m, 14m,16m and 18m), the EAoD down, EAoD up, EAoA down 
and EAoA up represent λ’1EAoD, λ’2EAoD, λ’1EAoA and λ’2EAoA respectively.  

Figure 4 illustrates that the logarithm exponent value is almost linear correction with the antenna 
height. We can derive that: λ’1EAoD  = 1.64 × m + 14.35, λ’2EAoD = 1.60 × m – 48.83, λ’1EAoA = 0.63 × m + 
22.84, λ’2EAoA  = 0.76 × m – 9.55. Here, m represents the antenna height.                             

Finally, the PDFs of EAoD and EAoA relate to antenna height can be represented as: 
 

( ( . .× × ( . .× ,   0( . .× × ( . .× ,   0,                       (3) 

 ( ( . .× × ( . .× ,   0( . .× × ( . .× ,   0 ,                     (4) 

Using the PDFs results above, we characterize the AS and the DS which are used to define the 
angle dispersion and time dispersion of multipath components. In [13], the AS and the DS can be 
calculated as: 

                                 ∑∑ ∑∑  ,                         (5) 

                                 ∑∑ ∑∑  ,                         (6) 
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where  is the ray power,  and  are the angle and delay of i th multi rays. The statistic results 
of the AS and the DS are represented in Figure 5 and Figure 6 respectively.  

 
     (a)                                     (b) 

Figure 5. The AS under straight street with various antenna heights (4m, 6m, 8m, 10m, 12m, 14m and 
16m), (a) Description of the AS of EAoD; (b) Description of the AS of EAoA.  

 
Figure 6. The DS with various antenna heights (4m, 6m, 8m, 10m, 12m 14m and 16m). 

In Figure 5, we can find that the value of the AS of EAoD is smaller than that of EAoA, and the 
variation range of the AS of EAoD is also smaller. The AS reachs its maximum value when the 
antenna height is half of the building height (10m). Figure 6 exhibits that the value of the DS is nearly 
unchangable when the antenna height is around half of the building height and increases 
conspicuously when the antenna is near the bottom or the top of the buildings.  

3.2. Scenario B: Fork road in Paris center 

Then by using the same research steps in 3.1, we investigated the PDFs of EAoD and EAoA 
under fork road scenario as shown in Figure 2(b). The simulation result when the antenna height is 
8m is indicated in Figure 7.  

 
Figure 7. PDFs of EAoD and EAoA under fork road scenario when the antenna height is 8m. 
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After fitting the curves under different antenna heights (6m, 8m, 10, 12m, 14m, 16m, 18m, 20m), 
the PDFs of EAoD and EAoA can be obtained as indicated in Figure 8.  

 
                   (a)                                             (b) 

 
                   (c)                                             (d) 

Figure 8. The statistic results of logarithm exponent values under fork road scenario with various 
antenna heights (6m, 8m, 10m, 12m, 14m, 16m, 18m and 20m). Here, the logarithm exponent values 
are the logarithm of λ1EAoD, λ2EAoD, λ1EAoA and λ2EAoA as shown in equations (1) and (2). 

Finally, the PDFs of EAoD and EAoA related to antenna height can be calculated:  
             (

.× × . ×× , 0, 12.5 ( . .× × ( . .× , 0, 12.5 25( . .× × ( . .× , 0, 12.5 .× × . ×× , 0, 12.5 25
 ,                 (7) 

         (
( . .× × ( . . ×× , 0, 12.5 .× × . ×× , 0, 12.5 25.× × . ×× , 0, 12.5 ( . .× × ( . . ×× , 0, 12.5 25

 ,           (8) 
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With the results obtained above, the AS and the DS of EAoD and EAoA can be gained as 
displayed in Figure 9 and Figure 10. 

 
(a)                                    (b) 

Figure 9. The AS under fork road scenario with various antenna heights (6m, 8m, 10m, 12m, 14m, 
16m, 18m and 20m), (a) Description of the AS of EAoD; (b) Description of the AS of EAoA.  

 
Figure 10. The DS under fork road scenario with various antenna heights (6m, 8m, 10m, 12m,14m, 
16m, 18m and 20m). 

It is obviously from Figure 9 that the ASs of EAoD and EAoA arrive the peak value when the 
antenna height is half of the building height (10m). In Figure 10, we can conclude that minimum 
value of the DS can be achieved when the antenna height is half of the building height and the value 
arise when the antenna is near ground or top of the buildings. 

3.3. Scenario C: Cross road in Paris center 

    Finally we researched the PDFs of EAoD and EAoA under cross road scenario as shown in 
Figure 2(c). The simulation result when the antenna height is 10m is displayed in Figure 11. 

 
Figure 11. PDFs of EAoD and EAoA under cross road scenario when the antenna height is 10m. 
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The logarithm exponent values of EAoD and EAoA can be obtained by fitting the curves through 
different antenna heights (4m, 6m, 8m, 10, 12m, 14m, 16m, 18m) which are exhibited in Figure 12.  

  

                     (a)                                              (b) 

  
                     (c)                                              (d) 

Figure 12. The statistic results of logarithm exponent values under cross road scenario with various 
antenna heights (4m, 6m, 8m, 10m, 12m and 14m, 16m, 18m). Here, the logarithm exponent values 
are the logarithm of λ1EAoD, λ2EAoD, λ1EAoA and λ2EAoA as shown in equations (1) and (2). 

Finally, the PDFs of EAoD and EAoA can be represented as: 

              (
( . .× × ( . .× , 0, 11 

× × ×× , 0, 11 22
× × ×× , 0, 11 ( . .× × ( . .× , 0, 11 22

,                 (9) 

              (
( . .× × ( . . ×× , 0, 0 22

× × ×× , 0, 11 ( . .× × ( . . ×× , 0, 11 22,            (10) 

    The AS and the DS of EAoD and EAoA can be gained by the above results. 
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(a)                                       (b) 

Figure 13. The AS under cross road scenario with various antenna heights (4m, 6m, 8m, 10m, 12m 
and 14m, 16m, 18m), (a) Description of the AS of EAoD; (b) Description of the AS of EAoA.  

 

Figure 14. The DS under fork cross scenario with various antenna heights (4m, 6m, 8m, 10m, 12m and 
14m, 16m, 18m). 

Figure 13(a) presents that the AS of EAoD has little variation with different antenna heights. 
Figure 13(b) illustrates the AS of EAoA gains its maximum value when the antenna height is half of 
the building height (11m) and drops gradually to the ground or the top of the buildings. The DS has 
the similar phonomenon with section 3.1 and 3.2 as shown in Figure 14.   

4. Discussion  

In this section we discuss the PDF characteristics of EAoD and EAoA under various road 
scenarios. Firstly we list the statistic logarithm exponent values of the PDF of EAoD and EAoA under 
the straight street scenario with various antenna heights (4m, 6m, 8m, 10m, 12m, 14m,16m and 18m).  

Table 3. Statistic logarithm exponent values of the PDF of EAoD and EAoA under straight street 
scenario with various antenna heights. 

 4m 6m 8m 10m 12m 14m 16m 18m 
EAoD(x < 0) 21.26 24.51 26.83 28.7 34.18 39.32 42.14 41.78 
EAoD(x > 0) -41.81 -41.37 -36.48 -31.47 -28.25 -25.61 -23.78 -21.1 
EAoA(x < 0) 22.29 18.9 16.43 15.09 14.7 14.25 12.85 12.37 
EAoA(x > 0) -13.19 -14.54 -15.69 -16.26 -17.02 -20.06 -22.55 -23.59 

Where x is the randon variable of the exponential distribution shown in equations (1) and (2). x < 0 
represents the angle collected above the antenna height, and x > 0 represents the angle collected below 
the antenna height. As we can see from Table 3, the logarithm exponent value λ’1EAoD and λ’2EAoD (as 
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shown in eqation (1)) linearly increase with the antenna height growing and the exponent value 
λ’1EAoA and λ’2EAoA (as shown in equation (2)) linearly decrease with the antenna height growing.  

Then we list the PDF values under fork road with various antenna heights (6m, 8m, 10m, 12m, 
14m,16m, 18m and 20m) in Table 4.   

Table 4. Statistic logarithm exponent values of the PDF of EAoD and EAoA under fork road scenario 
with various antenna heights. 

 6m 8m 10m 12m 14m 16m 18m 20m 
EAoD(x < 0) 32.86 32.31 33.16 33.16 33.25 34.58 36.2 40.19 
EAoD(x > 0) -35.89 -34.23 -33.67 -32.63 -32.99 -32.93 -32.94 -32.49 
EAoA(x < 0) 20.92 19.11 18 17.69 17.94 17.95 18.03 17.4 
EAoA(x > 0) -16.2 -15.77 -16 -17.06 -16.64 -16.45 -18.68 -18.06 

From Table 4, two conclusions can be obtained: 

• For the PDF of EAoD: when x < 0, the logarithm exponent value λ’1EAoD is nearly unchanged when 
the antenna height is lower than half of the building height, but has a dramatically increase when 
the antenna height grows. However, when x > 0, the logarithm exponent value λ’2EAoD enhances 
when the antenna height is lower than half of the building height and then remains stable.  

• For the PDF of EAoA: when x < 0, the logarithm exponent value λ’1EAoA decreases rapidly when 
the antenna height is lower than half of the building height and then varies slightly. However, 
when x > 0, the logarithm exponent value λ’2EAoA is almost stable when the antenna height is 
lower than half of the building height, but has a significantly drop when the antenna height 
increases. 

Finally, the PDF values under cross road scenario are listed in Table 5. The antenna heights vary 
from 4m to 18m.  

Table 5. Statistic logarithm exponent values of the PDF of EAoD and EAoA under cross road scenario 
with various antenna heights. 

 4m 6m 8m 10m 12m 14m 16m 18m 
EAoD(x < 0) 199 149.8 118.3 110.5 88.88 79.08 85.5 79.05 
EAoD(x > 0) -79.57 -87.87 -76.54 -85.21 -103 -113.1 -131.2 -172.7 
EAoA(x < 0) 19.52 17.72 14.08 12.08 12.87 10.91 9.77 11.1 
EAoA(x > 0) -9.556 --12.86 -10.7 -11.25 -13.12 -13.46 -15.32 -19.56 

From Table 5, we can conclude that: 

• For the PDF of EAoD: when x < 0, the logarithm exponent value reduces rapidly when the 
antenna height is lower than half of the building height, and gains the minimum value at 14m, 
then the value keeps the same. In contrast, when x > 0 the logarithm exponent value is nearly 
unchangeable when the antenna height is lower than half of the building height, but has a 
dramatically decrease when the antenna height grows.  

• For the PDF of EAoA: when x < 0, the exponent value decreases with the antenna height arising. 
When x > 0, the exponent value nearly unchanged when the antenna height is lower than half of 
the building height, but has a significantly drop when the antenna height increases. 

Another phenomenon from the PDFs of EAoD and EAoA is that most numbers of EAoD and 
EAoA concentrate on 0 randian even though we ignore direct component as indicated in Figure 3, 7, 
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11. Generally, the path distance of single reflection angle is smaller than the multi-path which makes 
the weighting value is higher. So we can conclude that the single reflection path plays a leading role 
for researching the distributions of EAoD and EAoA. 

5. Conclusions  

This article mainly researched the impact of antenna height on the channel characteristics under 
three typical road scenarios: straight street, fork road and cross road. At the beginning, we briefly 
introduced the IRLA and the simulation scenarios. Then, the closed-form expressions of the PDF of 
EAoD and EAoA were derived under various street scenarios, the related AS and DS were also 
presented. Finally, we discussed the PDF characteristics of EAoD and EAoA under various road 
scenarios. 

The research in this paper is useful in 3D MIMO channel modeling. When considering the effect 
of the antenna height on the channel characteristic, the closed-form experssions of EAoD and EAoA 
derived under various road scanerios can be used. The value of tha AS and DS can also be applied to 
predict the channel property.  
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