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Abstract: - In the paper, the demand of Unmanned Aerial Vehicle Multi-Input Multi-Output (UAV-MIMO)
communication are taken into consideration, four-element circular antenna array are adopted on the UAV. In
order to analyze UAV-MIMO communication system, the uniform coordinate is proposed, and the three-
dimensional geometrically based single bounce cylinder model (3D-GBSBCM) channel model of UAV-MIMO
system based on four transmitting antennas and two receiving antennas is put forward. The methods of channel
matrix factorization and channel coefficient normalization are adopted to deduce the average channel
correlation matrix of UAV-MIMO. The influences of UAV attitude parameters on UAV-MIMO channel
capacity are simulated and analyzed. The simulation and analysis results have good reference and application
values in improving UAV-MIMO system capacity through changing attitude parameters of UAV.
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1 Introduction

With the wide applications of UAV, its high
performance complex tasks are emerging. So
the demands of communication rate of UAV
data-link need to be improved accordingly. As
known that MIMO technology can improve
communication capacity without expensing
extra spectrum resources and adding transmit
power [1]. So the MIMO technology can be
adopted in UAV communication system which
will provide solutions for the high-speed data-
link of UAV. The analysis of UAV-MIMO
channel capacity will play an important role in
the application of UAV MIMO data-link.
The MIMO technology applied in airplane
communication system is proposed in recent
years. In paper [2], the problem that the antenna
is sheltered by fuselage of UAV is studied. The
proposal of adopting multi-antennas and space-
time code technology to realize reliable
communication between the UAV and ground
station are put forward. In paper [3], the
combined technology of beamforming and
differential space-time modulation are proposed
in aeronautical communication, and the
parameter performances of aeronautical channel
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model are simulated based on paper [4]. In
paper [5], the problems of spatial correlation
and shelter effects of fuselage are taken into
consideration and the statistical channel model
for multi-antennas communication of unmanned
helicopter are put forward. In paper [6], the 3D
UAV-MIMO channel model of dual-element
antenna array is given out based on GBSBCM
in paper [7], and the factors of non-
omnidirectional antennas on the correlation of
UAV-MIMO channel are analyzed. In paper
[2], the performance analysis is based on
Gaussian White Noise channel, ignoring the
aircraft communication channel modeling; in
paper [3] the effects of airplane attitude and
spatial correlation on channel are not put into
consideration in the multi-antenna channel
model; in paper [5], the reliability of multi-
antenna communication is researched, the
analysis of effective communications is
ignored; in the paper [6], the analysis of UAV-
MIMO channel capacity isn’t given out.

In the paper, according to the
characteristics of communication conditions
between the ground station and the UAV, we
adopt four-element circular antenna array to
analyze effects of UAV attitude change on
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UAV-MIMO channel capacity. The 3D-
GBSBCM channel model of UAV-MIMO
based on four transmitting antennas and two
receiving antennas are proposed. And the
average channel correlation matrix of the model
is deduced. The structure of paper is as follows,
In Section Il, the UAV-MIMO communication
coordinate is proposed. In Section 111, the UAV-
MIMO channel model contains the straight,
reflection and scattering components is
presented. In Section IV, the deducing of
average channel correlation matrix based on
four transmitters and two receivers is given out.
In Section V, the effects of UAV attitude
change on MIMO channel capacity are
simulated and analyzed. Conclusions are drawn
in Section VI.

2 Coordinate System of UAV-MIMO
Communication

Fig. 1 Structure of four-element antenna on UAV

Its attitude is often changes when UAV is
flying in the air. The change will influence the
angles of electromagnetic waves which are sent
from multi-antennas on the UAV. So the
effectiveness of UAV-MIMO communication
will be influenced [8]. According to the
configuration of UAV, we adopt the four-
element antenna configured effectively on the
UAV. Now, the linear antenna array structure
which is widely researched, its channel capacity
will be declined sharply when the arrival wave
angle is large enough. But the antennas
structures of which are evenly distributed as the
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circular  will  present better  diversity
performances in different scattering
circumstance [9-11]. So we adopt the four
antennas as circular symmetrical layout on the
font, tail and wings of UAV, and the diameter
of circle is 0 . The four-element antenna
structure is shown as Fig. 1.

As known that in the UAV-MIMO
communication system, the UAV and the
ground station are both in the movement, the
premise of parameters analysis of moving
system is to establish a proper coordinate
system. In the UAV-MIMO communication
system, we can select different coordinate
systems according to different moving objects,
thus the parameters need to analyze are very
complex. In order to reduce the difficulty of
analysis, it is very necessary to establish a
uniform and rational coordinate system, which
is shown as Fig.2. If we make the assumption
that the UAV is arranged with four-element
antennas, the two-element antenna is adopted in
the ground control station, which also is the
omni-directional antenna. The ground station is
in the 3D-cylinder scattering environment that

the radius isRand Heis the height, just shown
as Fig.2. The coordinate system is defined as
follows.

We define that the x—y plane contains the
section circle, the line midpoint O, ( height

isH, ) of the two-element antenna of ground

station is taken as the center; O denotes the
projection of the circular antenna array
center O, in the x—y plane, which is as the base

point in the coordinate system; the connection
of 0-O, is looked as the X -axis, the

connection of 0-0, is looked as z -axis; the

Z, axis of UAV coordinate system and
the Z axis is the same; x, -y, plane is parallel
to x—y plane; in the reception coordinates of
ground station, x, axis and x axis are
superposition; y, -z, plane is parallel to the
plane of y-z So that the coordinate
system O, —x,y,z, of transmitter, the coordinate
system of receivers O, —X;¥,Z, , and the
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coordinate system O —xyz will have the same
attributes in parallel.
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Fig.2 Coordinate system of UAV-MIMO

communication

In the coordinate system of UAV-MIMO
communication, the coordinate system of UAV

O, —%,YyZ, can be defined as , the center O, of
circular antenna array is looked as the base
pointO, ; X, axis is coincidence with the axial speed
of UAV V,; VY, axis is vertical to the symmetry
plane (which is over X, axis and vertical to
X—Yplane) of UAV fuselage, which points to the
right side of the fuselage; Z, axis is vertical to
the x,0, Y, and points to the fuselage below. Then
the attitude angle of flying can be described as:

(1)Pitch angle y, is the angle between the X, axis

and the horizontal plane X, —Y,,, the rising direction
is positive direction.

(2)Roll angle g, is the angle between z, axis and the

vertical plane which is over X, axis, the right
direction UAV tilted to is positive direction.

(3)Yaw angle ¢, is the angle between the projection

of X, axis in the X —y plane and the X axis, the right

direction front of UAV yawed is the positive
direction.

3 UAV-MIMO Channel Model
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MIMO channel
(LOS)

The traditional aeronautical
model mainly involves Line-of-Sight
components and Specular (SPE) ones [3, 12].

\o#'s.

/

Fig.3. Propagation model with the line of sight and
specular components

But there are direct or reflection components
and some diffuse components in the UAV
communication system. So the aeronautical MIMO
channel model cannot reflect the characteristics of
UAV-MIMO channel precisely. According to the
paper [7,8,14-17], if there exists the obvious height
difference between transmitter and the receiver, the
receiver is the center of the scatterers which are
distributed around, when there is the extension of
the pitch angle, the "cylinder" scattering model can
be described as statistical characteristics of the
MIMO channel. The related measurement results
have prove the reasonableness of scattering cylinder
distribution [15,16-19]. Therefore, we propose
UAV-MIMO channel model with direct, reflection
and diffuses components based on GBSBCM, which
is as shown in Fig. 3 and Fig. 4.
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with  the diffuse

model

Fig.4.Propagation
components

In the figures, the pitch angle and the roll angle
of the connection of UAV antennas T, T, are
7, and «, respectively; the projection from the
wing antennaT; to the vertical plane r T isT*,
the angle of T,71* is B,; 7,and ¢, are the pitch
and site angles of the connection of receiving
antennas rR ,R in the ground station; D is the

m? n

horizontal distance of the UAV, the height

is H, , the distance between receiving
antennas R ,R, is 0,, , these parameters are
satisfied

with: D>>H, >>R>>H >>H_ >max(d,d,,) ; S

denotes the scatterer of number!, s represents
the projection of s, in the X—Y plane.

The model parameters involves the parameters
of flight altitude, horizontal distance, attitude angle
and others, e.g., the height of the ground receiving
station, the angle of receiving antenna and the
scattering environment parameters of scattering
radius, height and others, but also involves the many
components of the channel. So it is consistent with
the real environment, and the model is coincidence
with the requirements of application, it also can
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reflect the statistical characteristics of the UAV-
MIMO channel.

4 Correlation Matrix of UAV-MIMO
Channel

Under the condition of WSSUS (wide-sense
stationary uncorrelated scattering), we can assume
that the probability density function of pitch and site
angle presents the Von-Mises distribution and
belongs to complex parameter model [14, 15]. If we
take the channel between the transmittersT,, T, and

the receiversR, R, as the example, the space-time-

frequency correlation functions of line-of-sight and
specular can be simplified as follows.

Rnq (At Af)

= E(hnprOS (t, F) N o5 (THAL, T +Af ))

H LOS LOS .
_ eJkO(dnp ~ng ) % R leLos(AtzAf)
- LOS

1)
Ry o (ALAf)
=E (hnp,SPE (t7f) h;q,SPE (t +at, f +Af))

jko{dnS[?E drfle} i (At Af)
— e X R e] SPE 3
SPE ( 2)

Where, 4 represents wavelength; k, =2z/1

represents  wave number in  free-space;
R.os and Ry represent the correlation functions
amplitude of line-of-sight and specular paths,
respectively; d"°° and d*™ represent the distance
of line-of-sight and specular paths respectively.
fLos (At,Af) and fgc (At Af) are the functions with
variables of Atand Af , and which are also satisfied:
flos (0,0) = fee (0,0)=0. According to paper [7],
the space-time-frequency correlation functions of

diffuse can be simplified as follows.

RDIF

np,mq

(At,Af)

—R_._gi'or (AtAf)  ai2ka(c0sd, cosat,-Aysing, )/ 1442
= Rpr

<, (VO ¥ xR 1, ()

©)
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Where, 1 (-) represents Zero-order Bessel
modified function; k represents the angle spread
factor in the Von-Mises distribution; 6, is the
average of the azimuth angle in the circumstance
of scatterring; f(p,) is belong to the complex
parameter model; R, represent the amplitude of
correlation functions of diffuse paths. f, - (At,Af)
is also the functions which variables are At and Af
and it is satisfied with the f, - (0,0)=0.

According to the paper [1], if the channel
parameters in the transmitting part are unknown
and the channel coefficients are the constant, in
the MIMO communication system which has
n, transmitting antennas and n; receiving

antennas, and then its channel capacity can be
expressed as follow (4).

czlogzldetun +S,\I—RHH*)}(bit/s/Hz) (4)
R nT

Where, SNR is the receiving signal-to-noise
ratio, H is the channel correlation matrix of n; xng,

H” is the conjugate transpose of H . When the
channel coefficients are stochastic, equation (4)
represents instantaneous channel capacity. Then, the
channel capacity can be taken as an ergodic process
and the channel coefficients can be obtained through
appling the average method.

C=E,(C) ®)
It is obvious that the channel correlation
matrix H is the key to analyze MIMO channel
capacity. As the UAV channel coefficient

h, o (t.7) is a random variable, so the average of

channel correlation matrix is necessary to analyze
the average channel capacity. If we take the UAV
communication system as a whole into
consideration, and apply the methods of channel
matrix  analysis and  channel  coefficient
normalization, then the correlation matrix of UAV-
MIMO channel can be deduced.

The UAV-MIMO channel correlation matrix H
can be decomposed as below (6).

H =70sH0s + e Hspe *1oe Hoe  (6)
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Where H o , Hge and Hp represent the
correlation matrix of direct, reflection and scattering
components. If in the channel modeln; =2, n, =4,
H, os can be expressed as follows (the expression of

Hge and Hp o issimilarasH o).

By (4 F) g™ (6 F) B (8, £) i (1, F)

HLOS =E LOS LOS LOS LOS
hmp (t, f) hmq (tv f)hmk (t, f)hml (t, f)

()

Mos » Mse and 75 represent the proportion
factor of direct, reflection and scattering
components of the receiving power, respectively,
they can be written as (8).

_ KRir:(%
77L()5 ]+ KR?:(W + KR,;N;FQ
K.
_ 1—‘ Rice 8
USPE \/1 + KRi(:e + KRi(:erg ( )
B 1
77DIF ] + KRi(:e + KRi(ferg

In the previous expressions, T e[-//]

represents the specular reflection coefficient which
is the ratio between the incident wave and the
reflected wave, K, €[0,+) represents the Rice

factor which is the ratio between the direct and the
scattering component.

Through applying the normalization method of
the channel coefficient, the corresponding channel
correlation matrix can be obtained. Firstly, we take

hes o (t, f) as standard and Ay °(t, f)=1. The

matrix H, o, can be divided by ,>°(t, ), which

can keep the relativity between each channel.
Finally, the channel correlation matrix can be
obtained as below.

1 hfqos(t’ f) .
hfpos(t,f)
HLOS:E 10S (¢ £ BEOS (1 f (9)
B0 B T)
B ) B ()
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hLOS (t, f)

Taking the ™ For example,

LOS
hnp (t, f)
it can be

as R“Lp?”s;' (O’(y L0s :
Re{R,, v (0,0)}

ranks can be solved through the similar principle,
then we will obtain H . In the process of solving
Hye , We can separate the distance between the
transmitters and the receivers into two parts, they
are the distance from the transmitting antennas to
the scatterers and the distance from scatterers to
receiving antennas. WWhen the transmitting antennas
are the same, the normalization average channel
correlation function of different receiving antennas
(e.9., T,-R,, T, —R,) can be expressed as (10).

represented

The rest of the

R" (0,0) %N?Tf)
o g o xR(m,n) (10)
Re(R" 0.0))  1,(K)
¥ = jKo0,, CO8Y,cosa, +kcosd,, 1
Y, = JKeO,, COS I sina +ksind (1)
When the receivers are the same, the

normalization average channel correlation function
of different transmitters (e.g., 7, —R,,7; —R,) can

be expressed as (12).

RDIF (0’ O)

np,ng

= g 0w 12
Re{R)"" (0,0)} (12)

np,nq

Where, Ad,  is the path difference from the
transmitting antennas 7,7, to the scatter s,.When
the receivers and the transmitters are both different

antennas.The normalization average channel
correlation function can be expressed as (13).
2 2
By (0.0) IO(“X1 th ) R(m, n)xe"*
5 — X , X 02 np.ng
Re(RT,00F  1,(K)
(13)

5 Simulation of UAV-MIMO Channel
Capacity

In equation (6), there are many parameters in
the average channel correlation. So there are many
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influence factors about UAV-MIMO channel
capacity. According to the characteristics of UAV
communication  environment, we adopt a
guantificational method to analyze UAV-MIMO
average channel capacity. In the method, some of
the parameters are assumed to be a fixed value in
the application environment of UAV, and then we
analyze the effects of some interested parameter on
the UAV-MIMO average channel capacity.

[ T ]
[

— e e
o = i L= = =

............................

average capacity/{bit/s/Hz)

e s

(@)

average capacity/(bit/s/Hz)

2

0 2 1 6 8 10 12 14 16 18 20
SR (dB)
(b)

Fig.5 (a) Effect of circular array diameter on the
average capacity when SNR = 20dB

(b) Effect of receiving Signal-to-noise ratio on
the average capacity wheno =64

Firstly, we analyze the effect of diameter of
circular antenna array o and the receiving SNR on
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the UAV-MIMO channel capacity are shown as Fig.
5 and Fig. 6. In the simulations, we assume that
D=60Km 1 HU,ZZKm 1 Hg=5m I HCZSOOm 1

R=3Km , Ky, =4dB , I'=-1, ,=7/8 ,

Rice

7, =B, =q, =7, =4, =nl4,k=0,5,=101.
In the Fig. 5, it is shown that the larger diameter of
circular antenna array, the lager the average channel
capacity is. It is due to the larger diameter of the
circular antenna array will lead to the greater
distance between antennas, so the relativity of
communication channel in space is reduced. Then
the capacity of the channel will be improved. Fig.
5(b) indicates that the receiving signal-to-noise ratio
is proportional to the average channel capacity. In
the three-dimensional simulation shown as Fig. 6,
when the receiving signal-to-noise ratio is large, the
improving of UAV channel capacity can be
realized by a smaller antenna distance and it can
reduce the dependence of antenna distance on
the spatial structure of the UAV.
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Fig.6.Effect of circular array diameter and receiving
SNR on the average capacity

Secondly, under the simulation conditions
above-mentioned, the further assumption are
that 6 =104 and SNR = 20dB . But the attitude angles
of UAV y,and g, are in the dynamic range. Then

we analyze the effect of UAV flight pitch and roll
on the MIMO channel capacity, the results are
shown as Fig. 7 and Fig. 8. In the Fig. 7, it is shown
that the change values of average channel capacity
is small when the pitch and roll angles vary between
[-90°, 90°], (a) of Fig. 7 indicates that the influence
of pitch angle on the channel capacity has a
symmetrical variation characteristic at 0°, -45°and
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45°. The average channel capacity near 0°, -90°,90°
is smaller, which is due to the strong correlation of
the channel space near these angles, so the average
channel capacity will be reduced. Fig. 7(a) shows
that effect of roll angle on the channel capacity is
also symmetrical at angle of 0 °, and the average

channel capacity is low when Biis near 0°, -90°, 90°.
The reason is the same as the above analyzed. When
the absolute value of 3 changes between [0°,80°],

the spatial correlation of the channel is gradually
decreased, which leads to the improving of the
average channel capacity. Fig. 8 presents the
changes of average channel capacity on the
combined effects of the flight attitude y,and 3, . So

if one angle is certain in the flight process of UAV,
we can change another angle to enhance the average
channel capacity.
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Fig.7 (a) Effect of the pitch angle of UAV on the (@)
average channel capacity when B, = A

20.

(b) Effect of the roll angle of UAV on the
average channel capacity wheny = 77

20
8
19. 5

19
18 5

18

average capacitv/(bit/s/Hz)

17.

T eT S0 TO0 00 T40 10 T80 200
D'\Kn

(b)

Fig. 9 (a) Effect of the yaw angle of UAV on the
average capacity when D = 200Km

average capacity/ (bit/s/Mz)

(b) Effect of the flying distance of UAV on
Fig.8 Effect of the attitude of UAV on the average the average capacity wheng, =0
channel capacity
The angles of the receiving and transmitting

Finally, we simulate and analyze the effect of UAV antennas make the receiving part relativity stronger,
flight yaw angle and flight distance on the MIMO while the average channel capacity is smaller; (b) of
average channel capacity in the condition Fig. 9 indicates that the farther the flight distance of
of A =%and”« =0 they are shown in Fig. 9 and UAV is, the weaker the distinguish ability of space
Fig.10. In (a) of Fig. 9, we can find that the effect of multipath will be. Then the spatial correlation is
flight yaw angle on average channel capacity stronger, so the average channel capacity is lower.
presents symmetrical distribution at the angle of 90° Fig.10 gives out that the overall trends of combined
which is due to the symmetrical distribution of effects of the yaw angle and the flight distance on
circular antenna array. the average channel capacity.
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o Fig.10 Effect of the yaw angle and flying distance of
UAYV on the average capacity

E-ISSN: 2224-3402 65 Issue 2, Volume 10, February 2013



WSEAS TRANSACTIONS on
INFORMATION SCIENCE and APPLICATIONS

4 Conclusion

In the paper, according to the configuration
characteristics of UAV, we propose the circular
layout of four antennas on the UAV. We put
forward the uniform coordinate system between the
UAV and ground station in order to analyze the
UAV-MIMO communication system thoroughly.
According to the characteristics of UAV-MIMO
communication system; we propose the channel
model of UAV-MIMO based on four transmitting
antennas and two receiving antennas. The
correlation matrixes of UAV-MIMO channel of
line-of-sight, specular and diffuse components are
deduced. Moreover, we simulate and analyze effects
of diameter of circular antenna array and flying
attitude of UAV on the MIMO channel capacity. It
can be found that the rational allocation of antenna
and changing of flying attitude play an important
role in improving the UAV-MIMO channel
capacity.
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