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Abstract. Railway is an important means of transportation for pas-
senger and freight, and the maintenance and repair work is essential.
Unmanned aerial vehicle (UAV) can be deployed along the railway track
for monitoring, reconnaissance and ensuring the safe operation of the
railway because of its flexible mobility and low labor cost. In this paper,
a railway monitoring system based on aerial platform is formed, which
takes UAV monitoring as the main body. In order to solve the problem of
long-distance and wide bandwidth backhaul communication, this paper
adopts mmWave array communication scheme, and designs the large
antenna array beamforming on the base station receiver with zero-forcing
(ZF) and minimum mean square error (MMSE). Finally, the simulation
results show that the minimum mean square error method is effective,
and the simulation results also provide a reference for the UAV deploy-
ment along the railway.
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1 Introduction

As an important transportation system, the railway’s daily stable operation
determines the normal operation of national production and life. In order to
ensure the track components are in good condition, the railway line must be
monitored, regularly inspected and maintained. At present, manual inspection is
the most common method of railway line maintenance. The patrol officer uploads
the railroad track picture, the latitude and longitude coordinates through the
terminal installed on the mobile phone [1]. However, such a line-traveling process
is time-consuming and labor-intensive.
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With the reform of the operation system, the railway development should
take quality first and efficiency first as the measurement standard [2]. Therefore,
the railway patrol inspection requires limited manpower and advanced technical
means to fully control the situation along the railway. Combining image monitor-
ing, GPRS wireless communication and automatic control technology, reference
[3] actualised the monitoring and data transmission of railway crossing. However,
it’s well known that the coverage of outdoor cameras is so small that it is impossi-
ble to monitor the entire railway from the ground. The authors in [4] introduced
the research and development overview of East Japan Railway’s line detection
device, and put forward a monitoring method of installing inspection devices on
trains. However, the applicable speed of the device is below 120 km/h. Inspired
by the previous works, this paper proposes a railway surveillance system based
on an aerial platform, where multiple unmanned aerial vehicles (UAVs) simul-
taneously patrol along the railway line, uploading image data to a high-altitude
airship in real time.

In recent years, the UAV industry has developed rapidly. Thanks to its flex-
ible mobility and low labor cost, UAVs are widely used in various fields such as
communications, reconnaissance, surveillance, remote sensing, aerial photogra-
phy, disaster relief, and agricultural irrigation [5,6]. Compared with the ground
monitoring, the air-based railway monitoring system has a more flexible inspec-
tion mode, but it still needs to solve the problem of wide bandwidth backhaul.
Due to the need to monitor the entire railway, there are many pictures and large
amounts of data. But the bandwidth requirements cannot be met in the sub-6G
frequency band. In order to alleviate the shortage of low-band spectrum and
further improve the system’s communication and monitoring capabilities, one
of the most effective ways is to use the Millimeter-Wave band [7]. Compared
with current cellular band (3G or LTE) signals, mmWave signals will experience
severe path loss, penetration loss and rain attenuation [8]. Therefore, it is neces-
sary to use a large-scale array antenna to perform beamforming on the receiving
end of the airship to obtain a beam pointing to the UAV along the railway. At
the same time, in the mmWave band, shorter wavelengths enable more antennas
to be compressed in the same size, thus allowing large-scale spatial multiplexing
and high directional beamforming.

At present, there have been some studies on beamforming of microwave band
systems. The authors in [9] proposed a three-dimensional beamforming algorithm
applied to the downlink multi-input multi-output (MIMO) system, which per-
formed multi-user grouping and inter-user interference suppression. In [10], the
author proposed a three-dimensional beamforming strategy based on area divi-
sion to ensure that all users can obtain a fair beam gain. The authors in [11]
studied the design of hybrid beamforming in the mmWave MU-MIMO system of
high-speed railways. And a two-stage algorithm of hybrid beamforming at trans-
mitter and receiver was proposed, which could still have high total throughput
in mmWave channel with time delay and doppler effect.

In this paper, the uplink transmission scenario of UAVs is established,
and two commonly used beamforming algorithms of different microwave band
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systems are compared. Besides, the application of the better scheme is extended
to provide reference for UAV detection deployment along the railway. The
remainder of this paper is organized as follows. The system model is described
in Sect. 2. Hybrid beamforming designs are elaborated in Sect. 3. Section 4
presents the simulation results. Section 5 concludes this paper and discusses the
deployment of UAVs.

Notation: a, a, A and A denote a scalar, a vector, a matrix and a set,
respectively. ‖a‖ denotes the Frobenius norm of a. [A]i,j denotes the entry in
the i-th row and j-th column of matrix A.

2 System Model

Fig. 1. Scene along the railway.

The schematic diagram of the scene along the railway is shown in Fig. 1. In
a section of the railway line with a total length of L, there are K tethered
drones, and an airship is used as a base station (BS) above the middle section
of the railway. The airship equipped with large-scale antenna arrays, needs to
serve the UAV group in the target area. The flying height difference between
the airship and UAVs is h, and the number of antennas is N . The channel
between the user and the BS is regarded as a millimeter wave channel with
spatial sparsity. Since the occlusion and scattering in the link are relatively
weak, the line-of-sight(LOS) transmission path is significantly stronger than the
non-line-of-sight (NLOS) transmission path [12]. Because ground obstacles will
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seriously affect the line-of-sight transmission path, the receiving end does not
use ground base stations but high-airships. Due to the limited scattering in the
mmWave band, the multipath is mainly caused by reflection. Since the number
of multipath components is usually small, the mmWave channel has directivity
and spatial sparsity occurs in the angle domain. Different multipath components
have different angles of arrival. Without loss of generality, we use the directional
mmWave channel model, then the channel between each UAV and the base
station can be expressed as [13,14]:

hi =
Li∑

�=1

λi,�a (N,Ωi,�) (1)

where λ is the channel gain complex coefficient of the transmission path, Ω
is the cosine of the pitch angle of the line-of-sight transmission path, and the
subscripts i and l represent the l-th multipath of the i-th UAV. Li represents
the total multipath number of the i-th UAV, which includes one LOS path and
Li − 1 NLOS path. a(•) refers to a vector function, which is defined as:

a(N,Ω) =
[
ejπ0Ω , ejπ1Ω , ejπ2Ω , · · · , ejπ(N−1)Ω

]T

(2)

The system model is shown in Fig. 2. Each UAV has a single antenna and
sends signals to the airship with power P.The airship’s receiver has N antennas,
and each antenna is connected to K phase converters to form the front-end
analog beamforming. Behind the analog beamforming, there are K RF chains
(equal to the number of users). Each RF chain receives signals from all antennas.
Finally, after digital beamforming, the received signal y is obtained. So the
expression of the received signal can be written as:

y = DHAH [HPs + z] (3)

where, H = [h1, . . . ,hK ] is the channel matrix, s = [s1, . . . , sK ]T is the data of
K UAVs, and z is the Gaussian white noise. A is N × K matrix, representing
analog beamforming; D is K × K matrix, representing digital beamforming. P
is a diagonal matrix, and the transmission power of each UAV is on the diagonal
of it, i.e,

P =

⎛

⎜⎝
p1 0

. . .
0 pK

⎞

⎟⎠ (4)

After obtaining the expression of the received signal, the achievable rate of the
k-th UAV can be calculated according to the Shannon formula:

Rk = log2(1 + SINRk) (5)

where,

SINRk =

∣∣dH
k AHhk

∣∣2P
∑
j �=k

∣∣dH
j AHhj

∣∣2P + ‖DHAH‖22 δ2
(6)
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Fig. 2. System model.

Therefore, the problem of this scenario is using beamforming to design two
appropriate matrices of A and D, so that the sum of the achievable rate of the
UAVs is maximized. In order to increase the array gain of the analog domain,
the analog beamforming should match the channel. Therefore, the phase of each
column of the A matrix is the corresponding phase of each UAV channel, which
is shown with formula (7). The commonly used beamforming algorithms are zero
forcing (ZF) and minimum mean square error (MMSE). Next, we will use these
two methods to calculate D, and compare their performance through simulation.

[A]i,j =
[H]i,j∣∣∣[H]i,j

∣∣∣
(7)

3 Hybrid Beamforming

3.1 ZF Beamforming Design

The zero-forcing (ZF) algorithm is the most basic and simplest algorithm in
linear precoding. Under the premise of knowing the channel matrix, it can elimi-
nate the interference between multiple channels [15]. Since this paper is directed
to the D matrix for zero-forcing beamforming, the A matrix at the front end
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needs to be considered as part of the channel matrix. Therefore, the part before
digital beamforming is regarded as an equivalent channel Heff :

Heff = AHH (8)

y = DHHeffPs + DHAHz (9)

After obtaining the equivalent channel, Eq. (3) can be rewritten as shown in Eq.
(9). Assuming a feasible matrix D̃, defined by the zero-forcing method, the D̃
matrix should satisfy:

D̃HHeff =

⎛

⎜⎝
x1 0

. . .
0 xK

⎞

⎟⎠ (10)

In this way, the coefficient matrix of the previous term of Eq. (9) is a diagonal
matrix, thereby eliminating interference between UAVs. Where x1, x2, ..., xK are
real coefficients. Then by observing Eq. (6), we can find that when calculating the
achievable rate of each UAV, the diagonal coefficients of Eq. (10) are cancelled,
so the conjugate transpose of D̃ can be directly equal to the inverse matrix of
Heff . And the expressions of the received signal and the UAV achievable rate
are rewritten as follows:

y = Ps + D̃HAHz (11)

SINRk =
P

∥∥∥D̃HAH
∥∥∥
2

2
δ2

(12)

3.2 MMSE Beamforming Design

The basic principle of beamforming technology based on the minimum mean
square error (MMSE) criterion is consistent with MMSE precoding [16]. It is
a algorithm to make the received data as close as possible to the transmitted
data. This method can Effectively ensure the fairness of each user. Therefore, the
purpose of MMSE is to find a matrix D to make y closer to s. According to the
definition, we take the difference between the received signal and the transmitted
signal and take the average value, which can be obtained from Eq. (9):

E[
∥∥∥D̃H(HeffPs + AHz) − s

∥∥∥
2

2
] (13)

If the minimum value of the above formula is required, the D matrix needs to
be derived first, and then the derivative function is zero to obtain the solution of
the D matrix. Here, assuming that the transmission power of each UAV is equal
and all are P, derivation of Eq. (13) can be obtained (see appendix for specific
derivation):

D̃=
√

PJ−1Heff

where,J= (PHeffHeff
H + δ2AHA)

(14)
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4 Simulations

In the simulation, we use the channel model as shown in formula (1). The ampli-
tude of the complex coefficient λi,� of the Los channel gain is inversely propor-
tional to the distance, and the average strength of λi,� is set to be 1 when the
distance between the airship and the UAV is 20 km. In addition, it is assumed
that there are four NLOS paths, and each complex coefficient is generated by
Gaussian random function, but the gain is 20 dB smaller than that of Los path.
The height difference h between UAV and airship is 20 km, the total number k
of UAV is 5, and the total length L of UAV reconnaissance track is 100 km. The
simulation results of the two methods are as follows:
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(b) Comparison of UAV achievable rate.

Fig. 3. Simulation results of beamforming with ZF algorithm.

Overall comparison of Fig. 3 and Fig. 4 shows that the beamforming designed
by the MMSE algorithm is superior to the ZF algorithm. The simulation results
of the MMSE show almost five parallel lines. Both the increase in the number
of antennas and the increase in SNR can significantly improve the reachability.
The curves of the ZF method are more sparse than the former. As the number of
antennas increases, the reachability does not increase linearly. And as the SNR
rises, the curve also tends to slow down, indicating that the ZF algorithm may
appear saturated at high signal-to-noise ratios. The figure on the right shows the
reachability curve of each UAV with an SNR of 40 dB. It can be seen in Fig. 4
that the achievable rate is a straight horizontal line regardless of the number of
antennas. It shows that the MMSE algorithm makes the achievable rate of each
UAV almost equal, which can ensure the fairness of each UAV. This is because
the MMSE method pursues the smallest error between the received signal and
the transmitted signal, regardless of the location of the UAV. And the fairness
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Fig. 4. Simulation results of beamforming with MMSE algorithm.

under this beamforming can just ensure that the UAV inspection at any position
will not affect its uplink transmission.

In general, the zero-forcing method has low complexity and simple implemen-
tation. Although it can eliminate the interference between multiple signals, it
ignores the influence of noise during the operation, resulting in a decrease in the
reachability. The MMSE beamforming method is fair and can be well adapted
to the space-based platform monitoring system.

In addition, on the basis of adopting the MMSE algorithm, this paper also
explores the optimal number of UAVs. Figure 5 shows the effect of the number
of UAVs on the total efficiency rate on a fixed-length railway line. It can be
seen from the figure that the more UAVs deployed, the more information can
be transmitted. But more UAVs mean more energy consumption and RF link
requirements. Figure 6 shows the influence of the number of UAVs on energy
effectiveness. Energy effectiveness is the ratio of total power consumption and
total achievable rate, where the total power consumption includes the power
of the receiver on the base station, and the power of all antennas and phase
converters.
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Fig. 5. Influence of UAV number on summary efficiency rate (MMSE).
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5 Conclusions

This paper proposed a railway monitoring system based on an air-based plat-
form. An uplink transmission scenario for railway UAV inspection was estab-
lished, and beamforming was designed at the receiving end of the system. The
digital beamforming matrix was calculated using the zero forcing algorithm and
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MMSE algorithm, and the transmission performance of the two methods were
compared through simulation. The simulation results showed that the beam-
forming designed by the MMSE could achieve a higher achievable rate, and at
the same time, it could well guarantee fairness. Simulation results show that
with the increase of UAVs, it could ensure that the information transmission
capacity increases steadily. However, too many UAVs reduce the overall energy
efficiency, so the number of UAVs needs to be determined based on the speed of
the UAV inspection and the length of the railway.

Appendix

Equation (14) derives the D̃ matrix as follows. First, convert Eq. (14) to expres-
sion:

f(D̃) = Tr{E[(D̃HHeffPs+D̃HAHz−s)(sHPHeff
HD̃+zHAD̃−sH)]} (15)

Then expand the above formula and simplify:

f(D̃) = Tr(P D̃HHeffHeff
HD̃− D̃HHeffP + δ2D̃HAHAD̃ − PHeff

HD̃ + I)
(16)

Derivative the above formula to D̃ and make it equal to zero

df

d(D̃H)
= P D̃THeff

∗Heff
T −

√
PHeff

T + δ2D̃TATA∗ = 0 (17)

⇒ D̃T (PHeff
∗Heff

T + δ2ATA∗) −
√

PHeff
T = 0 (18)

∴ D̃=
√

PJ−1Heff

where,J= (PHeffHeff
H + δ2AHA)

(19)
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