Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 5497926, 10 pages
https://doi.org/10.1155/2018/5497926

Research Article
Adaptive Equalizer Design for Unmanned Aircraft Vehicle
Image Transmission over Relay Channels
Huang Wenqian

and Ding Wenrui

School of Electronic and Information Engineering, Beihang University, Beijing, China
Correspondence should be addressed to Huang Wenqian; huangwenqian@buaa.edu.cn
Received 8 December 2017; Revised 23 February 2018; Accepted 5 March 2018; Published 11 April 2018
Academic Editor: Hongwei Wang
Copyright © 2018 Huang Wenqian and Ding Wenrui. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
A novel length adaptive method is proposed for time domain equalizer by taking the channel attenuation ratio between different
multipath components into account in UAV-UAV and UAV-ground channels. Then, considering received image quality, the
minimum bit error ratio (MBER) criterion is exploited to design adaptive equalizers for both amplify-and-forward (AF) and
decode-and-forward (DF) relaying systems by the proposed length adaptive method. Results show that proposed MBER adaptive
equalizers outperform the traditional ones in both AF relaying and DF relaying as channel attenuation ratio in UAV-ground channel
increases. Moreover, DF outperforms AF as channel attenuation ratio in UAV-UAV channel increases. Furthermore, bit error ratio
(BER) and peak signal-to-noise ratio (PSNR) performances in both AF and DF are evaluated to show the enhancement by the
proposed MBER adaptive equalizers.

1. Introduction
With the explosive growth of using unmanned aircraft vehicle (UAV) for various applications, there is a tremendous
demand for image wireless transmission in UAV remote
sensing system [1, 2]. The performance of traditional direct
UAV-to-ground communication is severely degraded by the
fading of the wireless channel and can be easily shadowed
by buildings in urban areas or by mountains in rural areas,
leading to drop in the quality of the received images. Thus it
is imperative to develop the future communication schemes
to mitigate the impact caused by the fading and shadowing.
Relaying as an approach to increase the reliability and
extend the coverage area of the UAV remote sensing system,
as depicted in Figure 1, has attracted a huge interest [3–5].
In [3], UAVs are deployed as flying relays between aerial and
ground mesh networks in an emergency scenario. Reference
[5] investigated how to deploy UAVs as flying relays to
increase coverage in the wireless network. Generally, there
are mainly two widely used relaying schemes: amplify-andforward (AF) and decode-and-forward (DF). In AF, the relay
amplifies and retransmits the received signal from the source

to the destination. In DF, the relay decodes the signal and then
forwards it to the destination.
According to recent measurement campaign and literatures [6–8], UAV-to-ground and UAV-to-UAV channels, two
kinds of channels widely used in UAV-based relaying systems,
can be typically modeled as frequency-selective multipath
channels whose dispersive nature can easily cause the intersymbol interference (ISI), leading to inevitable performance
degradation. Additionally, channel taps of UAV-ground
channel are larger than those of UAV-UAV channel [9–11].
Reference [7] found that the UAV-ground channel in over-sea
scenarios can be well modeled by the two-ray model plus an
intermittent multipath component. UAV-ground channels in
hilly/mountainous and suburban/near-urban scenarios can
be modeled by nine-tap multipath channels [8, 11]: line-ofsight (LoS) component as the first tap, Ground Reflection (GR)
component as the second tap, and seven intermittent components.
High-speed single-carrier wideband transmission systems are widely used in aeronautical communication due to
severe size, weight, and power (SWAP) of drones [12], and
ISI caused by multipath propagation tends to be the main
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conjugate transpose of a matrix. Re(⋅) represents the real part
of a complex number. sgn(⋅) denotes the sign function.
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Figure 1: UAV remote sensing system.

factor limiting the reliability of these systems. Thus, time
domain equalizer plays an important role mitigating ISI in
aeronautical communication [12]. Zero-forcing (ZF) and
minimum mean-squared error (MMSE) equalizers are proposed for single-hop aeronautical communication in [13].
In traditional terrestrial relaying systems, [14] designed
the minimum bit error ratio (MBER) equalizer for AF relaying. A new detector for AF relaying is proposed in [15] using
a minimum symbol error ratio (MSER) equalizer. MMSE and
MBER equalizers are proposed and investigated in [16] for
nonorthogonal AF relaying.
Different from terrestrial relaying systems, LoS communication links can always be established in UAV-based relaying systems. In particular, UAV-ground channel has some
unique features due to the GR multipath component which
can more easily cause severe ISI [9]. To the best of our knowledge, there is lack of works dealing with equalizer design for
UAV-based relaying systems that take the characteristics of
UAV-UAV and UAV-ground channels into account in previous literatures.
The main contributions of this work are the following:
(i) A length adaptive method for equalizer design is proposed according to channel attenuation ratio between
different multipath components.
(ii) For image wireless transmission in UAV-based relaying systems, MBER criterion is exploited to design
equalizers in both AF and DF relaying systems, since
MBER, rather than the widely used MMSE, is more
suitable to reflect image quality with high fidelity
[17, 18].
(iii) Bit error ratio (BER) and peak signal-to-noise ratio
(PSNR) performances of AF and DF relaying with
MBER adaptive equalizers are evaluated in relation to
critical system parameters like the number of training
symbols, defined complexity penalty parameter of DF,
and average signal-to-noise ratio (SNR), which are
important for practical application in UAV remote
sensing system.
Notation. Bold uppercase and lowercase letters denote matrices and vectors, respectively. The superscript (⋅)𝐻 denotes the

As depicted in Figure 2, we consider a three-node relaying
system consisting of a monitoring UAV (M-UAV) as the
source node, a ground station (GS) as the destination node,
and a relay UAV (R-UAV) as the relay node without direct
path between M-UAV and GS (e.g., due to shadowing or
large separation). Each node is equipped with only one
antenna and operates in the half-duplex mode. Two UAVs are
assumed to have the same height ℎ𝑈. Thus, the three-dimensional (3D) coordinates of M-UAV, R-UAV, and GS can be
denoted as s = (𝑥𝑠 , 𝑦𝑠 , ℎ𝑈), r = (𝑥𝑟 , 𝑦𝑟 , ℎ𝑈), and d = (𝑥𝑑 , 𝑦𝑑 ,
ℎ𝐺), respectively.
The image bit stream is sent to GS from M-UAV via
R-UAV using AF or DF relaying. In AF relaying, M-UAV
transmits image bit stream to R-UAV in the first time slot
and then R-UAV amplifies and retransmits the received bit
stream to the GS in the second time slot. In DF relaying, MUAV transmits the image bit stream to R-UAV in the first
time slot and R-UAV decodes and retransmits the image bit
stream in the second time slot. In AF relaying, the equalizer
is considered only at GS; in DF relaying, two equalizers are
considered at both R-UAV and GS.
2.1. UAV-UAV Channel Model. Considering UAV-UAV channel as a discrete-time Rician multipath channel, the channel
outputs at R-UAV for both AF and DF can be expressed as
𝑟𝑘𝐴 = 𝑟𝑘𝐷 = ℎ0𝑈𝑈𝑥𝑘 + ℎ1𝑈𝑈𝑥𝑘−1 + 𝑛.

(1)

𝑥𝑘 ∈ {±1} is 𝑘th BPSK data symbol, which is coded and
modulated from image bit stream. 𝑛 denotes additive white
Gaussian noise (AWGN). ℎ0𝑈𝑈 and ℎ1𝑈𝑈 denote the channel
attenuation of LoS and scattered components, respectively.
The channel attenuation of LoS component in dB can be
expressed as [6]
ℎ0𝑈𝑈 = 10𝛼 log (

4𝜋𝑓𝑐 𝑅LoS
) + 𝜓LoS ,
𝑐

(2)

where 𝛼 is path loss exponent, 𝑓𝑐 is the carrier frequency, 𝑐 is
the speed of light, and 𝑅LoS denotes the range of LoS component. 𝜓LoS ∼ 𝑁(𝜇LoS , 𝛿LoS ) is the shadow fading with normal
distribution in dB for LoS link. The channel attenuation of
scattered components in dB can be expressed as
ℎ1𝑈𝑈 = ℎ0𝑈𝑈 − 𝐾,

(3)

where 𝐾 in dB is the Rician K-factor for UAV-UAV channel.
2.2. UAV-Ground Channel Model. Considering the discretetime UAV-ground multipath channel based on the recent
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Figure 2: System model.

works [7, 8, 11], the channel outputs at GSs for AF and DF can
be expressed as
𝐶𝑈𝐺

𝐴
+ 𝑛,
𝑦𝑘𝐴 = ∑ ℎ𝑖𝑈𝐺𝑟̂𝑘−𝑖

(4)

𝑖=0

2

𝑅LoS = √(ℎ𝑈 − ℎ𝐺) + 𝑑2 ,

(8)

2

𝐶𝑈𝐺

𝐷𝑅
𝑦𝑘𝐷 = ∑ ℎ𝑖𝑈𝐺𝑥̂𝑘−𝑖
+ 𝑛,

(5)

𝑖=0

respectively. 𝐶𝑈𝐺 ≥ 3 denotes the channel taps for UAVground channel. The value of these channel taps depends on
environment; for instance, 𝐶𝑈𝐺 = 3 in the over-water scenarios, while 𝐶𝑈𝐺 = 9 in the mountainous and hilly scenarios [7,
11]. ℎ0𝑈𝐺 denotes the channel attenuation of LoS component
and can be expressed the same as (2):
ℎ0𝑈𝐺 = 10𝛼 log (

Assuming a UAV-ground channel geometry as depicted
in Figure 3 [10, 19], the ranges of LoS and GR components in
UAV-ground channel can be calculated as

4𝜋𝑓𝑐 𝑅LoS
) + 𝜓LoS .
𝑐

(6)

Similarly, ℎ1𝑈𝐺 denotes the channel attenuation of the GR
component and can be expressed as
ℎ1𝑈𝐺 = 10𝛼 log (

4𝜋𝑓𝑐 𝑅GR
) + 𝜓GR ,
𝑐

(7)

where 𝜓GR ∼ 𝑁(𝜇GR , 𝛿GR ) is the shadow fading with normal
distribution in dB for GR link and 𝑅GR denotes the range of
GR component.

𝑅GR = √(ℎ𝑈 + ℎ𝐺) + 𝑑2 ,
where 𝑑 denotes the distance between R-UAV and GS in the
horizontal plane.
For simplicity, the channels between all nodes are assumed to be constant during the transmission time of one
image (moving distances of nodes can be negligible within
this period, since UAV datalink speed, whose carrier frequency usually uses L-band (960-997 MHz) or C-band (50305091 MHz) [9], can reach 10 Mbps [20]).

3. MBER Adaptive Equalizer Design for
Relaying System
3.1. Length Adaptive Mechanism. For example, in (1), the
desired received signal component for 𝑘th symbol is ℎ0𝑈𝑈𝑥𝑘 ,
but the component ℎ1𝑈𝑈𝑥𝑘−1 , also called ISI, could have an
influence on the received signal decision performance due
to the delay transmission of (𝑘 − 1)th symbol 𝑥𝑘 over the
channel ℎ1𝑈𝑈. This decision performance depends on some
system parameters. One of them is the channel attenuation
ratio between LoS and GR components in UAV-ground
channel or scattered components in UAV-UAV channel. For
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The proposed optimal equalizer length can be rewritten
as
𝐿 = 𝑓 (𝛾) =

ℎU

𝑦̂𝑘𝐴
ℎG



(12)

3.2. Equalizer Design for AF. The equalizer at GS in AF relay𝑇
ing can be described by the vector w𝐴𝐷 = {𝑤1𝐴𝐷 ⋅ ⋅ ⋅ 𝑤𝐿𝐴𝐷
𝐴 } and
equalizer outputs can be expressed as

LoS
Ground
reflection

𝛾 − 𝛾min
(𝐿
− 𝐿 min ) + 𝐿 min .
𝛾max − 𝛾min max

𝐿𝐴

𝐴
= ∑𝑤𝑖𝐴𝐷𝑟̂𝑘−𝑖
+ 𝑛,

(13)

𝑖=1

where 𝐿𝐴 denotes the optimal length of equalizer at GS in AF
relaying and can be calculated by


d

𝐿𝐴 = 𝑓 (𝛾𝑈𝐺) .

Figure 3: UAV-ground channel geometry.

The equalizer outputs are then passed to the decision
device and the decision can be expressed as

example, in (1), if the magnitude of component ℎ0𝑈𝑈𝑥𝑘 is much
larger than that of component ℎ1𝑈𝑈𝑥𝑘−1 , the ISI influence on
decision performance is very limited; otherwise, the decision
performance could be severely degraded.
Generally, the reliability performance of equalizers aiming at mitigating ISI increases with the equalizer length but at
the cost of more training time. Considering equalizer performance as well as training time, traditional fixed length equalizers have limited adaptive performance: equalizers with large
length could generate severe signal processing delay due to
more training time, while the one with small length could
not mitigate ISI as much as possible.
Thus, the proposed length adaptive mechanism is that
equalizer can adjust its length to optimal ISI mitigation performance according to the channel attenuation ratio between
different multipath components:
𝛾 − 𝛾min
𝐿 − 𝐿 min
=
,
𝐿 max − 𝐿 min 𝛾max − 𝛾min

(9)

where 𝐿 denotes the equalizer length using proposed method.
𝐿 min = 2 is the minimal equalizer length. 𝐿 max is the maximal
equalizer length depending on the calculating resources of
receivers.
In UAV-ground channel, the channel attenuation ratio in
dB between LoS and GR components can be expressed as
𝛾𝑈𝐺 = ℎ1𝑈𝐺 − ℎ0𝑈𝐺.

(14)

𝑥̂𝑘𝐴

𝐴
{+1 Re (𝑦̂𝑘 ) ≥ 0,
={
−1 Re (𝑦̂𝑘𝐴) ≤ 0.
{

(15)

Then, based on (1), (4), (13), and (15), the end-to-end
signal transmission over the whole link can be expressed as
𝑥̂𝑘𝐴 = sgn (Re (𝑦̂𝑘𝐴))
𝐻

= sgn (Re ((w𝐴𝐷) H𝐴2 𝐺H𝐴1 x𝑘𝐴 + 𝑛))

(16)

where x𝑘𝐴 = {𝑥𝑘 , 𝑥𝑘−1 , . . . , 𝑥𝑘−(𝐿𝐴 +2+𝐶𝑈𝐺 −1) }𝑇 is a vector of
channel inputs from M-UAV. 𝐺 = √1/((ℎ0𝑈𝑈)2 + (ℎ1𝑈𝑈)2 ) is

ideal amplifying gain at R-UAV for each received symbol. H𝐴2
is the 𝐿𝐴 × (𝐿𝐴 + 𝐶𝑈𝐺) Toeplitz convolution matrix; H𝐴1 is the
(𝐿𝐴 + 𝐶𝑈𝐺) × (𝐿𝐴 + 𝐶𝑈𝐺 + 2) Toeplitz convolution matrix. H𝐴2
and H𝐴1 can be expressed as

H𝐴2

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
0
𝑈𝐺
[
[
[ 0 ℎ𝑈𝐺 ℎ𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝑈𝐺
0
1
𝐶𝑈𝐺
=[
[
[
[
𝑈𝐺
ℎ1𝑈𝐺
[ 0 ⋅ ⋅ ⋅ 0 ℎ0
ℎ0𝑈𝑈 ℎ1𝑈𝑈

(10)

We assume that the position of R-UAV is known by GS by
control signals at first; then 𝛾𝑈𝐺 can be calculated using (6)
and (7) at GS. Thus the length of equalizer at GS can be adjusted using (9).
In UAV-UAV channel, this ratio is also related to Rician
K-factor:
1
(11)
𝛾𝑈𝑈 = .
𝐾
𝛾min and 𝛾max denote the maximal and minimal channel
attenuation ratio, respectively. The values of 𝛾min and 𝛾max
depend on the environment [7, 8, 11].

=

sgn (Re (𝑦̂𝑘𝐴 ))

H𝐴1

[
[
[ 0
=[
[
[
[
[ 0

ℎ0𝑈𝑈

0

⋅⋅⋅

ℎ1𝑈𝑈

0
d

⋅⋅⋅

0

⋅⋅⋅
0
d

0

]
.. ]
. ]
],
]
]
]

⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
𝑈𝐺 ]

0

(17)

]
.. ]
. ]
].
]
]
]

ℎ0𝑈𝑈 ℎ1𝑈𝑈]

The BER for AF relaying after equalizer w𝐴𝐷 can be defined as
𝑃𝐸𝐴 = Pr (𝑥̂𝑘𝐴𝑥𝑘 < 0)
0

=∫

−∞

𝑝 (w𝐴𝐷, Re (𝑦̂𝑘𝐴)) 𝑥𝑘 𝑑 (Re (𝑦̂𝑘𝐴)) ,

(18)
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where 𝑝(w𝐴𝐷, Re(𝑦̂𝑘𝐴 )) denotes the probability density function (PDF) of Re(𝑦̂𝑘𝐴 ) and is also the function of w𝐴𝐷. Then,
the tap coefficient vector for MBER adaptive equalizer at GS
for AF relaying can be expressed as
w𝐴𝐷 = arg min
𝑃𝐸𝐴 (w𝐴𝐷) .
𝑤

𝑦̂𝑘𝐷

𝐿𝐷𝑅

𝐷
= ∑ 𝑤𝑖𝐷𝑅 𝑟𝑘−𝑖
+ 𝑛,

(20)

𝑖=1

𝐿𝐷𝐷

𝐷
= ∑ 𝑤𝑖𝐷𝐷𝑦𝑘−𝑖
+ 𝑛,

H𝐷2

(19)

3.3. Equalizer Design for DF. Equalizers at R-UAV and GS
𝑇
can be described by the vectors w𝐷𝑅 = {𝑤1𝐷𝑅 ⋅ ⋅ ⋅ 𝑤𝐿𝐷𝑅
and
𝐷𝑅 }
𝐷𝐷
𝐷𝐷
𝐷𝐷 𝑇
= {𝑤1 ⋅ ⋅ ⋅ 𝑤𝐿𝐷𝐷 } , respectively. Then, the equalizer
w
outputs at R-UAV and GS can be expressed as
𝑟̂𝑘𝐷

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑅𝐷
𝑈𝐺

[
[
[ 0
=[
[
[
[
[ 0

H

𝐷1

(23)

=

sgn (Re (𝑦̂𝑘𝐷))

𝐷
{+1 Re (𝑦̂𝑘 ) ≥ 0,
={
−1 Re (𝑦̂𝑘𝐷) ≤ 0.
{

(24)

Similar to the equalizer design in AF, the end-to-end
signal transmission at R-UAV and GS in DF can be rewritten
as

𝐻

⋅⋅⋅
0
d

⋅⋅⋅

0

0

]
.. ]
. ]
].
]
]
]

(28)

ℎ0𝑈𝑈 ℎ1𝑈𝑈]

(29)

w𝐷𝐷 = arg min
𝑃𝐸𝐷𝐷 (w𝐷𝐷) ,
w
where 𝑃𝐸𝐷𝑅 (w𝐷𝐷) and 𝑃𝐸𝐷𝐷(w𝐷𝑅 ) can be expressed as

0

=∫

𝑝 (w𝐷𝑅 , Re (̂𝑟𝑘𝐷)) 𝑥𝑘 𝑑 (Re (̂𝑟𝑘𝐷)) ,

0

𝑝 (w𝐷𝑅 , Re (𝑦̂𝑘𝐷)) 𝑥𝑘 𝑑 (Re (𝑦̂𝑘𝐷)) .

3.4. Adaptive Equalizer Algorithm. We first consider the optimal equalizer coefficients for AF. To obtain optimal equalizer
coefficients w𝐴𝐷, the PDF of Re(𝑦̂𝑘𝐴 ) is necessary. It is seen
that PDF of Re(𝑦̂𝑘𝐴 ) is Gaussian mixture and can be estimated
using nonparametric estimation [21]. Parzen window method
is good at estimating PDF with relatively short data, which is
efficient for equalizer training [21].
Given the training symbols {𝑥𝑘 , y𝑘𝐴}𝑁
𝑘=1 and using Parzen
window function method, the PDF of Re(𝑦̂𝑘𝐴 ) can be expressed as

(25)
𝑝 (𝑡) =
(26)

respectively. x𝑘 = {𝑥𝑘 , 𝑥𝑘−1 , . . . , 𝑥𝑘−(𝐿𝐷𝑅 +2−1) }𝑇 and x̂𝑘𝐷𝑅 =
𝐷𝐷
𝐷𝐷
𝑇
{𝑥̂𝑘𝐷𝐷, 𝑥̂𝑘−1
, . . . , 𝑥̂𝑘−(𝐿
are two vectors of channel
𝐷𝐷 +𝐶 −1) }
𝑈𝐺
inputs from M-UAV and R-UAV. H𝐷2 and H𝐷1 are 𝐿𝐷𝑅 ×
(𝐿𝐷𝑅 + 𝐶𝑈𝐺) and 𝐿𝐷𝐷 × (𝐿𝐷𝐷 + 2) Toeplitz convolution
matrices, respectively. These two matrices can be expressed
as

(30)

𝑃𝐸𝐷𝐷 = Pr (sgn (Re (𝑦̂𝑘𝐷)) 𝑥𝑘 < 0)
−∞

=

𝑥̂𝑘𝐷𝐷 = sgn (Re ((w𝐷𝐷) H𝐷2 x̂𝑘𝐷𝑅 + 𝑛)) ,

ℎ0𝑈𝑈 ℎ1𝑈𝑈

−∞

𝐷
{+1 Re (̂𝑟𝑘 ) ≥ 0,
={
−1 Re (̂𝑟𝑘𝐷) ≤ 0,
{

𝐻

0

(27)

ℎ0𝑈𝐺 ℎ1𝑈𝐺 ⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
𝑈𝐺 ]

𝑃𝐸𝐷𝑅 (w𝐷𝑅 ) ,
w𝐷𝑅 = arg min
w

(22)

sgn (Re (̂𝑟𝑘𝐷))

𝑥̂𝑘𝐷𝑅 = sgn (Re ((w𝐷𝑅 ) H𝐷1 x𝑘 + 𝑛)) ,

0

]
.. ]
. ]
],
]
]
]

Following the same approach as carried out to obtain
(19), the optimal tap coefficient vectors for MBER adaptive
equalizers at R-UAV and GS for DF relaying can be expressed
as

=∫

𝑥̂𝑘𝐷𝐷

⋅ ⋅ ⋅ ℎ𝐶𝑈𝐺
0
𝑈𝐺

0

𝑃𝐸𝐷𝑅 = Pr (sgn (Re (̂𝑟𝑘𝐷)) 𝑥𝑘 < 0)

The two equalizer outputs are then passed to the decision
devices and the decisions can be expressed as

𝑥̂𝑘𝐷𝑅

⋅⋅⋅

[
[
[ 0
=[
[
[
[
[ 0

(21)

𝐿𝐷𝑅 = 𝑓 (𝛾𝑈𝑈) ,
𝐿𝐷𝐷 = 𝑓 (𝛾𝑈𝐺) .

⋅⋅⋅

d

ℎ0𝑈𝑈 ℎ1𝑈𝑈

𝑖=1

respectively. 𝐿𝐷𝑅 and 𝐿𝐷𝐷 denote the optimal equalizer
lengths. Similar to (14), these two lengths can be calculated
by

ℎ0𝑈𝐺 ℎ1𝑈𝐺

0

𝑁
𝐴 2
2
1
∑ 𝑒−|𝑡−Re(𝑦̂𝑘 )| /2𝜌𝑛 ,
√
𝑁 2𝜋𝜌𝑛 𝑘=1

(31)

where 𝑁 is the length of training symbols and 𝜌𝑛 is the
window width. Substituting (31) in (18), the BER for AF
relaying can be rewritten as
𝑃𝐸𝐴

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝐴𝐷 𝐻 𝐴
) y𝑘

+ 𝑛)

),

(32)
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where 𝑄 is the Gaussian error function. Then the gradient of
𝑃𝐸𝐴 can be given as
∇𝑃𝐸𝐴 = −

1
√
2𝑁 2𝜋𝜌𝑛
(33)

𝑁

−|Re (w𝐴𝐷 )𝐻 y𝑘𝐴 |2 /2𝜌𝑛2

× ∑𝑒
𝑘=1

sgn (𝑥𝑘 ) y𝑘𝐴.

Then, the solution to optimize equalizer coefficients w𝐴𝐷 is
described as
𝐻

𝐴𝐷
𝑦̂𝑘𝐴 = (w𝑘−1
) y𝑘𝐴,
𝐴𝐷
w𝑘𝐴𝐷 = w𝑘−1
+𝜇

sgn (𝑥𝑘 ) −|Re (w𝐴𝐷 )𝐻 y𝑘𝐴 |2 /2𝜌𝑛2 𝐴
𝑒
y𝑘 ,
2√2𝜋𝜌𝑛

(34)

where 𝜇 is the step size that has to be set to balance the
convergence rate and the steady-state BER.
Following the same approach as carried out to solve
𝐷 𝑁
(19), given the training symbols {𝑥𝑘 , r𝐷
𝑘 , y𝑘 }𝑘=1 for relay and
destination, respectively, and using Parzen window function
method, the BER for DF relaying at relay and destination can
be given as
𝑃𝐸𝐷𝑅

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝑃𝐸𝐷𝐷

sgn (𝑥𝑘 ) Re ((w
1 𝑁
= ∑𝑄 (
𝑁 𝑘=1
𝜌𝑛

𝐷𝑅 𝐻 𝐷
) r𝑘

+ 𝑛)

𝐷𝐷 𝐻 𝐷
) y𝑘

+ 𝑛)

),

),

(35)

(36)

respectively. Then, the solution to optimize equalizer coefficients w𝐷𝑅 and w𝐷𝐷 for DF relaying at relay and destination
can be described as

𝑦̂𝑘𝐷

=

sgn (𝑥) −|Re (w𝐷𝑅 )𝐻 r𝐷𝑘 |2 /2𝜌𝑛2 𝐷
𝑒
r𝑘 ,
2√2𝜋𝜌𝑛

𝐷𝐷 𝐻 𝐷
(w𝑘−1
) y𝑘 ,

𝐷𝐷
w𝑘𝐷𝐷 = w𝑘−1
+𝜇

(37)

sgn (𝑥𝑘 ) −|Re (w𝐷𝐷 )𝐻 y𝑘𝐷 |2 /2𝜌𝑛2 𝐷
𝑒
y𝑘 .
2√2𝜋𝜌𝑛

3.5. Performance Comparison. The end-to-end BER ratio of
AF and DF with MBER adaptive equalizers can be defined as
𝜂=

𝑃𝐸𝐴
,
𝛼𝑃𝐸𝐷

Parameter
𝜌𝑛
𝜇
𝑓𝑐
𝐿 max
𝛾𝑈𝑈
SNR
𝛼
𝜎𝑛2
𝑐
𝐶𝑈𝐺
𝐿 min
𝛾𝑈𝐺
𝑁

Value
4𝜎𝑛2 [21]
0.05 [23]
2 GHz
12
2
15 dB
1
−120 dBm
3 × 108 m/s
3
2
6
20000

than AF relaying. In this case, 𝛼 ≥ 1 can be considered as
the penalty to DF relaying. On the other hand, DF can be
implemented directly using the traditional transceiver, while
AF requires the additional transceiver design, since the relay
needs to amplify the received signals. In this case, 0 ≤ 𝛼 ≤ 1
can be considered as the reward to DF relaying. The value of 𝛼
depends on the energy assumption, network setup, and QoS
requirement.
Note that, following (34) and (37), the equalizer coefficients can be calculated using the training symbols. Then,
substituting (32) and (24) into (38), the ratio can be rewritten
as a function of complexity parameter and training symbols:
𝑁

𝑁

𝐷
𝜂 (𝛼, {𝑥𝑘 , y𝑘𝐴}𝑘=1 , {𝑥𝑘 , r𝐷
𝑘 , y𝑘 }𝑘=1 )
𝐻

=𝛼

𝐴𝐷
) y𝑘𝐴 + 𝑛) /𝜌𝑛 )
∑𝑁
𝑘=1 𝑄 (sgn (𝑥𝑘 ) Re ((w
𝐻

𝐷𝐷 ) y𝐷 + 𝑛) /𝜌 )
∑𝑁
𝑛
𝑘=1 𝑄 (sgn (𝑥𝑘 ) Re ((w
𝑘

(39)
.

Given a complexity parameter 𝛼 and training symbols,
the BER ratio between AF and DF with MBER adaptive
equalizers can be calculated.

𝐻

𝐷𝑅
𝑟̂𝑘𝐷 = (w𝑘−1
) r𝐷
𝑘,
𝐷𝑅
+𝜇
w𝑘𝐷𝑅 = w𝑘−1

Table 1: Simulation parameters.

(38)

where 𝛼 denotes the complexity penalty parameter of DF,
which represents the complexity of DF relaying technology.
On one hand, DF relaying has more complexity in signal
processing, leading to more delay and resource consumption

4. Numerical Results
4.1. Simulation Setup. The experimental UAV images, with
the size of 1392 × 1040 pixels [22], are captured by a mediumaltitude UAV that can cruise at an altitude of 1000 m. The
M-UAV plans to transmit the image to GS via R-UAV. The
distance between M-UAV and R-UAV and that between
R-UAV and GS are both assumed to be 5 km. Antenna
heights of UAVs and GS are assumed to be 1000 m and
10 m, respectively. Thus, the coordinates of the three nodes
are d = (𝑥𝑑 , 𝑦𝑑 , ℎ𝐺) = (0, 0, 10), r = (𝑥𝑟 , 𝑦𝑟 , ℎ𝑈) =
(5000, 0, 1000), and s = (𝑥𝑠 , 𝑦𝑠 , ℎ𝑈) = (10000, 0, 1000).
Simulation parameters, unless explicitly mentioned, are listed
in Table 1.
4.2. Results and Discussion. First, we characterize the BER
performance of proposed adaptive MBER equalizer against
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Figure 4: BER performance against channel attenuation ratio in
UAV-ground channel.
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Figure 5: BER performance against channel attenuation ratio in
UAV-UAV channel.

channel attenuation ratio between different multipath components in both UAV-ground and UAV-UAV channels. Considering fixed channel attenuation ratio 𝛾𝑈𝑈 = 5 in UAV-UAV
channel, Figure 4 shows the BER performance of traditional
fixed length and proposed length adaptive equalizers in both
AF relaying and DF relaying. It can be seen from this figure
that the proposed method has similar BER performance to
traditional one in low 𝛾𝑈𝐺 region but achieves better performance in high 𝛾𝑈𝐺. The reason is that proposed length adaptive method can adjust the GS’ equalizer length according to
the channel attenuation ratio of UAV-ground channel. Additionally, BER performance in DF relaying is better than that
in AF relaying. Performance comparison with attenuation
ratio in UAV-UAV channel is illustrated in Figure 5 with fixed
attenuation ratio 𝛾𝑈𝐺 = 5 in UAV-ground channel. It can be
seen that BER performance of proposed method in DF
relaying stays constant, while the performance of that in AF
relaying decreases when 𝛾𝑈𝑈 increases. This is because length
adaptive method can adjust the R-UAV’s equalizer length
according to 𝛾𝑈𝑈 in DF relaying, avoiding the drop of BER
performance.
Next, we compare the BER performance of AF relaying
and DF relaying with the proposed adaptive MBER equalizers against number of training symbols and complexity
penalty parameter of DF. BER performance against number
of training symbols is shown in Figure 6. Note that these
two scenarios should be compared with each other under the
same total number of training symbols, resulting in the same
end-to-end delay due to training process. Thus, number of
training symbols in AF only denotes the symbol number
of GS’s equalizer. In DF, however, this number denotes the
sum of training symbol numbers of R-UAV and GS. Simply
assuming that R-UAV and GS in DF relaying use the same

BER

10−1

10−2

10−3

0

0.5

1

1.5
2
2.5
3
Number of training symbols

3.5

4
×10 4

AF
DF

Figure 6: BER performance of equalizers against number of training
symbols.

amount of training symbols, that is, half of training symbols
of GS in AF relaying, DF relaying can still achieve better BER
performance than AF relaying but with the slower convergence speed. Figure 7 shows the BER ratio against complexity
penalty parameter. It can be seen that DF relaying achieves
much better BER performance compared to AF relaying
when 𝛼 is between 0 and 1 and worse BER performance than
AF relaying when 𝛼 is larger than 1. This phenomenon indicates that AF relaying and DF relaying can be selected based
on resource consumption, network setup, and QoS requirement of practical application.
Finally, we examine the quality of received images in both
AF relaying and DF relaying with adaptive MBER equalizers
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Figure 7: BER ratio of AF and DF relaying with adaptive MBER equalizers against complexity penalty parameter.
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Figure 8: Images in different relaying schemes with adaptive MBER equalizers against SNR: (a) original images at M-UAV, (b) after equalizer
in AF relaying at GS, and (c) after equalizer in DF relaying at GS.

against SNR. From Figure 8, we can see that images have very
poor quality even after equalizers in the low SNR region. This
is because relaying schemes perform poorly in the low SNR
region as noted in [21]. Images after equalizers in DF relaying
perform better than those in AF relaying at the same SNR.

The average PSNRs of received images at GSs for AF relaying
and DF relaying with MBER adaptive equalizers are presented
in Figure 9. It is shown that the average PSNR performances
in AF relaying and DF relaying schemes increase with SNR.
Furthermore, the average PSNR performance in DF relaying
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Figure 9: Average PSNR performance comparison of received
image between AF and DF relaying with adaptive MBER equalizers
against SNR.

is better than that in AF relaying across the whole SNR regions and the performance gap significantly increases with
SNR.

5. Conclusion
In this paper, MBER equalizers with length adaptive method
are designed for both AF and DF in UAV-based relaying system. The results show that proposed length adaptive method
can achieve better BER performance as channel attenuation
ratio between different multipath components increases.
Moreover, DF relaying performs better than AF relaying as
the channel attenuation ratio in UAV-UAV channel increases.
Additionally, results show that the quality of received images
is largely improved by proposed adaptive MBER equalizers in
both AF relaying and DF relaying.
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