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Abstract

In this paper, we investigate energy efficient transmission for a satellite-aerial-terrestrial network

(SATN), where a multi-antenna unmanned aerial vehicle (UAV) is employed as a relay to assist the

satellite signal delivery. By considering total power constraint (TPC) or per-antenna power constraint

(PPC) at the UAV, we first formulate an optimization problem to maximize the energy efficiency

of the SATN, which is defined as ratio of the ergodic capacity to the total power consumption for

communication at UAV. Then, by jointly exploiting array signal processing with the Dinkelbach’s

method, two new beamforming (BF) schemes, namely, TPC-BF and PPC-BF are proposed to solve the

non-convex energy efficiency maximization problem. The main advantage of our method is that only

angular information-based channel state information is used to obtain BF weight vectors so that a low

implementation complexity is achieved. Furthermore, by assuming that the satellite-UAV link undergoes

correlated Shadowed-Rician fading while the UAV-terminal link experiences correlated Rician fading,

closed-form expressions for the statistics of the equivalent output signal-to-noise ratio are derived and,

thus energy efficiency for the considered SATN with BF schemes is analytically presented. Finally,

simulation results corroborate the derived expressions and confirm the effectiveness of the proposed BF

schemes.
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I. INTRODUCTION

With the on-going development of wireless communications, current terrestrial infrastructure

can provide broadband services and ubiquitous access for million of users in high-density areas

with low cost. However, there is still large population that lacks internet access in the rural or

remote areas. Therefore, the integration of satellite components into the wireless system has

received more and more attention due to its ability of offering high quality, great capacity and

seamless coverage [1], [2]. For example, the fifth generation (5G) Infrastructure Public Private

Partnership funded by European Commission and European Information and Communications

Technology industry is looking at implementing satellite segment in future 5G systems [3].

A. Background and Motivation

In satellite communications (SatCom) system, the obstacles and shadowing between the satel-

lite and the terrestrial terminal may make a line-of-sight (LoS) communication difficult to

be maintained. To tackle this problem, the application of relay technology is considered as

an effective and indispensable approach, resulting in a new architecture referred as integrated

satellite and terrestrial relay network (ISTRN) which has been an active research topic in the

open literature [4]. This architecture has also been adopted by the Digital Video-Broadcast

Satellite services to Handhelds (DVB-SH) standard at frequencies below 3 GHz [5]. Furthermore,

performance analysis results for ISTRN over Shadowed-Rician (SR) fading, while the terrestrial

links are modeled as Nakagami-m with either amplify-and-forward (AF) [6]-[8] or decode-and-

forward (DF) [9], [10] protocols have been published in the last years. Nevertheless, it is worth

mentioning that the perfect channel state information (CSI) was assumed to be available in [6]-

[10] so that the maximal-ratio combining (MRC) and maximal-ratio transmission (MRT) were

utilized as the receive and transmit beamforming (BF) schemes, respectively.

Besides satellite and terrestrial cellular networks [11], [12], unmanned aerial vehicle (UAV)

communication will play an important role in future wireless networks due to easy deployment,

flexibility, and large coverage [13]-[16], especially in temporary large-scale events, disaster areas

and marine communications. For example, Google and Facebook have demonstrated that aerial
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platforms can be adopted to provide wireless internet access for various users. To exploit the

spatial dimension and improve spectral efficiency (SE), UAVs typically adopt multi-antenna

technology or massive antenna array to communicate with ground users [17], [18]. Under this

circumstance, the BF technique that has the ability of spatial filter [19], [20], has been commonly

applied in UAV communications. For example, a hierarchical beam search and codebook design

method was proposed in [21] to enable fast BF training and tracking for UAV-based cellular

networks. The authors of [22] proposed a linear precoding scheme based on the space alignment

strategy and derived the optimal power allocation to maximize the achievable rate of the cognitive

user subject to the power, interference, and relay’s power constraints. Besides, by considering a

dual-hop half-duplex DF relaying system with fixed wing UAVs, the joint design of beamforming

and power allocation was proposed in [23] to obtain the maximal end-to-end signal-to-noise ratio

(SNR) under transmit power constraints.

While the aforementioned works have significantly improved our understanding on how to

maximize the throughput or the SE for an UAV system, the energy consumption is another

important challenge in UAV-based communications. In fact, the battery-powered flying units have

a very limited amount of energy that must be consumed by the communication platform and the

UAV (or drone) hardware and mobility. Hence, it is important to efficiently manage the available

energy so that the UAV operation time can be extended [24], [25]. The authors of [26] presented

the power allocation framework to maximize the energy efficiency (EE) while satisfying the

power budget, minimal rate, and interference constraints. In [27], the authors proposed a joint

optimization design to obtain the maximal EE for a multi-antenna UAV relaying system with

DF protocol over Rician fading channels. Recently, the satellite-aerial-terrestrial network (SATN)

architecture [28] has been proposed as a promising candidate for emergency communications,

which has been studied in the ABSOLUTE project [29]. In terms of EE maximization (EEM) in

SATNs, an energy-efficient power allocation scheme was proposed in [30] for direct transmission

with limited backhaul. Based on [30], the authors of [31] proposed a joint relay selection and

power allocation scheme to realize EEM subject to power constraints, quality-of-service (QoS)

requirements and backhaul capacity limitation. Nevertheless, the optimization design in [27],

[30], [31] was based on the assumption of perfect CSI, which is rather overoptimistic in practical

scenarios, mainly due to the estimation error and limited feedback burden, especially when UAV

is deployed with a large number of antennas [32]-[34]. The latter observation motivates our

current work presented in this paper.
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B. Our Contribution

In this paper, we investigate the energy efficient transmission for a SATN, where a multi-

antenna UAV is exploited as an aerial relay with AF protocol to aid the satellite communication.

Unlike most of the existing related works, we utilize the angular information-based channel

state information (AI-CSI) rather than the perfect CSI to conduct BF design. However, perfect

CSI is difficult to be obtained especially in mobile scenarios. Since with the help of advanced

array signal processing [35], angular information can be extracted more conveniently than the

perfect CSI, our work is very valuable from an engineering perspective. Moreover, closed-form

expressions for the EE of the considered network are derived.

In particular, our contributions can be summarized as follows:

• Compared with the existing related works, e.g. [6], [28], [30], [31], we develop a general

analytical framework for energy efficient transmission of SATN, where the impact of antenna

pattern, path loss, channel correlation and fading are considered. Specifically, we formulate

a constrained optimization problem aiming at maximizing EE, while satisfying either total

power constraint (TPC) or per-antenna power constraint (PPC), which are the two widely

used power constraints in practice.

• By jointly using array signal processing (ASP) technology and the Dinkelbach’s method, two

new BF schemes are proposed to solve the non-convex EEM problem. One benefit of our

method is that only AI-CSI is assumed to be available at UAV, which can significantly reduce

the implementation complexity in comparison with the perfect CSI assumption considered in

[6], [8], [22], [27], [30], [31]. The other benefit is that both the normalized BF weight vectors

and the corresponding power coefficients are given in analytical expressions. Computer

simulation results show that the performance gap between these two BF schemes and the

optimal solution with perfect CSI is very small.

• By assuming that the satellite-UAV link undergoes correlated SR fading while the UAV-

terminal link experiences correlated Rician fading, new theoretical formulas for the cumula-

tive distribution function (CDF) of the equivalent output SNR are derived, based on which

the exact analytical expressions for EE are further presented to quantify the performance

of the considered SATN with various BF schemes.
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Fig. 1. System model of the considered network

C. Paper Organization and Notation

The rest of this paper is arranged as follows. In Section II, we describe the channel models

and formulate the EEM problem. Then, by jointly use ASP technique with the Dinkelbach’s

method, two BF schemes are proposed in Section III. In Section IV, we derive accurate analytical

expressions for the EE of the considered system with the two BF schemes. Section V provides

simulation results along with discussions. Finally, conclusions are drawn in Section VI.

Notations: Bold uppercase and lowercase letters denote matrices and vectors, respectively,

(·)) and (·)� indicate the transpose and Hermitian transpose operation, respectively, ‖ · ‖ and

| · | denote Euclidean norm and absolute value, respectively, E[·] represents the expectation,

3806 (·) the diagonal matrix,
m 5 (G)
mG

the partial derivative operator, Pr{�} denotes the probability

that event � occurs, C"×# denotes the complex space of " × # , N(`,f2) and CN(`,f2)
represent the real-valued and complex-valued Gaussian distribution with mean ` and covariance

f2, respectively, R1/2 denotes the matrix square root of matrix R, I# denotes the #-dimensional

unit matrix, �1(·) and �3(·) denote the first-kind Bessel function of order 1 and 3, respectively,

(0)? = 0 (0 +1) · · · (0 + ?−1) is the Pochhammer symbol [36], 1�1(0, 1, I) indicates the confluent

hypergeometric function [36, eq. (9.210.1)], G
<,=
?,@ [·|· ] the Meijer-G function [36, eq. (9.301)].

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a SATN, where the geostationary orbit (GEO) satellite (S)

wants to send the messages to a ground terminal (D). However, due to the long distance and

mask effect, the direct link between S and D is unavailable, hence a multirotor UAV hovered in



JOURNAL OF LATEX CLASS FILES, VOL. 1, NO. 1, MAY. 2019 6

the air is utilized as a relay (R) to assist the satellite signal delivery. Moreover, it is assumed that

S employs multibeam technology with single-feed-per-beam architecture [37] and R is equipped

with an N-element uniform linear array (ULA), and D has a directional antenna. In what follows,

we will introduce the channel models.

A. S-R Link Channel Model

To realistically model the S-R channel, the impact of satellite beam pattern, path loss, shad-

owing and small-scale fading should be taken into account. Mathematically, the channel vector

of the S-R link can be expressed as [38]

h' = C'g', (1)

with C' being the coefficient given by

C' = _
√
�(�'

/
(4c3'), (2)

where _ denotes the wavelength, 3' is the distance between the satellite and UAV. Besides, �(

denotes the satellite beam pattern, which can be approximated as [38]

�( ≈ �max
(

(
�1 (D()

2D(
+36

�3 (D()
D3
(

)2

, (3)

where �max
(

is the maximum gain, and D( = 2.07123sin\(/sin\(,33�, with \( being the off-

axis angle with respect to the beam boresight, and \(,33� is the 3dB beamwidth of satellite

antenna. Without loss of generality, the element of antenna array at UAV can be considered

omni-directional meaning that the receive antenna pattern �' = 1 is satisfied.

In (1), g' represents the shadowing and small-scale fading, which is usually modeled as

composite fading distributions to describe the amplitude fluctuation of the signal envelope.

Compared with some well-known mathematical models, such as Loo model and Corazza model,

the SR model proposed in [39] is the more popular one, since it is more accurate with low

computational burden. As a result, we here exploit SR to model the satellite link1, which is a

commonly used method in most of the related works, such as [4], [6], [28], [40]. Furthermore,

1Since the SR model accounts for the LoS scenarios with and without the effects of shadowing and fading, it is more general

than the Nakagami-m or Rician channel models that has been adopted in UAV communications [28]. In this regard, SR is a

commonly used channel model to describe the links between satellite and terrestrial terminal [4], [6], [40] as well as satellite

and UAV [28].



JOURNAL OF LATEX CLASS FILES, VOL. 1, NO. 1, MAY. 2019 7

in the scenarios where UAV acts as an aerial relay, the S-R link is composed of a predominant

LoS propagation component and a sparse set of multi-path components with antenna correlation.

In this regard, following a similar manner adopted in [41], the correlated channel model of the

S-R link based on angular information can be expressed as

g' = ḡ' +Φ̃ΦΦ
1/2
' g̃', (4)

where the LoS component ḡ' can be written as

ḡ' = /'a (\A ) , (5)

with /' being a random variable (RV) obeying Nakagami-m distribution with average power Ω

and severity parameter <, a (\A) is the array steering vector given by

a (\A) = [1, 4G? ( 9 ^34 sin\A) , . . . , 4G? ( 9 (# −1) ^34 sin\A)]) , (6)

where ^ = 2c/_ is the wavenumber, \A denotes the angle-of-arrival (AoA) of incident signal, and

34 is the inter-element spacing of the array. In (4), Φ̃ΦΦ
1/2
' g̃' represents the scattering component

due to multi-path signals, with Φ̃ΦΦ' being the spatial correlation matrix (SCM) and g̃' ∈ C#×1

denotes the independent and identically distributed (i.i.d.) complex Gaussian RV satisfying g̃' ∼
CN (0,21I#), with 21 the average power of the scattering component.

B. R-D Link Channel Model

Based on [14], the channel vector h� of the R-D link can be described by Rician fading

combined with antenna pattern and path loss, which can be expressed as

h� = C�g�, (7)

where C� in dB is given by [19]

C�, 3� =
1

2
(10lg�� +20lg_−10U� lg3� −20lg4c) , (8)

where U� denotes the path loss exponent corresponds to the environment, 3� =

√
�2
'
+ 32

'�
with

�' being the height of UAV and 3'� the horizontal distance between UAV and the user. Besides,
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the off-boresight antenna pattern �� of the user is given by

�� =



�max
�

10
− 3

10

(
2\�

\�,33�

)2

,

�SLL
�
,

|\� | ≤ \�,"!

2

\�,"!

2
≤ |\� | ≤ c

2

, (9)

where �max
�

and �SLL
�

denote the maximum gain and the averaged side-lobe gain, respectively,

\�,33� and \�,"! denote the 3dB beamwidth and main-lobe beamwidth, respectively.

Resorting to [14] and [42], the channel fading vector g� ∈ C#×1 in (7) is modeled as

g� =

√
 

 +1
ḡ� +

√
1

 +1
Φ̃ΦΦ

1/2
� g̃� , (10)

where the Rician factor K denotes the ratio of the power of the specular component to the

scattered components, ḡ� = a (\C) represents the LoS component having a similar expression

as (6) with \A replaced by the angle-of-departure (AoD) \C . In addition, Φ̃ΦΦ
1/2
� g̃� represents the

scattering components, with Φ̃ΦΦ� being the SCM and g̃� satisfying g̃� ∼ CN (0, I#).

C. Problem Formulation

In this paper, we assume that the UAV relay works at half-duplex mode, hence the total

communication between S and D occurs in two time slots. During the first time slot, S selects

the best spot beam that covers the UAV, and sends the signal G( (C) with normalized power to

R. After performing receive BF with normalized weight vector wA ∈ C#×1, the output signal at

R can be expressed as

H' (C) = w�
A

(√
%(h'G( (C) +n' (C)

)
, (11)

where %( denotes the satellite transmit power. During the second time slot, owing to the fact

that perfect CSI is unavailable at R, UAV first amplifies the received signal H' (C) with fixed

gain G as

� =

√
%'

/(
E

[
%(

��w�
A h

'

��2] +f2
'

)
, (12)

where %' denotes the transmit power of UAV. Then the amplified signal is forwarded to D after

performing transmit BF with normalized weight vector wC ∈ C#×1. Consequently, the received

signal at D can be written as

H� (C) = h��wC�H' (C) +=� (C)

= �
√
%(h

�
�wCw

�
A h'G( (C) +�h��wCw

�
A n' (C) +=� (C) .

(13)
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Without loss of generality, we suppose that the additive white Gaussian noise (AWGN) at R and

D satisfy n' (C) ∼ CN
(
0,f2

'
I#

)
and =� (C) ∼ CN

(
0,f2

�

)
, respectively.

By substituting (1), (7) and (12) into (13), the instantaneous output SNR at D can be expressed

as

W =
�2%(

��w�
A h

'

��2��h�
�

wC

��2
�2

��h�
�

wC

��2��w�
A n'

��2 +f2
�

=

%(C2
'

f2
'

��w�
A g

'

��2 %'C2
�

f2
�

��g�
�

wC

��2
%'C2

�

f2
�

��g�
�

wC

��2 + %'

�2f2
'

Δ
=
W1W2

W2 +�
, (14)

where

W1 =
%(C2

'

f2
'

��w�
A g'

��2 Δ
=
%(

d2
'

��w�
A g'

��2, (15)

W2 =
%'C2

�

f2
'

��g��wC

��2 Δ
=
%'

d2
�

��w�
C g�

��2, (16)

and

� = E [W1] +1. (17)

In addition, according to [4], the total power consumption for communications at UAV is given

by

%C>C = `%' +%2>=BC (18)

where ` ≥ 1 denotes the power amplifier inefficiency coefficient, %2>=BC = #%2 + %0 with %2

being the circuit power consumption of each antenna and %0 denoting the static power at UAV

independent of the number of antennas. To balance the system throughput and the total power

consumption at the UAV, EE in unit bit/J is often used as the performance metric, which is

defined as [4], [43]

[ =
�E

[
log2 (1+W)

] /
2

`%' +%2>=BC
Δ
=
'��

%C>C
, (19)

where '�� denotes the ergodic capacity (EC) of the system, with � denoting the bandwidth and

the factor 1/2 is owing to the fact that the communication occurs at two time slots.

In this paper, we propose two BF schemes to obtain the EEM for the considered SATN under

different power constraints. Furthermore, the EE of the considered system with each BF scheme

is also analyzed through the derivation of new analytical expressions.
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III. PROPOSED BF SCHEMES

In this section, we first formulate a constrained optimization problem to realize EEM subject

to either TPC or PPC at UAV. Then, based on the AI-CSI, we exploit the array signal processing

technologies and Dinkelbach’s approach, and two BF schemes are finally proposed.

A. TPC-BF Scheme

In this subsection, we consider the scenario of TPC at UAV. In this regard, the constrained

optimization problem for EEM can be formulated as

max
%',wA ,wC

[ =
�E [ln (1+W)]

(`%' +%2>=BC) 2ln2
(20a)

s.t. ‖wA ‖ = 1, ‖wC ‖ = 1, %' ≤ %',max. (20b)

where the TPC results in the constraint of (20b), with %',max being the maximal transmit

power constraint at the UAV. Since the S-R and R-D links follow correlated SR and correlated

Rician distribution, respectively, the analytical expression of '�� is so complex that makes (20)

mathematically intractable. In this regard, similar to most of the related works, such as [44],

[45], we use the Jensen’s inequality and obtain an upper bound of '�� as

'�� ≤ �

2ln2
ln (1+E [W]) (21)

where

E [W] 0=Eg' ,g�

[ (
w�
A g'g�

'
wA%(

/
d2
'

)
%'

(
w�
C g�g�

�
wC

/
d2
�

)
%'

(
w�
C g�g�

�
wC

/
d2
�

)
+E

[
w�
A g'g�

'
wA%(

/
d2
'

]
+1

]

1≈
%'w�

A ΦΦΦ'wAw
�
C ΦΦΦ�wC%(

/ (
d2
'
d2
�

)
%'w�

C ΦΦΦ�wC

/
d2
�
+w�

A ΦΦΦ'wA%(
/
d2
'
+1

(22)

In the step b, we have taken the first term of the Taylor’s series for the expectation. It is

worth mentioning that the tightness of this approximation (21)-(22) will be confirmed through

the simulation results in Section V, and similar analytical proof can be found in [45]. In (22),

ΦΦΦ' = Eg'

[
g'g�

'

]
and ΦΦΦ� = Eg�

[
g�g�

�

]
are the channel correlation matrices (CCMs) of g' and

g� , respectively. In most of related works, CCM is always obtained through accumulation of

the CSI. However, in this paper, we propose to obtain the CCMs by using statistical angular

information, which is presented in Lemma 1.



JOURNAL OF LATEX CLASS FILES, VOL. 1, NO. 1, MAY. 2019 11

Lemma 1. The mn-th element of the CCMs ΦΦΦ' and ΦΦΦ� can be, respectively, approximated as

[ΦΦΦ']<,= ≈ 4 9 (<−=)^34 sin \A ×



(Ω+21
sin((<−=)D1)

(<−=)D1
), case I

(Ω+21e−(<−=)
2D2), case II

(23)

[ΦΦΦ�]<,= ≈ 4 9 (<−=)^34 sin\C ×



(  
 +1

+ 1
 +1

sin((<−=)E1)
(<−=)E1

), case I

(  
 +1

+ 1
 +1

e−(<−=)
2E2), case II

(24)

where D1 = ^34
ΔA

2
cos\A , D2 =

Δ
2
A

32
(^34 cos\A)2, E1 = ^34

ΔC

2
cos\C , E2 =

Δ
2
C

32
(^34 cos\C)2 with ΔA and

ΔC being the angular spread associated with AoA \A and AoD \C , respectively. Besides, case I

and case II denote, respectively, the scenarios that the powers of scattering components in (4)

and (10) obey uniform distribution and Gaussian distribution.

Proof. See Appendix A. �

Based on Lemma1, we can first calculate the CCMs simply by using the signal AoA/AoD

and angular spread, which are much easier to be obtained than the CSI. Next, with the help of

the derived CCMs, we can design the TPC-BF scheme to solve the EEM problem in (20). Using

(21)-(24) into (20), the EEM problem can be reformulated as

max
%',wA ,wC

� ln
(
1+ %'w�

A ΦΦΦ'wAw�
C ΦΦΦ�wC%(/(d2

'
d2
�)

%'w�
C ΦΦΦ�wC/d2

�
+w�

A ΦΦΦ'wA%(/d2
'
+1

)
(`%' +%2>=BC) 2ln2

(25a)

s.t. ‖wA ‖ = 1, ‖wC ‖ = 1, %' ≤ %',max. (25b)

In fact, if the transmit power %' is fixed, the objective function in (25a) monotonically increases

with w�
A ΦΦΦ'wA and w�

C ΦΦΦ�wC . With this regard, we can first exploit ASP technologies to calculate

the normalized BF weight vectors wA and wC , and then conduct the optimal power allocation

with Dinkelbach’s approach to realize the EEM. To this end, the following two optimization

problems can be established to obtain the normalized BF weight vectors, namely,

max
wA

w�
A ΦΦΦ'wA , s.t. ‖wA ‖ = 1, (26)

max
wC

w�
C ΦΦΦ�wC , s.t. ‖wC ‖ = 1. (27)

Using the spectral theorem results in

ΦΦΦ' = [u'1,u'2, . . . ,u'# ] 3806 (_'1,_'2, . . . ,_'#) [u'1,u'2, . . . ,u'# ]� , (28)
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where _'n’s are the eigenvalues arranged in a nonincreasing order, and u'=’s are the correspond-

ing eigenvectors. By substituting (28) into (26), it is not difficult to find that

w�
A ΦΦΦ'wA ≤ _'1. (29)

The equality holds only when

w∗
A,)%� = u'1. (30)

With a similar manner, since ΦΦΦ� can be decomposed as

ΦΦΦ� = [u�1,u�2, . . . ,u�# ] 3806 (_�1,_�2, . . . ,_�#) [u�1,u�2, . . . ,u�# ]� , (31)

the optimal BF weight vector for (27) can be written as

w∗
C,)%� = u�1. (32)

Next, we focus on the power allocation. By substituting (28)-(32) into (25), the original

constrained EEM problem can be simplified as

max
%'

[ =
� ln (1+%' (V−1)U/(%'U+ V))

(`%' +%2>=BC) 2ln2
(33a)

s.t. %' ≤ %',max. (33b)

where U = _�1/d2
�

, V = 1+_'1%(/d2
'

. Owing to the fractional form, the objective function of

(33a) is non-convex and hard to solve. To tackle this difficulty, by resorting to the Dinkelbach’s

approach [46], [47], we consider the following problem with subtractive form as

6 ([) = argmax
%'

� ln (1+%' (V−1)U/(%'U+ V)) −[
(
`%' +%2>=BC

)
2ln2 (34a)

s.t. %' ≤ %',max. (34b)

If [∗ denotes the maximum EE, the problems (33) and (34) are equivalent if and only if 6 ([∗) = 0

holds, a similar proof can be found in Appendix A in [48]. Therefore, in the sequel, we exploit

the iterative method to obtain the value of [ satisfying 6 ([) = 0. For the i-th iteration, [ in (34a)

is replaced with [8. By differentiating (34a) with respect to %' and setting the result to zero, the
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saddle point at i-th iteration is given by

%8' =




√(
V+1

2U

)2

+ �(V−1)
2[8`U ln2

− V

U2 − V+1

2U
,

%
',max

,

[8 > [Cℎ

[8 ≤ [Cℎ
(35)

where [Cℎ =
(V−1)U

2`
(
U2(%max

' )2+(V+1)U%max
'

+V
)

ln2
. In (35), %8

'
= %max

'
for the case of [8 ≤ [Cℎ is due to

the maximum transmit power constraint. Therefore, we obtain %8
'

at the i-th iteration for given

[8 by using (35). Furthermore, it is used to update [8+1
=
� ln(1+%8

'
(V−1)U/(%8

'
U+V))

(`%8
'
+%2>=BC)2ln2

for the next

iteration until the terminal condition
��[8+1−[8

�� ≤ Y is satisfied, where Y is the pre-determined

tolerance.

Since ln (1+ G) ≤ G, by applying it to [ in (33a), the second term of the first case for %8
'

in

(35) satisfies

� (V−1)
2[8`U ln2

− V

U2
≥

(
`%8−1

'
+%2>=BC

)
2ln2

%8−1
'

(V−1)U
/ (
%8−1
'
U+ V

) V+1

2`U ln2
− V

U2

=
V

U2

((
1+%2>=BC

/(
`%8−1

'

)) (
1+%8−1

' U
/
V
)
−1

)
≥ 0.

(36)

By substituting (36) into (35), one obtain that %8
'
≥ 0, hence %8

'
calculated by (35) in i-th

iteration is always non-negative.

Finally, the power allocation scheme for EEM problem in (33) can be summarized as Algo-

rithm 1, shown at the top of next page. The proposed Algorithm 1 converges to the optimal

solution of problem (34), and a similar proof can be found in [47].

Algorithm 1: Optimal power allocation scheme

1 Initialize 8 = 0 and set [0
=
� ln(1+%max

'
(V−1)U/(%max

'
U+V))

(`%max
'

+%2>=BC)2ln2
;

2 repeat

3 Compute %8
'

through (35) and then update [8+1
=
� ln(1+%8

'
(V−1)U/(%8

'
U+V))

(`%8
'
+%2>=BC)2ln2

;

4 Calculate o =

��[8+1−[8
��;

5 Set 8 = 8 +1.

6 until o ≤ Y, with Y being the pre-determined tolerance;

7 Obtain the optimal transmit power with %∗
'
= %8

'
.

B. PPC-BF Scheme

In some scenarios, each transmit antenna is equipped with its own power amplifier in its

analog front-end. Thus, this subsection focuses on the PPC of the UAV, which is more realistic
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than the commonly used TPC [49].

First of all, following (19), (21) and (22), the constrained EEM problem can be formulated

as

max
%',wA ,wC

� ln
(
1+ %'w�

A ΦΦΦ'wAw�
C ΦΦΦ�wC%(/(d2

'
d2
�)

%'w�
C ΦΦΦ�wC/d2

�
+w�

A ΦΦΦ'wA%(/d2
'
+1

)
(`%' +%2>=BC) 2ln2

(37a)

s.t. | [wA]8 |2 = 1/#, | [wC]8 |2 = 1/#,%' ≤ %max
' , (37b)

where the constraint (37b) is owing to the PPC at UAV, with [wA]8 and [wC]8 denoting the i-th

elements of wA and wC , respectively, and %',max the maximal transmit power constraint at the UAV.

With a similar approach followed in Section III-A, we obtain the normalized BF weight vectors

via ASP technologies and optimal power coefficient through Dinkelbach’s approach separately.

As for the former purpose, the following two optimization problems can be formulated, namely,

max
wA

w�
A ΦΦΦ'wA , s.t. | [wA]8 |2 = 1/#, (38)

max
wC

w�
A ΦΦΦ�wC , s.t. | [wC]8 |2 = 1/#. (39)

For case I that the scattering power obeys the uniform distribution, by using the Taylor’s

expansion as a
(
\A + \̃A

)
≈ a (\A) + \̃Ad1 + \̃2

Ad2/2 with d1 = ma(\A )/m\A and d2 = m2a(\A )/m\2
A

in (71) of Appendix A, Φ̃ΦΦ' can be approximated as

Φ̃ΦΦ' ≈
∫

ΔA/2

−ΔA/2

5\̃A

(
\̃A

) (
a (\A ) + \̃Ad1 + \̃2

Ad2/2
)
(· · · )�3\̃A

=

∫
ΔA/2

−ΔA/2

5\̃A

(
\̃A

) (
a (\A) a� (\A ) + \̃A

(
a (\A) d�1 +d1a� (\A)

)

+ \̃2
A

(
d1d�1 +d2a� (\A ) /2+a (\A )d�2 /2

)
+\̃3

A

(
d1d�2 /2+d�1 d2/2

)
+ \̃4

Ad2d�2 /4
)
3\̃A

≈ a (\A) a� (\A) +
Δ

2
A

12

(
d2a� (\A) +a (\A)d�2 +2d1d�1

)
≈ 1

2

((
a (\A) +d1ΔA

/√
6+d2Δ

2
A

/√
12

)
(· · · )� +

(
a (\A) −d1ΔA

/√
6+d2Δ

2
A

/√
12

)
(· · · )�

)
≈ 1

2

(
a
(
\A +ΔA

/√
6
)
(· · · )� +a

(
\A −ΔA

/√
6
)
(· · · )�

)

(40)

With a similar manner, Φ̃ΦΦ' for case II that the scattering power follows the Gaussian distribution,
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can be approximated as

Φ̃ΦΦ' ≈
1

2

(
a

(
\A +

ΔA√
8

)
(· · · )� +a

(
\A −

ΔA√
8

)
(· · · )�

)
(41)

Since the S-R link is highly correlated due to the lack of scattering, ΔA is always small enough

so that Φ̃ΦΦ' ≈ a (\A) a� (\A) is satisfied for both case I and II. By using (40) and (41) into (70),

the CCM ΦΦΦ' can be approximated as

ΦΦΦ' ≈ (Ω+21) a (\A) a� (\A ) (42)

Thus, the normalized receive BF weight vector wA for (38) is given by

w∗
A,%%� = a (\A)

/√
#. (43)

With a similar manner, ΦΦΦ� can also be approximated as

ΦΦΦ� ≈ a (\C) a� (\C) , (44)

and the normalized transmit BF weight vector wC for (39) can be obtained as

w∗
C,%%� = a (\C)

/√
#. (45)

Furthermore, by denoting U = a� (\C)ΦΦΦ�a (\C) /
(
#d2

�

)
and V = 1+a� (\A )ΦΦΦ'a (\A ) %(/

(
#d2

'

)
,

the power allocation method for the PPC-BF scheme is similar to Algorithm 1.

Until now, the TPC-BF and PPC-BF schemes have been proposed. As opposed to the perfect

CSI assumption in most of the existing works [6], [8], [22], [30], [31], we focus on the scenarios

of UAV application by exploiting the angular information-based CSI. Moreover, we propose two

new BF schemes and analytical expressions are derived. Compared with TPC-BF scheme, which

needs to perform singular value decomposition on the CCMs, the PPC-BF scheme directly use the

signal AOA and AOD to conduct beamforming design, thus has the benefit of lower complexity.

Besides, since only the phase of each array element is needed to be controlled in PPC-BF scheme,

it can be implemented with analog processing, which avoids the high energy consumption and

computational burden of digital processing units. Moreover, the numerical results in Section V

show that the PPC-BF scheme can achieve as nearly equivalent EE to that of TPC-BF scheme.
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IV. ENERGY EFFICIENCY ANALYSIS

This section aims at deriving a uniform analytical EE expression for the considered SATN

with the proposed two BF schemes. For notational brevity, we denote wA , wC and %' as the

optimal receive BF weight vector, transmit BF weight vector and power coefficient, respectively,

regardless of what kind of scheme is employed.

Although Jensen’s inequality is a widely used approach to evaluate the ergodic capacity, '�� ,

sometimes its accuracy can’t be satisfied at low SNR. In this regard, we write the exact expression

of '�� in (19) as

'�� =
�

2ln2
E

[
ln

(
1+ W1W2

W2 +�

)]

=
�

2ln2

(
E

[
ln

(
1+ W2

�
(W1 +1)

) ]
−E

[
ln

(
1+ W2

�

) ] )
=

�

2ln2
E

[
ln

(
1+W,

) ]
− �

2ln2
E [ln (1+ /)]

Δ
= 'W , −'/ ,

(46)

where W, = /W1, / =
W2

�
and W

,
1
= W1 + 1. Since / and W

,
1

are RVs composite of Rician and

Shadowed Rician RVs, respectively, the probability density function (PDF) of W, is complex,

leading to that the evaluation of 'W , is not very straightforward. Hence, we first condition on

/ = I to compute the conditional expression for 'W , |/ and then seek for the expectation of / .

Therefore, 'W , can be calculated as

'W , =

∫ ∞

0

'W , |/ 5/ (I) 3I. (47)

Here, by using the moment generating function (MGF) approach, 'W , |/ can be expressed as [40]

'W , |/ =
�

2ln2
E

[
ln

(
1+W, |I

) ]
=

�

2ln2

∫ ∞

0

4−B

B

(
1−MW , (B |I)

)
3B, (48)

where the conditional MGF of W, can be determined as

MW , (B |I) =MW
,

1
(IB |I) = 1− IB

∫ ∞

0

4−IBG
(
1−�W ,

1
(G)

)
3G. (49)
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By using (48) and (49) into (47), 'W , can be denoted by

'W , =
�

2ln2

∫ ∞

0

I 5/ (I)
∫ ∞

0

4−B
(∫ ∞

0

4−IBG
(
1−�W ,

1
(G)

)
3G

)
︸                               ︷︷                               ︸

�1

3B

︸                                              ︷︷                                              ︸
�2

3I. (50)

In order to calculate the integrations �1 and �2 in (50), we should first derive the CDF of W,
1
= W1+1

and PDF of / =
W2

�
. To this end, the analytical CDF expression of W1 and PDF expression of W2

are first presented in Lemma 2.

Lemma 2. The CDF of W1 and PDF of W2 are, respectively, given by

�W1
(G) = 1−01

<−1∑
:=0

(1−<): (−02):

;:+1(1):
4
− ;G

W̄1

:∑
==0

;=

W̄=
1
=!
G=, (51)

5W2
(G) = 4

−/2
�/(21�)

21� W̄2

4
− G

21�W̄2 �0

(
/�

1�

√
G

W̄2

)
, (52)

where @ = (1+ ?− E) /2, ; = 1/(21') −02, 1' = 1

w�
A Φ̃ΦΦ

1/2
'

2

, /� =

√
 /( +1)

��w�
C a (\C)

��, 1� =w�
C Φ̃ΦΦ

1/2
�

2

/(2 ( +1)), 01, 02 and � can be, respectively, expressed as

01 =
1

21'

(
21'<

21'< +
��w�
A a (\A)

��2Ω
)<
, (53)

02 =

��w�
A a (\A)

��2Ω
21'

(
21'< +

��w�
A a (\A )

��2Ω) , (54)

� = 1+ W̄101

<−1∑
:=0

(1−<): (−02): (: +1)
(1): (1/(21') −02):+2

. (55)

Proof. See Appendix B. �

It should be noted that we here take a reasonable assumption of < ∈ #+ for analytical

tractability [4, 50]. Then with the help of (51) and �W ,
1
(G) = �W1

(G−1), �1 can be calculated as

�1 = 014
;
W̄1

<−1∑
:=0

(1−<): (−02):

;:+1 (1):

:∑
==0

;=

W̄=
1
=!

=∑
E=0

©«
=

E

ª®
¬
(−1)=−E

∫ ∞

0

4
−
(
IB+ ;

W̄1

)
G
GE3G. (56)
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The internal integration in �1 is given by [36, eq. (3.351.3)]

Γ (1+ E) (IB+ (;/W̄1))−1−E . (57)

Thus, with the help of (56) and (57), �2 can be calculated as

�2 = 014
;
W̄1

<−1∑
:=0

(1−<): (−02):

;:+1(1):

:∑
==0

;=

W̄=
1
=!

=∑
E=0

©
«
=

E

ª®
¬

× (−1)=−EΓ (1+ E)
∫ ∞

0

4−B (IB+ (;/W̄1))−1−E3B.

(58)

By denoting (IB+ (;/W̄1))−1−E as Meijer-G function [51, eq. (01.02.26.0007.01)], and with the

help of [36, eq. (7.813.1)], the internal integration in �2 can be given by

(;/W̄1)−1−E

Γ (1+ E)

∫ ∞

0

4−BG1,1
1,1


W̄1

;
IB

������
−E
0


3B =

(;/W̄1)−1−E

Γ (1+ E) G1,2
2,1


W̄1

;
I

������
0,−E

0


. (59)

Additionally, by using (52), (58), (59) and 5/ (I) = � 5W2
(�I), 'W , can be expressed as

'W , =
�

2ln2
014

;
W̄1�

4−/
2
�/(21�)

21� W̄2

<−1∑
:=0

(1−<): (−02):

;:+1 (1):

×
:∑
==0

;=

W̄=
1
=!

=∑
E=0

©«
=

E

ª®
¬
(−1)=−E

(
;

W̄1

)−1−E

×
∫ ∞

0

I4
− �I

21�W̄2 G
1,2
2,1


W̄1

;
I

������
0,−E

0


�0

(
/�

1�

√
�I

W̄2

)
3I

︸                                                            ︷︷                                                            ︸
�3

.

(60)

By using [51, eq. (03.02.26.0008.01)], the zeroth-order modified Bessel function of the first kind

can be expressed through Meijer-G function as

�0
(√
I
)
= G1,0

0,2


− I

4

������ 0,0


. (61)

Then with the help of integral formula for multiple Meijer-G functions [51, eq. (07.34.21.0081.01)],
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�3 can be given by

�3 =

∫ ∞

0

I4
− �I

21�W̄2 G
1,2
2,1


W̄1

;
I

������
0,−E

0


G

1,0
0,2


−
(
/�

1�

)2
�I

4W̄2

������ 0,0


3I

=

(
21� W̄2

�

)2

G
0,0;1,2;1,0
1,0;2,1;0,2


2

������
0,−E

0

������ 0,0

������
W̄1

;
,−

(
/�

1�

)2
�

4W̄2


.

(62)

where �
<1,=1;<2,=2;<3,=3
?1,@1;?2,@2;?3,@3

[ ·| · |· ] denotes the bivariate Meijer-G function.

Moreover, '/ can be calculated as

'/ =
�

2ln2

∫ ∞

0

ln (1+ I) 5/ (I) 3I

=
�

2ln2
�
4−/

2
�/(21�)

21� W̄2

∫ ∞

0

4
− �I

21� W̄2 ln (1+ I)G1,0
0,2


−
(
/�

1�

)2
�I

4W̄2

������ 0,0


3I

︸                                                              ︷︷                                                              ︸
�4

(63)

Next, we express ln (1+ I) in terms of Meijer-G functions by using [36, eq. (8.4.6.5)]

ln (1+ I) = G1,2
2,2


I

������
1,1

1,0


, (64)

then with a similar manner, �4 can be calculated as

�4 =
21� W̄2

�
G1,0;1,2;1,0

0,1;2,2;0,2


1

������
1,1

1,0

������ 0,0

������
21� W̄2

�
,−2131� W̄2

4�


. (65)

Finally, by substituting (60), (62), (63), (65) and (46) into (19), the closed-form energy efficiency

expression for the considered system can be obtained as

[ =
�

2 (`%' +%2>=BC) ln2

(
014

;
W̄1

21� W̄24
−/2

�/(21�)
�

<−1∑
:=0

(1−<): (−02):

;:+1 (1):

:∑
==0

;=

W̄=
1
=!

×
=∑
E=0

©
«
=

E

ª®¬
(−1)=−E

(
;

W̄1

)−1−E
G

0,0;1,2;1,0
1,0;2,1;0,2


2

������
0,−E

0

������ 0,0

������
W̄1

;
,−

(
/�

1�

)2
�

4W̄2


−4−/2

�/(21�)G1,0;1,2;1,0
0,1;2,2;0,2


1

������
1,1

1,0

������ 0,0

������
21� W̄2

�
,−2131� W̄2

4�


ª®¬
.

(66)

Remark 1: Note that the final analytical EE expression contains the bivariate Meijer-G function,
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which can be efficiently calculated by the general software tools. For example, an efficient

Mathematica implementation for evaluating the bivariate Meijer-G functions fast and accurately

was presented in [52]. Therefore, the derived formula provides an effective method to evaluate

the EE of the considered SATN.

V. NUMERICAL RESULTS

This section provides computer simulations to confirm the effectiveness and superiority of

our proposed BF schemes as well as the validity of the analytical results. The system works at

the S band, and we assume that the S-R link undergoes infrequent light shadowing (ILS) with

(<,1,Ω) = (20,0.158,1.29) [39], and the Rician factor of R-D link is  = 10 [42]. In all plots,

the angular spread of AoA equals that of AoD, namely, Δ' = Δ� = Δ. The noise power at R

and D are given by f2
'
= f2

�
= ^�)�, with ^� = 1.38×10−23J/K being Boltzmann constant and

) = 300 K is the noise temperature. The other main simulation parameters are given in Table

I. In addition, the results of Monte Carlo simulations are obtained by performing 106 channel

realizations.

Table I: Main simulation parameters

Parameter Value

Orbit GEO

Maximal satellite beam gain �max
(

= 49.5 dB

Satellite transmit power %( = 20 dBW

Maximal receive gain at D �max
�

= 3 dB

Array inter-element spacing 34 = _/2
Bandwidth � = 5 MHz

Path loss factor of R-D link U� = 2.5

Angle-of-arrival \A = 40◦

Angle-of-departure \C = 30◦

Height of UAV �' = 500 m

Circuit power of each antenna %2 = 10 dBmW

Static power at UAV %0 = 30 dBmW

Power amplifier inefficiency coefficient ` = 2.6

Since the calculation of the ergodic capacity '�� is the key point to evaluate the EE of the

considered system, we firstly validate the analytical expression given in (66). By assuming that

# =32 or 64 and Δ = 5◦, the curves of EC against the transmit power %' at UAV are shown

in Fig. 2, where the approximate EC calculated with (21) through Jensen’s inequality, the exact

EC computed with (66), and the EC via Monte Carlo simulations are denoted as ‘Approximate’,

‘Analytical’ and ‘Monte Carlo’, respectively. As seen, the analytical results computed with (66)
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Fig. 2. EC versus %' for the SATN with Δ = 5◦

match well with Monte Carlo simulations, and both of them are a bit lower than the approximate

results through Jensen’s inequality, implying that our derived theoretical formula can accurately

evaluate the EC of the system. However, considering the fact that the curve shapes of approximate

EC are similar to those of exact EC, and the performance gap is less than 4%, we can conclude

that Jensen’s inequality is an effective method to simplify EEM problem in (20). Meanwhile, it

can be observed that the performance of PPC-BF scheme is a bit worse than that of the TPC-BF

scheme. This is because the former scheme approximates the CCM with the first term of Taylor’s

expression. But the performance gap can be neglected. Furthermore, since the scattering power of

case II is more concentrated than that of case I, the EC of the SATN in case II is slightly higher

than that in case I, meaning that our schemes are applicable for the high correlated channels,

which cope with UAV application.

Secondly, by assuming that the UAV is deployed with 64-element ULA and the angular

spread is 5◦, Figs. 3 and 4 depict the maximum EE of the considered system versus the

maximum transmit power %max
'

in case I and case II, respectively. Here, the results of the

spectral efficiency maximization (SEM) scheme in [6] and EEM scheme in [47], both of which

employing perfect CSI are also provided for comparison purposes. As illustrated, when %max
'

≤ 18

dBmW, the EEs of all schemes are enhanced with the increase of maximum transmit power. This

is because full transmit power %max
'

is exploited in this occasion. However, in the scenario where

%max
'

≥ 18 dBmW, since the SEM scheme in [6] still employs full transmit power, while our
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Fig. 3. Maximum EE versus %max
'

with different schemes in Case I
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Fig. 4. Maximum EE versus %max
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with different schemes in Case II

proposed schemes and the EEM scheme in [47] cease transmit more power based on the power

allocation procedure to avoid sacrificing the achieved EE, whereas that of the former scheme

is degraded significantly as %max
'

increases. Additionally, the TPC-BF scheme outperforms the

PPC-BF scheme with a negligible superiority. This is because that the PPC-BF scheme employs

an approximation to obtain the BF vectors due to the per-antenna power constraint. Furthermore,

it is worth mentioning that although there exists a small EE gap between our schemes and the

EEM scheme in [47], which employs perfect CSI and convex optimization packages to obtain
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the optimal solution, the performance gap is, however, neglectable, resulting in the conclusion

that our proposed schemes can achieve satisfied performance with low complexity.
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and Δ for Case II

Finally, to verify the impact of angular spread Δ on the proposed schemes, we suppose that a

64-element array is employed at UAV, and show the maximum EEs for the considered system in

case I and case II, respectively. Just as we expected, with the increase of %max
'

, the maximum EE

of each proposed scheme is enhanced at first, and then reach and keep a certain level. In addition,

it can be found that when the angular spread Δ varies from 0◦ to 50◦, the EE performance of our

schemes changes slightly, meaning that the proposed methods are robust to the angular spread.
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Since the angular spread is often less than 15◦ in high correlated channels due to the lack of

scattering, our BF schemes are valuable for the UAV application.

VI. CONCLUSION

In this paper, we have studied the energy efficient transmission for a SATN, with a multi-

antenna UAV being used as an aerial relay. We have first established an EEM problem for the

SATN under two different power constraints. Then we have jointly exploited ASP technique

together with the Dinkelbach’s method, and proposed two BF schemes with low implementa-

tion complexity, whose results are given in analytical expressions. It has been shown that the

performance gap between the proposed schemes and the perfect CSI-based optimal solution are

neglectable. Furthermore, the EE for the considered SATN has been derived in new analytical

expressions, and numerical results have validated the theoretical formulas.

APPENDIX A

PROOF OF LEMMA 1

We first consider (23), according to (4), the CCM of g' can be calculated as

ΦΦΦ' = Eg'

[(
ḡ' +Φ̃ΦΦ

1/2
' g̃'

) (
ḡ' +Φ̃ΦΦ

1/2
' g̃'

)�]

= Eg'

[
ḡ'ḡ�'

]
+Eg'

[
ḡ'g̃�'

]
Φ̃ΦΦ
�/2
' +Φ̃ΦΦ1/2

' Eg'

[
g̃Rḡ�'

]
+Φ̃ΦΦ1/2

' Eg'

[
g̃'g̃�'

]
Φ̃ΦΦ
�/2
' .

(67)

Following (5), the first term of (67) is given by

E
[
ḡ'ḡ�'

]
= E

[
/2
'

]
a (\A ) a� (\A) = Ωa (\A) a� (\A ) . (68)

By using g̃' ∼ (0,21I#), and considering that ḡ' and g̃' are independent with each other, both of

the second and third terms in (67) equal zero vector, while the last term of (67) can be obtained

as

Φ̃ΦΦ
1/2
' Eg'

[
g̃'g̃�'

]
Φ̃ΦΦ
�/2
' = 21Φ̃ΦΦ

1/2
' I#Φ̃ΦΦ

�/2
' = 21Φ̃ΦΦ' . (69)

As a result, (67) can be simplified as

ΦΦΦ' = Ωa (\A ) a� (\A) +21Φ̃ΦΦ' . (70)
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As for Φ̃ΦΦ', based on the widely used scattering cluster model [53], it can be calculated as

Φ̃ΦΦ' =

∫ ∞

−∞
a
(
\̃A

)
a�

(
\̃A

)
5\̃A

(
\̃A

)
3\̃A , (71)

where 5\̃A (\) denotes the scattering power distribution, which is often assumed to satisfy uniform

distribution termed as case I and Gaussian distribution termed as case II, respectively. The

mathematical formulas are given by

5\̃A

(
\̃A

)
=




1
ΔA
, \A−ΔA

2
≤ \̃A ≤ \A+ΔA

2
, caseI

2
√
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cΔA
4
− 8( \̃A −\A )2

Δ
2
A , caseII

, (72)

where ΔA is the angular spread associated with AoA \A .

As for case I, by using (71) and (72) and letting \̃A = \A + \, the mn-th element of Φ̃ΦΦ' can be

obtained as [
Φ̃ΦΦ'

]
<,=

=
1

ΔA

∫
ΔA /2

−ΔA /2
4 9 (<−=)^34 sin(\A+\)3\. (73)

With the help of the approximate formula sin (\A + \) ≈ sin\A + \ cos\A , after some algebraic

manipulations, the closed-form expression of (73) is given by

[
Φ̃ΦΦ'

]
<,=

≈ 4 9 (<−=)^34 sin\A
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(
(<−=) ^34 ΔA

2
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(<−=) ^34 ΔA

2
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. (74)

Concerning case II, by substituting (72) into (71) and using approximation for sin (\A + \),[
Φ̃ΦΦ'

]
<,=

can be obtained as

[
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2
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32
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By using (74) and (75) into (70), [ΦΦΦ']<,= is given by (23).

Next, we focus on (24). Based on (10), ΦΦΦ� can be written as
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Similarly, the second and third terms in (76) equal zero vector, while the first and last terms in

(76) are, respectively, given by  
 +1

a (\C) a� (\C) and 1
 +1

Φ̃ΦΦ� . Therefore, (76) can be simplified
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as

ΦΦΦ� =
 

 +1
a (\C) a� (\C) +

1

 +1
Φ̃ΦΦ� . (77)

With a similar manner in the derivation of [ΦΦΦ']<,=, by using the scattering cluster model and

the approximation sin (\C + \) ≈ sin\C + \ cos \C , after some algebraic manipulations, the mn-th

element of ΦΦΦ� can be expressed as (24).

APPENDIX B

PROOF OF LEMMA 2

As for the CDF of W1 = W̄1

��w�
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In deriving (78), we have utilized the fact that since BF weight vector wA is obtained based on

the AI-CSI, thus w�
A Φ̃ΦΦ

1/2
' ∈ C1×# is a constant vector. Furthermore, as we mentioned previously,

6',= ∼CN (0,21) is a complex Gaussian RV, thus 6',=4
9b= = -= + 9.= is also a complex Gaussian

RV with -=,.= ∼ N (0, 1), resulting in
#∑
==1

|+= | -=,
#∑
==1

|+= |.= ∼ N
(
0, 1‖V‖2

)
. Consequently, if we

rewrite (78) as

w�
A g' = /'w�

A a (\A) +
(
#∑
==1

|+= | -= + 9
#∑
==1

|+= |.=

)
, (79)

we find that the second term of (79) is a complex Gaussian RV with average power 21‖V‖2
=

21
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, and the PDF of ℎ1 =
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where /
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. By calculating the expectation of (80) with respect to the

Nakagami distribution of /
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, and after some algebraic manipulations, (80) can be rewritten as
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Then, the PDF of W1 = W̄1

��w�
A g'

��2 = W̄1ℎ
2
1

can be obtained as
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where 01, 02 are given in (53) and (54), respectively. In this paper, we make a reasonable

assumption of < ∈ N+ [4], [50]. With the help of [54], then the PDF of W1 in the case of < ∈ N+

can be expressed as finite series expansion, namely,

5W1
(G) = 014
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By using (83) and resorting to [36, eq.(3.351.1)], the CDF of W1 can be obtained as (51).

Furthermore, � in (17) can be calculated as

� = 1+
∫ ∞

0

G 5W1
(G) 3G. (84)

By substituting (83) into (84), and with the help of [36, eq. (3.351.3)], the coefficient � can be

expressed as (55).

Next, we focus on the PDF of W2 = W̄2
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��2 with W̄2 = %'
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. With the help of (10), w�
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Similar to the derivation process of W1, w�
C g� can be reformulated as the sum of a con-

stant /� =

√
 /( +1)
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�� and a complex Gaussian RV with the average power 21� =w�
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/( +1), where the closed-form expression for Φ̃ΦΦ� is given as the last term of ΦΦΦ�

in (24). According to the statistical property of complex Gaussian RV, the PDF of ℎ2 =
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where �= (·) is the nth-order modified Bessel function of the first kind. Finally, by using 5W2
(G) =

1
2
√
W̄2G

5ℎ2

(√
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)
, the PDF of W2 = W̄2ℎ

2
2

can be obtained as (52).
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