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Abstract: In this paper, we investigate a cell-free massive multiple-input multiple-output (CF-mMIMO)
system with a reconfigurable intelligent surface (RIS) carried by an unmanned aerial vehicle (UAV),
called the UAV-RIS. Compared with the RIS located on the ground, the UAV-RIS has a wider coverage
that can reflect all signals from access points (APs) and user equipment (UE). By correlating the
UAV location with the Rician K-factor, we derive a closed-form approximation of the UE achievable
downlink rate. Based on this, we obtain the optimal UAV location and RIS phase shift that can maxi-
mize the UE sum rate through an alternating optimization method. Simulation results have verified
the accuracy of the derived approximation and shown that the UE sum rate can be significantly
improved with the obtained optimal UAV location and RIS phase shift. Moreover, we find that with a
uniform UE distribution, the UAV-RIS should fly to the center of the system, while with an uneven
UE distribution, the UAV-RIS should fly above the area where UEs are gathered. In addition, we also
design the best trajectory for the UAV-RIS to fly from its initial location to the optimal destination
while maintaining the maximum UE sum rate per time slot during the flight.

Keywords: CE-mMIMO; downlink sum rate; location and trajectory optimization; RIS; UAV

1. Introduction

Massive multiple-input multiple-output (mMIMO) is a promising technology in fifth-
generation wireless communications (5G) [1]. It employs a large number of antennas for
simultaneously serving only a few pieces of user equipment (UEs), leading to high spectral
efficiency and energy-saving capability [2,3]. However, severe inter-cell interference is
the main bottleneck that hinders its performance improvement. To address this issue,
cell-free massive MIMO (CF-mMIMO) has been proposed [4]. In CE-mMIMO, the col-
laborative operation of numerous distributed access points (APs) that connect the central
processing unit (CPU) through the backhaul is used to serve all user UEs simultaneously.
CF-mMIMO eliminates the cell boundary and can effectively address the inter-cell inter-
ference prevalent in conventional cellular networks [5,6]. As there is no handover among
cells in CE-mMIMO), it can provide uniform service for UEs [7]. In addition, CF-mMIMO
exploits the channel-hardening property when the number of APs is large enough to offer
significant performance with simple signal processing [8]. Furthermore, as UEs are located
in close proximity to APs, it yields notable improvements in the UE spectral efficiency due
to the rich macro-diversity gain, as well as the short transmission delay [9]. Given this,
CF-mMIMO has emerged as a key technology in next-generation wireless communica-
tions. However, the practical application of CF-mMIMO faces certain challenges, primarily
associated with the high hardware costs stemming from large numbers of APs and back-
haul fibers. These cost considerations impose practical limitations on the widespread
deployment of CF-mMIMO systems.
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The reconfigurable intelligent surface (RIS), which is a planar array comprising numer-
ous low-cost passive reflective components, has emerged as a new popular technique [10-12].
It is positioned between transmitters and receivers to provide an additional channel en-
vironment and enhance communication quality [13]. Each element of the RIS possesses
the capability to independently manipulate the phase and amplitude of incident signals,
enabling easy deployment for communication system capacity enhancement without requir-
ing any power amplifiers [14,15]. It can offer significant advantages in terms of reducing
energy consumption and hardware costs, as well as flexible installation. As a result, the RIS
emerges as a crucial facilitator of environmentally friendly communication systems of the
future [16,17]. Applying an RIS in CE-mMIMO can effectively reduce the hardware costs of
APs and backhauls while maintaining a satisfactory spectral efficiency [18].

Most previous works integrating an RIS into CF-mMIMO put the RIS on the ground,
which cannot cover all UEs due to the one-side reflection feature of the RIS. An unmanned
aerial vehicle (UAV)-mounted RIS offers a solution to overcome this limitation. UAVs have
gained great interest recently due to their high mobility, easy deployment and reliable
line-of-sight (LoS) transmissions. The integration of RISs and UAVs has been explored in
a number of studies to improve the performance of air-to-ground networks. In [19], the
authors analyzed the RIS-assisted UAV in multi-user communication and jointly optimized
the phase shift and UAV trajectory. The authors in [20] considered that the UAV carrying an
RIS serves as a mobile relay to implement the classic three-node cooperative communication
model, and the UAV trajectory was optimized to improve the cooperative performance.
However, these works were performed in traditional cellular systems. In [21], the authors
studied the combination of RIS and UAV CE-mMIMO systems, but they assumed that
there exists only the reflective link and a single UE. In [22], the RIS was mounted on the
UAV to serve users in different groups, and deep learning was used to optimize the UAV
location and RIS phase shift. However, this study did not correlate the channel model with
UAV locations.

In this paper, we study a CF-mMIMO system with multiple UEs, which is assisted
by a UAV-mounted RIS, abbreviated as the UAV-RIS. Both the direct and reflective links
between APs and UEs are considered, and the reflection channel through the UAV-RIS is
modeled in association with the UAV altitude. A closed-form approximation of the UE
achievable downlink rate is derived. On top of this, we obtain the optimal UAV location
and RIS phase shift that can maximize the UE sum rate with an alternating optimization
method. Simulations have shown that the UE sum rate can be significantly improved
with the obtained UAV location and RIS phase shift. Moreover, we also optimize the UAV
trajectory to maximize the UE sum rate during the flight from the UAV’s initial location to
the optimal location.

Notation: Within this paper, a vector is represented by a bold lower-case letter, whereas
a matrix is indicated by an upper-case letter. a* and a'’ denote the conjugate of and the
conjugate transpose of a, respectively. Let E{-} denote the expectation operator, and I,
denote the identity matrix with a size of L x L.

2. System Model

Consider a CF-mMIMO system with M APs and K UEs. Each AP connects the CPU
through a fiber backhaul. APs and UEs both have a single antenna (as APs cooperate
through the backhaul, we can combine them into a “virtual MIMO”). A RIS mounted
on the UAV, called a UAV-RIS, is used in this system, as shown in Figure 1. The location
coordinate of the UAV-RIS is (xg, o, hp). Each AP and UE are randomly distributed in the
system, and the area of the system is denoted by S.



Sensors 2024, 24, 4064

3o0f14

Figure 1. The CF-mMIMO system with a UAV-RIS.

Due to the fact that APs and UEs are located on the ground, they experience a signifi-
cant presence of buildings and scatters. Therefore, we model the channel between APs and
UEs as Rayleigh fading. We formulate the direct channel between the k-th UE and the m-th
AP as [4]

Emk = hmk ,Bmk/ (1)

where h,,; is the fast fading coefficient between the k-th UE and the m-th AP, which is a
complex Gaussian variable with a zero mean and unit variance. That is, 1, ~ CN(0,1).
Bk is the large-scale fading between the k-th UE and the m-th AP, and it includes geometric
attenuation. As the RIS is mounted on the UAYV, the absence of obstacles in the aerial
transmission makes the LoS become dominant. Therefore, channels between APs and the
RIS, as well as channels between the RIS and UEs, will contain LoS components. We use
Rician fading [23], which encompasses a dominant LoS component along with a Rayleigh-
distributed random component, to model them. The channel between the m-th AP and the

RIS is expressed as
Kl,m — 1 N
\/8m< ng‘F“ng), (2)

and the channel between the k-th UE and the RIS is described by

B Kok - 1 ~
he = m(,/,czrkﬂhkﬂ/whk), ©

where ¢, and {; represent the large-scale fading, and K ,, and K, are the Rician K-
factors. The value of the Rician K-factor is related to the UAV location. g, € C/*! and
hy € C™L are the LoS components, and g, € CF*! and g, € C'*L are the non-LoS (NLoS)
components [24]. The elements of g, and hy, are

[gm]l _ ej(lfl)nsin(ef,,)

, 4)

and ' '
[Ek]l _ e](lfl)rrsm((%}f’), )

respectively, where 0}, represents the angle of arrival (AoA) from the m-th AP to the RIS,
and 6 represents the angle of departure (AoD) from the RIS to the k-th UE [25].
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3. Downlink Transmissions

In this section, the ergodic downlink rate of the UE is derived, and we obtain the
optimal UAV location and RIS phase shift that maximize the downlink sum rate of all
UEs. We assume that the channel state information (CSI) between APs, UEs and UAV-RIS
can be obtained perfectly. Let s; denote the symbol intended for the k-th UE, satisfying
E{|sx|?} = 1. The transmitted signal from the m-th AP is given by

K
Xm =Y \/Pa(§mk + G ®h) s, (6)
k=1

where ® = diag{¢y, ¢o, - - -, ¢ } denotes the diagonal phase-shifting matrix at the RIS with
¢1,..., ¢ as the diagonal elements, and ¢, = /%, 6, € [0,277). g,k + gkl ®h; denotes the
cascaded link between the AP and the UE, and p; denotes the AP transmit power.

The signal received by the k-th UE is expressed as

M
Vi =Y (Suk + 8H ®@hy)xy + 1y, 7)
m=1
where 7y is the additive white Gaussian noise at the k-th UE following CN (0, 1) [4]. Then, (7)
can be rewritten as

Z\ﬁ tmktmksk+2 Z\ﬁ OatmktnSi + 1k, 8)

m=1 j=1,j#k

where t,; = gk + gl ®hy. As the LoS component changes slowly, we obtain the ergodic
achievable rate of the UE by taking the average over all states of the NLoS component.
Then, the ergodic achievable rate of the k-th UE is

Ry =Eqlog, [ 1+

: — | ¢ ©)

Z VP tmk tm]

j= 1//#k

The closed-form approximation of (9) is given by the following theorem.

Theorem 1. A closed-form approximation for the achievable downlink rate of the k-th UE is given by

(10)
M 2
pa( T Fm )+ A
log, | 1 m= YRRy
Z paF(m,k)F(m,j)+ ¥ ¥© pdA(m,n,k)> +1
j= l,];ék m=1 m=1n=1,n#m
where

A(m,n,k) & T(m,k)T*(m,j)T*(n,k)T(n,]) (11)
F(m,j = Buj+ r%gj(‘)(l,mk‘z + Kmk) (12)
(m k) - 1’ka1 mk (13)

A 2 Z Pd (ﬁik + 2Bk e (| X0 ke |* + Komie) + ffnkak)/ (14)
m=1
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with X1k 2 /K1 mKo 8l @by, re = /emli/ (Kim + 1) (Ko + 1), ke 2 K + Koj +
1, and

Vi £ K3, L + K3 (L + L? 4 2L + 26| X1,k >
+ 21 Ky kL2 + 2KC1 jy L? + 2K k L? + 4KCq L + 4Ky 1 L. (15)

Proof. See Appendix A. O

The accuracy of (10) will be verified in Section 5 with simulations. From Theorem 1,
it is evident that the downlink rate of the UE is contingent upon the distribution of APs
and UEs. Moreover, it is also affected by the location and phase shift of the UAV-RIS. We
assume that APs and UEs are fixed, and we can adjust the location and phase shift of the
UAV-RIS to obtain a better rate. Therefore, the subsequent section will concentrate on
determining the optimal location and phase shift of the UAV-RIS, aiming to maximize the
UE downlink sum rate.

4. UAV-RIS Optimization
4.1. Location and Phase-Shift Optimization

In this section, our main goal is to identify the optimal phase shift of the RIS and
to determine the optimal location of the UAV. This optimization aims to maximize the
downlink sum rate of UEs. To accomplish this, we will address the following problem:

K
P1 max ®, x0, 10, h0) = Y | Ry
P1) @50 ) = 1

s.t. 0<6; <2m, VL (16)
(x0,Y0,ho) € S. 17)
Problem (P1) has multiple variables and is non-convex. Hence, we use an alternating

method to divide it into two subproblems: phase-shift optimization and location optimiza-
tion [5]. Then, each subproblem is iteratively solved until the final results converge.

4.1.1. Fix (x}, y§, hy) and Solve ®°F!

First, we fix the UAV location at (x§, y§, hijj) and optimize the RIS phase shift. For
notation simplification, we define the diagonal vector of ® as

02 [ej91,~ .. ,e]'GL]' (18)
Then, we need to solve the following problem:

K

(P2) max £(©,35,v5,15) = Y- Re (19)
k=1

In order to solve the phase shift more conveniently, we make the phase shift explicit in
the objective function, and Ry is rewritten as

OProH + |07, 02

R, =1 1 , 20
k=8| 1t g er Y 07,01 (20)
j=Lj#k
where
1 K M
Be = 7 ILltpd Yo Y (Emjtuk + Epkimj), (21)

j=1j#km=1
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1
P, Y Z [ Z 0d (ﬁmk + rmklmk + 2rmkﬁkaWlk) + Z Z Pdﬂmkynk]

=1 m=1n=1
M M
+ zpd E :BmkE‘mk + 04 Z 2 (Enkymk + E‘mkynk)/ (22)
m=1 m=1n=1
M
Zij % Y VPl uk A, (23)
m=1

M
with Umk = ﬁmk + 72 Tk Cmks Sk = AmkAmk/ Ik = Pd Z ) HmkHmjs and Ak £ T'mk

j=1j#km=1
dlag(gm )\/’C] m’CZk

As problem (P2) is still non-convex, we use the gradient descent method to optimize
the phase shift. The gradient vector of f(©, xo, yo, ho) with respect to © is denoted by

-1

K H H|2
1 OPOM + 07,0
P=) i5|lt— 192,071 ge), (24)
k=1 @Bk®H+ Z |®Zk ®H|2
j=Lj#k
where
) — Q,(®
K 2
(@Bk®H+ v ’@Zk,j@H‘)
j=1,j#k
with
2
Q1(0) = (ka 0" +207;,0"7] k®T) (@)Bk@H ’@Zk y ‘ ) (26)
j=Lj#k
2 K
(@) = <®Pk®H +]®zk,k®H‘> Bie" + ) 20z;0"z e . (27)
j=1,j#k

In each iteration, the next phase-shift vector is computed based on the current gradient
vector result. This iterative process continues until the UE sum rate reaches a conver-
gent state.

4.1.2. Fix ®* and Solve (x0"", yo"", ho!")

Secondly, we fix the phase shift as ®* and optimize the UAV-RIS location. That is, we
need to solve the following problem:

(P3) max f(®*,x0,y0,ho)

x0,Y0,ho

s.t. (xO/]/O/hO) € S. (28)

Constraint (28) requires that the UAV-RIS remain within the designated S. To solve (P3),
we still use the iterative gradient descent method. In each iteration, we need to determine
whether the location exceeds the area constraint. The gradient vector of the UAV-RIS
location is given by

_[9f(®,x0,y0,h0) 9f (P, x0,¥0,h0) 9f (P, X0, Yo, o) T
aXO ! ayo ! aho

(29)
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The closed-form expression of q is omitted due to space limitations. During the
iteration, in the event that the UAV-RIS flies outside the defined area, it is essential to search
for a feasible solution in the opposite direction of the gradient and continue iterating.

4.1.3. Complete Algorithm

With the above two methods, the optimization process alternates between updating
the phase shift ® and the location (xo, yo, hp) until the UE sum rate converges. Note that,
except for the initialization, the fixed values in problems (P2) and (P3) are obtained from
the optimal outputs of each other. Algorithm 1 provides a concise summary of the complete
alternating optimization process.

Algorithm 1 Alternating Optimization Algorithm for (P1).

Initialization: @° = @, w® = (x{™, yi™, hi™)T, search step v; = 0.01, v, = 0.1,
vz =1, error € = 10’6,andi:0,j:0,e:0.
1:Repeat
2: Repeat
Obtain the gradient vector p’ based on (24).
Obtain @+ = @ + v;p’ and @1 = (far8(©™),
Obtain the sum rate f(@"*1).
Updatei =i +1.
: Until |f(@'F1) — f(@)| <e.
@ = @i‘i’l.
: Repeat
10: Obtain the gradient vector q/ based on (29).
11: Obtain w/*! = w/ + voq/.
12: Determine whether the location exceeds the area; if it
does, let w/*! = w/ — v3q’, and go to 14.
13: Obtain the sum rate f(w/*1).
14: Updatej=j+1.
Until |f(0'1) — f(w')| <e.
15: wPt = @'t
16: Updatee = e +1,0° = @° !, w® = wP!
17: Until |f(©°, w®) — f(@° 1, w* 1| <€,
18: @7t = @°, (xgpt,ygpt,hgpt) = w®.
Output: @°P! and (xgpt,ygpt, hgpt).

R N AN R

4.2. Trajectory Optimization

After obtaining the optimal UAV-RIS location, we aim to find the best trajectory for
the UAV-RIS flight from the initial location to the optimal destination. Assume that the
whole flight costs T time slots. Let Ri[i], (x[i], y[i], h]i]) and ©[i] denote the achievable rate,
location coordinate and phase shift at the i-th time slot, respectively. Define the distance
traveled by the UAV-RIS from the i-th time slot to the i + 1-th time slot as

Dli,i+1] = [|(x[i + 1], y[i + 1], hli + 1)) — (x[il, y[il, KD, (30)

and the distance between the UAV-RIS location at the i-th time slot and its optimal loca-
tion as

Bliopt] = || el yli ntil) — (<3 i7" 1" | S

Then, the trajectory optimization problem is formulated as

1T K
P4 max = Ry i
(P4) T, (x[iyliLnli), ©f] T gkgi ¢l
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st Dli,i+1] < Dyax, (32)

D[T, opt] < Dmax, (33)

(x[il, ylil, hli]) € S, (34)

T>1. (35)

where Dy, represents the maximum distance that the UAV-RIS can move in one time
slot. The objective function is the average sum rate over all time slots. Constraint (33)
means that, in the final time slot, the UAV-RIS should fly to near the optimal location.
Constraint (34) means that the UAV-RIS cannot fly outside the system area. This problem
can be decomposed into two parts to solve: one is solving the time slot, and the other is
solving the UAV-RIS trajectory as well as the phase shift.

As T is an integer, we fix it and then solve the optimal trajectory and phase shift. That
is, problem (P4) becomes

1 T K 5
) b e T ; kzzl Rl
s.t. D[i,i +1] < Duax, (36)
D[T, opt] < Dmax, (37)
(x[i], y[i], hli]) € S. (38)

Using the same method used to solve (P1), we can solve (P5) through an alternatively
iterative method that optimizes the UAV-RIS location in each time slot separately. Note
that when the distance difference between the locations in two adjacent time slots is greater
than Dy, the location will be re-updated until the distance between the current location
and the destination location is less than the threshold.

We exhaustively search for T and solve problem (P5) with each fixed T. We find that
as T keeps growing, the UAV-RIS approaches the final location, and the average sum rate
gradually stabilizes. Hence, we can obtain the optimal T°* at the convergence point. The
change in the average sum rate with respect to T is shown in the numerical results.

5. Numerical Results

In this section, we begin by confirming the precision of the derived downlink rate
approximation as mentioned in Theorem 1 and subsequently examine the efficiency of our
optimized outcomes.

5.1. Parameters and Setup

In our system, M APs and K UEs are uniformly and randomly distributed over a
square area with a size of 400 x 400 m2. The Ricean K-factor in the channel model is given
by [26]

PLos(d1,m)
Kipy=-—"2——2_ 39
YT T pros(dum) 39

where 44 ,, represents the distance (in meters) between the m-th AP and the UAV-RIS, and
Pros(d1,m) denotes the LoS probability contingent on the distance d; ,,,. We utilize the model
in 3GPP to calculate pp,s [26] as follows:

d],m _ d],m

PrLos(dim) = min(lg,1> (1—e"8 )+e & . (40)
dl,m

Similarly, K, i is defined in the same way as (39), where d; ,, is replaced with dj .
d; x denotes the distance (in meters) between the k-th UE and the UAV-RIS.We define the

large-scale fading coefficients as B,x = 1/d},;, em = 1/df ,, {x = d, , where a is the path
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loss exponent, and d,,;x represents the distance between the m-th AP and the k-th UE. The
path loss exponent « is commonly set to 2.

5.2. Performance Analysis

Figure 2 illustrates a comparison between the simulated downlink achievable sum
rate according to (9) and its analytical approximation in (10). The phase shift of the RIS is
given randomly. Clearly, we can see a precise agreement between the simulation and our
approximation results, which verifies the accuracy of our analytical derivations. We can
also find that as M grows, the sum rate increases considerably, since APs can serve all UEs
in CF-mMIMO, and more APs enable more effective signals. Due to the close agreement
between the simulation and analysis, we use the latter for the following investigation.

40

35

30

25

20

Downlink sum rate(bit/s/Hz)

10 —%¥— Approximation
- =% - Simulation
5 1 1 1 1 1 1
30 40 50 60 70 80 90 100

Number of AP M

Figure 2. The downlink sum rate vs. the AP number, where L = 64, and the location of the UAV-RIS
is (0,0, 60) in meters.

In Figure 3, we show the effectiveness of our optimal results. The downlink sum rates
with a UAV-RIS having a jointly optimal phase shift and location, having only an optimal
phase shift, and having no optimization are compared. The optimization result is from
Algorithm 1. The non-optimal phase shift and location are given randomly. We can see
that after optimizing the UAV-RIS phase shift, there is a significant improvement in the
downlink sum rate. This improvement becomes more pronounced after jointly optimizing
the phase shift and location of the UAV-RIS. Moreover, as the number of RIS components
grows, the sum rate also has a notable increment, since more RIS components provide more
reflective paths to collect effective signals.

In order to illustrate the trajectory optimization problem, we show the average sum
rate over time slots with respect to the flight time slot in Figure 4. For each fixed time slot,
we solve the UAV-RIS location and phase shift, as well as the corresponding maximum
downlink sum rate according to problem (P5). The average sum rate over time slots in
Figure 4 is obtained by dividing the downlink sum rate by the time slot it requires. In
Figure 4, we can see that as the time slot number increases, the average sum rate gradually
increases and finally tends to be stable. Hence, for energy saving, we should choose the
smallest time slot with the peak value of the average sum rate as the optimal one. In
Figure 4, the optimal flight time slot is T°Vf = 25.
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Downlink sum rate(bit/s/Hz)

50

T T T T T

—O6— Optimal phase shift and location D
—%— Optimal phase shift

—F8— Without optimization

40 50 60 70 80 90
Components of RIS L

Figure 3. The downlink sum rate vs. the number of RIS components, where M = 30 and K = 20.

Average Sum Rate over Time Slots (bit/s/Hz)

0.45

°
N

0.35

o
w

0.25% i

0.2
1

1 1 1 1 1 1 1

0 15 20 25 30 35 40 45 50
Flight Time Slot T’

Figure 4. The average sum rate vs. the flight time slot, where M = 6, K = 4, L = 50, and the initial
location of the UAV-RIS is (0, 0,60) in meters.

With the optimal time slot obtained from Figure 4, the UAV-RIS trajectory can be ob-
tained by solving the optimal UAV-RIS location in each time slot within [1, T°], according
to problem (P5). Then, the UAV-RIS trajectory is shown in Figure 5 with a uniform UE
distribution and in Figure 6 with an uneven UE distribution. The initial location of the
UAV-RIS is (0,0,60). We can see that when UEs are distributed uniformly, the UAV-RIS
should fly to the center of the system to maximize the UE sum rate. However, when UEs
are gathered in a limited area, the UAV-RIS should fly above the region where UEs are
gathered. It can also be noted that the trajectory of the UAV-RIS is not simply a straight
line from the starting point to the destination. Instead, it curves through areas with higher
average sum rates to maximize the average sum rate of all UEs.
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G0
* Locations of UEs
. 40 #r  Locations of APs
i —&— Trajectory of UAV-RIS
=
20
0 x
N
200 \ “ . * @
*
100 ™ x = %
\.\ et
0 . % i 200
i N S 100
g[](lll) ~100 \ /{// 0
— —100
-200  _oqp xo(m)

Figure 5. The optimal trajectory of the UAV-RIS with a uniform UE distribution.

50
40
50

30 g —&— Trajectory of UAV-RIS
é 0 * % %  Locations of UEs
= 20 15 200 #  Locations of APs
== 1 oo

10 \

0. * *

200

zo(m)

Figure 6. The optimal trajectory of the UAV-RIS with an uneven UE distribution.

6. Conclusions

In this paper, we have developed a framework for the CE-mMIMO system with a
UAV-RIS. A closed-form approximation of the UE achievable downlink rate has been
derived, and its accuracy has been verified via simulations. On top of this, the optimal
phase shift and UAV-RIS location that maximize the downlink sum rate of all UEs have
been obtained through an alternating optimization method. We have shown that with our
optimal UAV-RIS deployment results, the downlink sum rate can be significantly improved.
It is found that, with a uniform UE distribution, the UAV-RIS should fly to the center of
the system, while with an uneven UE distribution, the UAV-RIS should fly above the area
where UEs are gathered. Moreover, we have also explored the optimal UAV-RIS trajectory
from its starting point to the optimal location, which can keep the downlink sum rate
in each time slot maximized. The assumption of perfect CSI is a limitation of this work,
restricting its practical application. In the future, we will extend this paper to the case with

imperfect CSI.
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Abbreviations

The following abbreviations are used in this manuscript:

CF-mMIMO  Cell-free massive multiple-input multiple-output

RIS Reconfigurable intelligent surface
UAV Unmanned aerial vehicle

AP Access point

UE User equipment

CPU Central processing unit

LoS Line-of-sight

NLoS Non-LoS

CSI Channel state information

Appendix A. Proof of Theorem 1
According to the Lemma 1 in [25] to (9), we can obtain

M 2
E{ Zl \/p7d|tmk|2 }
- gy

AR Al
k k=log,| 1+ P _ ) A

y Eql L \/detmkt:Fnj +1

j=Lj#k m=1
A by = gk + &1 Phy, and
H EmCk s

®h, = oS oF

s \/(’lem+1)(lcz,k+1) (mgm k
HKing @i+ g0 + glioh,), (A2)

we can have

2
E{ ’gﬂ‘bhk‘ )} =1k [|x1mk|z+(’C1,m+’Cz,k+1)L] = 2 (|X1mk* + KmkL).  (A3)
E{|gm; + 8 @[} = Bunj + 70 (|X1,mj|* + Hmj) = F(m, j). (A4)

E{(gmk + 81®N)} = rysexyme = T(m, k). (A5)
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Moreover, we know

M o 2 M 4
Z\/Pd\gmwgﬁ;f%k\ =) pdE{\gmwgﬁcphk‘ }
m=1 m=1

M M
+ Y Y paF(mk)F(n,k). (A6)

m=1n=1n#m
After removing the zero terms, we can obtain
E{ ‘gmk + gnffq’hkr} = E{ |2k Jr4‘5’;11k| Hg (I’hk’ + ‘g ‘I’hk’ } (A7)
Thus, we have
{ ’qu’hk‘ } =i <|xlmk|4 +2(K3,, + K3,)L?

+ 4|2k P [y + Ko + 1)L] +2L(L + 1)
KoL + K L(L+1) + KogL(L+1) ). (A8)

After combining (A3), (A6) and (A8), we can obtain

2

M 2 M 2
le/?d‘gmk+gnlf¢hk‘ = Pd( ZlF(m'k)) + Ag. (A9)

Finally, we have

M
Y Voa(Sumk + 8 ®he) (g + g ®h))*

m=1

M

= L, VRaEom i)+ Y, Y VAT KT )T (0T () (ALD)

= m=1n=1n#m

Then, the desired result in (10) can be obtained by inserting (A10) and (A9) into (9).
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