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Abstract

In this paper, we investigate the performance of an RIS-aided wireless communication system

subject to outdated channel state information that may operate in both the near- and far-field regions.

In particular, we take two RIS deployment strategies into consideration: (i) the centralized deployment,

where all the reflecting elements are installed on a single RIS and (ii) the distributed deployment, where

the same number of reflecting elements are placed on multiple RISs. For both deployment strategies,

we derive accurate closed-form approximations for the ergodic capacity, and we introduce tight upper

and lower bounds for the ergodic capacity to obtain useful design insights. From this analysis, we

unveil that an increase of the transmit power, the Rician-K factor, the accuracy of the channel state

information and the number of reflecting elements help improve the system performance. Moreover, we

prove that the centralized RIS-aided deployment may achieve a higher ergodic capacity as compared

with the distributed RIS-aided deployment when the RIS is located near the base station or near the

user. In different setups, on the other hand, we prove that the distributed deployment outperforms the

centralized deployment. Finally, the analytical results are verified by using Monte Carlo simulations.
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I. INTRODUCTION

A reconfigurable intelligent surface (RIS) is an artificial planar structure with integrated

electronic circuits, which is equipped with a large number of passive and low-cost scattering

elements that can effectively control the wireless propagation environment [1]. By intelligently

adapting the phase shifts and the amplitude response of the scattering elements of an RIS, the

signals reflected from it can be added constructively or destructively with other signals so as to

enhance the signal strength or to suppress the co-channel interference at the receiver [2]–[10].

Thanks to these properties, RISs are considered to be a promising candidate technology for

future wireless communication systems.

Several works have investigated the performance of single RIS-aided wireless systems [11]–

[35]. In [11], the authors investigated the coverage, the delay outage rate, and the probability of

the signal-to-noise-ratio (SNR) gain of an RIS-aided communication system in the presence of

Rayleigh fading channels by using the central limit theorem (CLT). A similar system was con-

sidered in [12], where the authors studied the coverage probability and the ergodic capacity (EC)

by using the moment-matching method. In [13]–[15], the authors proposed accurate closed-form

approximations for the outage probability (OP), error rate, and average channel capacity of RIS-

aided communication systems over Rayleigh and Rician fading channels, respectively. In [16], the

authors derived the asymptotic OP and the achievable rate of an RIS-aided communication system

over Rician fading channels. In [17] and [18], the authors provided closed-form approximate

expressions for the OP of an RIS-aided communication system. In [19], approximated and upper

bound expressions for the bit error rate (BER) were derived over a Nakagami-m fading channel.

The authors of [20] and [21] analyzed the BER of an RIS-aided system by taking into account

the phase errors caused by the quantization of the phase shifts over Rayleigh and Nakagami

fading channels, respectively. In [22] and [23], the authors studied the EC of RIS-assisted

communication systems. Particularly, the impact of quantization phase errors was analyzed in

[22]. In [24], the minimum required number of phase quantization levels to achieve the full

diversity order in RIS-aided communication systems was obtained. In [25], the authors studied

the performance of RIS-aided multiple-input multiple-output (MIMO) communication systems

with phase noise. A similar system was considered in [26], in which the authors analyzed the

OP and throughput of a two-tile RIS-aided wireless network over Rayleigh fading channels. In

[27], exact expressions of the OP and the EC for an RIS-aided system over Fox’s-H fading
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channels were provided. By assuming the same generalized channel model, the authors of [28]

analyzed the OP in the presence of phase noise. In [29], the authors studied the asymptotic data

rate in an RIS-aided large antenna-array system by considering the channel hardening effects. In

[30], the secrecy OP of an RIS-aided communication system was characterized over Rayleigh

fading channels. In [31], the end-to-end SNR of an RIS-aided millimeter wave communication

system was maximized by optimizing the phase shifts of the RIS elements. In [32], the authors

considered an RIS for assisting the communication between two users, and the OP and spectral

efficiency were studied over Rayleigh fading channels by using a Gamma approximation. In

[33], a closed-form upper bound expression for the EC and an accurate approximation for the

OP were derived for transmission over Rician fading channels. In [34], the authors investigated

the near- and far-field free-space path loss model for RIS-aided communication systems.

Although previous works have provided important contributions to analyze the performance of

RIS-aided systems, most of them can be applied to wireless systems in the presence of a single

RIS. More recently, the performance of distributed RIS-aided systems has been investigated

in [36]–[41]. In [36], the authors investigated the OP and sum-rate of a dual-hop cooperative

network assisted by the RIS which has the highest instantaneous end-to-end SNR among multiple

available RISs. In [37], the authors studied multi-RIS-aided systems for application to non-

line-of-sight indoor and outdoor communications. In [38], the authors proposed two multi-

RIS-aided schemes and provided different approximate methods to analyze the OP and the EC

over Nakagami-m fading channels. In [39], the authors studied the OP, the average achievable

rate and the average symbol error rate of a distributed RIS-aided communication system. In

[40], the authors compared the capacity region of an RIS-aided two-user communication system

under centralized and distributed RIS deployment strategies. In [41], the authors proposed an

optimization algorithm to configure multiple RISs to maximize the sum-rate of multi-user MIMO

communication systems based on statistical channel information (CSI). Although these works

have made efforts to investigate distributed RIS-aided communication systems, they have neither

analyzed the performance in the near-field region of the RISs, which may not be overlooked

in some network deployments [34], nor they have assessed the impact of outdated CSI, which

is critical to acquire in RIS-aided systems [42]–[44]. It is worth mentioning that the majority

of previous works analyzed the performance of RIS-aided communication systems under the

assumption of perfect CSI or statistical CSI to design the optimal phase shifts at the RIS.

However, acquiring accurate CSI is very challenging [45]. Due to the associated feedback delay
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and the user mobility, the channel learned via estimation may often be outdated. Therefore, it is

of great importance to take into account the impact of outdated CSI on the system performance.

Motivated by these considerations, in this paper, we analyze the performance of an RIS-aided

communication system by considering two RIS deployment strategies, i.e., the centralized and

distributed case, by taking into account the impact of outdated CSI. More specifically, we analyze

and compare the system performance over Rician fading channels in both the near- and far-field

regions of the RISs. To this end, we derive accurate closed-form approximate expressions for

the EC, which can be used in the near- and far-field regions of centralized and distributed RIS

deployments, by using the moment-matching method to approximate the cumulative distribution

function (CDF) of end-to-end SNR with a Gamma distribution. In order to gain design insights,

in addition, we introduce tight lower and upper bounds for the EC. With the aid of the introduced

analytical frameworks, we characterize the impact of key parameters on the system performance

and compare centralized and distributed RIS deployments against each other. In particular, we

show that an increase of the transmit power, the Rician-K factor, the accuracy of CSI and the

size of the unit cells results in an improved EC. As a function of the number of RIS elements,

we show that the EC increases and reaches a finite limit when the number of RIS elements tends

to infinity. This is attributed to the near-field propagation conditions in this asymptotic regime.

Furthermore, it is shown that different location deployments for the RISs and CSI accuracy result

in different conclusions when comparing the system performance of centralized and distributed

deployments. The main contributions of this paper can be summarized as follows.

• We introduce a new analytical framework for the performance analysis of RIS-assisted sys-

tems. Considering the impact of outdated CSI, we derive accurate closed-form expressions

for the EC in the near- and far-field regions of the RISs. In order to gain additional insights

on the impact of the system parameters, we derive tight lower and upper bounds for the

EC.

• Capitalizing on the obtained analytical results, we analyze the impact of key system and

channel parameters on the performance of RIS-aided systems, from which we conclude

that the system performance improves with the transmit power, the Rician-K factor, the

CSI accuracy and the size of the reflecting elements. We also observe that the EC does not

increase indefinitely when the number of reflecting elements tends to infinity. Furthermore,

the relative gains of the centralized and distributed deployments depend on the CSI accuracy

and the location of the RISs. The centralized deployment is shown to outperform the
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distributed deployment when the RIS is located near the BS or near the user, while the

distributed deployment usually offers better performance in the other scenarios.

The remainder of this paper is organized as follows. In Section II, we introduce the system

and channel models. In Section III, accurate closed-form approximate expressions for the EC

are derived. Moreover, tight upper and lower bounds for the EC are presented. In Section IV,

numerical and simulation results are illustrated to confirm the accuracy of the derived expressions.

Finally, Section V concludes the paper.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a SISO system in which a fixed single-antenna BS

communicates with a single-antenna mobile user with the assistance of M passive reflecting

elements, with each element being capable of independently adjusting its phase shift to reflect

the incident signals towards desired directions. Two strategies for deploying the M reflecting

elements are considered: the centralized and distributed deployments. As far as the centralized

deployment is concerned, the M reflecting elements are installed on one RIS. As far as the

distributed deployment is concerned, on the other hand, the M elements are placed on L (L ≥ 2)

RISs, where the l-th RIS is equipped with Ml reflecting elements. It is worth noting that when

the BS is sufficiently close to the RIS or the number of reflecting elements of the RIS is

very large, the far-field assumption, which means that the channel gain is the same for all the

reflecting elements of the RIS, does not hold anymore. In these cases, the RIS operates in the

near-field region of the BS. The boundary between the near- and far-field regions of the RIS is

conventionally defined as Dboundary
∆
= 2D2

RIS/λ, where Dboundary is the distance between the BS

and the center of the RIS, DRIS is the maximum dimension of the RIS, and λ is the wavelength

of the signal. In the next sections, we introduce the near- and far-field system models for the

two considered RIS deployment strategies.

A. Centralized Deployment

In the centralized deployment, we assume that the BS is located in (xt, yt, zt), the user is

located in (xr, yr, zr) and the center position of the RIS is (x0, y0, z0). The RIS is deployed

on a plane that is parallel to the xy-plane and is equipped with Mx × My = M reflecting

elements. The size of each element along the x axis and the y axis is dx and dy, respectively.
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Fig. 1: RIS-aided communication system.

Therefore, the center position of the element of the RIS in the y-th row and x-th column is
(
x0 +

(
x− 1

2

)
dx, y0 +

(
y − 1

2

)
dy, z0

)
, where x ∈ [1−Mx/2,Mx/2], y ∈ [1−My/2,My/2].

Due to the user mobility, it is not usually possible to perfectly estimate the CSI at the BS and

the RIS (e.g., due to the acquisition delay and the feedback overhead). Therefore, we focus our

attention on the impact of outdated CSI on the system performance. We denote by h0 the direct

channel from the BS to the user, by hC = [hC1, . . . , hCm, . . . , hCM ]T ∈ C
M the channel vector

from the BS to the RIS, and by gC = [gC1, . . . , gCm, . . . , gCM ] ∈ C1×M the channel vector from

the RIS to the user. More specifically, h0 and gC can be expressed, respectively, as [43, Eq. (7)],

[44, Eq. (12)]

h0 = ρ0ĥ0 + ρ̄0ω0, (1)

gC = ρCĝC + ρ̄CωC. (2)

where 0 ≤ ρ0 ≤ 1 represents the correlation coefficient between the outdated channel estimate

ĥ0 and the actual channel h0, which can be calculated as ρ0 = J0 (2πfdTs0) based on Clarke’s

fading spectrum [43], where J0 (.) is the zeroth-order Bessel function of the first kind [46, Eq.

(8.411)], fd = fcv/c is the maximum Doppler shift, fc denotes the carrier frequency, v denotes the

velocity of the user, c denotes the speed of light, and Ts0 is the estimation delay between the actual

channel and the outdated channel. In addition, ρ̄0
∆
=
√

1− ρ20. Similarly, ρC = J0 (2πfdTsC) is the

correlation coefficient between the outdated channel ĝC = [ĝC1, . . . , ĝCm, . . . , ĝCM ] ∈ C1×M and

the actual channel gC, and ρ̄C
∆
=
√

1− ρ2C. If ρi = 1 (i ∈ {0,C}), the CSI is perfect, whereas

ρi = 0 indicates no CSI. In addition, ω0 ∼ CN
(

0, σ2
ĥ0

)

, where CN (0, σ2) is the complex



7

Gaussian distribution with zero mean and variance σ2, ωC = [ωC1, . . . , ωCm, . . . , ωCM ] ∈ C
1×M

with ωCm ∼ CN
(
0, σ2

ĝCm

)
(m = 1, . . . ,M). We assume that all links experience Rician1 fading,

i.e., ĥ0 =
√

K0

1+K0
ĥLoS
0 +

√
1

1+K0
ĥNLoS
0 , hC =

√
K1

1+K1
hLoS
C +

√
1

1+K1
hNLoS
C and ĝC =

√
K2

1+K2
ĝLoS
C +

√
1

1+K2
ĝNLoS
C , where Ki (i ∈ {0, 1, 2}) is the Rician-K factor, XLoS

(

X ∈
{

ĥ0, ĥC, ĝC

})

denotes

the line-of-sight (LoS) component, and XNLoS denotes the non-LoS (NLoS) component. It

is worth noting that there exist several efficient channel estimation methods for RIS-assisted

communication systems, such as the minimum mean square error [50] and deep learning [51]

methods. In this paper, the channel from the BS to the RIS is assumed to be perfectly estimated

because the BS and the RIS are assumed to be at fixed locations [42]. As a result, the received

signal at the user can be written as

yC=
√
P

(

gCBΦChC+

√

β−1
0 h0

)

s+n0

=
√
P

(
M∑

m=1

1√
βm

gCmhCme
jϕCm +

1
√

β−1
0

h0

)

s+n0, (3)

where g0
∆
=
√

β−1
0 h0, P is the transmit power, n0 is the zero-mean additive white Gaussian noise

(AWGN) whose variance is σ2
0 , β0 is the path loss of the direct link, ΦC = diag {ejϕC1 , . . . , ejϕCM}

where ϕCm (m = 1, . . . ,M) is the phase shift of the m-th element of the RIS, and s is the transmit

signal with unit energy. Moreover, B
∆
= diag

{(√
β1

)−1
, . . . ,

(√
βM

)−1
}

represents the path loss

matrix with βm (m = 1, . . .M) denoting the path loss of the m-th element of the RIS2, which,

according to [53], and under the assumption that the peak radiation directions of the transmitting

and receiving antennas point towards the center of the RIS, can be expressed as

βm
∆
= β0

(
rtmr

r
m

)2
/

F combine
m , m = 1, 2, . . . ,M, (4)

where β0
∆
= 16π2

/(
GtGrd

2
xd

2
y

)
, Gt and Gr represent the transmit antenna gain and the receive

antenna gain, respectively, and rtm and rrm denote the distance between the BS and the m-

th element of the RIS and the distance between the m-th element of the RIS and the user,

respectively. Furthermore, F combine
m is the joint normalized power radiation pattern, which depends

1It is worth mentioning that the method that we utilize to obtain the derivations of the performance of RIS-assisted systems

can be readily applied to other channel fading models (e.g., Nakagami-m [47], [48], κ−µ [49]). The analysis of different small

scale fading models in the near- and far-field regions of RIS-assisted systems is postponed to a future research work.

2The generalization of the proposed analytical framework in the presence of channel correlation [52] (i.e., B is a non-diagonal

matrix) is left for future research.
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on the location of the BS, the RIS, and the user, and is defined as

F combine
m

∆
=
(
cos θtxm

)Gt

2
−1
cos
(
θtm
)
cos(θrm)(cosθ

rx
m)

Gr

2
−1, (5)

where θtxm and θrxm denote the angles of elevation from the BS antenna and the user antenna to

the m-th reflecting element of the RIS, respectively. In addition, θtm and θrm represent the angles

of elevation from the m-th reflecting element of the RIS to the BS antenna and user antenna,

respectively. According to [53], we have cos θtxm =
(

d21 + (rtm)
2 − d2m

)/

(2d1r
t
m), cos θrxm =

(
d22 + (rrm)

2 − d2m
)/

(2d2r
r
m), cos θ

t
m = (zt − z0)/r

t
m and cos θrm = (zt − z0)/r

r
m, where d1, d2

and dm denote the distance between the BS and the center of the RIS, the distance between the

user and the center of the RIS, and the distance between the m-th element of the RIS and the

center of the RIS, respectively. Further details on the path loss model for RIS-aided wireless

communications can be found in [53].

By substituting (1) and (2) into (3), we can rewrite the received signal as

yC =
√
P (ρCĝCBΦChC + ρ0ĝ0) s

︸ ︷︷ ︸

desired signal

+
√
P

(

ρ̄CωCBΦChC +

√

β−1
0 ρ̄0ω0

)

s

︸ ︷︷ ︸

outdated CSI noise

+ n0
︸︷︷︸

white noise

︸ ︷︷ ︸

effective noise nCeff

. (6)

where ĝ0
∆
=
√

β−1
0 ĥ0. As can be seen from (6), the second term is the outdated CSI noise.

Therefore, the effective noise nCeff is composed of the outdated CSI noise and the AWGN, so

that the effective transmit SNR can be formulated as γCteff
∆
= P

/
E
(
|nCeff |2

)
, where E

(
|nCeff |2

)

is calculated in the next section. Hence, the received SNR at the user can be formulated by using

(6) as

γC = γCteff |ρCĝCBΦChC + ρ0ĝ0|2, (7)

The phase shifts at the RIS can be designed such that the outdated direct channel (from the BS

to the user) and the outdated cascaded channel (from the BS to the RIS and from the RIS to the

user) are co-phased, i.e., ϕCm = ϕĥ0
− (ϕĝCm

+ ϕhCm
) for m = 1, . . . ,M [39], and, therefore,

the signals via the two channels are constructively added at the user and the received SNR is
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maximized. In this case, we obtain

γCmax=γCteff

(

ρC

M∑

m=1

√

β−1
m |ĝCm||hCm|+ρ0 |ĝ0|

)2

. (8)

Far-field case: The channel in (4) is a general path loss model that can be applied in the

near-field and far-field regions of the RIS. In the far-field case, (4) can be simplified since we

have dm ≪ rtm ≈ d1 and dm ≪ rrm ≈ d2, which results in cos θtxm ≈ 1 and cos θrxm ≈ 1. Therefore,

(5) reduces to cos (θt) cos (θr) and (4) can be simplified as

βfarfield ∆
=β0(d1d2)

2/(cos
(
θt
)
cos(θr)

)
, m = 1, 2, . . . ,M, (9)

where cos (θt) = (zt − z0)/d1, cos (θ
r) = (zr − z0)/d2. From (9), we see that all the elements

of the RIS have the same path loss. When the BS and the user are in the far-field of the RIS,

therefore, the received signal can be simplified as

yC =
√
P

(

ρC

(√

βfarfield
)−1

ĝCΦChC + ρ0ĝ0

)

+
√
Pρ̄C

(√

βfarfield
)−1

ωCΦChCs+ ωe

︸ ︷︷ ︸
nCeff

. (10)

where ωe
∆
=
√

Pβ−1
0 ρ̄0ω0s+ n0.

By employing the same phase shift design as that in (8), the optimal received SNR is

γfarfield
Cmax =γfarfield

Cteff

(

ρC

(√

βfarfield
)−1

M∑

m=1

|ĝCm||hCm|+ρ0|ĝ0|
)2

, (11)

where γfarfield
Cteff

∆
= P
/

E

(∣
∣nfarfield

Ceff

∣
∣2
)

.

B. Distributed Deployment

In the distributed deployment, we assume that the BS and the user are located in the same

positions as those of the centralized deployment. The center position of the l-th RIS that

comprises Mxl × Myl = Ml reflecting elements is (x0l, y0l, z0l) and all the RISs are deployed

parallel to the xy-plane. Note that all the RISs can be intelligently controlled to reflect the

incident signals towards the user so that there is no interference [54] among them [3], [36], [38],

[39], [55]. Similar to the centralized deployment, all RIS elements have the same size dx × dy.

Thus, the center position of the element in the y-th row and x-th column of the l-th RIS is
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(
x0l +

(
x− 1

2

)
dx, y0l +

(
y − 1

2

)
dy, z0l

)
, where x ∈ [1−Mxl/2,Mxl/2] , y ∈ [1−Myl/2,Myl/2].

Let hDl = [hDl1, . . . , hDlm, . . . , hDlMl
]T ∈ CMl and gDl = [gDl1, . . . , gDlm, . . . , gDlMl

] ∈ C1×Ml

denote the channel vectors between the BS and the RIS, and between the RIS and the user,

respectively. In the presence of outdated CSI, gDl can be written as

gDl = ρDlĝDl + ρ̄DlωDl, (12)

where ĝDl = [ĝDl1, . . . , ĝDlm, . . . , ĝDlMl
] ∈ C1×Ml , ρDl is the correlation coefficient between

ĝDl and gDl, and ρ̄Dl
∆
=
√

1− ρ2Dl. ωDl = [ωDl1, . . . , ωDlm, . . . , ωDlMl
] ∈ C1×Ml with ωDlm ∼

CN
(
0, σ2

ĝDlm

)
(m = 1, . . . ,Ml). In addition, all the links experience Rician fading, from which

we have hDl =
√

K1l

1+K1l
hLoS
Dl +

√
1

1+K1l
hNLoS
Dl and ĝDl =

√
K2l

1+K2l
ĝLoS
Dl +

√
1

1+K2l
ĝNLoS
Dl , where

K1l and K2l are the Rician-K factors of hDl and ĝDl, respectively, YLoS
(

Y ∈
{

ĥDl, ĝDl

})

is

the LoS component, and YNLoS is the NLoS component. Then, the received signal at the user is

yD=
√
P

(
L∑

l=1

gDlBlΦDlhDl+g0

)

s+n0, (13)

where ΦDl = diag
{
ejϕDl1,. . ., ejϕDlMl

}
denotes the reflection coefficient of the l-th RIS, Bl

∆
=

diag
{(√

βl1

)−1
, . . . ,

(√
βlMl

)−1
}

is the path loss matrix with βlm (m = 1, . . . ,Ml, l = 1, . . . , L)

denoting the path loss of the m-th element of the l-th RIS, which is given by

βlm
∆
=β0

(
rtlmr

r
lm

)2
/

F combine
lm , m=1, 2,. . .,M, l=1,. . ., L, (14)

with

F combine
lm

∆
=
(
cosθtxlm

)Gt

2
−1
cos
(
θtlm
)
cos(θrlm)(cosθ

rx
lm)

Gr

2
−1, (15)

where θtxlm, θrxlm, θtlm and θrlm represent the angle of elevation from the BS antenna to the m-th re-

flecting element of the l-th RIS, the angle of elevation from the user antenna to the m-th reflecting

element of the l-th RIS, the angle of elevation from the m-th reflecting element of the l-th RIS to

the BS antenna, and the angle of elevation from the m-th reflecting element of the l-th RIS to the

user antenna, respectively. From [53], we can write cos θtxlm =
(

d21l + (rtlm)
2 − d2lm

)/

(2dl1r
t
lm),

cos θrxlm =
(
d22l + (rrlm)

2 − d2lm
)/

(2d2lr
r
lm), cos θ

t
lm = (zt − z0l)/r

t
lm and cos θrlm = (zr − z0l)/r

r
lm,

where d1l, d2l, r
t
lm, rrlm and dlm represent the distance between the BS and the l-th RIS, the

distance between the user and the l-th RIS, the distance between the BS and the m-th element
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of the l-th RIS, the distance between the user and the m-th element of the l-th RIS, and the

distance between the m-th element of the l-th RIS to the center of the l-th RIS, respectively.

Substituting (12) and (1) into (13), the received signal can be rewritten as

yD=
√
P

(
L∑

l=1

ρDlĝDlBDlΦDlhDl + ρ0ĝ0

)

s

+
√
P

L∑

l=1

ρ̄DlωDlBDlΦDlhDls+ ωe

︸ ︷︷ ︸
nDeff

. (16)

Therefore, the received SNR can be expressed as

γD = γDteff

∣
∣
∣
∣
∣

L∑

l=1

ρDlĝDlBDlΦDlhDl + ρ0ĝ0

∣
∣
∣
∣
∣

2

, (17)

where γDteff
∆
= P
/
E
(
|nDeff |2

)
is the effective SNR. The optimal phase-shift matrix that maximizes

the received SNR at the user can be expressed as [39] ϕlm = argmax
−π≤ϕm≤π

(
θĥ0 − (θĝDlm

+ θhDlm
)
)
,

for m = 1, . . .Ml and l = 1, . . . L, where θĥ0 , θĝDlm
and θhDlm

are the phases of ĥ0, ĝDlm and

hDlm, respectively. Hence, the maximum achievable SNR is

γDmax=γDteff

(
L∑

l=1

Ml∑

m=1

ρDl

√

β−1
lm |ĝDlm||hDlm|+ρ0ĝ0

)2

. (18)

Far-field case: In the far-field case, similar to the centralized deployment, we obtain d2lm ≤
rtlm ≈ d1l, d

2
lm ≤ rrlm ≈ d2l, cos θ

tx
lm ≈ 1 and cos θrxlm ≈ 1, which yields

βfarfield
Dl

∆
=

β0(d1ld2l)
2

cos (θtl ) cos (θ
r
l )
, l = 1, . . . , L, (19)

where cos (θtlm) and cos (θrlm) can be explicitly expressed as cos (θtlm) = (zt − z0l)/d1l and

cos (θrlm) = (zr − z0l)/d2l, respectively. Equation (19) implies that all the Ml elements of the

l-th RIS experience the same path loss. Similarly, the received signal in the far-field case can
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be formulated as

yfarfieldD =
√
P

(
L∑

l=1

ρDl

(√

βfarfield
Dl

)−1

ĝDlΦDlhDl+ρ0ĝ0

)

s

+
L∑

l=1

√

P ρ̄Dl

(
βfarfield
Dl

)−1
ωDlΦDlhDls + ωe

︸ ︷︷ ︸

nfarfield

Deff

. (20)

By co-phasing the signals from all the distributed RIS elements, similar to (18), the optimal

received SNR is

γfarfield
Dmax =γfarfield

Dteff

(
L∑

l=1

ρDl

(√

βfarfield
Dl

)−1 Ml∑

m=1

|ĝDlm||hDlm|+ρ0ĝ0

)2

. (21)

III. PERFORMANCE ANALYSIS

The objective of this section is to analyze the performance of the centralized and distributed

RIS-aided systems based on γCmax, γfarfield
Cmax , γDmax and γfarfield

Dmax . However, the computation of

the exact distribution of these SNRs is mathematically intractable. To overcome this issue,

we introduce approximated expressions of the EC based on the Gamma approximation, whose

tightness is substantiated with the aid of numerical results illustrated in Section IV.

A. Centralized Deployment

1) Gamma Approximation: Let γ be the SNR of interest. The EC normalized by the bandwidth

is defined as [22], [23], [33]

C̄=E(log2(1+γ))=

∫ ∞

0

log2(1+γ)fγ(γ)dγ bit/s/Hz. (22)

Corollary 1. Define Um
∆
=
√

β−1
m |ĝCm||hCm|, T

∆
= ρC

M∑

m=1

Um, Z
∆
= T + ρ0 |ĝ0| and R

∆
= Z2.

According to [56, Sec. 2.2.2], the probability density function (PDF) of Z can be tightly

approximated by a Gamma distribution as follows

fZ (z) ≈ baZ1

Z1

Γ (aZ1)
zaZ1−1e−bZ1z, (23)
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where Γ (.) is the Gamma function as defined in [46, Eq. (8.310)], aZ1
∆
= (E(Z))2

Var(Z)
, bZ1

∆
= E(Z)

Var(Z)

and Var (Z) = E (Z2)− (E (Z))2 with

E(Z)=ρC

M∑

m=1

√

β−1
m Ω1Ω2+

√

β−1
0 ρ0Ω0, (24)

E
(
Z2
)
= ρ2C

M∑

m=1

β−1
m +ρ2C

M∑

m=1

M∑

k=1,k 6=m

√

β−1
m β−1

k (Ω1Ω2)
2

+ β−1
0 ρ20 + 2

√

β−1
0 ρCρ0

M∑

m=1

√

β−1
m Ω0Ω1Ω2. (25)

In addition, Ω0, Ω1 and Ω2 denote the average values of the Rician variables

∣
∣
∣ĥ0

∣
∣
∣, |hCm| and

|ĝCm|, respectively, which can be expressed as Ωi
∆
=
√

π
4(1+Ki)

L 1

2

(−Ki) (i ∈ {0, 1, 2}) [33, Eq.

(12)] with L 1

2

(.) being the Laguerre polynomial [57].

Proof: See Appendix A.

By utilizing FZ (z) =
∫∞

0
fZ (z) dz, we obtain the CDF of Z as

FZ (z) = 1− Γ (aZ1, bZ1z)

Γ (aZ1)
.

where Γ (., .) is the incomplete gamma function [46, Eq. (8.350.2)]. Since γCmax = γCteffZ
2, the

CDF of γCmax can be derived by using the transformation method between two RVs as [58, Eq.

(2.1.49)]

FγCmax
(γ) = 1− 1

Γ (aZ1)
Γ

(

aZ1, bZ1

√
γ

γCteff

)

. (26)

Corollary 2. An approximate closed-form expression for the EC of a centralized RIS-aided

communication system is given by

C̄cen≈
2aZ1−1

√
πΓ (a1) ln 2

G5,1
3,5




b2Z1

4γCteff

∣
∣
∣
∣
∣
∣

1
2
, 1, 0

aZ1

2
, aZ1+1

2
, 0, 1

2
, 0



 , (27)

where G (.) is the Meijer’s G-function [46, Eq. (9.301)]. In addition, γCteff
∆
= P

σ2

Ceff

with σ2
Ceff
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defined as

σ2
Ceff

∆
= E

(
|nCeff |2

)
= P ρ̄2C

(
1− Ω2

2

)
M∑

m=1

β−1
m

+ P ρ̄20
(
1− Ω2

0

)
β−1
0 + σ2

0 . (28)

Proof: See Appendix B.

By using (28) and γCteff
∆
= P

/
E
(
|nCeff |2

)
, we obtain (29), from which we conclude that γCteff

tends to be constant when P tends to infinity.

γCteff =P

/(

P ρ̄2C
(
1−Ω2

2

)
M∑

m=1

β−1
m +P ρ̄20

(
1−Ω2

0

)
β−1
0 +σ2

0

)

. (29)

Far-field case: In the far-field regime, from (9), we have βm = βfarfield for m = 1, . . . ,M .

With the aid of analytical steps similar to those of Corollary 1 and Corollary 2, the EC can be

formulated as

C̄ farfield
cen ≈ 2a2−1

√
πΓ(aZ2)ln2

G5,1
3,5




b2Z2

4γfarfield
Cteff

∣
∣
∣
∣
∣
∣

1
2
, 1, 0

aZ2

2
,aZ2+1

2
, 0, 1

2
, 0



, (30)

where aZ2
∆
=

E

(

(Zfarfield)
2
)

Var(Zfarfield)
, bZ2

∆
=

E(Zfarfield)
Var(Zfarfield)

, γfarfield
Cteff

∆
= P

(σfarfield

Ceff )
2 and

E
(
Z farfield

)
=

MρCΩ1Ω2
√

βfarfield
+

ρ0Ω0√
β0

, (31)

E

((
Z farfield

)2
)

=
Mρ2C
βfarfield

+
2MρCρ0Ω0Ω1Ω2
√

β0βfarfield

+
M (M − 1) ρ2C(Ω1Ω2)

2

βfarfield
+

ρ20
β0

, (32)

(
σfarfield
Ceff

)2
=

PMρ̄2C (1− Ω2
2)

βfarfield
+

P ρ̄20 (1− Ω2
0)

β0
+ σ2

0 .

If ρC = 1 and h0 = 0 (i.e., no outdated CSI and no direct link), the EC reduces to that obtained

in [14], as expected.

2) Bounds for the EC: Although (27) can be utilized to efficiently evaluate the EC, it is

difficult to explicitly analyze the impact of the system and channel parameters on the achievable
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performance. Thus, to gain useful design insights, we provide tight upper and lower bounds for

the EC by using Jensen’s inequality. In particular, the following upper and lower bounds are

considered

C̄ lb ∆
=log2

(
1+(E(1/γ))−1)≤C≤C̄ub ∆

= log2(1+E(γ)) . (33)

Corollary 3. The EC of a centralized RIS-aided communication systems is upper bounded by

C̄ub = log2 (1 + E (γCmax)), where

E(γCmax)=γCteff

(

ρ2C

M∑

m=1

β−1
m +ρ2CΩ

2
1Ω

2
2

M∑

m=1

M∑

k=1,k 6=m

√

β−1
m β−1

k

+2ρCρ0Ω0Ω1Ω2

√

β−1
0

M∑

m=1

√

β−1
m + ρ20β

−1
0

)

. (34)

Also, the lower bound can be approximated as

C̄ lb≈ log2

{

1+

(
1

E (γCmax)
+

Var (γCmax)

(E (γCmax))
3

)−1
}

, (35)

where

Var (γCmax)≈
γ2
Cteff

b4Z1

[
Γ (aZ1+4)

Γ (aZ1)
−Γ2 (aZ1+2)

Γ2(aZ1)

]

. (36)

Proof: See Appendix C.

Remark 1. By direct inspection of (32) and (33), we observe that the EC increases when γCteff , ρ0

and/or ρC increase. Since L 1

2

(−Ki) is a monotonically increasing function of Ki, in addition,

Ωi increases with Ki, which suggests that the EC is enhanced in the presence of a strong

LoS component. If Ki → ∞, i.e., only the LoS components exist in the considered Rician

fading channel model, however, the EC of the RIS-assisted system tends to a constant, since, by

definition, Ωi → 1 when Ki is sufficiently large. If K1 = 0 or K2 = 0 and K0 = 0, furthermore,

we obtain Ωi =
√
π/2. We observe that when the cascaded and direct channels are subject to

Rayleigh fading, the EC increases with M , ρ0 and ρC. If P → ∞, also, γCteff tends to a constant.

This reveals that the EC does not increase without bound with the transmit power.
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Far-field case: In the far-field case, we have

E
(
γfarfield
Cmax

)
=γfarfield

Cteff

(
Mρ2C

/
βfarfield+M(M−1)ρ2CΩ

2
1Ω

2
2

/
βfarfield

+2MρCρ0Ω0Ω1Ω2

/√

β0βfarfield+ ρ20β
−1
0

)

, (37)

Var
(
γfarfield
Cmax

)
≈
(
γfarfield
Cteff

)2

b4Z2

[
Γ(aZ2+4)

Γ (aZ2)
−Γ2(aZ2+2)

Γ2 (aZ2)

]

. (38)

Substituting (37) into (33) and substituting (38) into (35), we obtain the upper and lower bounds

for the EC in the far-field case, respectively. By setting K0 = 0 and ρ0 = ρC = 1 as a special

case, we retrieve the upper bound for the EC in the absence of outdated CSI over a Rayleigh

fading channel [33]. Although (37) indicates that the EC increases with the number of elements

of the RIS, it needs to be noted that the far-field assumption may no longer hold if M is very

large. In this case, it is necessary to use (34) to accurately estimating the EC.

B. Distributed Deployment

1) Gamma approximation:

Corollary 4. Define Xlm
∆
=
√

β−1
lm |ĝDlm| |hDlm|, Y ∆

=
L∑

l=1

Ml∑

m=1

ρDlXlm and H
∆
= Y + ρ0 |ĝ0|, then

the PDF of H can be tightly approximated by a Gamma distribution as follows

fH (h) ≈ baH1

H1

Γ (aH1)
haH1−1e−bH1h, (39)

where aH1
∆
= (E(H))2

Var(H)
, bH1

∆
= E(H)

Var(H)
and Var (H) = E (H2)− (E (H))2 with

E(H)=
L∑

l=1

Ml∑

m=1

√

β−1
lm ρDlΩ1lΩ2l+

√

β−1
0 ρ0Ω0. (40)

E
(
H2
)
=

L∑

l=1

Ml∑

m=1

ρ2Dl

βlm

+
L∑

l=1

Ml∑

m=1

Ml∑

k=1,k 6=m

ρ2DlΩ
2
1lΩ

2
2l√

βlmβlk

+
L∑

l=1

Ml∑

m=1




ρDlΩ1lΩ2l√

βlm

L∑

j=1,j 6=l

Mj∑

k=1

ρDjΩ1jΩ2j
√
βjk





+
2ρ0√
β0

L∑

l=1

Ml∑

m=1

ρDlΩ1lΩ2l√
βlm

+
ρ20
β0

, (41)
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where Ω1l and Ω2l denote the average values of the Rician variables |hDlm| and |ĝDlm|, respec-

tively, which can be expressed as Ωil
∆
=
√

π
4(1+Kil)

L 1

2

(−Kil) (i ∈ {1, 2}).
Proof: See Appendix D.

By exploiting a similar methodology as for the derivation of (26), we arrive at

FγDmax
(γ) = 1− 1

Γ (aH1)
Γ

(

aH1, bH1

√
γ

γDteff

)

. (42)

Corollary 5. An approximated closed-form expression for the EC of a distributed RIS-aided

communication system is given by

C̄dis≈
2aH1−1

√
πΓ(aH1) ln 2

G5,1
3,5




b2H1

4γDteff

∣
∣
∣
∣
∣
∣

1
2
, 1, 0

aH1

2
, aH1+1

2
, 0, 1

2
, 0



 , (43)

where γDteff
∆
= P/σ2

Deff and

σ2
Deff

∆
=P

L∑

l=1

Ml∑

m=1

ρ̄2Dl(1−Ω2
2l)

βlm

+
P ρ̄20(1−Ω2

0)

β0

+σ2
0. (44)

Proof: See Appendix E.

By setting L = 1, (43) reduces to the EC of the centralized RIS deployment in (27)

Far-field case: By setting βlm = βfarfield
Dl , we can obtain the EC for the distributed deployment

in the far-field regime

C̄ farfield
dis =

2aH2−1

√
πΓ(aH2)ln2

G5,1
3,5




b2H2

4γfarfield
Dteff

∣
∣
∣
∣
∣
∣

1
2
, 1, 0

aH2

2
,aH2+1

2
,0, 1

2
,0



, (45)

where aH2
∆
=

(E(Hfarfield))
2

Var(Hfarfield)
and bH2

∆
=

E(Hfarfield)
Var(Hfarfield)

. Moreover, we have

E
(
H farfield

)
=

L∑

l=1

Ml∑

m=1

ρDlΩ1lΩ2l
√

βfarfield
Dl

+
ρ0Ω0√
β0

, (46)

E

((
H farfield

)2
)

=
ρ20√
β0

+

L∑

l=1

Mlρ
2
Dl

√

βfarfield
Dl

+

L∑

l=1

Ml(Ml−1) ρ2DlΩ
2
1lΩ

2
2l

βfarfield
Dl

+2

L∑

l=1

MlρDlρ0Ω0Ω1lΩ2l
√

β0β
farfield
Dl

+

L∑

l=1




MlρDlΩ1lΩ2l
√

βfarfield
Dl

L∑

j=1,j 6=l

MjρDjΩ1jΩ2j
√

βfarfield
Dj



.
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2) Bounds for the EC:

Corollary 6. The EC of a decentralized RIS-aided communication systems is upper bounded by

E(γDmax)=γDeff

(

ρ20
β0

+

L∑

l=1

Ml∑

m=1

ρ2Dl

βlm

+2

L∑

l=1

Ml∑

m=1

ρDlρ0Ω0Ω1lΩ2l√
β0βlm

+
L∑

l=1

Ml∑

m=1

Ml∑

k=1,k 6=m

ρ2DlΩ
2
1lΩ

2
2l√

βlmβlk

+
L∑

l=1

Ml∑

m=1




ρDlΩ1lΩ2l√

βlm

L∑

j=1,j 6=l

Mj∑

k=1

ρDjΩ1jΩ2j
√

βjk







. (47)

Also, the lower bound can be approximated as

Var (γDmax)=
γ2
Dteff

b4H1

[
Γ (aH1 + 4)

Γ (aH1)
−Γ2 (aH1 + 2)

Γ2 (aH1)

]

. (48)

Proof: See Appendix F.

Far-field case: In the far-field case, the EC can be approximated as follows

E
(
γfarfield
Dmax

)
=γfarfield

Deff

(

ρ20
β0

+
L∑

l=1

Mlρ
2
Dl

βfarfield
Dl

+2
L∑

l=1

MlρDlρ0Ω0Ω1lΩ2l
√

β0β
farfield
Dl

+

L∑

l=1

Ml (Ml − 1) ρ2DlΩ
2
1lΩ

2
2l

βfarfield
Dl

+

L∑

l=1




MlρDlΩ1lΩ2l
√

βfarfield
Dl

L∑

j=1,j 6=l

MjρDjΩ1jΩ2j
√

βfarfield
Dj







 , (49)

Var
(
γfarfield
Dmax

)
≈
(
γfarfield
Dteff

)2

b4H2

[
Γ (aH2+4)

Γ (aH2)
−Γ2 (aH2+2)

Γ2 (aH2)

]

. (50)

From (49), we can infer similar performance trends as for the centralized deployment.

IV. NUMERICAL RESULTS

In this section, we compare the analytical results against Monte Carlo simulations. The

simulation parameters are provided in Table I. In addition, the path loss of the direct link is

modeled as β−1
0 [dB] = η − 10ξlog10 (d0), where η = −30dB is a reference path loss, ξ = 3.5

is the path loss exponent, and d0 is the distance from the BS to the user.

In Fig. 2, the accuracy of the Gamma approximation as well as the tightness of the upper

and lower bounds for the EC are examined. In the centralized deployment, the RIS is located
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TABLE I: Simulation parameters

Parameter Value

Location of the BS (xt, yt, zt) (−50, 0, 10) m

Location of the user (xr, yr, zr) (50, 0, 10) m

Carrier frequency fc = 5 GHz

Noise power σ2
0 = −120 dBm

Size of RIS elements dx = dy ∈ [λ/10, λ/2]
Antenna gains at the BS and user Gt = 20 dB, Gr = 0 dB

in (−49.5, 0, 9.5). The size of all the RIS elements is λ/8×λ/8. It can be observed from Fig.

2 that the Gamma approximation provides an almost perfect match with the simulated results.

Furthermore, it can be seen that the performance gap between the upper and lower bounds and

Monte Carlo simulations diminishes as the number of reflecting elements M increases, which

confirms the accuracy of the bounds. Moreover, we observe that the EC increases as the Rician-K

factor of the direct link increases. In addition, the gap between the Monte Carlo results and the

upper and lower bounds decreases with the increase of the Rician K-factor. Also, it can be seen

that the EC first improves with an increase of the transmit power P . When P is sufficiently large,

however, the capacity tends to a limit, which can be explained by the fact that the equivalent

SNR tends to be constant as P increases. The results validate the correctness of Remark 1.

In Fig. 3, we analyze the EC as a function of the correlation coefficient ρ and the size

dx × dy of the reflecting elements of RIS. For the centralized deployment, the RIS is located in

(−49.5, 0, 9.5) with M = Mx ×My = 24× 24 = 576 elements. For the distributed deployment,

on the other hand, we consider two RISs located in (−49, 0, 9.5) and (49, 0, 9.5), respectively.

In addition, the two RISs are equipped with Mxi ×Myi = 16× 18 = 288 (i ∈ {1, 2}) elements,

thus the total number of RIS elements is the same as for the centralized deployment. We assume

ρ1 = ρ2 = ρ. It can be observed from Fig. 3 that the accuracy of the bounds and the Gamma

approximation is demonstrated. Furthermore, the EC decreases as ρ decreases (i.e., the CSI

becomes more outdated) for both the centralized and distributed deployments. Moreover, we

find that increasing the size of the reflecting elements can significantly improve the system

performance.

In Fig. 4, we present the EC in the near- and far-field regions for the centralized RIS deploy-

ment by using the general expression in (27) and the far-field expression in (30). The boundary be-

tween the near-field and the far-field region is calculated as Dboundary=2
(
(Mxdx)

2 + (Mydy)
2)/λ.
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Fig. 2: EC versus P for different values of K0

for centralized and distributed RIS deployments

(ρ0 = 0.95, ρC = 0.9, ρD1 = ρD2 = 0.9).

Fig. 3: EC versus ρ for different sizes of re-

flecting elements of RIS for centralized and

distributed RIS deployments (ρ0 = 0.95).

For example, Dboundary can be calculated as 6 m, 4.7 m, and 3.75 m for Mx = My = 40,

Mx = 30,My = 40, and Mx = 20,My = 40 if dx = dy = λ/8, respectively. As observed from

the figure, in the near-field region, there is a performance gap between the two formulas, and

the gap increases with the increase of the total number of RIS elements. This indicates that it is

inaccurate to use the far-field formula to analyze the EC if the BS or the user is in the near-field

of the RIS. Furthermore, we observe that the far-field formula gradually approaches the general

formula as the distance between the BS and the RIS increases: when d1 > Dboundary, the two

curves almost coincide.

Figure 5 illustrates the impact of the size of the unit cells (dx×dy) on the system performance.

We assume that the BS is in the near-field of the RIS, and the RIS has 24×24 reflecting elements.

We can observe from this figure that the larger the size of the unit cells of the RIS, the better

the system performance. This is due to the fact that the total size of the RIS increases when the

size of the unit increases while keeping fixed the number of unit cells.

Figure 6 shows the EC in the near- and far-field regimes for the centralized RIS deployment

as a function of the total number of RIS reflecting elements. We set Mx = 24 fixed and increase

My linearly. In the near-field regime, the RIS is located in (−49.5, 0, 9.5), and in the far-field
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Fig. 4: Comparison of the EC performance in

the near- and far-field cases for the centralized

deployment (dx = dy =
λ
8
, ρ0 = 0.95, ρC = 0.9).

Fig. 5: EC versus P for a different size of the

unit cells for the centralized RIS deployment in

the near-field case (ρ0 = 0.95, ρC = 0.9, Mx =
My = 24).

regime, the location of the RIS is (0, 0, 9.5). We observe that when the BS is in the far-field of

the RIS, the EC increases with an increase of the number of RIS reflecting elements. When the

BS is in the near-field of the RIS, on the other hand, the EC first increases with the number of

RIS reflecting elements and then tends towards a constant limit. This performance trend can be

explained as follows: If the BS and the receiver are steered towards the center of the RIS, the

RIS reflecting elements that are closer to the edge of the RIS experience a more severe path

loss compared to those that are closer to the center of the RIS. Therefore, their contribution to

the EC is not significant [34], [53].

In Fig. 7, we analyze how different shapes of the RIS affect the EC with a fixed total number of

reflecting elements of the RIS. As can be readily observed, the more concentrated the reflecting

elements installed on the RIS, i.e., the closer the shape of the RIS to a square is, the better the

system performance in the near-field regime. For example, if P =−10 dBm, setting Mx=My =

24 results in 1.87% and 4.78% of improvement of the EC compared to Mx = 16,My = 36

and Mx = 12,My = 48, respectively. In addition, we observe that the shape of the RIS has no

impact on the EC in the far-field regime, because all the elements experience approximately the
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Fig. 6: EC versus My for different values of the

transmit power in the near- and far-field regions

for the centralized RIS deployment (Mx = 24,

ρ0 = 0.95, ρC = 0.9).

Fig. 7: Comparison of the EC performance for

different shapes of the RIS in the near- and far-

field regimes (ρ0 = 0.95, ρC = 0.9).

same path loss in the far-field regime, while in the near-field case the path loss of each element

is different.

In Fig. 8, we analyze the impact on the EC of the centralized and distributed deployments.

As for the centralized deployment, the single RIS is moved along the x-axis from the BS to

the user. As for the distributed deployment, we consider the following three different cases, as

illustrated in Fig. 8 (a). In case 1 and case 2, the two RISs are located near the BS and the user,

respectively, and the distance between the two RISs is 0.5 m. In case 3, on the other hand, one

RIS is located near the BS and the other RIS is located near the user. We observe from Fig.

8 (b) and Fig. 8 (c) that the EC degrades as ρ decreases, since a smaller value of ρ implies a

less accurate CSI. Furthermore, in all distributed deployment cases, the EC is the largest in case

3. On the other hand, the scenario where the RIS is located near the user yields a better EC

than the case where the RIS is located near the BS. In addition, it is found that the distributed

deployment outperforms the centralized deployment. The two deployments provide almost the

same performance when a single RIS is located either near the BS or the user. Moreover, the

EC decreases as K0 decreasing, and the conclusions of the comparison between the centralized
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x 

y 

x 

y 

(a) Top view of the two RIS deployments

(b) EC of centralized and distributed RIS-aided systems (ρC = 0.9).

(c) EC of centralized and distributed RIS-aided systems (ρC = 1).

Fig. 8: Comparison of the EC performance for different deployment strategies.
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and distributed deployments remain the same regardless of the values K0.

V. CONCLUSION

In this paper, we have studied the ergodic capacity of centralized and distributed RIS-aided

communication systems. Considering the effects of near-field/far-field propagation conditions

and outdated CSI, we derived accurate closed-form approximations for the ergodic capacity.

Moreover, tight lower and upper bounds for the ergodic capacity were derived. Our analysis

reveals that the system performance improves with the transmit power, the Rician-K factor,

the outdated CSI coefficient and the size of the reflecting elements. Furthermore, the numerical

results show that a distributed RIS-aided system usually outperforms a centralized RIS-aided

system, and that they provide almost the same ergodic capacity if a single RIS is deployed near

the transmitter or near the receiver.

APPENDIX A

PROOF OF COROLLARY 1

Denote Um
∆
=
√

β−1
m |ĝCm||hCm|, T ∆

= ρC
M∑

m=1

Um, Z
∆
= T + ρ0 |ĝ0|, R ∆

= Z2, we have

E (Um) =
√

β−1
m Ω1Ω2,

E
(
U2
m

)
= β−1

m .

Similarly, we can obtain the moments of T , Z as
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E(Z)=E(T+ρ0|ĝ0|)=ρC
M∑
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√

β−1
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√

β−1
0 ρ0Ω0,

E
(
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m Ω0Ω1Ω2. (A.1)

Then, with the aid of [56, Sec. 2.2.2], the PDF of Z can be approximated with a Gamma

distribution. Therefore, (23) is obtained and the proof is completed.

APPENDIX B

PROOF OF COROLLARY 2

We first consider the derivation of σ2
Ceff . Using (6), we obtain

σ2
Ceff

∆
= E

(
|nCeff |2
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. (B.1)

In particular, we have

E
(
|n0|2

)
= σ2

0 , (B.2)

E
(
|ω0|2

)
= σ2

ĥ0
= 1− Ω2

0, (B.3)
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Furthermore, we have
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Since ωC, and hC are independent of each other and E (ωCm) = 0, we obtain I2 = 0 and

I1=

M∑

m=1

σ2
ĝCm

(
σ2
hCm

+
(
E(|hCm|)2

))
β−1
m =

(
1−Ω2

2

)
M∑

m=1

β−1
m , (B.5)

By substituting (B.5) and I2 = 0 into (B.4), we arrive at

E
(
|ωCBΦChC|2

)
=
(
1− Ω2

2

)
M∑

m=1

β−1
m . (B.6)

By substituting (B.2), (B.3) and (B.6) into (B.1), we prove (28).

Now, we turn our attention to the derivation of the EC in (27). From (22) and employing the

integration by parts method, the EC can be rewritten as

C̄ =
1

ln 2

∫ ∞

0

1− Fγ (γ)

1 + γ
dγ. (B.7)

Substituting (26) into (B.7) and using [59, Eq. (07.34.03.0271.01)], [59, Eq. (07.34.03.0613.01)]

together with [59, Eq. (07.34.21.0013.01)], the EC can be obtained as in (27).

APPENDIX C

PROOF OF COROLLARY 3

By using (8), we obtain

E (γCmax) = γCteffE
(
Z2
)
. (C.1)
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Employing (A.1), we obtain the upper bound for the EC in (34). According to (23) and utilizing

γCmax = γCteffZ
2, we obtain the PDF of γCmax as

fγCmax
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Z1

2γ
aZ1/2
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With the aid of E (γCmax) =
∫∞

0
γfγCmax

(γ)dγ, E (γ2
Cmax) =

∫∞

0
γ2fγCmax

(γ)dγ and [46, 3.326.3],

we derive the mean and variance of γCmax as
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E
(
γ2
Cmax

)
=

baZ1

Z1

2γ
aZ1/2
Cteff Γ(aZ1)

∫ ∞

0

γ2(
√
γ)aZ1−2e

−bZ1

√

γ
γCteff dγ

= γ2
Cteff

Γ (aZ1 + 4)

b4Z1Γ (aZ1)
, (C.4)

Finally, by utilizing the relation Var (γCmax) = E (γ2
Cmax)− (E (γCmax))

2
, we obtain the variance

in (36).

APPENDIX D

PROOF OF COROLLARY 4
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Then, according to [56, Sec. 2.2.2], the PDF of H can be tightly approximated by the Gamma

distribution which is characterized by two parameters aH1
∆
= (E(H))2

Var(H)
, bH1

∆
= E(H)

Var(H)
. Then, (39)

is proved.
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APPENDIX E

PROOF OF COROLLARY 5

The variance of the equivalent noise nDeff for the distributed deployment can be derived as
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Due to the fact that ωDl, and hDl are independent of each other, we obtain I4=0 and

I3=

Ml∑

m=1

β−1
lmσ2

ĝDlm
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Substituting (E.2), (E.3), I4=0, (B.2) and (B.3) into (E.1), we arrive at (44).

Next, by exploiting a similar methodology as for the derivation of (26), we arrive at

FγDmax
(γ) = 1− 1

Γ (aH1)
Γ

(

aH1, bH1

√
γ

γDteff

)

. (E.4)

Substituting (E.4) into (B.7) and with the aid of [59, Eq. (07.34.03.0271.01)], [59, Eq. (07.34.03.0613.01)]

and [59, Eq. (07.34.21.0013.01)], we obtain (43).
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APPENDIX F

PROOF OF COROLLARY 6

We can rewrite (18) as

E (γDmax) = γDteffE
(
H2
)
. (F.1)

Next, by employing (41), we obtain (47). Then, Var (γDmax) is obtained by using the same

approach as for the derivation of (36).
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