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Abstract—Reconfigurable intelligent surfaces (RISs) have
emerged as a promising technology for the next generation
networks. By utilizing tools from stochastic geometry, we
develop a meta distributed-based analytical framework to study
the effect of the large-scale deployment of the RIS on the
performance of a millimeter wave (mmWave) cellular network.
Specifically, the locations of the base stations (BSs) are modeled
as Poisson point processes (PPPs). In addition, the blockages are
modeled by a Boolean model and a fraction of the blockages
are coated with RISs. By considering the randomness of the
locations and orientations of the RISs and the particular
characteristics of mmWave communications, we provide a
statistical characterization of the path loss for the BSs and RISs
and derive the analytical expressions for the k-th moment of
the conditional success probability, the area spectral efficiency
and the energy efficiency. Numerical results demonstrate that
better coverage performance and higher energy efficiency can be
achieved by a large-scale deployment of RISs.

Index Terms—Millimeter wave, reconfigurable intelligent
surfaces, stochastic geometry.

I. INTRODUCTION

The evolution of existing mobile applications and the
constantly emergence of new applications have led to an
explosive growth of the wireless data traffic. Millimeter wave
(mmWave) communication stands out as a promising method
to meet the data demand due to the abundant spectrum [1].
However, the high path loss and poor penetration into buildings
prohibit the mmWave networks from providing universal
coverage. Fortunately, reconfigurable intelligent surface (RIS),
a surface consisting of a large number of reflective elements,
provides an energy efficient approach to increase the coverage
while creating a customized electromagnetic propagation
environment by manipulating electromagnetic waves[2].

The RISs can be utilized in various application scenarios
[3], [4], such as physical layer security enhancement [6],
energy efficiency improvement and spatial modulation [7]. The
results in [8] confirmed the huge potential of RISs to enhance
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the secrecy performance. The work of [9] demonstrated that
the secrecy rate of an RIS-assisted wireless communication
system can be enhanced by utilizing artificial noise. In
[10], the base station (BS) transmit beamforming and RIS
reflective beamforming were optimized jointly to maximize
the minimum secrecy rate of the RIS-assisted networks
under the assumption of discrete and continuous RIS phase
shifts. The success probability of RIS-assisted networks was
investigated in [11]-[12]. Exploiting the Boolean model, In
[11], the achievable rate and energy efficiency were derived for
RIS-assisted millimeter networks. In [12], the authors derived
the ratio of the blind spots to the entire area and the distribution
of the path loss between the typical user and its serving BS.

However, the existing works leverage the success probability
as a key performance metric, which is defined as the
probability of the signal-to-interference-plus-ratio (SINR)
exceeding a pre-defined threshold T , i.e., P[SINR > T ], given
a spatial realization of BSs and users. The success probability
is obtained by averaging the conditional success probability
(a random variable) over the BS realizations and channel
fading, from which the SINR variations across the individual
links cannot be characterized. In order to obtain a fine-grained
analysis on the SINR distribution of the RIS-assisted networks,
inspired by [13], we herein adopt the meta distribution of
the SINR as the performance metric. This is defined as
the complementary cumulative distribution function (CCDF)
of the conditional success probability. In other words, the
success probability only answers the question of “On average,
what fraction of users experience successful transmission (i.e.,
SINR > T )?”. The meta distribution answers the question
“What fraction of users can achieve the conditional success
probability of at least y (an arbitrary percentage value)?”. By
considering the randomness for the location and orientation of
the RISs, we provide a statistical characterization of the RISs
and BSs in the mmWave networks with the Boolean modeled
blockages. The RIS utilization is also provided, which is
the fraction of the RISs that are actually being utilized to
provide reflected links. The main contributions of the work
are summarized as follows:

1) We develop a meta distribution-based framework to
analyze the performance of a RIS-assisted mmWave
cellular network by modeling the distributions of the
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Figure 1. The layout of a RIS-assisted mmWave network.

BSs and RISs as Poisson point processes (PPPs). The
distributions of the distance between the typical user and
its serving BS/RIS are obtained. Based on the results, the
k-th moment of the conditional success probability for
the RIS-assisted mmWave cellular network is obtained.
Moreover, analytical expressions of the mean local
delay, ASE and energy efficiency are presented.

2) The simulation results demonstrate the impact of the
key network parameters, such as the density of the
BSs/RISs and the size of RISs, on the SINR meta
distribution, mean and variance of the conditional
success probability and energy efficiency. Simulation
results for the traditional networks without RISs are also
provided for the sake of comparison.Our conclusion is
that RISs can effectively improve the success probability
of the mmWave networks.

II. SYSTEM MODEL

We consider a RIS-assisted mmWave cellular network, as
shown in Fig. 1. The locations of the BSs and users are
assumed to follow independent PPPs ΦB and ΦU with density
λB and λU , respectively. Each BS and user are equipped with
a ULA and the number of antennas at the BSs and users
are denoted by NB and NU , respectively. Let P denote the
transmit power of each BS. The available bandwidth is denoted
by W (in Hz). We assume that a fraction of the blockage is
coated with RISs and the RISs are distributed according to a
PPP ΦR with density λR. The number of the elements on the
RIS is denoted by NR. Without loss of generality, according
to Slivnyak’s theorem [14], we can study the performance of
the typical user u0 located at the origin o ∈ R.

Since all BSs operate in the mmWave frequency, the
communication link is sensitive to blockage effects. The link
between u0 and an arbitrary BS can be either LOS or NLOS,
which is dependent on the visibility of the BS to u0. If there
are no blockages between u0 and the BS, the corresponding
link is LOS. Otherwise, the link is considered to be NLOS.

The LOS probability of the link between u0 and an arbitrary
BS at distance x is defined by a LOS probability function, i.e.,
pL(x) = e−βx, where the blockage parameter β is dependent
on the densities of the BSs and blockages [14]. The NLOS
probability of the corresponding link, i.e., pN (x), is therefore
1− e−βx.

The signal received by u0 is attenuated by the path loss,
and the severity of the attenuation can be measured by the
path loss exponent. To distinguish the LOS/NLOS states of
the link, different path loss laws are applied to the links under
the LOS/NLOS link states. Therefore, the path loss is given
by

L(x) =

{
κLx

αL with probability pL(x)

κNx
αN with probability pN (x),

(1)

where κL and κN are the path losses of the LOS/NLOS
links at the reference distance of 1 meter, while αL and αN
represent the path loss exponents of the LOS and NLOS links,
respectively. Note that the signal is spatially sparse in the
angle domain and the multipath components originate mainly
from reflections rather than scattering and refraction [15]-[17].
Therefore, we neglect small-scale fading hereafter.

There are two types of channels for the typical user, i.e.,
the direct channel and the reflected channel. The direct channel
denotes the channel between the typical user u0 and its serving
BS. The channel of the direct link between u0 and the serving
BS can be expressed as

Hi0,0 = aNU (φi0,0)aH
NB (θi0,0), (2)

where the vectors aNU (φi0,0) and aNB (θi0,0) are

aNU (φi0,0) =
1√
NU

[1, ej2πφi0,0 , · · · , ej2π(NB−1)φi0,0 ]T, (3)

where i0 ∈ ΦB is the index of u0’s serving BS, φi0,0 =
d cosϕi0,0/ω is the normalized AoA at u0 and θi0,0 =
d cosϑi0,0/ω is the normalized AoD at the serving BS. Note
that d denotes the distance between the antenna elements, ω
is the signal wavelength, ϕi0,0 is the physical AoA at u0 and
ϑi0,0 is the physical AoD at the serving BS. Note that φi0,0
and θi0,0 are assumed to follow the uniform distribution. The
vector aNB (θi0,0) can be written in a similar fashion.

The reflected channel denotes the channel between the
typical user u0 and its serving BS via a RIS, which consists of
two components, i.e., the BS-RIS link and the RIS-user link.
The channel for the BS-RIS link is first shown as

Hi0,j0 = aNR(φi0,j0)aH
NB (θi0,j0), (4)

where φi0,j0 and θi0,j0 denote the normalized AoA at the
associated RIS and the normalized AoD at the serving BS
for the BS-RIS link. Similarly, the channel for the RIS-user
link is

Hj0,0 = aNU (φj0,0)aH
NR(θj0,0), (5)

where j0 ∈ ΦR is the index of u0’s associated RIS, φj0,0 and
θj0,0 denote the normalized AoA at u0 and the normalized
AoD at the associated RIS for the RIS-user link. Then, the



channel for the BS-user link via a RIS is

Hi0,j0,0 = Hj0,0Ψj0Hi0,j0 , (6)

where Ψj0 is a diagonal matrix introduced by the RIS as

Ψj0 = diag{ejψ1,j0 , · · · , ejψNR,j0}, (7)

and ψn,j0 ∈ [0, 2π), n = 1, . . . , NR is the phase shift
introduced by the n-th element of the associated RIS of the
typical user u0.

Denote the beam directions that the serving BS and
u0 choose as θi0 and φ0, respectively. The matched filter
beamforming vectors are applied at the serving BS and u0,
which are shown as follows{

w0 = aNU (φ0),

wi0 = aNB (θi0).
(8)

Since the serving BS of u0 may be LOS or NLOS, we adopt
two different beamforming schemes for the LOS/NLOS cases.
Specifically, (1) the RIS-oriented beamforming scheme is
utilized when the serving BS is NLOS, which aims to optimize
the reflected channel, i.e., φ0 = φj0,0 and θi0 = θi0,j0 ; (2)
The user-oriented beamforming scheme is utilized when the
serving BS is LOS, which aims to optimize the direct channel,
i.e., φ0 = φi0,0 and θi0 = θi0,0.

Based on the above assumptions, the received signal at u0

is given in (9), as shown on the top of the next page, where
s0 is the transmitted signal from the serving BS to u0, si
is the transmitted signals from the interfering BSs to their
associated users, LB(ri0,0) is the path loss between u0 and
its serving BS, LR(rj0,0) is the path loss between u0 and
its associated RIS, LB,R(ri0,j0) is the path loss between the
associated RIS and the serving BS of u0, LB(ri,0) is the
path loss between u0 and the interfering BS, LR(rj0,0) is the
path loss between u0 and the interfering RIS, LB,R(ri0,j0) is
the path loss between the interfering RIS and the interfering
BS, Hi,0 is the channel between u0 and the interfering BS,
Hj,0 is the channel between u0 and the interfering RIS, wi

is the beamforming vector of the interfering BS, Hi,j is the
channel of the reflected link between the interfering BS and
RIS, Ψj is the phase shift matrix of the interfering RIS, and
n0 ∼ CN (0, σ2) is the complex additive white Gaussian noise
(AWGN).

III. ANALYSIS OF META DISTRIBUTION

In this section, we first provide the statistical
characterization of the path loss, then derive the meta
distribution and energy efficiency of the RIS-assisted
mmWave networks.

A. Auxiliary Results

In this subsection, we analyze the probability density
function (PDF) and the CCDF of the distance between u0

and its associated RIS.
Lemma 1: Given the distance between u0 and its serving

BS ri0,0, the distance between u0 and its associated RIS rj0,0,
and the angle between the RIS-user link and the BS-user link

$, the CCDF of the path loss between u0 and its associated
LOS/NLOS RIS providing a reflected link is given by

F̄LR,E,ν (x) = P(LR,E,ν > x) = exp(−ΛR,E,ν([0, x))),
(10)

where the intensity measures ΛR,E,L([0, x)) and
ΛR,E,N ([0, x)) are respectively given by

ΛR,E,L([0, x)) = λR

∫ π

−π

∫ (x/κL)1/αL

0

C(ri0,0, rj0,0, $)e−βrj0,0rj0,0drj0,0d$,

(11)

ΛR,E,N ([0, x)) = λR

∫ π

−π

∫ (x/κL)1/αL

0

C(ri0,0, rj0,0, $)
(
1− e−βrj0,0

)
rj0,0drj0,0d$,

(12)

C(ri0,0, rj0,0, $)

=
1

2
− 1

2π
arccos

 rj0,0 − ri0,0 cos($)√
r2
i0,0

+ r2
j0,0
− 2ri0,0rj0,0 cos($)

 .

(13)

Proof: Please refer to [18].
The intensity measures for the RISs without the capability

to provide a reflected link for u0, i.e., ΛR,NE,L([0, x)) and
ΛR,NE,N ([0, x)), can be obtained following similar steps.

The probability that a RIS can provide a reflected link for
u0 and its serving BS at ri0,0 is

C(rj0,0)

= 1− exp

(
−λB

∫ π

−π

∫ ∞
0

C(ri0,0, rj0,0, $)ri0,0dri0,0d$
)
.

(14)

By averaging over rj0,0, the probability that a RIS can
provide a reflected link for u0 and its serving BS is can be
obtained as

C =

∫ ∞
0

Λ′B([0, x)) exp(−ΛB([0, x))) (1− exp (−λB∫ π

−π

∫ ∞
0

C(ri0,0, rj0,0, $)ri0,0dri0,0d$
))

drj0,0.
(15)

Due to the ergodicity of the point processes, the probability
C can be regarded as the fraction of links with a assisting RIS.
Then the utilization of the RISs is λBC/λR.

Then the PDF of the path loss between u0 and its associated
LOS/NLOS RIS providing a reflected link is given by

fLR,E,ν = −
dF̄LR,E,ν (x)

dx
= Λ′R,E,ν([0, x)) exp(−ΛR,E,ν([0, x))),

(16)

where

Λ′R,E,L([0, x)) =

λR
2

∫ π

−π
C(ri0,0, x,$)e−β(x/κL)1/αLα−1

L κ
−2/αL
L x2/αL−1d$,

(17)



R =
√
P
√
LB(ri0,0)wH

0 Hi0,0wi0s0 +
√
P
√
LB,R(ri0,j0)LR(rj0,0)wH

0 Hi0,j0,0wi0s0︸ ︷︷ ︸
desired signal

+ n0︸︷︷︸
noise

+
∑
i∈ΦB

√
P
√
LB(ri,0)wH

0 Hi,0wisi +
∑
j∈ΦR

√
P
√
LR(rj,0)wH

0 Hj,0Ψj

∑
i∈Φ̄B

√
LB,R(ri,j)Hi,jwisi︸ ︷︷ ︸

interference

.
(9)

Λ′R,E,N ([0, x)) =
λR
2

∫ π

−π
C(ri0,0, x,$)

(
1− e−β(x/κL)1/αL

)
α−1
L κ

−2/αL
L x2/αL−1d$.

(18)

B. Meta Distribution

In this subsection, we first analyze the moments of the
conditional success probability. According to the LOS/NLOS
link state, the interference experienced by u0 are from four
sets, i.e., the set of LOS BSs ΦB,L, the set of LOS BSs ΦB,N ,
the set of LOS RISs with ΦR,L and the set of NLOS RISs
ΦR,N . By carefully handling the interference from the two
sets, the k-th moment of the conditional success probability
can be derived utilizing the law of total probability in the
following theorem.

Theorem 1: The k-th moment of the conditional success
probability in a RIS-assisted mmWave network is given by

Mk = CMk,E + (1− C)Mk,NE , (19)

Mk,E =
1

2π

∑
ρ∈{L,N}

∑
ν∈{L,N}

∫ 2π

0

∫ ∞
0

∫ ∞
0

∫ d
ω

− d
ω

∫ d
ω

− d
ω

∞∑
τ1=0

Wτ1∑
τ2=0

(
k

τ1

)(
Wτ1
τ2

)
(−1)τ1+τ2e−sσ

2

LIB (sB,ρ)LIR(sR,ρ)

fLB,ρ(lB,ρ)fLR,E,ν (lR,E,ν)dθSρdφSρdlB,ρdlR,E,νd$,
(20)

Mk,NE =
∑

ρ∈{L,N}

∫ ∞
0

∞∑
τ1=0

Wτ1∑
τ2=0

(
k

τ1

)(
Wτ1
τ2

)
(−1)τ1+τ2

e−sσ
2

LIB (sB,L)fLB,ρ(lB,ρ)dlB,ρ,
(21)

where sB,ρ = τ2(Wτ1)((Wτ1)!)
1

Wτ1 TS−1
B,ρ, sR,ρ =

τ2(Wτ1)((Wτ1)!)
1

Wτ1 TS−1
R,ρ.

Proof: See Appendix.
Note that the computation of the k-th moment of the

conditional success probability, i.e., Mk, can be divided into
two cases. When the reflected link exists, the user-oriented or
RIS-oriented beamforming scheme is adopted according to the
link state between u0 and its serving BS. When the reflected
link does not exist, the user-oriented beamforming scheme is
adopted. Mk is dependent on the physical layer parameters,
i.e., the densities of the BSs and the RISs, transmit powers

and the path loss exponents and the size of the RISs. The
randomness of the interference stems from three components,
i.e., the beam orientations, RIS orientations, BS and blockage
locations.

By applying the Gil-Pelaez theorem, the meta distribution
of the SINR is

F̄P(x) =
1

2
+

1

π

∫ ∞
0

J
(
e−jt log xMjt

)
t

dt, (22)

where Mjt can be obtained by replacing k with jt in (23),
while J (z) is the imaginary part of z.

From Theorem 1, we can also observe that the k-th moment
of the conditional success probability is not in closed-form
and it is difficult to obtain the analytically tractable results.
To facilitate the computation process, the Gauss-Chebyshev
quadrature (GCQ) formula [19] can be utilized to compute
the success probability.

C. Analysis of Area Spectral Efficiency and Energy Efficiency

In this subsection, we first derive the mean local delay, then
provide expression of the ASE and energy efficiency.

Theorem 2: The mean local delay of a RIS-assisted
mmWave network is given by

M−1 = CM−1,E + (1− C)M−1,NE , (23)

where

M−1,E =
1

2π

∑
ρ∈{L,N}

∑
ν∈{L,N}

∫ 2π

0

∫ ∞
0

∫ ∞
0

∫ d
ω

− d
ω

∫ d
ω

− d
ω

∞∑
τ1=0

Wτ1∑
τ2=0

(
Wτ1
τ2

)
(−1)τ2e−sσ

2

LIB (sB,ρ)LIR(sR,ρ)

fLB,ρ(lB,ρ)fLR,E,ν (lR,E,ν)dθSρdφSρdlB,ρdlR,E,νd$,
(24)

M−1,NE =
∑

ρ∈{L,N}

∫ ∞
0

∞∑
τ1=0

Wτ1∑
τ2=0

(
Wτ1
τ2

)
(−1)τ2e−sσ

2

LIB (sB,L)fLB,ρ(lB,ρ)dlB,ρ.
(25)

The ASE is defined as the average number of successfully
transmitted nats per second per hertz per unit area, which is
given by

ASE = C λB log(1 + T )

M−1,E
+ (1− C)λB log(1 + T )

M−1,NE
. (26)



In practice, a main proportion of the energy for cellular
networks is consumed by the BSs. The total BS power
consumption consists of two components: the static power
consumption and the transmit power. Henceforth, a linear
approximation model has been widely employed to describe
the power consumption, i.e., Ptot = P0 + ∆P , where 1/∆
denotes the power amplifier efficiency, P the transmit power
and P0 the static circuit power consumption. Let Pe be
the power consumption of each element in RIS, the energy
efficiency is then defined as the ratio of the ASE and the
corresponding average power consumption:

EE =
ASE

λBPtot + (λR − λBC)NRPe
. (27)

IV. SIMULATION RESULTS

In this section, we consider a RIS-assisted mmWave cellular
network. We present the impact of the key network parameters
on the meta distribution, success probability, variance of the
conditional success probability, ASE and energy efficiency.
The tradeoff between the BS and RIS density is also
investigated. Unless otherwise stated, the parameters are set
as listed in the following table.

Table I
SYSTEM PARAMETERS

Parameters Values
BS transmit power PB = 33dBm

BS static power consumption P0 = 10W
Efficiency of power amplifier 1/∆ = 1/6

Number of antennas in BS NB = 8
Number of antennas in user NU = 4
Number of elements in RIS NR = 128

Power consumption
of each element in RIS Pe = 7dBm

Path loss exponent αL = 2, αN = 4
BS density λB = 10/(5002π)
RIS density λR = 60/(5002π)
User density λU = 100/(5002π)

Blockage parameter β1 = 0.01

Carrier frequency 28GHz
Path loss intercept CL = CN = (Fc/4π)2

Noise figure 10dB

Noise power
-174dBm/Hz+10log10W

+10dB

Fig. 2 plots the meta distribution against y. The fraction of
users with conditional STP values around y can be reflected
by the slope of the meta distribution with respect to y. A
larger slope corresponds to a larger fraction of users with
conditional success probability values around y and vice
versa. Compared to mmWave networks without RISs, given
an arbitrary percentage y, a larger fraction of users in the
mmWave network with RISs achieve the success probability
larger than y, which indicates that the introduction of the RISs
increases the success probability. In addition, the cell-edge
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Figure 2. Meta distribution as a function of the SINR threshold.
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Figure 3. Energy efficiency as a function of BS density.

success probability increases due to the deployment of the
RISs, which indicates that the deployment of the RISs can
boost up the cell-edge rate.

Fig. 3 illustrates the energy efficiency as a function of
the BS density. We can observe that the energy efficiency
decreases more rapidly than the ASE. This can be explained
as follows. When the BS density is relatively small, the energy
efficiency increases since the success probability increases.
However, when the BS density further increases, the increasing
power consumption and the decreasing success probability
contributes to the reduction of the energy efficiency. In
addition, the results show that introducing RISs into cellular
networks can efficiently improve the energy efficiency of the
dense cellular networks.

V. CONCLUSION

We have developed a meta distribution-based framework
to investigate the performance of a RIS-assisted mmWave



network. By considering the orientation of the RISs, we
have provided a statistical characterization of the path loss of
the RISs and derived the expression of the RIS utilization.
We have derived analytical expressions for the moments
of the conditional success probability and the mean local
delay when the reflected link exists or does not exist.
Accordingly, the expressions of the area spectral efficiency
and the energy efficiency were derived. Numerical results have
demonstrated that the RISs supplement significantly mmWave
networks without RISs and can efficiently improve the success
probability with limited power consumption.

APPENDIX

Given that the reflected link exists, the k-th moment of the
conditional success probability can be derived as follows

Mk,E = P(SINRρ > T |Φ) = P

(
SB,ρ + SR,ρ
IB + IR + σ2

> T

)k
=P

(
1 >

T
(
IB + IR + σ2

)
SB,ρ + SR,ρ

)k
(a)
≈ 1

AR
P

(
ν >

T
(
IB + IR + σ2

)
SB,ρ + SR,ρ

)k
(b)
≈ 1

AR
EI,s

[(
Γ(W, s(σ2 + I))

Γ(W )

)k]
(c)
=

1

AR
Eθi0,j0 ,φSρ ,θSρ ,ri0,0,rj0,0,$

 ∑
ρ∈{L,N}

∑
ν∈{L,N}

∞∑
τ1=0

Wτ1∑
τ2=0(

k

τ1

)(
Wτ1
τ2

)
(−1)τ1+τ2e−sσ

2

LIB (s)LIR(s)

]
(d)
=

1

2πAR

∑
ρ∈{L,N}

∑
ν∈{L,N}

∫ 2π

0

∫ ∞
0

∫ ∞
0

∫ d
ω

− d
ω

∫ d
ω

− d
ω

∞∑
τ1=0

Wτ1∑
τ2=0(

k

τ1

)(
Wτ1
τ2

)
(−1)τ1+τ2e−sσ

2

LIB (sBρ)LIR(sRρ)

fLB,ρ(lB,ρ)fLR,E,ν (lR,E,ν)dθSρdφSρdlB,ρdlR,E,νd$,

where (a) follows from that a “dummy” gamma variable ν with
shape parameter W and unit mean is utilized to approximate
the constant number one and ν converges to one when W
geoes to infinity, i.e., limw→∞

wwxw−1e−wx

Γ(w) = δ(x− 1) [20],
where δ(x) is the Dirac delta function; (b) is from Alzer’s
inequality [21]; (c) follows from the binomial theorem and
the independence between IBS,L, IBS,N , IR,L and IR,N ; (d)
follows from the PDF of the distance between u0 and its
serving BS/RIS. Note that Mk,NE can be derived following
similar steps to the derivation of Mk,E .
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