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Analysis and Optimization for RIS-Aided Multi-Pair

Communications Relying on Statistical CSI
Zhangjie Peng, Tianshu Li, Cunhua Pan, Member, IEEE, Hong Ren Member, IEEE,

Wei Xu, Senior Member, IEEE, and Marco Di Renzo Fellow, IEEE

Abstract—In this paper, we investigate a reconfigurable in-
telligent surface (RIS) aided multi-pair communication system,
in which multi-pair users exchange information via an RIS.
We derive an approximate expression for the achievable rate
by assuming that statistical channel state information (CSI) is
available. A genetic algorithm (GA) to solve the rate maximiza-
tion problem is proposed as well. In particular, we consider
implementations of RISs with continuous phase shifts (CPSs)
and discrete phase shifts (DPSs). Simulation results verify the
obtained results and show that the proposed GA method has
almost the same performance as the globally optimal solution.
In addition, numerical results show that three quantization bits
can achieve a large portion of the achievable rate for the CPSs
setup.

Index Terms—Reconfigurable intelligent surface (RIS), intelli-
gent reflecting surface (IRS), statistical channel state information
(CSI), multi-pair communication, genetic algorithm (GA).

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) are an emerging

transmission technology that is capable of configuring the

wireless channel into desirable forms by appropriately opti-

mizing the response of their individual scattering elements [1].

Due to their appealing features of low cost and low power

consumption, RISs have attracted extensive research attention

[2]–[5].

Some initial efforts have been devoted to the study of

various RIS-aided communication systems and applications,

such as physical layer security in [6], [7], multicell networks

in [8], full duplex systems in [9], mobile edge computing in

[10], and wireless power transfer in [11]. However, a paucity

of contribution studied RIS-aided multi-pair communication

systems, which is a typical communication scenario due to

the rapid increase of the number of machine-type devices in

future networks.
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Fig. 1. System model for RIS-aided multi-pair communications.

In multi-pair communication systems, the direct commu-

nication links may be blocked in both indoor and outdoor

scenarios. In particular, the direct signals may be blocked by

trees and large buildings in outdoor scenarios. In indoor sce-

narios, the signals may be blocked by thick walls, especially

in high-frequency millimeter-wave communication systems.

To counteract these issues, we consider the deployment of

an RIS in order to assist the transmission between pairs of

devices. Compared with existing research works on relay-

assisted multi-pair communications in [12], [13], RISs have

some appealing advantages. In particular, an RIS has low

power consumption and does not need power amplifiers and

signal processing units after configuration [1], [14].

Against this background, we study the transmission design

for an RIS-aided multi-pair communication system. Unlike

most of the existing papers [6]–[11] where instantaneous

channel state information (CSI) is assumed to be known, we

consider the availability of statistical CSI [15] that is easier to

obtain since it varies more slowly. Specifically, our contribu-

tions are as follows: 1) We derive the achievable rate of the

considered system model; 2) we propose a genetic algorithm

(GA) method to solve the phase shifts optimization problem,

by considering the setups of continuous phase shifts (CPSs)

and discrete phase shifts (DPSs); 3) we provide extensive

simulation results to demonstrate the correctness of our derived

results, and to show that three bits are enough to discretize

the phase shifts, which provides useful engineering insights

for designing RIS-aided systems.

The rest of the paper is organized as follows. In Section II,

we introduce the RIS-aided multi-pair communication system

model. We derive the achievable rate in Section III and

optimize the phase shifts in Section IV. Numerical results

http://arxiv.org/abs/2007.11704v3
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are provided to demonstrate the correctness of our analysis

in Section V. Conclusions are drawn in Section VI.

II. SYSTEM MODEL

We consider an RIS-aided multi-pair communication sys-

tem, where K pairs of users exchange information via an RIS,

as shown in Fig. 1. The RIS consists of L reflective elements

that are capable of customizing the channel by optimizing

their phase shifts. The phase shift matrix Θ is denoted by

Θ = diag(ejθ1 , . . . , ejθℓ , . . . , ejθL), where θℓ is the phase

shift of the ℓth reflective element. We denote the ith single-

antenna transmitter as UAi and the ith single-antenna receiver

as UBi, for i = 1, ...,K .

The channel between UAi and the RIS and the channel

between the RIS and UBi can be written as

gai =
√
αaihai, (1)

gbi =
√
αbihbi, (2)

where αai and αbi denote the large-scale fading coefficients,

and gi ∈ CL×1 and hi ∈ CL×1 denote the fast fading vectors.

Rician fading is assumed for all channels, thus the vectors hai

and hbi can be expressed as

hai =

√
εi

εi + 1
hai +

√
1

εi + 1
h̃ai, (3)

hbi =

√

βi

βi + 1
hbi +

√
1

βi + 1
h̃bi, (4)

where εi and βi denote the Rician factors, h̃ai ∈ CL×1 and

h̃bi ∈ CL×1 denote the non-line-of-sight channel vectors,

whose entries are independent and identically distributed stan-

dard Gaussian random variables, i.e., CN (0, 1), and hai ∈
C

L×1 and hbi ∈ C
L×1 denote the line-of-sight channel

vectors. In particular, hai and hbi can be expressed as

hai = [1, ej2π
d
λ

sinςi , . . . , ej2π
d
λ
(L−1)sinςi ]T , (5)

hbi = [1, ej2π
d
λ

sinϕi , . . . , ej2π
d
λ
(L−1)sinϕi ]T , (6)

where ϕi and ςi represent the ith pair of users’ angle of

arrival (AoA) and angle of departure (AoD), respectively. In

the present paper, we consider RISs that are made of discrete

elements that are spaced half of the wavelength apart [1].

Therefore, we assume d = λ
2 in the rest of the paper.

We assume the availability of statistical CSI at UAi, for

i = 1, . . . ,K . The statistical CSI can be readily obtained since

it varies much slowly than the instantaneous CSI. The signal

received at UBi is given by

yi = gT
biΘ

K∑

j=1

√
pjgajxj + ni

=
√
pig

T
biΘgaixi

︸ ︷︷ ︸

Desired signal

+

K∑

j=1,j 6=i

√
pjgTbiΘgajxj

︸ ︷︷ ︸

Inter-user interference

+ ni
︸︷︷︸

Noise

, (7)

where xj ∼ CN (0, 1) represents the signal transmitted by

UAj , pj denotes the transmit power of UAj , and ni ∼
CN (0, σ2

i ) is the additive white Gaussian noise (AWGN) at

UBi, for i = 1, . . . ,K .

From (7), we observe that yi consists of three parts: the

desired signal that UBi wants to receive, the interference

produced by other multi-pair users, and the noise. Furthermore,

the signal-to-interference plus noise ratio (SINR) at UBi is

given by

γi =
piαbiαai

∣
∣hT

biΘhai

∣
∣
2

K∑

j=1,j 6=i

(

pjαbiαaj

∣
∣hT

biΘhaj

∣
∣
2
)

+ σ2
i

. (8)

Hence, the ergodic achievable rate for UBi can be expressed

as
Ri = E{log2(1 + γi)}, (9)

and the sum achievable rate can be written as

C =

K∑

i=1

Ri. (10)

III. ACHIEVABLE RATE ANALYSIS

In this section, we analyze the system performance. We

derive an approximate expression for the achievable rate in

the following theorem.

Theorem 1. In an RIS-aided multi-pair communication sys-

tem, the average achievable rate of UBi can be approximated

as

Ri≈ R̃i , log2







1 +

piαbiαai
εiβiΩi,i+L(εi+βi)+L

(εi+1)(βi+1)

K∑

j=1,j 6=i

(

pjαbiαaj
εiβjΩi,j+L(εi+βj)+L

(εi+1)(βj+1)

)

+ σ2
i








,

(11)

where Ωi,i and Ωi,j are, respectively, defined as

Ωi,i=L+ 2
∑

1≤m<n≤L

cos[θn−θm + (n−m)π(sinϕi+sinςi)], (12)

Ωi,j=L+ 2
∑

1≤m<n≤L

cos[θn−θm + (n−m)π(sinϕi+sinςj)]. (13)

Proof: Using Lemma 1 in [16], Ri in (9) can be approxi-

mated as

Ri≈ log2







1 +

piαbiαaiE

{∣
∣hT

biΘhai

∣
∣
2
}

K∑

j=1,j 6=i

(

pjαbiαbjE

{∣
∣hT

biΘhaj

∣
∣
2
})

+ σ2
i








.

(14)

The ℓth element of hai and the ℓth element of hbi can be

written as

[hai]ℓ =

√
εi

εi + 1
ej(ℓ−1)πsinϕi +

√
1

εi + 1
(sℓi + jtℓi), (15)

[hbi]ℓ =

√

βi

βi + 1
ej(ℓ−1)πsinςi +

√
1

βi + 1
(uℓi + jvℓi), (16)

where sℓi ∼ N (0, 1/2) and tℓi ∼ N (0, 1/2) denote the

independent real and imaginary parts of [h̃ai]ℓ, respectively,

and uℓj ∼ N (0, 1/2) and vℓj ∼ N (0, 1/2) denote the

independent real and imaginary parts of [h̃bi]ℓ, respectively.

Let us first consider the term E

{∣
∣hT

biΘhaj

∣
∣
2
}

in (14). By

substituting (15) and (16) into E

{∣
∣hT

biΘhaj

∣
∣
2
}

, it can be

rewritten as

E

{∣
∣hT

biΘhaj

∣
∣
2
}

=E

{

R
(
hT
biΘhaj

)2
+ I

(
hT
biΘgaj

)2
}

, (17)
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where the terms R
(
hT
biΘhaj

)
and I

(
hT
biΘgaj

)
are the real

and imaginary parts of hT
biΘhaj . They are respectively given

by (18) and (19) (at the bottom of this page), where λij is

given by

λij =
1

√

(εi + 1)(βj + 1)
. (20)

With the aid of some algebraic calculations, we obtain

E

{∣
∣hT

biΘhaj

∣
∣
2
}

=
εiβjΩi,j + L(εi + βj) + L

(εi + 1)(βj + 1)
. (21)

A similar method can be used to calculate the term

E

{∣
∣hT

biΘhai

∣
∣
2
}

in (14), which yields

E

{∣
∣hT

biΘhai

∣
∣
2
}

=
εiβiΩi,i + L(εi + βi) + L

(εi + 1)(βi + 1)
. (22)

By substituting (21) and (22) into (14), we obtain the final

result in (11). This completes the proof. ✷

Substituting (11) into (10), we obtain the sum achievable

rate. According to Theorem 1, if αbi, αai, AoA, AoD, εi, and

σi are kept fixed, the sum achievable rate is determined by

the number of user pairs K , the transmit power pi, the phase

shift matrix Θ and the number of reflective elements L.

IV. PHASE SHIFTS OPTIMIZATION

In this section, we formulate and solve the phase shifts

optimization problem in order to maximize the sum achievable

rate. Both case studies of CPSs and DPSs are considered.

A. Optimal CPSs Design

To begin with, we consider the scenario adopting CPSs. The

optimization problem is formulated as

max
Θ

K∑

i=1

R̃i (23a)

s.t. θℓ ∈ [0, 2π) ∀ℓ = 1, . . . , L. (23b)

Problem (23) can hardly be solved by the conven-

tional methods, such as successive convex approximation,

minorization-maximization, semidefinite program, second-

order cone program, etc.

Algorithm 1: Genetic Algorithm

1 Initialize the iteration number n = 1, f1
min = 1, and

generate the initial population;

2 while n ≤ nmax or fn
min > ε do

3 Apply evaluation and sort;

4 while The number of children does not reach Nc

do

5 Apply the selection function;

6 Apply the crossover function;

7 end

8 Place the first Ns individuals in the list, and the

Nc children in the current generation;

9 Select Ne elites who have the lowest fitness

function value;

10 Apply the mutation function;

11 Refresh the current generation, with elites and

mutated individuals;

12 Return the lowest fitness function value in the

current generation fn
min;

13 Set n← n+ 1;

14 end

15 Output the individual with the lowest fitness function

value in the current generation.

To tackle this issue, we propose a GA method in Algorithm

1. We associate each individual to a 1 × L phase shift vector

θ = [θ1, . . . , θℓ, . . . , θL] and θℓ corresponds to its ℓth gene.

The initial population, the evaluation and sort operations,

the selection function, the crossover function and the mutation

function of the proposed GA method are described as follows.

1) Initial population: Nt individuals are generated, by

generating each gene as a variable that is randomly distributed

within [0, 2π). This is referred to as the initial population.

2) Evaluation and sort: Each individual is evaluated by using

the fitness function

f(θ) =
1

∑K
i=1 R̃i

. (24)

In particular, the lower the fitness function is, the higher the

evaluation of the individual and the position in the correspond-

ing sorted list are.

R
(
hT
biΘhaj

)
= λij

L∑

ℓ=1

(
√

εiβj (cos(θℓ + (ℓ − 1)π(sinϕi + sinςj))) + cosθℓ(sℓiuℓj − tℓivℓj)− sinθℓ(sℓivℓj + tℓiuℓj) )

+ λij

L∑

ℓ=1

(
√
εi ((cosθℓ − sinθℓ)cos((ℓ − 1)πsinϕi)uℓj − (cosθℓ + sinθℓ)sin((ℓ − 1)πsinϕi)vℓj)

+
√

βj ((cosθℓ − sinθℓ)(cos((ℓ − 1)πsinςj)sℓi − (cosθℓ + sinθℓ)sin((ℓ − 1)πsinςj)tℓi)) ) (18)

I
(
hT
biΘhaj

)
= λij

L∑

ℓ=1

(
√

εiβj (sin(θℓ + (ℓ− 1)π(sinϕi + sinςj))) + sinθℓ(sℓiuℓj − tℓivℓj) + cosθℓ(sℓivℓj + tℓiuℓj) )

+ λij

L∑

ℓ=1

(
√
εi ((cosθℓ + sinθℓ)cos((ℓ− 1)πsinϕi)uℓj + (cosθℓ − sinθℓ)sin((ℓ− 1)πsinϕi)vℓj)

+
√

βi ((cosθℓ + sinθℓ)cos((ℓ − 1)πsinςj)sℓj + (cosθℓ − sinθℓ)sin((ℓ− 1)πsinςj)tℓj) ) (19)
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3) Selection function: The selection function is used to

obtain two candidates, θ1 and θ2, from Nt individuals. The

individuals with larger values of the fitness function have a

lower probability to be selected. θ1 and θ2 are obtained by

using Algorithm 2.

Algorithm 2: Selection Algorithm

1 Generate a random number c between 0 and 1;

2 Define a cumulative-probabilities vector

r = [1/Nt, . . . , r/Nt, . . . , 1], for r = 1, ..., Nt.;

3 Denote r′/Nt as the nearest maximum number in r to

c;
4 Take the r′th individual in the list that is sorted by

using (24).

Algorithm 3: Single-Point Crossing Algorithm

1 Get θ1 = [θ
(1)
1 , . . . , θ

(1)
ℓ , . . . , θ

(1)
L ] and

θ2 = [θ
(2)
1 , . . . , θ

(2)
ℓ , . . . , θ

(2)
L ] selected by Algorithm

2;

2 Identify a crossover point ℓ′ ∈ [1, L] randomly;

3 Crossover θ1 and θ2 at crossover point ℓ′;
4 Obtain two children

θc1 = [θ
(1)
1 , . . . , θ

(1)
ℓ′ , θ

(2)
ℓ′+1, . . . , θ

(2)
L ] and

θc2 = [θ
(2)
1 , . . . , θ

(2)
ℓ′ , θ

(1)
ℓ′+1, . . . , θ

(1)
L ].

4) Crossover function: The crossover function operates on

θ1 and θ2, and generates two crossover children θc1 and

θc2. A single-point crossing algorithm is employed, which is

described in Algorithm 3.

5) Mutation function: The mutation function operates on

(Nt-Ne)L genes from (Nt-Ne) individuals (except for the

elites). Each gene is capable of mutating to a random number

between 0 and 2π with mutation rate.

Similar as [17], the complexity of the proposed GA algo-

rithm is nNt, where Nt is the population size, and n is the

number of generations evaluated. Moreover, n is determined

by the convergence behavior of the GA.

B. Optimal DPSs Design

In practice, only a limited number of phase shifts can be

used. We assume that each reflective element is encoded with

B bits, and thus 2B phase shifts can be chosen to enhance

the signal reflected by the RIS. We denote the DPS matrix

as Θ̂ = diag(ejθ̂1 , . . . , ejθ̂ℓ , . . . , ejθ̂L), where θ̂ℓ is the DPS

of the ℓth reflective element. Replacing the CPSs in Problem

(23) by the DPSs, the optimization problem for DPSs can be

formulated as

max
Θ̂

K∑

i=1

R̃i (25a)

s.t. θ̂ℓ ∈ {0, 2π/2B, . . . , 2π(2B − 1)/2B}
∀ℓ = 1, . . . , L. (25b)

It is observed that Problem (25) is similar to Problem

(23). Accordingly, the GA method proposed for solving the

TABLE I
PARAMETERS FOR SIMULATION

No. of pairs AoA AoD αai and αbi

1 5.5629 1.1450 0.0023

2 5.6486 0.6226 0.0285

3 3.9329 3.0773 0.0025

4 0.8663 1.2142 0.0012

5 1.3685 5.6290 0.0550

6 1.1444 0.6226 0.0141
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Fig. 2. Sum achievable rate versus SNR with B = 2 and GA.

CPSs optimization problem can be applied to solve the DPSs

optimization problem as well.

V. NUMERICAL RESULTS

We evaluate the impact of different parameters on the sum

achievable rate. We assume that the Rician factor is εi = 10,

the noise power is σ2
i = 1, and the transmission power is SNR

= pi, for i = 1, ...,K . The main parameters for the GA are:

Nt = 100, Ns = 50, Nc = 50, Ne = 1, nmax = 10000, Pm =

0.1, and ε = 10−6. The other parameters are summarized in

Table I, where the AOA and the AOD are randomly distributed

within [0, 2π), and the large-scale fading coefficients αai and

αbi are set according to [16].

In Fig. 2, we illustrate the sum achievable rate (10) versus

the SNR obtained from the analytical expression in (11)

and Monte-Carlo simulations from (9). Two quantization bits

are assumed. A good analytical agreement with Monte-Carlo

simulation results is obtained, which verifies the derivations.

We observe that the sum achievable rate increases with the

number of reflecting elements L, as expected.

Fig. 3 depicts the sum achievable rate versus the SNR,

by assuming two quantization bits and comparing different

optimization schemes. Compared with the scheme based on

randomly chosen phase shifts, the proposed GA and exhaustive

search methods can achieve higher sum achievable rate. It

is interesting to observe that the proposed GA method has

almost the same performance as the globally optimal solution

obtained by using the exhaustive search method.

Fig. 4 shows the sum achievable rate versus B (the number

of quantization) for the scenarios adopting DPSs. The sum

achievable rate for the DPSs setup increases rapidly when B
is small, while the curve gradually saturates when B is large.



5

−15 −10 −5 0 5 10 15 20 25
0

1

2

3

4

5

SNR (dB)

S
um

 R
at

e 
(b

its
/s

/H
z)

 

 

GA (L = 8,K = 6)
exaustion (L = 8,K = 6)
GA (L = 8,K = 2)
exaustion (L = 8,K = 2)
random (L = 8,K = 6)
random (L = 8,K = 2)

Fig. 3. Sum achievable rate versus SNR with B = 2 by various schemes.

1 2 3 4 5 6
1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

Number of coding bits B

S
um

 R
at

e 
(b

its
/s

/H
z)

 

 

CPSs (L = 16,K = 6)
DPSs (L = 16,K = 6)
CPSs (L = 8,K = 6)
DPSs (L = 8,K = 6)

Fig. 4. Sum achievable rate versus B with SNR = 20 dB.

However, it is known that using a large number of quantization

bits to control the phase shifts incurs high hardware cost and

power consumption. The figure shows that three quantization

bits can achieve a large portion of the sum achievable rate

for the CPSs setup, which provides useful engineering design

insights for RIS-aided systems.

Fig. 5 depicts the sum achievable rate versus the Rician

factor, with two quantization bits and SNR = 20 dB. The figure

shows that the sum achievable rate increases with the Rician

factor. With the increase of the Rician factor, we can observe

that the gaps of the sum rates between the random scheme and

the proposed GA method converge to the fixed values. It is

because with a large Rician factor, the channels are dominated

by the LOS component.

VI. CONCLUSION

In this paper, we investigated RIS-aided communications for

multiple pairs of users. We derived an approximate expression

for the achievable rate. Based on the derived analytical frame-

work, we developed a GA-based algorithm for optimizing

the achievable sum achievable rate, which can be applied

to CPS-based and DPS-based implementations. Simulation

results verified the effectiveness of the proposed GA-based

method.
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