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Joint Communication and Sensing Design for
Multihop RIS-Aided Communication
Systems in Underground Coal Mines
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and Chongwen Huang , Member, IEEE

Abstract—How to achieve reliable communication and safety
monitoring is very important in coal mines. However, most of
the existing transmission strategies and sensing-based monitoring
approaches assume a single objective and neglect non-line-of-
sight (NLOS) problems brought by winding tunnels or mine
collapses. To this end, we first propose a multihop reconfigurable
intelligent surface (RIS)-aided joint communication and sensing
(JCAS) approach to maximize the energy efficiency of the JCAS
access point and the sum sensing rates in order to improve the
sensing accuracy. Specifically, we formulate an energy-efficient
optimization problem by jointly designing both the phase-shift
matrix and the switches status of the RISs as well as the transmit
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power of the access point. The problem is solved by adopting the
successive convex approximation-based alternating optimization
algorithm, the second-order optimization method, the Lambert-w
function, and Newton’s method. Moreover, a sensing-based rate
optimization problem is also solved via the Lagrange relaxation
method and the Gradient descent method. Simulation results
demonstrate that the proposed algorithm has better robustness
and higher energy efficiency.

Index Terms—Disaster robustness and rescue, energy effi-
ciency, joint communication and sensing (JCAS), reconfigurable
intelligent surface (RIS), safety monitoring.

I. INTRODUCTION

COAL is the cornerstone of the energy system and the
guarantee of energy security. However, the geological

conditions of the coal mine environment are subject to unpre-
dictable changes, causing three kinds of dangers during coal
mining process: water seepage, goafs, and toxic and explo-
sive gases [1], [2]. Therefore, it is necessary to design a
proper communication system to guarantee safety monitor-
ing (sensing) and communication in various severe conditions,
and to forecast dangers, support rescue activities, and increase
productivity.

However, the complex structure and abundant bends in the
mine tunnels make the wired networks less scalable and costly
to deploy and maintain. Also, the wireless networks suffer
severe fading and power supply problems in nonline-of-sight
(NLOS) propagation scenarios. Moreover, with the proceeding
of the mining, the tunnels continue to extend forward or turn
to another direction, which means that the base station (BS)
needs to keep moving to provide services of communication
or perception. As a result, the extending and winding tunnels
bring many difficulties to the deployment of the communica-
tion and perception infrastructure. Furthermore, as the BS is
moving, a dedicated line for the power supply might be “lux-
ury” and inconvenient, and the BS might be useless for rescue
activities if a disaster cut down the power line.

A. Related Works

Traditionally, the safety monitoring system in coal mines
needs to deploy a large number of sensors to upload the
sensory data on time [3]. Since the tunnels are advancing
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during the mining process, wireless sensor networks (WSNs)
are better than wired sensor networks because of easy deploy-
ment and scalability. Multihop routing is necessary for WSNs
since direct wireless transmission is unfeasible in the NLOS
environment [4], [5]. However, the deployment and mainte-
nance for WSNs are relatively high and not energy efficient.
Moreover, WSNs cannot provide communication services for
workers and facilities in the underground coal mine.

In high-frequency bands (300 MHz to 3 GHz), Wireless
electromagnetic wave attenuation characteristics for under-
ground coal mines have been investigated in various cases
(rock roughness [6] and dust concentration). The feasibility
of multiple-input multiple-output (MIMO) systems operating
at 60 GHz (millimeter wave (mm-Wave) with higher sensing
resolution) has also been proved in the real-world underground
gold mines [7] in Quebec, Canada. For an MIMO system
equipped with a 2 × 2 antenna array, the channel capacity
is feasible to reach at least 4 bits/s/Hz. There is few research
on terahertz (THz) propagation in mine but [8] has proved
that multihop reconfigurable intelligent surfaces (RISs) can
extend THz propagation. 2-D or 3-D profiling visualization
systems enabled by mm-Wave or laser have been imple-
mented in underground and surface mines in Australia and
South Africa decades ago [9], [10], [11]. By monitoring the
2-D and 3-D cloud images of mining vehicles [9], [10], tun-
nels, dig areas, and buckets, the automation and safety can be
guaranteed. By profiling visualization, scalable safety moni-
toring can be implemented easily. However, mechanized and
automated coal mining should not only consider safety moni-
toring, but also need to take communication for disaster rescue
and productivity into consideration.

B. Motivations and Contributions

Most of the existing works assume that the transmission
via the line-of-sight (LOS) propagation is always impracti-
cal in the actual coal-mine communication scenario [12]. For
example, when the transmission links are blocked by tunnels
and obstacles in such scenario, the communication quality is
worse. Additionally, when a disaster happens somewhere in
the tunnel, the communication links, especially backhaul links
to the core networks on the ground, will be blocked, which
will bring troubles for rescue activities.

To solve the above challenges, we first introduce the
multihop RISs [13], [14], [15], [16], [17], [18], [19] acti-
vated by switches in the coal mine communication systems
in this work. As a candidate technology of 6G, the RIS tech-
nology is promising to be applied in coal mines [20]. First,
since there is only one operator in the coal mine which is
easy for deployment and management, RISs can be placed
as the tunnels extend or turn to another direction. Second,
RISs are more energy efficient and economical than WSNs
[21], [22], or other relay solutions [23]. Last but not least,
multihop RISs [8] are able to form multiple paths, which can
be used as backup paths after a mine disaster, so that the com-
munication system will not be paralyzed. Even if the backup
paths are blocked, multihop RISs can identify the blocked link
and quickly locate the collapse.

Moreover, the existing works only considered a single func-
tion, such as communication, positioning, or sensing in the
coal mines. That is to say, the joint design of wireless commu-
nication and sensing in coal-mine communication systems has
barely been considered. To improve communication quality
as well as sensing functionality in coal-mine communication
systems, we further design the joint communication and sens-
ing (JCAS) [24], [25], [26], [27], [28], [29] problem in this
article. In this way, it is expected to improve the whole system
performance of coal-mine communication systems.

To improve the energy efficiency of the transmission and
sensing accuracy of the multihop RISs-aided JCAS system,
and to investigate the feasibility of a small battery-powered
wireless backhaul BS, in this article, we study the energy-
efficiency optimization problem for the communication func-
tionality and maximize the sensing rate for the perception
functionality. The main contributions are given as follows.

1) We build a multihop RISs-aided JCAS system in the
underground coal mine scenario. In such scenario, we
investigate the feasibility and prospect of RIS applica-
tion in coal mine communication. We first apply the
multihop and multipath RISs with switches in the coal
mine scenario, and compare the application with the tra-
ditional amplify-and-forward (AF) relay method [23].
The result shows that RISs-aided application can real-
ize the wireless communication relay scheme with less
energy and cost. We also study a perception model in
the coal mine scenario to improve the perception rate.

2) In order to maximize the energy efficiency [30] of
the communication phase, we transform the problem
of communication phase into joint optimization of the
phase shift matrix [31], the transmit power, and RISs
switches. For the phase shift matrix optimization sub-
problem, we use the successive convex approximation
(SCA)-based alternating optimization algorithm to find
the local optimal phase. For the power optimization sub-
problem, the local optimal transmit power is obtained
by the Lambert-w function and Newton’s method. For
the RISs switches optimization subproblem, the optimal
solution is obtained using the bitwise operation. In order
to solve the problem of perceptual model, we use the
Lagrange relaxation to solve nonconvex problems, and
we use the gradient descent method to maximize the
total perceived rate under the constraints of perceptual
accuracy.

3) Simulation results show that the energy efficiency of the
multihop RISs scheme with switches is 40% higher than
that of the traditional AF relay, and verify the feasibility
of the perceptual model in the coal mine scenario.

The remainder of this article is organized as follows.
Section II introduces the system model of this article.
Sections III and IV provide the problem formulation.
Complexity analysis is presented in Section V. Simulation
results and discussion are given in Section VI, and Section VII
concludes this article.

Notations: Bold case letters denote matrices. (·)∗, (·)T,
and (·)H denote the conjugate, transpose, and conjugate trans-
pose of the matrices, respectively. diag(·) denotes the diagonal
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Fig. 1. Multihop RISs-aided JCAS in coal mine.

matrix. | · | denotes the absolute value. CM×N denotes matrices
of M × N. log2 (·) and ln (·) denote the logarithmic function.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an RISs-assisted coal mine
JCAS system that is composed of a BS, a data center (DC)
with the ability of edge computing [32], and multiple RISs.
The BS senses multiple target areas (TAs) and sends the sen-
sory data to the DC via the RISs. The DC gives the safety level
and sends control signals with safety priorities to BS to adjust
the frequency of sensing for TAs. In this scenario, sensory data
is transmitted via RISs to avoid obstacles. Meanwhile, the BS
also provides data communication services for workers and
facilities in the coal mine and the DC is linked to the Internet.
Considering that activating all RISs may lead to unnecessary
power loss, we adopt multihop RISs with switches to trans-
mit sensory and communication data. Table I lists the main
notations for problem formulation on the next page.

We assume that the frequency of channel fading is flat.
We focus on a DC-BS transmission pair wherein the DC is
equipped with a single antenna and the BS is equipped with M
antennas. Signals travel through L paths for the sensory data
transmission. There are Kl RISs in lth path and each RIS is
equipped with N reflecting elements. Furthermore, we adopt
an indicator xl to denote the switch status of the lth path with
xl = 0 for inactive state and xl = 1 for active state. The beam-
forming vector [33] for DC is denoted by ω ∈ C

1, and the
signals received at the BS can be written as follows:

y =
⎛
⎝gH +

L∑
l=1

xlhH
l

⎛
⎝

Kl−1∏
i=1

�liRH
li

⎞
⎠�lKl Gl

⎞
⎠ω + nc (1)

where the vector g ∈ C
M×1 and hl ∈ C

N×1 are the direct
channel gains from the DC to BS and from the first RIS to
the DC on the lth path, respectively. The vector Gl ∈ C

N×M is
the channel gain from the last RIS to BS on the lth path. Also,

TABLE I
LIST OF NOTATIONS

Rli ∈ C
N×N is the channel gain between the ith RIS and the

(i + 1)th RIS of the lth path. θ li = [ejθli1, ejθli2 , . . . , ejθliN ]T

denotes the ith phase shift matrix on the lth path, �li =
diag(ejθli1, ejθli2 , . . . , ejθliN ) is the diagonal matrix of θ li, and
we have |ejθlin |2 = 1, n ∈ N. θ lKl denotes the phase
shift matrix between the last RIS and the BS on the lth
path, which is given by θ lKl = [ejθlKl1 , ejθlKl2 , . . . , ejθlKlN ]T.
�lKl = diag(ejθlKl1 , ejθlKl2 , . . . , ejθlKlN ) is the diagonal matrix
of θ lKl . nc is the Gaussian white noise with mean 0 and
variance σ 2.
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According to (1), the signal-to-noise ratio (SNR) at the BS
can be expressed as follows:

γ =
∣∣∣gH +

(∑L
l=1 xlhH

l

(∏Kl−1
i=1 �liRH

li

)
�lKl Gl

)
ω

∣∣∣2

σ 2
. (2)

The total power consumption of the system Pt includes the
transmit power of the DC p, which is given by p = |ω|2, the
circuit power consumption of the DC PD, the circuit power
consumption of the BS PB, the power consumption of all RISs.
The power consumption of each RIS which is denoted by PR.
Thus, Pt can be calculated as follows:

Pt = μp + PB + PD +
L∑

l=1

xlNKlPR (3)

where μ = v−1 and v is the efficiency of the power amplifier,∑L
l=1 xlNKlPR is the power consumption of all RISs.
Our objective in this work is to maximize the energy effi-

ciency subject to the minimum rate requirement and the total
power constraint. The corresponding objective function can be
written as follows:

max
θ ,p,x

B log2(1 + γ )

μp + PB + PD + ∑L
l=1 xlNKlPR

(4a)

s.t. B log2(1 + γ ) ≥ Rmin (4b)

θlin ∈ [0, 2π ], n = 1, . . . , N (4c)

Pmin ≤ p ≤ Pmax (4d)

xl ∈ {0, 1} (4e)

where B is the channel bandwidth, and Pmax and Pmin are
the maximum transmit power and minimum transmit power
of the DC, respectively. Rmin is the minimum rate required for
the data transmission.

III. ENERGY EFFICIENCY OPTIMIZATION

Since it is difficult to obtain a local optimal solution for (4a),
we apply an iterative approach to reduce the complexity of the
optimization problem. First, we need to optimize the phase as
well as the power p, and then take the optimal phase and
power into the objective function to further obtain the optimal
solution of the switch xl.

A. Joint Phase Power Optimization

1) Optimizing θ: First, we fix the state of switch xl, and
turn problem into

max
θ ,p

B log2

⎛
⎜⎝1+

p

∣∣gH+∑L
l=1 xlh

H
l

(∏Kl−1
i=1 �liR

H
li

)
�lKl

Gl

∣∣2

σ2

⎞
⎟⎠

μp+PB+PD+∑L
l=1 xlNKlPR

. (5)

Since both numerator and denominator of problem (5) con-
tain the power p, we optimize θ under a fixed value of p.
The objective function for θ optimization can be rewritten as
follows:

max
θ

∣∣∣∣gH +
L∑

l=1

xlhH
l

⎛
⎝

Kl−1∏
i=1

�liRH
li

⎞
⎠�lKl Gl

∣∣∣∣
2

(6a)

s.t. θlin ∈ [0, 2π ], n = 1, . . . , N. (6b)

To solve a problem (6a), we optimize all RISs phase shift
matrices θ for each path. To further reduce the complexity of
the algorithm, the alternating optimization algorithm and the
SCA method are used to find the optimal phase shift matrix θ

for all RISs. Specifically, when we optimize phase shift matrix
of the first RIS, the other phase shift matrices of RISs need
to be fixed. Thus, the objective function (6a) can be rewritten
as follows:

max
θ l1

∣∣∣∣gH +
L∑

l=1

xlhH
l �l1U1Gl

∣∣∣∣
2

(7a)

s.t. θlin ∈ [0, 2π ], n = 1, . . . , N (7b)

where U1 = ∏Kl−1
i=1 RH

li �l(i+1), hH
l ∈ C

1×N and �l1 is a
diagonal matrix. Hence, hH

l �l1 = θT
l1diag(hH

l ). In order to
further simplify the operation, we define

hH
l �l1U1Gl = θT

l1Sl1 (8)

where Sl1 = diag(hH
l )U1Gl, Sl1 ∈ C

N×M , and θ l1 =
[ejθl11, ejθl12 , . . . , ejθl1N ]T.

When we optimize the kth RIS phase shift matrix in lth
path, the objective function (6a) can be written as follows:

max
θ lk

∣∣∣∣gH +
L∑

l=1

xlhH
l U2�lkU3Gl

∣∣∣∣
2

(9a)

s.t. θlin ∈ [0, 2π ], n = 1, . . . , N (9b)

where U2 = ∏k−1
i=1 �liRH

li , U3 = ∏Kl−1
i=k RH

li �l(i+1), �lk is a
diagonal matrix and hH

l U2 ∈ C
1×N . Thus, we can obtain

hH
l U2�lk = θT

lkdiag
(
hH

l U2
)
. (10)

When optimizing the phase shift matrix of the kth RIS, all
θ are fixed except the θ lk. So, we define

hH
l U2�lkU3Gl = θT

lkSlk (11)

where Slk = diag(hH
l U2)U3Gl, Slk ∈ C

N×M and θ lk =
[ejθlk1, ejθlk2 , . . . , ejθlkN ]T.

When we try to derive the ith phase shift matrix of the
RIS for path l from problem (7a), formula (8), problem (9),
and formula (11), the objective function can be expressed as
follows:

max
θ li

∣∣∣∣gH +
L∑

l=1

xlθ
T
liSli

∣∣∣∣
2

(12a)

s.t. θlin ∈ [0, 2π ], n = 1, . . . , N (12b)

where θ li denotes the phase shift matrix of the ith RIS of the
path l. Since each switch controls one transmission path, we
define Si = x1S1i + · · · + xLSLi ∈ C

N×M , φli = θ∗
li, and (12a)

can be expressed as follows:

max
φ

∣∣∣g + SH
i φli

∣∣∣2
(13a)

s.t. |φlin| = 1, n = 1, . . . , N. (13b)

To deal with the nonconvex problem (13a), the SCA method
is used to approximate problem (13b) as follows:
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Algorithm 1 SCA-Based Alternating Optimization Algorithm
for Phase Shift Matrices

Initialize
(
φ

(0)
l1 , φ

(0)
l2 , . . . ,φ

(0)
lKl

)
, iteration number Q = 1

repeat
for i = 1, . . . , Kl

repeat

Set φ
(n)
li = e

∠Si

(
g+SH

i φ
(n−1)
li

)
, and Q = Q + 1

until the obiective value (13a) converges, and the optimal
value is vli.

Set θ li =
(
φ

(n)
li

)∗
, φ

(0)
li = θ li

endfor
until all the values of vli are equal and converge after q
iterations.
Output θ li =

(
φ

(n)
li

)∗
.

max
φ

2R
((

g + SH
i φ

(n−1)
li

)
SH

i φli

)
+

∣∣∣g + SH
i φ

(n−1)
li

∣∣∣2

− 2R
((

g + SH
i φ

(n−1)
li

)
SH

i φ
(n−1)
li

)
(14a)

s.t. |φlin| = 1, n = 1, . . . , N (14b)

which is the first-order Taylor series of |g + SH
i φli|2. The

superscript (n − 1) indicates the value of the variable φli
at the (n − 1)th iteration. According to (14a), to maximize
the objective function, we first need to maximize R((g +
SH

i φ
(n−1)
li )SH

i φli), under the circumstance that |φlin| = 1. Thus,
the optimal solution of problem (14a) can be obtained as
follows:

φli = e
j∠Si

(
g+SH

i φ
(n−1)
li

)
(15)

where ∠(·) denotes the angle of a vector, which is denoted by
[∠(·)]q = arctan[I([ · ]q)/R([ · ]q)].

We bring the phase shift matrix of all RISs as initial
value into the objective function (6a) and repeat the above
optimization method for θ . After several iterations, we can
obtain the optimal solution of θ . The SCA-based alternat-
ing optimization algorithm for solving the RISs phase shift
matrices is shown in Algorithm 1.

2) Power Optimization: Take the optimal θ solved above
in problem (5) and let

c =
∣∣∣gH + ∑L

i=1 xlhH
l

(∏Kl−1
i=1 �liRH

li

)
�lKl Gl

∣∣∣2

σ 2
. (16)

According to formula (16), problem (5) can be simplified
as follows:

max
p

B log2 (1 + cp)

μp + P0
(17a)

s.t. Pmin ≤ p ≤ Pmax (17b)

where P0 = PB+PD+∑L
l=1 xlNKlPR. According to Shannon’s

theorem which is cater for the system power requirement,
the minimun transmit power can be calculated as Pmin =
([2[(Rmin/B)−1]]/c).

We take the derivative of problem (17a), of which derivative
can be expressed as follows:

∂
B log2 (1+cp)

μp+P0

∂p
= B

[
c(μp + P0) − μ(1 + cp) ln(1 + cp)

]

(1 + cp)(μp + P0)
2 ln 2

.

(18)

According to (18), we can obtain
{

f (p) = (1 + cp)(μp + P0)
2 ln 2 ∀p > 0

g(p) = c(μp + P0) − μ(1 + cp) ln(1 + cp) ∀p > 0
. (19)

For f (p) in (19), we can easily find that when p > 0, f (p)

is a monotonically increasing function, and f (p) is positive.
Take the first order derivative of g(p) for (19) and we have

g′(p) = −μc ln(1 + cp) < 0. (20)

The above derivative shows that g(p) is a monotoni-
cally decreasing function. Since g(0) = cP0 > 0 and
limp→∞ g(p) < 0, there exists a p̄ such that g(p̄) = 0.
According to (18), we need to calculate this constant, and
we have

cP0 − μ

μe
= 1 + cp̄

e
ln

(
1 + cp̄

e

)
. (21)

According to the above equation, the optimal power can be
calculated as follows:

p̄ = e
w

(
cP0−μ

μe

)
+1 − 1

c
(22)

where w(·) is the Lambert-w function. In summary, the objec-
tive function (17a) increases in interval (0, p̄] and decreases
in interval (p̄, +∞). Thus, the objective function (17a) is
maximized when p̄ = ([ew([cP0−μ/μe])+1 − 1]/c).

According to the objective function (17a) as well as the
constraint (17b), the optimal power can be discussed in three
cases.

1) If p̄ lies in interval [Pmin, Pmax], the optimal transmit
power can be expressed by

p =
⎡
⎣e

w
(

cP0−μ

μe

)
+1 − 1

c

⎤
⎦

Pmax

Pmin

. (23)

2) If p̄ lies in interval (0, Pmin), then the optimal transmit
power should be Pmin.

3) If p̄ lies in interval (Pmax, +∞), then the optimal
transmit power should be Pmax.

Based on the above derivation, if p ∈ (0,+∞), the objective
function (17a) is similar to a quadratic function that increases
first and then decreases. Thus, there should be a maximum
value of problem (17a). Here, we use Newton’s method to
find the optimal value of p. First, the objective function (17a)
is rewritten as follows:

min
p

−B log2(1 + cp)

μp + P0
(24a)

s.t. Pmin ≤ p ≤ Pmax. (24b)

To solve the above problem, we first let p ∈ (0,+∞), and
we have

F(p) = −B log2(1 + cp)

μp + P0
∀p > 0. (25)

According to (19) and (20), the first and second order
derivatives of (24a) are

F′(p) =
∂
(
−B log2(1+cp)

μp+P0

)

∂p
= −Bg(p)

f (p)
(26)
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Algorithm 2 Newton’s Method
Initialize P0, ε, Pmin, Pmax, Set iteration number I = 1.
Calculate F′(p), F′′(p).
repeat

Set p(I) = p(I−1) − F′(p(I−1)
)

F′′(p(I−1)
) , I = I + 1.

until the objective value (24a) converges.
if p̄ ≤ Pmin, then

p̄ = Pmin.
end
if p̄ ≥ Pmax, then

p̄ = Pmax.
end

Output p̄.

F′′(p) = − B

ln 2

q1 − q2

(1 + cp)2(μp + P0)
4

(27)

where

q1 = g′(p)(1 + cp)(μp + P0)
2 (28)

q2 = g(p)
[
c(μp + P0)

2 + 2μ(1 + cp)(μp + P0)
]
. (29)

According to (26) and (27), we obtain the update formula
of Newton’s method as follows:

p(I) = p(I−1) − F′(p(I−1)
)

F′′(p(I−1)
) (30)

where I denotes the number of iterations, with the iteration
accuracy ε, we stop the interation until f ′(p) ≤ ε, so the
optimal solution for the transmit power p̄ can be obtained.
Considering the constraint (24a), we also need to take the case
that p̄ is not in the interval [Pmin, Pmax] into consideration.

If p̄ lies in interval (0, Pmin), then the optimal transmit power
should be Pmin. If p̄ lies in interval (Pmax,+∞), then the
optimal transmit power should be Pmax. Newton’s method for
solving the transmit power optimization problem is shown in
Algorithm 2.

B. RISs Switches Optimization

For the optimization of the RISs switches, the optimized θ

and p are first brought into the objective function (4a) and the
objective function is expressed as follows:

max
x

log2(1 + γ )

μp + PB + PD + ∑L
l=1 xlNKlPR

(31a)

s.t. B log2(1 + γ ) ≥ Rmin (31b)

xl ∈ {0, 1}. (31c)

Since the objective function in problem (31a) is discrete and
nonconvex, the value of xl is 0 or 1, it can be viewed as a 0–1
programming. Thus, we utilize the bitwise operation algorithm
to solve this equivalent problem. First, we set the initial switch
sequence to a zero vector, i.e., A0 = {0, 0, . . . , 0}, and bring
the switch sequence A0 into the objective function (31a) to
obtain the function value y0. We denote the switch sequence
after xth iteration by Ax and denote ax(l) ∈ {0, 1} the state of
the lth switch after xth iteration. Then, the sequence of switch
after the (x + 1)th iteration can be written as follows:

Ax+1 = {
ax(L), ax(L−1), . . . , ax(l), . . . , ax(2), ax(1) ⊕ 1

}
(32)

Algorithm 3 Bitwise Algorithm
Set A0 = {ax(L), . . . , ax(l), . . . , ax(2), ax(1)}.
Initialize ax(L) = ax(L−1) = · · · = ax(l) = · · · = ax(2) =
ax(1) = 0.
Calculate y0 according to A0 and objective value (31a).
Set Aop = A0, yop = y0.
for x = 0 : (2L − 2)

Set Ax+1 = {ax+1, . . . , ax(l), . . . , ax(2), . . . , ax(2),
a(x(1) ⊕ 1}.

Calculate yx+1 according to Ax+1 and objective value
(31).

if yx+1 ≥ yop, then
Aop = Ax+1, yop = yx+1.

end
end
Output Aop, yop.

where Ax+1 is the binary sequence and ⊕ denotes binary
addition operation. Bringing the switch sequence Ax into the
objective function (31a), we can obtain the value of the func-
tion which is denoted by yx. By comparing the values of all
yx, the optimal value of the objective function can be well
obtained, which is denoted by yop. Meanwhile, the corre-
sponding switch sequence of the optimal value is the optimal
sequence, which is denoted by Aop. The bitwise algorithm to
the RISs switch sequence optimization problem is shown in
Algorithm 3.

IV. SENSING RATE OPTIMIZATION

According to the signal perception principle [34], the rela-
tionship between the power of sensing signals (psi) from BS
and the power of echo signals (pei) from the ith TA can be
expressed as follows:

pei = psiG2
i ξiλ

2
i

(4π)3d4
i

. (33)

We assume that the distance di from the BS to the ith TA,
the transmit signal wavelength (λi), antenna gain (Gi), and the
RCS of the target (ξi) are all fixed, so we can simplify (33)
as (34) to express the SNR of received echo signals from
ith TA

SNRi = pei

ni
(34)

where ni is the Gaussian white noise with mean of 0 and
variance σ 2

1 .
To meet the accuracy requirements, the resolution of the ith

sensed TA is

δi = c

2Bi
√

2 SNRi
. (35)

Our objective is to maximize the total sensing rate [35]
while satisfying the constraints on both accuracy and total
transmit power Pm. The sensing objective function is set by

max
psi

D∑
i=1

Bi log2(1 + SNRi) (36a)

s.t.
D∑

i=1

δi ≤
D∑

i=1

δi,max (36b)
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D∑
i=1

psi ≤ Pm (36c)

where pi is the transmit power of the signal from the BS to
the ith TA. Constraint (36b) denotes the accuracy and (36c)
denotes the transmit power constraint. This problem is a
nonconvex optimization problem, and it can be rewritten as
follows:

min
psi

−
D∑

i=1

Bi log2(1 + SNRi) (37a)

s.t.
D∑

i=1

δi −
D∑

i=1

δi,max ≤ 0 (37b)

D∑
i=1

psi − Pm ≤ 0. (37c)

Problem (37a) can be transformed by the Lagrangian relax-
ation method as follows:

max
ui≥0

min
psi

L(psi, ui) = −
D∑

i=1

Bi log2(1 + SNRi)

+
D∑

i=1

ui
(
δi − δi,max

)
(38a)

s.t.
D∑

i=1

psi − Pm ≤ 0 (38b)

where ui represents the Lagrange multiplier and we use the
gradient descent method to find the optimal solution. First,
we set the initial vector value by p0 = [p1,0, p2,0, . . . , pD,0]T

for the transmit power of D TA. After (m+1)th iterations, the
optimized transmit power matrix can be written by

p(m+1) = p(m) + α∇Lp(m) (39)

where ∇Lp(m) = [(∂Lp(m)/∂p(m)
s1 ), (∂Lp(m)/∂p(m)

s2 ), . . . ,

(∂Lp(m)/∂p(m)
sD )]T, and α denotes the step size. The iteration

is stopped when p(m+1)
si − p(m)

si ≤ ε(i = 1, 2, . . . , D), where
ε denotes the iteration accuracy. While optimizing the
transmit power matrix p, ui is updated simultaneously with
the iterations of p. Set the initial values of ui(i = 1, 2, . . . , D)

as u = [u1, u2, . . . , uD], then we have

u(m+1) = max
{

u(m) + β∇Lu(m) , 0
}

(40)

where ∇Lu(m) = [(∂Lu(m)/∂u(m)
1 ), (∂Lu(m)/∂u(m)

2 ), . . . ,

(∂Lu(m)/∂u(m)
D )]T, and β denotes the iteration step size. The

Lagrangian relaxation algorithm for solving the perceived
power allocation problem is shown in Algorithm 4.

V. COMPLEXITY ANALYSIS

According to Algorithm 1, the optimization problem of
solving the phase shift matrix utilizes the SCA-based alter-
nating optimization algorithm. In this algorithm, the phase
shift matrix of each RIS is optimized using the SCA method.
The SCA method for solving problem (13a) requires itera-
tions Q and SH

i ∈ C
M×N,φli ∈ C

N×1. So, performing one

Algorithm 4 Lagrangian Relaxation Algorithm
Initialize p0 = [p1,0, . . . , pD,0], u = [u1, . . . , uD], and Pm.
Set L = −∑D

i=1 Bi log2 (1 + SNRi) + ∑D
i=1 ui

(
δi − δi,max

)
,

α = 0.01, and β = 0.01.
for T = 1 : KD

Set pm = p(m−1) + α � Lp(m−1) , u(m) = u(m−1)+
β � Lu(m−1) ,

L(m) = −∑D
i=1 Bi log2

(
1 + SNR(m−1)

i

)
+

∑D
i=1 u(m−1)

i

(
δi − δi,max

)
.

if p(m)
si − Pm ≤ 0, then

continue.
end
if L(m) ≥ L(m−1), then

L = L(m), p = p(m).
end

end
Output p, L.

iteration requires computing O(MN). The complexity of the
SCA method is O(MNQ), and the alternating optimization
process requires (Klq) iterations. Therefore, the total arith-
metic complexity of Algorithm 1 is O(KlqMNQ). According to
Algorithm 2, each iteration needs to compute F′(p) and F′′(p).
When the accuracy requirement is met, the iteration stops.
Thus, the total complexity of Newton’s method is O(log2n).
According to Algorithm 3, the bitwise algorithm needs to
perform 2L calculations. So, the total complexity of solv-
ing the switch sequence optimization problem (31a) is O(2L).
According to Algorithms 1 and 2. we optimize the transmit
power after optimizing the phase shift matrix. We consider
the particularity of the coal mine scene, and the number of
communication paths, the number of RISs, the number of
BS antennas are all finite. Therefore, the overall complex-
ity of the SCA-based alternating optimization algorithm and
Newton’s method is O(Qq + log2n). In the bitwise operation,
each iteration needs to optimize the phase shift matrix and
transmit power, so the overall complexity of the communica-
tion phase is O[2L(Qq + log2n)]. According to Algorithm 4,
with p ∈ C

D×1 and u ∈ C
D×1, each iteration needs to be com-

puted 2D times. In all, the total complexity of Algorithm 4 is
O(DKD).

VI. SIMULATION RESULTS AND DISCUSSION

A. Simulation Parameter Settings

In a square simulation scenario of 400 × 400 m2, we uti-
lize multihop RISs-aided JCAS system shown in Fig. 1. There
are one BS, five RISs, and one DC. The number of the BS’s
antennas and the number of RIS’s reflecting elements are both
set as 4, and the DC is equipped with a single antenna. There
are four communication paths between the BS and DC. Two
of these paths have three RISs installed and one path has one
RIS installed, which has a direct path. The maximum signal
transmit power of the DC is Pmax = 40 dBm. We compare the
multihop RISs scheme (labeled as “xmRIS”) with the follow-
ing schemes: the single-path multihop RISs scheme (labeled as
“smRIS”), a conventional single-path single RIS scheme [36]
(labeled as “ssRIS”), the conventional AF scheme (labeled
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Fig. 2. Communication link blocking.

as “AF”), and the communication link blocking disaster due
to collapse, wherein the collapse location is shown in Fig. 2.
In the simulation, we denote the communication link block-
age caused by collapse 1 and collapse 2 by “xmRISB1” and
“xmRISB2,” respectively. In order to own the same deploy-
ment for all four scenarios, we set the same locations of BSs
and DCs for all six scenarios. In the AF relay scenario, the
AF relay is placed at the same location as the RIS adjacent to
the DC, and the AF is equipped with four antennas. We set
the circuit power consumption of AF relay transceiver antenna
PA to be the same as the power consumption of each reflec-
tive element on the RIS PR. For the sensing phase, we do not
consider the channel-to-channel interference. We set a total of
four TAs, and the BS assigns 1 antenna to each sensing area
for sensing, respectively. Each BS can serve four TAs at the
same time. The main system parameters of the communication
phase and the sensing phase are listed in Table II.

B. Analysis of Simulation Results

Figs. 3 and 4 represent the convergence of two single-
path multihop RISs communication links after optimizing all
RISs phase shift matrices using the SCA-based alternating
optimization algorithm. The normalized channel gains of the
corresponding channels in Figs. 3 and 4 are “DC-RIS1-RIS2-
RIS5-BS” (labeled as “channel 1”) and “DC-RIS1-RIS3-RIS4-
BS” (labeled as “channel 2”), respectively. In this case, the
initial values of the RISs phase shift matrices are random-
ized and each RIS phase shift matrix is optimized using the
SCA and alternating optimization methods. The vertical coor-
dinate represents the ratio of channel gain to noise. In these
plots, we can see that the ratio increases and gradually reaches
convergence as the number of iterations increases. And the
three RISs optimization results in each path eventually con-
verge to the same value, which is the closed-form solution
obtained by the SCA-based alternating optimization algorithm.

TABLE II
COMMUNICATION SIMULATION PARAMETER SETTING

Considering the variation of communication environment and
communication distance, the channel gains of the two paths
will also vary, and the results of the two paths optimization
will be different. Therefore, in practical situations, the appro-
priate channel should be selected for communication based on
real-time channel environment and communication distance.

Fig. 5 shows the convergence comparison of Newton’s
method and dichotomy. As shown in Fig. 5, the convergence
values of the two algorithms are the same, indicating that the
two algorithms can both maximize energy efficiency. The com-
plexity of Newton’s method used in this article is O(log2n). In
dichotomy, the size of each search interval is changed to 1/2
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Fig. 3. Convergence under random initial values under channel 1.

Fig. 4. Convergence under random initial values under channel 2.

Fig. 5. Convergence comparison of two methods.

of the original. Hence, the number of dichotomies is the num-
ber of times the basic statement is executed. This information
shows that the complexity of the dichotomy is O(log2n).
Although the two algorithms have the same complexity, it can
be seen from Fig. 5 that when we set the same precision for
the two algorithms, the number of iterations Newton’s method
uses to achieve the maximum energy efficiency is fewer, indi-
cating that the convergence rate of Newton’s method used in
this article is faster than the dichotomy.

Fig. 6. Energy efficiency versus the maximum transmit power.

Fig. 7. Sum-rate versus the maximum transmit power.

Fig. 6 plots the change of energy efficiency versus maxi-
mum transmit power Pmax. The results show that the energy
efficiency of the four schemes first increase and then tend
to stable as the maximum transmit power increases. The
energy efficiency stabilizes when Pmax ≥ 30 dBm, which is
because the objective function is convex and there exists
a unique Optimal solution. In Fig. 6, we observe that the
optimal transmit power is the maximum transmit power when
Pmax < 30 dBm and remains constant when Pmax ≥ 30 dBm.
Therefore, in order to maximize the energy efficiency, the
transmit power should be selected as 30 dBm. Fig. 6 also
shows that the xmRIS scheme proposed in this article outper-
forms the smRIS, ssRIS, and AF schemes in terms of energy
efficiency. Compared with smRIS, ssRIS, and AF schemes,
the energy efficiency of xmRIS increases by 25%, 16%, and
40%, respectively. When disaster occurs in the communication
link, the energy efficiency of the xmRIS blocking scheme is
still higher than that of the smRIS, ssRIS, and AF schemes.

Fig. 7 shows the variation of the rates when changing the
maximum transmit power Pmax. The results show that the rates
of the four scenarios first increase Increase in logarithmic
function trend and then tend to stabilize when the commu-
nication links are all working properly. This is due to the
rate R = B log2(1 + cp). We also consider the priority of
energy efficiency, when Pmax < 30 dBm, the optimal transmit
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Fig. 8. Energy efficiency versus the number of transmit antennas at the BS.

Fig. 9. Energy efficiency versus the number of reflecting elements for
each RIS.

power increases with Pmax, and when Pmax ≥ 30 dBm, the
optimal transmit power and rate remain constant. It can also
be observed from Fig. 7. The AF scheme has the highest rate
because AF relays are active terminals, while RIS is a pas-
sive reflective structure. The xmRIS scheme proposed in this
article outperforms the smRIS and ssRIS schemes in terms of
rate performance due to the fact that the xmRIS scheme uti-
lizes more communication links to complete the information
transmission when transmitting the same information. Fig. 7
also shows that the xmRIS blocking scheme, although slightly
lower than the xmRIS scheme in terms of rate performance,
still outperforms the smRIS, ssRIS scheme.

Fig. 8 shows the relationship between energy efficiency and
the number of BS antennas. From Fig. 8, we observe that with
the increasing the number of BS antennas, the energy effi-
ciency of xmRIS increases, and the growth trend becomes
slower. This is because when the number of BS antennas
increases, the BS power consumption increases faster and the
growth rate of transmission rate gradually becomes slower,
which slows down the growth trend of energy efficiency. It
can also be seen from Fig. 8 that the energy efficiency keeps
getting larger as the maximum transmit power Pmax increases.
The larger Pmax is, the slower the energy efficiency growth is.

Fig. 10. Convergence of the objective function.

Fig. 9 shows the relationship between the energy efficiency
and the number of RIS reflector elements. From Fig. 9, the
energy efficiency of xmRIS increases linearly with the increase
of RIS reflective elements. For the xmRIS proposed in this
article, the appropriate number of reflective elements can be
selected for each RIS according to the actual situation of the
scenario.

Fig. 10 shows the method of solving the dual problem
of sensing rate using the Lagrangian relaxation method. As
observed from Fig. 10, the objective function (38a) gradually
increases as the number of iterations increases and finally con-
vergence. The convergence value at this point is the minimum
value of the original problem (37a), and the opposite of this
value is the maximum of the total sensing rate, the corre-
sponding scheme at this point is also the optimal allocation
scheme.

VII. CONCLUSION

In this article, energy efficiency of communication and sens-
ing rate is optimized for multihop RISs-aided JCAS system
in the coal mine scenario. In addition, we also investigate the
robustness of the system. The energy efficiency of the commu-
nication system is improved by jointly optimizing the transmit
power, the phase shift matrices and the RISs switches under
the minimum rate and the maximum transmit power require-
ment. The total sensing rate is optimized under the constraints
of sensing accuracy and transmit power. Simulation results
show that the scheme outperforms the conventional AF scheme
in terms of energy efficiency and disaster resistant. In sum-
mary, this article provides a possibility and feasibility of a
vertical application for RIS and JCAS technologies.
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