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Abstract
Recent developments in Internet of Things (IoT) enable industrial applications which require time-critical
feedback of underlying physical processes in the control loop. We consider a real-time industrial IoT monitoring
system for an industrial plant where the IoT sensor sample a physical process based on the control signal
received from the IoT controller. This process incurs a sampling cost and an updating cost to send the status
packet from the IoT sensor to the IoT controller. This joint status sampling and updating process is formulated
as a minimization of Age of Information (AoI) at the IoT controller subject to energy budget constraint of each

Storage

Recently, the rapid growth of Internet of Thing (IoT)
devices is making the delivery of up-to-date status
information of the underlying physical processes increasingly

Machines

Storage

Storage

Machines
Machine

more important [1]. Target examples monitoring applications
SBS

include air quality and water supply in a city, network

Machine

conditions of the electricity grid, and industrial IoT network for
remote monitoring.

Storage

Storage

Office

Office

For such remote monitoring systems, the freshness of the

Storage

information status, i.e., age of information (AoI), is the key

Storage

Storage

Office

100
m

Introduction

Overhead Crane

1.

Overhead Crane

IoT sensor.

Storage
Office

200 m
Sensor

performance metric [2]. In the industrial IoT, the control

Acutator

Controller

Small-cell Base Station (SBS)

signals chosen must be decided based on the real-world

Fig. 1: Industrial IoT devices deployed in a 200 m × 100 m

status information of the underlying cyber-physical systems.

industrial building

The conventional delay metrics measure the time between
generation and delivery of individual packet. AoI considers

A small-cell base station (SBS) is deployed to orchestrate

both the traditional delay and the generation time of each

the communications between IoT devices and act as a sink

packet, i.e., the sensing interval. Hence, we can optimize AoI

for monitoring and control. Let 𝒦 denote the available

to design different control-feedback mechanism for the

spectrum resource blocks (RBs) for the IoT network.

industrial IoT applications [3].

The communications between the IoT devices is a transmit
job 𝑗 ∈ 𝒥𝑖 which is can be defined as a tuple 〈𝑣̂𝑗 , 𝑅̂𝑗, 𝜀̂𝑗 , 𝛿̂𝑗 〉,
where 𝑣̂𝑗 is the number of bits to be transmitted, 𝑅̂𝑗, is the

2.

System Model
We consider Internet of Things (IoT) devices deployed in

guaranteed bit rate (GBR) required, 𝜀̂𝑗 is the reliability in terms
of block error rate (BLER), and (𝑡 + 𝛿̂𝑗 ) is the deadline for the

an industrial setting, specially, remote monitoring and
automation scenario. As shown in Fig. 1, the industrial

transmit job 𝑗. The transmit jobs 𝒥 = ⋃𝑖 𝒥𝑖 can be classified

building contains multiple sources (areas of interest) which

into

can be either a passive source such as offices and storage

periodic

and

aperiodic

or

on-demand.

Periodic

communication is used for control and diagnosis purposes

area for raw materials and finished products or an active

whereas aperiodic communication is used to update the

source such as machines and overhead cranes.

changes in the sensing target, i.e. the source.

Let 𝒮 = 𝒮active ∪ 𝒮passive denote the set of sources in the

Fig. 2 shows the remote sensing and monitoring procedure

building. Several IoT devices are deployed in each area or on

which contains i) detection, ii) reception, and iii) control-

machines. Let 𝒟 denotes the set all IoT devices which can

feedback. As soon as the sensor detects change in the

further be subdivided into the sets of controllers and sensors,

sensing target, it will transmit packet containing the sensed

i.e., 𝒟 = 𝒟s ∪ 𝒟c .

information to the controller. The controller, on receiving the
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sensed information, will perform the decision process and
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choose an action from the predefined candidate set.
The age of information (AoI) is defined as follow:
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Fig. 2: Age of Information in industrial IoT

where 𝑡𝑗,Tx and 𝑡𝑗,Arv denote the transmission completion
time and job arrival time, respectively.

3.

We index the controller with 𝑑0 . Hence, SINR of link

Objective function: We choose to minimize the AoI which

(𝑑, 𝑑0 ) ∈ 𝒟s × 𝒟c on RB 𝑘 ∈ 𝒦 is :
𝛤𝑑,𝑑0,𝑘 = ∑

consists of two parts of latency. 𝛿sensing is governed by the

𝑧𝑑,𝑑0 ,𝑘 𝑃𝑑,𝑑0,𝑘 ℎ𝑑,𝑑0 ,𝑘

𝑑′ ∈𝒟sen \{𝑑} 𝑧𝑑′ ,𝑑0,𝑘

𝑃𝑑′,𝑑

0,𝑘

ℎ𝑑′ ,𝑑

0 ,𝑘

Problem Formulation

+ Δ𝑓𝜇 𝑁0

,

(3)

sensing period 𝜏, and 𝛿𝑗 is governed by the communication
system configuration 𝒙 = (𝐲, 𝐳, 𝐏, 𝜙, 𝑐, 𝑚) . Hence, we have

where 𝑧𝑑,𝑑0,𝑘 ∈ {0,1} , 𝑃𝑑,𝑑0,𝑘 ∈ [0, 𝑃̂𝑖 ] , and ℎ𝑑,𝑑0,𝑘 denote the

individual objective function as follows:
𝑢𝑑,𝑑0 (𝝉, 𝒙) = 𝑦j (𝛿sensing (𝜏𝑑 ) + 𝛿𝑗 (𝒙)),
∀𝑑 ∈ 𝒟𝑠

control variable for resource allocation, the transmit power
and the channel gain of link (𝑑, 𝑑0 ) on resource block (RB) 𝑘,

(8)

We formulate the minimization of AoI (Min-AoI) as an

respectively. Δ𝑓𝜇 and 𝑁0 denote the sub-carrier bandwidth

optimization problem given as:

of RB 𝑘 of the numerology 𝜇 and the thermal noise spectral
power, respectively.

minimize:

Accordingly, the achievable per resource data rate for link
(𝑑, 𝑑0 ) on RB 𝑘 is given by:

𝑈(𝝉, 𝒙) =

1
|𝒟𝑠 |

∑d∈𝒟s 𝑢𝑑,𝑑0 (𝝉, 𝒙)

(9)

𝜏̌ ≤ 𝜏𝑑 ≤ 𝜏̂ ,

(10)

𝑅𝑑,𝑑0 ≥ 𝑦𝑗 𝑅̂𝑗 , ∀𝑗 ∈ 𝒥𝑖 ,

(11)

SINR that maps SINR values to the modulation according to

𝜀𝑑,𝑑0 ≤ 𝜀̂𝑗 , ∀𝑗 ∈ 𝒥𝑖 ,

(12)

transmission mode 𝜙 and channel quality indicator (CQI) [4].

𝛿𝑗 ≤ 𝛿̂𝑗 , ∀𝑗 ∈ 𝒥𝑖 ,

(13)

∑𝑘∈𝒦 𝑃𝑑,𝑑0,𝑘 ≤ 𝑃̂𝑑 , ∀𝑑 ∈ 𝒟𝑠 ,

(14)

∑𝑘∈𝒦 𝑧𝑑,𝑑0,𝑘 ≤ |𝒦|, ∀𝑑 ∈ 𝒟𝑠

(15)

∑(𝑑,𝑑0) 𝑧𝑑,𝑑0,𝑘 ≤ 1, ∀𝑘 ∈ 𝒦.

(16)

𝑟𝑑,𝑑0,𝑘 = 𝑔𝜙,𝑐 (𝛤𝑑,𝑑0,𝑘 ),

∀𝑘 ∈ 𝒦,

subject to:

(4)

where 𝑔𝜙,𝑐 (∙) is a monotonic non-decreasing function of

Hence, the achievable data rate for link (𝑑, 𝑑0 ) is:
𝑅𝑑,𝑑0 = ∑𝑘∈𝓚 𝑟𝑑,𝑑0,𝑘 , ∀(𝑑, 𝑑0 ) ∈ 𝒟s × 𝒟c .

(5)

Next, we assume a block fading channel where the fading
process is approximately constant in time domain for 12 subchannels of an RB. Then, we have the symbol error rate (SER)

𝑦𝑗 , 𝑧𝑑,𝑑0,𝑘 ∈ {0,1}, 𝑃𝑑,𝑑0,𝑘 ∈ [0, 𝑃̂𝑖 ]

and block error rate (BLER) for link (𝑑, 𝑑0 ) on resource 𝑘 as:
𝜖𝑑,𝑑0,𝑘 = 𝜌𝜙,𝑚 (𝛤𝑑,𝑑0,𝑘 ),

∀𝑘 ∈ 𝒦,
𝑁𝑠

𝜀𝑑,𝑑0,𝑘 = 1 − (1 − 𝛤𝑑,𝑑0,𝑘 ) ,

(6)

In (9), we minimize the expected value of each AoI for all
device. Constraint (10) set the lower and upper limits of the

∀(𝑑, 𝑑0 ) ∈ 𝒟s × 𝒟c ,

(7)

sensing period for each device 𝑑. Constraints (11)-(13) are
three QoS constraints for user traffic demand, 1) guaranteed
bit rate (GBR), 𝑅̂𝑗 , 2) reliability, 𝜀̂𝑗 , and 3) latency, 𝛿̂𝑗 [6]. (14)

where 𝜌𝜙,𝑚 (∙) is a strictly decreasing function of SINR that
maps SINR values to the SER based on the transmission mode

and (15) are budget constraints for power and resource for all

𝜙 and 𝑚 ∈ {2, 4, 16, 64, 256} is the modulation order for PSK
(phase shift keying) and m-QAM (quadrature amplitude

the devices. (16) ensures orthogonal allocation of available

modulation) [5].

resource to prevent interference. (Min-AoI) is a combinatorial
optimization problem.
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4.

Markov Approximation Framework

We use Markov approximation framework [7] to solve (MinAoI). Let 𝑓 = {𝝉, 𝒙}, 𝑓 ∈ ℱ be a network configuration where
ℱ is the set of all feasible configurations which satisfy the
constraints (10)-(16). Further, for ease of presentation, let
𝑈𝑓 = 𝑈(𝝉, 𝒙). Then, by [7],
max 𝑈𝑓
𝑓∈ℱ

max



𝝅≥0

s. t.

∑𝑓∈ℱ 𝜋𝑓 𝑈𝑓
∑𝑓∈ℱ 𝜋𝑓 = 1

(17)

Fig. 3: Time line showing sensing frequency and detection latency.

We then apply log-sum-exponential approximation to (17)
with the following differentiable function [7], [8]:
1

max 𝑈𝑓 ≈ 𝑔𝛽 (𝑈𝑓 ) ≜ log[∑𝑓∈ℱ exp(𝛽𝑈𝑓 )]
𝛽

𝑓∈ℱ

The upper bound of the approximation gap is

1
𝛽

(18)

log|ℱ| [8]. (18)

is the same as the optimal value of the following problem:
1

max
𝝅≥0

∑𝑓∈ℱ 𝜋𝑓 𝑈𝑓 − ∑𝑓∈ℱ 𝜋𝑓 log 𝜋𝑓

s.t.

∑𝑓∈ℱ 𝜋𝑓 = 1,

𝛽

(19)

where 𝜋𝑓 is the proportion of time the configuration 𝑓 is in
use and 𝛽 is a positive constant. By solving the KarushKuhn-Tucker (KKT) conditions [8] of (16),
𝜋𝑓∗ (𝑈𝑓 ) = ∑

exp(𝛽𝑈𝑓 )

𝑓′∈𝑭 exp(𝛽𝑈𝑓′ )

5.

, ∀𝑓 ∈ ℱ.

Fig. 4: Average AoI at the controller versus number of IoT sensor
devices in the network.

(20)
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