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Abstract—This paper estimates the freshness of the infor-
mation in a wireless relay communication system that em-
ploys simultaneous wireless information and power transfer
(SWIPT) operating under ultra-reliable low-latency communica-
tion (URLLC) constraints. The Age of Information (AoI) metric,
which calculates the time difference between the current time and
the timestamp of the most recent update received by the receiver
is used here to estimate the freshness of information. Additionally,
the short packet communication scheme is used to fulfil the
reliability and latency requirements of the proposed wireless
network and its performance is analysed using finite block length
theory. In addition, by utilising novel approximation approaches,
expressions for the average AoI (AAoI) of the proposed system
are derived. Finally, numerical analysis is used to evaluate and
validate derived results.

Index Terms—Age of information, short-packet communi-
cation, ultra-reliable low-latency communication, simultaneous
wireless information and power transfer (SWIPT), finite block-
length analysis

I. INTRODUCTION

The use cases of 5G communications are classified into

three broad categories: enhanced Mobile BroadBand, URLLC

(Ultra-Reliable Low-Latency Communication) and mMTC

(massive Machine Type Communications). URLLC is neces-

sary for mission-critical applications such as unmanned aerial

vehicle (UAV) communication and process automation [1]–

[3]. The packet size should be extremely small in URLLC

to facilitate low-latency transmission. The Shannon-Hartley

Capacity theorem is no longer relevant in this scenario since

the law of large numbers is invalid. However, using finite

block length information theory, we can derive the achievable

data rate under short packet communication as a function

of the signal-to-noise ratio (SNR), the block length and the

decoding error probability [4]. In addition, for these mission-

critical applications, the freshness of the information is of high

importance, along with the URLLC requirements. This has

prompted growing interest in the age of information (AoI),

a performance metric that quantifies the freshness of the

information.

On the other hand, SWIPT is an emerging technology for

future wireless communication systems. In general, practical

SWIPT receivers for energy harvesting (EH) and information

decoding have been established through the use of power split-

ting (PS) and time switching (TS) techniques. Since EH shares

the resources allocated to information transmission, this has

an influence on the performance of wireless communication.

However, minimal research has been conducted to analyse

SWIPT-enabled relays using finite block length information

theory and AoI.

Motivated by the features of SWIPT, URLLC, and cooper-

ative communication and the need to measure the freshness of

information in modern mission-critical applications, we study

a wireless relay system with SWIPT for future mission-critical

URLLC-enabled applications. To the best of the authors’

knowledge, no prior study has analysed AoI in a SWIPT

and URLLC enabled wireless relay network. In this work,

a two-way wireless relay system employs a nonlinear PS

model for energy harvesting and short packet communication

is employed to address the trade-off between reliability and

latency. We derived an approximation for the average AoI

(AAoI) of the proposed relay scheme under the finite block-

length constraint. In comparison to prior work on SWIPT, we

examine the AoI performance of the proposed SWIPT system

using threshold-based nonlinear EH. Furthermore, we examine

the effect of various factors, including block length and packet

size, on the weighed sum AAoI.

II. SYSTEM MODEL
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Fig. 1. In the considered system model, sources A (SA) and B (SB)
exchange status updates with each other with the help of a single relay (R);
sources send updates to the R during the first transmission time slot T1 while
the R is harvesting energy and then the R exchanges updates received from
each source using harvested energy during the second transmission time slot
T2.

This paper considers a two-way cooperative status update

system where two source nodes, source A (SA) and source

B (SB) exchange status updates with each other as timely

as possible with the help of a single relay (R). R adopts the

Decode-and-Forward relaying protocol. Specifically, Si, i ∈
(A,B) transmits status updates which can be generated at

the beginning of any time slot. The sources in this system

are regarded as energy providers and the relay is equipped

with an energy harvesting device and is capable of conducting



data forwarding and harvesting energy simultaneously. In this

paper, we assume R adopts the dynamic power splitting

technique [5]. As shown in Fig. 1, we consider a two-time slot

transmission scheme in which Si sends updates to the R while

harvesting energy during the first transmission time slot and

then the R exchange updates received from Si using harvested

energy during the second transmission time slot. Specifically,

Si, i ∈ (A,B) transmits status updates which can be generated

at the beginning of any time circle following generate-at-will

updates generation model [6]. Under this policy, the relay

uses energy harvested within the first transmission time slot

(T1) for the transmission in the second transmission time slot

(T2) without waiting. Suppose the harvested energy is less

than the minimum required energy for the transmission. In

that case, the relay does not transmit received updates and

updates received from both sources are destroyed at the relay.

Hij represents the channel coefficient of the channel between

node i to node j where i, j ∈ {A,B,R} and i ̸= j. The small

scale channel gain is gij = |hij|2, where hij ∼ CN(0, 1) is the

Rayleigh fading channel coefficient. The probability density

function (PDF) of the small scale channel gain is defined

as fgij
(z) = e−z, z ≥ 0. The large scale channel gain αij

is given by −10 log10(αij) = 20 log10(dij) + 20 log10(
4πfc
c

),
where fc, dij are the carrier frequency and distance between

node i and node j respectively. c is the speed of light in the

space. Thus, channel coefficient is written as Hij =
√
αijgij

and channel gain is written as Gij = αijgij . Up-link trans-

mission between the source and the relay are performed in an

orthogonal channel.

III. BLOCK ERROR ANALYSIS UNDER FINITE

BLOCK-LENGTH

Our first objective is to study block error probability at each

destination (opposite source) in this system. The block error

probability at the destination has been derived using different

mathematical approximation techniques in this section.

To calculate block error probability at each node, it is

necessary to derive the SNR at each node. The received SNR

at the relay from each source node Si′ , i
′ ∈ {A,B} is given

by,

γi
′

R =
(1− ρ)Pi′Gi′R

σ2
R

, (1)

where ρ is the power spitting factor, noise power at the relay

is denoted as σ2
R and transmit power at the Si′ given by

Pi′ . Then, the energy harvested by the relay from the each

node is given by Ei′

R = ρηPi′Gi′RT1, where η is the energy

conversion efficiency and T1 is the transmission time of the

first transmission slot and it can be calculated as T1 = ni′

RTs,

where ni′

R is the allocated block length for the transmission

between i′ and R and Ts is the symbol duration. Then, the

total energy harvested by the relay within the first transmission

slot is given by

ER =
∑

i′={A,B}
Ei′

R = ρηT1 (PAGAR + PBGBR) . (2)

The available energy harvested by the relay for transmission

is given by

ET
R =







Emax ER ≥ Emax

ER Emax > ER > Emin

0 otherwise,

(3)

where Emax is the maximum energy limit that the relay can

harvest and Emin is the minimum energy required for trans-

mission. Emin can be calculated as Emin = PminT2, where

Pmin is the minimum required power for the transmission

while T2 is the time of the second transmission slot and T2 is

calculated as T2 =
∑

i={A,B} n
R
i Ts, where nRi is the allocated

block length for the transmission between R and i. Then, the

transmit power of relay is calculated as PR =
ER

T

T2
. During

the second time slot, the received SNR at each Si ∈ {A,B}
is given by γi =

PRGRi

σ2
i

Then, using (2) and (3) SNR at the

destination is expressed as

γi =







EmaxαRigRi

T2σ
2
i

, ER > Emax

ERαRigRi

T2σ
2
i

, Emax ≥ ER ≥ Emin

0, otherwise.

(4)

An outage happens when the relay or opposite source are

unable to decode the received message successfully. Hence,

the system overall transmission success probability ϕi at each

source node i can be calculated as

ϕi = 1−
(

εi
′

R +
(

1− εi
′

R

)

εRi

)

, (5)

where i ̸= i′, i, i′ ∈ {A,B} and εtj is the decoding error

probability at receiving node j ∈ (i, R) for block received

from node t ∈ (i′, R). Due to the static nature of the com-

munication channels, it is assumed that the fading coefficients

stay constant over the duration of each transmission block.

Following Polyanskiy’s results on short packet communication

[4] and assuming that the receiver has the perfect channel state

information, the expectation of the block error probability at

the receiving node for a given block length nt
j can be written

as

εtj = E



Q




nt
jC(γ

t
j)− ktj

√

nt
jV (γtj)







 , (6)

where E [.] is the expectation operator, Q(x) =
1√
2π

∫∞
x
e−

t2
2 dt and V (γtj) is the channel dispersion,

which can be written V (γtj) = log2
2e

2 (1 − 1
(1+γt

j)
2 ). The

variable C(γtj) denotes the channel capacity of a complex

AWGN channel and it is given by C(γtj) = log2(1+ γ
t
j). The

number of bits per block represents by ktj . Moreover, under

the Rayleigh fading channel conditions, εtj can be formulated

as

εtj =

∫ ∞

0

fγt
j
(z)Q




nt
jC(γ

t
j)− ktj

√

nt
jV (γtj)



 dz, (7)



where fγt
j
(z) denotes the PDF of the received SNR (γtj) at the

receiving node j. Due to the complexity of the Q-function, it

is challenging to get a closed-form expression for the overall

decoding error probability. Thus, using the approximation

technique given in [7] and [8], (7) can be approximated as

εtj ≈
∫∞
0
fγt

j
(z)Θt

j(z)dz, where Θt
j(z) denotes the linear

approximation of Q

(
nt
jC(γt

j)−kt
j√

nt
jV (γt

j)

)

, this can be expressed as

in [8]

Θt
j(z) =







1, γtj ≤ φtj ,

1
2 − βt

j

√

nt
j(γ

t
j − ψt

j), φtj < γtj < δtj ,

0, γtj ≥ δtj ,

(8)

where βt
j = 1

2π

√

2

2kt
j

nt
j −1

, ψj = 2

kt
j

nt
j − 1, φtj = ψt

j − 1

2βt
j

√
nt
j

and δtj = ψt
j +

1

2.βt
j

√
nt
j

. By using above linear approximation

εtj can be expressed as

εtj ≈ βt
j

√

nt
j

∫ δtj

φt
j

Fγt
j
(z) dz, (9)

where Fγt
j
(z) denotes the CDF of the received SNR (γtj)

at receiving node j. To calculate success probability at each

source i using (5), it is necessary to calculate εi
′

R and εRi .

Using (8) and (9) block error probabilities at the R and each

source can be calculated as follows,

εi
′

R ≈ βi′

R

√

ni′

R

∫ δi
′

R

φi′

R

Fγi′

R
(z) dz, (10)

εRi ≈ βR
i

√

nR
i

∫ δRi

φR
i

FγR
i
(z) dz. (11)

Lemma 1. An approximation for the block error probability

at the relay is derived as

εi
′

R ≈ 1−




(1− ρ)Pi′αi′Rβ

i′

R

√

ni′

R

σ2
R





(

e
− φi′

R
σ2
R

(1−ρ)P
i′

α
i′R − e

− δi
′

R
σ2
R

(1−ρ)P
i′

α
i′R

)

. (12)

Proof. The PDF of SNR at relay from each source can be

calculated using (1) as fγi′

R
(x) =

σ2
R

(1−ρ)Pi′αi′R
e
− xσ2

R
(1−ρ)P

i′
α
i′R

Then, the CDF can be calculated as

Fγi′

R
(z) = 1− e

− zσ2
R

(1−ρ)P
i′

α
i′R . (13)

Then, the result can be proved by substituting (13) to (10).

Lemma 2. Block error probability at the opposite receiving

node can be derived as follows:

εRi ≈ βR
i

√

nR
i

((
δRi + φRi

2

) V∑

v=1

π

V

√

1− φ2vFγR
i
(q) +RV

)

(14)

where φv = cos
(
2v−1
2v π

)
, q =

(
δRi −φR

i

2

)

φv +
(

δRi +φR
i

2

)

, V

is the complexity-accuracy trade-off factor, while RV denotes

the error term, which is ignored at substantially larger values

of V .

Proof. To calculate error probability at Si, it is necessary to

derived the CDF of SNR. Using (3), FγR
i
(z) is evaluated as

FγR
i
(z) =Pr

(
γRi < z

)
= 1− Pr

{
ER ≥ Emin ∩ γRi > z

}

FγR
i
(z) =1− Pr

{
Emin ≤ ER ≤ Emax ∩ γRi > z

}

︸ ︷︷ ︸

L1

− Pr

{
ER ≥ Emax ∩ γRi > z

}

︸ ︷︷ ︸

L2

.

(15)

Then, substituting ER = ρηT1 (PAαARgAR + PBαBRgBR)
into (15), L1 is evaluated as

L1 =Pr {Ω1 < I < Ω2 ∩ IgRi > Ω3} , (16)

or

L1 =







0, gRi <
Ω3

Ω2
,

Pr

{
Ω3

gRi
< I ⩽ Ω2

}

, Ω3

Ω2
< gRi <

Ω3

Ω1
,

Pr {Ω1 < I ⩽ Ω2} , gRi >
Ω3

Ω1
,

(17)

where Ω1 = Emin

ρηT1
, Ω2 = Emax

ρηT1
, Ω3 =

zσ2
i T2

ρηT1αRi
and I =

∑

i={A,B} PiαiRgiR. To calculate L1 it is necessary to get

PDF and CDF of I and gRi. Then, to calculate the PDF of

I , it is considered as summation of two independent random

variable as I = µ1 + µ2, where µ1 ∼ exp( 1
PAαAR

) and µ2 ∼
exp( 1

PBαBR
). Using the concepts of convolution of random

variables, PDF and CDF of I can be calculated as follows:

fI (z) =

∫ ∞

−∞
fµ1(x)fµ2(z − x)dx,

=

∫ z

0

1

PAαAR

e
− 1

PAαAR
x 1

PBαBR

e
− 1

PBαBR
(z−x)

dx,

=
1

PAαARPBαBR

e
− 1

PBαBR
z

∫ z

0

e
( 1
PBαBR

− 1
PAαAR

)x
dx,

fI (z) =







1
PAαAR−PBαBR

(e
− 1

PAαAR
z − e

− 1
PBαBR

z
),

if 1
PAαAR

̸= 1
PBαBR

,

1
(Pα)2 ze

− 1
Pα

z, if 1
PAαAR

= 1
PBαBR

= 1
Pα
,

.

(18)

where f denotes the PDF function of a random variable. Then,

the CDF of I can be calculated as

FI(z) = P (Z ≤ z) =

∫ z

0

f(t)dt,

FI(z) =







1 + PBαBR

PAαAR−PBαBR
e
− z

PBαBR

− PAαAR

PAαAR−PBαBR
e
− z

PAαAR ,

, ifPAαAR ̸= PBαBR,

1− e−
1

Pα
z
(
1 + 1

Pα
z
)

if 1
PAαAR

= 1
PBαBR

= 1
Pα
,

(19)



L1 ≈ FI (Ω2)

[

FgRi

(
Ω3

Ω1

)

− FgRi

(
Ω3

Ω2

)]

−
Ω3

Ω1
+ Ω3

Ω2

2

M∑

m=1

√

1− φ2mfgRi
(z1)FI

(
Ω3

z1

)

+RM+

(FI (Ω2)− FI (Ω1))

(

1− FgRi

(
Ω3

Ω1

))

. (24)

FγR
i
(z) ≈ 1− FI (Ω2)

[

FgRi

(
Ω3

Ω1

)

− FgRi

(
Ω3

Ω2

)]

−
Ω3

Ω1
+ Ω3

Ω2

2

M∑

m=1

√

1− φ2mfgRi
(z1)FI

(
Ω3

z1

)

+RM+

(FI (Ω2)− FI (Ω1))

(

1− FgRi

(
Ω3

Ω1

))

− (1− FI (Ω2)) (1− FgRi
(Ω4)) . (25)

Further, we derive the approximation for L1 as follows,

L1 =

∫ Ω3
Ω1

Ω3
Ω2

(

fgRi
(x)

∫ Ω2

Ω3
x

fI (y) dy

)

dx

+

∫ Ω2

Ω1

fI (x) dx

∫ ∞

Ω3
Ω1

fgRi
(x) dx,

L1 =L3 + (FI (Ω2)− FI (Ω1))

(

1− FRi

(
Ω3

Ω1

))

,

(20)

where

L3 =

∫ Ω3
Ω1

Ω3
Ω2

(

fgRi
(x)

∫ Ω2

Ω3
x

fI (y) dy

)

dx,

=

∫ Ω3
Ω1

Ω3
Ω2

fgRi
(x)

[

FI (Ω2)− FI

(
Ω3

x

)]

dx,

L3 =FI (Ω2)

[

FgRi

(
Ω3

Ω1

)

− FgRi

(
Ω3

Ω2

)]

− L4,

(21)

where L4 is defined as

L4 =

∫ Ω3
Ω1

Ω3
Ω2

fgRi
(x)FI

(
Ω3

x

)

dx, (22)

Using Gaussian-Chebyshev-Quadrature (GCQ) method [9],

(22) can be approximated as follows,

L4 ≈
Ω3

Ω1
+ Ω3

Ω2

2

M∑

m=1

π

M

√

1− φ2mfgRi
(z1)FI

(
Ω3

z1

)

+RM ,

(23)

where φm = cos
(
2m−1
2M π

)
, z1 =

Ω3
Ω1

−Ω3
Ω2

2 φm +
Ω3
Ω1

+
Ω3
Ω2

2 , M

is the complexity-accuracy trade-off factor, and RM is the

error term that can be ignored at sufficiently high M values.

Finally, expression for L1 can be approximated as shown in

(24). Similarly, L2 is calculated as

L2 = Pr {I > Ω2 ∩ gRi > Ω4}
= (1− FI (Ω2)) (1− FgRi

(Ω4)) ,
(26)

where Ω4 =
zσ2

i T2

EmaxαRi
. Then, CDF of SNR at each destination

(FγR
i
(z)) can be obtained by substituting (24) and (26) in (15)

as in (25). Then, the result can be proved by substituting (25)

to (9) and then applying the GCQ method for the integration

of the CDF function.

Finally, substituting (12) and (14) into (5) the overall

transmission success probability can can be calculated.

IV. AGE OF INFORMATION ANALYSIS

This section estimates the AAoI of the two-way relay sys-

tem. This system adopts the generate-at-will update generation

model [6]. Hence, SA and SB generate new status updates

every transmission cycle to keep the information at the cor-

responding destinations as fresh as possible. Then, generated

updates are transmitted to their opposite sources using a relay

system. If the generation time of the freshest update received at

opposite source time stamp t is g(t), then AoI can be defined

as a random process as ∆(t) = t − g(t). As illustrated in

∆ 𝑡

∆0
𝑔1 𝑔2 𝑔3 𝑔4 𝑔𝑛−2 𝑔𝑛−1 𝑔𝑛𝑔5 𝑔6 𝑡𝑋1𝑇 𝑋2 𝑋𝑛

0𝑇

Fig. 2. Evolution of AoI ∆(t) with the time: Each source generate updates at
time stamps g1 , g2 , ..., gn−1 and the opposite source receive these updates
at time stamps g2 , g3 , ..., gn ; ∆(t) is the AoI at the opposite source
(destination).

the Fig.2, it is assumed that at t = 0 the measurements of

the AoI starts and the AoI at the opposite source (destination)

is set to ∆(0) = ∆0. Each source generates updates at time

stamps g1 , g2 , ..., gn−1 and the opposite source receive these

updates at time stamps g2 , g3 , ..., gn . As illustrated in Fig.2,

data update i is transmitted from the source at time stamp

t = gi and it is successfully delivered to its opposite source at

time stamp gi+1 = gi+T where T is total time allocated for a



one transmission circle and T = T1+T2. Therefore, if update

packet delivered successfully, at the time gi+1, the AoI at the

opposite source is estimated as ∆(gi+1) = T . We assume that

AoI increases linearly until the next update is successfully de-

livered to the opposite source. As an example, one packet fails

to be decoded at time g3, hence, ∆(t) continues to increase

linearly. For the considered time period Tc, time average AoI

can be computed using the area under ∆(t). Similarly, the time

average age is estimated as ∆Tc
= 1

Tc

∫ Tc

0
∆(t)dt. Similar to

the work presented in [10], the time average age (∆Tc
) tends

to ensemble average age when Tc → ∞, i.e., which can be

expressed as

∆AAOI = E [∆] = lim
t→∞

E [∆ (t)] = lim
Tc→∞

∆Tc
. (27)

Applying graphical methods to saw-tooth age waveform in

Fig.2 and using [1, eq.8] we can calculated AAoI at each

Si, i ∈ (A,B) as follows:

∆AAOI
i =

E[X2
i ]

2E[Xi]
+ T, (28)

where Xi denote the inter departure time between two consec-

utive successfully received status updates at Si. It assumes that

the end-to-end delay of each successfully received update is al-

ways a constant, which is given by E[Yi] = T1+T2 = T . The

inter departure time Xi is a geometric random variable with

mean E[Xi] =
T
ϕi

and second moment E
[
X2

i

]
= T 2(2−ϕi)

ϕ2
i

.

Lemma 3. For the two way relay network, the expression of

the AAoI at each source can be obtained as follows:

∆AAOI
i =

T

2
+
T

ϕi

. (29)

Proof. The result can be proved by substituting E[Xi] =
T
ϕi

and E
[
X2

i

]
= T 2(2−ϕi)

ϕ2
i

into (28).

The expected weighted sum AAoI of the two-way re-

lay system can be calculated as follows, ∆AAoI
Sum =

∑

i={A,B} ωi∆
AAOI
i , where ωi is the weighting coefficient

at Si.

V. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present the analytical and numerical

simulation results. Unless otherwise stated, the simulation

parameters are set as: dAR = 30m, dBR = 30m, fc =
900MHz, speed of the light (m/s) = 3 × 108ms−1, PA =
1 W, PB = 1 W, Ts = 20 µs, nA

R, n
B
R = 200 bits, nRA, n

R
B =

200 bits, kAR, k
B
R = 32 bits, noise power (σ2

R, σ
2
A, σ

2
B) = -100

dBm, , Emax = 0.001 J, Pmin = 0.0001 mW, ρ = 0.5, ωA

= 0.5, ωB = 0.5 and energy η = 0.9.

We plot the weighted sum of AAoI as a function of trans-

mission power in Fig. 3 for different distances. The weighted

sum of AAoI decreases dramatically as the transmit power

at the sources increases, since increasing the transmit power

at the source reduces the error probability at the relay node

and increases the amount of energy harvested by the relay.

However, for large transmission power levels, the AAoI value
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Fig. 3. Weighed sum AAoI as a function of transmission power

is fixed since the number of erroneous packets that impact

the AAoI is too small. On the other hand, when the distance

between the relay and sources is short, the AAoI is low, and

when the distance increases, the AAoI increases due to low

SNR. The numerically simulated AAoI well coincides with the

approximated results, especially moderate SNR values, since

the linear approximation applied in (8) is too tight for moderate

SNR values [11]. Next, in Fig. 4, we plot the weighted sum
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Fig. 4. Weighed sum AAoI as a function of block length.

AAoI versus block length. When the transmission power is

high, AAoI increases when block length is increased, as the



number of erroneous packets is too low under high SNR con-

ditions and increasing block length only increases transmission

time. However, under low-SNR scenarios, small block length

increases AAoI due to the high block error probability and

increasing block length towards its optimal value decreases

the AAoI due to the decrease in error probability. On the

other hand, increasing the block length after the optimal value

has resulted in an increase in AAoI because the impact of

transmission time on AAoI is greater than the decrease in

block error probability. This result proved that a short block

length does not always maintain information freshness. In
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Fig. 5. Weighed sum AAoI as a function of update size.

Fig. 5 we present the weighed sum AAoI versus update size.

If the transmission power is low, the AAoI increases as the

packet size increases under fixed block length since it increases

the overall block error probability. However, in high SNR

scenarios, packet size has little effect on AAoI since block

error probability is low. Fig. 6 illustrates the weighted sum

AAoI as a function of Pmin. We observe that the weighted

sum AAoI of the system is monotonically increasing with the

Pmin since high Pmin threshold values increase update loss

at the relay.

VI. CONCLUSIONS

This work developed a model to estimate the AAoI in

a two-way relay equipped with SWIPT that operates un-

der ultra-reliable and low latency constraints. We derived

an approximation for AAoI at each source using linear ap-

proximation techniques. Furthermore, we studied the impacts

of various parameters, including block length, packet size,

transmission power and noise level. Finally, we conducted a

numerical analysis to evaluate and validate the derived results.

Furthermore, we observed that packet size does not affect

freshness when SNR is high. On the other hand, short packet

communication retains an improved AoI performance in low
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Fig. 6. Weighed sum AAoI as a function of Pmin.

SNR scenarios. Also, this paper concludes that the short block

length communications does not always assist in maintaining

freshness in SWIPT–enabled communications systems, even

though it always assists in maintaining a low latency.
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