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ABSTRACT For a high-speed railway relay downlink communication system based on short-packet trans-
mission, the problem of maximizing the minimum user throughput by jointly optimizing the transmission
packet length and the transmission power control of the relay device is investigated in this paper. The
optimization problem is a nonconvex and mixed-integer one that is difficult to obtain an optimal solution,
and a low-complexity algorithm is proposed to obtain the solution to the joint optimization problem.
First, a closed-form expression of the optimal blocklength is derived by fixing the transmission power;
Secondly, in the case of fixed blocklength, the non-convex optimization subproblem of transmission power
is transformed into a convex problem by introducing auxiliary variables and using the successive convex
approximation method. Finally, the feasibility and effectiveness of the proposed algorithm in this paper are
verified by simulation.

INDEX TERMS High-speed railway communication, short-packet transmission, packet length, power
control, continuous convex approximation.

I. INTRODUCTION
In order to meet the demand of high-speed data transmis-
sion, the application of 5G technology in high-speed rail-
way (HSR) scenarios is gaining more and more attention.
To ensure the safe operation and the high quality of expe-
rience of the users, the wireless communication technology
plays an important role in HSR system [1]. The downlink
resource allocation problem in HSR downlink orthogonal
frequency division multiple access (OFDMA) system with
a cellular/relay integrated network architecture was inves-
tigated and an equivalent one-stage programming was pro-
posed in [2]. The secure transmission from the roadside base
stations to the vehicle stations on the top of the train was
considered, and the eavesdropping user is a mobile unmanned
aerial vehicle in [3], where the objective is to maximize the
sum of the minimum security rate of each time slot. The
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transmission performance of wireless links between the base
station and the access point on the roof of the train was con-
sidered in [4], and the quality of service (QoS) distinguished
power allocation algorithm was derived to achieve the largest
achievable rate region. These worksmainly concern the direct
communication between the base station and the vehicle
stations. However, the penetration losses caused by train
carriage and Doppler shift are more severe at millimeter wave
frequencies. Therefore, it is widely accepted that a mobile
relay-based network architecture is one of the most desirable
solutions to the above problem [5].

In the mobile relay network, the link between the base
station and relay device uses frequencies below 6 GHz, while
the link between the relay device and user uses millimeter
wave frequencies [6]. There are several advantages of mobile
relay in HSR communication comparedwith the conventional
direct point to point communication [7], [8]. Firstly, HSR has
sufficient power and a large space to support the mobile relay
stations with multiple antennas. Secondly, mobile relay offers
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new chance for performance enhancement by the higher fre-
quency (e.g., millimeter wave), especially for a large number
of passengers in the carriage in a static environment. Thirdly,
the lower frequency in the link between the train and ground
can reduce Doppler shift, which makes the mobile relay
stations stronger processing power and the link more reliable.

There are many researches on mobile relay network in the
existing literature. When mobile relay nodes cooperated, the
system-level simulation of HSR was given in [9], the results
showed that the cooperation of relay nodes could significantly
improve the user rate. In [10], the system performance of
average symbol error rate for the two relays railway networks
was analyzed, and decode-and-forward (DF) protocol was
adopted by partial differential modulation. The simulation
results showed that the system had the best performance,
when two relay nodes were in the same location. In [11], the
HSR communication system with mobile relay technology
and OFDMA to serve users was considered, and how to
minimize the total power consumption of base stations and
relay nodes under the desired QoS of users was investigated.
The optimal subcarrier and power allocation scheme was
derived by the Lagrange dual method, then a low-complexity
sub-optimal algorithm based on the Hungarian algorithm was
proposed. A novel two-hop mobile relay architecture for
high-speed trains was considered in [12], two relay structures
(several relay nodes in a railway carriage and a single relay
node with multiple antennas) and two relay modes (amplify-
and-forward and DF) were studied. A new broadband data
access technology using multiple input and multiple output
(MIMO) technology, mobile relay and millimeter wave band
was proposed to provide service for train passengers in high-
speed environment. The HSR communication system based
on relay was considered in [13], and the relay node operated
in full duplex mode. The goal was to maximize the network
capacity by allocating spectrum resources, and the formulated
problem was a non-convex optimization one about the spec-
trum resource allocation. A sequential quadratic program-
ming algorithm based on Lagrange function was proposed,
which could effectively solve the bandwidth allocation prob-
lem of base stations and relay nodes.

The 5G-based Internet of Things technology can pro-
vide ultra-reliable low-latency communication (URLLC) for
HSR system, and improve the QoS of the passengers [14],
[15]. For URLLC, ultra-reliable means high stability of the
network, and low-latency requires minimal end-to-end time
delay. In the URLLC scenario, the latency is generally 1-10
milliseconds [16]. At present, most physical layer designs
rely largely on long blocklengths, which make the transmis-
sion rate close to Shannon capacity. To support low-latency
communication, the shor-packet data with finite blocklength
codes is considered to reduce the transmission latency [17].
Comparedwith Shannon capacity for infinite blocklength, the
decoding error probability of the receiver for finite block-
length transmission can not be ignored due to the short
blocklength [18]. The accurate approximate value of the

information rate of the limited blocklength in the additive
white Gaussian noise (AWGN) channel was derived in [19],
which considered error probability and blocklength. Non-
orthogonal multiple access (NOMA) in short-packet com-
munications was compared with orthogonal multiple access
(OMA) in [20], which could reduce the transmission latency
of physical layer. The closed-form expression for the block
error rate in NOMA was derived, and the near-optimal
scheme about power allocation and blocklength was given.
A multiuser downlink network model in the finite block-
length regime was considered, the optimal power allocation
algorithm was proposed to maximize the normalized sum
throughput under statistical QoS constraints [21]. In [22],
a downlink multiple-input single-output (MISO) OFDMA
URLLC system with short packet transmission was consid-
ered, the proposed resource allocation algorithm was used to
maximize the weighted sum throughput with QoS constraints
regarding the number of transmitted bits and delay.

In this paper, a relay downlink communication system for
HSR based on short packet is considered, where the relay
device deployed on the top of the train provides communi-
cation services for multiple users in the carriage using DF
mode. Downlink information transmission is divided into
two phases. The first phase is the transmission from the
base station to the relay device, and the second phase is the
transmission from the relay device to the users. The sum of
the blocklengths of the two phases is fixed. The contributions
are mainly summarized as follows:

(1) Maximizing the throughput of the minimum user
by jointly optimizing the blocklength and the transmission
power of the relay device is studied, The constraints include
the amount of data from the base station to the relay device
is greater than that from the relay device to the user, the
maximum blocklength, the minimum blocklength, and the
transmit power of the on-board relay device.

(2) The formulated joint optimization problem is non-
convex, an alternate iteration algorithm is proposed in this
paper. With fixed transmission power, the original optimiza-
tion problem is transformed into an optimization subprob-
lem about blocklength. Through variable substitution and
the first-order Taylor expansion, the closed expression of
blocklength can be obtained. By fixing the blocklength, the
original problem is transformed into a non-convex optimiza-
tion subproblem about transmission power. By introducing
auxiliary variables and the first-order Taylor expansion, the
non-convex optimization problem about transmission power
is solved. On this basis, an alternate iteration algorithm for
the joint optimization problem is proposed.

(3) The HSR relay communication system is simulated
in detail, and the detailed simulation results are given to
verify the effectiveness of the proposed algorithm. In addi-
tion, the simulation results also show the influence of the
packetlength, the transmission power, the train speed and
the channel error probability on the system transmission
performance.
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FIGURE 1. The model of HSR relay communication system.

The rest of this paper is organized as follows. Section II
introduces the HSR communication relay downlink system
based on short packet, and the joint optimization problem
of maximizing the minimum user throughput is given under
the constraints of data transmission blocklength and relay
transmission power. In Section III, a subproblem about the
other variable is solved by fixing another variables, then an
alternate iteration algorithm is proposed. Section IV gives
numerical simulation. Section IV concludes this paper.

II. SYSTEM MODEL AND PROBLEM STATEMENT
The model of relay collaborative downlink system based
on short-packet communication is shown in Figure 1. It is
assumed that there is an operator’s base station deployed at a
certain distance from each other on the side of the HSR, and
there is an on-board relay device deployed in each carriage
of the train, which receives information from the roadside
base station and serves multiple users in the carriage by DF.
It is assumed that the base station, on-board relay device
and subscriber are equipped with a single antenna. If the
set of K users served in the compartment is denoted as K,
where the user k ∈ K = {1, 2, · · · ,K }. In order to ensure
highly reliable and low latency communication, we use short-
packet communication, and the decoding error rate does not
become zero even if the signal to interference plus noise
ratio (SINR) is very high in this transmission, which leads
to the Shannon formula no longer being applicable in this
case. Let Lmax denote the maximum channel blocklength,
the downlink information transmission is divided into two
phases. The first phase is the transmission phase from the base
station to the vehicular relay device, and the second phase
is the transmission phase from the vehicular relay device to
the user. The corresponding blocklength of each stage are L1
and L2, respectively, and L1 + L2 = Lmax . Under the finite
channel blocklength constraint, the channel is considered as
a quasi-static flat fading channel during transmission. In this
paper, we only consider the joint optimization strategy design
of blocklength and power allocation in short-packet transmis-
sion time period, so the system transmission model is quasi-
static.

Let hvs denote the channel gain from the base station to the
on-board relay device and hk denote the channel gain from the
relay to the user k . The transmitting power of the base station
and the transmitting power of the on-board relay device to
user k are denoted as pb and pk , respectively. Then the SINR
γvs and γk received by the relay and user k are expressed as
follows,


γvs =

pbhvs
pb′gvs + σ 2

vs
,

γk =
pkhk∑K

l=1,l ̸=k plhl + σ 2
k

,
(1)

where pb′ denotes the transmitting power of the adjacent base
station, gvs denotes the channel gain from the neighboring
base station to the on-board relay device. σ 2

vs and σ
2
k denote

the variance of AWGN.
In this paper, a new formulation is used to portray the

tradeoff between achievable rate of data transmission, decod-
ing error probability and transmission delay under the trans-
mission condition of shorter blocklength. For a given finite
blocklength Lmax(Lmax < 100), the channel decoding rate
can be described by,

R
(
Lmax , ϵ

)
= C −

√
V

Lmax
Q−1 (ϵ)+O

(
logLmax

Lmax

)
, (2)

where C is based on the Shannon capacity at infinite block-
length, V denotes the channel discretization, which measures
the randomness of the channel relative to a deterministic
channel with the same capacity, ϵ denotes the expected decod-
ing error probability, and Q−1 is the inverse function of the

Gaussian Q-function, Q (x) ≜
∫

∞

x
1

√
2π
e−

t2
2 dt .

According to the above equation, the approximate decod-
ing rates R (γvs) and R (γk) of the information received by the
on-board relay device and user k can be obtained as follows,


R (γvs) = log2 (1 + γvs)−

√
V (γvs)
L1

Q−1 (εvs)

ln 2
,

R (γk) = log2 (1 + γk)−

√
V (γk)
L2

Q−1 (εk)

ln 2
,

(3)

where V (γvs) =
(
1 − (1 + γvs)

−2) (log2e)2, V (γk) =(
1 − (1 + γk)

−2) (log2e)2. Obviously, this approximation
adds a rate penalty term compared with the channel capacity
to keep the maximum channel error probability ε at a finite
blocklength Lmax , which is proportional to 1

√
Lmax

. εvs denotes
the maximum channel error probability from the base station
to the on-board relay, and εk denotes the maximum channel
error probability from the on-board relay to the user.

In this paper, we maximize the throughput of the minimum
user by jointly optimizing the blocklength and power, and the
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specific optimization problem is expressed as follows,

P : max
L1,L2,pk

min
k∈K

L2 (1 − εk)R (γk) (4)

s.t. L1 (1 − εvs)R (γvs) ≥ L2
K∑
k=1

(1 − εk)R (γk) , (5a)

L1 + L2 = Lmax , (5b)

L1 ≥ Lmin,L2 ≥ Lmin,L1,L2 ∈ N , (5c)

0 ≤

K∑
k=1

pk ≤ Pmax k ∈ K. (5d)

The constraint (5a) is to ensure that the data from the base
station to the on-board relay device in the first phase can all be
decoded and forwarded to the user in the relay in the second
phase. The constraint (5b) ensures that the blocklength of
the two phases is equal to the maximum blocklength. The
constraint (5c) ensures that the minimum blocklength Lmin

is satisfied in each phase, and constraint (5d) is the transmit
power constraint of the on-board relay device. The problem P
is a nonconvex optimization problem, which is solved by the
alternating iterative method in this paper.

III. PROBLEM SOLVING
A. FIXED TRANSMISSION POWER TO OPTIMIZE
BLOCKLENGTH
By fixing the transmitting power pk , k ∈ K, the problem P is
transformed into an optimization problem with respect to the
blocklengths L1, L2 as follows,

P1 :max
L1,L2

min
k∈K

1kL2 −3kL2
1
2 (6)

s.t. 8vsL1 −9vsL1
1
2 ≥

K∑
k=1

(
1kL2 −3kL2

1
2

)
, (7a)

L1 + L2 = Lmax , (7b)

L1 ≥ Lmin,L2 ≥ Lmin,L1,L2 ∈ N. (7c)

where 3k = (1 − εk)

√
1 − (1 + γk)

−2 Q−1(εk )
ln 2 , 1k =

(1 − εk) log2 (1 + γk),8vs = (1 − εvs) log2 (1 + γvs),9vs =

(1 − εvs)

√
1 − (1 + γvs)

−2 Q−1(εvs)
ln 2 .

It follows from the constraint (7b) that L1 = Lmax − L2 is
substituted into P1, as well as such that1 =

∑K
k=11k and

3=
∑K

k=13k , then problem P1 is rewritten as follows,

P1.1 :max
L2

min
k∈K

1kL2 −3kL2
1
2 (8)

s.t. (8vs +1)L2 −3L2
1
2

+9vs
(
Lmax − L2

) 1
2 ≤ 8vsLmax , (9a)

Lmin ≤ L2 ≤ Lmax , L2 ∈ N . (9b)

Introducing the variable τ , problem P1.1 is transformed
into the following equivalence problem,

P1.2 :max
L2, τ

τ (10)

s.t. (8vs +1)L2 −3L2
1
2 +9vs

(
Lmax − L2

) 1
2

≤ 8vsLmax , (11a)

1kL2 −3kL2
1
2 ≥ τ k ∈ K, (11b)

Lmin ≤ L2 ≤ Lmax , L2 ∈ N. (11c)

Since the constraints (11a) and (11b) in P1.2 are both
nonconvex, by calculating the first-order Taylor expansions
of 9vs(Lmax − L2)

1
2 and −3kL2

1
2 at the feasible point L t2,

the upper and lower bounds at the feasible point L t2 can be
obtained, respectively,


9vs

(
Lmax − L2

) 1
2 ≤9vs

(
Lmax − L t2

) 1
2

−
1
2
9vs

(
Lmax − L t2

)− 1
2
(
L2 − L t2

)
,

−3kL2
1
2 ≥ −3k

(
L t2
) 1
2 −

1
2
3k
(
L t2
)− 1

2
(
L2 − L t2

)
.

(12)

Let 21 = 8vs + 1 −
1
29vs

(
Lmax − L t2

)− 1
2 and 22 =

8vsLmax −9vs
(
Lmax − L t2

) 1
2 −

1
2L

t
29vs

(
Lmax − L t2

)− 1
2 , then

P1.2 translates into the following optimization problem,

P1.3 :max
L2, τ

τ (13)

s.t. 21L2 −3L2
1
2 ≤ 22 , (14a)(

1k −
1
2
3k
(
L t2
)− 1

2

)
L2 −

1
2
3k
(
L t2
) 1
2

≥ τ, k ∈ K, (14b)

Lmin ≤ L2 ≤ Lmax , L2 ∈ N. (14c)

The upper bound condition on L2 can be obtained from
constraints (14a) and (14c) as follows,

L2 ≤ min

Lmax ,(3+

√
32

+ 42122

221

)2
 . (15)

According to the constraint (14b), the optimization objec-
tive τ is maximized when L2 takes the maximum value. At the
same time, combining constraints L1 ≥ Lmin and L1 + L2 =

Lmax , the following solution can be obtained by,

(1) If Lmax − min

(
Lmax ,

(
3+

√
32+42122
221

)2
)

≥ Lmin,
L∗

1 = Lmax − min

Lmax ,(3+

√
32

+ 42122

221

)2
 ,

L∗

2 = min

Lmax ,(3+

√
32

+ 42122

221

)2
 .

(16)
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(2) If Lmax − min

(
Lmax ,

(
3+

√
32+42122
221

)2
)
< Lmin,

{
L∗

1 = Lmin,
L∗

2 = Lmax − Lmin.
(17)

B. FIXED BLOCKLENGTH TO OPTIMIZE TRANSMITTING
POWER
By fixing the blocklengths L1, L2, the problem P is trans-
formed into an optimization problem on the transmitting
power pk , k ∈ K, as follows,

P2 :max
pk

min
k∈K

L2 (1 − εk)R (γk) (18)

s.t. L1 (1 − εvs)R (γvs) ≥ L2
K∑
k=1

(1 − εk)R (γk) ,

(19a)

0 ≤

K∑
k=1

pk ≤ Pmax k ∈ K. (19b)

By introducing the variable ρ, ψk , ϕk , k ∈ K, problem P2
is transformed into the following equivalent problem,

P2.1 : max
pk ,ρ,ψk ,ϕk

ρ (20)

s.t. L1 (1 − εvs)R (γvs)≥L2
K∑
k=1

(1−εk)R (γk , ψk) ,

(21a)

L2(1 − εk )R(γk , ϕk ) ≥ ρ, (21b)
pkhk∑K

l=1,l ̸=k plhl + σ 2
k

≥ ψk , k ∈ K , (21c)

pkhk∑K
l=1,l ̸=k plhl + σ 2

k

≤ ϕk , k ∈ K, (21d)

0 ≤

K∑
k=1

pk ≤ Pmax k ∈ K. (21e)

The constraints (21a)-(21d) in P2.1 are all nonconvex.
We will deal with them separately and convert them into the
form of convex constraints.

For constraint (21a), L2 (1 − εk)R (γk , ψk) can be written
in the following form,

L2 (1 − εk)R (γk , ψk)

= L2 (1 − εk) log2

 K∑
l=1

plhl + σ 2
k


− L2 (1 − εk) log2

 K∑
l=1,l ̸=k

plhl + σ 2
k


− L2

1
2 (1 − εk)

√
1 − (1 + ψk)

−2Q
−1 (εk)

ln 2
. (22)

In the above equation, where log2
(∑K

l=1 plhl + σ 2
k

)
is

a concave function, its first-order Taylor expansion at the
feasible point ptl , l ∈ K yields the upper bound as follows,

log2

 K∑
l=1

plhl + σ 2
k

 ≤ log2

 K∑
l=1

ptlhl + σ 2
k


+

K∑
l=1

hl
(
pl − ptl

)
ln 2

(∑K
l=1 p

t
lhl + σ 2

k

) .
(23)

Let

A = L1 (1 − εvs)R (γvs)

−

K∑
k=1

L2 (1 − εk)

log2

 K∑
l=1

ptlhl + σ 2
k


−

K∑
l=1

hlptl

ln 2
(∑K

l=1 p
t
lhl + σ 2

k

)
 , (24)

Bk = L2 (1 − εk) , (25)

Ck = L2
1
2 (1 − εk)

Q−1 (εk)

ln 2
, (26)

Dk,l =
hl

ln 2
(∑K

l=1 p
t
lhl + σ 2

k

) . (27)

Constraints (21a) is transformed into the following
inequality,

K∑
k=1

Bk
K∑
l=1

Dk,lpl −
K∑
k=1

Bk log2
 K∑
l=1,l ̸=k

plhl + σ 2
k


−

K∑
k=1

Ck

√
1 − (1 + ψk)

−2
≤ A.

(28)

For constraints (21b), L2 (1 − εk)R (γk , ϕk) can be written
as follows,

L2 (1 − εk)R (γk , ϕk)

= L2 (1 − εk) log2

 K∑
l=1

plhl + σ 2
k


− L2 (1 − εk) log2

 K∑
l=1,l ̸=k

plhl + σ 2
k


− L2

1
2 (1 − εk)

√
1 − (1 + ϕk)

−2Q
−1 (εk)

ln 2
. (29)

In the above equation, −log2
(∑K

l=1,l ̸=k plhl + σ 2
k

)
is

convex function. Calculate its first-order Taylor expan-
sion at the feasible point ptl , l ∈ K and yield the
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following lower bound,

− log2

 K∑
l=1,l ̸=k

plhl + σ 2
k


≥ −log2

 K∑
l=1,l ̸=k

ptlhl + σ 2
k


−

K∑
l=1,l ̸=k

hl

ln 2
(∑K

l=1,l ̸=k p
t
lhl + σ 2

k

) (pl − ptl
)
. (30)

Similarly, calculate the first-order Taylor expansion of

−L2
1
2 (1 − εk)

√
1 − (1 + ϕk)

−2 Q−1(εk )
ln 2 at the feasible point

ϕtk , k ∈ K and obtain the following lower bound,

− L2
1
2 (1 − εk)

√
1 − (1 + ϕk)

−2Q
−1 (εk)

ln 2

≥ −L2
1
2 (1 − εk)

√
1 −

(
1 + ϕtk

)−2Q−1 (εk)

ln 2

− L2
1
2 (1 − εk)

(
1 −

(
1 + ϕtk

)−2
)−

1
2 (
1 + ϕtk

)−3

×
Q−1 (εk)

ln 2

(
ϕk − ϕtk

)
. (31)

Define the following symbols:

Ek,l =
hl

ln 2

(
K∑

l=1,l ̸=k
ptlhl + σ 2

k

) , (32)

Fk = L2 (1 − εk)

log2

 K∑
l=1,l ̸=k

ptlhl + σ 2
k



−

K∑
l=1,l ̸=k

hlptl

ln 2

(
K∑

l=1,l ̸=k
ptlhl + σ 2

k

)


+ L2
1
2 (1 − εk)

√
1 −

(
1 + ϕtk

)−2Q−1 (εk)

ln 2
, (33)

Gk = L2
1
2 (1 − εk)

(
1 −

(
1 + ϕtk

)−2
)−

1
2

×
(
1 + ϕtk

)−3Q−1 (εk)

ln 2
. (34)

Constraints (21b) are transformed into the following
inequalities,

Bk log2

 K∑
l=1

plhl + σ 2
k

− Bk
K∑

l=1,l ̸=k

Ek,lpl − Gkϕk

≥ ρ + Fk − Gkϕtk .

(35)

For constraints (21c),
(∑K

l=1,l ̸=k plhl + σ 2
k

)
ψk is rewritten

as follows, K∑
l=1,l ̸=k

plhl + σ 2
k

ψk
=

(∑K
l=1,l ̸=k plhl + σ 2

k + ψk

)2
4

−

(∑K
l=1,l ̸=k plhl + σ 2

k − ψk

)2
4

. (36)

For −

(∑K
l=1,l ̸=k plhl+σ

2
k −ψk

)2
4 , calculate the first-order Tay-

lor expansion at the feasible point ψ t
k , p

t
l , l ∈ K and obtain

the following upper bound,

−

(∑K
l=1,l ̸=k plhl + σ 2

k − ψk

)2
4

≤ −

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k − ψ t
k

)2
4

+

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k − ψ t
k

)
2

(
ψk − ψ t

k
)

−

K∑
l=1,l ̸=k

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k − ψ t
k

)
hl

2

(
pl − ptl

)
.

(37)

Let Ik =
∑K

l=1,l ̸=k p
t
lhl+σ

2
k −ψ t

k , the constraint (21c) can
be transformed into the following inequality,(∑K

l=1,l ̸=k plhl + σ 2
k + ψk

)2
4

−

K∑
l=1,l ̸=k

Ikhl
2
pl +

Ik
2
ψk

≤ pkhk +
Ik2

4
+
Ikψ t

k

2
−

K∑
l=1,l ̸=k

Ikhlptl
2

.

(38)

For constraint (21d),
(∑K

l=1,l ̸=k plhl + σ 2
k

)
ϕk is rewritten

as follows,  K∑
l=1,l ̸=k

plhl + σ 2
k

ϕk
=

(∑K
l=1,l ̸=k plhl + σ 2

k + ϕk

)2
4

−

(∑K
l=1,l ̸=k plhl + σ 2

k − ϕk

)2
4

. (39)

For the first-order Taylor expansion of(∑K
l=1,l ̸=k plhl+σ

2
k +ϕk

)2
4 at the feasible point ψ t

k , p
t
l , l ∈ K, the
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Algorithm 1 Blocklength Optimization Algorithm
Initialization: Fix the transmitting power pl, l ∈ K,
initialize L02 , make t = 0 and threshold ϵ = 10−3.
For every time slot t = 1, 2, · · · ,
Step 1:
Calculate the optimal solutions L∗

1 and L∗

2 according to
equations (7) or (11).
Step 2:
t = t + 1, update L t2 = L∗

2 .
Until:
The change in the optimization objective of P1.3 is below
the threshold ϵ, stop the loop and output Lopt1 and Lopt2 .

upper bound is obtained as follows,(∑K
l=1,l ̸=k plhl + σ 2

k + ϕk

)2
4

≥

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k + ϕtk

)2
4

+

K∑
l=1,l ̸=k

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k + ϕtk

)
hl

2

(
pl − ptl

)

+

(∑K
l=1,l ̸=k p

t
lhl + σ 2

k + ϕtk

)
2

(
ϕk − ϕtk

)
. (40)

Let Jk =
∑K

l=1,l ̸=k p
t
lhl + σ 2

k + ϕtk , the constraint (21d)
can be transformed into the following inequality,

K∑
l=1,l ̸=k

Jkhl
2
pl +

Jk
2
ϕk −

(∑K
l=1,l ̸=k plhl + σ 2

k − ϕk

)2
4

≥ pkhk +

K∑
l=1,l ̸=k

Jkhlptl
2

+
Jkϕtk
2

−
Jk2

4
. (41)

Problem P2.1 can be written in the following form,

P2.2 : max
pk ,ρ,ψk ,ϕk

ρ (42)

s.t. (15), (22), (25), (28), (43a)

0 ≤

K∑
k=1

pk ≤ Pmax k ∈ K. (43b)

The problem P2.2 is convex and can be solved by using the
convex optimization toolkit CVX.

C. JOINT BLOCKLENGTH AND TRANSMISSION POWER
ITERATIVE OPTIMIZATION ALGORITHM DESIGN
According to the above analysis, the blocklength optimiza-
tion subproblem can be solved using Algorithm 1 when the
transmission power is fixed. When the transmission block-
length is fixed, the power control problem can be solved
using Algorithm 2, and the total joint iterative optimization
algorithm is described in Algorithm 3.

Algorithm 2 Power Control Algorithm
Initialization: Fix the blocklengths L1 and L2, initial-
ize the transmitted power p0l , l ∈ K and parameters
ψ0
k , ϕ

0
k , k ∈ K, make t = 0 and threshold ϵ = 10−3.

For every time slot t = 1, 2, · · · ,
Step 1:
Use CVX to solve problem P2.2 and obtain the optimal
solution p∗

k , ρ
∗, ψ∗

k , ϕ
∗
k , k ∈ K.

Step 2:
t = t + 1, update ptk = p∗

k , ψ
t
k = ψ∗

k , ϕ
t
k = ϕ∗

k , k ∈ K.
Until:
The change in the optimization objective of P2.2 is below
the threshold ϵ, stop the loop and output poptl , l ∈ K.

Algorithm 3 Joint Blocklength and Power Control Iterative
Optimization Algorithm

Initialization: Initialize the transmitting power p0l , l ∈

K, make t = 0 and threshold ϵ = 10−3.
For every time slot t = 1, 2, · · · ,
Step 1:
Fixed transmitting power ptl , l ∈ K, Optimal block-
lengths Lopt1 and Lopt2 are obtained by optimizing accord-
ing to Algorithm 1.
Step 2:
Update L t1 = Lopt1 , L t2 = Lopt2 .
Step 3:
Fix the blocklengths L t1 and L t2 and according to Algo-
rithm 2 to obtain the optimal power poptl , l ∈ K.
Step 4:
t = t + 1.
Step 5:
Update ptl = poptl , l ∈ K.
Until:
The change in the optimization objective of P is below
the threshold ϵ, stop the loop.

IV. SIMULATION EXPERIMENTS
Consider a 500 meters long section of railroad with two
roadside base stations and one on-board relay at the top of the
train, and the train passes through this section at a uniform
speed of 100m/s. Each time slot is divided into 2.5s and
the total number of time slots is 4. As shown in Figure 2,
assuming that the starting point is coordinate zero, when
t = 0, the coordinates of the two roadside base stations
are (100, 100, 10) and (500, 100, 10), respectively, and the
coordinates of the on-board relay device are (310, 0, 5). At the
same time, we provide location coordinates (140, 0, 1), (210,
0, 1), and (270, 0, 1) for three users respectively. The path loss
between the base station and the relay is PL vs

= 70.9 +

10.8 log 10(dvs[km]), where dvs denotes the distance between
them. The path loss between the on-board relay and user k is
PL k

= 80.3 + 16.8 log10(dk [km]), where dk denotes the
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FIGURE 2. Deployment location of base station, relay and users.

distance between the two. The noise power σ 2
vs = σ 2

k = −110
dBm and the transmission power of the base station pb =

40 dBm. Assume that the on-board relay device is always
associated to the nearest roadside base station with maximum
blocklength Lmax = 100 and minimum blocklength Lmin =

20. The maximum transmission power of the relay is Pmax =

30dBm.
Figure 3 depicts the relationship of the received data by

user with data blocklength under three algorithms: fixed
blocklength optimized transmitting power, fixed transmitting
power optimized blocklength, and the proposed joint iterative
optimization algorithm. The transmitting power of the base
station is 40 dBm, and the maximum transmission power of
the on-board relay device is 30 dBm. it can be seen from the
figure that the data received by the user under all three algo-
rithms gradually increases as the data blocklength increases.
In the case of fixed data blocklength, the proposed joint
iterative optimization algorithm has the best performance,
followed by the fixed blocklength optimized transmitting
power algorithm, and the fixed transmitting power optimized
blocklength algorithm has the worst performance. The perfor-
mance of the fixed transmitting power optimized blocklength
algorithm is much worse than the other two algorithms in
the case of fixed data blocklength, and the performance of
the fixed blocklength optimized transmitting power algo-
rithm is not very different from the performance of the joint
iterative optimization algorithm. When the maximum data
blocklength is 100, the user receives 300bits of data by the
joint iterative optimization algorithm, 295bits of data by the
fixed blocklength optimized transmitting power algorithm,
and only 265bits of data by the fixed transmitting power
optimized blocklength algorithm.

Figure 4 shows the relationship between the received data
of the users and the transmitting power of the on-board relay
device by three different algorithms with a data blocklength
100. It can be seen from the figure that the received data
for both the joint iterative optimization algorithm and the
fixed blocklength optimized power algorithm increase with
the maximum transmitting power of the relay device, while
the received data for the fixed transmitting power optimized
blocklength algorithm increases first and then decreases

FIGURE 3. Given the transmitting power, the relationship between the
received data and the data blocklength for different algorithms.

FIGURE 4. Given the data blocklength, the relationship between the
received data and the transmitting power of the relay node for different
algorithms.

gradually. The maximum received data for the fixed transmit-
ting power optimized blocklength algorithm is 190bits, and
the received data of the joint iterative optimization algorithm
and the fixed blocklength optimized power algorithm are
almost equal when the transmitting power of the relay device
is about 38dBm, which is about 275bits, while the received
data for the fixed transmitting power optimized blocklength
algorithm is about 190bits.

Figure 5 gives the relationship between the data received
by the user and the driving speed when the data blocklength
and the transmitting power of the on-board relay device are
fixed. It can be seen that under the conditions of fixed data
blocklength and fixed driving speed, the higher the trans-
mitting power of the on-board relay device, the larger the
received data. The performance of the proposed joint iterative
optimization algorithm decreases first and then increases with
the increase of driving speed in all three cases. The received
data is minimized at a driving speed of 75m/s. This is due
to the fact that when the train travels at 75m/s, the train
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FIGURE 5. Given the data blocklength and the transmitting power of the
on-board relay device, the relationship between the received data and
driving speed.

FIGURE 6. The relationship between the received data and the
transmitting power of the on-board relay device under different channel
error probabilities.

travels in the middle of the two base stations for a long period
of time and receives stronger interference, which affects the
communication performance between the base station and
the relay. In this case, the rate from the base station to the
on-board relay is smaller, which will result in the receiving
less data for the user. When the train speed is accelerated,
the on-board relay device has a greater chance to associate
with a closer base station, the on-board relay device always
associates with the base station closest to it. Therefore, the
user’s ability to receive data gradually becomes larger.

Figure 6 depicts the relationship between the amount of
data received by the user and the transmitting power of
on-board relay device under different channel error probabil-
ities. It can be seen that the performance of data received by
user is best when the maximum channel error probability ϵvs
from the base station to the relay device and the maximum
channel error probability ϵk from the relay device to the user
are both 0.001. When ϵk = ϵk = 0.1, the data received by

user is the smallest. When ϵvs = 0.1, the performance with
ϵk = 0.001 is significantly better than that with ϵk = 0.1.
When ϵvs = 0.001, the difference in performance can be
negligible if ϵk is changed from 0.001 to 0.01. Therefore,
both the maximum channel error probability ϵvs from the base
station to the relay device and the maximum channel error
probability ϵk from the device relay to the user all have an
impact on the performance of data received by users.

V. CONCLUSION
In this paper, we considered a relay downlink system for HSR
communication based on short-packet transmission, and stud-
ied the optimization problem of maximizing the minimum
user throughput under the constraints of transmission block-
length and transmitting power of relay device. The formed
optimization problem was nonconvex, and two optimization
subproblems were solved by fixing one variable and solv-
ing the other variable. Based on solving the subproblems,
an alternating iteration algorithm was proposed. Finally, the
effectiveness of the proposed algorithmwas verified by simu-
lation. In the next step of research, the effect of multiple relay
node diversity or collaboration on the system performance
will be considered.
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