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Abstract. The growth of IoT demands efficient massive machine-type communication with short
packet transmission. To address packet collisions in grant-free access, this paper proposes a multi-
level decentralized power control (MLP-based) scheme for short packets. The scheme decouples
the number of power levels from active devices, enabling effective multi-packet reception via
SIC. Further, the paper derives a closed-form lower bound for the packet reception probability
and analyzes the impact of key parameters. Numerical results show that the proposed scheme
significantly outperforms the existing NOMA-based scheme.
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1 Introduction

The meteoric rise of the Internet of Things (IoT) is driving the demand for massive machine-
type communication (mMTC), which is characterized by a massive number of devices transmitting
short data packets in a sporadic and uncoordinated manner [1]. Owing to its capability to integrate
channel requests with data transmission, grant-free random access (RA) effectively mitigates sig-
naling overhead and is thus considered a promising candidate for massive mMTC transmitting short
packets [2]. However, the massive devices access poses a significant challenge for grant-free random
access, which is that collisions caused by simultaneous transmission will bring packet loss and de-
grade system performance. How to guarantee the reception probability of collided packets is critical
for future massive machine-type communication.

To overcome the collision problem, Multi-Packet Reception (MPR) techniques, which enable
the receiver to decode multiple superposed packets, have been extensively studied. Successive Inter-
ference Cancellation (SIC) has been proven to be a potent solution for MPR [3], the core of which
lies in artificially created power differences for devices or users to progressively separate the non-
orthogonally superimposed mixed signal. Thus, it is essential to assign distinct levels of transmission
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powers to different users, e.g., non-orthogonal multiple access (NOMA) allocating higher power to
users with poor channel conditions, for SIC. The early work [4] proposed the decentralized power
control with SIC for random access, for which each device randomly selects its transmission power
level according to a power distribution, and demonstrated the optimal power distributions are of dis-
crete nature. Based on this basic work, [5] explored decentralized power allocation algorithms for
the uplink random access in the CR network with SIC and proposed a novel algorithm to optimize
the corresponding probabilities, which can improve system performance.

Furthermore, the decentralized power control is combined with NOMA to be applied for ran-
dom multiple access protocols, such as NOMA-ALOHA [6][7], NOMA-IRSA [8][9]. [6] analyzed
the throughput of NOMA-ALOHA uplink transmissions for massive IoT with the number of active
users in each power level follows the binomial distribution and power levels. [7] gave the upper and
lower bounds of the maximum throughput of NOMA-ALOHA with different power levels. [8] pro-
posed the IRSA-NOMA system, which operates in a time-slotted manner with finite frame length,
leveraging NOMA with two power levels and an adaptive transmission strategy. [9] explored the
NOMA-IRSA system performance with the power levels being coupled with the active devices. The
literature studied different decentralized power control schemes to improve collided packets recep-
tion for random access protocols and gave the numerical analysis for the system performance.

However, the literature primarily focuses on infinite blocklength transmission, where the packet
error probability is negligible. This assumption is invalid for machine-type communication scenar-
ios, such as industrial automation and vehicular networks, which involve short packet transmissions.
In the finite blocklength regime, the packet decoding error probability becomes non-negligible and
is heavily influenced by the coding rate, packet length, and signal-to-interference-plus-noise ratio
(SINR) [10]. Besides, the existing literature rarely focuses on how to decouple multi-level transmis-
sion powers for devices to guarantee an efficient collided packets decoding with SIC.

In this paper, we extend the decentralized power control framework to address these limita-
tions. We propose a generalized multi-level decentralized power control (MLP-based) scheme for
short packet transmission and give the mathematic expression of discrete decentralized transmission
powers, for which the number of power levels is decoupled with active devices or users. The main
contributions of this work are summarized as follows:

(1) Formulating a general N-level decentralized power control scheme and give the minimum
transmission power set to guarantee successful intra-slot SIC decoding for up to multiple collided
short packets.

(2) Deriving a closed-form expression for the lower bound of the packet reception probability,
which provides clear insights into the impact of the number of power levels N, the number of collided
packets l and the packet length n.

(3) Providing numerical results that validate the analytical derivation and comparisons with
NOMA-based scheme, which demonstrate that the proposed MLP-based scheme can improve col-
lided packets reception probability.

The remainder of this paper is organized as follows. Section 2 details system model and the
proposed multi-level decentralized power control scheme. Section 3 derives the closed-form expres-
sion for packet reception probability lower bound. Numerical results and comparisons are presented
in section 4. Finally, the paper is concluded and the future work is given in section 5.



2 SYSTEM MODEL AND MULTI-LEVEL DECENTRALIZED POWER
CONTROL SCHEME

2.1 System Model

Consider an IoT scenario in which devices communicate with the central base station by using
the multi-level decentralized power scheme. We study the case where receiver is capable of handling
a maximum of L packets for concurrently transmission or decoding, which means that the receiver
can maximally support L collided packets reception.

The transmitted information for all the devices is k-bits and the transmitted information is en-
coded as n-symbols with coding rate R = k/n. Each device randomly selects its transmission power
from a common set E. The communication channel we consider in this paper is additive white Gaus-
sian noise channel (AWGN) with being the additive white gaussian noise N0. At the central base
station, the receiver uses the compressed sensing approach [11] to detect active devices (i.e., devices
with data transmission at the current time) based on the preamble. If the number of active users
is more than L, the transmitted packets don’t proceed intra-SIC decoding and cannot be decoded,
which will not be discussed in this paper. If the number of active users is no more than L, the cen-
tral base station decodes the received symbols or packets with intra-slot SIC [12]. Different from
infinite length code transmission for wireless communication, the packet error probability should be
considered for system performance analysis [13]. Thus, the packet error probability for intra-slot
SIC decoding will be considered in the subsequent system performance analysis.

2.2 Multi-level Decentralized Power Control Scheme

The multi-level decentralized power scheme design will be elaborated in detail and the N-level
decentralized power control scheme is researched in this subsection. For the N-level decentralized
power control scheme, which means that l devices can select transmission powers randomly from
transmission power set

E = {E1, ...,EN}, (1)

where N ∈N∗, to transmit multiple packets simultaneously to central base station with E1 < ... <EN .
Generally, we call the transmission power Ei ∈ E as i-th level transmission power and i ∈ N ≜
{1,2, ...,N}, which is the set denoting different transmission power levels. When these devices
select different transmission powers, the central base station can recover the collided packets based
on intra-slot SIC in one slot with the packet error probability ε ≤ ε∗, in which ε∗ is the system
tolerable maximum packet error probability.

Consider the case that the central base station can maximally support L(2 ≤ L ≤ N) collided
packets reception based on intra-slot SIC in one slot. In order to guarantee the L-collided packets to
be recovered with ε ≤ ε∗ by intra-slot SIC decoding processing, the selected transmission powers
{ei|i = 1,2, ...,L} by transmitted packets need to meet

γ
∗ ≥ eL

∑
L−1
i=1 ei +N0

, ...,γ∗ ≥ e1

N0
(2)



with eL > eL−1 > ... > e1 and γ∗ being the decoding threshold for short packet and N0 being the
additive white gaussian noise. By [3][10] the decoding threshold γ∗ for short packet can be written
as {

γ∗ = 2R∗ −1

R∗ =
Q−1(ε∗)

√
log2e√

n +R,
(3)

where n is the length of the transmitted packet and R = k/n is the coding rate and ε∗ is the system
tolerable packet error probability for the short packet. Owing to transmission powers randomly
selected from E, the minimum transmission power set need to meet

γ
∗ =

EL+ j

∑
L+ j−1
i= j+1 Ei +N0

, ...,γ∗ =
E j+1

N0
(4)

where j ∈ {0,1, ...,N −L}. By Eq.(4), the minimum transmission power set which can support
L-collision packets reception can be derived as

Ei =

{
N0γ∗(γ∗+1)L−1,1 ≤ i ≤ L
γ∗

(
∑

i−1
k=i−L Ek +N0

)
,L < i ≤ N.

(5)

3 PACKET RECEPTION PROBABILITY WITH DECENTRALIZED
POWER CONTROL SCHEME

This section will derive the closed-form expression of packet reception probability with decen-
tralized power control scheme. According to section 2, the packet reception probability is related
with coding rate R, packet length n and transmission power set E with N elements. Owing to the
coding rate R = k/n and k which is the transmitted information being fixed for periodic traffic of the
same type in IoT scenarios [14], the packet length and transmission power set will be the mainly an-
alyzed factors in this paper. Define the packet reception probability function as D(l,n,N), in which l
is the number of collided packets. It is obvious that the collided packets cannot be recovered within
ε∗ when l > L by Eq. (2)(3)(4). Thus, we just give the closed-form expression for packet reception
probability for l ≤ L.

Case 1: When l = 1, the packet reception probability for single packet transmission can be
derived as

D(l,n,N) = 1− 1
N ∑

N
a1=1 ε

(Ea1)
1 , (6)

where  ε
(Ea1)
1 = Q

(
f
(

γ
(Ea1)
1 ,n,R

))
γ
(Ea1)
1 = Ea1/N0

(7)

with a1 ∈ N .
Case 2: When 2 ≤ l ≤ L, the collided packets are likely to be recovered within ε∗ only if the

selected transmission powers of l collided packets are not the same. Otherwise, it cannot. Thus,



we consider the case where the selected transmission powers of the l packets are not the same. Let
Ea1 , ...,Eal denote the selected transmission powers for the l collided packets with a1 < ... < al . By
SIC decoding processing, the packet with transmission power Eal is decoded first and the packet
with transmission power Eal−1 is decoded subsequently. The decoding proceeds until the packet
with transmission power Ea1 is recovered. Packet reception probability for the the packet with
transmission power Eai can be derived as

s(
Eai)

i = 1− ε
(Ea1 ,...,Eai)
i = 1−Q

(
f
(

γ
(Ea1 ,...,Eai)
i ,n,R

))
(8)

where
γ
(Ea1 ,...,Eai)
i = Eai

/(
∑

i−1
j=1 Ea j +N0

)
with ai ∈ N (1 ≤ i ≤ l).

The probability for all the l collided packet to be recovered within ε∗ can be derived as

D(l,n,N) = Pr{a1 ̸= ... ̸= al}×
l!

Al
N

(
∑

N−l+1
a1=1 ...∑

N
al=l ∏

l
i=1 s(

Eai)
i

)
=

Al
N

Nl × l!

Al
N

(
∑

N−l+1
a1=1 ...∑

N
al=l ∏

l
i=1 s(

Eai)
i

)
=

l!
Nl

(
∑

N−l+1
a1=1 ∑

N−l+2
a2=2 ...∑

N
al=l ∏

l
i=1 s(

Eai)
i

)
,

(9)

in which Pr{X} denotes the probability that the event X occurs, Al
N is the number of permutation for

selecting l factors from N factors and l! is the factorial of l. By Eq. (3)(4), the lower bound for Eq.
(8) can be derived as

s(
Eai)

i = 1− ε
(Ea1 ,...,Eai)
i ≥ 1− ε

∗ ≜ s∗. (10)

Further, the lower bound of packet reception probability D(l,n,N) for l collided packets can be given
as

D(l,n,N) =
l!
Nl

(
∑

N−l+1
a1=1 ∑

N−l+2
a2=2 ...∑

N
al=l ∏

l
i=1 s(

Eai)
i

)
≥ Cl

N l!
Nl (1− ε

∗)l ≜ D∗ (l,n,N) ,

(11)

in which Cl
N is the number of combination for selecting l factors from N factors.

By Eq. (6)(7), it can be known that lower bound expression of reception probability D∗ (l,n,N)
for l collided packets still holds for l = 1. Thus, the closed-form expression of reception probability
lower bound for l collided packets with decentralized power control can be denoted as

D∗ (l,n,N) =
Cl

N l!
Nl (1− ε

∗)l (12)

with l ∈ L ≜ {1,2, ...,L}. It is obvious that the reception probability lower bound D∗ (l,n,N) gives
a more clearly mathematic depiction for reception probability of collided packets. By D∗ (l,n,N),
we are much easier to analyze the influence of factors l, n and N on packet reception probability.



4 Numerical Analysis

In this section, the numerical analysis of reception probability for multiple short collided pack-
ets with decentralized power control is given. Firstly, the numerical and simulation results are
provided to verify the closed-form expression of reception probability lower bound for l collided
packets. Besides, the influence of N, l and n on collided packets reception probability is analyzed
in section 4.1. Secondly, the comparison between different decentralized power control schemes
is provided to demonstrate the superiority of the proposed multi-level decentralized power control
scheme in section 4.2.

4.1 Reception Probability for Multi-packet Reception

The simulation results for Eq. (11) and numerical results for Eq. (12) are shown in Fig. 1,
from which it can be demonstrated that the derived closed-form expression Eq. (12) is the lower
bound for l collided packets with decentralized power control. For D∗(l,n,N), it is a single-variable
function of N and can be rewritten as D∗(N) when the packet length n and the number of collided
packets l are determinate. In order to analyze the influence of N on reception probability, we define
the continuous function D∗

c(N) to be the continuous extension of the discrete function D∗(N). The
first derivatives of D∗

c(N) and D∗(N) can be derived as

dD∗
c (N)

dN
=

[
N!

(N − l)!Nl (1− ε
∗)l

]′
= (1− ε

∗)l
[

N!
(N − l)!Nl

]′
(x!)′=Γ(x+1)Ψ(x+1)=x!Ψ(x+1)
==================⇒

=
(1− ε∗)lNl−1N!(N − l)!

[(N − l)!Nl ]
2 [N (−γ0 +Ψ(N +1))−N (−γ0 +Ψ(N − l +1))− l]

For N∈N ={1,2,...,N},Ψ(x+1)=(−γ0+ f (x))
=========================⇒

dD∗ (N)

dN
=

(1− ε∗)lNl−1N!(N − l)!

[(N − l)!Nl ]
2

[
∑

N
i=N−l+1

N
i
− l

]
⩾

(1− ε∗)lNl−1N!(N − l)!

[(N − l)!Nl ]
2

[
∑

N
i=N−l+1

N
N
− l

]
= 0

(13)

with Γ(x) =
∫ x

0
tx−1e−tdt = (x−1)!

Ψ(x) = [lnΓ(x)]′ = Γ
′ (x)

/
Γ(x)

,

in which with f (x) is the harmonic function of x, γ0 is the Euler-Mascheroni constant. By Eq. (13), it
can be seen that D∗(N) is an increasing function of N for certain l and n. Thus, we can see from Fig.
1 that the reception probability for collided packets is higher with the number of transmission power



levels N increasing for determined collided packets l and packet length n. It means that D∗(N) can
be improved by increasing transmission powers levels of transmission power set E.

Similarly, for a certain transmission power set and packet length, the D∗(l,n,N) can be rewrit-
ten as D∗(l), which is a single-variable function of l. We also define the continuous function D∗

c(l)
to be the continuous extension of discrete function D∗(l). For D∗

c(l) and D∗(l), their first derivatives
can be derived as

dD∗
c (l)

dl
=

[
N!

(N − l)!Nl (1− ε
∗)l

]′
= N!

[
(1− ε∗)l

(N − l)!Nl

]′
=

N!

[(N − l)!Nl ]
2 A1

(x!)′=Γ(x+1)Ψ(x+1)=x!Ψ(x+1)
==================⇒

=
N!(1− ε∗)l

[(N − l)!Nl ]
2 (A2 +A3)

For N∈N ={1,2,...,N},Ψ(x+1)=(−γ0+ f (x))
=========================⇒

dD∗ (l)
dl

=
N!(N − l)!Nl(1− ε∗)l

[(N − l)!Nl ]
2 A4

f (x)=γ0+lnx
=======⇒

=
N!(N − l)!Nl(1− ε∗)l

[(N − l)!Nl ]
2

[
ln(1− ε

∗)−∑
N
i=N−l+1

1
i

]
< 0

(14)

with 

A1 = (1− ε
∗)l ln(1− ε

∗)(N − l)!Nl − (1− ε
∗)l

[
(N − l)!Nl

]′
A2 = ln(1− ε

∗)(N − l)!Nl

A3 = (N − l)!(−γ0 +Ψ(N − l +1))Nl − (N − l)!Nl lnN

A4 = ln(1− ε
∗)− γ0 + f (N)−∑

N
i=N−l+1

1
i
− lnN.

(15)

By Eq. (14), we can see that the D∗(l) is an decreasing function of l for certain N and n. Thus, the
reception probability decreases when the number of collided packets increases for certain N and n
as Fig. 1 shows.

Further, we explore the influence of n on collided packets reception probability as Fig. 2 shows,
in which we can see that the D∗(l,n,N) is increasing as n increases. The reason for this phenomenon
is that packet error probability ε∗ will be more and more smaller as blocklength n increases, which
will bring more higher collided packets reception probability according to Eq. (12). Moreover, we
define D(l,∞,N) as the collided packets reception probability for infinite blocklength transmission
and E∞ as transmission power set with N elements for infinite blocklength, which is a particular
case of E by Eq.(3)(4)(5). For infinite blocklength transmission, the packet error probability will
be regarded as 0 and the collided packets will be recovered only if the selected transmission powers
from E∞ are different. Thus, the D(l,∞,N) can be derived as

D(l,∞,N) =
Al

N
Nl =

Cl
N l!
Nl . (16)



Fig. 1. Collided packets reception probability for L = 3,R = 1,ε∗ = 10−2

By Eq. (12), it is obvious that lim
n→∞

D∗ (l,n,N) = D(l,∞,N) under the same average packet transmis-

sion power P as Fig. 2 shows.

4.2 Comparison between Different Decentralized Power Control Schemes

The literature [9] proposed a decentralized power control scheme for infinite blocklength trans-
mission, which is based on NOMA. In this subsection, we use NOMA-based to denote the proposed
decentralized power control scheme in [9] and expand this designed scheme to finite blocklength
transmission (i.e., short packet transmission) to explore its performance. Besides, we use MLP-
based to denote the proposed multi-level decentralized power control scheme in this paper. At the
same, we define DNOMA to describe the collided packets reception probability for NOMA-based
scheme in [9] under the same average packet transmission power with the proposed MLP-based
scheme.

The comparison between NOMA-based decentralized power control scheme and the proposed
decentralized power control scheme is given as Table 1 shows. It can be seen the collided packets
reception probability of the proposed multi-level decentralized power control scheme in this pa-
per has a superior performance when compared with the NOMA-based decentralized power control
scheme whenever for infinite blocklength and finite blocklength transmission. Specifically, the col-
lided packets reception probability for L = 3,n = 100 can be significantly improved from 0.176 to
0.712 by adjusting the transmission power levels of E. Likewise, the collided packets reception



Fig. 2. Collided packets reception probability for L = 3,R = 1,ε∗ = 10−2,P = 26dBm,N0 = 0dBm

probability for infinite blocklength transmission can also have a significant improvement for L = 3
as Table 1 shows, in which we can see the reception probability increases from 0.220 to 0.902.

5 Conclusion and Future Work

This paper proposes a multi-level decentralized power control (MLP-based) scheme tailored
for short packet transmission in grant-free random access systems. By decoupling the number of
power levels from the number of active devices, the proposed scheme facilitates efficient intra-slot
SIC decoding of collided packets, whether for a finite or an infinite blocklength transmission. In
addition, the paper derived a closed-form lower bound for the packet reception probability, which
clearly reflects the influence of the number of power levels, the number of collided packets and the
packet length on packet reception probability. Numerical results confirmed the validity of the derived
expression and demonstrated that the MLP-based scheme outperforms the existing NOMA-based
decentralized power control scheme in terms of reception probability both for finite and infinite
blocklength. The proposed framework provides a foundational approach for enhancing collision
resolution in mMTC systems with short packets.

From section 4, it can be seen that the proposed multi-level decentralized power control scheme
can significantly improve collided packets reception probability. However, on the one hand, hard-
ware complexity of the receiver and energy consumption will increase with N being larger, which
will improve collided packets reception probability. On the other hand, the channel model we con-



Table 1: Packet reception probability for MLP-based and NOMA-based schemes with short packet transmis-
sion parameters being R = 1,ε∗ = 10−1,N0 = 0dBm

L n
MLP-based NOMA-based

N D∗(L,n,N) D∗(L,n,N)

2 100 10 0.873 0.43020 0.934
∞ 20 0.950 0.500

3 100 10 0.569 0.17630 0.712
∞ 30 0.902 0.220

sider in this paper is AWGN, which is the theoretical foundation and the performance benchmark
for research on other fading channels. How to get trade-off among collided packets reception prob-
ability, hardware complexity of the receiver, energy consumption is our subsequently investigation
as well as performance analysis under different fading channel models and path loss models.
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