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Abstract—In this paper, we consider an Internet of Things
(IoT) network supporting latency-critical transmissions to mul-
tiple nodes in the finite blocklength regime. An energy efficiency
maximizing design is provided via efficiently jointly allocating
the power and blocklength among the transmissions to different
nodes, while guaranteeing per-node constraint of reliability.
To address the formulated non-convex problem, we propose
a Majorization-Minimization-based approach. Specifically, we
tightly approximate the problem at each local point by in-
troducing an auxiliary constant. Then, we rigorously prove
the convexity of the conducted local problem. By successively
optimally solving each convex local problem, a near-optimal
solution is finally achieved. Via simulations, we demonstrate the
performance advantages of the proposed joint design.

Index Terms—energy efficiency, finite blocklength, resource
allocation, multi-node, 6G

I. INTRODUCTION

Future industrial Internet of Things (IoT) networks are
expected to support latency-critical connections to IoT devices
while guaranteeing high reliability of transmissions [1], [2].
In addition, the deployments of IoT devices are exponen-
tially increasing, which provides significant difficulties for
IoT system designs [3], [4]. On the one hand, with limited
radio frequency resources, it becomes more challenging to
guarantee latency and reliability-critical communications to
more [oT nodes. On the other hand, the sharply increased
energy consumption of the network raises the issue that a
smart tradeoff between energy consumption and transmission
performance (reliability, latency, and so on) should be achieved
and that the energy efficiency (EE) of the Industrial IoT
network should be enhanced.

Several studies provide EE improvements for IoT networks
from different perspectives. A max-energy-efficiency approach
under narrowband IoT link adaptation is investigated in [5].
To solve the EE maximization problem in the IoT region,
the alternating direction method of multipliers (ADMM) is
adopted in [6]. The authors in [7] provide an EE enhancement
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method by introducing an efficient power control algorithm.
In [8], an energy-efficient scheduling design is presented to
improve the transmission efficiency and working time for
IoT nodes. In addition, the work in [9] proposes a dynamic
resources allocation scheme by instantaneously determining
time and power among IoT nodes to reduce the total energy
consumption.

All of the above research is conducted with the assump-
tion that transmission is arbitrarily reliable under Shannon’s
capacity, which is true only when the blocklength of the
transmission is infinite. Unfortunately, industrial IoT devices
usually transmit short data packets, and the transmission
is usually carried by short blocklength codes due to the
latency-critical requirements [10], [11]. In other words, such
transmissions are operated in the so-called finite blocklength
(FBL) regime. To characterize the relation of coding rate,
error probability, as well as blocklength, Polyanskiy in [12]
proposed an accurate approximation of FBL communications.
According to Polyanskiy’s model [12], in such an FBL regime,
the communication is no longer error-free even if setting the
coding rate is lower than the Shannon capacity, and the FBL
impacts should be considered in the latency-critical system
design.

Nevertheless, several studies have taken the FBL impacts
into account while improving the network’s EE performance.
The work in [13] considers a multi-node scenario that in-
troduces an unsupervised learning-based power allocation on
maximizing EE for transmissions in the FBL regime. In
addition, reference [14] maximizes EE by jointly determin-
ing subcarrier and transmit power. All the above existing
works address the EE enhancement from only the perspective
of determining the transmit power. Note that the energy
consumption of transmitting a packet is influenced by both
transmit power and transmission blockength. To the best of
our knowledge, the impacts of the joint blocklength and power
allocation among multi-nodes on the overall system EE has not
been well-studied, while an EE maximization design via such
joint resource allocation in the FBL regime is still an open
question.

In this work, we consider an industrial IoT network sup-



porting transmissions in the FBL regime and propose an EE
maximization design. Our contributions are

e« We provide an EE maximizing design via efficiently
jointly allocating the power and blocklength among
the transmissions to different nodes, while guarantee-
ing per-node constraint of reliability. A Majorization-
Minimization-based algorithm is introduced achieving a
near-optimal solution.

e For each local point during the algorithm, a tightly
approximated local problem is conducted. We rigorously
prove the joint convexity of the transmission error rate
with respect to the power and blocklength, following
which each local problem can be optimally solved.

The rest of the paper is structured as follows. In Section
I, we describe the system model and the communication
performance model in the FBL regime. In Section III, We
formulate the joint optimization problem for EE and derive the
approximate convex problem of each local problem. Section
IV provides the simulation results and conclusions are offered
in Section V.

II. PRELIMINARIES

In this section, we first present the system model, followed
by a review of the FBL communication performance model.

A. System Model

We consider a multi-node IoT system with an access point
and J user nodes as shown in Fig. 1. The system operates
in a time-slotted manner under time division multiple access
(TDMA). The time is divided into frames with length of
MiaxTs, where Tg is the time length of each symbol and
Max is the number of symbols in each frame. The value
of Mpy.x can not be set too large due to the low latency
requirements of the served multiple nodes. Denote by m;
the blocklength (number of symbols) allocated to node j in a
frame, then we have ijl mj < Muyax.
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Fig. 1. An example of the considered IoT networks.

Assume the channels to experience quasi-static fading.
Denote the channel gain from the AP to node j by h;. Then,
the corresponding received signal-to-noise ratio (SNR) at node
7 can be written as
_ pihy

o’

6]

where p; denotes the transmit power and h; denotes the
channel gain. o2 is the noise spectral density. In this paper,
we assume the channel obeys a Rayleigh distribution.

The packet size of node j is k;. Hence, the total amount
data is Z'J kj, and the total energy consumption is

T E _1 m;p;. Then, the EE can be formulated as the average
amount of data that can be transmitted per unit of energy:
J
k.
n= ﬂ 2)
T Z =1 M;Pj

B. FBL Communication Performance Model

As the transmission is carried out in the FBL regime,
the transmission error rate is comparable, even if the coding
rate is below Shannon’s capacity. To ensure the quality of
communication service, each node has a corresponding upper
requirement €; .y for its error rate €.

On the basis of [12], the decoding error probability under

FBL codes with a coding rate r; = :T] is given by

o= (7 -r). G

= logy(1++,), and the chan-
%) (log, €)?. Gaussian

where Shannon’s capacity C (y;) =
nel dispersion V(’yj) (1 —(1 + i)~

Q-function Q(z - 7 dy.

=l e
III. ENERGY EFFICIENCY MAXIMIZATION DESIGN

In this section, we propose a novel EE maximization design
via jointly allocating transmit power and blocklength among
nodes. Specifically, we start with the problem formulation.
Subsequently, a Majorization-Minimization-based approach is
proposed for the constructed non-convex problem. We tightly
approximate the problem at each local point and a rigorous
proof of the convexity of the local problem is provided.
Finally, the whole algorithm is presented.

A. Problem Formulation

The original problem (OP) maximizing the EE via jointly
determining the power and blocklength is formulated as fol-
lows:

Z;']:I k;

(OP) : max —————— (4a)
mp TS myp;

J
s.b. ij < Miax, (4b)

j=1
mj€N+7vj:17"'7J7 (40)
O<pj Spma)mvj:la"'?‘]a (4d)
€5 < 6j,maxavj = 1a T 7']- (4e)
where m = {mq,--- ,my} and p = {p1,---,ps} are the

blocklength allocation and power allocation decision vectors,
respectively. pmax 1S the maximum power that one node is
allowed to be allocated. Constraint (4e) ensures the per-node
reliability requirement.



Problem (OP) is non-convex as a result of the non-convexity
characteristics of the objective function (4a) and of constraint
(4e), which makes directly solving the problem challenging.

B. Efficient Solution to (OP)

With given k; and T as constants, Problem (OP) is actually
equivalent to minimizing ijl m;p;. However, this new
objective function is still non-convex. To solve this difficulty,
we conduct a function F'7(p, m) as

2

J
> myp; | ®)
j=1

where C” > 0 is an auxiliary constant.
In the light of the Cauchy-Buniakowsky-Schwarz inequality,
we have

. o1

J
> m;p; < F7(p,m), ©6)

Jj=1

where the equality holds only if C™ = Z}I:l m;p;.

For each node, relaxing the integer variables m;, Vj =
1,--.,J into continuous variables, constraint (4e) can be
rewritten as:

1

A logo x — ky~

flz,y) = < —Q 7 (¢jmax) loga e, (7)

vy t(l—a7?)
where z =1+7; > 1 and y =m; > 0.

Therefore, the problem at local point (p”,m") can be
tightly approximated to the following approximated local
problem (LP) with C™ = Z}]:1 mipl:

(LP) : min F7(p,m) (8a)
m,p
J
s.t. Z m; < Miax, (8b)
j=1
O<pj Spmaxavjzla"'ﬂja (SC)

FL+7j,m;) < —Q ' (€j.max) logs €,
vj:17."7j' (8d)

After that, we have the key lemma shown following to
address Problem (LP).

Lemma 1. Problem (LP) is convex, when ~y; > vy, Vj =
Lo

Proof. The Hessian matrix of the conducted objective function
F7(p,m) is

m% mimes mip1 mipy|
mamy M3 map1 map.y
1 . . .
Hpo — & : : : :
o {pme pime - p? pipy |’
LPgm1  pjma psp1 - P,QJ i
)

which is a Gram matrix, so it is a positive semi-definite
matrix according to the Gram matrix’s properties. Therefore,
F7(p,m) is convex.

Note that constraints (8b) and (8c) are linear. Hence, the
remaining task is to show the convexity of (8d). In the
following, we prove this by showing that the Hessian matrix
of the function f(x,y) given in (7) is a positive semi-definite.
The Hessian matrix is given below:

*f  f

_ | 822 020y
H; = aZf ﬁ (10)

Oxdy  Oy?
First of all, the first order leading principal minor of Hy is

0% f 2 —-5/2,..1/2 -1
@:(I — 1) 2gyt/ [Bky~'—
3logyx + (2% — 27 %) logy €] . (11)
Let

g1(x) = —3logy = + (2% — 27%) log, e. (12)

As (22 —1)7522y4'/2 > 0 and 3ky~' > 0 hold, in the
2
following we show % > 0 by proving g1(x) > 0.
According to Inz < x — 1, Vo > 0, it is easy to derive

that logy x < (z — 1)log, e, Vo > 0. Then, we have

g1(x) >x72(z* — 32° + 327 — 1) logy €. (13)

Let

qi(x) = 2* — 323 + 327 — 1. (14)

To determine the range of g;(x), we need to analyze ¢ (z)
first. The first derivative of g () is

¢)(z) = 423 — 922 + 6z, (15)
and the second derivative is
¢ (z) = 6(x — 1)(2z — 1). (16)

Noted that ¢f'(x) > 0 and ¢j(x) > 0 for x > 1, we have
q1(z) > 0. As a result, g1(x) > 0 holds.

So far, we conclude that the first order leading principal
minor of the matrix Hy is positive.

Next, the second order leading principal minor of Hy is

rof (21N
0x? Oy? 0xdy
1

:Zy_l(x2 —1)73 {2?(logy x+3ky ") [3ky ' —3log, z+
(® —27%)logy €] — (logy w+ky ™

'—2”log, e+logy )} .

(17)

By introducing auxiliary variable z = ky~! > 0, (17) can
be rewritten as

2P (2L)

0x? Oy? oxdy) 1y71($2 B 1)7392(% 2);

(18)



Algorithm 1 : Algorithm to solve (OP).

Initialization
Initialize a feasible point (p°, m®), the number of nodes .J, and
set 7 = 0.
Iteration
a) Calculate F'" (p, m) and build up convex problem (LP);
b) Solve the convex problem (LP) and obtain local optimal solution
(P, m*);
¢) If performance improvement < threshold
stop iteration and return (p*, m*);
Else

(P
return to a).

mT) = (pfm*) T =T+ 1

where

go(x, 2) =2%(logy © + 32)[32 — 3logy z + (2% — 272) log, €]

— (logy x + 2z — 2 log, e + log, €). (19)
Proposition 1. g3(z,z) >0
Proof. the proof is given in the appendix O

With the proposition, (18) is positive as Ty~ '(z* —1)73 >
0. Further, the second order leading principal minor of the
matrix Hp is positive:

62f82f_<62f

922 073/2 0x0y

On account of the definition that x = 1 + ~;, there is 2o =
1+ o with 9 = 1.5.

Hence, the convexity of the Problem (LP) is assured due to
the fact that the error probability €, is jointly convex in p and
m, alongside the objective function in Problem (LP) is jointly
convex as well. O

2
) > 0.2 > 1. 20)

Following the lemma, Problem (LP) is convex when ; >
Yo which is under practical interests of reliable communica-
tions in the considered industrial IoT network. The optimal so-
lution of (LP) can be efficiently solved by using standard con-
vex programming methods, such as the ellipsoid method [15].
To ensure the transmission reliability, the m;, Vj =1,---,J
obtained by convex optimization needs to be rounded up as
[m;].The entire process of jointly optimizing the transmit
power and blocklength is presented in Algorithm 1.

IV. SIMULATION RESULTS

In this section, through Monte Carlo simulations we evalu-
ate the EE performance of the proposed design in compar-
ison to benchmarks, i.e., performing pure power allocation
(transmissions with the same blocklength) or pure blocklength
allocation (with equal transmit power). In the simulation, we
set the channel to satisfy Rayleigh fading with the location
of the nodes generated randomly, and the noise spectral
density to 02 = 10~7. Besides, we set the maximal transmit
power to pmax = 10 W, and the reliability requirements to
€jmax = €max = 1073, Vj = 1,...,J. Meanwhile, set the
packet transmitted to each node to the same size k. The setting
for k and M, is discussed in the following simulations.
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Fig. 2. EE against the number of symbols per frame Mmax. In the simulation,
we set J = 2 nodes and packet size k£ = 200 bits.

We start with Fig. 2 to investigate the advantage of the joint
design on the varies of the frame length. It can be observed that
our proposed algorithm outperforms the benchmarks, which
shows the benefit of the joint design. As shown in the picture,
the EE performance of the pure blocklength design scheme
exhibits poor performance, showing no improvement with
the increase in the total blocklength M,, ... This observation
can be elucidated through constraint (4e), i.e., the minimum
blocklength m i required for node j satisfies the equation
below:

V(7;) Q" (€max) (10gs e)m;ﬁin -
(21)

C(Wj)mj,min -

which is independent of M, with equal power. Furthermore,
compared with the pure power design scheme curve, the
proposed algorithm consistently demonstrates superior per-
formance. Notably, the performance gap widens as M ax
increases. Specifically, within a low region of M., the
proposed algorithm shows certain advantages over the pure
power design, as the part of blocklength allocation lacks suffi-
cient leeway to perform a significant role. Conversely, within
a high region of M,,,x, the proposed design shows notable
superiority over the pure power design, attributable to ample
scope for joint optimization. Moreover, we can observe that
although the pure power design is capable of reaching good
performance, its curve of EE first increases and then decreases.
By contrast, the proposed design experiences an initial increase
followed by maintenance at a stable level. This is because the
pure power design divides the blocklength equally, while the
proposed design can choose a better allocation according to
the change of M,,x. This further reveals the adaptability of
the joint design to total blocklength resources.

Next, we analyze the impact of the packet size k on the
EE. As shown in Fig. 3, the proposed algorithm outperforms
the benchmarks. In particular, except for the pure blocklength
design scheme, both the proposed design’s and the pure power
design’s curves increase first and then decrease. Because more
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Fig. 3. EE against the packet size k received by each node. In the simulation,
we set J = 2 nodes and the number of symbols per frame Mmax = 200.

k means more bits transmitted per energy, while too much
k means more energy is needed to guarantee transmission
reliability. As for the pure blocklength design, we can see that
the curve has a very small lift when k is small, and then it
is almost unchanged. This can be interpreted by solving (21)
and get
™ min

S = (20(7;) 7 [V(w)‘l/QQ‘l(emax)(logz )k~ 2+

2

YOk ac(y)|

(22)

i.e., when k reaches a certain value, the EE is mainly de-
termined by the constant term in (22). In addition, we can
observe that the proposed design shows a significantly higher
performance than the pure power design in a low region of k.
In a high region of k, however, the proposed design only shows
a certain advantage over the pure power design on EE. This is
because the smaller the packet size is, the shorter blocklength
is needed for reliability, i.e., the lower the minimal blocklength
allowed is, leading to ample scope for blocklength’s choice in
joint allocation. Furthermore, even though the highest values
of EE of the proposed design and the pure power design are
relatively close, it can be seen that the curve of the proposed
design crosses the highest point smoothly, while that of the
pure power design is more sensitive around the highest point.
This indicates that our proposed design is more robust and
less sensitive to the choices of packet size k.

Finally, the advantage of the proposed design with variations
in the number of nodes J is depicted in Fig. 4. Clearly, the
proposed design performs better than the two benchmarks.
Besides, it is observed that the EE curves perform differently
as J increases. The curve of pure blocklength design is still at
a poor level (such a feature is also present in Fig. 2 and Fig.
3), since it has no optimization for power, while the power
needed can vary across orders of magnitude as the channel
changes. The curve of pure power design first rises due to
an increase in the amount of transmitted data and then falls
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Fig. 4. EE against the number of nodes J. In the simulation, we set packet
size k = 200 bits and the number of symbols per frame Mpyax = 1000.

resulting from resource consumption increasing significantly
with more nodes. While the curve of our proposed design
presents a monotonically decreasing process. And it decreases
very slowly with a small number of nodes. This demonstrates
that the proposed design can achieve a higher performance
especially when J is small. When J is large, our proposed
design is still better than the pure power design, although it
is also decreasing.

V. CONCLUSION

In this paper, we investigated EE for multi-node IoT net-
works in the FBL regime. We proposed a joint power and
blocklength allocation design targeting maximizing the EE.
However, the constructed joint optimization problem is non-
convex, so we adopted a Majorization-Minimization-based
approach. Each local problem was investigated and tightly
approximated to a convex one. Finally, a near-optimal solu-
tion was achieved. Via simulation, we validated the benefit
and robustness of the joint resource allocation design. The
proposed approach can be extended to scenarios with more
requirements, such as the minimum coding rate requirement.
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APPENDIX

The first partial derivative of go(x, z) with respect to z is

calculated as
392

5, = ?log, €)+

322 (logy « + 32) — 2(logy x + 2 — 22 log, e + log, e).

(23)

=32%(32 — 3logy x + x?logy e — x~

The second partial derivative of go(x, z) with respect to z is
calculated as

2
%;2 — 1822 — 2. (24)
Clearly, & 2 >0whenz > 1,ie, %9; 892 2].—0 holds with
z > 0. —|Z o is calculated as
dgo 4 2 2
B2 =(3z* — 6z°Inx + 22° — 2Inz — 5)log, e
z=0
=qa(x) log, e, (25)

with g2(z) = 32* — 62%Inz + 222 — 2Inx — 5. The first
derivative of the function gy(z) is calculated as

¢h(x) = 122° — 12zInx — 22 — 2~
Inz<x—1 9 1 9
> 12z*(x — 1)+ 2z~ (bz" — 1)
r>1

> 0, (26)

50 g2(x) > 0 holds with = > 1. Recalling (25), 92|._ > 0.
Consequently, % > (. Thus,
92(177 Z) >92(l‘7 O)
=[¢*Inz — 32%(Inz)? —
(Inz — 2% 4+ 1)°] (logy €)*

Inz—
27
holds. Let

—Inz — (Inz — 2 +1)%
(28)

g3(x) = 2 Inz — 32°(Inz)?

Therefore, gz(z,z) > 0 holds if gs(z) > 0.
The first derivative of g3(x) is calculated and sorted as

gs(z)

=423 Inz — 32% — 62(Inz)? — 2xlnz + 62—
1 1 (29)
2z ' Inx — 2z

Note that Inz < x — 1 holds. Then, we have 6z(Inx)? <

6x(2y/x — 2) Inz. Accordingly,
gh(x) >(4a® —122%/? + 102 — 22~
32° 4+ 62 — 20!

In order to prove that the right-hand side of the inequality
(30) is positive, it is necessary to determine that the coeffi-
cients of Inx are positive. Let

qu(x) = 42 —122%/% 4 102 — 227!

Ninz—
(30)

3D

Calculate the first and the second derivatives of g4(z) as
follows

gi(x) =122% — 1822 + 2272 + 10,

¢! (x) =242 — 9z~ Y/ — 4273,
Obviously, ¢4 (x) > 0 with = > 1. Similarly, ¢j(z) > 0 and

gs(x) > 0, so the coefficients of lnz is positive.
Accordm% to Pade approximation [16] of logarithm, there

(32)

is Inx > Applymg it to (30), we get
qg(a:) >(a; + 1) 5zt — 112° — 242°/%+
2622 +242%/2 — 14z + 2271 —6).  (33)
Let
gs(x) =5z* — 112% — 242°/%+
2622 + 242°/% — 142 4+ 22~ — 6. (34)

The first, second and third derivatives of g5(x) are calculated
as follows:

¢ (x) = 202° — 332% — 602°/% + 522 + 362'/% — 14 — 2272,
(35)
¢ (z) = 6022 — 662 — 902'/2 + 52 4+ 18z~ /2 4+ 4273,
(36)
¢/ (x) = 120z — 66 — 452~ 1/2 — 92732 — 12274 (37)

Take the range that z > x( and let xy = 2.5. Then it exists
that ¢’ (x) > ¢""'(x¢) > 0. Similarly, g7 (z) > 0, ¢f(z) > 0
as well as gs(x) > 0.

Equivalently, we have ¢5(x) > 0 according to (33) and (34).
Therefore, g3(x) > g3(z¢) = 0.35 > 0. Based on (27) we can
obtain that gs(x, z) > 0 holds with © > zq .



