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Abstract—Resource allocation is conceived for cell-free (CF)
massive multi-input multi-output (MIMO)-aided ultra-reliable
and low latency communication (URLLC) systems. Specifically, to
support multiple devices with limited pilot overhead, pilot reuse
among the users is considered, where we formulate a joint pilot
length and pilot allocation strategy for maximizing the number
of devices admitted. Then, the pilot power and transmit power
are jointly optimized while simultaneously satisfying the devices’
decoding error probability, latency, and data rate requirements.
Firstly, we derive the lower bounds (LBs) of ergodic data rate
under finite channel blocklength (FCBL). Then, we propose a
novel pilot assignment algorithm for maximizing the number of
devices admitted. Based on the pilot allocation pattern advocated,
the weighted sum rate (WSR) is maximized by jointly optimizing
the pilot power and payload power. To tackle the resultant NP-
hard problem, the original optimization problem is first simplified
by sophisticated mathematical transformations, and then approx-
imations are found for transforming the original problems into
a series of subproblems in geometric programming (GP) forms
that can be readily solved. Simulation results demonstrate that
the proposed pilot allocation strategy is capable of significantly
increasing the number of admitted devices and the proposed
power allocation achieves substantial WSR performance gain.

Index Terms—Cell-free massive MIMO, URLLC, pilot reuse,
the undirected graph, power control.

I. INTRODUCTION

Ultra-reliable and low-latency communication (URLLC) is
one of the critical techniques for enabling the wireless control
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of the Industrial Internet-of-Things (IIoT) devices in smart
factories [1], [2], where packets conveying on the order of a
few hundred bits are delivered [3]. According to Shannon’s ca-
pacity theory, the decoding error probability (DEP) approaches
zero, when the blocklength tends to infinity [4]. However, in
URLLC, the channel blocklength is limited, where the DEP
typically fails to approach zero, which should be taken into
account in the system design. The expression of the achievable
data rate of short-packet transmissions was derived in [5],
[6], which analyzed the impact of finite channel blocklength
(FCBL), signal-to-noise ratio, and the DEP on the data rate.
Additionally, in smart factories, the wireless systems should
simultaneously support a large number of devices such as
robots and actuators with high reliability in the short channel
blocklength regime, which is a challenging task.

Recently, massive multiple-input and multiple-output
(mMIMO) enabled URLLC has attracted extensive attention,
since it can simultaneously support multiple devices without
sacrificing the time-frequency resources [7]–[12]. It has been
shown that mMIMO systems can support multiple devices
even in the face of severe shadow fading channels [9]. The
weighted sum rate (WSR) was maximized by jointly opti-
mizing the pilot power and payload power using idealized
channel state information (CSI) in [10]. The impact of realistic
imperfect CSI and pilot contamination on the data rate were
analyzed in [11]. Then, the energy efficiency of mMIMO-aided
URLLC was studied in [12]. However, it is challenging for
mMIMO systems to provide URLLC service for all devices,
especially for the edge devices suffering from severe path
loss or blockage [13]. Additionally, the inter-cell interference
coming from adjacent cells becomes the bottleneck, when
supporting the edge devices [14].

To address this issue, a user-centric cell-free mMIMO (CF
mMIMO) network has been proposed in [15]. In contrast to
the typical cell-centric networks, CF mMIMO can support
user-centric transmissions, where a cluster of access points
(APs) jointly serve a group of devices without strict cell
boundaries [16]. Owing to the effective collaboration among
all geographically displaced APs, the desired signal power can
be improved, while the inter-cell interference can be efficiently
alleviated. Therefore, the capacity is increased accordingly
[17], [18]. Similar to the cooperation among base stations
[19], the AP selection based on large-scale fading factors
was proposed for solving the scalability issues in [20]. To
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reduce the implementation complexity, the distributed transmit
precoding (TPC) schemes were investigated in [21]. As a
further development, the benefits of bespoke power control
were studied in [22]. However, the existing methods are mainly
based on Shannon’s capacity under the assumption of infinite
channel blocklength, which may not be applicable in short
packet transmission. To fill this gap, only a few authors inves-
tigated the CF mMIMO-enabled URLLC [23], [24]. Explicitly,
the authors of [23] found that CF mMIMO can significantly
increase the number of admitted devices requiring URLLC
service over centralized mMIMO. Furthermore, considerable
data rate and energy efficiency improvements can be achieved
using CF mMIMO in the FCBL regime [24], where each AP
was equipped with a single antenna. However, it is not possible
to exploit the beneficial channel hardening feature via single-
antenna APs [25]. With this in mind, the CF mMIMO-enabled
URLLC concept relying on multiple-antenna APs is yet to be
established.

Although CF mMIMO systems are capable of providing
URLLC services for edge devices, challenges continue to arise.
Due to the limited channel coherence time, it is impractical
to assign unique orthogonal pilots to a large number of
devices. Thus, each pilot sequence may be shared among
several devices [26]. This results in severe pilot contamination,
which undoubtedly constitutes a performance bottleneck of CF
mMIMO systems [27]. To alleviate the interference caused by
pilot reuse, it is important to judiciously allocate pilot patterns
among the devices. Some researchers focused on minimizing
the pilot length [28] or on minimizing pilot contamination,
by harnessing for example a Tabu-search-based algorithm
[29], the Hungarian algorithm [30], and the weighted graphic
framework-based algorithm [31]. However, none of the exist-
ing pilot assignment strategies have considered the devices’
requirements under finite channel blocklength.

To tackle the issue of supporting multiple devices, we
aim for jointly optimizing the pilot length, pilot allocation,
and power control in the CF mMIMO-aided URLLC. In
general, there are two challenges in this system. Firstly,
compared to conventional centralized mMIMO systems, it
is more challenging to derive the ergodic data rate of CF
mMIMO systems under short channel blocklength. Secondly,
in contrast to conventional long packet transmission, it is
challenging to determine the most appropriate blocklength
for channel estimation and data transmission for guaranteeing
multiple devices’ rate and DEP requirements in the short
packet transmission regime. Specifically, although allocating
a higher blocklength used for channel estimation is capable
of enhancing the accuracy of the estimated channel gain,
it reduces the blocklength of payload transmission, hence
resulting in the data rate degradation. Therefore, it is an open
problem how to share a given blocklength between channel
estimation and payload transmission as well as how to allocate
the pilot to maximize the number of devices admitted in
URLLC.

To address the above-mentioned challenges, our contribu-
tions are summarized as follows:

1) By considering the impact of imperfect CSI and pilot
contamination, we derive the LB of the downlink data

rate under finite channel blocklength, which provides an
explicit expression for our resource allocation design.

2) As for the pilot reuse strategy, our objective is to support
more admitted devices through judiciously designing
the pilot allocation scheme, which is a computationally
challenging problem. To address this, we first transform
the pilot allocation problem into a minimum coloring
problem. Then, considering the devices’ requirements
of DEP and data rate, we construct an undirected graph
by connecting the devices that cannot share the com-
mon pilot sequence and then assign the pilot sequences
having minimal pilot length. Finally, we propose a low-
complexity algorithm for determining the pilot assign-
ment strategy.

3) The WSR is maximized by jointly optimizing the pilot
power and the transmission power while additionally
considering the minimal DEP and data rate require-
ments. To solve this NP-hard problem, we first transform
these requirements into desired SINR. Then, by intro-
ducing approximations, the problem can be decomposed
into a series of subproblems, which can be transformed
into a geometric programming (GP) problem by using
log-function approximation. Finally, an iterative algo-
rithm is proposed for maximizing the WSR.

4) Our simulation results demonstrate the significant im-
provement attained in terms of the number of admitted
devices and the rapid convergence speed of the proposed
algorithm. Furthermore, our simulation results also con-
firm its superiority over existing algorithms.

The remainder of this paper is organized as follows. In
Section II, the system model is provided, and the LB date rate
expression under FCBL based on statistical CSI is derived
for the downlink. By optimizing the pilot length and pilot
allocation, the number of devices admitted is maximized
in Section III. Then, the power allocation is optimized for
maximizing the WSR in Section IV. Our simulation results are
presented in Section V. Finally, our conclusions are offered in
Section VI.

II. SYSTEM MODEL AND SPECTRAL EFFICIENCY

A. System Model

We consider a CF mMIMO-aided smart factory, where M
APs jointly serve all K single-antenna devices. Besides, each
AP is equipped with N antennas. The channel vector gm,k ∈
CN×1 between the mth AP and the kth device is modeled as

gm,k =
√
βm,khm,k, (1)

where βm,k is the large-scale fading factor and hm,k ∈
CN (0, IN ) represents the small-scale fading coefficient.

B. Channel Estimation

We assume that time division duplex (TDD) is adopted. All
devices send their pilot sequences, and then the APs estimate
the CSI relying on a finite channel blocklength of L = B×TB ,
where B is the bandwidth and TB is the transmission duration.
The channel blocklength τ is allocated for channel estimation
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and (L− τ) for data transmission. The received signal at the
mth AP is given by

Yp
m =

K∑
k=1

gm,k

√
τppkq

H
k + Np

m, (2)

where ppk is the kth device’s pilot power, qk ∈ Cτ×1 is the
pilot sequence of the kth device, and Np

m ∈ CN×τ is the
additive Gaussian noise matrix, having independent elements
that follow the distribution of CN (0, 1). By multiplying (2)
with the pilot qk, we have

ŷpm,k =
1√
τppk

Yp
mqk =

K∑
k′=1

√
ppk′

ppk
gm,k′q

H
k′qk+

Np
mqk√
τppk

.

(3)
According to (3), allocating orthogonal pilots for each de-

vice will avoid causing pilot contamination, yielding qHk′qk =
0, when k′ 6= k. However, this would require long pilot
sequences for assigning unique device with specific pilot, as
the smart factory has to support a large number of devices.
To reduce the pilot overhead, we consider sharing the pilots
in our CF mMIMO-aided URLLC system amongst appro-
priately allotted devices, where the number of devices K is
higher than the blocklength τ allocated for channel estimation.
Specifically, we define the set of devices that are allocated
the ith pilot sequence as Qi(i ∈ {1, 2, · · · , τ}). Based on
these assumptions, the channel vector ĝm,k estimated by the
minimum mean squared error (MMSE) method is

ĝm,k =
τppkβm,k∑

k′∈Qk
τppk′βm,k′ + 1

ŷpm,k, (4)

which follows the distribution of CN (0, λm,kIN ), where λm,k
given by

λm,k =
τppkβ

2
m,k∑

k′∈Qk
τppk′βm,k′ + 1

. (5)

Then, the channel estimation error is g̃m,k = gm,k − ĝm,k,
which is independent of ĝm,k and follows the distribution of
CN (0, [βm,k − λm,k] IN ).

C. Downlink Data Transmission

During data transmission, the user-centric approach is
adopted for reducing the implementation complexity, where
each AP only has to provide services for the nearby devices.
Let us denote the set of APs that serve the kth device as Mk

and the set of devices that are served by the mth AP as Um,
respectively.

Each AP relies on the estimated channel for constituting
its maximum ratio transmission (MRT) precoding scheme to
transmit its signals. Based on the user-centric approach, the
signal transmitted by the mth AP is given by

xm =
∑
k∈Um

√
pdm,ka

∗
m,ksk, (6)

where pdm,k is the transmission power, am,k =
ĝm,k√

E{‖ĝm,k‖2}
is the TPC vector [21], [32], and sk is the data symbol

transmitted to the kth device. Then, the signal received at the
kth device is

ydk =

M∑
m=1

∑
k′∈Um

√
pdm,k′g

T
m,ka

∗
m,k′sk′ + nk

=

K∑
k′=1

∑
m∈Mk′

(gm,k)
T
a∗m,k′

√
pdm,k′sk′ + nk, (7)

where nk is the noise having the distribution of CN (0, 1).
Without downlink pilots, the mean of the estimated channel
gain is assumed to be the true channel for signal detection
[33]. As a result, the signal received by the kth device may
be rewritten as

ydk = E

{ ∑
m∈Mk

(ĝm,k)
T
a∗m,k

√
pdm,k

}
︸ ︷︷ ︸

DSdk

sk

+

{ ∑
m∈Mk

(gm,k)
T
a∗m,k

√
pdm,k −DSdk

}
︸ ︷︷ ︸

LSdk

sk, (8)

+

K∑
k′ 6=k

∑
m∈Mk′

(gm,k)
T
a∗m,k′

√
pdm,k′︸ ︷︷ ︸

UId
k,k′

sk′ + nk︸︷︷︸
Ndk

,

where DSdk is the desired signal, LSdk is the leaked signal,
UIdk,k′ represents the interference due to the k′th device, and
Nd
k is the noise term. Finally, the SINR of the kth device is

given by

γdk =

∣∣∣DSdk

∣∣∣2∣∣∣LSdk

∣∣∣2 +
∑K
k′ 6=k

∣∣∣UIdk,k′
∣∣∣2 +

∣∣Nd
k

∣∣2 . (9)

D. Achievable Data Rate under Finite Blocklength

Again, the Shannon capacity [4] is defined as the maximum
coding rate that may allow the DEP to approach zero, when
the channel blocklength is infinity. However, in short packet
transmissions, the DEP is usually significantly increased. By
treating the interference as a part of the Gaussian noise [5],
[10], [34], the achievable data rate of the kth device under
FCBL can be approximated as

Rk ≈ (1− η) log2 (1 + γk)−
√

(1− η)Vk (γk)

L

Q−1 (εk)

ln 2
,

(10)
where η = τ/L1, γk is the kth device’s SINR, εk is the DEP,
Vk is the channel’s dispersion associated with Vk (γk) = 1−
(1 + γk)

−2, and Q−1 (εk) is the inverse function of Q (εk) =
1√
2π

∫∞
εk

e−t
2/2dt of the kth device.

1Note that a pilot sequence may be shared among specific devices, and the
pilot length τ is always smaller than the number of devices K.
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The ergodic data rate of the kth device under FCBL is given
by [5]

R̄k ≈ E


1− η
ln 2

ln (1 + γk)− Q−1 (εk)√
L (1− η)

√√√√√ 2
γk

+ 1(
1
γk

+ 1
)2


 ,

,
1− η
ln 2

E
{
fk

(
1

γk

)}
,

(11)

where fk(x) = ln(1 +x)− Q−1(εk)√
L(1−η)

√
2x+1

(x+1)2
is a function in

term of the kth device’s DEP requirement. Furthermore, the
expectation is taken over the small-scale fading factors. This
is due to the fact that the packets should be delivered to the
devices at extremely low latency, and thus large scale fading
factors remain time-invariant. However, it is intractable to
derive the closed-form expression of the ergodic data rate, and
thus it is challenging to perform resource allocation directly
based on (11).

To address the above issue, we derive the LB of the ergodic
data rate that facilitates resource allocation. Firstly, the data
rate Rk of any device cannot be lower than 0, hence we have
the following inequality

Q−1 (εk)√
L (1− η)

≤

(
1
γk

+ 1
)

ln (1 + γk)√
2
γk

+ 1

∆
= g

(
1

γk

)
, (12)

where g(x) is equal to (x+1) ln(1+ 1
x )√

2x+1
. It is readily to see

that the first-order derivative of g (x) is negative, which
means that g (x) is a monotonically decreasing function of
x. Furthermore, the feasible region of fk (x) is 0 ≤ x ≤
g−1

(
Q−1(εk)√
L(1−η)

)
. As a result, we have the following lemma.

Lemma 1: Function fk (x) is a decreasing and convex

function when 0 < x ≤ g−1

(
Q−1(εk)√
L(1−η)

)
.

Proof: Please refer to Appendix B in [13]. �
Using Lemma 1 and Jensen’s inequality, we have

R̄k ≥ R̂k ,
1− η
ln 2

fk (1/γ̂k) , (13)

where R̂k is the LB data rate of the kth device, and γ̂k is
γ̂k = 1

E(1/γk) .
Based on the above-mentioned discussions, we have to

derive γ̂k in the remaining parts.
Theorem 1: The ergodic data rate of the kth device using

the FCBL MRT precoder can be lower bounded by

R̂dk ,
1− η
ln 2

fk

(
1

γ̂dk

)
, (14)

where γ̂dk is given by (15) at the bottom of this page.
Proof : Please refer to Appendix A. �
Based on (14), the LB data rate is determined by the

pilot power, payload power, and pilot allocation strategy,
which motivates us to appropriately allocate the resources
to guarantee the devices’ rate and DEP requirements while
relying on a finite channel blocklength.

III. PILOT ASSIGNMENT

Based on the downlink data rate LB in (14), we aim
for maximizing the number of admitted devices by jointly
optimizing the pilot length and the pilot allocation.

A. Problem Formulation

Traditionally, the devices served by AP sets that have at least
one AP in common should be assigned unique orthogonal pilot
sequences, which can be formulated as [35]

qHk qk′ = 0, for Mk ∩Mk′ 6= ∅, and k 6= k′. (16)

For ease of exposition, we define a K ×K binary matrix B
to indicate whether the kth device and the k′th device are
allowed to share the same pilot pattern. The kth row and k′th
column element of the matrix B is given by

bk,k′ =

{
1, Mk ∩Mk′ 6= ∅, and k 6= k′

0, otherwise, (17)

where bk,k′ = 1 means that the kth device and the k′th device
are served by AP sets that have at least one AP in common.
Therefore, these devices should be allocated unique orthogonal
pilot sequences. By contrast, for bk,k′ = 0, it indicates that
the k′th device is a potential candidate for sharing the pilot
sequence with the kth device.

To allocate the channel estimation resources in a fair man-
ner, the maximum reuse time for all pilot sequences is defined
as nmax. As a result, the number of devices in set Qi should
be no higher than nmax, which can be expressed as

|Qi| ≤ nmax,∀i ∈ {1, 2, · · ·, τ} . (18)

This constraint can prevent the worst-case scenario where a
single pilot sequence is reused by too many devices.

We aim for striking a trade-off between the pilot blocklength
τ used for channel estimation and the data transmission
blocklength (L− τ) whilst maximizing the number of devices
admitted. Based on the LB data rate derived, we denote
the set of devices admitted that satisfy the requirements of
DEP, latency (blocklength), and data rate constraints as S ={
k
∣∣∣R̂dk ≥ Rreq

k ,∀k
}

, where R̂dk and Rreq
k are the kth device’s

data rate LB and the required data rate, respectively. Since
many factors affect the LB rate R̂dk, we fix the pilot power and

γ̂dk =

( ∑
m∈Mk

√
Npdm,kλm,k

)2

K∑
k′=1

∑
m∈Mk′

pdm,k′βm,k +N
∑

k′∈{Qk\k}

( ∑
m∈Mk′

√
pdm,k′λm,k

)2

+ 1

. (15)
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(a) Undirected graph based on B. (b) Pilot assignment based on the Dsatur algorithm.

(c) Undirected graph by using proposed pilot strategy. (d) Pilot allocation based on the proposed algorithm.

Fig. 1: Undirected graph and pilot assignment based on the Dsatur and proposed algorithms.

payload transmission power to investigate the impact of pilot
length and pilot allocation on the data rate attained. Essentially,
we assume that the kth device adopts the maximum power to
transmit its pilot sequence (i.e. ppk = Pmax,p

k , ∀k) and that the
mth AP equally shares the downlink transmission power of
the devices in the set of Um, which is detailed as follows

pdm,k =

{ Pm
|Um| , k ∈ Um

0, k /∈ Um
, (19)

where Pm is the maximum transmission power of the mth AP.
Then, by substituting the power allocation and pilot strategy
into (14), we can readily obtain the LB rate R̂dk. Finally, by
optimizing the blocklength τ and by appropriately allocating
the pilot sequences, we aim for maximizing the number of
devices in S, which is formulated as

max
{Qi},τ

|S|

s.t. (16), (18).
(20)

For solving Problem (20), the computational complexity grows
exponentially both with the number of devices and the number
of pilot sequences. In the following, we conceive a low-
complexity pilot allocation scheme, which is applicable to
practical systems.

B. Pilot Allocation Scheme

To explore whether the devices can share the same pilot,
an undirected graph based on matrix B is constructed, as
illustrated in Fig. 1(a). The circle with number k represents the
kth device’s location. Furthermore, if bk,k′ is equal to 1, then
the kth device and the k′th device are connected, where these
two devices cannot share the same pilot sequence. By contrast,
the unconnected devices imply that it is possible to share
the same pilot sequence among these devices. Then, the pilot
assignment problem can be transferred into a graph coloring
problem. This minimal coloring scheme can be readily ob-
tained by the Dsatur algorithm [36] and the resultant solution is
illustrated in Fig. 1(b), where the same color indicates that the
same pilot sequence is used. Furthermore, it can be seen from
Fig. 1(a) that only 5 pilot sequences are needed for supporting
as many as 15 devices, thereby increasing the fraction of
blocklength available for payload data transmission. It is worth
noting that the Dsatur algorithm-based pilot assignment only
aims for reducing the pilot overhead without considering the
DEP, latency, and data rate requirements. To address this, we
conceive a low-complexity algorithm for pilot allocation.

Let us denote the Dsatur algorithm-based pilot allocation
strategy as LDsa , {QDsa

i , i = 1, 2, · · · , τDsa}, where τDsa

is the number of pilot sequences and QDsa
i ⊂ {1, 2, · · · ,K}

is the set of devices that share the ith pilot sequence, which
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can be obtained by using the Dsatur algorithm2. Obviously,
the strategy can satisfy constraints (16) and (18), but may
not maximize the number of devices admitted. To check
whether this scheme can meet all the devices’ QoS, we have
to calculate the set of devices admitted, which is formulated
as SDsa =

{
k|R̂d,(LDsa)

k ≥ Rreq
k ,∀k

}
, where R̂

d,(LDsa)
k is

obtained by substituting the pilot allocation scheme into (14).
Then, by substituting the pilot allocation strategy, the pilot
power, and the transmission power into the downlink data rate
LB in (14), we can readily obtain the set of admitted devices
SDsa. If |SDsa| = K, then the current strategy LDsa based on
the Dsatur algorithm can satisfy all the devices’ QoS targets.
By contrast, if |SDsa| < K, then the Dsatur algorithm-based
pilot strategy cannot meet all the devices’ QoS targets, hence
a more appropriate solution of Problem (20) should be found.

For the case of |SDsa| < K, some devices should not
share the pilot sequence with some particular devices. As
a result, we propose a low-complexity iterative algorithm
for finding those devices. For ease of exposition, we de-
note the pilot allocation strategy in the rth iteration as
L

(r)
pro , {Qpro(r)

i , i = 1, 2, · · · τ (r)
pro}, the binary matrix in

the rth iteration as B(r), and the maximum number of de-
vices admitted throughout all r iterations as a(r). The set
of devices that fail to satisfy the QoS requirement when
using the ith pilot sequence in the rth iteration is denoted

as W(r)
i =

{
k′|R̂d,(L

(r)
pro)

k′ −Rreq
k′ < 0,∀k′ ∈ Qpro(r)

i

}
, ∀i ∈

{1, 2, · · ·, τ (r)
pro}, and the most unacceptable device in the set

W(r)
i is defined as d

(r)
i = arg min

j∈W(r)
i

{
R̂
d,(L(r)

pro)

j −Rreq
j

}
.

Furthermore, the device that infects the most severe interfer-
ence upon the d

(r)
i th device is defined as c(r)i with c

(r)
i ∈{

Qpro(r)
i \d(r)

i

}
. Since each device using the ith pilot sequence

imposes pilot contamination on the d(r)
i th device, we can find

the c(r)i th device by finding the maximum interference induced
by pilot contamination. Specifically, we first adopt the max-
imum pilot power Pmax,p

k to calculate the estimated channel
gain λm,k,∀m, k, and then initialize the downlink transmis-
sion power by using (19). Then, the c

(r)
i th device can be

obtained by c
(r)
i = arg max

j∈
{
Qpro(r)
i \d(r)i

} ∑
m∈Mj

√
pdm,jλm,d(r)i

.

To mitigate the pilot contamination, we update the matrix
B(r) by setting b

d
(r)
i ,c

(t)
i

and b
c
(t)
i ,d

(r)
i

as 1. Finally, we update

the iteration r as r = r + 1 and obtain the matrix B(r) in
the rth iteration by B(r) = B(r−1). Based on the updated
B(r), we can now construct a new undirected graph and
reassign the pilot sequences by using the Dsatur algorithm.
Furthermore, by connecting the unallowed devices, we require
an extended blocklength on channel estimation, since the pilot
length τ

(r)
pro may be increased with the number of iterations.

To strike a performance3 vs. implementation complexity trade-

2According to [36], each device only uses a single sequence so that
QDsa

i

⋂
QDsa

j = ∅, ∀i 6= j, holds.
3By adopting a rational pilot allocation scheme and reducing pilot overhead,

more blocklength can be utilized for data transmission so that the QoS of
devices can be satisfied as much as possible.

off, we define the maximum number of iterations as N iter
max

and a search range for the pilot length as (τDsa + ι) where
ι is the extra search region of the extended pilot length. If
the number of iterations or the search region of the pilot
length exceeds the maximum tolerate value, we will output
the best results found as the final pilot allocation strategy
Lpro , {Qpro

i , i = 1, 2, · · · τpro}. The iterative procedure is
detailed in Algorithm 1.

By harnessing our proposed approach, the undirected graph
of Fig. 1(a) can be transformed into Fig. 1(c) by connecting
the devices that must not share a common pilot. By taking
the devices’ rate and DEP requirements into consideration, it
can be observed that the first device cannot share the pilot
sequence with the devices linked by dotted lines. Hence,
the pilot patterns in Fig. 1(b) cannot guarantee the devices’
QoS. Instead, the pilot allocation strategy is rearranged in a
more appropriate way, as illustrated in Fig. 1(d). Furthermore,
compared to the pilot allocation seen in Fig. 1(b), the proposed
approach significantly increases the minimal distance between
devices that share a common pilot sequence, hence reducing
the interference caused by pilot contamination.

C. Complexity Analysis

In this subsection, we provide the complexity analysis for
the proposed pilot assignment. The complexity of the pilot
allocation scheme depends on the product of the number of
iterations and the complexity of each iteration. Specifically,
the computational complexity of the Dsatur algorithm is on
the order of O(K2) [37], and thus the complexity of our pilot
assignment is on the order of O(NitK

2), where Nit is the
number of iterations with 1 < Nit ≤ N iter

max.

IV. POWER ALLOCATION

In this section, since the WSR is key performance indicator
(KPI) for satisfying various devices’ requirements, we aim for
maximizing the WSR of CF mMIMO by jointly optimizing
the pilot and payload data power allocation.

A. Problem formulation

The WSR is maximized while considering the finite energy
constraints of the devices and APs, as well as the devices’ data
rate requirement. Specifically, the problem can be formulated
as

max
{ppk},{pdm,k}

K∑
k=1

wkR̂
d
k (21a)

s.t. R̂dk ≥ R
req
k ,∀k, (21b)

ppk ≤ P
max,p
k ,∀k (21c)∑

k∈Um

pdm,k ≤ Pm,∀m, (21d)

where wk, Rreq
k , and Pmax,p

k represent the kth device’s weight,
the minimal data rate requirement, and the maximal transmis-
sion power, respectively. Constraint (21b) indicates that all
devices should satisfy the data rate requirements, constraint
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Algorithm 1 Iterative Algorithm for Pilot Assignment

1: Construct the undirected graph based on B, and adopt
the Dsatur algorithm to obtain the pilot scheme LDsa =
{QDsa

i , i = 1, 2, · · · τDsa} with pilot length τDsa;
2: Initialize the uplink pilot power ppk to be P p,max

k

W and downlink transmission power by using (19),
and calculate the set of admitted devices SDsa ={
k|R̂d,(LDsa)

k ≥ Rreq
k ,∀k

}
;

3: if (|SDsa| < K) then
4: Initialize Lpro = LDsa, r = 0, a(r) = |SDsa|, B(r) =

B, L(r)
pro = LDsa, Qpro(r)

i = QDsa
i , and τ (r)

pro = τDsa;
5: while (τ (r)

pro − τDsa < ι and r < N iter
max) do

6: Find the set of unallowed devices that
utilize the ith pilot sequence via W(r)

i ={
k′|R̂d,(L

(r)
pro)

k′ −Rreq
k′ < 0,∀k′ ∈ Qpro(r)

i

}
,

∀i ∈ {1, 2, · · ·, τ (r)
pro}, using d

(r)
i =

arg min
j∈W(r)

i

{
R̂
d,(L(r)

pro)

j −Rreq
j

}
to search the most

unacceptable device d(r)
i , find the c(t)i th device that

incurs the largest interference to the d
(r)
i th device,

and update B(r) with b
d
(r)
i ,c

(t)
i

= b
c
(t)
i ,d

(r)
i

= 1;

7: Update r as r = r + 1, obtain the matrix B(r)

by B(r) = B(r−1), construct an undirected graph
based on B(r), adopt the Dsatur algorithm to obtain
the pilot assignment L

(r)
pro and pilot length τ

(r)
pro,

and calculate the set of admitted devices in the rth
iteration S(r) =

{
k|R̂d,(L

(r)
pro)

k ≥ Rreq
k ,∀k

}
;

8: if (|S(r)| > a(r−1)) then
9: Update a(r) = |S(r)| and pilot allocation strategy

Lpro = {Qpro(r)
i ,∀i = 1, 2, · · ·, τ (r)

pro};
10: else
11: Update a(r) = a(r−1);
12: end if
13: end while
14: end if

(21c) means that the kth device’s uplink pilot power is limited,
and constraint (21d) is the mth AP’s total payload transmission
power.

Compared to the widely studied max-min optimization
problem, it is more challenging to obtain an optimal solution to
Problem (21) as the WSR maximization problem is an NP-hard
problem. Furthermore, given the complex data rate expression
of (10), this optimization problem is challenging to solve. To
tackle this, we first simplify the problem.

By using Lemma 1, the constraint (21b) can be simplified
into the kth device’s minimal SINR requirement, formulated
as

γ̂dk ≥
1

f−1
k

(
Rreq
k ln 2

(1−η)

) . (22)

Then, by introducing the auxiliary variables χk, Problem (21)
can be equivalently transformed into the following optimiza-

tion problem

max
{ppk},{pdm,k},{χk}

K∑
k=1

wk
(1− η)

ln 2
[ln (1 + χk)− αkG (χk)]

(23a)

s.t. γ̂dk ≥ χk,∀k, (23b)

χk ≥
1

f−1
k

(
Rreq
k ln 2

(1−η)

) ,∀k, (23c)

(21d), (23d)

where G (χk) is defined as G (χk) =

√
1− (1 + χk)

−2, and

αk is αk = Q−1(εk)√
L(1−η)

.

As seen in (23a), the objective function is a complex
expression due to G (χk). Based on Lemma 3 and Lemma 4
of [10], ln (1 + χk) and G (χk) in (23a) can be approximated
by the log-function approximation method. As a result, the
WSR can be lower bounded in an iterative manner, which is
detailed as follows

wk
(1− η)

ln 2
[ln (1 + χk)− αkG (χk)] (24)

≥wk
(1− η)

ln 2

[
ln (χk)

[
ρ
(i)
k −αkρ̂

(i)
k

]
+ δ

(i)
k − αk δ̂

(i)
k

]
,

where ρ(i)
k is χ

(i)
k

1+χ
(i)
k

, δ(i)
k is

[
ln
(

1 + χ
(i)
k

)
− ρ(i)

k ln
(
χ

(i)
k

)]
,

ρ̂
(i)
k is

[
χ
(i)
k√

χ
(i)
k

2
+2χ

(i)
k

− χ
(i)
k

√
χ
(i)
k

2
+2χ

(i)
k(

1+χ
(i)
k

)2

]
, and δ̂

(i)
k is[√

1− 1(
1+χ

(i)
k

)2 − ρ̂(i)
k ln

(
χ

(i)
k

)]
in the ith iteration.

Furthermore, the equality only holds when χk = χ
(i)
k . As a

result, the WSR can be lower-bounded by
K∑
k=1

wk
(1−η)
ln 2 [ln (1 + χk)− αkG (χk)]

≥
K∑
k=1

[
ln (χk)

ŵ
(i)
k + w̃kδ

(i)
k − w̃kαk δ̂

(i)
k

]
,

(25)

where ŵ(i)
k is wk

(1−η)
ln 2

(
ρ(i) − αkρ̂(i)

)
, and w̃k is wk

(1−η)
ln 2 .

Based on (25), maximizing the LB in (25) is equivalent to
maximizing the function of ln (χk)

ŵ
(i)
k , as the constant term

(wk
(1−η)
ln 2 δ

(i)
k −wk

(1−η)
ln 2 αk δ̂

(i)
k ) can be ignored. Furthermore,

since ln (χk)
ŵ

(i)
k is a monotonically increasing function of

χk, the maximal value of ln (χk)
ŵ

(i)
k can be obtained by

maximizing (χk)
ŵ

(i)
k . As a result, we can maximize the

following subproblem in the ith iteration instead of the original
complex form, which is given by

max
{ppk},{pdm,k},{χk}

K∏
k=1

χk
ŵ

(i)
k (26a)

s.t. (23b), (23c), (23d). (26b)

The above problem is not in the GP form, since the left hand
side of constraint (23b) is a polynomial function. To address
this, we rewrite the kth device’s SINR expression, and then
transform the constraint (23b) into a more tractable form.
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Lemma 2: The kth device’s SINR can be rewritten as

γ̂dk =

N(ϕk)
2 ∏
k′∈{Qk\k}

(θk,k′)
2

Dek
,

where Dek is given by

Dek

=
∏

k′∈{Qk}

(θk,k′)
2

 K∑
k′=1

∑
m∈Mk′

pdm,k′βm,k


+N(θk,k)

2
∑

k′∈{Qk\k}

φk,k′ ∏
j∈{Qk\{k,k′}}

θk,j

2

(27)

+
∏

k′∈{Qk}

(θk,k′)
2
.

In (27), ϕk, φk,k′ , and θk,k′ are given by

ϕk

=
∑

m∈Mk

√√√√τppkp
d
m,k(βm,k)

2
∏

n∈{Mk\m}

(∑
i∈Qk

τppi βn,i + 1

)
, (28)

φk,k′

=
∑

m∈Mk′

√√√√τppkp
d
m,k′(βm,k)

2
∏

n∈{Mk′\m}

(∑
i∈Qk

τppi βn,i + 1

)
,

(29)

and
θk,k′ =

∏
m∈Mk′

√∑
i∈Qk

τppi βm,i + 1. (30)

Proof : Please refer to Appendix B. �

Using Lemma 2, the constraint (23b) can be equivalently
transformed into the following inequality

N(ϕk)
2

∏
k′∈{Qk\k}

(θk,k′)
2 ≥ χk ×Dek. (31)

However, the constraint (31) does not satisfy the GP criterion,
since both sides in (31) are polynomial functions. To tackle
this, we introduce the following theorem for approximating
the numerator as a monomial function.

Theorem 2: For any given p̂pk > 0 and p̂dm,k > 0,
ϕk

∏
k′∈{Qk\k}

(θk,k′) is lower bounded by

ϕk
∏

k′∈{Qk\k}

(θk,k′) (32)

≥ck
∏

m∈Mk

(
pdm,k(βm,k)

2
)am,k ∏

i∈Qk

(τppi )
bi ,

where bi is given by (33) at the bottom of this page, am,k and
ck are given by

am,k =

√√√√ ∏
n∈{Mk\m}

p̂dm,k(βm,k)
2
τ p̂pk

( ∑
i∈Qk

τ p̂pi βn,i + 1

)
2ϕ̂k

,

(34)

and

ck =

ϕ̂k
∏

k′∈{Qk\k}

(
θ̂k,k′

)
∏

m∈Mk

(
p̂dm,k(βm,k)

2
)am,k ∏

i∈Qk
(τ p̂pi )

bi
. (35)

Furthermore, ϕ̂k and θ̂k,k′ are obtained by substituting pdm,k =

p̂dm,k and ppk = p̂pk into (28) and (29), respectively.
Proof : Please refer to Appendix C. �
Based on Theorem 2, the numerator of (27) can be lower

bounded by the best monomial function, which is detailed as
follows

ϕk
∏

k′∈{Qk\k}

(θk,k′)

≥c(n)
k

∏
m∈Mk

(
pdm,k(βm,k)

2
)a(n)

m,k
∏
i∈Qk

(τppi )
b
(n)
i , (36)

where a(n)
m,k and b(n)

i are obtained by using pdm,k = p̂
d,(n)
m,k and

ppk = p̂
p,(n)
k in the nth iteration. Then, we substitute the LB

of the numerator into constraint (23b), and the optimization
problem can be reformulated as

max
{ppk},{pdm,k},{χk}

K∏
k=1

χk
ŵ

(i)
k (37a)

s.t. N(c
(n)
k )2

∏
m∈Mk

(pdm,k(βm,k)
2
)
2a

(n)
m,k

×
∏
i∈Qk

(τppi )
2b

(n)
i ≥ χk ×Dek, (37b)

(23c), (23d). (37c)

Based on the above-mentioned discussions, the power allo-
cation can be transformed into a GP problem, which can be
readily solved by CVX.

Since the WSR maximization is an NP-hard problem, we
have to find a feasible region for initializing the algorithm. To
tackle this, we construct an alternative optimization problem
to find a feasible region for both the pilot power and payload
power, which is given by

max
ρ,{ppk},{pdm,k}

ρ (38a)

s.t. N(c
(n)
k )2

∏
m∈Mk

(pdm,k(βm,k)
2
)
2a

(n)
m,k

×
∏
i∈Qk

(τppi )
2b

(n)
i ≥ ρ

f−1
k

(
Rreq
k ln 2

1−η

) ×Dek,

(38b)
(23d). (38c)

Problem (38) is a GP problem and it is always feasible. Fur-
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Algorithm 2 Iterative Algorithm for Maximizing WSR

1: Initialize the iteration number n = 1, and error tolerance
ζ = 0.01;

2: Based on the pilot allocation strategy Lpro, initialize the
pilot power

{
ppk = p

p,(1)
k ,∀k

}
, calculate the transmission

power
{
p
d,(1)
m,k ,∀m, k

}
by solving Problem (38), obtain

SINR
{
χ

(1)
k ,∀k

}
and the WSR in (21a) denoted as

Obj(1). Set Obj(0) = Obj(1)ζ;
3: while

(
Obj(n) −Obj(n−1)

)/
Obj(n−1) ≥ ζ do

4: Update
{
ŵ

(n)
k , c

(n)
k , a

(n)
m,k, b

(n)
k ,∀m, k

}
;

5: Update n = n + 1, solve Problem (37) by using
the CVX package to obtain

{
p
p,(n)
k , p

d,(n)
m,k ,∀m, k

}
,

calculate SINR
{
χ

(n)
k ,∀k

}
and then obtain the WSR,

denoted as Obj(n);
6: end while

thermore, the resource allocation can only be solved, when ρ is
no smaller than 1. Based on the abovementioned discussions,
our iterative algorithm conceived for resource allocation is
given in Algorithm 2.

B. Algorithm analysis

The convergence of Algorithm 2 can be readily proved
by using a similar process to that in [10], and thus it is
omitted here. Then, we analyze the complexity of our proposed
algorithm. Specifically, the main complexity of each iteration
in Algorithm 2 lies in solving Problem (26) which includes
(2 + M)K variables and 2K + M constraints. Based on
[37], the computational complexity of this algorithm is on
the order of O(Niter ×max{[(M + 2)K]3, (2K +M)[(M +
2)K]2, Ncost}), where Niter is the number of iterations and
Ncost is the computational complexity of calculating the first-
order and second-order derivatives of the objective function
and constraint functions of Problem (26).

V. SIMULATION RESULTS

In this section, the performance of our proposed pilot
allocation strategy and power control algorithm is numerically
evaluated and discussed.

A. Simulation Parameters
There are M APs that are uniformly positioned constellation

points in a smart factory of size 0.2 × 0.2 km2 and K
devices that are independently and uniformly distributed. The
large-scale fading factors are based on the Hata-COST231
propagation model of [38], where the heights of APs and the
devices are 15 m and 1.6 m, respectively. Specifically, the
three-slope path loss (dB) can be expressed as

PLm,k=

Lls+35log10(dm,k), d1 < dm,k,
Lls+15log10(d1)+20log10(dm,k), d0 < dm,k ≤ d1,
Lls+15log10(d1)+20log10(d0), dm,k ≤ d0,

(39)
where dm,k is the distance between the mth AP and the kth
device, Lls is a constant of 140.7 (dB), while d0 and d1 are
0.01 km and 0.05 km, respectively. As for small-scale fading,
it is generally modeled as Rayleigh fading with zero mean and
unit variance. These parameter are similar to those in [16]–
[18].

The corresponding normalized pilot power ppk and payload
power pdm,k can be computed through dividing these powers
by the noise power, where the noise power is given by

Pn = B × kB × T0 × 10
9
10 (W) , (40)

where kB = 1.381×10−23 (Joule per Kelvin) is the Boltzmann
constant, and T0 = 290 (Kelvin) is the noise temperature. We
set the bandwidth to 1 MHz and the transmission latency to
100 us. Thus, the total transmission blocklength is L = 100,
where the blocklength fraction of τ is utilized for channel
estimation and the remaining (L − τ) blocklength fraction is
used for downlink payload transmission [39]. The devices’
weights are randomly generated within [0,1]. Moreover, unless
otherwise specified, the DEP requirements of all devices and
the data rates are 10−7 and 0.75 bit/s/Hz, respectively.

Again, the user-centric approach can reduce the implemen-
tation complexity. Similar to [17], the AP selection based on

bi =



∑
m∈Mk

p̂dm,k(βm,k)
2
τp̂
p
k

∏
n∈{Mk\m}

τp̂
p
i
βn,i

∑
j∈{Mk\m,n}

 ∑
i′∈Qk

τp̂
p
i′
β
j,i′+1


√√√√√√ ∏
n∈{Mk\m}

p̂d
m,k(βm,k)

2
τp̂
p
k

 ∑
i′∈Qk

τp̂
p
i′
β
n,i′+1


2ϕ̂k

+
∑

k′∈{Qk\k}

∑
m∈Mk′

τp̂pi βm,i

2

 ∑
i′∈Qk

τp̂p
i′βm,i′+1


i 6= k

1
2 +

∑
m∈Mk

p̂dm,k(βm,k)
2
τp̂
p
k

∏
n∈{Mk\m}

τp̂
p
i
βn,i

∑
j∈{Mk\m,n}

 ∑
i′∈Qk

τp̂
p
i′
β
j,i′+1


√√√√√√ ∏
n∈{Mk\m}

p̂d
m,k(βm,k)

2
τp̂
p
k

 ∑
i′∈Qk

τp̂
p
i′
β
n,i′+1


2ϕ̂k

+
∑

k′∈{Qk\k}

∑
m∈Mk′

τp̂pi βm,i

2

 ∑
i′∈Qk

τp̂p
i′βm,i′+1


i = k

, (33)
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Fig. 2: WSR in Downlink system V.S. The Number of Total
Antennas MN with ppk = 0.1 W, pdm,k = 0.2

|Um| W, ∀m and
∀k ∈ Um.

Fig. 3: Average available probability of devices with M = 16,
N = 9, nmax = 4, N iter

max = 20, P p,max
k = 0.1 W, and pdm,k =

0.2
|Um| W, ∀k ∈ Um.

the pathloss/distance is adopted. More specifically, the pathloss
factors from the kth device to all APs {β1,k, β2,k, · · ·, βM,k}
are sorted in a descending order, and then we select the specific
factors until satisfying the following condition∑

m∈Mk

βm,k

M∑
m=1

βm,k

≥ Th, (41)

where Th is the threshold. Then, the set of Um is obtained
by checking whether the mth AP belongs to the set of Mk,
∀k ∈ {1, 2, · · ·,K}. A higher threshold indicates that a device
is served by more APs, which enhances the performance at the
cost of increased complexity. Unless otherwise stated, Th is
set to 0.75 for all the following simulations for striking a bal-
ance between the performance vs. implementation complexity
trade-off.

B. The LB data rate and ergodic data rate

To check whether the LB can provide a more convenient
expression for resource allocation, in Fig. 2, we first evaluate
the gap between the LB data rate and the achievable ergodic
downlink data. The results are obtained through 104 Monte-
Carlo simulations with M = 16. The WSRs based on the rate
derived can approach the achievable erogdic data rate for any
given N and K, which demonstrates the efficiency of our
resource allocation based on the expressions derived.

C. Admitted devices based on proposed pilot assignment

We fix the pilot power and transmission power to investigate
how the pilot assignment strategy influences the devices’ rate
and DEP. By averaging the results over 1000 randomly gen-
erated locations, Fig. 3 and Fig. 4 depict the admitted device
probability |S|K and the average pilot length τ . It is observed
that the admitted device probability decreases upon increasing
the number of devices due to the increased interference. For
the orthogonal scheme (i.e. each device is assigned a unique
pilot sequence that is orthogonal to the other devices) in Fig.
3, we observe a significant drop trend when the number of

devices K exceeds 20, since some devices fail to satisfy the
data rate requirements due to reducing the payload blocklength
used for data transmission. By contrast, upon reducing the
pilot overhead, an increased blocklength can be utilized for
payload transmission and the number of admitted devices is
enhanced accordingly. However, this implies that we cannot
guarantee the devices’ rate and DEP requirements by providing
efficiently accuracy estimated channels, especially for large
K. More importantly, our proposed approach is capable of
significantly increasing the number of admitted devices over
that of the Dsatur algorithm via optimizing the pilot fraction
(τ ) and improving pilot allocation strategy. Furthermore, the
optimal search region is ι = 4, and thus we set ι = 4
for all the following simulations to strike a performance vs.
implementation complexity trade-off.

D. Convergence of proposed algorithm

Based on the given pilot strategy, we evaluate the conver-
gence of Algorithm 2 for the power aided downlink systems,
as illustrated in Fig. 5. We observe that it takes only 3 or 4
iterations for our algorithm to converge to a locally optimal
solution, which verifies the efficiency of our approach.

E. Performance of proposed algorithm

In Fig. 6, we investigate the performance of Algorithm 1 and
Algorithm 2, by depicting the cumulative distribution function
(CDF) of WSR for the downlink throughput. Besides, if there
is no feasible region for Algorithm 2 (e.g., some devices
cannot satisfy the DEP and rate requirements), these results
will not be listed. When K = 10, sharing the pilot sequence
in the CF mMIMO system slightly improves the WSR. By
contrast, the considerable improvement on the system perfor-
mance is obtained as the number of devices increases (i.e. K =
20). This suggests that multiplexing the pilots is not essential
when blocklength is adequate. Conversely, with the increasing
number of devices, the blockelength is insufficient to satisfy
the devices’ requirements, and thus it is more efficient to set
aside an increased payload blocklength for data transmission
through sharing pilot sequences.
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Fig. 4: Average pilot length for various pilot allocation strategies
with M = 16, N = 9, nmax = 4, N iter

max = 20, P p,max
k = 0.1

W, and pdm,k = 0.2
|Um| W, ∀k ∈ Um.

Fig. 5: Convergence of proposed algorithm for downlink system
with M = 16, N = 9, and Pmax,p

k = 0.1 W, ∀k.

Fig. 6: Cumulative distribution of WSR for downlink system
with M = 16, N = 9, Pm = 0.2 W, ∀m, Pmax,p

k = 0.1 W,
and Rreq

k = 0.5 bit/s/Hz, ∀k.

Fig. 7: Average WSR V.S. Number of Devices for downlink
system with M = 16, N = 9, Pm = 0.2 W, ∀m, Pmax

k = 0.1
W, and Rreq

k = 0.5 bit/s/Hz, ∀k.

F. Effect of number of Devices

To further explore the impact of the number of devices on
the system performance, Fig. 7 shows the average WSR of the
downlink system by averaging 100 simulations. To guarantee
all devices’ rate and DEP requirements, if any device fails to
satisfy the minimal requirements, the system performance is
set to zero. Besides, we compare the average WSR to that of
the fixed pilot power algorithm, where the pilot power is fixed
to ppk = P p,max

k ,∀k.
It is observed from Fig. 7 for the CF mMIMO based

orthogonal pilot-aided scheme, that the WSR increases up to
K = 16, but beyond that it decays as K increases. This
is due to the fact that the available blocklength (L − τ)
decreases upon increasing the number of devices K, hence
resulting in the violation of the devices’ rate requirements.
When the orthogonal pilot scheme is employed, it is interesting
to observe that the performance with the fixed pilot algorithm
is similar to that of the joint optimization, since the SINR is
a monotonically increasing function of the pilot power. This
inspires us to adopt the maximal pilot power for enhancing
the system performance of the orthogonal pilot scheme. By

contrast, using the maximal pilot power for the system relying
on pilot reuse fails to improve the performance, since the
pilot contamination is increased with the pilot power. More
importantly, it is observed that systems using orthogonal pilot
sequences can perform better for a low system load (i.e.
K < 6), while, for a high K, it is more effective to share
the pilot sequences as well as to carefully allocate the pilot
vs. payload fraction.

VI. CONCLUSIONS

The resource allocation problem of a CF mMIMO-aided
URLLC system was investigated. We first derived the closed-
form LB data rates with imperfect CSI and pilot contamina-
tion. Then, to guarantee the devices’ rate and DEP, a novel
pilot allocation scheme was proposed to balance the pilot vs.
payload fraction of the blocklength with the aim of admitting
more devices. Finally, by jointly optimizing the pilot and
payload power to strike a trade-off between the estimated
channel gain and pilot contamination, we transformed the non-
convex problem into a series of subproblems, which can be
solved in an iterative manner by the proposed algorithm. Our
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simulation results demonstrated the significant improvement in
the number of admitted devices and the rapid convergence of
the proposed algorithm. Essentially, CF mMIMO employing
pilot reuse can support more devices than that with orthogonal
pilots.

APPENDIX A
PROOF OF THEOREM 1

Before proving this theorem, we have to calculate the pre-
coding vector for the MRT scheme. The normalized precoding
vector is given by

am,k

=

αm,k

( ∑
i∈Qk

√
ppi
ppk
gm,i + 1√

τppk
Np
mqk

)
√√√√E

∥∥∥∥∥αm,k
( ∑
i∈Qk

√
ppi
ppk
gm,i + 1√

τppk
Np
mqk

)∥∥∥∥∥
2

=

∑
i∈Qk

√
ppi
ppk
gm,i + 1√

τppk
Np
mqk√√√√N

( ∑
i∈Qk

ppi
ppk
βm,i + 1

τppk

)

=

√
λm,k

βm,k
√
N

(∑
i∈Qk

√
ppi
ppk

gm,i +
1√
τppk

Np
mqk

)
,

(42)

where αm,k is αm,k =
τppkβm,k∑

i∈Qk
τppi βm,i+1

.

Then, we derive the expressions of
∣∣∣DSdk

∣∣∣2, E
(∣∣∣LSdk

∣∣∣2),

E
(∣∣∣UIdk,k′

∣∣∣2) and E
(∣∣Nd

k

∣∣2), respectively. Since ĝm,k and

g̃m,k are independent, we have∣∣∣DSdk

∣∣∣2
=

(
E

{ ∑
m∈Mk

(gm,k)
T

(am,k)
∗
√
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})2

=

(
E

{ ∑
m∈Mk

√
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√
N

(gm,k)
T
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∗
√
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})2

=

( ∑
m∈Mk

√
Npdm,kλm,k

)2

.

(43)

Then, E
(
|UIk,k′ |2

)
can be given by (44) at bottom of this

page. For each term in (44), the first term and the second term
are given by (45) and (46) at the bottom of this page and next
page, respectively. Furthermore, the third term is denoted as

E


∣∣∣∣∣ ∑
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(47)

Upon substituting (45), (46), and (47) into (44), we have

E
(
|UIk,k′ |2

)
=

ppk
ppk′

N

 ∑
m∈Mk′

√
pdm,k′λm,k′

βm,k
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2

+
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(48)

= N

 ∑
m∈Mk′

√
pdm,k′λm,k

2

+
∑

m∈Mk′

pdm,k′βm,k.

The term E
(
|LSk|2

)
in (9) is given by (49) at the bottom

of next page.

Upon substituting (43), (48), (49), and E
{∣∣Nd

k

∣∣2} = 1 into
(9), we obtain γ̂dk in (15).

APPENDIX B
PROOF OF LEMMA 2

Upon using the expressions of ϕk and θk,k in (28) and (30),
we have
ϕk
θk,k

=

∑
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Then, by using (29) and (30), we obtain
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Substituting the expressions in (50) and (51) into the SINR’s
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expression in (15), we have

γ̂MRT
k

=
N
(
ϕk
θk,k

)2

K∑
k′=1

∑
m∈Mk′

pdm,k′βm,k +N
∑

k′∈{Qk\k}

(
φk,k′

θk,k′

)2

+ 1

.

(52)

The term of pilot contamination in (52) can be written as∑
k′∈{Qk\k}

(
φk,k′

θk,k′

)2

=
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We finally complete this proof by substituting (53) into (52).

APPENDIX C
PROOF OF THEOREM 2

By defining xdm,k and xpi as ln(pdm,k(βm,k)
2
) and ln(τppi ),

we have (54) at the bottom of this page.
Then, by taking the logarithm of both sides in (54), we

obtain

ln

ϕk ∏
k′∈{Qk\k}

(θk,k′)


= ln

 ∑
m∈Mk

√√√√ex
d
m,kex

p
k

∏
n∈{Mk\m}

(∑
i∈Qk

ex
p
i βn,i + 1

)
+

∑
k′∈{Qk\k}

∑
m∈Mk′

ln

√√√√(∑
i∈Qk

ex
p
i βm,i + 1

)
(55)

∆
= F (x),

where x is a vector that collects xpi and xdm,k, ∀i ∈ Qk and
∀m ∈Mk.

In the following, we prove F (x) is a convex function of x.
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Firstly, as

√√√√( ∑
i∈Qk

ex
p
i βm,i + 1

)
is a log-convex function of

xpi , ∀i ∈ Qk, we can prove that ln

√√√√( ∑
i∈Qk

ex
p
i βm,i + 1

)
is a

convex function. Then, it is readily shown that the second term
in F (x) is a convex function by using the property that the sum
of convex functions is also convex. Furthermore, it is readily

to prove that

√√√√ex
d
m,kex

p
k

∏
n∈{Mk\m}

( ∑
i∈Qk

ex
p
i βn,i + 1

)
in the first term is a log-convex function. Finally, we can prove

that

 ∑
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√√√√ex
d
m,kex

p
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∏
n∈{Mk\m}

( ∑
i∈Qk

ex
p
i βn,i + 1

) is

a log-convex function, since the sum of log-convex functions is
also a log-convex function. As a result, we complete the proof
that F (x) is a convex function of x by using the properties

of convex functions.
Upon using the Jensen’s inequality, we have

F (x) ≥ ln(ck) +
∑

m∈Mk

am,kx
d
m,k +

∑
i∈Qk

bix
p
i , (56)

where ck, am,k, and bi are given in (35), (34), and (33),
respectively. Finally, we complete this proof by taking the
exponential operation on both sides of (56).
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finite blocklength regime,” IEEE Trans. Inf. Theory, vol. 56, no. 5, pp.
2307–2359, May 2010.

[6] C. She, C. Yang, and T. Q. S. Quek, “Radio resource management for
ultra-reliable and low-latency communications,” IEEE Commun. Mag.,
vol. 55, no. 6, pp. 72–78, Jun. 2017.

[7] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral effi-
ciency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436–1449, Apr. 2013.

[8] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K.
Soong, and J. C. Zhang, “What will 5G be?” IEEE J. Sel. Areas
Commun., vol. 32, no. 6, pp. 1065–1082, Jun. 2014.

[9] J. Zeng, T. Lv, R. P. Liu, X. Su, Y. J. Guo, and N. C. Beaulieu, “Enabling
ultrareliable and low-latency communications under shadow fading by
massive MU-MIMO,” IEEE Int. Things J., vol. 7, no. 1, pp. 234–246,
Jan. 2020.

[10] H. Ren, C. Pan, Y. Deng, M. Elkashlan, and A. Nallanathan, “Joint pilot
and payload power allocation for massive-MIMO-enabled URLLC IIoT
networks,” IEEE J. Sel. Areas Commun., vol. 38, no. 5, pp. 816–830,
May 2020.
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