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ABSTRACT The non-orthogonal coexistence between the enhanced mobile broadband (eMBB) and the
ultra-reliable low-latency communication (URLLC) in the downlink of a multi-cell massive MIMO system
is rigorously analyzed in this work. We provide a unified information-theoretic framework blending an
infinite-blocklength analysis of the eMBB spectral efficiency (SE) in the ergodic regime with a finite-
blocklength analysis of the URLLC error probability relying on the use of mismatched decoding, and
of the so-called saddlepoint approximation. Puncturing (PUNC) and superposition coding (SPC) are
considered as alternative downlink coexistence strategies to deal with the inter-service interference, under
the assumption of only statistical channel state information (CSI) knowledge at the users. eMBB and
URLLC performances are then evaluated over different precoding techniques and power control schemes,
by accounting for imperfect CSI knowledge at the base stations, pilot-based estimation overhead, pilot
contamination, spatially correlated channels, the structure of the radio frame, and the characteristics of
the URLLC activation pattern. Simulation results reveal that SPC is, in many operating regimes, superior
to PUNC in providing higher SE for the eMBB yet achieving the target reliability for the URLLC with
high probability. Moreover, PUNC might cause eMBB service outage in presence of high URLLC traffic
loads. However, PUNC turns to be necessary to preserve the URLLC performance in scenarios where the
multi-user interference cannot be satisfactorily alleviated.

INDEX TERMS Enhanced mobile broadband, error probability, massive MIMO, mismatched decod-
ing, network availability, non-orthogonal multiple access, puncturing, saddlepoint approximation, spectral
efficiency, superposition coding, ultra-reliable low-latency communications.

I. INTRODUCTION

WITH the advent of the mobile application ecosys-
tem and the resulting increase of the data-processing

and storage capabilities of the smart devices, several het-
erogeneous services have emerged setting various stringent
communication requirements in terms of data rates, latency,
reliability and massive connectivity. These requirements
and related use cases have been summarized by the 3rd

Generation Partnership Project (3GPP) into three macro
services, namely enhanced mobile broadband (eMBB), ultra-
reliable low-latency communications (URLLC) and massive
machine-type communications (mMTC) [1]. eMBB services
require high-peak data-rate and stable connectivity, and
include most of the everyday usage applications: entertain-
ment, multimedia, communication, collaboration, mapping,
Web-surfing, etc. URLLC services demand an one-way radio
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TABLE 1. Features of the 5G use cases.

latency down to 1 ms with a general reliability require-
ment of 99.999%, and include real-time and time-critical
applications, such as autonomous driving, automation con-
trol, augmented reality, video and image processing, etc.
mMTC services enable connectivity between a vast num-
ber of miscellaneous devices, and include applications such
as smart grids, traffic management systems, environmental
monitoring, etc.
5G started to roll out variously as an eMBB service,

essentially like a faster version of LTE, whereas mMTC
and URLLC requirements continue to be refined and will
materialize within the next decade, although some experi-
mental activities are already taking place in many parts of the
world.1 Academic research and industrial standardization is
currently interested at different coexistence mechanisms for
such heterogeneous services, apparently moving apart from
the initial vision of a sliced network [2]. Slicing the network
basically means allocating orthogonal resources (storage,
computing, radio communications, etc.) to heterogeneous
services so that to guarantee their mutual isolation. This
approach is, in broad sense, generally known as orthog-
onal multiple access (OMA). As an interesting alternative
to orthogonal resource allocation, non-orthogonal OMA
(NOMA) is gaining increasing importance especially with
respect to the allocation of the radio access network (RAN)
communication resources. The conventional approach to slice
the RAN is to separate eMBB, mMTC, and URLLC services
in time and/or frequency domains, whereas NOMA relies
on efficient coexistence strategies wherein heterogeneous
services share the same time-frequency resources, being sep-
arated in the power and spatial domain. In this regard,
the terminology Heterogeneous OMA (H-OMA) is often
adopted [2] to distinguish the orthogonal resource allo-
cation of heterogeneous services from that of the same
type, referred to as OMA. (The same distinction applies
to H-NOMA with respect to NOMA.)
Massive MIMO [3], [4], [5] is a technology that uses a

very large number of co-located antennas at the base stations

1. See, e.g., the funding programs from the Italian former Ministry of
Economic Development, as well as those of other European Countries, the
EU, USA, China and Japan.

(BSs) to coherently and simultaneously serve multiple users
over the same radio resources. The users are multiplexed
in the spatial domain by using beamforming techniques that
enable high-directivity transmission and reception. The use
of many antennas also triggers the favorable propagation
which further reduces the multi-user interference and the
channel hardening which reduces the random fluctuations
of the effective channel gain. As a consequence, there is
no need to adopt intricate signal processing techniques to
deal with the multi-user interference. Such an aggressive
spatial multiplexing along with the intrinsic practicality and
scalability of the massive MIMO technology leads to high
levels of energy and spectral efficiency, spatial diversity, link
reliability and connectivity.
The primary focus of the massive MIMO research has

been on increasing the user data rates, thereby targeting the
eMBB requirements. Lately, some studies have highlighted
the significant benefits that massive MIMO is able to pro-
vide to URLLC [6], [7], [8] by reducing the outage and
error probability, and therefore increasing the link reliabil-
ity. Higher reliability results to less retransmissions which,
in turn, translates to a lower latency. mMTC also benefits
from massive MIMO technology [7], [9] by capitalizing on
the high energy efficiency to increase devices’ battery life-
time. Besides, favorable propagation enables an aggressive
spatial multiplexing of the mMTC devices, facilitating the
detection and the random access procedures.

A. RELATED WORKS
Coexistence between heterogeneous services has been ini-
tially studied in systems wherein a single-antenna BS serves
multiple heterogeneous users. In [2], Popovski et al. proposed
a first tractable communication-theoretic model that cap-
tures the key features of eMBB, URLLC and mMTC traffic.
(These features are summarized in Table 1.) Specifically, [2]
analyzes two scenarios for a single-cell model: (i) slicing for
URLLC and eMBB, and (ii) slicing for mMTC and eMBB.
The downlink multiplexing of URLLC and eMBB is stud-
ied in [10] by abstracting the operation at the physical layer.
Coexistence mechanisms between URLLC and eMBB traf-
fic, based on the puncturing technique, have been proposed
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in [11] for the uplink of a multi-cell network wherein a sim-
plified Wyner channel model with no fading was assumed.
As for multi-user MIMO systems, in [12] a null-space-
based spatial preemptive scheduler for joint URLLC and
eMBB traffic is proposed for cross-objective optimization.
A similar study but for a distributed setup was conducted
in [13] where a joint user association and resource allocation
problem is formulated for the downlink of a fog network,
considering the coexistence of URLLC and eMBB services
for Internet-of-Things (IoT) applications.

The coexistence between eMBB and URLLC is of most
interest [14], [15], [16], [17], [18], and is mainly handled
with three alternative techniques, herein listed in descending
order of complexity:

• successive interference cancellation (SIC), with which
the receiver iteratively decode and remove the con-
tributions of a specific service from the cumulative
received signal. This approach requires that the receiver
has access to the channel state information (CSI) to be
able to perform the multi-stage decoding, with decreas-
ing levels of interference, to the required successful
decoding probability.

• puncturing (PUNC), consisting in preventing the inter-
service interference. In the downlink, whenever the
transmitter has to transmit a URLLC signal, then
the eMBB signals are dropped over the channel uses
involved by the URLLC transmission. In the uplink, the
receiver uses an erasure decoder to discard the eMBB
signals, provided that it is able to detect the presence
of URLLC transmissions, e.g., via energy detection.

• superposition coding (SPC), with which the transmit-
ter simply sends a linear combination of eMBB and
URLLC signals. At the receiver, both for the uplink and
the downlink, the inter-service interference is treated as
uncorrelated noise (TIN). Again, this approach requires
the receiver to be able to detect the presence of the
undesired transmissions.

In [14] the coexistence of URLLC and eMBB services in the
uplink of a cloud radio access network (C-RAN) architecture
with shared analog fronthaul links is analyzed, account-
ing for SIC, puncturing, and TIN. This work provides an
information-theoretic study in the performance of URLLC
and eMBB traffic under both H-OMA and H-NOMA, by
considering standard cellular models with additive Gaussian
noise links and a finite inter-cell interference. A similar anal-
ysis is conducted in [19] including both uplink and downlink
of C-RAN without analog fronthaul but considering practical
aspects, such as fading, the lack of CSI for URLLC trans-
mitters, rate adaptation for eMBB transmitters and finite
fronthaul capacity. Abreu et al. in [16] analyzes both the H-
OMA and H-NOMA options for eMBB traffic, and grant-free
URLLC in the uplink accounting for minimum mean square
error (MMSE) receivers with and without SIC, and under
the assumption of Rayleigh fading channels. Recently, [17]
proposed an approach to improve the supported loads for
URLLC in the uplink, for both H-OMA and H-NOMA

in presence of eMBB traffic, showing the superiority of
H-NOMA in ensuring the reliability requirements of both the
services. A similar analysis but for the downlink is conducted
in [18], [20] where optimal resource allocation strategies and
H-NOMA are combined to satisfy the eMBB and URLLC
QoS constraints, under the assumption of perfect eMBB CSI
and statistical URLLC CSI knowledge.
The information-theoretic framework used by the afore-

mentioned works to characterize the performance achieved
by eMBB and URLLC users cannot be applied to massive
MIMO scenarios, for different reasons. Establishing the rate
(or the spectral efficiency) of the eMBB users in the ergodic
(infinite-blocklength) regime, upon the block-fading channel
model, is sound as the eMBB codewords span an infinite
number of independent fading realizations. Nevertheless, as
per the performance of the URLLC users in a quasi-static
fading scenario, the use of the outage capacity, whose anal-
ysis includes infinite-blocklength assumptions, leads to an
inaccurate evaluation of the error probability, as demon-
strated in [8]. In addition, outage capacity analyses do not
capture the effects of the CSI acquisition overhead when
pilots are used to estimate the uplink channel. As an alter-
native, finite-blocklength analyses have been proposed for
URLLC in conventional cellular networks [18], [20], co-
located massive MIMO networks [21], [22] and cell-free
massive MIMO networks [23], and rely on the information-
theoretic bounds and tools developed in [24], e.g., the well
known normal approximation. However, the work in [8]
proved that the normal approximation is not accurate in
the region of low error probabilities of interest in URLLC
(< 10−4), especially as the number of antennas at the BS
increases, and in presence of imperfect CSI. Importantly,
Östman et al. in [8] provided a more rigorous finite-
blocklength information-theoretic framework relying on the
use of a mismatched decoding [25], and of the saddlepoint
approximation [26] for evaluating the error probability of the
URLLC users in co-located massive MIMO systems. This
framework, priory developed for wireless fading channels
in [27], [28], [29], accounts for linear signal process-
ing, imperfect CSI and instantaneous channel estimation
error, and additive uncorrelated noise including multi-user
interference. However, the analysis of [8] is limited to the
URLLC regime, and the coexistence with the eMBB is
yet to be investigated under a unified information-theoretic
framework.

B. CONTRIBUTIONS
Our contributions can be summarized as follows.

• We investigate the non-orthogonal multiplexing of the
eMBB and the URLLC, in the downlink of a multi-
cell massive MIMO system, by providing a novel
unified information-theoretic framework that combines
an infinite-blocklength analysis to assess the SE of the
eMBB and a finite-blocklength analysis to assess the
error probability of the URLLC.
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• Unlike prior works wherein the URLLC performance
is inappropriately evaluated by the use of the out-
age capacity analysis or the error probability obtained
via the normal approximation, in this work the finite-
blocklength information-theoretic analysis relies on the
results and tools established in [8], where mismatched
receivers and saddlepoint approximation are assumed,
but the coexistence between URLLC and eMBB was
not investigated. Moreover, in contrast to [8], our analy-
sis realistically characterizes the URLLCs with random
activation patterns.

• The proposed unified framework accommodates two
alternative coexistence strategies: PUNC and SPC. The
former prevents the inter-service interference to protect
the URLLC reliability, whereas the latter accepts it to
maintain the eMBB service. To the best of the authors’
knowledge, this is the first work investigating the coex-
istence between eMBB and URLLC, whose analytical
framework simultaneously accounts for imperfect CSI
acquisition via uplink pilot transmissions, pilot contam-
ination and pilot overhead, spatially correlated channels
and the lack of CSI at the users.

• We numerically evaluate the performance achieved by
PUNC and SPC under different precoding schemes and,
in contrast to [8] which assumes fixed equal power allo-
cation, under advanced power allocation strategies, such
as weighted fractional power allocation and optimal
power allocation maximizing the product SINR through-
out the network. The coexistence between eMBB and
URLLC is explored in various scenarios, including dif-
ferent configurations of the radio frame, and different
URLLC random activation patterns.

• Pilot contamination among URLLC users is particularly
destructive. This led us to devise a pilot assignment pol-
icy that prioritizes the URLLC users. In our approach,
we primarily assign unique orthogonal pilots to the
URLLC users, admitting pilot reuse only among eMBB
users. If doable, orthogonal pilots are assigned within
cells to prevent the intra-cell pilot contamination, and
if the uplink training length is sufficiently large, then
mutually orthogonal pilots are guaranteed to everyone.
To the best of the authors’ knowledge, there are no
works in the related literature that customize the pilot
assignment and the pilot reuse policies to enable an
efficient coexistence of eMBB and URLLC.

C. PAPER OUTLINE
The remainder of this paper is organized as follows. In
Section II, we introduce the system model of the multi-
cell massive MIMO system, including the description of the
uplink training and a unified framework for the data transmis-
sion stage accounting for both puncturing and superposition
coding techniques. In Section III we present the information-
theoretic analyses in the infinite-blocklength regime and
finite-blocklength regime for the eMBB and the URLLC
performance evaluation, respectively. Section IV details the

precoding techniques and power allocation strategies to deal
with the coexistence of eMBB and URLLC users. Simulation
results and discussions are provided in Section V. Section VI
sheds lights on candidate low-complexity decoding schemes
for URLLC, while the main findings of this work are
discussed in Section VII.

D. NOTATION
Vectors and matrices are denoted by boldface lowercase and
boldface uppercase letters, respectively. Calligraphy upper-
case letters denote sets, while C and R represent the sets
of complex and real numbers, respectively. E{·} indicates
the expectation operator, while Pr{·} denotes the probability
of a set. x+ represents the positive part function, namely
x+ = max{x, 0}, and �·� denotes the floor function. The
natural logarithm is indicated by log(·) and Q(·) describes
the Gaussian Q-function. CN (μ,�) describes a circularly
symmetric complex Gaussian distribution with mean μ and
covariance matrix �. The superscripts (·)T, (·)∗ and (·)H

denote the transpose, the conjugate and the conjugate trans-
pose (Hermitian) operators, respectively. tr(A) indicates the
trace of the matrix A, while ‖a‖ denotes the �2-norm of the
vector a. The notation [A]:,i indicates the ith column of the
matrix A. IN represents the identity matrix of size N × N.
Table 2 introduces the notation definition used in the system
model of this paper.

II. SYSTEM MODEL
Let us consider a multi-cell massive MIMO system with L
cells, each one served by a BS that is placed at the cell-
center. Each cell covers a square area of D × D km2. An
arbitrary BS j, j = 1, . . . ,L, is equipped with Mj co-located
antennas, and provides service to Kj users, with Mj � Kj
so that interference suppression can be efficiently carried
out by exploiting the spatial degrees of freedom. A fraction
0 ≤ αj ≤ 1 of the Kj users requests a URLLC service, e.g., a
vehicle in cellular vehicle-to-everything (C-V2X) use cases
for intelligent transportation systems, or a machine in factory
automation use cases for “Industry 4.0”. Letting Ku

j = αjKj
be the number of URLLC users in cell j, then Ke

j = Kj−Ku
j

is the number of eMBB users in cell j. The set including the
indices of the eMBB and URLLC users in cell j is denoted
as Ke

j and Ku
j , respectively.

A. TDD PROTOCOL AND FRAME STRUCTURE
The considered system operates in time-division duplex
(TDD) mode to facilitate CSI acquisition and limit the esti-
mation overhead. In addition, we assume that the channel
is reciprocal as a result of a perfect calibration of the RF
chains. By leveraging the channel reciprocity, the channel
estimates acquired by the BS in the uplink are then utilized
in the downlink to design the transmit precoding vectors.
As channel hardening holds for co-located massive MIMO
systems with sufficiently large antenna arrays in most of the
propagation environments, we assume that the users do not
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TABLE 2. System model notation.

estimate the downlink channels, and reliably decode down-
link data solely relying on the knowledge of the statistical
CSI. Hence, the TDD protocol consists of three phases:
(i) pilot-based uplink training, (ii) uplink data transmission,
and (iii) downlink data transmission.
The time-frequency resources are structured in TDD

frames, each one grouping a set of subcarriers and time
samples over which the channel response is assumed being
frequency-flat and time-invariant. The TDD frame must
accommodate the aforementioned protocol phases and sup-
porting all the users, thus its size is designed to match that
of the smallest user’s coherence block in the network. As
shown in Fig. 1, the TDD frame consists of τc = TcBc sam-
ples (or channel uses) where Tc is the coherence time and Bc
is the coherence bandwidth. τp channel uses out of τc are
spent for the uplink CSI acquisition, whereas the remain-
ing channel uses are devoted to the uplink and downlink
data transmission. Since, in this paper, we only focus on
the downlink operation, we assume that τd = τc − τp is
the length of the downlink data transmission phase, with-
out loss of generality. The latter is divided in T slots of
equal length. As conventionally assumed in the ergodic
regime, an eMBB transmission spans multiple (theoretically
an infinite number of) TDD frames, wherein the channel

FIGURE 1. An illustration of the TDD frame assuming no uplink data transmission
phase, and representing the resource allocation in case of puncturing (PUNC) and
superposition coding (SPC) operation.

realizations evolve independently according to the block-
fading model. To evaluate the spectral efficiency achieved
by the eMBB users, we look at a single TDD frame and
resort to the information-theoretic bounds and tools in the
infinite-blocklength regime [4], [5]. Whereas, URLLC trans-
missions are confined in time to meet the very strict latency
requirements and are allowed to span only one slot. Hence,
the number of channel uses in a slot equals the URLLC
codeword length. We assume a random activation pattern
of the URLLC users. Within a TDD frame, a URLLC user
may be active in multiple slots. To characterize the error
probability of the URLLC transmissions, we look sepa-
rately at each single slot of a TDD frame and resort to
the finite-blocklength information-theoretic bounds and tools
presented in [8].

B. CHANNEL MODEL AND UPLINK TRAINING
The channel response between the k-th user in cell l and
the BS in cell j is denoted by the Mj-dimensional complex-
valued vector hjlk. We assume correlated Rayleigh fading,

that is hjlk ∼ CN
(
0Mj ,R

j
lk

)
, where Rj

lk ∈ C
Mj×Mj is

the positive semi-definite spatial correlation matrix. The
corresponding average channel gain (or large-scale fading
coefficient) is given by β

j
lk = tr(Rj

lk)/Mj. Large-scale fading
quantities are assumed to be known at the BS.
In the uplink training phase, each user transmits a pilot

sequence that spans τp channel uses. The pilot sequence
of user k in cell j is denoted by φjk ∈ C

τp . All the pilot
sequences are drawn from a set of τp mutually orthogonal
pilots, thereby the inner product between two pilots equals
either τp if the sequences are identical or 0 if they are mutu-
ally orthogonal. Notice that re-using the pilots throughout the
network might be unavoidable as the share of the TDD frame
reserved to the training is limited and, importantly, as the
CSI acquisition overhead significantly degrades the spectral
efficiency. Pilot reuse gives rise to additional interference,
known as pilot contamination [3], that degrades the quality
of the acquired CSI and correlates the channel estimates.
The cumulative uplink signal received at BS j, denoted by
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Yp
j ∈ C

Mj×τp , reads

Yp
j =

Kj∑
k=1

√
pp
jkh

j
jkφ

T
jk +

L∑
l=1
l 
=j

Kl∑
i=1

√
pp
lih

j
liφ

T
li + Np

j , (1)

where pp
jk is the transmit pilot power, and Np

j is the additive
receiver noise with i.i.d. elements distributed as CN (

0, σ 2
u

)
,

with σ 2
u being the receiver noise variance in the uplink. To

estimate the channel of user k in its own cell, hjjk, BS j

correlates Yp
j with the known pilot sequence φjk as

yp
jjk = Yp

j φ
∗
jk

=
√
pp
jkτph

j
jk +

Kj∑
i=1
i 
=k

√
pp
jih

j
jiφ

T
jiφ

∗
jk

+
L∑
l=1
l 
=j

Kl∑
i=1

√
pp
lih

j
liφ

T
liφ

∗
jk + Np

j φ
∗
jk. (2)

In (2), the second term of the rightmost right-hand side
represents the intra-cell pilot contamination term, while the
third term quantifies the inter-cell pilot contamination. A
conventional pilot allocation strategy consists in assigning
mutually orthogonal pilots to users within the same cell, and
re-using the pilot sequences over different cells [5]. This is
a reasonable choice as intra-cell pilot contamination is pre-
sumably stronger than inter-cell pilot contamination. We let
τp = f · maxj Kj where f is referred to as pilot reuse factor.
Importantly, in order not to jeopardize the ultra-reliability of
the URLLC transmissions, we assume that unique orthog-
onal pilot sequences are assigned to all the URLLC users
in the network, if doable (namely when τp >

∑L
j=1 K

e
j ).

Summarizing, the pilot allocation strategy we propose pri-
marily aims to prevent URLLC users from being affected
of pilot contamination, and secondarily to prevent intra-cell
pilot contamination. Finally, if τp is sufficiently large, that
is τp ≥ ∑L

j=1 Kj, then mutually orthogonal pilots can be
guaranteed to everyone. Let us define the set

Pjk = {
(l, i) : φli = φjk, l = 1, . . . ,L, i = 1, . . . ,Kl

}
, (3)

including the indices of all the users (and of the correspond-
ing cells) that use the same pilot as user k in cell j. Hence,
we can rewrite (2) as

yp
jjk =

√
pp
jkτph

j
jk + τp

∑
(l,i)∈Pjk\(j,k)

√
pp
lih

j
li + Np

j φ
∗
jk. (4)

The processed uplink signal, yp
jjk, is a sufficient statistic for

the estimation of hjjk. Upon the knowledge of the spatial
correlation matrices, BS j can compute the minimum mean-
squared error (MMSE) estimate of hjjk, denoted by ĥjjk, based
on the observation yp

jjk as [5]

ĥjjk =
√
pp
jkR

j
jk�

j
jky

p
jjk, (5)

where

�
j
jk =

⎛
⎝ ∑

(l,i)∈Pjk

pp
liτpR

j
li + σ 2

ulIMj

⎞
⎠

−1

. (6)

The estimation error is given by h̃jjk = hjjk − ĥjjk, and has
correlation matrix

Cj
jk = E

{
h̃jjk

(̃
hjjk

)H
}

= Rj
jk − pp

jkτpR
j
jk�

j
jkR

j
jk.

It follows that h̃jjk and ĥjjk are independent random variables
distributed as

h̃jjk ∼ CN
(
0M,Cj

jk

)
,

ĥjjk ∼ CN
(
0M,Rj

jk − Cj
jk

)
.

C. DOWNLINK TRANSMISSION
In the downlink transmission phase, each BS transmits pay-
load data to all the active users of its cell. Let Atjk be a
coefficient that equals 1 if a URLLC transmission takes
place at the t-th slot for URLLC user k in cell j, and 0 oth-
erwise. This coefficient models the random activation pattern
of the URLLC users which follows a Bernoulli distribution
with parameter au, Atjk ∼ Bern(au). To handle the coex-
istence of eMBB and URLLC users in the downlink, we
consider two transmission techniques: (i) puncturing, and
(ii) superposition coding. Under puncturing, whenever a
URLLC transmission is triggered by a BS in a certain slot,
all the eMBB transmissions therein are dropped. However,
the eMBB service can be still guaranteed in the remaining
slots of the frame where no URLLC users are active. Under
superposition coding, eMBB transmissions occur in all the
slots and each BS linearly combines eMBB and URLLC
signals whenever URLLC transmissions are triggered.
The analytical framework detailed next is generalized,

namely holds for both the aforementioned transmission tech-
niques upon setting, for an arbitrary BS j and slot t, the
coefficient

Ãtj =

⎧⎪⎪⎨
⎪⎪⎩

⎛
⎝1 − ∑

i∈Ku
j

Atji

⎞
⎠

+
, for puncturing,

1, for superposition coding.

Let ςe
jk[n] or ςu

jk[n] be the data symbol transmitted by BS j to
user k over an arbitrary channel use n, if k is an eMBB user
or a URLLC user, respectively. We assume that ςs

jk[n] ∼
CN (0, 1), with s = {e, u}. A slot consists of nd channel
uses, with nd = �τd/T�, and equals the length of the URLLC
codeword. The data symbol is precoded by using the Mj-
dimensional precoding vector wjk, which is function of the
CSI acquired at the BS during the uplink training. It also
holds E

{∥∥wjk
∥∥2

}
= 1. The data signal transmitted by BS j

over an arbitrary channel use n of slot t is given by

xtj[n] = Ãtj
∑

k∈Ke
j

√
ρe
jkwjkς

e
jk[n] +

∑
i∈Ku

j

Atji

√
ρu
jiwjiς

u
ji [n], (7)
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with n = 1, . . . , nd, and where ρe
jk and ρu

ji are the downlink
transmit powers used by BS j to its eMBB user k and URLLC
user i, respectively, satisfying the following per-BS power
constraint

E
{∥∥∥xtj[n]

∥∥∥
2
}

= Ãtj
∑

k∈Ke
j

ρe
jk +

∑
i∈Ku

j

Atjiρ
u
ji ≤ ρmax

j , (8)

with j = 1, . . . ,L, and where ρmax
j is the maximum trans-

mit power at BS j. The data signal received at user k in
cell j over an arbitrary channel use n of slot t is denoted
as yt,sjk [n], with s = {e, u}. In line with the conventional
massive MIMO operation, we assume that the users do not
acquire the instantaneous downlink CSI, but rather rely on a
mean value approximation of their downlink precoded chan-
nels. Such approximation is accurate if channel hardening
occurs. If user k in cell j is an eMBB user, namely k ∈ Ke

j ,
then its received data signal over an arbitrary channel use
n of slot t can be written as in (9) at the bottom of the
page, where wjk[n] ∼ CN (

0, σ 2
d

)
is the i.i.d. receiver noise

with variance σ 2
d , and we have defined glijk = (hljk)

Hwli,
namely the precoded downlink (scalar) channel between the
BS in cell l, using the precoding vector intended for its
user i, and the k-th user in cell j. If user k in cell j is a
URLLC user, its received data signal over an arbitrary chan-
nel use n in slot t can be written as in (10) at the bottom
of the page. Equation (9) emphasizes the fact that user k
in cell j solely knows the statistical CSI of the downlink
channel, that is E

{
gjkjk

}
. The second term in (9) represents

the self-interference due to this lack of instantaneous CSI,
referred to as beamforming gain uncertainty. Going forward,
the intra-cell inter-service interference and intra-cell intra-
service interference terms represent the interference caused
by the URLLC and eMBB users of cell j, respectively. This
is presumably stronger than the inter-cell interference caused
by the eMBB users (i.e., intra-service) and the URLLC users
(i.e., inter-service) in the other cells. A similar distinction

of the various signal contributions is reported in (10) for
URLLC user k in cell j. In this case, the lack of instantaneous
CSI at the user will be highlighted in the next section.

III. PERFORMANCE ANALYSIS
In this section, we evaluate the downlink performance of
eMBB and URLLC users. As per the eMBB users, we
consider the spectral efficiency (SE) by applying the infinite-
blocklength information-theoretic results established in the
ergodic regime [4], [5], [30]. An achievable downlink SE,
namely a lower-bound on the ergodic downlink capacity, can
be obtained by applying the popular hardening bound tech-
nique [4], [5] on the signal model in (9), by treating all the
interference sources as uncorrelated noise. Specifically, an
achievable downlink SE of an arbitrary eMBB user k in cell
j, is given by

SEe
jk = τd

τc

1

T

T∑
t=1

log2

(
1 + SINRt,e

jk

)
,
[
bits/s/Hz

]
, (11)

where τd/τc accounts for the estimation overhead,

SINRt,e
jk =

Ãtjρ
e
jk

∣∣∣E
{
gjkjk

}∣∣∣
2

L∑
l=1

Kl∑
i=1

	tli E
{
|glijk|2

}
− Ãtjρ

e
jk

∣∣∣E
{
gjkjk

}∣∣∣
2 + σ 2

d

,

(12)

is the effective SINR of user k ∈ Ke
j , where the expectations

are taken with respect to the random channel realizations, and

	tli =
{
Atliρ

u
li , if i ∈ Ku

l ,

Ãtlρ
e
li , if i ∈ Ke

l .
(13)

The expression of the achievable SE shown in (11) holds
for any choice of precoding scheme, any channel estimator
and any channel distributions. Importantly, it accounts for
any choice of coexistence technique between heterogeneous
services, namely puncturing or superposition coding. The

yt,ejk [n] = E
{
gjkjk

}
Ãtj

√
ρe
jkς

e
jk[n]

︸ ︷︷ ︸
desired signal

+
(
gjkjk − E

{
gjkjk

})
Ãtj

√
ρe
jkς

e
jk[n]

︸ ︷︷ ︸
self-interference

+
∑
i∈Ku

j

gjijkA
t
ji

√
ρu
jiς

u
ji [n]

︸ ︷︷ ︸
intra-cell inter-service interference

+
∑

i∈Ke
j \{k}

gjijkÃ
t
j

√
ρe
jiς

e
ji [n]

︸ ︷︷ ︸
intra-cell intra-service interference

+
L∑
l=1
l 
=j

∑

i∈Ke
l

glijkÃ
t
l

√
ρe
liς

e
li [n]

︸ ︷︷ ︸
inter-cell intra-service interference

+
L∑
l=1
l 
=j

∑
i∈Ku

l

glijkA
t
li

√
ρu
liς

u
li [n]

︸ ︷︷ ︸
inter-cell inter-service interference

+wjk[n]

︸ ︷︷ ︸
noise

(9)

yt,ujk [n] = gjkjkA
t
jk

√
ρu
jkς

u
jk[n]

︸ ︷︷ ︸
desired signal

+
∑

i∈Ku
j \{k}

gjijkA
t
ji

√
ρu
jiς

u
ji [n]

︸ ︷︷ ︸
intra-cell intra-service interference

+
L∑
l=1
l 
=j

∑
i∈Ku

l

glijkA
t
li

√
ρu
liς

u
li [n]

︸ ︷︷ ︸
inter-cell intra-service interference

+
L∑
l=1

∑

i∈Ke
l

glijkÃ
t
l

√
ρe
liς

e
li [n]

︸ ︷︷ ︸
inter-service interference

+wjk[n]

︸ ︷︷ ︸
noise

(10)
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infinite-blocklength analysis above is established upon the
assumption of block-fading channel model, entailing that
each eMBB codeword has infinite length that spans a large
number of independent fading realizations. This assumption
cannot be applied to the URLLC case. As per the URLLC
user, we consider a nonasymptotic analysis of the downlink
error probability on a slot basis by applying the finite-
blocklength information-theoretic results established in [8].
Firstly, we rewrite (10) as

yt,ujk [n] = gjkjkqjk[n] + zjk[n], n = 1, . . . , nd, (14)

where qjk[n] = Atjk

√
ρu
jkς

u
jk[n], and

zjk[n] =
∑

i∈Ku
j \{k}

gjijkqji[n] +
∑

i∈Ke
j

gjijkÃ
t
j

√
ρe
jiς

e
ji [n]

+
L∑
l=1
l 
=j

⎛
⎝∑
i∈Ku

l

glijkqli[n] +
∑

i∈Ke
l

glijkÃ
t
l

√
ρe
liς

e
li [n]

⎞
⎠

+ wjk[n]. (15)

However, URLLC user k in cell j has not access to gjkjk,
but performs data decoding by only leveraging its mean
value, ĝjkjk = E

{
(hjjk)

Hwjk

}
, which is treated as perfect. This

estimate is accurate if channel hardening holds. Notice that,
the precoded channel gjkjk is frequency-flat and time-invariant
over the transmission of the nd-length URLLC codeword in
slot t. Moreover, gjkjk remains constant for any other trans-
mission from BS j to user k over slots in the same TDD
frame. Given all channels and precoding vectors, the effective
noise terms {zjk[n] ∈ C; n = 1, . . . , nd} are random vari-

ables conditionally i.i.d. with variance σ 2
jk, i.e., CN

(
0, σ 2

jk

)
,

given by

σ 2
jk =

∑
i∈Ku

j \{k}
Atjiρ

u
ji |gjijk|2 +

∑

i∈Ke
j

Ãtjρ
e
ji |gjijk|2

+
L∑
l=1
l 
=j

⎛
⎝∑
i∈Ku

l

Atliρ
u
li |glijk|2 +

∑

i∈Ke
l

Ãtlρ
e
li |glijk|2

⎞
⎠ + σ 2

d .

(16)

To determine the transmitted codeword

qjk = [
qjk[1], . . . , qjk[nd]

]T
,

user k in cell j employs a mismatched scaled nearest-
neighbor (SNN) decoder [31], with which selects the
codeword q̃jk from the codebook C by applying the rule

q̂jk = arg min
q̃jk∈C

∥∥∥yt,ujk − ĝjkjkq̃jk
∥∥∥

2
, (17)

where yt,ujk =
[
yt,ujk [1], . . . , yt,ujk [nd]

]T ∈ C
nd is the received

data vector.
Let εdl

jk = Pr
{̂
qjk 
= qjk

}
be the downlink error probability

experienced by the URLLC user k in cell j achieved by the

SNN decoding. An upper bound on εdl
jk is obtained by using

the standard random-coding approach [32],

εdl
jk ≤ E

gjkjk

{
Pr

{ nd∑
n=1

ıs
(
qjk[n], yt,ujk [n]

)
≤ log

m− 1

r

∣∣∣∣gjkjk
}}

,

(18)

where m = 2b is the number of codewords with length nd that
convey b information bits, r is a random variable uniformly
distributed in the interval [0, 1] and ıs(qjk[n], yt,ujk [n]) is the
generalized information density, given by

ıs
(
qjk[n], yt,ujk [n]

)

= −s
∣∣∣yt,ujk [n] − ĝjkjkqjk[n]

∣∣∣
2 + s|yt,ujk [n]|2

1 + sρu
jk |̂gjkjk|2

+ log
(

1 + sρu
jk |̂gjkjk|2

)
, (19)

for all s > 0. In (18) the expectation is taken over the
distribution of gjkjk, and the probability is computed with
respect to the downlink data symbol {qjk[n]}nd

n=1, the effective
additive noise {zjk[n]}nd

n=1, and the random variable r. The
evaluation of the upper bound in (18) entails a very demanding
numerical computation to firstly obtain the probability, and
then to numerically tighten the upper bound value to the low
error probability target of the URLLC use case by optimizing
with respect to s.

Luckily, we can reliably approximate the right-hand side
of (18) in closed form, hence with a significant relief of the
computational burden, by using the saddlepoint approxima-
tion provided in [8, Th. 2]. The existence of a saddlepoint
approximation is guaranteed by the fact that the third deriva-
tive of the moment-generating function of −ıs(qjk[n], yt,ujk [n])
exists in a neighborhood of zero delimited by the values
ε < 0 < ε given by [8, Appendix B]

ε = −
√

(ζb − ζa)2 + 4ζaζb(1 − μ) + ζa − ζb

2ζaζb(1 − μ)
, (20)

ε =
√

(ζb − ζa)2 + 4ζaζb(1 − μ) − ζa + ζb

2ζaζb(1 − μ)
, (21)

where

ζa = s
(
ρu
jk|gjkjk − ĝjkjk|2 + σ 2

)
, (22)

ζb = s

1 + sρu
jk |̂gjkjk|2

(
ρu
jk|gjkjk|2 + σ 2

)
, (23)

μ =
s2
∣∣∣∣ρu
jk

∣∣∣gjkjk
∣∣∣
2 + σ 2 −

(
gjkjk

)∗
ĝjkjkρ

u
jk

∣∣∣∣
2

ζaζb

(
1 + sρu

jk |̂gjkjk|2
) . (24)

The saddlepoint approximation hinges on the cumulant-
generating function of −ıs(qjk[n], yt,ujk [n]) given by

υ(ε) = log E
{
e
−εıs

(
qjk[n],yt,ujk [n]

)}
, (25)
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on its first derivative υ ′(ζ ), and second derivative υ ′′(ζ ), for
all ε ∈ (ε, ε)

υ(ε) = −ε log
(

1 + sρu
jk |̂gjkjk|2

)

− log
(

1 + (ζb − ζa)ε − ζaζb(1 − μ)ε2
)

(26)

υ ′(ε) = − log
(

1 + sρu
jk |̂gjkjk|2

)

− (ζb − ζa) − 2ζaζb(1 − μ)ε

1 + (ζb − ζa)ε − ζaζb(1 − μ)ε2
(27)

υ ′′(ε) =
[

(ζb − ζa) − 2ζaζb(1 − μ)ε

1 + (ζb − ζa)ε − ζaζb(1 − μ)ε2

]2

+ 2ζaζb(1 − μ)

1 + (ζb − ζa)ε − ζaζb(1 − μ)ε2
. (28)

Let m = endR for some strictly positive transmission rate
R = (logm)/nd, and let ε ∈ (ε, ε) be the solution to the
equation R = −υ ′(ε). Let Is be the generalized mutual
information [31] defined as Is = E

{
ıs(qjk[1], vjk[1])

} =
−υ ′(0). Lastly, consider the critical rate [32, eq. (5.6.30)]
given by Rcr

s = −υ ′(1). Then, we have three possible
saddlepoint approximations for the error probability upper
bound [8].

If ε ∈ [0, 1], then Rcr
s ≤ R ≤ Is and

Pr

{ nd∑
n=1

ıs
(
qjk[n], yt,ujk [n]

)
≤ log

endR − 1

r

}

≈ end[υ(ε)+εR][�nd,ε(ε) + �nd,ε(1 − ε)
]
, (29)

where

�nd,ε(�) � e
1
2 nd�

2υ ′′(ε)Q
(
�
√
ndυ ′′(ε)

)
. (30)

If ε > 1, then R < Rcr
s and

Pr

{ nd∑
n=1

ıs
(
qjk[n], yt,ujk [n]

)
≤ log

endR − 1

r

}

≈ end[υ(1)+R][�̃nd(1, 1) + �̃nd(0,−1)
]
, (31)

where

�̃nd(�1, �2) � e
nd�1

[
Rcr

s −R+ 1
2 υ ′′(1)

]

× Q

(
�1

√
ndυ ′′(1) + �2

nd
(
Rcr

s − R
)

√
ndυ ′′(1)

)
. (32)

If ε < 0, then R > Is and

Pr

{ nd∑
n=1

ıs
(
qjk[n], yt,ujk [n]

)
≤ log

endR − 1

r

}

≈ 1 − end[υ(ε)+εR][�nd,ε(−ε) − �nd,ε(1 − ε)
]
. (33)

The saddlepoint approximation is more accurate in the
URLLC massive MIMO regime than the conventionally-
used normal approximation [24] as the former characterizes
the exponential decay of the error probability, i.e., the
error-exponent, as a function of the URLLC codeword
length, and the transmission rate requirement R, while uses

the Berry-Esseen central-limit theorem (used in the normal
approximation) to only characterize the multiplicative factor
following the error-exponent term. The normal approxima-
tion, whose formulation directly involves the generalized
mutual information, Is, but does not R, is accurate only
when Is is close to R. This operating regime does not hold
for URLLC wherein R is typically lower than Is to accom-
plish the very low error probability targets. Once that the
approximate upper bounds on the downlink error probability
are obtained via saddlepoint approximation, we compute the
downlink network availability [8], ηdl, as

ηdl = Pr
{
εdl
jk ≤ εdl

target

}
(34)

which measures the probability that the target error probability
εdl
target is satisfied by an arbitrary user k in cell j, in pres-
ence of interfering users. While the expectation in the error
probability definition is taken with respect to the small-scale
fading and the effective additive noise, given a large-scale
fading realization, the probability in the network availability
definition is computed with respect to the large-scale fading
(i.e., path loss, shadowing etc.). The expression of the network
availability shown in (34) holds for any choice of precoding
scheme, any channel estimator and any channel distributions.
Importantly, it accounts for any choice of coexistence tech-
nique between heterogeneous services, namely puncturing or
superposition coding.

IV. PRECODING AND POWER CONTROL
The choice of the precoding scheme and of the downlink
power allocation deeply affects the SE of the eMBB users
and the network availability for the URLLC users. A popular
heuristic precoding design results from the uplink-downlink
duality principle [5, Sec. 4.3.2], which consists in selecting
the precoding vector as a function of its dual combining
vector. Let the precoding vector for user k in cell j be

wjk = vjk∥∥vjk
∥∥ , (35)

where the denominator serves to make the average power
of the precoding vector unitary, and vjk is the dual com-
bining vector. Importantly, we realistically assume that each
BS designs the combining vectors (and in turn the precoding
vectors) on a frame basis rather than on a slot basis, and they
stay constant over the TDD radio frame. Hence, the com-
bining (precoding) scheme design is agnostic with respect to
the random activation pattern of the URLLC users and the
coexistence strategy (i.e., either SPC or PUNC). Assuming
that the BSs are unaware of the random activation pattern of
the URLLC users in the uplink, then an achievable uplink
SE of eMBB user k in cell j is given by

SEul
jk = τu

τc
E
{

log2

(
1 + SINRul

jk

)}
, (36)
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where the uplink effective SINR is given by

SINRul
jk =

pjk
∣∣∣vH
jkĥ

j
jk

∣∣∣
2

L∑
l=1

Kl∑
i=1

(l,i) 
=(j,k)

pli
∣∣∣vH
jkĥ

j
li

∣∣∣
2 + vH

jk

(
ϒ j + σ 2

u IMj

)
vjk

,

and ϒ j = ∑L
l=1

∑Kl
i=1 pliC

j
li. Equation (36) reflects the worst

case in which all the URLLC users are active in all the
slots, hence it is a pessimistic achievable uplink SE. For
the sake of comparison, we herein consider three precoding
schemes, obtained from the following combining vectors via
uplink-downlink duality.
Multi-cell MMSE (M-MMSE):

vM−MMSE
jk =

⎡
⎣
(

L∑
l=1

Ĥj
lPl

(
Ĥj
l

)H + ϒ j + σ 2
u IMj

)−1

Ĥj
jPj

⎤
⎦

:,k

where Pl = diag(pli, . . . , plKl) ∈ R
Kl×Kl is the matrix with

the uplink transmit powers of all the users in cell l as
diagonal elements and Ĥj

l = [̂hjl1 . . . ĥjlKl ]. The M-MMSE

combining vector, vM−MMSE
jk , maximizes the achievable

SE in (36) [5, Appendix C.3.2], while its corresponding
M-MMSE precoding vector provides a suboptimal value of
the achievable downlink SE in (11). Importantly, M-MMSE
requires each BS to acquire CSI and statistical CSI of all
the users of the multi-cell system. Moreover, the computa-
tion of the precoding vector, which entails inverting a matrix
Mj ×Mj, may be demanding for large BS arrays. Although
impractical, M-MMSE precoding will serve as benchmark.
Regularized zero-forcing (RZF):

vRZF
jk =

[
Ĥj
j

((
Ĥj
j

)H
Ĥj
j + σ 2

u P
−1
j

)−1
]

:,k

.

Compared to M-MMSE, RZF precoding requires each BS to
estimate the channels of only its users. Moreover, computing
the RZF precoding vector is computationally cheaper since
the size of the matrix to be inverted is Kj × Kj. However,
RZF does only suppress the intra-cell interference while,
unlike M-MMSE, does not provide to the users any protec-
tion mechanism against inter-cell interference and channel
estimation error.
Maximum Ratio (MR): vMR

jk = ĥjjk. It is computation-
ally the cheapest but performance-wise the worst precoding
scheme. MR only aims at maximizing the power of the
desired signal, providing no interference-suppression mech-
anism. MR will serve as lower bound on the performance.
Properly allocating the downlink power can make all the

difference to meet the strict reliability requirements of the
URLLC and to improve the SE of the eMBB users. Next,
we provide three power allocation schemes that take into
account the power budget at the BSs, the adopted eMBB-
URLLC coexistence strategy and the URLLC activation
pattern, which is known at the BS in the downlink operation.

Equal power allocation (EPA): It consists in setting

ρu
ji = ρmax

j

Atji

ÃtjK
e
j + ∑

k∈Ku
j

Atjk
, i ∈ Ku

j (37)

ρe
jk = ρmax

j

Ãtj

ÃtjK
e
j + ∑

i∈Ku
j

Atji
, k ∈ Ke

j (38)

to satisfy the per-BS power constraint in (8) with equality
and allocate the same share of power to each user, regardless
of its channel conditions and its service requirements.
Weighted fractional power allocation (FPA): it consists in

setting the powers as

ρu
ji =

ωρmax
j Atji

(
β
j
ji

)ν

(1 − ω)Ãtj
∑
k∈Ke

j

(
β
j
jk

)ν + ω
∑
u∈Ku

j

Atju

(
β
j
ju

)ν , i ∈ Ku
j

(39)

ρe
jk =

(1 − ω)ρmax
j Ãtj

(
β
j
jk

)ν

(1 − ω)Ãtj
∑
e∈Ke

j

(
β
j
je

)ν + ω
∑
i∈Ku

j

Atji

(
β
j
ji

)ν , k ∈ Ke
j

(40)

where the weight ω ∈ (0, 1) adjusts the amount of downlink
power to be allocated to the URLLC users, while ν estab-
lishes the power control policy as a function of the average
channel gain. An opportunistic power allocation is attained
by setting ν > 0, with which more power is allocated to
the users with better channel conditions. Conversely, fair-
ness is supported by setting ν < 0, with which more power
is allocated to the users with worse channel conditions. If
ω ∈ (0.5, 1) a larger share of power is allocated to the
URLLC users rather than to the eMBB users, whereas it is
the other way around if ω ∈ (0, 0.5). Notice that, if ν = 0
and ω = 0.5, then the FPA reduces to the EPA.
Optimal power allocation (OPA) for max product SINR:

The powers are the solution of the optimization problem

maximize{
ρs
jk

}
L∏
j=1

Kj∏
k=1

SINRt,s
jk (41a)

s.t.
Kj∑
k=1

	tjk ≤ ρmax
j ,∀j, (41b)

where the superscript s = e if user k ∈ Ke
j , s = u otherwise,

and 	tjk is given in (13). Without further entangling the nota-
tion in (41), we remark that the SINR of inactive users is
fictitiously set to 1 to preserve the optimization problem for-
mulation. This power allocation strategy treats all the users as
eMBB users, hence it would be optimal if there would be no
URLLC users active in a given slot, by maximizing a lower
bound on the sum SE of the multi-cell system. Although the
SINR expression in (12) is meaningless when applied to a
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URLLC user, we can still heuristically plug the URLLC pow-
ers resulting from (41) into the error probability analysis and
motivate this approach by looking at the performance. All
the considered power allocation schemes, in principle, run
on a slot-basis in order to adapt the power coefficients to the
URLLC activation pattern. Fortunately, these schemes only
rely on the knowledge of the statistical CSI which allows to
pre-compute some power coefficients or to keep the power
allocation for multiple slots/frames in case of no macroscopic
changes in the propagation environment. Unlike the EPA and
the FPA schemes, the OPA scheme requires a certain degree
of cooperation among the BSs which must send statistical
CSI to let a central processing unit (e.g., a master BS) com-
pute the SINR of all the users and solve the optimization
problem, and feed them back with the power coefficients to
use. This would introduce intolerable delay for the URLLC
users. Moreover, solving problem (41), although efficiently
as a geometric program [5, Th. 7.2], is unlikely to be doable
within a time-slot, especially for crowded networks. Hence,
the OPA scheme is of limited practical use, but will serve
for benchmarking purposes.

V. SIMULATION RESULTS
In this section, we present and discuss the results of our
simulations in which the coexistence of eMBB and URLLC
is deeply analyzed under different setups. Specifically,
we shed light on the impact of different factors on the
performance, such as the transmission technique and the
precoding scheme, the power control strategy, the imper-
fect CSI and estimation overhead, the pilot contamination,
the length and number of slots in a TDD frame, and the
characteristics of the URLLC activation pattern.
Our simulation scenario consists of a multi-cell massive

MIMO system with L = 4 cells. Each cell covers a nom-
inal area of 500×500 squared meters, and is served by a
BS, placed at the cell center, equipped with a uniform lin-
ear array (ULA) with equispaced half-wavelength antenna
elements. Without loss of generality, we assume an equal
number M = 100 of antennas at each BS, and an equal
number K of users in each cell. A wrap-around topology
is implemented as in [5, Sec. 4.1.3]. The users are dropped
uniformly at random over the coverage area but at a mini-
mum distance of 25 m from the BS. In addition, we assume
that the URLLC users are distributed uniformly at random in
an area of 125×125 squared meters that surrounds the BS.
A random realization of the user locations determines a set
of large-scale fading coefficients and constitutes a snapshot
of the network. For a given network snapshot the achiev-
able downlink SEs of the active eMBB users are computed
according to (11), while the downlink error probabilities of
the URLLC users are obtained according to the approxima-
tions (29)-(33). The cumulative distribution function (CDF)
of the SE and the network availability are then drawn over
many network snapshots. The channel correlation matrices
are generated according to the popular local scattering spa-
tial correlation model [5, Sec. 2.6], and we assume that the

scattering is only localized around the users and uniformly
distributed at random with delay spread 25◦ degrees [8]. The
average channel gain is obtained according to the non-line-
of-sight macro cell 3GPP model for 2 GHz carriers [33],
and given in dB by

β
j
lk = −35.3 − 37.6 log10

(
djlk

1 m

)
+ Fjlk

for an arbitrary user k in cell l placed at a distance djlk from
BS j, and where Fjlk ∼ N (

0, σ 2
sh

)
models the log-normal

shadowing as an i.i.d. random variable with standard devi-
ation σsh = 4 dB. The transmission bandwidth is 20 MHz,
and the receiver noise power equals −94 dBm both for the
uplink and the downlink. Moreover, we let ρmax

j = 46 dBm,
j = 1, . . . ,L, and the uplink transmit power, both for pilot
and payload data, be 23 dBm for all the users. We assume
that the URLLC packet consists of b = 160 bits, yield-
ing a transmission rate R = b/nd. Lastly, without loss
of generality, we set τu = 0 as we only focus on the
downlink performance. Unless otherwise stated, we con-
sider TDD frames with length τc = 580 channel uses, given
by Tc = 2 ms and Bc = 290 kHz, which supports user
mobility up to 67.50 km/h. The 3GPP specifications in [34]
reports reliability and latency requirements associated to spe-
cific URLLC packet sizes and service areas2 for different
URLLC use cases. With these specific simulation settings,
we mainly targeted URLLC applications such as motion
control for factory automation and closed-loop control for
process automation, which require a minimum target error
probability of 10−5 and a minimum latency of 2 ms, and are
characterized by service areas with typical size 50 m×10 m,
and 100 m×100 m [34], respectively.
In the first set of simulations we consider the follow-

ing setup: K = 20, α = 0.2, au = 10−0.5, τp = 80 (no
pilot contamination), T = 5 slots of length nd = 100
channel uses. In Fig. 2 we plot the CDFs of the achiev-
able downlink SE per “active” eMBB user obtained for
different precoding and power allocation strategies, both for
superposition coding (top subfigure) and puncturing tech-
nique (bottom subfigure). Under these assumptions, SPC
is greatly superior than PUNC, precoding and power allo-
cation strategies being equal. M-MMSE with OPA gives,
as expected, the best SE but EPA performs almost equally
well, regardless of the precoding scheme. RZF provides a
practical excellent trade-off between M-MMSE and MR.
These results suggest that we are approximately operating in
an interference-free scenario, thanks to the full and partial
interference-suppression mechanism provided by M-MMSE
and RZF, respectively. As per the FPA strategy, in these simu-
lations we have selected ν = 0.5 to promote an opportunistic

2. The service area is defined as the geographic region where a 3GPP
communication service is accessible. Typically, the stricter the requirements
are, the smaller the service area is. In general, eMBB users have larger
service areas than URLLC users due to their looser reliability and latency
requirements. This justifies our assumption to drop the URLLC users in a
smaller area around the BS.
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FIGURE 2. CDFs of the achievable downlink SE per active eMBB user, for different
transmission, precoding and power allocation strategies. Settings: K = 20, α = 0.2,
au = 10−0.5, τp = 80, T = 5, nd = 100.

FIGURE 3. CDFs of the achievable downlink sum SE per cell, for different
transmission, precoding and power allocation strategies. Settings: K = 20, α = 0.2,
au = 10−0.5, τp = 80, T = 5, nd = 100.

power allocation and ω = 0.6 to prioritize the URLLC users.
Such a choice does not favor the eMBB users and justify the
worst performance of FPA among the considered strategies
when SPC is applied.
Same conclusions hold for the results shown in Fig. 3

where the CDFs of the corresponding sum SE per cell are
illustrated. In these figures, we mainly emphasize the eMBB
service outage likely occurring when PUNC is adopted. We
define the eMBB service outage, under PUNC operation, as

ςout = Pr

⎧⎪⎨
⎪⎩

∑
k∈Ke

j

SEe
jk = 0

⎫⎪⎬
⎪⎭

, j = 1, . . . ,L,

where the probability is computed with respect to the large-
scale fading. This probability for a BS to provide no service
in a TDD frame to its eMBB users depends on the activation

FIGURE 4. Network availability for different transmission, precoding and power
allocation strategies. Settings: K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5, nd = 100.

FIGURE 5. Downlink per-user error probability for different transmission and
precoding strategies. Settings: EPA, K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5,
nd = 100.

pattern of the URLLC users and the number of slots per
frame. We will discuss this aspect in detail later. Under the
settings considered in Fig. 3, the eMBB service outage is
quite significant as amounts to about 30%.
In Fig. 4 we move to the URLLC performance by

showing the downlink network availability achieved when
εdl
target = 10−5. Despite the interference caused by the
eMBB users when SPC is performed, both M-MMSE and
RZF are able to provide levels of network availability close
to one, in line with PUNC, revealing a great ability of
suppressing the interference and supporting high reliability.
Conversely, MR provides poor performance in SPC when
EPA or OPA (which is optimal for the eMBB users) schemes
are used. Notice that, our choice for the parameters of the
FPA scheme pays off for the combination SPC/MR. The
network availability values shown in Fig. 4 are obtained by
the error probabilities whose CDFs are illustrated in Fig. 5.
To better understand its meaning, the network availability
is given by the cross-point between the CDF of the per-
user error probability and the vertical line representing the
error probability target value, as Fig. 5 highlights (blue circle
markers). From this set of simulations, we conclude that SPC
is clearly superior to PUNC in terms of SE yet providing
very high network availability, when M-MMSE or RZF are
carried out. If MR is the only viable option (for instance due
to strict complexity or hardware constraints), then SPC with
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FIGURE 6. Average per-user SE achieved by SPC with FPA, for different precoding
schemes and values of ν, ω. The average is taken over 200 network snapshots.
Settings: K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5, nd = 100.

FPA, upon properly setting the design parameters ν and ω,
is an effective choice to keep the network availability high
while preventing any eMBB service outage.
In this regard, we now focus on how to select ν and ω

appropriately. By using the same settings as in the first set
of simulations, in Fig. 6 we plot the average per-user SE
assuming SPC and different precoding schemes with FPA as
ν and ω vary.
From the eMBB user perspective, it is preferable setting

a small value for ω, and ν in the interval [−0.5, 0]. While
the former is trivial, the latter needs further discussions.
Indeed, recall that positive values for ν enable allocating
more power to users with better channel conditions. Since
we assume the URLLC users are uniformly distributed in
a smaller area surrounding the BSs, it is very likely that
they are closer to the BS than most of the eMBB users.
Therefore, negative values for ν increase the fairness and
improve eMBB users performance. Large values for both ω

and ν excessively unbalance the power distribution in favor
of the URLLC users, degrading the SE of the eMBB users.
Conversely, small values for both ω and ν break down the

network availability of the URLLC users in SPC operation,
as clearly seen in Fig. 7. Nevertheless, both M-MMSE and
RZF are able to provide levels of network availability close to
1 except when ν = −1, while MR is quite sensitive to this
parameters tuning. Suppressing the multi-user interference
is of a vital importance when SPC is adopted, and RZF,
although not dealing with the inter-cell interference, is an
excellent trade-off between performance and practicality.
Fine-tuning the parameters of the FPA scheme yields satis-
fying performance when using MR. FPA becomes a valid,
heuristic alternative to combat the multi-user interference
whenever the latter cannot be removed by the precoding
technique.
Setting ω becomes pointless when using PUNC with FPA

as only URLLC transmissions take place in the considered

FIGURE 7. Network availability achieved by SPC with FPA, for different precoding
schemes and values of ν, ω. Settings: K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5,
nd = 100.

FIGURE 8. Average per-user SE (with 95% confidence interval) achieved by PUNC
with FPA, for different precoding schemes and values of ν. The average is taken over
200 network snapshots. Settings: K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5, nd = 100.

FIGURE 9. Network availability achieved by PUNC with FPA, for different precoding
schemes and values of ν. Settings: K = 20, α = 0.2, au = 10−0.5, τp = 80, T = 5,
nd = 100.

slot. Hence, in Fig. 8 and Fig. 9 we focus on the average
SE per user and the network availability as only ν varies.
For both cases we notice that an equal power allocation,
i.e., ν = 0, is desirable. As per the SE of the eMBB users,
negative values of ν support lower SEs (e.g., the 95%-likely
SE per user), hence the fairness among the users, while
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FIGURE 10. CDFs of the achievable downlink sum SE per cell, for different
transmission and precoding strategies, as the number of slots per frame varies.
Settings: FPA with ν = 0 and ω = 0.2, K = 20, α = 0.2, au = 10−0.5, τp = 80.

large positive values of ν support the peak SE in a greedy
fashion, neglecting lower SEs. Therefore, ν = 0 is sound if
the average SE is targeted, especially when the multi-user
interference is partially or fully canceled.
As per the network availability of the URLLC users, any

choice of ν ∈ [−1, 1] is solid as long as M-MMSE or
RZF are employed, while the performance of MR is rel-
atively penalized whenever a non-neutral choice for ν is
taken. Presumably, the number of URLLC users simulta-
neously active in the same slot (resulting from the chosen
values of α and au) is such that the multi-user interference
is not significant.
Next, we evaluate the performance as a function of the

number of the slots in a TDD frame, T , and the size of
the slot, nd, which in turn determines the URLLC codeword
length. In this set of simulations and hereafter, we omit
the results achieved by MR and only consider FPA with
ν = 0 and ω = α motivated by the previous results. Fig. 10
shows the CDFs of the sum SE per cell, for three different
setups: (i) nd = 25, T = 20, (ii) nd = 50, T = 10, and
(iii) nd = 100, T = 5.

The structure of the TDD frame has not a signifi-
cant impact on the SE of the eMBB users when SPC
is used. Conversely, that deeply affects the per-cell sum
SE in case of PUNC. Indeed, increasing the number of
slots per frame makes the probability of having eMBB ser-
vice outage smaller as it increases the opportunities for an
eMBB user to find slots with no active URLLC users.
This argument is supported by the results in Fig. 10 in
which the eMBB service outage equals 0.01, 0.0725 and
0.2875 when T = 20, T = 10 and T = 5, respectively.
On the other hand, with fewer slots, eMBB users might be
active for longer time, thereby experiencing higher SE. This
explains the larger variations of the per-cell sum SE as T is
decreased.

FIGURE 11. Network availability, for different transmission and precoding
strategies, as the length of the slot varies. Settings: FPA with ν = 0 and ω = 0.2,
K = 20, α = 0.2, au = 10−0.5, τp = 80.

The length of the slot directly affects the performance of
the URLLC users. As we can see in Fig. 11, the network
availability increases drastically with the length of the slot
(i.e., the URLLC codeword length).
In fact, the length of the URLLC codeword determines the

transmission rate of the URLLC users as R = b/nd, thus the
shorter the codeword the higher the rate requirement to be
reliably achieved and, in turn, the larger the error probabil-
ity.3 Again, SPC is the technique that overall guarantees the
best performance to both the eMBB and URLLC users as its
main limitation, namely the caused multi-user interference, is
overcome by using interference-suppression-based precoding
schemes. Lastly, although letting the URLLC transmissions
span many channel uses is beneficial in terms of network
availability, the latency requirements impose to localize the
transmissions in time.
Now, we move our focus on the impact of the pilot con-

tamination and estimation overhead on the performance. By
fixing the TDD frame length and the number of slots per
frame, we vary the length of the uplink training, hence the
number of available orthogonal pilots, and the length of
each slot accordingly. In Fig. 12 we show how the average
sum SE per cell evolves in different operating regimes with
respect to the uplink training length.
In these simulations, we assume K = 20, α = 0.2,

τc = 580 and T = 5. Small values of τp entails low channel
estimation overhead but high levels of pilot contamination
which reduces the effectiveness of the precoding. Our pilot
assignment scheme preserves the performance of the URLLC
users by assigning them unique pilots if available, otherwise
pilots are assigned randomly and contamination hits any user
indiscriminately. The maximum number of URLLC users
potentially active in this scenario is, according to the chosen

3. The random-coding union bound (RCU) in (18) defines the error prob-
ability as the probability that the average generalized information density
is smaller than the transmission rate requirement.
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FIGURE 12. Average SE per cell (with 95% confidence interval), for different
transmission and precoding strategies, as τp (and nd) varies. The average is taken
over 200 network snapshots. Settings: FPA with ν = 0 and ω = 0.2, K = 20, α = 0.2,
au = 10−0.5, τc = 580, T = 5.

parameter, 16. Hence, pilots are assigned randomly when
τp = 10 causing both intra- and inter-cell pilot contamina-
tion and providing a low sum SE per cell, namely about
30 bit/s/Hz with SPC and less than 10 bit/s/Hz with PUNC.
The performance worsens when τp = 20 as the eMBB users
have to share only 4 orthogonal pilots since the protection
mechanism of the URLLC users is now triggered. As we
increase the value of τp, the intra-cell pilot contamination is
primarily reduced by assigning orthogonal pilots to eMBB
users of the same cell. If τp ≥ 32 then intra-cell pilot con-
tamination is prevented and the inter-cell interference among
the eMBB users remains the only impairment. The sum SE
per cell keep growing up to τp = 80, when all the users
in the network are assigned mutual orthogonal pilots and
the benefits of having no pilot contamination at all over-
come the penalty from increasing the estimation overhead.
Trivially, there are no benefits in the channel estimation
when further increasing τp, while the estimation overhead
turns to be expensive and drastically lowers the sum SE
per cell. Finally, notice that RZF and M-MMSE provide
essentially the same performance when both the intra- and
inter-cell pilot contamination occur, because the ability of
suppressing the multi-user interference is poor for both the
schemes.
As per the URLLC users, pilot contamination heavily

affects the network availability when τp < 16, especially
when SPC is employed and despite a long slot lowers the
rate requirements, as we can observe in Fig. 13.
Pilot contamination among URLLC users is destructive

mainly because they are likely to be close to the BS and
to each other, experiencing strong interference that cannot
be resolved when their channel estimates are correlated.
Hence, our approach aiming at prioritizing the URLLC

FIGURE 13. Network availability, for different transmission and precoding
strategies, as τp (and nd) varies. Settings: FPA with ν = 0 and ω = 0.2, K = 20, α = 0.2,
au = 10−0.5, τc = 580, T = 5.

FIGURE 14. Average SE per cell, for different transmission and precoding
strategies, as au and α vary. The average is taken over 200 network snapshots.
Settings: FPA with ν = 0 and ω = α, K = 20, τc = 580, f = 4, T = 5, nd = 100.

users in the pilot assignment is technically sound. In addi-
tion, increasing the estimation overhead deeply penalizes the
network availability since more resources are subtracted to
the data transmission, namely the slot length reduces and,
as already explained earlier, the rate requirements of the
URLLC users increase.
Next we study how the performance are affected by the

random activation pattern and the number of potentially
active URLLC users per frame. Fig. 14 shows the aver-
age sum SE per cell as au and α vary, assuming different
transmission and precoding schemes, and FPA with ν = 0
and ω = α. Notice that, proportionally increasing ω to α is
a reasonable approach for SPC as more power is allocated
to an increasing number of potentially active URLLC users,
especially for large values of au.
In these simulations, we assume two TDD frame con-

figurations: (i) f = 4, T = 5, nd = 100, and (ii)
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FIGURE 15. Average SE per cell, for different transmission and precoding
strategies, as au and α vary. The average is taken over 200 network snapshots.
Settings: FPA with ν = 0 and ω = α, K = 20, τc = 580, f = 3, T = 8, nd = 65.

f = 3, T = 8, nd = 65 (whose results are instead shown
in Fig. 15). First, we observe that similar average sum SE per
cell can be achieved by adopting the considered TDD frame
configurations: pilot contamination is what slightly degrades
the performance of the eMBB users when using the second
frame configuration. The performance of PUNC converges
to that of SPC when au ≥ 10−2, hence for sparse activation
patterns, as expected. Again, the performance gap between
RZF and M-MMSE reduces in the second scenario (Fig. 15)
as the inter-cell pilot contamination decreases the ability
of M-MMSE in suppressing the multi-user interference.
PUNC provides eMBB service outage for large values
of au, whereas SPC is still able to cancel the URLLC
user interference and to provide excellent SEs. Lastly, we
observe that if the 80% of the users requests URLLC, then
the performance of the eMBB users is reduced of almost
one third with respect to the case α = 0.2. This result is
mainly due to the chosen value of ω in the FPA scheme
that aims to favor the URLLC performance as the number
of URLLC users increases.
The performance achieved by the two considered TDD

frame configurations appreciably differ in terms of network
availability as shown in Fig. 16 for SPC and Fig. 17 for
PUNC. In both cases, reducing the length of the slot leads
to about a 10% performance loss, while the pilot contam-
ination only concerns the eMBB users. This performance
gap is slightly more pronounced when using PUNC because
the entire BS power is distributed among the URLLC users
causing stronger mutual interference. Overall, the first TDD
frame configuration turns to be quite robust to any of the
considered transmission and precoding strategies, consid-
ered random URLLC activation pattern and URLLC user
load.
A final aspect to be analyzed for this set of simula-

tions is how the probability of eMBB service outage varies
with au and α when PUNC is adopted. This would com-
plete the picture on which operating points PUNC is an

FIGURE 16. Network availability, for different precoding strategies, as au and α vary.
The average is taken over 200 network snapshots. Settings: SPC and FPA with ν = 0
and ω = α, K = 20, τc = 580. Two TDD frame configurations are considered.

FIGURE 17. Network availability, for different precoding strategies, as au and α vary.
Settings: PUNC and FPA with ν = 0 and ω = α, K = 20, τc = 580. Two TDD frame
configurations are considered.

effective choice for the eMBB users too, and importantly,
further remark the relevance of properly structuring the TDD
frame.
As we can see in Fig. 18, the advantage of adopting the

TDD frame configuration with T = 8 slots, when using
PUNC, consists in better preventing the eMBB service out-
age than the configuration with T = 5. For instance, when
au = 10−1 and α = 0.8 or α = 0.6, partitioning the share
of the frame devoted to the data transmission in 8 slots
enables to halve the eMBB outage service compared to the
case where 5 slots are adopted. Overall, PUNC can com-
pete with SPC only in scenarios with low URLLC traffic
loads, upon properly structuring the TDD frame, as long as
a moderate eMBB performance loss is tolerated, either in
terms of sum SE per cell or of eMBB service outage. On
the other hand, SPC hinges on precoding schemes able to
suppress the multi-user interference which, in turn, leverages
the spatial degrees of freedom available at the BS and the
high accuracy of the acquired CSI.
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FIGURE 18. eMBB service outage, for different precoding strategies, as au and α

vary. Settings: PUNC and FPA with ν = 0 and ω = α, K = 20, τc = 580. Two TDD frame
configurations are considered.

FIGURE 19. Average SE per cell (with 95% confidence interval), for different
transmission and precoding strategies, as K and τc vary. The average is taken over
200 network snapshots. Settings: FPA with ν = 0 and ω = 0.2, α = 0.2, au = 10−1, f = 3,
T = 5.

Finally, we evaluate the performance varying the total
number of users and the TDD frame length. Fig. 19 shows
the average sum SE per cell, for different transmission and
precoding strategies, as the number of users per cell, K,
grows from 10 to 60, and considering two different TDD
frame lengths, namely 580 and 300 channel uses. The lat-
ter may support a shorter coherence time and a narrower
coherence bandwidth as well as a higher user mobility com-
pared to the case with 580 channel uses. However, a shorter
frame entails less resources that can be allocated to the data
transmission and uplink training.
In these simulations we assume FPA with ν = 0 and

ω = 0.2, α = 0.2, au = 10−1, T = 5 and pilot reuse factor
f = 3. Moreover, as τp = fK and τc is fixed, for each value
of K we have different configurations of uplink training and
slot length, i.e., τp and nd, respectively. From Fig. 19 we
observe the average sum SE per cell increasing with K, which
demonstrates the great ability of SPC with M-MMSE and
RZF to spatially multiplex the users. The average sum SE

TABLE 3. Network availability and eMBB service outage, τc = 580.

TABLE 4. Network availability and eMBB service outage, τc = 300.

per cell saturates for values of K larger than 60 for τc = 580,
and around 40 for τc = 300 wherein the channel estimation
overhead heavily burden the SE. PUNC is far inferior to
SPC because allocates less resources to the eMBB users
and the performance gap increases with K as the number
of URLLC users per cell grows proportionally. Therefore,
letting K increase makes punctured slots more likely, which
not only subtracts resources to the eMBB user reducing its
SE but also increases the eMBB service outage, as shown
in Table 3. Notice that, the eMBB service outage does not
change when varying τc as long as T is fixed.

Table 3 and Table 4 show the network availability for
different transmission and precoding strategies, and differ-
ent values of K, also emphasizing how τp and nd vary
accordingly to meet the TDD frame length. In particular,
Table 3 shows the performance achieved by considering
τc = 580, while Table 4 shows the performance achieved
with τc = 300. The TDD frame with τc = 580 allows to
achieve a network availability above 96% up to 60 users
per cell (of which 12 are URLLC users) with any of the
considered transmission and precoding techniques, meaning
that such an amount of resources are sufficient to excellently
support the considered URLLC user loads and their activa-
tion pattern. Conversely, the network availability supported
by the TDD frame with τc = 300, reported in Table 4, is
considerably lower, even close (or equal) to zero for K ≥ 50,
emphasizing how sensitive the network availability is to the
length of the TDD frame, hence to the amount of available
resources. Importantly, we observe the decreasing trend of
the network availability as K increases, which for PUNC
is milder and mainly due to the shorter URLLC codeword
length, but for SPC is severe and mainly due to the increase
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of the multi-user interference. Indeed, the results in Table 4
clearly confirms that PUNC is more robust than SPC when
K ≥ 20.

VI. PRACTICAL URLLC DECODERS
As per the URLLC performance, this work provides an
information-theoretic study on the error probability in
the nonasymptotic finite-blocklength regime. Our analysis
hinges on the random-coding union (RCU) achievability
bound with parameter s, mathematically expressed in (18)
and introduced in [26, Th. 1] to the case of massive
MIMO systems. Importantly, the RCU bound is the upper
bound on the best error probability achieved by (n, k)

codes [35, Th. 2], where n is the blocklength and k is the
information blocklength. Therefore, the obtained results do
not reflect a specific decoding implementation, but rather
relies on a mathematically-tractable information-theoretic
framework.
In this section, we shed lights on candidate low-complexity

decoding techniques that are able to attain the URLLC
requirements for short blocklength codes, and potentially to
achieve, with high accuracy, the performance predicted by
the RCU bound based on the SNN decoding rule analyzed
in this paper.
A comprehensive overview on efficient URLLC decoders

for short blocklength codes has been recently given in [36].
Candidate decoding schemes for URLLC applications are
the ordered-statistics decoding (OSD) [37], guessing ran-
dom additive noise decoding (GRAND) [38], and successive
cancellation list (SCL) algorithm [39]. As demonstrated
in [36], both OSD and GRAND combined with short block-
length codes, such as the Bose-Chaudhuri-Hocquengham
(eBCH), the cyclic-redundancy-check-aided (CRC) polar
and the polarization-adjusted convolutional (PAC) codes,
have shown a great ability to achieve the near maximum-
likelihood (ML) decoding performance,4 but the SCL-based
sequential decoder offers a better performance-complexity
trade-off. As the complexity of the decoders decreases with
the SNR, some specific considerations are needed. OSD
decoders are the least complex in the low SNR regime,
whereas GRAND and SCL-based decoders are more efficient
at high SNRs. However, GRAND suffers of high worst-case
decoding complexity, namely the complexity required to per-
form decoding over code blocks with low reliability [40].
The worst-case decoding complexity is thus a crucial factor
for URLLCs. The decoding complexity also scale with the
blocklength n. SCL-based decoding complexity approaches
O(n logn) at high SNRs, whereas the complexity of OSD
and GRAND scales more rapidly with n. Although OSD and
GRAND are universal decoders capable of flexibly decoding
unstructured codes with varying blocklength and rate, their
use is preferable with relatively short codes. Importantly,
simulations results in [36] reveal almost a perfect match-
ing between the RCU bound and the performances achieved

4. The SNN decoding rule coincides with the optimal ML decoding rule
under the assumption of perfect CSI knowledge.

by OSD, and SCL-based decoders with CRC-polar codes
for the high reliability requirements of interest in URLLC
applications. Similarly, the authors in [29] demonstrate the
accuracy and validity of the RCU-SNN achievability bound
by comparing that with the performance achieved by a prac-
tical OSD-SNN decoder operating on short quasi-cyclic (QC)
binary block codes and showing a gap within 1 dB for any
blocklength.
In URLLC applications the decoding delay and the num-

ber of retransmissions dominate the end-to-end latency. Our
information-theoretic framework considers communications
with fixed-blocklength and no feedback (FBL-NF), thereby
not taking retransmissions into account. Indeed, the excel-
lent levels of network availability shown in the simulation
results, especially for SPC, are achieved with only one
transmission. The authors in [41] derive an achievability
bound for low-latency short-packet communications includ-
ing hybrid automatic repeat request (HARQ) and based
on mismatched SNN decoding. The varying communica-
tion latency of HARQ is then compared with its fixed
counterpart attained by the FBL-NF scheme. Fast HARQ
protocols for URLLC are proposed in [42], along with
a general characterization of the decoding delay in the
system model. The decoding delay is certainly proportional
to the decoding complexity. OSD and GRAND are capable
to reduce the decoding time by parallelizing their opera-
tions [36]. Conversely, SCL-based decoders are sequential
by nature, hence decoding time and complexity go hand in
hand. Low decoding latency and complexity are guaranteed
by OSDs and SCL-based decoders at low and high SNRs,
respectively.

VII. CONCLUSION
We investigated the non-orthogonal multiplexing of enhanced
mobile broadband (eMBB) and ultra-reliable low-latency
communication (URLLC) in the downlink of a multi-cell
massive MIMO system. Such heterogeneous services calls
for effective resource allocation strategies to let eMBB and
URLLC peacefully coexist.
Firstly, we provided a unified information-theoretic frame-

work to assess the spectral efficiency (SE) of the eMBB in
the infinite-blocklength ergodic regime, and the error proba-
bility of the URLLC in the nonasymptotic finite-blocklength
regime, whose analysis relies on mismatched receivers and
on the so-called saddlepoint approximation.
Secondly, we generalized the proposed framework to

accommodate two alternative coexistence strategies: punc-
turing (PUNC) and superposition coding (SPC). The former
prevents the inter-service interference aiming to protect the
URLLC reliability, while the latter accepts it aiming to
maintain the eMBB service.
Thirdly, we numerically evaluated the performance

achieved by PUNC and SPC under different precoding and
power allocation schemes, and subject to different configu-
rations of the time-division duplex radio frame and URLLC
random activation pattern.
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Simulation results revealed that the spatial degrees of
freedom available at the BSs, when fully exploited by
interference-suppression-based precoding schemes, and upon
a high-quality CSI acquisition, enable to resolve the
interference caused by SPC, providing way higher eMBB
SE than PUNC, yet ensuring great levels of error prob-
ability to the URLLC. However, PUNC is necessary to
preserve the URLLC performance at the expense of some
eMBB service outage, whenever the interference is not prop-
erly suppressed by the precoding technique (e.g., due to a
severe pilot contamination, or because of limited degrees of
freedom).
Extensions to this work may concern the study of coex-

istence strategies for the uplink, also including massive
machine-type communications (mMTCs). Investigating the
non-orthogonal multiplexing of heterogeneous services in
distributed user-centric systems, such as cell-free massive
MIMO [43], [44], [45], [46], is certainly another appealing
future research direction. Last but not least, future works
may concern a further generalization of the achievabil-
ity bound for low-latency short-packet communications to
include HARQ mechanisms.
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