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Abstract—5G networks are designed to support both high data
rate eMBB services, and low-latency high-reliability URLLC
services. Multiplexing these two services on the same wireless
frequency band leads to a challenging radio resource alloca-
tion problem due to their heterogeneous requirements. Usually,
multiplexing is based on the puncturing mechanism by URLLC
traffic at the expense of the eMBB throughput’s reduction. In
this paper, we investigate the potential of cell-free massive MIMO
to multiplex URLLC and eMBB traffic by exploiting the sole
spatial diversity through network slicing. We define a theoret-
ical framework to evaluate the system’s performance, based
on closed-form expressions for the spectral efficiency and the
throughput of eMBB and URLLC services in this new asset. We
show that by design the cell-free massive MIMO architecture can
support such heterogeneous services without relying on sophis-
ticated interference management techniques or pilot assignment
schemes, while guaranteeing their specific QoS requirements.

Index Terms—Cell-free, massive MIMO, URLLC, eMBB.

I. INTRODUCTION

THE EVER-GROWING demand for heterogeneous 5G
services calls for new technological solutions with

enhanced flexibility, to target both capacity and scalability.
The 5G radio access network (RAN) is designed to support,
among others, the traffic belonging to the service class of ultra-
reliable low-latency communication (URLLC), which requires
immediate scheduling and transmission once it arrives at the
Base Station (BS). Simultaneously, and sharing the same avail-
able wireless spectrum, the high data rate traffic of enhanced
mobile broadband (eMBB) users has to be multiplexed in the
5G RAN.

Regardless of the specific service, the approach of the
conventional cellular architecture is to allocate to users orthog-
onal radio resources, to achieve the target Quality of Service
(QoS). Instead, for the specific case of eMBB and URLLC
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multiplexing, the Third Generation Partnership Project (3GPP)
standard has proposed the superposition/puncturing schemes
performing the immediate transmission of arriving URLLC
packets in the next 0.125 ms mini-slot over the ongoing eMBB
resources. In this context, the puncturing technique consists of
puncturing a part of the frequency resources allocated to an
eMBB user at the beginning of each time slot, and re-allocating
this resource part to some URLLC packets [1].

The puncturing scheme preserves the reliability of URLLC
transmissions, because the eMBB users originally allocated to
the punctured resources are muted during URLLC transmis-
sions. However, since the punctured resources are subtracted
to the eMBB service class, the eMBB users may undergo
a significant reduction of the throughput, especially in low
SNR scenarios, due, e.g., to high overhead and likely retrans-
missions [2]. Another technique is the superposition, which
consists of superimposing the URLLC and eMBB packets
within a part of the frequency resources originally allocated
to an eMBB user at the beginning of each time-slot [3]. In
this case, however, the superposition may impact the relia-
bility of URLLC packets due to the interference caused by
eMBB traffic.

To facilitate the coexistence of multiple services having very
different target requirements in terms of data rate and latency,
the 5G ecosystem has introduced the network slicing (NS). NS
is a breakthrough technology able to guarantee a sustainable
coexistence of multiple heterogeneous services, while fulfill-
ing their specific QoS requirements and maintaining a great
level of flexibility in orchestrating the available resources.
Furthermore, the conventional cellular architecture leaves the
way to a new setting for the 5G RAN, which does not involve
any concept of cell or cells’ boundaries, i.e., it is “Cell-
Free.” The Cell-free Massive Multiple Input Multiple Output
(Cf-maMIMO) shows a great balance of performance and flex-
ibility [4]. Its benefits are the huge throughput, the higher
coverage probability, energy efficiency, and its capability of
averaging out the small-scale fading and uncorrelated noise,
resulting in improved performance only subject to the large-
scale fading. Cf-maMIMO is a distributed Massive MIMO
system where a large number of antennas, named Access
Points (APs), serve a much smaller number of autonomous
users that share the resources according to a time-division
duplex (TDD) operation mode. Compared to the conven-
tional co-located massive MIMO schemes, cell-free networks
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offer a more uniform connectivity for all users thanks to the
macro-diversity gain obtained by the distributed antennas [5].

The APs can cooperate through the fronthaul/backhaul
network. Typically, this system relies on a Central Processing
Unit (CPU) for the execution of the tasks ruling the entire
system, like, e.g., pilot assignment procedures (PAs) and power
control mechanisms. The PAs rely on accurate channel state
information (CSI) available at the transmitter (or receiver). In
both cellular massive MIMO and Cf-maMIMO networks, CSIs
are acquired through uplink (UL) pilot transmissions during
the training phase. The information exchange between APs
and CPU results in additional fronthaul load and effective solu-
tions are being devised to reduce this overhead. The authors
in [6] proposed to quantize the transmitted signals and use
structured lattice codes.

Although Cf-maMIMO has been investigated for several
years, its practical deployment still entails some open chal-
lenges. Many researchers aim to incorporate into the Cf-
maMIMO scheme the new enabling technologies for future
wireless communications, like, e.g., the 6G [5]. However, for
an ubiquitous Cf-maMIMO deployment, novel low-cost and
low-complexity hardware platforms are needed, like, e.g., the
radio strip system [7].

Several studies are available in the literature about innova-
tive resource allocation schemes to guarantee the coexistence
and multiplexing of the URLLC and eMBB traffic while ful-
filling their heterogeneous requirements [8], [9], [10], [11].
However, the potential of the NS on cell-free systems has not
been sufficiently investigated yet.

In this work, we show the suitability of NS associated
to URLLC and eMBB services in a RAN adopting the
Cf-maMIMO scheme. Our approach relies on NS to effec-
tively multiplex heterogeneous services in next generation
RAN architectures. Several contributions in the literature have
demonstrated that the massive MIMO technique is a key
enabler to enhance the NS in the RAN [12], [13], [14]. Our
results confirm that the Cf-maMIMO provides the desir-
able degree of flexibility and robustness against inter-service
interference, by exploiting the sole spatial diversity.

We extend the theoretical framework proposed in [4]
and [13], for Cf-maMIMO with conjugate beamforming, to
account for the heterogeneity of QoS requirements for URLLC
and eMBB services served by dedicated network slices.

Specific contributions are:
• we devise a fundamental theoretical framework envi-

sioning the concept of NS applied to a Cf-maMIMO
scenario, where we introduce the “network slicing pilot
contamination” to model the inter-service interference;

• we propose a scheme for the Cf-maMIMO pilot training
phase where both URLLC and eMBB users are trained
contemporarily in the same coherence interval (CI),
while accounting for their heterogeneous requirements;

• we evaluate the performance of the NS Cf-maMIMO
in terms of spectral efficiency, achievable data rates,
and outage probabilities, showing the suitability of the
proposed approach.

The proposed framework enables tractable analysis of
the performance and scalability of any network based on

Cf-maMIMO and NS approaches to multiplex heterogeneous
services with highly different QoS requirements.

The paper is organized as follows. In Section II the
state of the art in Cf-maMIMO and heterogeneous services
multiplexing in 5G RAN is summarized, and in Section III
the proposed system model is described. Section IV illus-
trates the proposed multiplexing strategy for heterogeneous
services, such as URLLC and eMBB, including the descrip-
tions of the proposed approach for the training phase in
UL and the customized procedures for the pilot assignment.
In Sections V and VI we devise the fundamental theoret-
ical framework for the performance evaluation of URLLC
and eMBB multiplexing in a Cf-maMIMO system through
NS. Finally, Section VII presents our performance evalua-
tion results and Section VIII provides conclusions and future
directions.

II. RELATED WORK

The benefits of multi-antenna systems in a RAN exploiting
multiple slices have been presented in [15]; the considered sce-
nario involves a BS equipped with multiple antennas serving
users belonging to a number of service providers via different
slices. In [12], the authors demonstrate the suitability of NS
on a massive MIMO communication setting in a 5G RAN
to provide guaranteed performance in terms of target QoS
requirements for different services. The work in [14] high-
lights the key role of technology enablers such as massive
MIMO and NS to reduce the number of HARQ retransmis-
sions, i.e., to address QoS latency requirements for URLLC
applications.

A Cf-maMIMO scenario supporting multiple services,
i.e., human and machine-to-machine communications, for
heterogeneous sets of users is investigated in [13]. The
analysis reveals that a conventional massive MIMO setup
can significantly enhance performance and allows supporting
multiple services in cellular networks without requiring addi-
tional resources. The theoretical framework proposed in [13]
is extended in our work to support modern heterogeneous
services with high QoS requirements such as URLLC and
eMBB.

The major limiting factor to the capacity of these networks
is the pilot contamination. Hence, PA procedures that min-
imise the pilot contamination have raised great interest so far
[4], [16], [17], [18], [19]. The PAs for Cf-maMIMO systems
range from the application of the well-known Hungarian algo-
rithm [17], to location-based greedy PA [18], to structured
PA policies that apply a fold reduction of pilot overhead if
the pilot contamination is maintained at an acceptable low
level [19]. It has been shown in [4] that the Cf-maMIMO
with a low pilot contamination PA increases the data rate per
user of 95% wrt a small cell system, while providing fairness.
In this paper we show that the Cf-maMIMO asset guaran-
tees good performance for both URLLC and eMBB services
relying solely on the spatial diversity, independently from the
applied PA assignment scheme. The Cf-maMIMO architecture
enables the coexistence of heterogeneous services without any
complex interference management scheme or PA assignment
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procedure, e.g., a random assignment leads to performance in
line with the intended KPIs.

With the application of NS to Cf-maMIMO RANs, addi-
tional sources of pilot contamination arise, due to the coex-
istence of multiple slices, i.e., not only among multiple users
sharing the same slice. In this scenario, different slices are
associated to services with specific QoS requirements, like,
e.g., coexisting eMBB and URLLC, and involve subsets of
the available APs serving sets of either eMBB or URLLC
users. The work in [13] addresses multiple services deployed
on Cf-maMIMO, but it cannot be assimilated to NS because
it defines a single set of pilot sequences, without any assump-
tion on the differentiation of the sets of resources assigned
to different slices, as pointed out in [20]. We believe that,
to investigate RAN slicing on a Cf-maMIMO architecture, an
alternative framework for the theoretical modelling is needed
to account for partitioned sets of users and possible sets of
Cf-maMIMO resources assigned to different slices; and this is
the main scope of this paper. The presence of different sets
of pilot sequences for the two services eMBB and URLLC,
introduces new challenges related to service interference, that
have not been addressed yet, not even in [13].

Usually, the eMBB and URLLC traffic are multiplexed by
using the superposition/puncturing scheme at the expense of
the eMBB throughput’s reduction. In [1], the resource allo-
cation between eMBB and URLLC services is formulated as
a bi-level optimization problem which consists of one inner
problem which aims to find the optimal power and frequency
resources for each URLLC and eMBB pair, and one outer
problem which aims to find the optimal eMBB-URLLC pair-
ing policy, resulting in a better eMBB loss and URLLC
reliability compared to the puncturing baselines. In [8], a
dynamic resource scheduling strategy is proposed for the
coexistence of eMBB and URLLC traffic, based again on
puncturing, by maximizing the proposed QoE-aware utility
function for the whole wireless system, while guaranteeing the
latency and reliability requirements of URLLC traffic. A more
sophisticated approach exploits a resource allocation scheme
based on an event-driven deep reinforcement learning (DRL)
mechanism, which relies on a scheduler per each service,
either eMBB or URLLC, to achieve long-term performance
optimization [21]. Here, the eMBB and URLLC services are
multiplexed on the same wireless radio frequency by using the
URLLC preemption scheme, maximizing the average data rate
of all eMBB services while satisfying the delay constraint of
each URLLC service. However, the Cf-maMIMO architecture
to multiplex eMBB and URLLC services is not investigated,
whereas it is addressed in our paper.

The coexistence of eMBB and URLLC services is anal-
ysed also in [22] for a heterogeneous pool of users served
by a single gNodeB; however, the system model is based
on the classical cellular approach, not suitable for a Cf-
maMIMO scenario. The cellular architecture with a serving
gNodeB is also considered in [23], where the coexistence of
the eMBB and URLLC services is managed by means of an
AI-based framework. Our system model, instead, encompasses
the Cf-maMIMO technology applied in a scenario involving
200 APs that employ dedicated resources, i.e., two distinct

Fig. 1. Cf-maMIMO downlink scenario.

pilot sequence sets, for the two considered services. This
assumption, which has never been applied before (see for
example [20]), allows us to manage the coexistence, even in a
cell-free environment, of service families of different nature,
eMBB and URLLC, with different KPIs, i.e., the eMBB’s data
rate and the URLLC’s latency.

We propose a general framework that represents a useful
baseline to enable future performance studies for Cf-maMIMO
scenarios, including those based on AI approach, which we
will consider as future directions for our research.

Furthermore, we will show that the Cf-maMIMO archi-
tecture offers a unique infrastructure to exploit the spatial
diversity to multiplex the eMBB and URLLC traffic through
NS in the RAN. The novelty/specialty of our work wrt the
related work has to be identified in the proposed system model
based on the Cf-maMIMO scheme and in the assumptions
introduced on the cell-free resource assignment and coherence
intervals management. Those assumptions allow us to apply
the concept of NS on the considered fully distributed radio
site.

III. SYSTEM MODEL

We consider the Cf-maMIMO downlink scenario repre-
sented in Fig. 1, with M APs, equipped with a single antenna,
serving K single-antenna users. We assume a transmission
scheme based on conjugate beamforming, which is one of
the most prominent forms of linear precoding. Conjugate
beamforming is based on a pre-coding matrix proportional to
the conjugate of the estimated channel matrix. In the time-
domain, it is also known as “time-reversal beamforming,”
because it is equivalent to take the convolution of each trans-
mitted symbols’ sequence with its respective conjugated and
time-reversed impulse-response estimate, and sum over the K
correlations. Its reverse link counterpart, at the received side,
is the matched-filtering.

The users are randomly distributed in a large area. This
system supports two types of services, namely eMBB and
URLLC, using NS and Cf-maMIMO. We model the NS by
associating the contemporary multiple data streams of URLLC
and eMBB users in the RAN to one of the two partitions of the
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TABLE I
SYMBOLS AND NOTATIONS

pool of K = KU ∪KE users, with KU = {1, 2, . . . , i , . . . , h}
and KE = {h + 1, . . . , h + i , . . . ,K}, which are linked
to the set of APs M = MU ∪ ME partitioned in the
two subsets MU = {1, 2, . . . ,mu , . . . , |MU |} and ME =
{1, . . . ,me , . . . , |ME |}. The RAN slices associated with the
two considered services are defined as:

eMBBslice
def
= (ME ,KE ) (1)

URLLCslice
def
= (MU ,KU ) (2)

The following derivations involve a set of symbols and
notations which are summarized in Table I for the reader’s
convenience.

IV. URLLC AND EMBB MULTIPLEXING

BY NS CF-MAMIMO

We assume a Cf-maMIMO-OFDM system as in [10]. In
downlink (DL), the Nsc = 2400 subcarriers are divided into

Fig. 2. Resource block allocation scheme in a coherence interval: (a) each UE
occupies all RBs for eMBB; (b) each UE occupies only one RB for URLLC.

multiple resource blocks (RB), allocated to UEs such that the
specific service requirements are fulfilled. According to the
5G new radio (NR) standard, we assign 12 subcarriers to a
RB, such that the bandwidth of each RB is 12Δf , with Δf =
7.5 kHz.

In the time domain, according to the massive MIMO oper-
ation, the subcarriers and time samples are grouped to fit the
coherence interval (CI), which consists of a number of sub-
carriers and time samples where the channel response can
be approximated as constant and flat-fading. If the coherence
bandwidth is Bc and the coherence time is Tc , then each CI
contains N = Bc · Tc complex-valued samples.1

Fig. 2 shows the RB allocation scheme in a CI, where
we distinguish the CSI acquisition phase, labeled by “UL-
training,” and the data transmission phase, labeled by “DL-
transmission.” The total number of N samples is distributed
among the training phase, which uses Np samples, and the
DL and UL transmissions, which use Nd and Nu samples,
respectively, such that N = Np +Nd +Nu [24]. In this work,
we focus only on the training phase and DL transmission,
hence we have Nu = 0. To multiplex the eMBB and URLLC
services, we adopt the resource allocation scheme shown in
Fig. 2. Since the eMBB is designed to meet the demand for
high-data rate transmission, each UE occupies all subcarriers,
i.e., each UE is enabled to transmit with maximum bandwidth.
For the URLLC case, we assume that multiple UEs can be
scheduled for transmission in the same coherence interval,
as the size of URLLC packets is much smaller than that of
eMBB. Theoretically, assuming that each RB serves k URLLC
UEs, the Cf-maMIMO-OFDM system can support a total of
kNsc/12 URLLC UEs transmitting simultaneously [10]. We
formalize the RB allocation scheme described above by assum-
ing that the URLLC utilizes a fraction δB of the coherence
bandwidth Bc and a fraction of the downlink transmission
time, as explained in Section VI. This model reflects to the
calculations of the data rates for the two services, which
refer to the maximum achievable performance, i.e., no queuing
mechanisms are considered.

1A common rule of thumb is the following:
• Tc = 1/(4 · v) with v equal to user’s velocity;
• Bc = 1/(2Td ) where Td is the delay difference between longest and

shortest path.
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Fig. 3. Possible UL-training and DL-transmission schemes.

In the following, we analyze the training phase and propose
the best suitable scheme for coexisting URLLC and eMBB
services (Section IV-A); we also present two PA schemes, one
simply random and the other based on a greedy selection (in
Section IV-B).

A. Training Phase

The application of NS to Cf-maMIMO imposes a re-
planning of the training phase. By design, the training phase is
performed in uplink. Let’s N

(E)
p and N

(U )
p be the number of

samples assigned to the training phase of eMBB and URLLC
services, respectively.

According to the strategies in [13], we distinguish the fol-
lowing three cases, shown in Fig. 3, differing in the applied
configurations for the CIs training and transmission phases:

1) Independent Training: URLLC and EMBB users are
independently trained in different CIs followed by its
own DL transmission in the same CI. This means that
the full set of N samples available in a CI are assigned
either to eMBB (i.e., N = N (E)) or to URLLC
(i.e., N = N (U )) users during the full duration of a
CI. Being N = Np + Nd , the samples for the training

phase are N
(E)
p and N

(U )
p and the samples for the DL

transmissions are given by either N (E)
d = N −N

(E)
p or

N
(U )
d = N −N

(U )
p , respectively.

2) Contemporary Training: URLLC and eMBB users are
contemporarily trained in the same CI, followed by
contemporary DL transmissions in the same CI. This
means that Np = max{N (E)

p ,N
(U )
p } for both services.

In other terms, for both services, the system uses Np

samples for the UL training phase and the remaining

Nd = N − Np ≤ N − max{N (E)
p ,N

(U )
p } for DL

transmission. Also, Np = max{N (E)
p ,N

(U )
p } guaran-

tees orthogonality between users but it is not sufficient
to prevent the interference between services.

3) Sequential Training: URLLC and eMBB users are
sequentially trained in the same CI, followed by con-
temporary DL transmissions in the same CI. Hence, we
have Np = N

(E)
p + N

(U )
p ≤ 2 · max{N (E)

p ,N
(U )
p },

with the constraint that one type of users is silent while
the other performs the training phase. Therefore, the
DL uses a number of samples Nd = N − Np ≤
N − 2 ·max{N (E)

p ,N
(U )
p }.

To define independent pilot sequences using N
(U )
p and

N
(E)
p training samples for URLLC and eMBB users, respec-

tively, we assume that

N
(U )
p = |KU | (3)

N
(E)
p = |KE |. (4)

The conditions (3) and (4) imply that user-coherent
interference doesn’t exist. However, the orthogonality is not
ensured between PU and PE , giving rise to inter-service
interference.

Depending on the applied training phase configuration,
under the assumption of per service pairwise orthogonality
of the sequence pilot sets, we have:

1) For independent training, URLLC and eMBB users will
not experience any kind of inter-users or inter-service
interference. Hence, based on the type of users active
in the current CI, the signal received by the m-th AP
during the training phase will by either: ym = U +wm

or ym = E+wm for all Np samples in the CI for each
of the two services, where the three contributions are
related respectively to the training of the KU URLLC

users, i.e., U ∈ C
N

(U )
p ×1, and the KE eMBB users,

i.e., E ∈ C
N

(E)
p ×1, and, finally, to the noise term wm ∈

C
max{N (E)

p ,N
(U )
p }×1. The elements of the three terms

are all i.i.d random variables distributed according to
a complex normal distribution, i.e., ∼ CN(0, 1). It is
important to observe that the sum of the complex vectors
U, E, wm is defined for equal-size vector spaces.

2) For contemporary training, URLLC and eMBB users
will experience only inter-service interference and the
signal received by the m-th AP is

ym = U+ E+ wm (5)

for Np = max{N (E)
p ,N

(U )
p } samples in the CI.

3) For sequential training, URLLC and eMBB users
will not experience any kind of user or inter-service
interference, as in the first case, and similarly the signal
received by m-th AP results either ym = U + wm or
ym = E + wm , respectively for the N

(U )
p and N

(E)
p

samples in the CI.
Despite the independent and sequential trainings don’t pro-

vide any interference among both users and services, they
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present significant drawbacks. In the case of independent train-
ing, as shown in Fig. 3, each available CI is assigned to the
sole transmission of either URLLC or eMBB, with subsequent
under-utilization of the available resources (more evident in
the case of URLLC transmissions, based on a very short pay-
load), and increase of URLLC latency. Hence, this scheme is
not suitable to fulfil URLLC latency requirements.

The sequential training, instead, violates both URLLC relia-
bility and latency requirements, being the training done in the
absence of interference, whereas the transmissions are simulta-
neous to eMBB traffic, but rely on a pilot assignment based on
non-accurate channel estimations, thus impacting the reliabil-
ity of URLLC transmissions. Moreover, the sequential training
adds a delay to the URLLC latency.

Therefore, for the optimal coexistence of URLLC and
eMBB services, due to their specific QoS requirements, the
only possible scheme is the contemporary training of URLLC
and eMBB users in the same CI. This is the scheme adopted
throughout the subsequent analyses presented in this paper.

Based on the type of service, i.e., URLLC and eMBB, we
define two sets of pilot sequence signals PE and PU as:

PU =

{√
N

(U )
p ρuϕ

(U )
i ∈ C

N
(U )
p ×1|i ∈ KU

}
(6)

PE =

{√
N

(E)
p ρeϕ

(E)
j ∈ C

N
(E)
p ×1|j ∈ KE

}
(7)

where {√
N

(U )
p ρuΦ(U )

}
∈ C

N
(U )
p ×|KU |

{√
N

(E)
p ρeΦ

(E)
}

∈ C
N

(E)
p ×|KE |

are the sets of N
(U )
p -length and N

(E)
p -length pilot signals to

be assigned to URLLC and eMBB users, with ρu and ρe the
UL pilot powers, and Φ(U ) = [ϕ

(U )
1 . . .ϕ

(U )
i . . .ϕ

(U )
KU

] and

Φ(E) = [ϕ
(E)
1 . . .ϕ

(E)
j . . .ϕ

(E)
KE

]. Hence, for the contempo-
rary scheme, the general expression for the signal received by
the m-th AP during the training phase of the massive MIMO
conjugate beamforming scheme, when all K users transmit the
pilots simultaneously, is given by (5) with

U =

√
N

(U )
p ρu

∑
i∈KU

g
(U )
mi ϕ

(U )
i

E =

√
N

(E)
p ρe

∑
i∈KE

g
(E)
mi ϕ

(E)
i (8)

The channel gains g
(U )
mi and g

(E)
mi are defined as [4]:

g
(U )
mi =

√
β
(U )
mi h

(U )
mi for all i ∈ KU

g
(E)
mi =

√
β
(E)
mi h

(E)
mi for all i ∈ KE , (9)

with the large scale fading coefficients β(E)
mi and β

(U )
mi , and the

small scale fading coefficients h
(U )
mi ∼ CN(0, 1) and h

(E)
mi ∼

CN(0, 1), modeled as i.i.d. complex Gaussian RVs according
to [25, Sec. 2.5.2]. The assumption of independent small-scale
fading is fully justified in the proposed scenario, because APs

and users are distributed over a wide area, such that the set of
scatterers is likely to be different for each pair AP-user.

Given the two sets of pilot sequence signals PU and PE
in (6) and (7), for each of the two sets of users KU and KE ,
we derive the following projections. For user i ∈ KE we have:

ỹ
(E)
mi � ϕ

(E)H
i ym = ϕ

(E)H
i [U+ E+ wm ] (10)

where U and E are given by (8). Taking into account the
assumption of the pair-wise orthogonality, i.e.:

ϕ
(U )H
i ϕ

(U )
t =

{
||
(
ϕ
(U )
t

)
||2 = I t if t = i ∈ KU

0 otherwise

we get:

ỹ
(E)
mi =

√
N

(E)
p ρeg

(E)
mi +

√
N

(U )
p ρu

∑
s∈KU

g
(U )
ms ϕ

(E)H
i ϕ

(U )
s

+ ϕ
(E)H
i wm (11)

Similarly, for user j ∈ KU the projection is given by:

ỹ
(U )
mj � ϕ

(U )H
j ym =

√
N

(U )
p ρug

(U )
mj +

+

√
N

(E)
p ρe

∑
t∈KE

g
(E)
mt ϕ

(U )H
j ϕ

(E)
t + ϕ

(U )H
j wm

(12)

given the pair-wise orthogonality condition in the eMBB case:

ϕ
(E)H
i ϕ

(E)
s =

{
||
(
ϕ
(E)
s

)
||2 = I s if s = i ∈ KE

0 otherwise

The second term in both (11) and (12) represents the
network slicing pilot contamination.

Based on the received projection ỹ
(U )
mj or ỹ

(E)
mi , the CPU

evaluates the MMSE estimates ĝ(U )
mj and ĝ

(E)
mi needed to apply

the precoding for the conjugate beamforming. By assump-
tion, the large scale fading coefficients ĝ

(U )
mj are known to

be complex-Gaussian distributed, i.e., ∼ CN(0, β(U )
j ), hence

the MMSE estimator for the URLLC case is

ĝ
(U )
mj =

E

{
g
(U )
mj ỹ

(U )
mj

}

E

{
|ỹ(U )
mj |2

} ỹ
(U )
mj = c

(U )
mj ỹ

(U )
mj (13)

where

c
(U )
mj =

√
N

(U )
p ρuβ

(U )
mj

1 +

√
N

(E)
p ρe

∑
t∈KE

β
(E)
mt |ϕ(U )H

j ϕ
(E)
t |2

(14)

and, as in [26], its mean square value γ
(U )
mi is defined as:

γ
(U )
mj = E

{
|ĝ(U )
mj |2

}
=

√
N

(U )
p ρuβ

(U )
mj c

(U )
mj =

=
N

(U )
p ρu

(
β
(U )
mj

)2

1 +

√
N

(E)
p ρe

∑
t∈KE

β
(E)
mt |ϕ(U )H

j ϕ
(E)
t |2

(15)

Being the channels of the single-antennas APs statistically
identical, γ(U )

mj is the same for all MU APs [26].
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Algorithm 1 Random PA

Require: Φ(U), Φ(E), KU , KE

Ensure: Au = [ϕ
(U )
1 . . .ϕ

(U )
i . . .ϕ

(U )
KU

] and Ae =

[ϕ
(E)
1 . . .ϕ

(E)
i . . .ϕ

(E)
KE

]
while i ∈ KU do

Au [i ] =Random selection of ϕ
(U )
i ∈ Φ(U)

end while
while i ∈ KE do

Ae [i ] =Random selection of ϕ
(E)
i ∈ Φ(E)

end while

Algorithm 2 Greedy PA

Require: Φ(U), Φ(E), KU , KE

Ensure: Au = [ϕ
(U )
1 . . .ϕ

(U )
j . . .ϕ

(U )
KU

] and Ae =

[ϕ
(E)
1 . . .ϕ

(E)
j . . .ϕ

(E)
KE

]
while j ∈ KU do

Au [j ] = select ϕ
(U )
j = argmin

ϕ
(U )
j

∑
m∈MU

ΞE

s.t ϕ
(U )
j ∈ Φ(U)

end while
while i ∈ KE do

Ae [i ] = select ϕ
(E)
i = argminϕ

i(E)

∑
m∈ME

ΞU

s.t ϕ
(E)
i ∈ Φ(E)

end while

The channel estimation error is defined as ε
(U )
j = ĝ

(U )
j −

g
(U )
j where ε

(U )
j ∼ CN(0, β(U )

j − γ
(U )
j ) is independent from

ĝ
(U )
j ∼ CN(0, γ(U )

j ). The mean square error has a variance

of E{|ε(U )
j |2} = β

(U )
i − γ

(U )
j [27]. Similar derivations can

be done to obtain the channel estimate ĝ
(E)
mi for i ∈ KE .

B. Pilot Assignment Procedures

We consider two PAs, customized for the specific sce-
nario of Cf-maMIMO URLLC and eMBB sliced services. The
Random PA, described in Algorithm 1, is a very simple assign-
ment method constrained only by the user’s type. With this
strategy the user will randomly receive a pilot out from the
pilots’ set. Users of different services that are in close vicinity
could experience inter-service interference which is not taken
into account for the selection of the assigned pilots. For the
sake of Algorithm 1’s readability, we introduce the index i to
address the users in both sets KU , KE and the positioning
within the output arrays Au , Ae .

The Greedy PA, described in Algorithm 2, instead, accounts
for the inter-service interference, i.e., for the network slice
pilot contamination. The pilot contamination is expressed for
the two services by the terms

∑
t∈KE

g
(E)
mt ϕ

(U )H
j ϕ

(E)
t and∑

s∈KU
g
(U )
ms ϕ

(E)H
i ϕ

(U )
s in (11) and (12). Their variances

are given by:

E

⎧⎨
⎩|

∑
t∈KE

g
(E)
mt ϕ

(U )H
j ϕ

(E)
t |2

⎫⎬
⎭ =

∑
t∈KE

β
(E)
mt |ϕ(U )H

j ϕ
(E)
t |2

E

⎧⎪⎨
⎪⎩

∣∣∣∣∣∣
∑

s∈KU

g(U )
ms ϕ

(E)H
i ϕ(U )

s

∣∣∣∣∣∣
2
⎫⎪⎬
⎪⎭ =

∑
s∈KU

β(U )
ms |ϕ(E)H

i ϕ(U )
s |2

Each user will be assigned the pilot sequence which minimizes
the network slice pilot contamination summed over all the
APs, according to the type of service. For the user j ∈ KU
the assigned pilot is found by solving (P1), for the user i ∈ KE
by solving (P2):

arg min
ϕ
(U )
j

∑
m∈MU

∑
t∈KE ,

ϕ
(U )
j =ϕ

(E)
t

β
(E)
mt |ϕ(U )H

j ϕ
(E)
t |2 (P1)

argmin
ϕ
(E)
i

∑
m∈ME

∑
s∈KU ,

ϕ
(E)
i =ϕ

(U )
s

β
(U )
ms |ϕ(E)H

i ϕ
(U )
s |2 (P2)

For the sake of readability, we define the following simpli-
fied notations for the problems P1 and P2 in Algorithm 2,
where indexes i and j are in accordance with previous
formulas:

ΞE =
∑

t∈KE ,

ϕ
(U )
j =ϕ

(E)
t

β
(E)
mt |ϕ(U )H

j ϕ
(E)
t |2

ΞU =
∑

s∈KU ,

ϕ
(E)
i =ϕ

(U )
s

β
(U )
ms |ϕ(E)H

i ϕ
(U )
s |2.

V. DOWNLINK TRANSMISSION

Let su , with u ∈ KU and E{|su |2} = 1, be the sym-
bol to be transmitted to URLLC users, and se , with e ∈
KE and E{|se |2} = 1, the symbol to be transmitted to
eMBB users. We assume that the symbols are uncorrelated,
i.e., E{|sesu |2} = 0. Based on the assumption of channel
reciprocity, the signals transmitted by the APs mu ∈ MU and
me ∈ ME that apply the conjugate beamforming precoding
based on the MMSE channel estimation, can be written as:

xmu∈MU
=

∑
u∈KU

√
N

(U )
d ρuĝmu ,usu (16)

xme∈ME
=

∑
e∈KE

√
N

(E)
d ρeĝme ,ese (17)

with the conditions E{|xmu |2} ≤ ρu, E{|xme |2} ≤ ρe. In
this Cf-maMIMO scenario, the generic i-th user receives a
signal resulting from the superposition of (16) and (17). In
particular, the signals received by the URLLC user u ∈ KU
and the eMBB user e ∈ KE are expressed as (in the following
we omit the superscripts (U ) and (E) to improve the clarity of
the expressions - the terms are distinguished by the subscripts):

ru =
∑

mu∈MU

gmu ,uxmu +
∑

me∈ME

gme ,uxme + nu =

=
∑

mu∈MU

∑
u ′∈KU

√
N

(U )
d ρugmu ,u ĝmu ,u ′su ′ +

+
∑

me∈ME

∑
e∈KE

√
N

(E)
d ρegme ,u ĝme ,ese + nu (18)
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and

re =
∑

me∈ME

gme ,exme +
∑

mu∈MU

gmu ,exmu + ne

=
∑

me∈ME

∑
e′∈KE

√
N

(E)
d ρegme ,e ĝme ,e′se′ +

+
∑

mu∈MU

∑
u∈KU

√
N

(E)
d ρegmu ,e ĝmu ,usu + ne (19)

that can be expressed in a compact form [28] as:

ru = Susu + Tusu + Iu,u ′su ′ + Iu,ese + nu (20)

where nu is the effective noise perceived by the user u, and

Su = E

⎧⎨
⎩

∑
mu∈MU

√
N

(U )
d ρugmu ,u ĝmu ,u

⎫⎬
⎭

Tu =
∑

mu∈MU

√
N

(U )
d ρugmu ,u ĝmu ,u

− E

⎧⎨
⎩

∑
mu∈MU

√
N

(U )
d ρugmu ,u ĝmu ,u

⎫⎬
⎭

Iu,u ′ =
∑

u ′∈KU
u ′ �=u

∑
mu∈MU

√
N

(U )
d ρugmu ,u ′ ĝmu ,u ′

Iu,e =
∑

e∈KE

∑
me∈ME

√
N

(E)
d ρegme ,u ĝme ,e

are, respectively, a deterministic factor Su scaling the desired
signal of the URLLC user u ∈ KU as given by the con-
jugate beamforming precoding; the contribution Tu in the
received signal related to the beamforming uncertainty gain;
the interference Iu,u ′ with the signals by other URLLC users
u ′ ∈ KU \ {u}, which is Iu,u ′ = 0 under our assumption
of orthogonality between users of the same service; the inter-
slice interference Iu,e between URLLC user u and all eMBB
users.

VI. PERFORMANCE METRICS

We define three metrics to measure the performance of the
proposed Cf-maMIMO system with NS applied to URLLC
and eMBB served users: the spectral efficiency, the achievable
average data rate and the outage probability.

The DL spectral efficiency for users u ∈ KU , under the
condition M>>K, is defined as [28]:

SEu = log2

(
1 +

|Su |2
E
{|Iu,u ′ |2}+ E

{|Iu,e |2}+ 1

)
=

= log2

(
1 +

|Su |2
E
{|Iu,e |2}+ 1

)
(21)

where, as derived in the Appendix:

|Su |2 = N
(U )
d ρu

⎛
⎝ ∑

mu∈MU

γmu ,u

⎞
⎠

2

(22)

and

E

{
|Iu,e |2

}
= N

(E)
d ρe

∑
e∈KE

∑
me∈ME

γme ,eβme ,u . (23)

The expression (21) holds under the condition M >> K: as
demonstrated in [26], for large values of M the contribution
of the beamforming uncertainty gain in the received signal is
negligible.

For the user e ∈ KE we define the corresponding terms Se ,
Ie,e′ and Ie,u and derive the expression for the spectral effi-
ciency. However, in light of the adopted RB allocation strategy,
since the eMBB payload has a bigger size than the URLLC,
we assume that URLLC DL transmissions are “puncturing”
the DL time slot, resulting in the utilization of a portion of
the total DL time Td .

The DL time slot is given by Td = Tc(1 − Np/N ), with
N = BcTc . We identify two portions in Td : the contention-
based DL transmission time defined as Tcb = wcbTd ,
where simultaneous URLLC and eMBB transmissions cause
inter-service interference; and the contention-free DL trans-
mission time Tcf = Td − Tcb , where only eMBB users
transmit and will not experience any kind of inter-user or
inter-slice interference. The weighting factor wcb ∈ (0, 12 )
represents the estimated time fraction of simultaneous DL
transmissions.

Hence, the total spectral efficiency for eMBB users is:

SEe = SE cb
e + SE cf

e (24)

where

SE cb
e = log2

(
1 +

|Se |2
E
{|Ie,e′ |2}+ E

{|Ie,u |2}+ 1

)

= log2

(
1 +

|Se |2
E
{|Ie,u |2}+ 1

)

SE cf
e = log2

(
1 +

|Se |2
E
{|Ie,e′ |2}+ E

{|Ie,u |2}+ 1

)

= log2

(
1 + |Se |2

)

are, respectively, the contention-based eMBB spectral effi-
ciency term SE cb

e related to Tcb and the contention-free eMBB
spectral efficiency term related to Tcf .

Therefore, we define the achievable data rates RDL
u and

RDL
e for DL transmissions of the users u ∈ Ku and e ∈ Ke ,

respectively, as functions of the spectral efficiency SEu and
SEe , the coherence bandwidth Bc , the contention-based DL
transmission time Tcb and the contention-free DL transmission
time Tcf as:

RDL
u = δB · Bc · Tcb · SEu (25)

RDL
e = Bc ·

{
Tcb · SE cb

e + Tcf · SE cf
e

}
(26)

where δB is the fraction of the coherence bandwidth assigned
to URLLC users according to our RB assignment scheme.

Finally, we define the outage probability as a metric to eval-
uate the scalability of Cf-maMIMO supporting NS. The eMBB
and URLLC services have specific payload size requirements
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TABLE II
SIMULATION PARAMETERS

bu and be , respectively. The outage probability refers to a
network’s operating condition that doesn’t support the trans-
mission of packets of these fixed sizes of bu and be bits. Then,
if Rth

u = f (bu ) and Rth
e = f (be) are the data rate thresh-

old values for the URLLC and eMBB services, the outage
probability for the specific user is defined as

Pout
u = Pr

[
RDL
u < Rth

u

]
for u ∈ KU (27)

Pout
e = Pr

[
RDL
e < Rth

e

]
for e ∈ KE (28)

VII. PERFORMANCE EVALUATION

We investigate the performance of the proposed network
sliced Cf-maMIMO system for different sizes of the pool of
users, that is 20 ≤ K ≤ 200, still fulfilling the design condition
of Cf-maMIMO, M >> K, being M = 200 the total number
of APs in the area with M = ME +MU and |ME | = |MU |.

A. Simulation Setup

We consider a square area of 1 km2 with M APs and K
users, with MU = M /2 APs and KU = K/2 users (UEs)
assigned to URLLC and ME = M /2 APs and KE = K/2
UEs assigned to eMBB. To avoid boundary effects and to
imitate a network spread over an infinite area, the square
is wrapped around. Regardless of service, during the UL
training phase we assume a maximum transmission power
of ρ

(UL)
u |max = ρ

(UL)
e |max = 100 mW for each user. For

the DL transmission, the available maximum total power is
ρ
(DL)
u |max = ρ

(DL)
e |max = 200 mW. All values of simulation

parameters are listed in Table II.
The APs apply a centralized power allocation scheme and

assign to each users an amount of power given by

ρumk = ρtotu

(
βukm

)v
∑

(k ,m)

(
βukm

)v
with k ∈ KU , m ∈ MU and v ∈ [0, 1]. The value of
v = 0 implies that the assigned power is a fraction of the
total available power. The value of v = 1 implies that the
assigned power relies on the channel condition between the
AP m and the considered user k. Similarly, for the eMBB APs
and users. According to [25], we assume that the length of
a CI is 200 ≤ N ≤ O(104), where N = 200 corresponds
to a network with high mobility and high channel dispersion,

Fig. 4. Spectral efficiency of the two services URLLC (lower plot) and
eMBB (upper plot) multiplexed in the same area in the Cf-maMIMO system
for the two considered PAs. For the eMBB, the spectral efficiency is shown
for both scenarios with and without URLLC traffic.

whereas N = O(104) reflects a network with low user mobil-
ity and low channel dispersion. We set N = 5 · 104. The
APs are deployed in a urban dense micro-cell scenario match-
ing the 3GPP model for the 2 GHz band [29]. According to
that model, for each m-AP and k-UE, we evaluate the channel
gains as:

βkm [dB ] = −30.5− 36.7 log10(dkm/d0) + Fkm (29)

where the dkm is the 3D distance from the m-th AP to the k-th
UE, d0 = 1 m is the reference distance, and Fkm ∼ N(0, 42)
is the shadowing term. The shadowing fading from the pair
AP m and UE k to the pair AP j and UE i has a correlation
given by:

E
[
FkmFij

]
=

{
422Δki/9 m if m = j
0 if m �= j

(30)

where Δki is the distance of user k from user i. The second
row reflects the shadowing effects for different APs that is
assumed to be zero. The reason is that APs are typically dis-
tributed in the network at a distance larger than tens of meters
and purposely deployed to view the deployment area from dif-
ferent directions than other APs. The coherence bandwidth is
assumed to be Bc = 1 MHz. Finally, the eMBB packet pay-
load size is set to be = 1500 bytes and the URLLC size to
bu = 32 bytes, according to the standard.

B. Results and Discussion

We show the average spectral efficiencies and the cumula-
tive distribution functions (CDFs) of the throughput of URLLC
and eMBB users for the two different PA schemes against the
number of users. To show the benefits of the spatial diver-
sity offered by the Cf-maMIMO, we analyze also the case
of eMBB traffic only, without any interference from URLLC
users. The average spectral efficiency vs. the number of UEs
per service is depicted in Fig. 4 for the eMBB with and with-
out URLLC traffic (upper plot) and for the URLLC (lower
plot). As expected, in a single-service deployment scenario, the
spectral efficiency is higher with respect to the multi-service
scenario and this reflects in a higher throughput of the eMBB
users in the absence of URLLC traffic, as shown in Fig. 5 for
the two exemplary cases of 40 and 100 UEs. Apparently, the
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Fig. 5. CDFs of the eMBB throughput for different numbers of UEs for the two considered PAs.

PA scheme does not have any impact on the performance, but
this point deserves further investigations.

Figures 5 and 6 show the CDFs of the throughput for eMBB
and URLLC services, respectively, for the two considered PA
schemes in the proposed Cf-maMIMO RAN. We notice that
the throughput does not show any improvement when the more
sophisticated greedy PA scheme is applied. The random and
greedy PA curves are very close, which confirms the effec-
tiveness of our approach based on Cf-maMIMO that exploits
the spatial diversity. In this scenario, which involves a number
of APs much greater than the number of UEs, as design con-
dition for Cf-maMIMO systems, the less demanding random
approach can be applied, because the spatial diversity guar-
antees that the reference requirements shown by the straight
dash-dotted lines in the figures, are fulfilled for both services
even with the random PA. As a future work, we will explore
the use of more sensible pilots allocation schemes and will
infer whether such schemes can allow us to relax the Cf-
maMIMO condition M >> K and get the number of APs
closer or even below to the number of UEs.

Increasing the number of users from 10 to 100 per ser-
vice, while keeping constant the number of APs, M = 200,
produces at first an improvement of the throughput (from
10 to 40 UEs), but then a slight performance downgrade in
the case of multiplexed eMBB and URLLC. This is related
to the main condition of the Cf-maMIMO asset, that is
M >> K, i.e., the number of APs must be much greater
than the number of served users. Indeed this effect is not evi-
dent in the eMBB CDFs without URLLC traffic, because in
this case the number of APs is twice the number of UEs.
When M approaches the number of UEs in the area, the

spectral efficiency expression (21) should account also for the
beamforming uncertainty gain. For the URLLC, we observe
a similar behavior, with the throughput re-scaled according to
the URLLC traffic characteristics. Moreover, Fig. 6 shows that
for low levels of interference, i.e., for small numbers of users
(i.e., 10 or 40), the greedy PA scheme slightly outperforms the
random PA; instead, at high interference regimes, i.e., with 70
or 100 users per service, the adopted PA scheme does not
have any effect. Finally, looking at the intersection between
the throughput CDFs curves and the reference values per ser-
vice Rth

u and Rth
e reported in Figures 5 and 6, we may infer

that the service slicing in the proposed Cf-maMIMO RAN
guarantees the fulfillment of the QoS requirements for eMBB
users with a probability of 100%, whereas for the URLLC the
outage probability remains at acceptable levels.

VIII. CONCLUSION AND FUTURE DIRECTIONS

In this work we studied the coexistence of URLLC and
eMBB service on a Cf-maMIMO RAN. In particular, we
devised a new theoretical model accounting for new assump-
tions related to network slicing applied to the Cf-maMIMO to
multiplex heterogeneous services.

We introduced two customized procedures to assign pilot
sequences to users, namely the Random PA and Greedy PA,
where the latter has been defined with the purpose of mini-
mizing the network slice pilot contamination. The results show
that in the proposed configuration the PA choice does not influ-
ence the performance except in a low interference regime.
Then we may conclude that the Cf-maMIMO architecture,
relying by design on the macro-diversity gain offered by the
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Fig. 6. CDFs of the URLLC throughput for different numbers of UEs for the two considered PAs.

distributed antennas, is able to fulfil the requirements for the
considered heterogeneous services independently from the PA
scheme.

Future directions of this work include the performance
evaluation of the same system with different propagation con-
ditions and different precoding techniques, also relaxing the
assumption of the orthogonality between the two sets of pilot
sequences. Finally, we plan to study alternative PAs, including
implementations based on reinforcement learning algorithms,
and will infer whether such schemes can allow us to relax the
Cf-maMIMO condition M >> K and get the number of APs
closer or even below to the number of UEs.

APPENDIX

DERIVATION OF THE SE TERMS

In the following we report the detailed calculations of the
terms Su and Iu,e of the closed-form expression (21) for the
spectral efficiency. We remind that for a user i served by the
m-th AP the channel estimation error is εmi = ĝmi−gmi , and,
as in [27], the following conditions hold: E{εmi ĝmi} = 0 and
E{εmi (ỹ

(U )
mi )H } = 0. This is due to the fact that the channel

estimation error εmi and the estimates ĝmi are jointly Gaussian
distributed, thus they are uncorrelated. For the Su term in the
SE expression we have:

|Su |2 =

∣∣∣∣∣∣E
⎧⎨
⎩

∑
mu∈MU

√
N

(U )
d ρugmu ,u ĝmu ,u

⎫⎬
⎭

∣∣∣∣∣∣
2

=

∣∣∣∣∣∣
√

N
(U )
d ρuE

⎧⎨
⎩

∑
mu∈MU

gmu ,u ĝmu ,u

⎫⎬
⎭

∣∣∣∣∣∣
2

. (31)

By expressing gmu ,u in terms of the estimation error εmu ,u ,
we have:

E

⎧⎨
⎩

∑
mu∈MU

gmu ,u ĝmu ,u

⎫⎬
⎭ =

= E

⎧⎨
⎩

∑
mu∈MU

(
ĝmu ,u − εmu ,u

)
ĝmu ,u

⎫⎬
⎭ =

= E

⎧⎨
⎩

∑
mu∈MU

(
ĝmu ,u ĝmu ,u − εmu ,u ĝmu ,u

)
⎫⎬
⎭ =

= E

⎧⎨
⎩

∑
mu∈MU

∣∣ĝmu ,u
∣∣2 − ∑

mu∈MU

εmu ,u ĝmu ,u

⎫⎬
⎭ =

=
∑

mu∈MU

E

{
|ĝmu ,u |2

}
−

∑
mu∈MU

E
{
εmu ,u ĝmu ,u

}
(32)

With the condition E{εmi ĝmi} = 0, we get

|Su |2 =

∣∣∣∣∣∣
√

N
(U )
d ρu

∑
mu∈MU

γmu ,u

∣∣∣∣∣∣
2

=

= N
(U )
d ρu

⎛
⎝ ∑

mu∈MU

γmu ,u

⎞
⎠

2

(33)
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where γ(mu ,u) is defined in (15).
With the same considerations, we obtain the term Iu,e :

E
{|Iu,e |2} =

∣∣∣∣∣∣E
⎧⎨
⎩

∑
e∈KE

∑
me∈ME

√
N

(E)
d ρegme ,u ĝme ,e

⎫⎬
⎭

∣∣∣∣∣∣
2

=

=

∣∣∣∣∣∣
√
N

(E)
d ρeE

⎧⎨
⎩

∑
e∈KE

∑
me∈ME

gme ,u ĝme ,e

⎫⎬
⎭

∣∣∣∣∣∣
2

.

(34)

By expressing gme ,u in terms of the estimation error εme ,u :

E

⎧⎨
⎩

∑
e∈KE

∑
me∈ME

gme ,u ĝme ,e

⎫⎬
⎭ =

= E

⎧⎨
⎩

∑
e∈KE

∑
me∈ME

(
ĝme ,u − εme ,u

)
ĝme ,e

⎫⎬
⎭. (35)

Defining

GUE = E

⎧⎨
⎩

∑
e∈KE

∑
me∈ME

ĝme ,u ĝme ,e

⎫⎬
⎭ (36)

and

Cεĝ = E

⎧⎨
⎩

∑
e∈KE

∑
me∈ME

εme ,u ĝme ,e

⎫⎬
⎭, (37)

we have

|Iu,e |2 = N
(E)
d ρe

∣∣GUE − Cεĝ

∣∣2 =

= N
(E)
d ρe

(
G2
UE + C 2

εĝ − 2GUECεĝ

)
. (38)

With some algebra, we have:

G2
UE =

∑
e∈KE

∑
me∈ME

E

{∣∣∣ĝ(me ,u)

∣∣∣2
}
E

{∣∣ĝme ,e
∣∣2} =

=
∑

e∈KE

∑
me∈ME

γme ,uγme ,e , (39)

C 2
εĝ =

∑
e∈KE

∑
me∈ME

E

{∣∣εme ,u

∣∣2}E{∣∣ĝme ,e

∣∣2} =

=
∑

e∈KE

∑
me∈ME

(
βme ,u − γme ,u

)
γme ,e . (40)

With the condition E{εmi ĝmi} = 0, we get

GUECεĝ =

=
∑

e∈KE

∑
me∈ME

E
{
εme ,u ĝme ,u

}
E
{
ĝme ,e ĝme ,e

}
= 0 (41)

and (38) simplifies to

|Iu,e |2 = N
(E)
d ρe

∑
e∈KE

∑
me∈ME

[
γme ,e

·(γme ,u + βme ,u − γme ,u
)]

=

= N
(E)
d ρe

∑
e∈KE

∑
me∈ME

γme ,eβme ,u . (42)
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