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Abstract—Cell-free massive multiple-input multiple-output (CF
mMIMO) provides good interference management by coordinating
many more access points (APs) than user equipments (UEs). It becomes
challenging to determine which APs should serve which UEs with which
pilots when the number of UEs approximates the number of APs and
far exceeds the number of pilots. Compared to the previous work, a
better compromise between spectral efficiency (SE) and implementation
simplicity is needed in such massive access scenarios. This paper proposes
an interference-aware massive access (IAMA) scheme realizing joint
AP-UE association and pilot assignment for CF mMIMO by exploiting
the large-scale interference features. We propose an interference-aware
reward as a novel performance metric and use it to develop two iterative
algorithms to optimize the association and pilot assignment. The numerical
results show a prominent advantage of our IAMA scheme over the
benchmark schemes in terms of the user fairness and the average SE.

Index Terms—Massive access, interference-aware, cell-free massive
MIMO, pilot assignment, user scheduling.

I. INTRODUCTION

Cell-free massive multiple-input multiple-output (CF mMIMO) is
recognized as a promising paradigm for the sixth-generation (6G)
networks [1]. The core idea is to coordinate a large number of distributed
access points (APs) with a central processing unit (CPU) to provide an
almost uniform service quality for the user equipments (UEs) in the
coverage area [2], [3]. However, the enormous wireless devices collab-
orating not only improves the network throughput, but also introduces
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Fig. 1. Interference relationships in scalable CF mMIMO systems.

a huge challenge on the interference management, especially in the
massive access scenarios where the pilot reuse ratio is high.

User access comprises pilot assignment and AP-UE association. The
former assigns each UE a pilot to acquire the channel state information
(CSI) and the latter associates each UE with at least one AP to perform
coherent transmission. User access becomes challenging as the network
gets more crowded since the increasing UE density implies inevitable
pilot reuse among the UEs, which causes substantial inter-user interfer-
ence, namely pilot contamination [4]. Also, a high UE density aggra-
vates the competition among UEs for accessing their associated APs,
which motivates more delicate AP-UE association schemes. Moreover,
user access should maintain the signal processing operated at each
AP under limited complexity and resource requirements to make the
system scalable [5]. The simplest but naive scheme is to assign the
pilots and APs at random [6]. There exist greedy schemes that refine
the spectral efficiency (SE) of the weakest UE iteratively [6], but cannot
guarantee convergence to the global optimal pilot assignment results.
The graph-based schemes formulate the assignment problems as graph
problems (such as the graph coloring [7], the weighted matching [8], and
the Max k-Cut [9]), and solve them with the corresponding algorithms.
Scalable schemes are proposed in [5] and [10], whereof the former
performs joint AP-UE association and pilot assignment, and the latter
clusters UEs such that the UEs in the same cluster share the same pilot.

In a wireless network, being aware of the interference features
is critical to the transmission design. This can be characterized by
the treating-interference-as-noise (TIN) optimality conditions from an
information-theoretic perspective [11], [12], [13], which reflect the
interference relationship between an intended link and the two most
influential interfering links corresponding to the intended UE and AP,
respectively (as illustrated in Fig. 1). Especially, [14] investigated the
probability that the TIN conditions hold in a CF mMIMO system
using stochastic geometry, which is directly related to the interference
relationships between the APs and the UEs. Due to the implementation
simplicity, robustness to channel uncertainty, and good characterization
of interference, the TIN optimality conditions are exploited for de-
signing interference-aware schemes for scheduling in cellular systems
in [15] and power control which further improves the SE in [12].

Motivated by the discussion above, we propose an interference-
aware massive access (IAMA) scheme for scalable CF mMIMO, where
the interference features are transformed into a useful performance
metric for scheme design. Two assignment algorithms are developed
for joint AP-UE association and pilot assignment to maximize the user
fairness or the average SE. The SE improvements achieved by our
IAMA scheme are demonstrated by the numerical results.
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Notation: Boldface lowercase letters, x, denote column vectors,
boldface uppercase letters, X, denote matrices, and calligraphic up-
percase letters, A, denote sets. Superscript H denotes the conjugate
transpose. The n×n identity matrix and zero matrix are In and 0n,
respectively.NC(0,R) denotes the multi-variate circularly symmetric
complex Gaussian distribution with correlation R. E{·} denotes the
expected value.

II. CF MMIMO SYSTEM MODEL

We consider a CF mMIMO system consisting of K single-antenna
UEs andLAPs, each equipped withN antennas. As illustrated in Fig. 1,
the APs are connected via fronthaul connections to a CPU, which is
responsible for coordinating and processing the signals of all UEs. The
user-centric CF architecture is adopted [5], where each UE is associated
with a subset of the APs. This procedure is elaborated in Section III.
For now, we letMk ⊂ {1, . . . , L} denote the subset of APs associated
with UE k and let akl = 1 if l ∈Mk and akl = 0 otherwise, ∀k, l.

We adopt the standard block fading model where the channel be-
tween UE k and AP l, denoted by hkl ∈ C

N , is constant in time-
frequency coherence blocks of τc channel uses [4]. In each block, the
channels are assumed to be subject to spatially correlated Rayleigh
fading, i.e., hkl ∼ NC(0,Rkl), where Rkl ∈ C

N×N is the spatial
correlation matrix and βkl � tr(Rkl

N
) is the large-scale fading coef-

ficient (LSFC) that describes pathloss and shadowing. We assume that
AP l knows the correlation matrices {Rkl : k = 1, . . . ,K}, which
represent the long-term channel statistics. These correlation matrices
can be accurately estimated using classical methods [4]. We consider
the downlink operation, where each block dedicates τp channel uses
for pilots and the remaining τc − τp channel uses for payload data.

A. Data Transmission and Spectral Efficiency

During the channel estimation, τp<K holds in massive access
scenarios due to the coherence block length limitation caused by natural
channel variations in the time and frequency domain. We adopt that
the pilots are selected from a pool of τp orthogonal sequences, and
thus, some UEs have to share the same pilot. We let Pt denote the
set of UEs sharing pilot t and refer to these UEs as co-pilot UEs. The
pilot assignment is elaborated in Section III. For now, we denote by
tk ∈ {1, . . . , τp} the index of the pilot assigned to UE k. When the
UEs inPtk transmit pilot tk, the pilot signal yp

tkl
∈ C

N received at AP
l is [4, Sec. 3]

yp
tkl

=
∑
i∈Ptk

√
τpρphil + ntkl, (1)

whereρp represents the pilot transmit power andntkl∼NC(0, σ
2IN ) is

the thermal noise. The minimum mean-squared-error (MMSE) estimate
of hkl is [4, Sec. 3]

ĥkl =
√
τpρpRklΨ

−1
tkl

yp
tkl
∼ NC

(
0, τpρpRklΨ

−1
tkl

Rkl

)
, (2)

where Ψtkl =
∑

i∈Ptk
τpρpRil + σ2IN is the correlation matrix of

yp
tkl

in (1).

Let wkl = w̄kl/
√

E{‖w̄kl‖2} denote the normalized precoder that
AP l selects for transmission to UE k such that E{‖wkl‖2}=1. Then
the received signal at UE k is

ydl
k =

L∑
l=1

hH
kl

K∑
i=1

ailwilsi + nk, (3)

where sk ∈ C is the independent unit-power payload signal intended
for UE k, ρil ≥ 0 is the transmit power that AP l assigns to UE i, and

nk ∼ NC(0, σ2) is the receiver noise. The total transmission power of
each AP is upper bounded by the maximum power ρdl.

We employ the widely used hardening bound [4, Th. 4.6],

SEk = (1− τp/τc) log2 (1 + SINRk) , (4)

to compute the achievable downlink SE, where the signal-to-
interference-and-noise ratio (SINR) is given by

SINRk =

∣∣∣E{∑L
l=1 aklh

H
klwkl

}∣∣∣2

∑K
i=1

∣∣∣E{∑L
l=1 ailhH

klwil

}∣∣∣2
−
∣∣∣E{∑L

l=1 aklhH
klwkl

}∣∣∣2 .

(5)
The SE expression in (4) holds for any scalable precoding scheme, e.g.,
the local partial MMSE (LP-MMSE) precoding [5] or the classical
maximum ratio (MR) precoding [4].

B. Interference-Aware Rewards (IARs) for CF mMIMO

The TIN optimality conditions indicate when the boundary of the
capacity region is approached within a constant gap and power control
is essential to do that [11]. In cellular networks, interference-aware
scheduling schemes are designed based on the following TIN condi-
tion [15]:

κSNRμ ≥ max INRap ·max INRue, (6)

where SNR denotes the signal-to-noise ratio (SNR) of the intended
link, INRap denotes the interference-to-noise ratio (INR) of the link
between the intended AP and the interfering UE and INRue denotes
the INR of the link between the intended UE and the interfering AP.
In (6), SNR, INRap, and INRue rely on statistical knowledge, which is
averaged concerning the fast fading. Parameters κ ≥ 1 and 1 ≤ μ ≤ 2
are introduced in [15] for system optimization.

The condition in (6) will not directly be applied to our considered
CF user access since a UE is served by multiple APs. In our case, the
interference comes from the imperfect CSI caused by the pilot reuse,
which will both reduce the channel estimation quality and make it harder
to suppress interference among the co-pilot UEs. Similar to [14], we
denote by

Sue
t,k = Pt \ {k} (7)

the set of UEs sharing pilot t except UE k, which are referred to as the
interfering UEs of UE k when UE k is assigned with pilot t. Also, we
denote by

Sap
t,k =

⋃
i∈Sue

t,k

Mi \Mk (8)

the set of the interfering APs of UE k when UE k is assigned with pilot
t. Unlike the scheduling in [15] where only the links fulfilling the TIN
condition in (6) are established, we propose a novel performance metric
tailored for CF mMIMO, as

iartkl � κ(βkl)
μ − max

i∈Sue
t,k

βil · max
j∈Sap

t,k

βkj , ∀k, l, t, (9)

which reflects the strength of an intended link compared to the interfer-
ence by only utilizing the LSFCs. We refer to iartkl defined in (9) as the
interference-aware reward (IAR) of a tuple (k, l, t), which corresponds
to the strength of the link between AP l and UE k when pilot t is used.

III. INTERFERENCE-AWARE MASSIVE ACCESS (IAMA)

In this section, we propose an IAMA scheme that uses the proposed
IARs in (9) with the goal of improving the SE of the majority of UEs,
e.g., the 90%-likely SE, which is a well-used performance criterion
representing the SE that can be provided to 90% of all UEs [2]. Since a
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Fig. 2. The proposed IAMA scheme for joint pilot assignment and AP-UE
association operates through three main steps.

new UE needs to be assigned a pilot to perform coherent transmission
with its associated APs when it accesses the network, two constraints
should be met during the AP-UE-pilot association:
� Each UE is associated with at least one AP to not being dropped

from service inadvertently;
� Each AP serves at most one UE per pilot to avoid causing

substantial pilot contamination.
As illustrated in Fig. 2, our proposed IAMA scheme operates through

three steps: 1) Master AP (mAP) selection; 2) pilot assignment; and 3)
further AP-UE association. Since only the LSFCs among the APs and
the UEs are employed at the CPU, the IAMA scheme works for many
coherence blocks.

Further details on above steps are provided later in this section.
Before that, recall that we useakl ∈ {0, 1},∀k, l, to indicate the AP-UE
association, we introduce another binary notation bkl ∈ {0, 1}, ∀k, l, to
ensure the association algorithm convergence. More precisely, during
the access procedure, bkl = 1 prevents the association between AP l
and UE k from being considered again, and bkl = 0 otherwise.

A. mAP Selection

Similar to [5], each UE first appoints a mAP assisting in the following
pilot assignment and AP-UE association. One well-used approach is to
let each UE select the AP with largest LSFC as its mAP, however, with
the risk that an AP is selected as the mAP by more than τp UEs. This
motivates us to develop the Multiple-UEs Single-AP-each (MUSA)
algorithm to assign each UE to one mAP while each AP is assigned to
at most τp UEs as their common mAP. The MUSA algorithm tries to
maximize the total LSFC of all associated AP-UE pairs, i.e.,

∑
k,l βkl ·

akl, and consists of the following steps:
1) Each UE initially appoints the AP that it has the largest LSFC to

as its candidate mAP.

Algorithm 1. MUSA Assignment.

2) Find the overburdened APs selected by more than τp UEs and
include them in cluster Cap = {l :∑k akl>τp}.

3) For each AP l ∈ Cap, include the UEs selecting AP l as the mAP
in cluster Cue = {k : akl = 1, l ∈ Cap}.
For each UE k∈Cue, compute the LSFC loss asΔk�βkl−βk�k ,
where AP �k = argmaxj 
=l,bkj 
=1βkj is the alternative mAP
having the largest LSFC with UE k except AP l.
Find UE i = argmink∈CueΔk with the smallest LSFC loss,
replace the mAP of UE i by its AP �i, and mark the association
between AP l and UE i by letting bil = 1.

4) Repeat steps 2) and 3) until Cap = ∅ or
∑

k bkl = K, ∀l ∈ Cap.
The pseudo-code of MUSA is summarized in Algorithm 1.

B. Pilot Assignment

To reduce the pilot contamination, the UEs prefer to be assigned
pilots that are orthogonal to their neighbouring UEs. With this consid-
eration in mind, we propose the following IAR-based pilot assignment
scheme:

1) Each UE selects a pilot from the τp pilots at random.
2) Consider a generic UE k and include it and the τp − 1 neigh-

bouring UEs having the largest LSFCs with the mAP of UE k
(i.e., AP lk) in UE k’s neighbour set Nk, where |Nk| = τp.
By using (9), compute all potential IARs of the tuples (i, lk, t),
i.e., {iartilk: t = 1, . . . , τp, i ∈ Nk}.

3) Update the pilot assignment in Nk by performing the MUSA
assignment in Algorithm 1, where the inputs are replaced by
{iartilk} and integer 1, and the output indicates which pilot is
assigned to which UE in Nk.

4) Repeat steps 2) and 3) until the maximum number of allowed
iterations is reached or convergence, measured by the change in
the sum IAR

∑K
i=1 iar

ti
ili

.
Step 3) implies that MUSA assigns each UE one pilot while each

pilot is assigned to at most one UE, based on the IARs {iartilk: t =
1, . . . , τp, i ∈ Nk}, ∀k.
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C. Further AP-UE Association

Given the assigned mAP and pilot, each UE prefers to access more
serving APs to improve the diversity gain. This motivates our Multiple-
UEs Multiple-APs-each (MUMA) algorithm that optimizes the AP-UE
association, based on the potential IARs of the tuples (k, l, tk), i.e.,

{iartkkl: k = 1, . . . ,K, l = 1, . . . , L}. (10)

Recall that although our IAMA scheme aims to improve the SE of most
UEs, an option for improving the average SE is also provided. More
precisely, the MUMA algorithm either maximizes the user fairness
as max{akl}mink Σk, where Σk �

∑
l iar

tk
klakl denotes the per-UE

sum IAR, or maximizes the total sum IAR as max{akl}
∑

k,l iar
tk
klakl.

We use the association between the UEs and their mAPs to initialize
{bkl, ∀k, l}. The MUMA algorithm operates as follows:

1) By using (9), compute all potential IARs in (10).
2) Each AP associates τp UEs with the largest IARs.

If the goal is max{akl}
∑

k,l iar
tk
klakl, stop algorithm and return

{akl}; otherwise, continue.
3) Find the weakest UE k′ = argminkΣk with the smallest per-UE

sum IAR.
4) Find the closest AP l′ = argmaxl,bk′l 
=1iar

tk′
k′l for UE k′, satis-

fying bk′l 
= 1 with the largest IAR.
5) Find the most distant UE k∗ = argmink,bkl′ 
=1iar

tk
kl′ for AP l′,

satisfying bkl′ 
= 1 with the smallest IAR.
6) Mark the association between AP l′and UE k′by bk′l′ ←1. If UE

k′still has a smaller per-UE sum IAR than UE k∗after taking AP
l′ from UE k∗, then UE k′ takes AP l′from UE k∗; otherwise, keep
status quo.

7) Repeat step from 3) to 6) until
∑

l bkl = L, ∃k.
The pseudo-code of MUMA is summarized in Algorithm III-C.

D. Benchmark Schemes and Complexity Analysis

Three existing user access schemes are considered as benchmarks,
they are “Scalable” with the complexity ofO(KL+Kτp + Lτp) [5],
“Greedy” with the complexity ofO(3KL+ L) [6], and “Graph” with
the complexity of O(KL+K2/2 +K/2 + τp) [9]. The Hungarian
scheme proposed in [8] is not considered since Graph offers better
SE [9]. For fair comparison in the scalable scenario, each AP serves at
most τp UEs and allocates its transmit power with the fractional power
allocation policy [5].

We consider two use cases of our proposed IAMA scheme: a) “IAR-
sum” for maximizing the sum SE and b) “IARmin” for maximizing the
user fairness. The complexity of MUSA depends on computing Δk for
UE k ∈ Cue of APs in Cap, from line 5 to line 12 in Algorithm 1, which
traverses all entries in {βkl, ∀k, l} at most K times, and, thus, with the
complexity of O(K2 L) [16]. The complexity of MUMA depends on
comparing the IARs of the weak UEs, from line 7 to line 17 in Algorithm
III-C, which traverses all entries in {iartkkl : ∀k, l} at most L times,
and, thus, with the complexity of O(KL2) [16]. To sum up, the total
complexity of the IAMA scheme is O(K2 L+Kτ 3

p +KL2). For the
considered massive access scenario where K≈L�τp, the complexity
of the IAMA scheme is dominated by O(K3).

IV. NUMERICAL RESULTS

In this section, we quantify the SE performance of the proposed
IAMA scheme, in which the results regarding LP-MMSE are obtained
from Monte Carlo simulation while the results regarding MR are
analytically computed by [5, Cor. 3]. We consider a 0.5×0.5 km2

coverage area and use the wrap-around technique to approximate an
infinitely massive access scenario, where L = 50 APs are deployed at

Fig. 3. Downlink SE per UE with different access schemes (K = 50).
(a) LP-MMSE precoding. (b) MR precoding.

Algorithm 2. MUMA Assignment.

random and each is equipped with a half-wavelength-spaced uniform
linear array with N = 4 antennas. Two different numbers of UEs are
considered: a)K = 50 corresponding to 200 UEs/km2 and b)K = 100
corresponding to 400 UEs/km2. The 3GPP Urban Microcell model
is used to compute the large-scale propagation conditions, such as
pathloss and shadow fading. Unless otherwise specified, other system
parameters are referred to [5], [14], which are ρp = 0.1 W, ρdl = 1 W,
σ2 = −94 dBm, τp = 5, τc = 200, κ=10, and μ = 1.8.

Fig. 3 shows the cumulative distribution function (CDF) of the
downlink SE per UE with K = 50, which gives a macro perspective
comparison among the schemes. The most prominent observation is
that IARmin significantly outperforms IARsum and other schemes on
the user fairness (quantified by the 90%-likely SE value) with both
precoders. There are two reasons. On the one hand, MUSA ensures
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Fig. 4. 90%-likely SE with different numbers of UEs and precoders. (a) K =
50. (b) K = 100.

Fig. 5. Average SE with different numbers of UEs and precoders. (a)K = 50.
(b) K = 100.

that each weak UE with poor channel condition accesses at least one
AP and satisfies that each AP serves at most one UE per pilot. On the
other hand, MUMA tries to associate the weak UEs with more serving
APs which promotes the user fairness. Without the max-min association
readjustment in MUMA (i.e., from line 6 to line 17 in Algorithm III-C),
IARsum falls behind IARmin, but still provides a higher 90%-likely
SE than the other considered schemes due to the accurate interference
characterization of the IARs in (9) such that each UE is assigned the
best pilot causing the least pilot contamination.

In Fig. 4, we elaborate the 90%-likely SE with different numbers
of UEs and precoders. Fig. 4(a) quantifies the 90%-likely SE in Fig. 3,
from which we can see that IARmin achieves 58% and 39% higher
90%-likely SE than the best benchmark (i.e., Graph) when using LP-
MMSE precoding and MR precoding, respectively. Fig. 4(b) compares
the considered schemes in a denser scenario with K = 100. When
compared to Fig. 4(a), it is clear that the 90%-likely SE is deteriorated by
the severe pilot contamination, while the advantage of IARmin grows.
More precisely, we observe that IARmin achieves 67% and 90% higher
90%-likely SE than the best benchmark (i.e., Scalable) when using
LP-MMSE precoding and MR precoding, respectively.

The average SE of the considered schemes is evaluated in Fig. 5.
Although improving the average SE is not the main goal of our IAMA
scheme, IARsum still outperforms the benchmarks in all considered
cases. When comparing Fig. 5(a) and (b), we can see the advantage

of IARsum grows when the number of UEs increases, benefiting from
the protection mechanism for the weak UEs of MUSA. For example,
when using LP-MMSE precoding, the average SE of IARsum is slightly
higher than the best benchmark Graph with K = 50 while the im-
provement compared to the best benchmark Scalable becomes 7% with
K = 100. IARmin loses the average SE for improving the 90%-likely
SE, but still slightly outperforms some benchmarks in the MR cases,
where the weak UEs rely on accessing more serving APs for avoiding
interference.

V. CONCLUSION

We proposed an interference-aware massive access scheme for scal-
able CF mMIMO in this paper. We proposed an iterative procedure
for joint AP-UE association and pilot assignment by exploiting the
proposed IARs, where two assignment algorithms are developed to
maximize the user fairness or the average SE. The numerical results
showed that our IAMA scheme significantly improved the user fairness
compared to the state-of-the-art benchmark schemes, especially when
using LP-MMSE precoding in a denser scenario.
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