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Abstract

The cell-free massive multiple-input multiple-output (CF-MaMIMO) network architecture
is a promising candidate for beyond-5G communication systems. In this document, we briefly
summarize the key concepts and challenges of CF-MaMIMO. Furthermore, we introduce
relevant literature and show open problems. We present state-of-the-art algorithms for channel
estimation and data detection and focus on the application of the expectation propagation
(EP) algorithm on CF-MaMIMO systems.
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1 Introduction to Cell-Free Massive MIMO

The cell-free massive multiple-input multiple-output (CF-MaMIMO) network architecture is a
promising candidate for next-generation mobile communication systems. There are several works
which have studied this kind of system architecture. Some of them will be presented in this
document. More details and further references on CF-MaMIMO can be found in the surveys [1-4]
and the monograph from Demir et al. [5].

1.1 Motivation

Today’s mobile networks are built as cellular networks. Here, a user is connected to one of many
geographically distributed access points (APs) which provide the user with data. These APs are
also denoted as base stations (BSs). The user equipment (UE) connects to the one BS which
provides the strongest signal. Hence, each BS forms a cell within it supports data services to UEs.

One of the main figure of merits in communication systems is the achievable data rate which
increases with increasing signal-to-interference-plus-noise ratio (SINR). One disadvantage of cel-
lular networks is that the UEs at the cell edge have a much lower SINR than the UEs at the cell
center. One reason for this is the small received signal power caused by the large distance between
UE and BS. Another reason is the interference from neighboring BSs which is larger for cell-edge
UEs than for UEs at the center of a cell. Thus, there are large data rate variations within a cell
which violate the goal of ubiquitous high data rate wireless access of future mobile communication
systems. A CF network architecture, which will be introduced in the following, can reach the goal
of uniformly high data rates everywhere.

1.2 Cell-Free Massive MIMO
1.2.1 Concept

CF-MaMIMO can be seen as a combination of three existing technologies [5]: Ultra-dense net-
works [6,7], coordinated multipoint (CoMP) transmission/ reception with joint processing [8-10],
and massive MIMO [11-14]. The idea is to exploit the advantages of all three technologies by
combining them into a single network and, thus, mitigate the detrimental effects of interference,
high path loss, and fading.

Similar concepts for interference mitigation via distributed antenna systems have been con-
sidered in the past under the name of distributed wireless communication systems [15] and net-
work MIMO [16]. The term ”cell-free” was first mentioned in [17], while the combination with
MaMIMO was introduced in [18]. The main advantages of CF-MaMIMO compared to cellular
MaMIMO and small cells are the uniformly high data rates in the coverage area and the high
energy efficiency [5,19-22].

1.2.2 Network Architecture

A CF-MaMIMO network, illustrated in Fig. 1, consists of many geographically distributed APs
which jointly serve a much smaller number of UEs. One AP can be equipped with one or multi-
ple antennas. The joint processing is coordinated by central processing units (CPUs) which are
connected to the APs via fronthaul links. This architecture reminds of the centralized radio ac-
cess network (C-RAN) architecture of current cellular systems [23-25]. The fronthaul links in a
CF network can be used for sharing physical-layer signals for downlink (DL), forwarding received
uplink (UL) data, or sharing channel state information (CSI). Furthermore, they can be used for
phase synchronization between APs. Besides, the CPUs are interconnected via backhaul links.

1.2.3 Clustering

In the first papers on CF systems, all users were served by all APs. The cooperation between all
available APs can be beneficial in terms of performance, however, this system is not scalable [26].
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Figure 1: CF-MaMIMO network architecture.

Hence, a clustering of APs [27] is necessary which can be roughly divided into user-centric and
network-centric clustering, illustrated in Fig. 2. Different clustering schemes were already studied in
the CoMP framework of LTE-Advanced [9,28]. In order to arrive at a real CF network architecture,
the clustering has to be user-centric, shown in Fig. 2c. Each user is served by a subset of all available
APs which depends on the location of the user and, hence, has to change dynamically in a mobile
scenario. User-centric clustering for CF networks has been considered in [29,30]. Another way
to find the user-centric AP clusters in a scalable way was proposed by Bjornson in the dynamic
cooperation clustering (DCC) framework [26, 31].

1.3 Challenges and Open Problems

There are several challenges and open problems in CF-MaMIMO. In general, the main challenge
is to achieve the benefits of CF systems in a practically feasible way, with computational com-
plexity and fronthaul requirements that are scalable to enable massively large networks with many
mobile devices [5]. In the following, we present some specific challenges. Further challenges and
corresponding references can be found in the surveys [1-4].

1.3.1 Fronthaul Topology and Limitations

A practical implementation of a CF system has to consider the cabling cost caused by the fronhaul
links. Connecting all APs to a single CPU in a star topology is too costly in that regard. Hence,
multiple CPUs are necessary. If two APs which belong to different CPUs are cooperating, the
respective signals have to be exchanged between CPUs. Besides, radio-stripes [32] can be used to
further reduce the cabling cost. Here, APs are deployed in a sequential way along a fronthaul cable.
Therefore, signal processing schemes which can be distributed over multiple CPUs and support a
sequential connection of APs to the CPU are needed. Another challenge is the capacity-limited
fronthaul. One way to reduce the fronthaul load is quantization [33]. Thus, it matters whether
the information is processed at full precision at the AP or with reduced precision at the CPU.
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(b) Network-centric clustering.
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(c) User-centric clustering.

Figure 2: Comparison between a classical cellular network, network-centric clustering, and user-
centric clustering.
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1.3.2 Synchronization and Hardware Impairments

For multiple APs to jointly serve a UE via coherent transmission, an accurate time and phase
synchronization among the APs is necessary. Furthermore, reciprocity calibration is important
when the DL channel is estimated from UL pilots. AP synchronization and reciprocity can be done
over the air [34,35]. This kind of synchronization is necessary if the wired fronthaul cannot provide
a sufficiently accurate common time and frequency reference. Furthermore, the effect of hardware
impairments must be considered in CF-MaMIMO networks for a more practical analysis [36-38].

1.3.3 High-Mobility Scenarios

The challenge in a high-mobility scenario is the quickly changing channel between the user and
the APs which leads to channel aging, i.e., the channel estimation is outdated and differs from the
actual channel [39,40]. User mobility also leads to a phase shift of the line-of-sight (LoS) path
which has to be considered [41,42]. Furthermore, in a user-centric CF-MaMIMO system, a quickly
moving UE requires to update the serving cluster very often. Hence, signal processing schemes
which can cope with these challenges are needed.

1.3.4 Pilot Contamination

In CF-MaMIMO, similar as in centralized MaMIMO, the number of AP antennas is much larger
than the number of UEs. However, not all properties of the centralized MaMIMO channel can be
transferred to the CF scenario. Channel hardening and favorable propagation do not necessarily
hold in CF-MaMIMO [5,43-47]. Hence, the results from the MaMIMO literature cannot be simply
applied to CF-MaMIMO. Especially, the solutions on pilot decontamination [48-52] cannot be
readily transferred to CF systems.Pilot contamination originates from users sharing the same pilot
sequence during channel estimation. One approach to mitigate pilot contamination is via careful
pilot assignment [53-56] or using superimposed pilots [57]. Another approach is through joint
channel estimation and data detection (JCD) [58]. Despite these initial works, pilot contamination
is still an open problem in CF-MaMIMO.

2 Expectation Propagation

2.1 The Expectation Propagation Algorithm

The expectation propagation (EP) algorithm, proposed by Minka [59,60], is an approximate in-
ference technique extending the idea of assumed density filtering (ADF). EP iteratively finds an
approximation of factorized distributions in a tractable way by projecting the approximate fac-
tors onto an exponential family. The projection aims at minimizing the Kullback-Leibler (KL)
divergence which results in the so-called moment matching criterion. The EP algorithm can be
implemented as a message-passing scheme [61] which facilitates developing distributed algorithms.

2.2 Application of Expectation Propagation
2.2.1 General Wireless Communications

Céspedes [62] proposed a low-complexity EP-based MIMO detector while assuming perfect CSI.
Here, a Gaussian approximation was used for the posterior distribution of the data symbols. The
EP-based detector was shown to outperform the minimum mean square error (MMSE) detector as
well as the Gaussian tree approximation (GTA) algorithm with successive interference cancellation
(SIC). Besides, the detector produces soft-decision information which yields good performance
in combination with a low-density parity-check (LDPC)-decoder [63]. The extension of [62] to
imperfect CSI was presented by Ghavami in [64]. Here, the channel estimation error is incorporated
in the EP formulation which enhances the performance under imperfect CSI. Furthermore, new
factor graph representations for EP-based message-passing algorithms are introduced in [65,66] to
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reduce the computational complexity and enhance the performance. The new factor graphs are
generated by preprocessing based on matrix decompositions.

In [67], EP was used to develop a smoothing algorithm for symbol detection in a fading channel
which is modelled as complex autoregressive moving-average (ARMA) process. The symbol and
channel information are jointly estimated without pilot symbols, and the resulting algorithm per-
forms close to a pilot-assisted classical detection scheme in terms of bit error rate (BER). Other
blind or noncoherent schemes have been considered in [68-70]. Ghavami proposed a noncoher-
ent single-input multiple-output (SIMO) detector [68] and a blind channel estimation and symbol
detection scheme for multi-cell MaMIMO systems [69]. In both schemes, the approximations for
channel and symbol distribution are chosen to be a multivariate Gaussian distribution and a dis-
crete distribution, respectively. Even though the algorithm yields an EP-based estimate of the
transmitted symbols, a linear detection scheme is finally used for MIMO detection [69] since the
complexity of the EP-based solution is too high. Hence, at first, the channel is estimated in a blind
or semi-blind fashion using the EP framework and, then, the transmitted symbols are detected
using linear detection schemes like zero forcing (ZF) or MMSE detection. The EP-based schemes
outperform the coherent MMSE detector with MMSE- and eigenvalue decomposition (EVD)-based
channel estimation. In [70], a noncoherent multi-user detector was proposed for the SIMO mul-
tiple access channel (MAC). Here, the detector was derived by applying message-passing rules
for EP on a factor graph with a discrete distribution approximation for the data symbols.. The
resulting algorithm can be applied for pilot-assisted communications as well and shows good per-
formance. However, the complexity of the detector is too high for long data sequences. In [71], the
EP algorithm was used to develop a joint active user and channel estimation scheme for massive
machine-type communications. Here, the sparse effective channel of the machine-type devices,
which incorporates the activity of the devices and the channel coefficients, is approximated by
a Gaussian distribution and estimated via pilot symbols. The resulting algorithm outperforms
conventional sparse recovery algorithms.

In [72], an iterative MIMO receiver was developed in the EP message-passing framework. The
resulting turbo-like receiver exchanges extrinsic information between equalizer, demapper, and
decoder, and constitutes a low-complexity alternative to the well-known bit-interleaved coded
modulation (BICM) receiver with iterative decoding. The EP-based scheme with Gaussian data
symbol beliefs performs better than iterative linear MMSE receivers and close to the conventional
BICM receiver. An EP-based equalization scheme for channels with memory was proposed in [73].
Here, performance gains were achieved by replacing the uniform symbol prior during moment
matching by a non-uniform prior based on the information from the decoder. This equalizer scheme
can be modified by adding an outer EP loop to arrive at a turbo double EP-based receiver [74].
A similar approach as in [72], however, with a serial scheduling of the EP-based update rules
was investigated in [75] for channels with memory and yields a decision feedback equalization
(DFE) receiver. In [76], the double EP structure was combined with the DFE approach. This
scheme outperforms the previously mentioned equalization techniques. The turbo double EP-based
receiver from [74] has been also applied to the MIMO case [77]. A low-complexity EP detector for
iterative detection and decoding for MIMO systems was proposed in [78] with Gaussian symbol
approximations. Here, the computation of an inverse in the EP formulation is simplified by a
diagonal matrix approximation which is enabled by the channel decoder feedback. Furthermore,
EP has been used for channel decoding. The tree-structure EP algorithm [79-81] was shown to
outperform the belief propagation solution for LDPC decoding.

Finally, we present some works which developed decentralized detection schemes based on EP.
In [82], EP message passing was applied to extra-large scale MaMIMO systems in order develop a
distributed detector with subarray-based processing. The distribution of the data symbols in the
EP formulation was constrained to be a multivariate Gaussian distribution with a scaled identity
matrix as covariance matrix in order to save computational resources. The proposed detector
with perfect CSI knowledge performs close to the centralized EP detector from [62]. In [83],
another decentralized subarray-based MaMIMO receiver was developed which considered extrinsic
information from the decoder as a priori information for the EP-based detector with Gaussian
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approximations for the data symbols. Under certain conditions, the resulting decentralized receiver
with iterative detection and decoding outperforms the centralized MMSE receiver. The scheduling
here is different compared to [82]. At first, local iterations within each subarray are performed
which produce a local estimate. Then, these local estimates are combined at the CPU, and the
resulting log-likelihood ratios (LLRs) are send to the decoder. In [84], the performance of the
decentralized detector in [83] was enhanced by some preprocessing based on the QR-factorization
and a variance compensation scheme. The preprocessing leads to less loops in the underlying
factor graph and suppresses interference. In [85], a decentralized EP detector is developed based
on user grouping and and groupwise joint detection with a multivariate Gaussian approximation.
Furthermore, a daisy-chain architecture was proposed as an alternative decentralized scheme. The
resulting scheme outperforms the detector without user grouping [83] at the expense of a higher
computational complexity. Without any feedback from the CPU to the subarrays, the daisy-chain
architecture also yields a performance gain since information is shared between the distributed
units.

2.2.2 Cell-Free Massive MIMO

EP-based receivers have been also proposed for CF-MaMIMO systems. The authors in [86] utilized
a centralized EP-based detector with Gaussian data approximations which incorporates channel
estimation errors as in [64]. The channel estimation error accounts for pilot contamination and gen-
eral estimation errors due to noise. The resulting detector outperforms the MMSE-SIC detector.
In [87], He et al. proposed a distributed EP detector for CF-MaMIMO based on the decentralized
subarray-based detector in [82]. The distributed EP-based detector outperforms the centralized
MMSE detector under perfect CSI. The aforementioned approach was extended to an iterative
channel estimation and data detection (ICD) scheme in [88]. Here, the data detection is based on
EP which incorporates channel estimation errors, and the channel estimation is based on MMSE
estimation with detected data symbols as additional pilots. The distributed ICD approach out-
performs again the centralized MMSE receiver and performs close to the centralized EP detector
in [86]. In [89], an EP algorithm is proposed for semi-blind channel estimation with Gaussian data
symbols. Here, a Gaussian approximation was used in the EP framework. The resulting EP-based
channel estimation scheme outperforms the channel maximum a posteriori (MAP) estimator and
the JCD scheme from [58].

3 Conclusion

CF-MaMIMO is a promising network architecture for next generation mobile communication sys-
tems. It enables uniformly high data rates in the coverage are and high energy efficiency. However,
there are still open problems which have to be solved for a practically feasible CF-MaMIMO system.

In the CellFree6G project, we focus on a solution for pilot contamination based on joint pilot-
based channel estimation and data detection. Furthermore, we aim at developing low-complexity
decentralized receivers and channel estimation techniques with performance comparable to cen-
tralized techniques. Finally, we are interested in a large system analysis based on random matrix
theory to characterize compactly the resulting performance and evaluate, guide, and compare
various design options.
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