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Abstract: Cell-free massive multiple input multiple output (MIMO) has the potential of providing
joint services including joint initial access, efficient clustering of access points (APs) and pilot
allocation to user equipments (UEs) over large coverage area with reduced interference. In cell-free
massive MIMO, large coverage area corresponds to provision and maintenance of scalable quality
of service requirements for infinitely large number of UEs. The research in cell free massive MIMO
is mostly focused on time division duplex mode due to availability of channel reciprocity which
aids in avoiding feedback overhead. However, frequency division duplex (FDD) protocol still
dominates the current wireless standards and the provision of angle reciprocity aids in reducing this
overhead. The challenge of providing a scalable cell-free massive MIMO system in FDD setting is
also prevalent, since computational complexity regarding signal processing tasks such as channel
estimation, precoding/combining and power allocation, becomes prohibitively high with increase
in number of UEs. In this work, we consider an FDD based scalable cell-free network with angular
reciprocity and dynamic cooperation clustering approach. We have proposed scalability for our FDD
cell-free and perform comparative analysis with reference to channel estimation, power allocation
and precoding/combining techniques. We present expressions for scalable spectral efficiency, angle
based precoding/combining schemes and provide comparison of overhead between conventional
and scalable angle based estimation as well as combining schemes. Simulations confirm that the
proposed scalable cell-free network based on FDD scheme outperforms the conventional matched
filtering scheme based on non-scalable precoding/combiming schemes. The angle based LP-MMSE
in FDD cell-free network provides 14.3% improvement in spectral efficiency and 11.11% improvement
in energy efficiency compared to non-scalable MF scheme.

Keywords: cell-free; massive MIMO; scalable FDD; angular reciprocity; dynamic cooperation
clustering

1. Introduction

The fifth generation systems promise to provide data rates as much as ten times higher compared
to the previous generations of wireless communication, and that too at a faster pace [1,2]. The
utilization of millimeter wave bands makes it possible to achieve the goals set in terms of data rate and
latency. However, there are some challenges in the way to fulfilling these demands. These include
harsh channel conditions in millimeter wave, need for high performance but estimation schemes with
lower computational complexity as well as efficient interference management and optimal choice
of duplexing scheme. Possible solutions may include utilization of massive MIMO, use of suitable
cooperation mechanism, such as cell-free framework and deployment of optimal estimation and
precoding/combining schemes [3–5].

The concept of cell-free massive MIMO has the potential to greatly reduce interference issue of
cellular networks. Since, cell-free frameworks have large coverage area, they are inherently equipped
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with diversity gains, thus providing immunity against fading and shadowing effects. However,
cell-free framework requires huge amount of control signaling with core network and increased
backhaul requirements. The key feature of cell-free is to create a network, where all the APs cooperate
in order to jointly serve the UEs and eliminate inter-cell interference. At the core of the network, there
is a central processing unit (CPU) and all APs in the network are connected to it through the backhaul
link [6–10].

Performance of cell-free framework relies on acquisition of accurate channel state information
(CSI) statistics. These CSI estimates are required for precoding during transmission and interference
mitigation in spatial domain. Acquiring these estimates requires sending/receiving pilots, that
subsequently incurs greater overhead as well as computational complexity. Channel estimation
techniques may result in high computational complexity for cell-free framework. Since, utilization
of channel reciprocity in time division duplexing (TDD) requires only estimating CSI in the uplink,
therefore, pilot overhead and estimation cost are reduced. Frequency division duplex (FDD) is
another duplexing mode that can offer equal improvement in terms of reduced pilot overhead and
computational complexity. Although, FDD does not possess channel reciprocity, yet, it has angular
reciprocity where angles of departure (AoDs) are the same in both uplink and downlink. Utilization of
TDD protocol is suitable in sub-6GHz band, due to time reciprocity. However, FDD can leverage from
millimeter wave frequency band since angular reciprocity is valid for larger frequency range [4]. In
addition, FDD based wireless systems still dominate the wireless communication due to their lower
cost and better coverage compared to their TDD counterparts.

The scalability of FDD cell-free network is another challenge that is based on AP’s ability of data
processing and sharing in a computationally efficient manner. The complexity of these tasks increases
linearly with the increase in number of UEs. To overcome this issue in an FDD cell-free framework,
it is imperative to acquire some kind of adaptive cooperative clustering scheme that can provide a
scalable network operation. In addition, an appropriate algorithm for power control is also required in
a cell-free network to address the scalablility with increasing number of users joining the network. It
is worth mentioning here that all APs make independent power allocation decisions, not knowing
the power allocation at the neighboring APs, therefore, scalable solutions are difficult to devise. A
heuristic approach to the power allocation challenge can prove useful as suggested in [4]. Max-min
power control and equal power allocation are also two popular choices for power control [4,5] and will
be analysed in this work for scalable FDD cell-free.

In essence, it is significant for a cell-free framework to be scalable with respect to the increase
in number of users joining the network [10]. For an FDD based cell-free framework to be scalable,
there are two important conditions 1) propagation channel must be sufficiently sparse to benefit from
angular reciprocity, a feature that is inherent in millimeter wave massive MIMO, and 2) number of
pilots should be independent of number of UEs. The second condition is the focus of our current work,
where, we utilize a millimeter wave cell-free massive MIMO framework with FDD protocol.

1.1. Paper Contribution and Organization

This work focuses on a scalable cell-free framework, where APs operate in FDD mode with angle
reciprocity, in which no feedback is needed from UEs. The utilization of angular reciprocity aids
in the acquisition of multipath components from the uplink pilots using combining schemes. The
contributions of this paper are as follows:

• This paper addressed the scalability conditions linked with angle-based FDD system and also
identifies the relationship of the number of orthogonal pilots with UEs.

• A complete mathematical model for scalable angle-based FDD cell-free system is presented while
considering a dynamic and cooperative clustering technique.

• The proposed scalable angle-based FDD system is evaluated thoroughly via simulations. The
results demonstrate significant performance gains with respect to energy efficiency, spectral
efficiency, and computational complexity.
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The rest of the paper is organized as follows: Section 1 describe cell-free network for massive
MIMO, Section 2 deals with scalability analysis of FDD-based cell-free massive MIMO, Section 3 is
dedicated to modeling and analysis of spectral and energy efficiency, Section 4 presents derivation of
power control algorithm for scalable cell-free, Section 5 provides results and discussion and Section 6
concludes the research work.

1.2. Related Work

The cell-free framework has evolved from its original form of network MIMO or coordinated
multipoint (CoMP) implementation. In network MIMO, all the APs were assumed to have the
knowledge of CSI for the whole network and were supposed to transmit this knowledge to all the
users. However, this form of cell-free, although theoretically preferred, was practically not possible,
since, the signalling overhead for training and data transmission would increase immensely [11,12]. An
improvement was suggested by [13], where local channel state information (CSI) sharing is encouraged
at the cost of network’s ability to jointly mitigate the interference. However, the interference mitigation
is still better compared to non-cooperative cellular networks. The approach is to serve a single UE
by only a subset of APs, therefore, performing fronthaul signaling for cooperation as well as data
transmission at a local level, each UE with its neighboring APs only. There are two approaches for
this kind of network operation: network-centric, where APs over the whole coverage area are divided
into non-contagious clusters to serve the UEs inside each cluster by providing the CSI estimates and
payload data [14–17]. This technique, although better than network MIMO, provides only slight
performance improvement with reference to interference mitigation. A refinement to network-centric
is user-centric approach, where, the whole coverage area is divided into overlapping clusters, and
clustering is based on the ability of APs to serve the UEs with strong channel conditions, as shown
in Figure 1 [18–20]. A user-centric cooperation approach is suggested in [19] and is named "dynamic
cooperation clustering (DCC)" [21].

Figure 1. DCC framework for overlapping Clustering Scheme.
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The research in the area of cell-free massive MIMO is usually centered on TDD protocol as cited
by authors in [22–25,10] and its scalability is also analyzed in [4]. An FDD based cell-free massive
MIMO system is considered in [26] with angle reciprocity and authors provide simulation results to
confirm that the angle reciprocity based FDD performs better compared to the subspace-based scheme
and in addition, the cell-free framework provides significant improvement in energy efficiency. An
FDD cell-free network is proposed in [27] that utilizes compressive sensing estimation scheme for
channel gains and simulation results confirm that the suggested estimation scheme provides reduced
pilot overhead and improved energy efficiency. Authors in [5] suggest angular reciprocity based
precoding/beamforming schemes and provide spectral and energy efficiency expressions for an FDD
cell-free network. The research work cited in [5] presents detailed numerical simulations for the
mathematical model of angle based FDD cell-free framework, however, the number of users is kept
equal to the number of utilized orthogonal pilots. Therefore, the suggested system is not scalable for
large number of users, since, the number of orthogonal pilots is limited.

Table 1 presents the comparison of existing literature and highlights the differences between the
proposed scalable angle based cell-free massive MIMO network and the current literature. In the
light of this discussion, scalability analysis of FDD cell-free is needed, and therefore, in this work we
present scalability analysis of FDD cell-free with efficient precoding/combining schemes. The work in
[4] details scalable TDD cell free, however, the coverage of FDD scheme is better compared to TDD
due to inherent interference mitigation, as uplink and downlink frequencies are separated. Therefore,
the comparative analysis of the impact of large K in the FDD cell free framework is crucial for future
wireless communication. In addition, optimal number of APs required in the intended geographical
area for a scalable FDD cell-free can also be established with large number of UEs connecting to the
network. Unlike [4], this work considers FDD based cell-free framework in the context of scalability.
In addition, this work suggests angle based precoding for both minimum mean squared error (MMSE)
and matched filtering (MF), presents results based on comparative analysis of MF and MMSE by
considering multiple antenna’s per AP, since FDD scheme leverages from the antenna gains and
provides improvement in spectral efficiency.

Table 1. Comparison of Proposed Scalable Angle based FDD Scheme with Existing Techniques.

Article Scalable Duplexing
Mode

Precoding /
Combining

Power
Allocation

Spectral
Efficiency

Energy
Efficiency

[4] ✓ TDD LP-MMSE,
MMSE, MR

equal power ✓ ✗

[5] ✗ FDD Angle based
MMSE, MF
and ZF

max-min,
equal power

✓ ✓

[22] ✗ TDD L-MMSE ✗ ✓ ✗

Proposed ✓ FDD Angle based
LP-MMSE,
MMSE and MF

max-min,
equal power

✓ ✓

The concept of angle based estimation has been considered in subspace based schemes, [28,29], for
cellular wireless networks including multiple signal classification (MUSIC) algorithm and estimation
of signal parameters by rotational in-variance technique (ESPRIT) [30]. Interested readers can read
more on ESPRIT and MUSIC algorithm in [31–34]. However, these schemes are not scalable due to
their higher computational cost and therefore, are not suitable for cell-free massive MIMO framework
[4]. This research work presents a solution based on scalability of FDD based massive MIMO network
and paper contributions are described in the following subsection.
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2. Cell-free Network for Massive MIMO

This work considers a frequency division duplex (FDD) based cell-free massive MIMO setting with
K single antenna users and N APs equipped with M antennas. All the APs are randomly distributed
over the intended geographical area and are connected to a central processing unit (CPU). The UEs are
distributed uniformly and independently in the entire coverage area [35]. Cell-free mMIMO network
ensures joint coherent transmission and reception to the users over the whole coverage area. We
assume that even for a large value of K such that K −→ ∞, N ≥ K [4]. The cell-free network here is
based on FDD protocol with angular reciprocity, where there is a pilot transmission phase for training
and estimation purposes followed by a payload data transmission phase. The coherence time τc in
angular domain is much greater than its time domain counterpart [35]. We consider a fairly large τc

such that τc is always greater than the number of UEs being served, and τp represents number of pilot
symbols that are mutually orthogonal. τp is assumed to be a constant, that is independent of K [35,36].

The channel model is assumed to be geometric with L propagation paths [26,28]. FDD based
system has partial reciprocity in angle domain [5,35]. Therefore, we can assume that angles of arrival
(AoAs) in the uplink and angles of departure in the downlink are almost equal. Similarly, the large
scale fading coefficients for both the up/downlink are similar. Since the FDD protocol shows partial
reciprocity, small-scale fading coefficients vary with the uplink and downlink frequencies [5]. We
denote the channel between nth AP and kth UE as hkn ∈ CM. Let P = MN represent the number of
antennas in the whole coverage area. The realization of Rayleigh fading channel in a coherence block
is given as hkn ∼ N (0, Rkn) such that Rkn ∈ CM×M represents the spatial correlation matrix [4,5,26,28].
Considering this, the M × 1 channel vector is represented as,

h =
1√
L

L

∑
j=1

q(ϕj)β jαj (1)

where, q(ϕj) is the array steering vector, αj represents the complex path gain, such that αj ∼ CN(0, 1)
is the small scale fading, whereas β j represent large scale fading coefficients including shadowing, path
loss and spatial correlation for the jth path [4,5,35]. All the APs in cell-free framework are independently
distributed and therefore, perform the estimation of multipath components in a distributed manner
and channel vectors for ith AP with jth AP gives, E{hkih

∗
kj} = 0 ∀ i ̸= j. Therefore, the channel vector

is represented in the matrix form as,

H =
1√
L

QBα (2)

where, QM×L = [q(ϕ1), ..., q(ϕL)], BL×L = diag(β1, ..., βL) and αL×1 = [α1, .., αL]
T .

It is worth mentioning here that the small scale fading parameter given in α vector are frequency
dependent whereas, the large scale fading coefficients β j in B are independent of frequency for an angle
coherence interval τc. The system model in this work follows from [5,21,37] with partial reciprocity in
FDD protocol, where multipath components for both up/downlink are assumed to be independent
and identically distributed (i.i.d.) random variables.

In the following Section, we build the FDD cell-free massive MIMO system model (more details
can be found in [39–40]) and analyze its scalability for a large number of UEs K joining the network
such that K −→ ∞.

3. Scalability Analysis for FDD-based Cell-Free Massive MIMO

A cell-free massive MIMO framework is deemed scalable if increase in number of users such that
K −→ ∞ does not impact the implementation of the following [4]:
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• computation of estimates of wireless channel for K UEs
• combining/beamforming computation for up/downlink
• control signaling for fronthaul (data and feedback)
• optimization of power control.

In a scalable system, the complexity of implementation and requirement for resources must
remain finite for all APs, even with large number of UEs joining the network [4,8]. In FDD based
systems with angular reciprocity, increase in number of UEs such that K −→ ∞ requires an equal
increase in system resources like number of N Aps and M antenna elements per AP. Therefore, the
dependence of implementation complexity shifts from K to the product MN which is much larger
than K. However, the solution is the localized cell-free framework, where APs are equipped with their
own processors and connection with the fronthaul. The APs only exchange local CSI estimates among
each other and network wide CSI exchange is not utilized in cell-free networks [5]. In addition, our
FDD based cell-free framework can leverage from the dynamic cooperation clustering (DCC) scheme
that allows APs to communicate with only a subset of UEs An instead of all K UEs [4,21,38]. To check
the scalability of our FDD-based cell-free framework, we further assume that set An comprises of UEs
served by at least one antenna of the nth AP, as,

An =
{

k : tr(Dnk) ≥ 1, k ∈ 1, 2, ..., K
}

. (3)

Let DknϵCN×N be defined as a set of matrices, each a diagonal one, to represent the communication
from nth AP to kth UE. The corresponding diagonal element of Dkn is asserted to 1 if AP n wishes to
transmit to UE k, and is 0 otherwise i.e.

Dkn =

{
IM k ∈ An

0M k /∈ An.
(4)

3.1. Uplink Pilot Training and Channel Estimation

As explained in Section 1, τc represents the angular coherence time such that τc = τp + τd, with
τp pilot symbols and τd data symbols. Each pilot sequence comprises of pilot length τp and has unit
norm. In FDD cell-free network with angular reciprocity, the value of τc is comparatively large, thus,
pilot sequences are assumed as mutually orthogonal. When UEs join the coverage area of our cell-free
network, they are assigned pilots according to the algorithm suggested in [4]. It is worth mentioning
here that the estimation of multipath components is performed by each AP independently by utilizing
the pilot sequences . The nth AP ∈ Mk ⊂ {1, 2, ..., N} is required to perform multipath component
estimation locally, for its neighboring An UEs such that An ⊂ {1, 2, ..., K}. There is no cooperation or
sharing of information among the APs for estimation of multipath components. We assume τp pilot
symbols, utilizing (2), the received signal Yn ∈ CM×τp at the nth AP, for FDD protocol, is presented in
matrix form as [5],

Ynk =

√
ρ

L
QnkBnkαnkτp +Unk (5)

where, ρ is the transmit power for kth UE and Unk ∼ (0, σ2
n) is the AWGN matrix such that Unk ∈

CM×τc .
The estimation of FDD based cell-free massive MIMO framework is performed by first utilizing the

DFT-based angle of arrival estimation after acquiring the multipath components estimates directly via
uplink training and then applying this angle information to estimate the large scale fading coefficients.
The overall complexity of angle based estimation is reduced when beamforming/combining schemes
are applied that are based on estimation of both of these components. The AoA estimation in [5] has
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better accuracy due to utilization of angle rotation technique, whereby, a phase shift is introduced into
the initial estimates, resulting in accurate peak elements. Therefore, the estimated AoA matrix is given
as;

Q̂nk = [q(ϕ̂1,nk), q(ϕ̂2,nk), ..., q(ϕ̂L,nk)] (6)

Next, these AoA estimates Q̂nk are used for computing large scale fading coefficients βnk. The
covariance matrix R̂nk,z is related to βL,nk and therefore, large scale fading coefficients can be obtained,
as suggested in [5],

β̂nk = diag(β1,nk, β2,nk, ..., βL,nk) = R̂nk,z (7)

The estimation algorithm is run over the search grid V for all paths L and all antennas M that
incorporates the complexity of DFT operation as well as angle rotation procedure, ∆ϕl ∈ [− π

M , π
M ],

where ∆ϕl is defined as the angle rotation parameter [5,33]. The purpose of this grid parameter V
is to establish the accuracy and computational complexity of the angle based estimation algorithm
[5]. Table 1 shows the comparison of complexity of estimation for angle based, MUSIC and ESPRIT
algorithms, Ui is the search grid parameter for ESPRIT algorithm, such that, Ui >> Vi.

It is worth mentioning that the performance of the angle based FDD estimation degrades slightly
for a large grid size V . It is also evident that the estimated values of β̂ and Q̂ remain fixed for the
coherence interval and therefore, only estimated once during the entire communication. Authors in [4]
suggest to pre-compute the channel statistics at nth AP and perform the channel estimation for each UE
based on that pre-computed statistics matrix, thus requiring less number of complex multiplications.

Table 2. Comparison of Computational Complexity for Estimation Techniques.

Estimation Technique Complexity of Estimation

Angle based Mlog(M) + VML
ESPRIT M3 + Ui N3

MUSIC (N3 M3 + K3)

3.2. Data Transmission Phase for Downlink

For the downlink data transmission to K users, APs use precoding vector ŵnk of length M × 1.
There is no exchange of information among APs regarding the precoding vectors. The downlink signal
of nth AP to kth UE, xn is represented as,

xn = ρd
K

∑
k=1

ŵnksd
k (8)

where, sd
k represents the data symbol and ρd depicts the maximum transmit power for kth user.

3.3. Angle Based Beamforming

The precoding/beamforming is performed to suppress the noise and interference in an efficient
manner. The angle based precoding vector for matched filtering is given as,

ŵnk =
Ĝnk

||Ĝnk||
Υnk (9)

where, Υnk represents the complex normalized weight of the k-th user, such that E[|Υnk|2] = 1 where
Υnk = [Υnk,1, ..., Υnk,L]

T and Ĝnk = [ĝnk,1, ĝnk,2, ..., ĝnk,L]
T .
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Matched filtering is a simple precoding technique that only requires estimates of AoA and large
scale fading coefficients for the channel between nth AP and kth UE. Ĝnk is the angle based precoding
matrix and for matched filtering it can be represented as,

Ĝm f
nk = Q̂nkB̂nk (10)

Finally, angle based MMSE, given as Ĝa−mmse
nk , provides precoding with efficient performance

against interference and noise suppression as well as estimation error. Ĝa−mmse
nk is given as,

Ĝa−mmse
nk =

(
K

∑
k=1

(Q̂nkB̂nkQ̂H
nkB̂H

nk + ınk) + σ2
m IM

)−1

× Q̂nkB̂nk (11)

where, ınk depends on the variance of difference among up/downlink multipath components
(υn and βl) [5].

For the downlink, we utilize DCC and modify the received signal at kth UE as;

yk =
N

∑
n=1

hH
kn

K

∑
k=1

Dnkŵnkρd +Un

= hH
k

K

∑
k=1

Dkŵkρd +Un (12)

where, Un ∼ NC(0, σ2) is the noise at the receiver. It is apparent from eq. (12) that nth AP will transmit
to kth UE if Dnkŵnk = ŵnk or when Dnk ̸= 0.

We argue that if the number of users K increases such that K −→ ∞, but the cardinality |An|
remains finite for all n = 1, 2, ..., N then the FDD based cell-free network is scalable (proof follows
from [4]). We utilize the algorithm suggested by [4] for the tasks like initial joint access, clustering and
pilot allocation. Based on the assumption that every AP serves a maximum of one UE for one pilot
sequence, and all M antennas of that AP will be utilized to serve all those UEs, eq. (4) describes the
communication among nth AP and kth UE.

Previously, we assumed τp to be independent of K, this combined with the argument of An having
constant cardinality provides sufficient conditions for scalability of FDD-based cell-free framework.
The algorithm for clustering, joint initial access and pilot allocation is scalable because the complexity
of the tasks of estimation and precoding is independent of K and only depends on k ∈ An that is a
maximum of one pilot per UE.

3.4. Data Transmission Phase for Uplink

All K UEs send payload in the uplink at the same time. The data symbols su
k , such that E[|su

k |
2] = 1,

are sent towards the APs and received signal is represented as,

yu
n = ρu

K

∑
k=1

hnksu
k +Uu

n (13)

where, ρu is the transmit power in the uplink and nu
n represents the noise added at nth AP, such that

nu
nN (0, σ2

n). At nth AP, the signal is multiplied by the M × 1 combining vector vnk. Finally, the signal is
sent for detection to the CPU via fronthaul link. The received signal at CPU is expressed as,

ru
k =

K

∑
k=1

N

∑
n=1

ρuvH
nkhnksu

k +
N

∑
n=1

vH
nkU

u
n (14)
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The original cell-free concept employs network-wide decoding of the uplink, where, n-th AP
chooses the combining vector vnk ∈ CN for k-th UE and performs local computations. For cell-free
network with DCC, the APs acquire the CSI estimates locally during pilot transmission. Although all
APs will receive the signal from all K UEs, yet, only a subset of these APs perform signal detection,
therefore, the estimated R̂k = ∑N

n=1 vH
nkDknyu

n is modified as,

R̂k = vH
k Dkhksu

k+

K

∑
j=1,j ̸=k

vH
k Dkhjsu

j + vH
k DkUu

n (15)

where, vk = [vT
k,1, vT

k,2, ..., vT
k,N ]

T ∈ CN represents the overall combining vector for all APs and
Un represents the combination of all noise vectors, Un = [UT

1 , ...UT
N ]

T ∈ CN . given that, Dk =

diag(Dk1, ..., DkN) ∈ CN×N represents a block diagonal matrix and only the APs for which Djn ̸= 0M
will apply combining vector at the received signal. Two cooperation mechanisms are available for APs:
centralized combining and distributed combining. In centralized combining based cooperation, APs
send the pilot and data signals to the CPU via fronthaul link. The CPU performs channel estimation
and signal detection in a centralized manner. For every coherence time, nth AP is required to send
approximately τp M complex values for pilot as well as τu

p M complex values for received signal. In
distributed combining, n-th AP chooses vector vkn based on local channel estimates ∀ [ĥjn : j ∈ An]

and performs the computation of local estimates as R̂kn = vH
knyu

n. The nth AP is required to compute
only the local estimates of |An| users and τu

p |An| complex values are sent every coherence interval to
CPU, which are independent of K and therefore, make the combining scalable. It maybe noted that
for distributed combining case, CPU has no knowledge of channel estimates making it unlikely to
obtain the expression for spectral efficiency in the uplink. A popular solution is "use-and-then-forget
bound" in cell-free massive MIMO systems, details are given in [4,39], for a choice of combining vector
vkn such that Dj = IN∀j. We utilize this approach for the signal received, given by eq. (15) and angle
based combining as represented in the following subsection.

3.5. Angle-based Combining

The received signal combining vector of nth AP and kth UE is given as [5],

vnk =
L

∑
j=1

γnk,j ĉnk,j = Ĉnkγnk (16)

where, Ĉnk = [ĉnk,1, ..., ĉnk,L], γnk,j =
1
L and γnk = [γnk,1, ..., γnk,L].

We utilize the uplink-downlink duality to obtain the combining vector expressions for angle
based matched filtering and angle based MMSE combining as presented in (10) and (11). This duality
implies that Ĉnk = Ĝnk.

4. Analysis of Spectral and Energy Efficiency

Based on the beamforming and combining results obtained so far, we analyze the performance
of this scalable cell-free massive MIMO framework for per UE spectral and energy efficiency in this
section.
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4.1. Spectral Efficiency of FDD-based Cell-Free

The per user spectral efficiency in the downlink is computed by utilizing the precoding scheme
and is represented as [5],

SEd
k = log2[1 + SINRd

k ]

≃ log2

(
1 +

ρdRd
k

ρd Id
jk + ρdFd

k + σ2
dl

)
(17)

where, Rd
k denotes the desired signal strength for cell-free framework, Id

jk is the interference term due

to j-th UE and Fd
k is the uncertainty in the beamforming gain defined as zero mean random variable

[5].
Therefore, for the proposed, sclalable cell-free framework, SINRd

k is expressed as,

SINRd
k =

log2

( ρdE[||ĥH
k Dkŵk||2]

ρd
j E[||hH

k Djŵj||2] + ρdE[||h̃H
k Dkŵk||2] + σ2

dl

)
(18)

The per user spectral efficiency for combining schemes in the uplink can be deduced from the
downlink case by substituting ŵj with vj and is presented as;

SEu
k ≃ log2

(
1+

ρuE[||ĥH
k Dkvk||2]

ρu
j E[||h

H
k Djvj||2] + ρuE[||h̃H

k Dkvk||2] + σ2
dl ||vk||2

)
(19)

4.2. Scalability Analysis of Spectral Efficiency for Uplink

Considering the SINR expressions for the uplink combining scheme with vnk, where, k ∈ Dnk, the
n-th AP is required to choose the combining vector based on the ĥjn = Q̂jnB̂jn such that {ĥjn : j ∈ An}
with no knowledge of CSI estimates at other APs. Any of the combining schemes mentioned before
(angle based MF and angle based MMSE) can be utilized to compute the SINR for spectral efficiency.
The most simple is angle based matched filtering combining scheme. Angle based MMSE combining
gives performance improvement, however, it is not a scalable option. A local partial MMSE combining
scheme is suggested in [4] that is inspired from the partial MMSE (P-MMSE) scheme [22] and is given
as,

vlp−mmse
nk =

{
∑
j∈A

(
(ĥjnĥ

H
jn + ıjn) + σ2

ul IM

)−1
ĥjn

}
(20)

where, ıjn is the collective estimation error between the variances of the uplink and downlink multipath
components [5]. The difference in eq. (11) and (20) is that, LP-MMSE in (20) is only considering the
estimates of UEs that are served by j APs (∀ j ∈ An), since, |An| < τp and τp is assumed independent
of K, the LP-MMSE becomes a scalable scheme even for K −→ ∞. The complexity of LP-MMSE is lower
compared to the centralized P-MMSE [4]. In addition, the computational order of LP-MMSE remains
finite even for K −→ ∞ due to finite number of multiplications required. The spectral efficiency of
LP-MMSE is obtained easily through Monte Carlo simulations.
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4.3. Scalability Analysis of Spectral Efficiency for Downlink

The spectral efficiency of downlink can be obtained from the uplink-downlink duality by
considering the uplink combining vector given as [vj : j = 1, 2, ..., K] with power of each UE as
[ρu

i : i = 1, 2, ..., K]. We use the uplink-downlink duality by first expressing beamforming per UE w̄j as,

w̄j =
vj

E[vH
j Djvj]

(21)

by utilizing an appropriate power control algorithm in the downlink, where,

K

∑
j=1

ρj

σ2
n,dl

=
K

∑
j=1

ρj

σ2
n,ul

(22)

such that for k-th UE, SINRd = SINRu for all k.
The two cooperation mechanisms for precoding are: centralized precoding and distributed

precoding. In centralized precoding, estimates for downlink are obtained by using the uplink-downlink
duality. Once the estimates are computed, we deduce precoding matrix from eq. (21) and next, CPU
constructs the downlink signal,

xd
n =

K

∑
j=1

ρjDjnw̄jnζ j (23)

and sends it to the AP through fronthaul, where ζ j corresponds to the data signal for downlink. In
every coherence interval, nth AP has to send τp M complex values to the CPU and receive τp M values
from CPU.

In distributed precoding, nth AP chooses the precoding vector w̄j by using only the local channel
estimates [ĥjn : j ∈ An] for scalable cell-free framework. Therefore, in every coherence block, τd An

complex values are exchanged among nth AP and CPU. This work utilizes distributed precoding
mechanism. It is worth mentioning here that only angle based matched filtering and angle based
LP-MMSE precoding schemes are scalable, like in the combining schemes case.

4.4. Overhead of Scalable Angle based Scheme in FDD cell-free

Table 3 provides the comparison of angle based MMSE (non-scalable) with scalable angle based
LP-MMSE and MF schemes. The total order of complexity for original angle based MMSE is the sum
of DFT operations performed for multipath components estimation MlogM, order of angle rotation
performed over the search grid VML and number of complex scalers transmitted to CPU for decoding
of signal in each coherence block, which are Mτp for centralized scheme and |An|τu for the distributed
case. This complexity increases linearly with increase in number of users joining the network. It is
evident from Table 3 that angle based MMSE without utilizing DCC is not scalable for large K due to
its linear dependence on the number of UEs. The LP-MMSE scheme, however, is scalable due to its
dependence on Mk instead of K since Mk ⊂ K and does not scales linearly with K.
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Table 3. Comparison of Computational Complexity for Estimation and Combining Schemes.

Technique Complexity of Channel Estimation Complexity of
Precoding/Combining

Angle based MMSE (Mlog(M) + VML + Mτp)K |Mk|
M|M|k log(M|Mk |)+M|Mk |

2 K
+M|Mk|log(M|Mk|)
+ (M|Mk |)3−M|Mk |

2

Angle based LP-MMSE (Mlog(M) + VML + Mτp)
∑n∈Mk

|An|
Mlog(M)+M

2 ∑n∈Mk
|An|+ ( M3−M

3 +
Mlog(M))|Mk|

Angle based MF Mlog(M) + VML + Mτp) |Mk| -

4.5. Energy Efficiency

Energy efficiency is a good measure for performance evaluation of FDD based system and is
defined as the ratio of throughput in bits/s to the total power consumed in Watts. It is measured in
bit/joule. It is given as,

η =
E∑K

k=1 ⋋SEu
k

Pt
(24)

where, ⋋ =
(

1 − τp
τc

)
. The total power consumed is the sum of power consumption at AP and the

power utilized over the backhaul and control signaling [4,40]. As mentioned already, we assume τp

to be independent of K. The power consumption of nth AP depends on angle based beamforming
vector and number of antennas M. Therefore, increase in number of UEs K will not effect the energy
efficiency.

5. Power Control Algorithm for Scalable Cell-Free

Some works in literature suggest to perform power control at the CPU for scalable cell-free
massive MIMO [4,5]. For angle based schemes, coherence time is greater, therefore, low signaling
overhead is incurred. Authors in [5] utilize user centric AP selection approach for power control that
results in increased energy efficiency. Work in [4] proposes trial and error approach towards power
control. In this work, a network-wide power allocation is studied for centralized as well as distributed
beamforming cooperation. The two approaches help APs to ensure conformity to the power constraint
by serving maximum number of users equal to the number of pilots with equal power per user. For
equal power allocation with centralized precoding in the uplink, the power allocated to an ith UE
is, ρi =

ρn
τp

, where, ρn is power of nth AP in the network [4]. We assume that in the uplink, all users
transmit with maximum power P to enhance the spectral efficiency for all UEs, strong or weak, such
that, pi = P, for i = 1, 2, ..., K.

In this research work, we also analyze the performance of distributed approach for power control
in the FDD cell-free network. The aim is to ensure that every user will be served by at least one AP
and therefore, will have non-zero spectral efficiency.The power control task in distributed scenario
is more complicated. In distributed scenario, AP has to assign power to all the UEs being served by
it. Two most common approaches for power control are equal power allocation and max-min power
control algorithms [4]. Out of these two, the max-min power/weight control approach works very
well in FDD cell-free network even if some users are far away from the serving AP [5]. For the users
that are located far away from AP, the joint initial access algorithm ensures that such a user is served
by at least one AP which will allocate the UE a certain amount of transmission power and thus its
spectral efficiency will also be non-zero. The max-min power control algorithm is discussed in the
following subsection for FDD cell-free massive MIMO network.
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5.1. Max-Min Power Allocation for Downlink

After the large scale fading coefficients and array angle steering vectors have been obtained, the
coefficients Υnk for nth AP to kth UE are utilized for max-min power control [5],

max min SEd
k

{Υnk,j} k = 1, ..., K

given that, ∑K
k=1

Ĝnk
||Ĝnk ||

Υnk ≤ 1, ∀ m = 1, ..., M
(25)

where, SEd
k is the downlink spectral efficiency for kth UE, and Υnk ≥ 0 ∀n, k and j, i.e. the algorithm

will ensure to maximize the minimum data rate for UEs in the downlink. The best case scenario is
that all UEs will achieve the same maximum data rate, and in the worst case scenario, UEs with weak
channel conditions will be allocated lower power compared to the UEs with stronger channel link
(based on Υnk). The original form of this algorithm is not scalable for large number of UEs in cell-free
network. However, for cell-free network with scalable precoding/combining, the power distribution
among the APs in distributed precoding based system is determined by the unit norm precoding vector
w̄j. The max-min power control algorithm is utilized to compute w̄j, based on the Υnk coefficients. All
the APs ensure adhering to the power constraint by serving a maximum of τp users and a maximum of
ρn
τp

power per user is allocated. Therefore, the maximum power control algorithm is scalable because
the number of variables to be optimized are now independent of K.

6. Simulation Results

We provide numerical results for an FDD based cell-free massive MIMO network and compared
the performance of scalable angle based precoding and combining schemes in terms of their spectral
and energy efficiencies.

6.1. Simulation Setup

In this work we use monte-carlo simulations for an FDD cell-free network. As literature suggests
that FDD cell-free networks require less number of APs to provide same coverage area compared to
TDD based cell-free networks, the interference in FDD based network will be inherently limited due to
separation in the up/downlink frequencies [5]. In addition, the higher number of antennas per AP
achieve spatial diversity gain for angle based FDD scheme. Therefore, FDD is expected to provide
improved performance for centralized scenario (N = 100, M = 8) compared to the performance in
case of distributed scenario (N = 200, M = 4). We consider an area of 2 × 2 Km2 and a wrap-around
scenario is assumed to mimic a very large network with randomly distributed APs [4] and 200 antennas
per Km2. Number of UEs is considered to be K = 100 with uniform and independent distribution
over the coverage area. Two scenarios are simulated: i) N = 100 and M = 8, ii) N = 200 and M = 4,
therefore, total number of serving antennas in the network remains the same i.e. NM = 800.

Initially, τp UEs connect with the FDD based cell-free massive MIMO network. UEs are assigned
random pilots from a set of orthogonal pilot sequences. We utilize the channel model as presented in
[5], where APs are placed 10m above the UEs such that a minimum distance between nth AP and kth

UE is maintained. Rest of the simulation parameters are listed in Table 4.
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Table 4. Simulation Parameters for FDD based Cell-Free Framework.

System Parameters Value

Coverage Area 2 × 2 Km2

Bandwidth 100 MHz
Up/Downlink Frequency 49.8/50 GHZ
Transmit Power for uplink pilot 200 mW
Transmit Power of Payload in Uplink 200 mW
Transmit Power of Payload in Downlink 1 W
Angle Coherence Interval 200 samples
Number of Monte-Carlo Simulations 1000

6.2. Results and Discussion

First, we analyze the performance of max-min power control algorithm in both the uplink and
downlink. Figure 2 shows the performance on the basis of downlink spectral efficiency by utilizing
max-min power control versus equal power allocation. Figure 3 compares the performance of the
uplink spectral efficiency with max-min power control versus equal power allocation. It is apparent
from these results that max-min power control algorithm provides better spectral efficiency compared
with equal power allocation in both the uplink and downlink. In addition, the LP-MMSE with
max-min power control provides significant performance improvement over angle based MF and
MMSE schemes with max-min power control. For the results presented of the downlink case, the
spectral efficiency of LP-MMSE with max-min power control at 24 dBs is 800 bits/s/Hz, whereas,
with equal power allocation it is at 650 bits/s/Hz. Likewise, in the uplink, the spectral efficiency
of LP-MMSE with max-min power control at 24 dBs is 690 bits/s/Hz, whereas, with equal power
allocation it is at 625 bits/s/Hz, therefore, LP-MMSE with max-min power allocation reports 10.4%
increase in spectral efficiency over equal power allocation.

Next, we analyze the performance of the uplink per user spectral efficiency, by using the expression
in eq.(19). The cumulative distribution function (CDF) of DCC with angle based precoding schemes
including MF, MMSE and scalable LP-MMSE are compared for the two scenarios and are shown in
Figures 4 and 5. In our case, the angle based MF scheme shows improved performance over simple
MF, however, its performance is still not at par with the angle based LP-MMSE scheme. It is evident
from Figure 4, that the scalable LP-MMSE outperforms both MF and MMSE schemes. The LP-MMSE
scheme gives significant improvement in spectral efficiency for 97% of the UEs, and its performance
for rest 3% weak channel condition users is still better compared to MF counterpart. In addition, it is
also shown in Figure 4 that FDD based cell-free provides improved spectral efficiency in the scenario
where number of antennas per AP is higher, N = 100, M = 8 compared to N = 200, M = 4 case in
Figure 5, because of the increase in spatial diversity gains with angle based beamforming. The gap
in the performances of MF vs LP-MMSE and MMSE vs LP-MMSE is significant, where latter is even
greater, which endorses that our proposed scalable LP-MMSE scheme is the better choice for FDD
cell-free network. In Figure 5, this performance gap reduces for N = 200, M = 4 with the decrease in
number of antennas per AP.

The performance of downlink spectral efficiency is analyzed in Figures 6 and 7, where, we
compare the performance of scalable, angle based MF, MMSE and scalable LP-MMSE at a fixed SNR
level with DCC. The spectral efficiency of LP-MMSE is improved in comparison with the rest of the
two schemes. The performances are compared in the downlink by utilizing max-min power control
algorithm. As was the case with the uplink, for distributed scenario, N = 200, M = 4, performance
gap in spectral efficiency of MMSE Vs LP-MMSE and MF vs LP-MMSE is decreased i.e. LP-MMSE
performance is slightly compromised against the MF and MMSE counterparts, whereas, the gap is
increased in case of centralized scenario N = 100, M = 8. It is due to increase in number of antennas
per AP, resulting in array gain. Its worth mentioning here that this array gain saturates at M ≥ 32,
as suggested in [5]. It is also evident from Figures 6 and 7 that performance gap between angle
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based estimation schemes (LP-MMSE and MMSE) is not as high as in the uplink in both centralized
(N = 100, M = 8) as well as distributed (N = 200, M = 4) scenarios. This is due to the fact that the
higher power in downlink signal gives leverage to MMSE and its performance improves, however,
spectral efficiency in MMSE is still lower than than LP-MMSE.
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Figure 2. Comparison of Downlink Power Control for angle based MF, LP-MMSE and MMSE Schemes.
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Figure 4. CDF of Spectral Efficiency for Uplink, 100 APs and M=8 antennas/AP.
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Figure 5. CDF of Spectral Efficiency for Uplink, N=200 APs and M=4 antennas/AP.
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Figure 6. CDF of Spectral Efficiency for Downlink, N=100 APs and M=8 antennas/AP.
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Figure 7. CDF of Spectral Efficiency for Downlink, N=200 APs and M=4 antennas/AP.

The energy efficiency versus number of APs for FDD based cell-free network is compared and
presented in Figure 8. We only consider the energy efficiency for scalable angle based MF and
LP-MMSE schemes with max-min power allocation versus equal power allocation algorithm. It is
shown in Figure 8 that max-min power allocation algorithm gives significant improvement in energy
efficiency in both angle based MF and angle based LP-MMSE schemes. With the increase in number of
APs, there is a decrease in number of antennas per AP, to keep MN constant over the coverage area.
As a result, the energy efficiency starts to increase due to increase in number of APs per unit area.
However, further increase in number of APs will result in further reduction in number of antennas per
APs, causing spatial gain to decrease. Therefore, the energy efficiency degrades for higher number
of AP deployment in cell-free framework due to an increase in backhaul power consumption, on the
same lines as indicated by the results shown in [5]. It can be seen in the graph that for a given number
of APs e.g. N = 100, max-min power control provides better energy efficiency, i.e. 520 Mbits/Joule for
K = 100 UEs, whereas, equal power algorithm gives 220 Mbits/Joule. The LP-MMSE with max-min
power control shows best performance, i.e. 580 Mbits/Joule vs 280 Mbits/Joule with equal power
allocation algorithm. It is worth mentioning here that increase in number of UEs such that k −→ ∞
will not effect the downlink energy efficiency as long as the combining/precoding vectors have finite
complexity, which is true in our analysis of angle based scalable MF and LP-MMSE schemes.

0 20 40 60 80 100 120 140 160 180 200 220 240

No. of APs

0

100

200

300

400

500

600

E
n

er
g

y
 E

ff
ic

ie
n

cy
 (

M
b

it
s/

J
o

u
le

)

Angle based LP-MMSE with equal power allocation

Angle based MF with max-min power allocation

Angle based MF with equal power allocation

Angle based LP-MMSE with max-min power allocation

Figure 8. Comparison of Energy Efficiency for angle based MF and angle based LP-MMSE.

7. Conclusions

This work presents a scalable FDD based cell-free massive MIMO system. Utilization of FDD in a
cell-free setting can achieve reliable communication with low latency in applications with real-time
communication. However, there are a few challenges associated with FDD utilization such as higher
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computational complexity compared to TDD counterpart. In addition, FDD based systems do not
include channel reciprocity, however, these systems encompass angular reciprocity, where AoA and
AoD are the same in the uplink and downlink. We exploit this angular reciprocity to obtain the
expressions for scalable angle based beamforming and combining schemes in FDD based cell-free
network. We utilize the concept of dynamic cooperation clustering for computation of efficient and
scalable beamforming and combining vector expressions. The DCC is applied to angle based MF, angle
based LP-MMSE and angle based MMSE expressions. The performance of angle based MF is compared
with angle based MMSE and angle based LP-MMSE in terms of spectral and energy efficiency. The
comparative analysis shows that LP-MMSE outperforms the MF and provides best performance
compared to the rest of the schemes. Future research directions may include implementation of
more efficient algorithms for joint initial access, AP clustering and power control in an FDD cell-free
framework.
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