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Abstract— This work investigates the performance of a cell-free
multiple-input multiple-output (MIMO) system with dynamic
time division duplex (D-TDD), in which user-centric clustering
algorithms are introduced as an additional stage to dynamically
allocate access points (APs) at each time slot. This additional step
enables an AP to simultaneously serve multiple user equipments
(UEs) transmitting in the same direction. The implementation of
these algorithms, incorporating an additional clustering step, is
motivated by the fact that assigning an AP to serve multiple UEs
does not significantly increase the system’s interference levels;
however, it can enhance the signal strength received from or
by a given UE. The results indicate an advantage in applying
an additional clustering step—or, conversely, a disadvantage
in maintaining disjoint clusters of UEs transmitting in the
same direction. This additional step yields greater performance
improvements for uplink (UL) transmissions. This outcome can
be explained by the fact that, when an AP is allocated to serve
multiple UEs, the resulting increase in interference levels for
downlink (DL) UEs is not substantial compared to the gain in
received signal strength. In contrast, for UL transmissions, no
additional interference is introduced, while the received signal
strength increases significantly due to the larger number of
antennas available to serve each UE.
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I. INTRODUCTION

Wireless communication systems have been evolving to
accommodate the increasing density of active UEs, provide
higher data transmission rates and low latency and support
intense data traffic [1]. In pursuit of these objectives, several
studies have indicated that the cell-free network architec-
ture, which combines a distributed deployment with advanced
signal processing techniques, offers greater efficiency and
scalability to meet these requirements [2]. A cell-free network
is composed of a large number of APs distributed across
the coverage area to provide more uniform and enhanced
signal quality. These APs are connected to a central processing
unit (CPU) via wired fronthaul links, which allow them to
share information and perform joint transmissions to UEs
[3], thereby improving signal reception and enhancing overall
quality of service.
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Nevertheless, despite the well-known advantages of this net-
work architecture, most studies addressing scenarios with cell-
free networks assume that the transmission direction allocation
is performed statically, meaning that all APs in the system
transmit simultaneously in the same mode and share the same
frame configuration, which consists of a fixed division of time
resources between UL and DL [4]. As a result of the growing
heterogeneity of data traffic and rising demands for higher
transmission rates, systems employing static time division
duplex (TDD) tend to experience performance degradation
and reduced capacity to support a large number of UEs,
thereby requiring new strategies to address this limitation and
to manage time resources more efficiently.

Given this set of factors, the implementation of dynamic
TDD has emerged as a promising solution for managing the
heterogeneous traffic demands and improving UE quality of
service (QOS) through more efficient time resource utilization.
The fundamental idea behind dynamic TDD is to configure the
transmission frame of APs in a manner that best adapts to the
system’s instantaneous traffic demands. In traditional cellular
scenarios with dynamic TDD, the frame configuration of each
cell is typically adjusted individually, based solely on the
traffic generated by UEs within that cell. However, in a cell-
free scenario employing a user-centric approach, it is possible
for a UE transmission frame to be configured in a more
individualized manner, tailored to each users’ specific traffic
demands. This is made feasible through clustering techniques
that allow each UE to be served by a disjoint cluster of APs
exclusively dedicated to that UE, assuming a system in which
the APs operate in half-duplex mode.

However, the implementation of dynamic TDD introduces
new interference components due to the coexistence of UL
and DL transmissions, such as inter-AP-interference (IAI) and
inter-UE-interference (IUI). Given this issue, it has become
clear that effective interference cancellation techniques are
essential to enable the practical deployment of D-TDD. Some
studies have addressed the cancellation of interference between
access points by exploiting inter-AP communication over
fronthaul links , a technique known as network-assisted full-
duplex [5]. Other studies have explored the possibility of
mitigating part of the UE-to-UE interference through a cluster-
based grouping technique, while simultaneously considering
the aforementioned IAI cancellation [6].

The main contribution of this work is the analysis of two
clustering algorithms that perform an additional APs allocation
step in a cell-free system with D-TDD. The motivation for
implementing these algorithms is to enable APs to serve mul-
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tiple UEs transmitting in the same direction, thereby increasing
the number of antennas serving each UE and enhancing the
experienced quality of service, without significantly increasing
interference levels.

II. SYSTEM MODEL

In this paper, we consider a cell-free MIMO system with
D-TDD, consisting of L APs and K UEs, both randomly
distributed over the coverage area and equipped with a single
omnidirectional antenna. The APs are connected to a central
CPU via fronthaul links and operate in half-duplex mode,
meaning they can transmit only in one direction at a time.
Fig. 1 illustrates the considered system.

A. Propagation model

This section describes the propagation channels existing
in a cell-free MIMO system that operates in D-TDD. The
propagation channel between the k-th transmitter and the l-th
receiver, denoted by hk,l ∈ C, is modeled following a Rician
distribution, having line of sight (LOS) and non line of sight
(NLOS) components, and can be described as follows:

hk,l =

[√
K̄k,l

K̄k,l + 1
+

√
1

K̄k,l + 1
h(w)
k,l

]
βk,l , (1)

where h(w)
k,l ∼ CN (0, 1) is the NLOS component modeled

following a Rayleigh uncorrelated distribution, βk,l represents
the large scale coefficient, which models the path-loss and
shadowing effects, and K̄k,l is the Rician K-factor as in
[7]. We can omit the steering vector in the equation, since
each transmitter and receiver has only one antenna. The LOS
probability is defined for each type of link. For example, the
link between UEs and APs, as well as the link between two
APs, is subject to LOS probability. For both types of link, the
LOS probability can be defined as:

ProbLOS(R) = 0.5−min
(
0.5, 5e−0.156/R

)
+min

(
0.5, 5e−R/0.03

)
,

(2)

in which R is the distance between the transmitter and the
receiver in km. Given the LOS probability, it is possible to
determine the Rician K-factor K. If the channel is LOS, K ∼
N (9, 5) dB for both UE to AP or AP to AP links; if the
channel is NLOS, then K is equal to zero according to [8].
We consider that the link between two UEs has no probability
of being LOS.

The large-scale fading coefficient βk,l is defined as:

βk,l = 10
PLk,l+σsh

10 , (3)

where σsh ∼ N
(
0, σ2

)
and PLk,l represent the shadowing

and path-loss gains in dB. The path-loss calculation varies
according to the type of link being modeled and whether or
not the channel is LOS. The calculation of path-loss for all
link types and LOS conditions is implemented as in [9].
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Fig. 1. Cell-Free system with dynamic time division duplex.

B. Signal model

In this section, we present the signal and spectral efficiency
models for a cell-free system employing dynamic TDD for
both UL and DL transmissions. As previously mentioned, the
coexistence of transmissions in opposite directions gives rise to
new types of interference, such as IAI and IUI. Moreover, the
interference levels in the system vary continuously as traffic
demands fluctuate, which necessitates the constant recalcula-
tion of spectral efficiency at each time slot.

We denote the channel vector between the k-th UE and the
APs that compose the serving cluster Ck as h(Ck,k) ∈ C|Ck|×1,
the channel vector between the interfering j-th UE and the AP
cluster Ck as h(Ck,j) ∈ C|Ck|×1, the channel matrix between
the AP clusters Ck and Cm as H(Ck,Cm) ∈ C|Ck|×|Cm| and
the channel coefficient between the k-th UE and the j-th UE
as hk,j ∈ C.

The received signal by AP cluster Ck operating in UL in
the n-th slot is given by:

yUL
k =

√
ρulh(Ck,k)xkTul(k)︸ ︷︷ ︸

desired signal

+

K∑
j=1
j ̸=k

√
ρulh(Ck,j)xjTul(j)(1− δ(j))︸ ︷︷ ︸

UE-to-AP interference

+

K∑
m=1
m ̸=k

H(Ck,Cm)Pdl(m)wmsmTdl(m)δ(m)︸ ︷︷ ︸
AP-to-AP interference

+ zul(k)︸ ︷︷ ︸
noise

, (4)

where ρul ∈ R+ is the UL transmit power, Pdl(m) ∈
R|Cm|×|Cm|

+ is a diagonal DL power allocation matrix relative
to UE m, with each element in the diagonal indicating the
square root of the power allocated to UE m at each AP of the
AP cluster Cm, δk indicates the transmission direction of UE
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k, with δk = 0 indicating UL and δk = 1 indicating DL; Tul(k)
and Tdl(k) denotes the presence or absence of data to transmit
in the UL and DL queue of UE k; wm ∈ C|Cm|×1 denotes the
transmit beamforming vector from cluster Cm for UE m and
xk and sm denote the UL and DL unit power transmission
symbols, respectively. The time indices of each component
of the equation have been omitted so that they can be better
visualized; however, it is extremely important to mention that
some of these components vary over time. In a time slot, the
amount of bits transmitted by the k-th UE operating in UL is
given by:

Rul
k = B log2

(
1 +

ρul
∣∣uT

k h(Ck,k)

∣∣2 Tul(k)

γUL
k

)
× τs, (5)

where uk ∈ C|Ck|×1 represents the unit-norm receive beam-
forming vector for AP cluster Ck, τs is the slot duration, and
γUL
k represents the sum of interference and noise components:

γUL
k =

K∑
j=1
j ̸=k

ρul
∣∣uT

k h(Ck,j)

∣∣2 Tul(j)
(
1− δ(j)

)

+

K∑
m=1
m̸=k

∣∣uT
kH(Ck,Cm)Pdl(m)wm

∣∣2 Tdl(m)δ(m) + σ2
ul. (6)

The received signal by the k-th UE operating in DL in the
n-th slot is given by:

yDL
k = hT

(Ck,k)
Pdl(k)wkskTdl(k)︸ ︷︷ ︸
desired signal

+

K∑
j=1
j ̸=k

hT
(Cj ,k)

Pdl(j)wjsjTdl(j)δ(j)︸ ︷︷ ︸
AP-to-UE interference

+

K∑
m=1
m ̸=k

√
ρulhm,kxmTul(m)

(
1− δ(m)

)︸ ︷︷ ︸
UE-to-UE interference

+ zdl(k)︸ ︷︷ ︸
noise

. (7)

In a time slot, the amount of bits transmitted for the k-th UE
operating in DL is given by:

Rdl
k = B log2

(
1 +

|hT
(Ck,k)

Pdl(k)wk|2Tdl(k)

γdl
k

)
× τs, (8)

where γdl
k represents the sum of the interference and noise

components perceived by the UE k:

γDL
k =

K∑
j=1
j ̸=k

|hT
(Cj ,k)

Pdl(j)wj |2Tdl(j)δ(j)

+

K∑
m=1
m ̸=k

ρul|hk,m|2Tul(m)

(
1− δ(m)

)
+ σ2

dl. (9)

The cross link interference (CLI) terms are inexistent when
all UEs are scheduled in the same transmission direction,
whether UL or DL.

III. FRAME CONFIGURATION

In this section, we describe how the frame is individually
configured for each UE as in [6]. For this stage, the number
of slots in a frame that will be reserved for UL transmissions
is first calculated, as described next:

τul(k) = round

{
Qul(k)

Qdl(k) +Qul(k)
×N

}
, (10)

where round is a function that returns the nearest integer
number, Qul(k) and Qdl(k) denote the amount of uplink and
downlink data, respectively, that are queued for UE k and N
is the number of slots that compose a complete frame. After
this, the frame for a given UE is configured as follows:

δk[n] =

{
0, 1 ≤ n ≤ τul(k)

1, τul(k) < n ≤ N
. (11)

IV. CLUSTERING AND GROUPING ALGORITHMS

In this work, we consider a primary clustering strategy,
which consists of allocating a fixed and equal number of
APs to each UE, ensuring that they are maintained in disjoint
clusters, as in [6]. The motivation for this first step is to ensure
that UEs can be served with a traffic configuration tailored
to their specific needs. However, enforcing disjoint clusters
requires defining a priority criterion for APs selection. In this
initial allocation stage, AP selection is based on large scale
fading: the UE with the highest total large-scale gain across
all APs is given the highest priority and selects the APs for
which it has the strongest gains. Moreover, it is important to
highlight that this priority-based scheme may result in some
UEs being assigned to APs with comparatively lower channel
gains.

In order to enhance the system performance and introduce
greater flexibility in AP allocation according to traffic direc-
tion, this work proposes the implementation of algorithms that
allow APs transmitting in the same direction to serve multiple
UEs as a complementary step to the baseline clustering strat-
egy. Given the variability of transmission directions and traffic,
this re-clustering step is performed recurrently in the system
and becomes feasible in practice, as frame configurations
of each UE are defined in advance, prior to transmission.
This allows the CPU to compute the dynamic allocation AP
allocation for the entire frame.

For this additional stage, two clustering algorithms origi-
nally designed for static time division duplex (S-TDD) cell-
free networks were selected and executed separately for the
group of UEs intending to transmit in the same mode. The two
clustering algorithms share the use of the large-scale fading
as a core selection metric, while also exhibiting individual
variations in their design. Clustering based on large-scale
fading effects takes into account the effects of path-loss and
shadowing, but does not account for rapid variations in prop-
agation channel, which allows a certain tolerance to variations
in signal levels and greater flexibility in the allocation of
network resources [10].
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A. Dynamic Cooperation Clustering

This algorithm is characterized by the selection of the APs
using the signal-to-noise-ratio (SNR) as the main criterion. The
first step of this algorithm identifies the AP already assigned
to the UE with the highest large-scale gain, which will be
designated as the master AP [11]. Subsequently, a search is
performed for APs that do not belong to the UE’s current
cluster, but satisfy the SNR condition. For the condition to
be satisfied, the difference between the SNR of the candidate
AP and that of the master AP, expressed in logarithmic scale,
must be greater than or equal to a predefined threshold. The
variation of this threshold can make the selection of APs more
restrictive or more permissive.

B. Clustering Based on Large Scale Fading

In the fist stage of the algorithm, assuming that the CPU
has knowledge of the large-scale fading effects for all possible
links between the APs and UEs, the large-scale coefficients
between all APs and UEs transmitting in the same mode are
computed. Afterwards, all the gain values will be grouped in
order to calculate a threshold factor αlsf as follows:

αlsf =
1

K ′
1

L′

K′∑
k=1

L′∑
l=1

βk,l, (12)

in which K ′ denotes the number of UEs that intends to
transmit in the same direction and L′ denotes the amount of
APs that are serving these UEs. If the large-scale coefficient
between the k-th UE and the l-th AP βk,l is greater than, or
equal to, αlsf , the l-th AP will be allocated to serve it.

V. SIMULATION RESULTS

The simulated cell-free scenario with D-TDD consists of
K = 30 UEs and L = 120 APs distributed over a coverage
area of 1200 square meters. Maximum ratio (MR) processing
is considered for both transmit and receive beamforming vec-
tors. We assume that all APs are connected to a central CPU
via fronthaul links, which allows them to share information.
Constant transmit power is assumed at each UE and at each
AP. When applying the re-clustering step, in the case when
an AP serves multiple UEs in the DL, the total AP power is
divided equally among the streams of those UEs.

The system performance is evaluated using the cumulative
distribution function (CDF) of the packet delay as the metric,
with separate analyses for UL and DL performance. The
packet traffic is modeled as a discrete-time queuing system,
where packet arrivals follow a Poisson process, and both
the queuing and dequeuing of packets are restricted to the
beginning and end of each slot, respectively. We consider that
the average inter-arrival time of packets varies according to
packet type and UE traffic demand, being shorter for packets
corresponding to the direction in which the UE has higher
demand, and longer for those associated with the direction of
lower demand. For UEs with symmetric traffic demand, the
inter-arrival time is assumed equal for both directions. The
packet delay is defined as the number of time slots it remains
in the queue, counted from the moment it is enqueued until the

TABLE I
SIMULATION PARAMETERS

Parameter Value
AP height 11.5 m
UE height 1.5 m
Bandwidth (B) 20 MHz
Uplink power 100 mW
Downlink power 1 W
Noise power Density -174 dBm/Hz
Shadowing variance (σ2

sh) 4 dB
Slot duration 1 ms
DL packet size 50 kbytes
UL packet size 50 kbytes

Packet arrival interval (UL, DL)
UL-heavy UE: (8, 16) ms
DL-heavy UE: (16, 8) ms
Symmetric UE: (12, 12) ms
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Fig. 2. Cumulative distribution function of uplink packet delay.

moment it is dequeued. Simulation parameters listed system
composition and packets traffic are listed in Table I.

Figure 2 presents the results of the implemented clustering
strategies in terms of the CDF of UL packet delay: the baseline
clustering, the two additional algorithms, and the variations
of one of them. From these results, it can be observed that
the re-clustering strategies, based on the presented algorithms,
reduced the UL packet delay. This outcome can be explained
by the fact that the baseline clustering strategy, which enforces
disjoint UE clusters, results in limited fairness in AP allo-
cation. The additional clustering step partially mitigates this
by allowing an AP to serve multiple UEs, thereby improving
performance for UEs in disadvantaged conditions.

Among the implemented re-clustering strategies, the best
performing methods were the DCC algorithm with a 20 dB
threshold and the large-scale-based approach, yielding 56.04%
and 53.85% reductions in packet delay at the 70th percentile,
respectively, relative to the baseline clustering. For the same
percentile value, the DCC algorithm with thresholds of 0 and
10 dB achieved reductions of 41.76% and 53.85% in packet
delay compared to the fully disjoint scenario.
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At the 90-th percentile, the DCC algorithms with thresh-
olds of 20 dB and 10 dB achieved packet delay reductions
of 61.99% and 65.50%, respectively, while the large-scale-
based method resulted in a 51.75% reduction. These results
reveal a small performance gap between the algorithms at this
percentile level, being more significant between the DCC al-
gorithms and the large-scale-based method and less significant
between the DCC with different thresholds.
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Fig. 3. Cumulative distribution function of downlink packet delay.

Figure 3 presents the CDF of DL packet delay for the
considered clustering strategies. From these results, it can be
observed that re-clustering strategies also led to performance
gains. However, the packet delay reductions were considerably
smaller than those observed in the UL. This outcome can be
explained by the fact that, when serving multiple UEs, the
transmission power of an AP is divided among the symbols to
be transmitted. This leads to a reduction in the signal strength
of interest for each UE and an increase in interference levels
due to the symbols of other UEs.

For the DL case, among the implemented algorithms, the
DCC with a 20 dB threshold and the large-scale-based method
once again achieved the best results at the 70-th percentile,
showing reductions of 40.0% and 43.33%, respectively, in DL
packet delay compared to the disjoint cluster scenario. For the
same percentile value, the DCC algorithm with thresholds of
0 and 10 dB resulted in reductions of 13.33% and 33.33%
in delay at this percentile. At the 90-th percentile, the DCC
algorithms with thresholds of 20 dB and 10 dB achieved packet
delay reductions of 57.81% and 60.94%, respectively, while
the large-scale-based method resulted in a 32.81% reduction
compared to the disjoint cluster scenario.

VI. CONCLUSION

In this work, we evaluate the performance of a cell-free
MIMO system with D-TDD under different additional re-
clustering strategies, while considering distinct propagation
conditions for each type of link in the system. The system

initially adopts a baseline clustering method that enforces
disjoint UEs clusters.

Based on the obtained results, we conclude that imple-
menting the re-clustering step improves system performance
in terms of packet delay, compared to fully disjoint AP
clusters. However, depending on the threshold value, the DCC
algorithm may degrade system performance due to the fact that
the gain of having an additional AP may not compensate for
the additional interference. For the packet delays on the UL,
the DCC algorithm with thresholds of 10 and 20 dB and the
large-scale based algorithm obtained satisfactory results and
showed a reduction in packet delay compared to the disjoint
clusters scenario.

Among the algorithms that were implemented, the DCC
with threshold of 20 dB and 10 dB and the large-scale
based algorithm obtained the most satisfactory results and
outperformed the disjoint clusters scenario. On the other hand,
the DCC with 0 dB threshold, which becomes more permissive
for the selection of APs, obtained results that were not as
satisfactory or even worse compared to the disjoint scenario.
This result arises because disjoint clustering may force UEs
to connect to APs with weak large-scale channel gains. The
implementation of the re-clustering step helps mitigate this
issue by allowing APs to be shared among UEs, enabling
those in unfavorable conditions to be served by APs offering
stronger large-scale gains.
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