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Energy Efficiency Analysis of Power Allocation on
D-MIMO with Dynamic TDD
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Abstract— Distributed multi-input multi-output (D-MIMO)
has been proposed for the 6th generation (6G) of mobile
communications to provide more uniform networks by connecting
each user equipment (UE) to more than one access point (AP)
through the same bandwidth resource. To meet the individual
traffic demands of each UE in a D-MIMO setup, the use of
dynamic time division duplex (D-TDD) has also been considered
in the literature, by setting the configuration of the system
frame in a user-centric way and considering the user necessity
at a given moment, differently from static time division duplex
(S-TDD). However, this dynamic approach introduces cross-link
interference (CLI) due to the simultaneous coexistence of UEs
in uplink (UL) and downlink (DL) in a same network. To deal
with CLI and energy efficiency (EE) aspects, this work analyzes a
classic power allocation algorithm, known as UL fractional power
control (FPC), in the case of D-MIMO systems with D-TDD. The
results are presented in terms of the spectral efficiency (SE) and
EE performance under such scenarios, indicating that the use of
FPC can contribute to implement sustainable networks.

Keywords— D-MIMO, Dynamic TDD, Power Control, Energy
Efficiency.

I. INTRODUCTION

For the upcoming 6th generation (6G), the distributed
multi-input multi-output (D-MIMO) setup has been proposed,
in which each user equipment (UE) is served jointly and
coherently by multiple access points (APs) (which form a
cluster) in the same geographical area at the same time, using
the same bandwidth resource. All APs are controlled, via
fronthaul links, by a central processing unit (CPU), which
performs Radio Resource Management (RRM). As a result,
the system achieves a more uniform system performance along
the coverage area, mitigating the edge effect of cellular setup,
where the UEs near cell edges suffer from interference and
path loss (PL) effect [1].

To meet the individual traffic demands of each UE, a
dynamic time division duplex (D-TDD) approach has been
proposed. Differently from the usual static time division
duplex (S-TDD), in which the system demands define the
transmission direction of each time resource, in this new
setup, each UE sets its own transmission direction in a user-
centric way. As described in [2], usually, in S-TDD setup, the
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signal has the following components: desired signal, UE-to-AP
or AP-to-UE (according to transmission mode) interference,
and noise. However, D-TDD introduces cross-link interference
(CLD): inter-AP interference (IAI) in uplink (UL), caused by
downlink (DL) APs to the UE’s receiving cluster, and inter-UE
interference (IUI) in DL, caused by UL UEs and experienced
at the receiving DL UE. This effect is exemplified in Fig. 1.
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Fig. 1. D-MIMO setup with D-TDD in which two disjoint clusters in different
transmit modes suffer from CLI.
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In light of this, techniques for mitigating CLI are necessary.
In [3], the high-speed fronthaul links connecting the APs are
used to suppress and partially cancel the TAI. Additionally, [2]
proposes a grouping algorithm to aggregate nearby clusters in
the same transmission mode.

Furthermore, power control is a key technique not only for
dealing with interference, but also for improving the energy
efficiency (EE) of the system. The work in [4] proposes a joint
optimization of the power control and the switching point of
the transmission direction for each UE via successive convex
approximation to improve the EE.

Classic power control approaches, such as fractional power
control (FPC), can also be used. For instance, [5] utilizes
an FPC algorithm in a cellular scenario with D-TDD. This
algorithm is widely explored in the literature with the objective
to partially compensate the large scale fading (LSF) effect. Its
formulation and operation are described in [6].

In this work, we propose a D-MIMO scenario with D-TDD,
following the setup of [2], and the FPC algorithm is imple-
mented to evaluate its effect on the spectral efficiency (SE)
and EE for different UL-DL proportions. The results show an
improvement in EE through the use of FPC despite a loss in
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terms of SE.

As for the paper organization, section II introduces the
system model, detailing the scenario, propagation, and signal
models, along with the key performance indicators (KPIs) used
for performance evaluation. Section III details the implemen-
tation of the power control algorithm in this study. Section IV
shows simulation parameters and numerical results. Finally,
section V concludes the paper with a summary of the results
and their significance.

Notation: In this paper, the following notation is used.
Lowercase bold letters (e.g., h) denote vectors; uppercase bold
letters (e.g., H) denote matrices and non-bold letters (e.g., h)
denote scalars. (-)T stands for transpose and | - | for modulus
of a complex number. h € AV>*! means this vector belongs
to the set A and has dimension /V x 1. Similar notation applies
to scalars and matrices. The sets of real numbers and complex
numbers are denoted, respectively, by R and C. N(p,0?)
denotes a real Normal (Gaussian) distribution with mean p
and variance o2. CN'(u,0?) denotes a circularly symmetric
complex Normal (Gaussian) distribution with mean p and
variance 2. U(a, b) denotes a continuous Uniform distribution
over the interval [a, b].

II. SYSTEM MODEL

This section presents the system model, including the prop-
agation model, the signal model and the KPIs evaluated.

In this work, we consider a D-MIMO scenario with K
single-antenna UEs and M single-antenna APs with a uniform
random placement within a square area of side length L and
connected to a CPU via fronthaul links. All UEs simultane-
ously access the same frequency band for both UL and DL
transmissions.

As shown in Fig. 1, each UE £k is jointly and coherently
served by a cluster Cg. This cluster consists of the N APs,
from the set of M APs uniformly distributed in the area, that
have the strongest LSF S ,,, to k. This selection is done in
the system in such a way that each AP serves only one UE
and the clusters are mutually disjoint.

We considered a D-TDD setup, enabling each UE to dy-
namically transmit or receive according to its needs in each
time resource [2].

A. Propagation Model

This subsection explains the system propagation model. For
the sake of simplicity, the PL effect PLy,, € R (in dB)
between a node k and a node m is modeled independently on
the link type (UE-UE, UE-AP or AP-AP). The PL equation
considers the distance dj, ,, between the nodes following [1]:

PLj . = —30.5 — 36.7log(dg,m [in m]). (1)

The shadowing effect is given by ng, ~ N(0, Ufh) € R,
where ¢, is the shadowing variance. LSF considers both
effects:

Bm = 10P Lk, m+nsn)/10 @

Furthermore, following [7], each link between two APs and
between an AP and a UE can be line-of-sight (LoS) or non

line-of-sight (NLoS), taking into account the distance d (in
kilometers) between the nodes as follows:

Proby os(d) = 0.5 — min (0.5, 5exp (—0.156/d))

+ min (0.5, 5exp (—d/0.03)) . ®)

For each link, a random threshold U ~ U(0, 1) is drawn; the
link is considered LoS if Proby,s(d) > U. For LoS links, the
Rician factor Ky, ~ N(uk,0%) € R is applied, otherwise
the Rician factor is set to 0, according to [8].

Finally, we adopt the channel model presented in [9]. In the
mentioned work, the channel coefficients for UE-UE links are
given by hy k= Bk Wi ks in Which wg r ~ CN(0,1) €
C is a Rayleigh scatter distribution that represents the small
scale fading (SSF) effect. In contrast, the AP-AP and UE-AP
links have Rician channel coefficients, which take into account
ka as follows:

?k,m

1
k, [ Ko + 1 “Kk,m R ] B, €]

B. Signal Model

This subsection describes how the signal is modeled for both
UL and DL, the signal-to-interference-plus-noise ratio (SINR)
and SE considering what is presented in [2].

The UL signal model considers an UE k£ in UL transmitting
the normalized transmit signal zj to its cluster Cp with
transmit power py, and channel vector he, , € CV*1, in which
each element is the channel coefficient of the link between
UE k and each AP of Cj. The same is considered for each
interfering UL UE j.

Moreover, for interfering APs transmitting the normalized
signal s;, He, ¢, € CN*N is denoted as the matrix of channel
coefficients between each AP of Cj, and each AP of C;. P¢, €
RN*N is a diagonal matrix that contains the square root of
the transmit power of each AP of C; in the main diagonal.
Moreover, w; € CN*1 is the transmit beamforming vector of
C;.

Finally, L; defines the transmission direction by setting 0
for UL and 1 for DL, and z;, is the UL noise vector. The UL
signal is modeled as follows:

K
yi ¥ = bk hew 2o+ Y _(VBi(1— L) he, j
N—————

. . j=1
desired signal 3 +k UE-to-AP interference
+ Hchcj chLjo Sj) + Zp . 5

AP-to-AP interference noise

SE is modeled as the logarithm of the sum between 1 and
SINR. Then, SE of k-th transmitting user considering a receive
beamforming processing u;, € CV*1 for C, is represented as:

ulhe, |
RYE = log, <1+ pefuche, | sULC’“’“’ , ©)
k

in which v/ aggregates the UE-to-AP interference, IAI and
the noise:
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K
W= pi(1-Ly lulhe, ;|
T2

T 2 2
+Lj ‘uk HCk,CjPCjo’ + ouL s

)

where o represents the UL noise variance.

Finally for the UL, the EE considers the ratio between the
sum SE of all UEs and the sum of their corresponding transmit
powers. It is defined as follows:

K
Zj:l(l - Lj)Rllc]L
< .
Zj:l(l = Lj)pk
For the DL signal, the equation of the signal received by

UE k is similar to UL, considers a similar notation and is
represented with the specific indexes for this case as follows:

EEUL _

®)

yt = hé,  (Pe,wi) zp
—_————

desired signal

K

+_h¢ i (Pe,Ljw;) @
g;:é ]i AP-to-UE interference

+ (1—Ljh;ps; + zp . 9
Vi ( NICAE k )

noise

UE-to-UE interference

Likewise, the SE of the k-th receiving UE also considers
the SINR of DL links and is given by:
> ; (10)

in which 7,? L represents the sum of AP-to-UE interference,
IUTI and the noise:

K
wr=) L

j=1
£k

+ (1= Ly) [ | + o

(Pe,wi) |”

DL
V&

RDL—I < |hgkk
o =logy | 1+

2

hgj,k (chwj)

1)

Similarly, the EE considers the ratio between the SE of all
UEs in DL and the transmit power of APs that compose their
clusters. Then, EE for DL is defined as follows:

K

DL __
EEPL = 2 :
Zj:l thr(ch ch)

12)

III. POWER CONTROL ALGORITHM

In order to mitigate the CLI effects and improve the SE and
the EE, we consider the implementation of a widely explored
power allocation approach in the system. This section presents
the FPC and the max power (MP) baseline, both used for UEs
in UL.

A. Max Power

The MP baseline is the obvious way to set the power,
considering the maximum power resource available at the UE,
in which:

Pk = Pnax V k € {1,..., K} in UL mode. (13)

This approach aims to provide the best transmit signal but
introduces more interference and leads to excessive use of the
energy resource.

B. Fractional Power Control

We adopt the FPC scheme from [9]. which partially com-
pensates the PL effect according to a compensation factor
a € [0,1] and a multiplicative constant py, which is a
network parameter obtained empirically with the objective of
normalizing the power coefficient. Thus, the transmit power
(in W) of a UE k is given by:

Pk = min(PmaXa Py Ck—a)’ (14)

in which Py, is the maximum transmit power of k£ and (g
considers the LSF between k and its cluster Cj, as follows:

=Y Bra-
a€Cy,

Differently from the formulation in [9], a multi-antenna
scenario is not considered, so that the array steering vector
in our case is actually a scalar, thus resulting in (15).

Note that interference terms are not considered in (14)
because FPC only aims to provide an arbitrary sufficient per-
formance (according to FPy) for each UE with minimal power
expenditure, limiting it to the MP in case of a higher value.
Thereby, the FPC algorithm is scalable in such D-MIMO
networks as the calculation of pg in (14) depends only on
the PL information of UE k, meaning that its computational
complexity does not increase with K. Besides, the use of
user-centric AP clusters with fixed N yields a computational
complexity that does not increase with M.

5)

IV. NUMERICAL RESULTS

This section presents the results from Monte Carlo simu-
lations performing the FPC algorithm in a D-MIMO system
with D-TDD against a baseline that uses MP for all UEs
in the same setup. We consider a scenario with K = 30
UEs and M = 120 APs within a square area of side
length L = 1.2 km. The user-centric clustering is performed
based on LSF according to the description in section II with
N = M/K = 4. We adopt the maximal ratio combining
(MRC) and maximal ratio transmission (MRT) as the receive
and transmit beamforming vectors, respectively. As for the
proportion of users in UL and DL, we vary the UL percentage
in pyr € {0,0.25,0.5,0.75,1}.

For simplicity, we consider that each realization represents
one time resource with its own transmission configuration. The
transmission mode of each UE and its respective cluster is
assigned randomly per realization considering the py 1 value.
Other relevant parameters are presented in Table I.
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TABLE I
SIMULATION PARAMETERS

Parameter Value

AP height 11.5 m

UE height 1.5 m

Uplink max power 100 mW

Downlink power of each AP 1w

Bandwidth 10 MHz

Noise power U?JL = O'%L = —174 dBm
Shadowing variance (ofh) 4 dB

Rician factor mean and variance (uf, oi) 9 and 5

FPC parameters Py =—-10dBm, aa =0.4

Spectral Efficiency Sum

1.0 A
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0.6
w
[a)
[#}
()
0.4 e a=00
—= a=02
..... a=0.4
0.2 1 - a=0.6
a=0.8
a=1.0
0.0 1 —— Max Power
0 5 10 15 20 25 30 35 40
Spectral Efficiency Sum (bit/s/Hz)
Fig. 2. CDFs of SE varying o FPC parameter.

In both Figs. 2 and 3, we consider a scenario in which FPC
is being performed for UEs on UL varying the compensation
factor o € {0,0.2,0.4,0.6,0.8,1} to determine the best pa-
rameter for this scenario. Another scenario is also considered,
in which no power control is assumed and MP is set. Here the
multiplicative constant is maintained fixed as Py = —10 dBm.

In Fig. 2, which shows the SE’s cumulative distribution
function (CDF), we can see that for « = 0.8 and o = 1,
the curves converge to the MP and as the o decreases, the SE
also decreases. On the other hand, Fig. 3 shows the EE’s CDF
and indicates that o = 0.4 represents a better EE if compared
to lower values of the compensation factor. At the same time,
in terms of SE it is closer to the best scenario, which indicates
that it is a good trade-off between EE and SE. oo = 0.2 and
a = 0 can not be considered because their huge EE values
are due to power levels close to 0, which lead to bad SE
performance.

Fig. 4 shows the SE’s CDF of the following network
deployments: (i) MP is set for all UEs in UL, (ii) FPC is
applied for all UEs in UL. In both cases, all transmitting APs
in DL are set with the same power level and the DL curves
represent the UE in DL for each case defined above.

When prrr, = 0 (all UEs are in DL), the SE CDFs for the
two nominal schemes are identical. This is because both FPC
and MP, as defined, are UL power control strategies, and DL

Energy Efficiency Sum

S—

eCDF

0.0 —— Max Power

0 20 40 60 80 100 120 140
Energy EFficiency Sum (bit/Hz/))

Fig. 3. CDFs of EE varying o FPC parameter.

APs maintain a fixed transmission power. For pyr = 0.25
and pyr = 0.5, UEs in DL overperform UEs in UL, a trend
which changes in pgr;, = 0.75 due to the reduction in IAI, that
affects UL connections, and the increase in IUI, that affects
DL connections. With the exception of the first, in all cases
we can see that UEs in UL using FPC consistently exhibit
lower SE compared to those using MP. With a minor impact
than UL, in DL there is a performance improvement when
FPC is applied to the system, which can be seen in the case
with pyp = 0.75.

Fig. 5 shows EE’s CDF in the same network deployments as
in Fig. 4. Consistently, DL UEs show lower EE compared to
UL UEs. This is primarily attributed to the significantly higher
transmission power of APs (e.g., 1 W, as per Table I) relative
to the maximum UL UE transmission power (100 mW). As the
proportion of UL UEs (py1) increases, the EE CDFs for UL
UEs shift to the right, indicating improved EE. Notably, FPC
consistently yields better EE for UL UEs compared to MP,
and this performance advantage for FPC appears to become
more significant as pgy, increases.

V. CONCLUSIONS

This paper aimed to investigate the efficacy of the classical
power control approach FPC in enhancing the performance
of D-MIMO setups with D-TDD, particularly considering the
challenges posed by CLI. We considered that UE-UE channel
coefficients follow a Rayleigh distribution, while UE-AP and
AP-AP ones follow a Rician distribution. The signal model
was described considering the CLI, i.e., the TAI and the IUI,
based on which expressions for SE and EE could be presented.
The FPC was described in this D-MIMO D-DTDD setup and
considerations were made about how it deals with interference.
In the numerical results, we showed that the network propor-
tion of UEs in UL and DL influences directly the performance
of the users in the respective mode. In other words, if there
are more UL UEs than DL UEs, those UEs will tend to
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Fig. 4. CDF of UEs SE in UL and DL varying pyr,. Fig. 5. CDF of UEs EE in UL and DL varying pyrr..

improve their KPIs, the same for DL. Moreover, we showed
that FPC is worse than MP in SE terms but outperforms it
when it comes to EE. This indicates that FPC presents a
good alternative for optimizing the energy consumption in

the

upcoming 6G systems, providing a sustainable network

operation and a better user experience.

For future works, one may explore DL power allocation
algorithms, adopt imperfect channel estimation for robustness
analysis, and consider multi-antenna technology to improve
system capacity and interference management.
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