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Abstract
This paper investigates the energy efficiency (EE) of a cell-free (CF) massive multiple-input multiple-output
(mMIMO) system with multi-antenna user equipment (UEs) and access points (AP) over a time varying Rayleigh
fading channel. We characterize the joint impact of channel aging and pilot contamination on the total EE.
Furthermore, we optimize the pilot length to manage the corresponding channel estimation overhead associated with
deploying multiple antennas at the UEs. The results show that in a CF mMIMO system with multi—antenna UEs, the
optimal operating point of the total EE can be achieved by optimizing the pilot length

I. Introduction

In CF mMIMO, many APs are distributed over a large
coverage area and connected to a central processing
unit (CPU) to serve a smaller number of users [1]. The
existing literature on CF mMIMO systems with multi—
antenna UEs consider a block—fading model where the
channel realization in a coherence block is
approximately constant. However, practical channels
continuously evolve due to UE mobility. This paper
analyzes EE performance of CF mMIMO systems with
multi—antenna APs and UEs in a channel aging
environment.

II. System Model

In this work we consider a CF mMIMO system with M
APs and K UEs. All APs and UEs are equipped with L
and N antennas respectively. The UEs are assumed to
be mobile. For a given resource block length of ., 1,
time instants are used for uplink training and the
remaining time instants are used for UL/downlink (DL)
data transmission. This work considers only the UL
data transmission. The relative motion between the
APs and UEs results in a continuously evolving channel
usually referred to as the channel aging effect. Let the
channel between the m-th AP and the k—-th UE at the

q-th time instant be, G lq] = ﬁmkiHmk[q], where Bk
denote the large scale fading coefficient and H[q] €
CY*N is the small scale fading matrix whose elements
are modeled as CN(0,1). To characterize the channel
aging effect, Gplql is modeled as a function of its
initial state Gp;[0] such that Gilq] = prlq]Gmi[0] +
Prlq1Fmrlql, where Folq]l € C**N is the independent
innovation component with elements modeled as
CN(0, Bmi). Also, pilql = Jo(nfprTsq) is the temporal
correlation coefficient, where Jy(-) is the zeroth—order

Bessel function of the first kind, T, is the sampling time,

V"Cf“ 1s the Doppler Shift of a UE moving

and fpr =

with velocity v, , a carrier frequency of f, and ¢
denotes the speed of light. Moreover pglq] =

fl —plq] In this work, the channel aging effect is
neglected during the channel estimation phase.
Therefore the MMSE estimate of the uplink channel is
derived as Gk [0] = Wik (JTpPp Zi'epy Gmi’[0] +

Wi [0]) where Wm =
£/ Tpppﬁmk/(fppp Zk "epy .Bmk’ + 1) and Wik [0] [ ]d)k
Additionally W, [0] € C*T | @, e C™*N, p,, p, denote
the additive white Gaussian noise, pilot matrix assigned

to k—-th UE, pilot power, and the index subset of UEs
using the same pilot matrix as k-th UE ( including UE
k itself ), respectively. In the uplink data transmission
phase, i.e. 1+71,<q<7, , all users transmit their
signals to the APs simultaneously. The APs apply the
maximum ration combining (MRC) receive filter and
forward the signal to the CPU. By applying the use-
and-then—-forget methodology, the aggregated signal of
the n-th antenna of the k-th UE at the CPU is
expressed as Yinlql = Agn + By + Cpr i + Cyryy + Dy +

Exn (1) where Apn 2

\/mpk[q IE{Z gmkn [O]Hmkn 0]}5k,n[q] ’ Bk,n =
Pullk Px[q (Zm:l G812 [01gmi 0] —

E{Zm 1gmkn[ ]gmk,n[o]})sk,n[q] s Ck’,n =

\/EZk'zkmanq 1g£1nkn [0]1gmk' n [Q]Sk’,n[‘I] ) Cpr o =

\/ﬁzk’ 1271 ¢n mZm lgmkn ]gmk’,n’ [Q]Sk',n' [q] ’ Dk.n =
pu“kpk[‘” m=1 gmk,n[ ]fmk,n[‘?]sk,n[q] and Ek,n =
M

M 1 G n [0]lwn[q] denote the desired signal,
beamforming gain uncertainty, n—-th antenna multi—-
user interference, interference from other antennas of
all users, channel aging effect and noise respectively.
Also  gmrnl0] » GmnlO] | fmf,n[q] and  Gmknl0]
represent the n-th column of G,;[0] , Fnk[g] and
G, [0], respectively. py, sgnlq] and pe (0 < py < 1/N)
denote the transmit power, n—th data stream of the k-
th user and the power control coefficient, respectively.
The achievable uplink SE of the k-th user is given as
——ZTC T”ZN 1logy(1+ SINR,,[q]), (2) where the

SINRk,n[q] is the signal-to-interference-plus—-noise
ratio (SINR) of the n—th antenna of k-th UE at the q-
th time instant. The SINR is expressed as

SINRyn[q] = DSin 3
knld]l = BUgy + Iyt + Iyt r + CApy NSy 3
2

where, Dsyp = Putherilq |]E{Zm 1gmkn[0]gmk'n[0]}| ’

BUyn = puthkrila {|(Zm 1 Gmkn[01Gmicn[0] =

[E{Zm 1 951 [0]1Gmicn [0 })l } ) Lrn &
PuShra e E{| S0y OhenlOlgmirnlal '} L 2
Pu Zfr g Z i B{ |y e 01wl '}+ CAin 2
PullPrld {|Zm 19512 01 f e Q]|2} ) and NSyn =
[E{|Zm=1gmk_nwm| } , respectively. It is observed that

the SE grows with the number of UE antennas. However,
there is an increase in multi-user interference I,
and a decrease in the effective data transmission period
(i.e. 7, — 1) limiting the SE gain that can be achieved
by deploying multiple antennas at the UEs. Thus, with



the objective of maximizing the sum SE, we optimize
the pilot length by employing exhaustive search over
the feasible set, N <1, < ..

To analyze the total EE of the proposed system, the
total power consumption is modeled as [2]

K M K M
Pt = ) Pet B (Z be,m> £ 54 D LR+ By, (4)
k=1 m=1 k=1 m=1

, where Py, Pprm, Piem, Pom 1s the power consumption
at the k—th UE due to amplifier and the circuit power
consumption, traffic-dependent backhaul link power
related to the m-th AP, power required to run the
circuit components of the m -th AP, and traffic-
independent power of each fronthaul, respectively. Py
is defined as P, = aikpuNoNuk + NPy , where 0 <oy <

1, Py k., and N, denote the power amplifier efficiency,
power required to operate circuit components of the k-
th UE, and noise power, respectively. Finally, the total
EE (bits/Joule) is defined as

BYK s
EE: = :Tiki (5)
where B denotes the bandwidth.

1. Simulation Results

In the simulation setup, all M APs and K UEs are
uniformly distributed in a 1km? square area wrapped
at the edges to avoid boundary effects. The results are
obtained by (5) and unless otherwise specified, we use
the following parameters: 7, = 200, M = 100, T, = 0.01,
7, = KN/2, p, =p, =20dBm, L =4, K =20, f =2GHz,
B =20 MHz, and N, =-92 dBm. The total power
consumption parameters include Py = 0.1W, Pypy =
02 W, P, =0825W, a; =04, Py, =0.25W/Gbit/s.
The large scale fading coefficient is obtained according
to the three-slope pathloss model [1]. Also, the pilot
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Figure 1: Total EE versus number of APs M (T, = KN/2)
sequences are randomly assigned. Fig. 1 shows the
total EE versus the number of APs for different values
of fpTs. It is clearly observed that a relatively lower
total EE is achieved when the normalized Doppler shift
is increased. This is due to corresponding decline in SE
due to channel aging as seen from (3). the SE reducing
effects of channel aging. Moreover, having a larger
number of antennas per UE incurs channel estimation
overhead resulting in lower SE. However, the channel
estimation overhead incurred makes the system robust
to channel aging since the SE degradation towards the
end of the resource block becomes relatively lower.
For e.g. when M =100 increasing the normalized
Doppler shift from 0 to 0.002 results in a total EE loss
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Figure 2: Total EE versus UL transmit power (fpTs = 0.001)

of 11% and 3% for N =4 and N = 8, respectively. In
Fig. 2 we analyze the total EE performance against the
UL transmit power for different values of N. Generally,
there is an increase in total EE with increasing UL
transmit power until a maximum at 16 dBm and a
decline towards 0 afterwards. This observation is
consistent for all the considered 1, and N
configurations. The SE saturates beyond 16 dBm thus
any further increase in transmit power only increases
the total power consumption hence the decline in the
total EE. For N=6 and 1, =KN, we observe the
lowest total EE because the SE obtained at high N is
lower when 1, is not optimized. Also, the
corresponding increase in the power consumption at
each user P, further reduces the EE of the system.
However, the EE can be significantly (67% and 6% for
N =6 and N =2 at 16 dBm, respectively) improved by
optimizing the pilot length. Therefore, when a high
number of antennas are deployed at the UEs, optimizing
the pilot length is required to achieve the optimal
operating point of the total EE.

III. Conclusion

It is shown that the channel estimation overhead
incurred by deploying multiple antennas at the UEs
makes the system robust to channel aging. Furthermore,
the optimal operating point of the total EE can be
achieved by optimizing the pilot length.

ACKNOWLEDGMENT

This work was supported in part by Institute of
Information & communications Technology Planning &
Evaluation (IITP) grant funded by the Korea
government(MSIT) under Grant 2022-0-01053
(Development of network load balancing techniques
based on multiple communication/computing/storage
resources), and under the ICAN (ICT Challenge and
Advanced Network of HRD) program (IITP-2024-RS-
2022-00156212).

REFERENCES

[1] H. Q. Ngo, A. Ashikhmin, H. Yang, E. G. Larsson,
and T. L. Marzetta, “Cell-Free Massive MIMO Versus
Small Cells,” [EEE Trans. Wirel. Commun., vol. 16, no.
3, pp. 1834-1850, Mar. 2017.

[2] H. Q. Ngo, L.-N. Tran, T. Q. Duong, M. Matthaiou,
and E. G. Larsson, “On the Total Energy Efficiency of
Cell-Free Massive MIMO,” [EEE Trans. Green
Commun. Netw., vol. 2, no. 1, pp. 25-39, Mar. 2018.



