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Abstract: The concept of massive MIMO enables high quality of service, Efficiency, and scalability. Therefore, a dense network has been
established to enable services using the massive MIMO. But rapidly increasing deployment of cellular base stations increases the electricity
energy consumption and increases the green house effect. Therefore, the balance between energy efficiency and high network performance is
expected from the communication infrastructure. In this paper, the energy efficiency of the massive MIMO systems has been investigated in
mainly two key scenarios i.e. single cell configuration and multi-cell configuration. In order to conduct experiments MATLAB based simulator
has been used. Additionally, with the increasing number of User Equipments (UEs) the simulation has been done. Finally the configured
network has been used to measure the optimal combination of antenna and UEs and the optimal energy consumption. Additionally the
experiment also demonstrates how the different preprocessing technique will influence the massive MIMO energy efficiency. Finally the
conclusion has been drawn and the future work has been proposed.
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Energy Consumption.

I. INTRODUCTION

The power consumption of the communication industry and
corresponding energy-related pollution are becoming major
concerns [1]. Thus, now in these days a number of efforts
have been made where the goal is to design network
architecture and technology to meet the growth in cellular
data demand without increasing the power consumption. In
this paper, the main aim is to jointly study the uplink and
downlink of a multi-user MIMO system for optimal energy
efficiency (EE). The study discusses the insights on how the
M number of antennas at the base station (BS), the number K
of active user equipments (UEs), and the transmit power must
be chosen to cover a given area with maximal EE. The EE is
defined as the number of bits transferred per Joule of energy
and it is affected by many factors like network architecture,
transmission protocol, spectral efficiency, radiated transmit
power, and circuit power consumption. According to [2], it is
of important to obtain reliable guidelines for EE optimization
of M and K.

Assume that the total power consumption is computed as the
sum of the radiated transmits power and a constant quantity
for the circuit power [1]. This model might be misleading In
fact it can lead to an unbounded EE if used to design systems
wherein M can be very large because the user rates grow
unboundedly as M — 0. Achieving infinite EE is impossible
and holds true because the model does not take into account
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that the power consumed by digital signal processing and
analog circuits grows with M and K. This means its
contribution can be taken as a constant in multi-user MIMO
systems where M and K take relatively small values, while its
variability plays a key role in the so-called massive MIMO
systems in which M,K > 1 and all the BS antennas are
processed coherently. The original massive MIMO assumed

% > 1, while we consider the more general definition where

M
— can also be a small constant.

In [3] author focused on the power allocation problem in the
uplink of multi-user MIMO systems and showed that the EE
is maximized when specific UEs are switched off. In [4], the
EE was shown to be a concave function of M and the UE
rates. In [5] and [6] showed the EE is a concave function of
M while a similar result was shown for K in [7]. The [8]
derives the optimal M and K for a given uplink sum rate, but
the necessary overhead signaling for channel acquisition is
ignored leading to unrealistic results where it is beneficial to
let K grow very large. In this paper the main purpose is to
provide insights on how M, K, and the transmit power affect
the total EE of a multi-user MIMO system for different linear
processing schemes. The most common precoding and
receive combining are considered: zero-forcing (ZF),
maximum ratio transmission/combining (MRT/MRC), and
minimum mean squared error (MMSE) processing. In this
section, the overview of the proposed work has been
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discussed. The next section provides the understanding of the
proposed work involved.

Il. PROPOSED WORK

In this paper the total power consumption is measured to
emphasize that the real power actually scales faster than
linear with M and K. Then, the study has focused on ZF
processing in single-cell systems and uses a model [9] for
utilizing closed-form EE-optimal values of each of the three
system parameters, when the other two are fixed. These
expressions provide insights on the interplay between system
parameters, propagation environment, and components of the
power consumption model. Additionally, results are given for
ZF with perfect channel state information (CSI), numerical
results are provided for all the schemes with perfect CSI, for
ZF with imperfect CSI, and in a multi-cell scenario. The
results reveal that:

a. We should use antennas to serve a number of UEs
of the same order of magnitude;

b. The transmit power should increase with the
number of BS antennas since the circuit power
increases;

c. ZF processing provides the highest EE due to active
interference-suppression at affordable complexity.

d. These results prove that massive MIMO is the way
to achieve high EE.

1. Simulation setup

This section uses simulations to validate the system design
guidelines under ZF processing and to make comparisons
with other processing schemes. Thus the different number of
users is considered. Additionally, provide numerical results
under both perfect and imperfect CSI. Additionally,
considered both type of scenarios i.e. single-cell and multi-
cell. Analytic results were used to simulate ZF, while Monte
Carlo simulations with random user locations and small-scale
fading were conducted to optimize Energy Efficiency (EE)
with other schemes. The simulations were performed using
Matlab and the code [10], which enables reproducibility as
well as simple testing of other parameter values. Therefore
different number of users is considered to perform
experiments. Now the experiments have been configured
with the following parameters as demonstrated in table 1.

Table 1 Simulation setup

S. Parameters Values

No.

1 Cell radius (single-cell): d,, 4 250 m

2 Fraction of downlink | 0.6
transmission: ¢ (@

3 Minimum distance: d,;in 35m

4 Fraction of uplink transmission: | 0.4
((ul)

5 Large-scale fading model: I(x) 107353/

”x”3.76
6 PA efficiency at the BSs: n(49 0.39
7 Transmission bandwidth: B 20 MHz
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8 PA efficiency at the UEs: n®™9 0.3

9 Channel coherence bandwidth: B | 180 kHz
10 | Fixed power consumption | 18 W
(control signals, backhaul, etc.):
PFIX

11 | Channel coherence time: T¢ 10 ms
12 | Power consumed by local | 2W
oscillator at BSs: Pgyy
13 | Coherence block (symbols): U 1800
14 | Power required to run the circuit | 1 W
components at a BS: Pgg
15 | Total noise power: Bg? —96 dBm
16 | Power required to run the circuit | 0.1 W
components at a UE: Py,
17 | Relative pilot lengths: T9, z(@0 | 1
18 | Power required for coding of data | 0.1 W/(Gbit/s)
signals: Pcop
19 | Computational efficiency at BSs: | 12.8 Gflops/W
Lps
20 | Power required for decoding of | 0.8 W/(Ghit/s)
data signals: Ppgc
21 | Computational efficiency at UEs: | 5 Gflops/W

Lyg
22 | Power required for backhaul | 0.25
traffic: Pgr W/(Ghit/s)

2. Single-Cell Scenario

The aim of the proposed work is to analyze the energy
efficiency and the performance influence of with the
increasing number of users. In this context the experiments
has been carried out with the 8, 16 and 32 number of users
and energy efficiency has been measured. Figure 1 and 2
shows the set of achievable EE values with perfect CSI, ZF
processing, and for different values of M and K. Here it is
considered that M > K + 1 in ZF. Each point uses the EE-
maximizing value of p. For given values of M and K, the EE-
optimal p > 0 can be computed as:

( n  (M-K)(C'+MD) 1)+1

Ba2Sy e e

p =

IF processing, Single-cel, Perfsct 3

M-K

IF uozssing Sngecel, Pedict (S

ency [Mbit/Joula]
i P

sray Effici

Ene

LI} e x
Nomber o ntencas () Nuber o Usess ()

00
Mumber of Artennas (M) Nurnber of Users ()

(A) (B)
Figure 1 Energy efficiency (in Mbit/Joule) with ZF
processing (A) 8 users (B) 16 users
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Where C 0 > 0 and DO > 0 are defined as:

C’ — L3=0 CI.Kl
K .
D = o DiK*

It turns out that the optimal p* increases with C'and D', and
thus with the coefficients in the circuit power model. Since
the EE maximizing total PA power with ZF processing is

Bo?Sx
ZF .
T(X ) = M Kp

ZF processing, Single-cell, Perfect CSI

Energy Efficiency [Mhit/Joule]

Mumber of Antennas (M) Mumber of Users (K)

Figure 2 Energy efficiency (in Mbit/Joule) with ZF
processing with 32 users

In this figure the global optimum is star-marked and the
surroundings are white. The convergence of the alternating
optimization algorithm is indicated with circles. Figures show
that there is a global EE-optimum, which is achieved by p and
practically reasonable spectral efficiency per UE. The
optimum is clearly a massive MIMO setup, which is
noteworthy since it is the output of an optimization problem
where we did not restrict the system dimensions whatsoever.
The surfaces in figures are concave and quite smooth; thus,
there is a variety of parameters that provides close-to-optimal
EE and the results appear to be robust to small changes in the
circuit power coefficients.

MRTIMRC processing, Single cel, Pedfect CSI IRTIMRY pecessing, Singh e, Peect (S

ciency [Mbit/doula]

Energy Efficiency [Mbit/oula]

Energy Effi

010
Nurmber of Artennas (M) Numer of Users () Mot of Artzenas M) Nt of Users 1)

(A) (B)
Figure 3 Energy efficiency (in Mbit/Joule) with
MRT/MRC processing (A) 8 users and (B) 16 users
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The alternating optimization algorithm initiated with a point
in (M, K, p) =(3, 1, 1). According to a standard alternating
optimization algorithm:

1) Aninitial set (K, M, p) is given

2) Update the number of UEs K (and implicitly M and
p) as:
Suppose A4,{C;}, and {D;} are non-negative and
constant. For given values of p and 3, the number of
UEs that maximize the EE metric is:

K*= mlax[Kl(o)]

MRT/MRC processing, Single-cell, Perfect CSI

Energy Efficiency [Mbit/Joule]

Number of Antennas (M) Nurnber of Users (K)

Figure 4 Energy efficiency (in Mbit/Joule) with MRT/MRC
processing for 32 users

Where the guantities {Kl(")} denote the real positive roots of
the quartic equation

K* —
Where,

U
K3 — L K? — 2upK e =

sum sum

0

U A Al
7 (C2 + BDy) + C; + BD,
sum

C; + BD,
2
Co Ban Sy 5
C; + D,
3) Replace M with the optimal value such that: For
given values of K and p, the number of BS antennas
maximizing the EE metric can be computed as:

U =

Uo =

M= M|
Bo“Sy ,
W(P( np'eerC )=p€_1>+1
M = e +pK -1
p

4) Optimize the PA power through p
5) Repeat 2) —5) until convergence is achieved.
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Figure 5 Energy efficiency (in Mbit/Joule) with ZF
processing with imperfect CSI (A) for 8 users (B) 16 users

Observe that the EE metric has a finite upper bound (for C; >
0 and D; >0 ). Therefore, the alternating algorithm
converges to a local optimum for any initial set (K, M, p),
because the alternating updates of K, M, and p may either
increase or maintain (but not decrease) the objective function.
Convergence is declared when the M and K are left
unchanged. Similarly the energy efficiency for MRT/MRC
processing is given in Figure 3 and 4.

ZF processing, Single-cell, Imperfect CSI

Energy Efficiency [Mhbit/loule]

Number of Antennas (M)

Number of Users (K)

Figure 6 Energy efficiency (in Mbit/Joule) with ZF
processing with imperfect CSI and 32 users

The figure 1(A) and (B), and figure 2 shows the energy
efficiency of the massive MIMO system for ZF preprocessing
and for the MRT/MRC processing results are given in figure
3(A) and (B) and figure 4. Based on the comparative results
MRT/MRC processing is more energy efficient than the ZF
process. Additionally, shows the lower energy consumption
for working. But as the number of UEs is increasing the
convergence is being delayed and also increases the energy
requirements of the MIMO system. In addition, the number
of antenna requirements is also increasing with increasing the
UEs. Figure 5 and 6 considers ZF processing under imperfect
CsSl.
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Figure 7 Maximal EE for different number of BS antennas
and different processing schemes (A) 8 users (B) 16 users

If approximate ZF precoding is applied under imperfect CSI
(acquired from pilot signaling and MMSE channel
estimation), the average gross rate

p(M —K)
1 1
1+ T D) + pKT(ul)
is achievable using the same average PA power

R =Blog| 1+

BaszxK
n
As
> 3 Ba?pS
P7S§F) - PT(;l ZoNn PT(;I ZF) _ np % K

Single-cell, Comparison of EE values
35 T T

——-MMSE (Perfect CSI)
30F | —ZF (Perfect CSI)
--------- ZF {Imperfect CSI)
— — —MRT (Perfect CSI)

]
3]

— [N
m =]

o

Energy Efficiency [Mbit/Joule]

0 2|D AID BID BID 160 12|D
Number of Antennas (M)

Figure 8 Maximal EE for different number of BS antennas

and different processing schemes for 32 users

We observe that ZF processing achieves higher EE. The
difference is otherwise quite small. ZF with imperfect CSI
has a similar behavior as ZF and MMSE with perfect CSI,
thus the analysis has a bearing also on realistic single-cell
systems. Interestingly, MRT/MRC processing gives a very
different behavior: the EE optimum is much smaller than with
ZF/MMSE and is achieved. This can still be called a massive
MIMO setup since there are a massive number of BS
antennas. but it is a degenerative case where M and K are
almost equal and thus the typical asymptotic massive MIMO
properties will not hold. The reason for M = K is that
MRT/MRC operates under strong inter-user interference,
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thus the rate per UE is small and it makes sense to schedule
as many UEs as possible.

Srife-cel, Comparison of RF power and radiated powetfartenna

o Singecel, Compnson ofRF power and radated powerntenne
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‘Ul L L TN ! 1 ‘[1 ! Nop, AN
0 7 0 8 0 m 03 9 8 9 m
Number of Antennas {M) Nurer of Acternas )

(A) (B)

Figure 9 Total PA power at the EE-maximizing solution
for different number of BS antennas for(A) 8 users (B) 16
users

The signal processing complexity is lower than with ZF for
the same M and K, but the power savings are not big enough
to compensate for the lower rates. To achieve the same rates
as with ZF, MRT/MRC requires M K which would drastically
increase the computational/circuit power and not improve the
EE. Looking at the respective EE-optimal operating points,
we can use the following formulas to compute:

5 Single-cell, Comparison of RF power and radiated power/antenna

i —-—-MMSE (Perfect CSI)

—ZF (Perfect CSI)
------- ZF (Imperfect CSI)
— — —MRT (Petfect CSI)

... Radiated power per BS antenna

Average Power [W)]

1 L
0 20 40 60 80 100 120
Number of Antennas (M)

Figure 10 Total PA power at the EE-maximizing solution for
different number of BS antennas and 32 users

The total complexity of channel estimation: The total
power consumption:

l dl

Pce :Pc(g)'i'Pc(E)

The channel estimation process becomes
B 2TMOMK? B 4T(WDK?

= — + —

U Lgs U Lyg
Computing the precoding/combining matrices: The power
consumption P/, accounting for these processes is

Watt
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proportional to the number of bits and can thus be quantified

as:
K

Pesp = Z (E{R(M™ + RE™Y) (Peop + Posc)  Watt
k=1
Performing precoding and receive combining: The
transmitted and received vectors of information symbols at
the BS are generated by transmit precoding and processed by
receive combining, respectively. This costs:

(T + T@)K\ 2ML
PLP =B(1-

Single-cell, Comgarison of area throughput

Lps

Single-cell, Comgarison of aea throughgut
0

ughput [Ghit/a/km?]

Area Thro
=

SRR
Numiber of Antennas (M)

(&) (&) = .

Figure 11 Area throughput at the EE-maximizing solution

for different number of BS antennas (A) for 8 users (B) 16

users

Where the first term describes the power consumed by
making one matrix-vector multiplication per data symbol.
The second term, P, »_, accounts for the power required for
the computation of G and V. The precoding and combining
matrices are computed once per coherence block and the
complexity depends strongly on the choice of processing
scheme. Since G = V is a natural choice (except when the
uplink and downlink are designed very differently), we only
need to compute one of them and thereby reduce the
computational complexity. If MRT/MRC is used, we only
need to normalize each column of H . This requires
approximately:

Single-cell, Comparison of area throughput
70 T T T T

— = -MMSE (Perfect CSI)
ZF (Perfect C3I)

ZF (Imperfect CSI)
—— —MRT (Perfect CSI)

B0 H

40t .

30 B

Area Throughput [Ghit/s/kr?]

MNumber of Antennas (M)

Figure 12 Area throughput at the EE-maximizing solution for
different number of BS antennas for 32 users
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p(MRT/MRC) _ E 3MK

LP—C U Watt

BS

which was calculated using the arithmetic operations for
standard linear algebra operations in [29]. On the other hand,
if ZF processing is selected, then approximately

B<K3 3MK? + MK

(ZF)
P =— + Watt
3Lps Lgs )

LP-C — U

These numbers are all within a realistic range and a majority
of the computations can be parallelized for each antenna.
Despite its larger number of BS antennas and UEs, ZF
processing only requires 3x more operations than
MRT/MRC. This is because the total complexity is
dominated by performing precoding and receives combining
on every vector of data symbols, while the computation of the
precoding matrix (which scales as O(K3 + MK?) for ZF)
only occurs once per coherence block.

1

0 | £ & 1)
Number of Artennas M)

(A) (B)

Figure 13 Maximal EE in the multi-cell scenario for

different number of BS antennas and different pilot

reuse factors (A) for 8 users (B) 16 users
To further compare the different processing schemes, Figure
7 and 8 shows the maximum EE as a function of the number
of BS antennas. Clearly, the similarity between MMSE and
ZF shows an optimality of operating at high SNRs. Next, Fig.
9 and 10 shows the total PA power that maximizes the EE for
different M using the corresponding optimal K. For all the
considered processing schemes, the most energy-efficient
strategy is to increase the transmit power with M.

Multi-cell, Comparison of EE values

C
o 20 a0 60 80 100 120
Number of Antennas (M)

Figure 14 Maximal EE in the multi-cell scenario for different
number of BS antennas and different pilot reuse factors for
32 users
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That indicated that the transmit power should be decreased
with M. However, figure also shows that the transmit power
per BS antenna decreases with M. The EE-optimal solution
can be deployed with low-power UE-like RF amplifiers.
Similar transmit power levels are observed for the UEs in the
uplink, but are not included. Finally, Figure 11 and 12 shows
the area throughput (in Gbit/s/km?) that maximizes the
Energy Efficiency for different M. We consider the same
processing schemes as previously discussed experiments.
According to the measured throughput there is an 8-fold
improvement. The majority of this gain is achieved also under
imperfect CSI, which shows that massive MIMO with proper
interference-suppressing precoding can achieve both great
energy efficiency and unprecedented area throughput. In
contrast, it is wasteful to deploy a large number of BS
antennas and then co-process them using a MRT/MRC
processing scheme that is severely limiting both the energy
efficiency and area throughput.

Mukced, Comparsson of RF power and radiated powertanternia Miti<el, Comparsin fRF powerand rafsed pone

e

Power (W]

Nurber of Aeteneas (M)
(A) (B)
Figure 15 Total PA power at the EE-maximizing solution
in the multi-cell scenario, for different number of BS
antennas. The radiated power per BS antenna is also shown
(A) for 8 users and (B) for 16 users

3. Multi-Cell Scenario

In this experimental scenarios the similar amount of users are
considered and the symmetric multi-cell scenario has been
used. Additionally, each cell is considered as a 500 x 500
square with uniformly distributed UEs, with the same
minimum distance. The similar cell configuration has been
used in the single-cell scenario. We consider only
interference that arrives from the two closest cells, thus the
cell is representative for any cell in the system. Motivated by
the single-cell results, we consider only ZF processing and
focus on comparing different pilot reuse patterns. The cells
are divided into four clusters. Three different pilot reuse
patterns are considered:
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Multi-cell, Comparison of RF power and radiated powerfantenna

v

Total RF power

———ZF (Imperfect CSl): Reuse 4
— ZF (Imperfect CSI): Reuse 2
——-ZF (Imperfect CSI): Reuse 1

Average Power [W]

Radiat.

n] 2|D AIO BID BIO 1DID 12|C|
Number of Antennas (M)

Figure 16 Total PA power at the EE-maximizing solution, for

different number of BS antennas for 32 users

e  The same pilots in all cells (t (ul) = 1),
e Two orthogonal sets of pilots with Cluster 1 and
Cluster 4 having the same (t (ul) =2), and
e  All clusters have different orthogonal pilots (t (ul) =
4).
Numerical computations of the relative inter-cell interference
give  Ipc €{0.5288,0.1163,0.0214} and Ip.2 €

{0.0405,0.0023, 7.82 = 10>}, where the values reduce with
increasing reuse factor 70,

Maticel, Companisin of area hroughyet Muticell, Comgarisin of rea hrougpput

[Ghit/s/km?]

ahput

Area Throu:

0 b L‘E B‘J ] w o 0 3‘3 IJJ B‘J iJ '5] i
Mt of Antennas (M) Number of Antennas (M)

(A) (B)

Figure 17 Area throughput at the EE-maximizing solution

for different number of BS antennas (A) when the number

of users 8 and (B) when the number of user 16

Bo2pSx

Moreover, I = 1.5288 and - = 1.6022 is considered

in this multi-cell scenario. The maximal EE for different
number of antennas is shown in Figure 13 and 14.
Additionally, Figure 15 and 14(D) show the corresponding
PA power (and power per BS antenna). Similarly, Figure 16
and 17 shows the area throughput. These figures are very
similar to the single-cell counterparts, but with the main
difference that all the numbers are smaller.
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Multi-cell, Comparison of area throughput
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Figure 18 Area throughput at the EE-maximizing solution for

different number of BS antennas when the number of users

32

Hence, the inter-cell interference affects the system by
reducing the throughput, reducing the transmit power
consumption, and thereby also the EE. Interestingly, the
largest pilot reuse factor (t(*Y = 4) gives the highest EE
and area throughput. This shows the necessity of actively
mitigating pilot contamination in multi-cell systems. We
stress that it is still EE-optimal to increase the transmit power
with M, but at a pace where the power per antenna reduces
with M. Finally, the set of achievable EE values is shown in
Figure 18 and 19 for different values of M and K. This figure
considers a pilot reuse of 7Y = 4, since it gives the highest
EE. We note that the shape of the set is similar to the single-
cell, but the optimal EE value is smaller since it occurs at the
smaller system dimensions. This is due to inter-cell
interference, which forces each cell to sacrifice some degrees-
of-freedom. We note that the pilot overhead is almost the
same as in the single-cell scenario, but the pilot reuse factor
gives room for fewer UEs. Nevertheless, we conclude that
massive MIMO is the EE-optimal architecture.

I provessig, M, P resed IF pracessing, Muticel, ot reuse 4

outa]

Eneray Effic

4

b of e ) o ke s ) Number of Aternas () o Numter ofUsers ()

(A) (B)

Figure 19 Energy efficiency (in Mbit/Joule) with ZF
processing in the multi-cell scenario with pilot reuse 4
for (A) 8 users and 128 Antennas (B) 16 users and 128
Antenna
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4. Conclusion and future work

The massive MIMO system is a base architecture of 5G
communication. It enables the high quality of service delivery
and provides the better user experience. Thus, a rapid increase
in cellular infrastructure has done in recent year. The
increasing density of cellular base stations will also increase
the electric energy consumption and also responsible of green
house effect. In this context, the proposed work is aimed to
analyze and study the energy requirements of the base station
antenna. Therefore, a massive MIMO simulator has been
used for conducting the experiments. The aim of the
experiments is to demonstrate the influence of number of UEs
over the energy efficiency of the base station. In this context,
the maximal energy efficiency and optimal energy efficiency
has been measured with the optimal throughput. Additionally
the different preprocessing techniques have also compared
and the relevant energy consumption has been measured.
Based on the final consequences the ZF processing technique
provides optimal results.

ZF processing, Multi-cell, Pilot reuse 4

Energy Efficiency [Mbit/oule]

50

Number of Antennas (M) Number of Users (K)

Figure 20 Energy efficiency (in Mbit/Joule) with ZF
processing in the multi-cell scenario with pilot reuse 4 for 32
users and 128 Antenna
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