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Abstract—It was shown that the required transmit power
to support a target achievable rate is inversely proportional
to the number of antennas in massive multiple-input multiple-
output (MIMO) systems [1]. However, the consumed power of the
massive MIMO systems should include not only transmit power
but also the fundamental power for operating the circuit at the
transmitter, because the effect of circuit power consumption is
more serious when the transmitter is equipped with massive num-
ber of antennas. Hence, to analyze the exact power consumption
of massive MIMO systems, we investigate the energy efficiency for
multiple cellular systems with large-scale antenna arrays under
a consideration of circuit power consumption of each antenna.
In particular, we propose a new power consumption model that
considers not only transmit power on the power amplifier but also
circuit power dissipated by analog devices and residually lossy
factors in base stations (BSs). Through new energy efficiency
formulation based on the proposed power consumption model,
we analyze the tendency of the energy efficiency as the number
of antennas increases and can see that the energy efficiency
becomes a quasi-concave function with respect to the number
of antennas. Finally, from the derived function of the energy
efficiency, we determine the number of antennas to provide the
maximum energy efficiency.

I. INTRODUCTION

A dramatic increase of data feeds that can cover all the

time and place is expected in the future. Various techniques

have been developed in terms of the effort to increase the data

supply. At the same time, the issues related to the environment

are hovering over the surface of the water. Green commu-

nication becomes a new flow of technology development

dealing with issues between technology and environment.

There are two major flows in the Green communication. One

direction is focusing on the financially optimizing aspects of

network deployment and configuration. In this connection,

the optimal deployment strategies was proposed by consid-

ering the trade-off between installation expenditure and data

throughput in designed communication network [2], [3]. The

other is focusing on the optimization of power consumption

and energy efficiency for data transmission [1], [4], [5]. The

power consumption of each antenna unit can be reduced by

the increment of the number of antennas.
The MIMO is smart antenna technology to increase ca-

pacity. The use of a large number of antennas is able to be

employed for the purpose of guaranteeing the multiple signal

paths, thereby the higher data throughput and the more reliable

communication can be ensured. From this intuition, the idea

for a system with an very large number of BS antennas is

proposed in [6]. In [7], [8], the effect of fast fading, imperfect

channel state information (CSI), and uncorrelated interference

diminishes theoretically when the number of antennas is in-

creased without limitation. The systems with unlimited number

of antennas are called massive MIMO systems. Different from

the classical MIMO, simple linear precoding or combining

techniques such as matched filter (MF) and zero-forcing are

effective in multi-user MIMO systems with large number of

users. In addition to that, the transmit power consumption is

able to be decreased at the BS by a factor of the number of

antennas [1], [5].

According to related work in [5], the transmit power con-

sumption for each antenna is extremely low in the massive

MIMO systems. From another related work about spectral

and energy efficiency based on existing power model which

considers the transmit power consumption only, the increment

of the number of transmitter antennas induces bigger data rate

and energy efficiency performance than before. However, in

the case of the massive MIMO systems, since the size of

the hardware of the system is also increased, the effect of

the circuit power consumption would be gradually increased

by the factor of the number of antennas. Hence, the radio

frequency (RF) circuit power consumption, as well as the

transmit power consumption, should be considered as a key for

the practical power consumption model. Because the circuit

power consumption increases according to the increment of

the number of transmit antennas, the total power consump-

tion is also proportionally increasing [9]. In this work, we

establish the new power consumption model and analyze the

energy efficiency of the massive MIMO systems based on

established power consumption model. By considering the

circuit power consumption for transmit antenna configuration,

the energy efficiency should not be especially expected to

increase gradually along the increment of the number of

transmit antennas. In this aspect, a key point of this work

is to have a well-established transmit power model for long-

term evolution (LTE) BS with the massive MIMO systems. We

apply the scale factor of LTE BS with residually lossy factors

(i.e., antenna feeder loss, loss of direct current - direct current

(DC-DC) power supply, main supply loss, and active cooling

system loss) in the new power consumption model [10]. Based

on this new power consumption model, we establish the

energy efficiency formula in the given system environment.

We present the effect of the circuit power consideration to

the energy efficiency in the massive MIMO systems of LTE

BSs. As expected earlier, the simulation results show that the
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Fig. 1. System model: Multi-cell system with massive MIMO systems at
BSs

energy efficiency is not increasing consistently according to

the increment of the transmit antennas. In addition to that,

we propose and solve the problem of the number of antennas

which maximizes the energy efficiency.

The rest of this paper is organized as follows. In Section II,

we state the system model of this work. Section III presents

the analysis of the energy efficiency for the massive MIMO

systems. Numerical analysis follows in Section IV. Finally,

Section V presents our conclusions.

Notation : Matrices, vectors, and scalar values are repre-

sented as Aabc, aabc, and a, respectively. Read it carefully in

the subscript. When a subsript exists, i.e., Aa, it represents

the value of A in cell a or for user terminal (UT) a. When

two subsripts are existing, i.e., Aab, it represents the value of

UT b in cell a. However, for channel matrix H, it represents

the channel matrix between cell a and b. When three subsripts

are existing, i.e., Aabc, it represents the value from BS a to

UT c in cell b.

II. SYSTEM MODEL

In this work, we consider hexagonal cell system with

the massive MIMO systems at BSs as depicted in Fig. 1.

We assume the downlink communication without cooperative

behaviors among BSs. The framework of system model for

this research is following the configuration of [8]. The channel

model entails the fast fading (small scale fading) and the

consideration for a different antenna correlation such as path-

loss (large scale fading).

A. Cell Structure

We consider a cellular system with J ≥ 1 cells. Each

cell has a hexagonal structure with radius of rj . We provide

analysis of the single cell structure and multi-cell structure

where the inter-cell interference is considered in the multi-

cell analysis. We assume that there are a base station and L
UTs in each cell.

B. Massive MIMO Systems

When the number of transmit antennas increases infinitely,

it is known that the effect of noise and small scale fading is

negligible which is referred to as the massive MIMO systems.

The authors of [1], [6], [7] have investigated the case of

tens of transmit antennas at the base station and show that

higher data throughput is obtained by using independency

among antennas. In the massive MIMO systems, the systems

consist of a BS with N antennas and L UTs with a single

antenna(N �L�1). The number of RF chains is same as the

number of transmit antennas1. For the UTs 1 ≤ m ≤M(≤ L),
the received signal ykm ∈ C

N for the UT m in the cell k is

given as

ykm =
√
ρ

J∑

j=1

hH
jkmsj + nkm, (1)

where ρ > 0 is the transmit signal-to-noise ratio (SNR),

hjkm ∈ C
N is the channel vectors, sj ∈ C

N is the precoded

transmit signal vectors, and nkm is the thermal noise with

nkm ∼ CN (0, 1). We model the channel vectors hjkm as

hjkm = Rjkmgjkm, (2)

where Rjkm � R̃jkmR̃H
jkm ∈ C

N×N is the transmit covari-

ance matrix that is applied the path-loss large scale fading

factor, i.e. R̃jkm = d
−β/2
jkm IN , where djkm is the distance be-

tween BS j and the m-th UTs in cell k with path loss exponent

β, and gjkm ∼ CN (0, IN ) is fast fading channel vectors.2 In

the massive MIMO systems, BS designs a precoding matrix to

transmit the signal to L UTs simultaneously, which is called

to multi-user MIMO technique. The precoded transmit signal

vectors sj for transmitting signal from a BS to mth purposed

UT can be represented as

sj =
√

λjWjxj , (3)

where Wj = [wj1 · · · wjL] ∈ C
N×L is the precoding matrix

and xj = [xj1 · · · xjL] ∈ C
L is the transmit signal vector

with xj ∼ CN (0, 1). The normalization factors for power λj

are defined as

λj =
1

E[ 1L trWjWH
j ]

. (4)

III. ANALYSIS OF ENERGY EFFICIENCY FOR MASSIVE

MIMO SYSTEMS

A. Power Consumption Model

The massive MIMO systems have been investigated to im-

prove the achievable data rate or to reduce the transmit power

1In the sight of achievement of data rate, the full use of transmit antennas
results in the maximum achievable rate of the system. However, it could not be
hold in the sight of the energy efficiency. Under the massive MIMO systems,
there exists a critical tradeoff between the total power consumption and the
achievable sum rate. In order to reduce the cost of RF chains for each transmit
antenna, antenna selection technique has been investigated [1]. In the massive
MIMO systems, since the number of transmit antennas is more than tens or
hundreds, the cost of RF chains and energy consumption in each chain might
be a serious disadvantage. We left this issue for the future work.

2L is the number of user terminals in cell j. M is the number of user
terminals in cell k.

939



depending on the increment of transmit antennas by using the

advantages of the use of large-scale antennas: vanishment of

the fast fading, imperfect CSI, and the uncorrelated interfer-

ence [11]. In this paper, we focus on analysis of the energy

efficiency under consideration of practical transmit power

consumption model. Although the transmit power is mainly

consumed power at the transmitter, circuit power consumption

in each transmit antenna is also nonnegligible element in

proportion to the number of transmit antennas through other

analog devices such as digital-to-analog converters (DAC),

mixers, filters, and frequency synthesizers. However, under

related work, the transmit power which is generated on the

power amplifier considered only for power consumption. Since

the number of transmit antennas is more than tens in the

massive MIMO systems, the effect of circuit power con-

sumption can be especially significant factor for total power

consumption. The consideration for circuit power consumption

is the major concern of this paper. To evaluate the practical

aspects of power consumption model, we also consider relating

matters for LTE BSs in [10]. The configurations for LTE

BSs such as cell-size and losses are applied. Since the power

consumption for BSs take main possession in the massive

MIMO systems with downlink communication, the UTs power

consumption is not considered in the power consumption

model for this system. Based on [10], [12], [13], the power

model in k-th cell is given as

Pk,total =

Pt
η(1− σfeed)

+ Pcir + Psta

(1− σDC)(1− σMS)(1− σcool)
, (5)

where Pt is the transmit power, η is the power amplifier

efficiency, Pcir is the power consumption for RF chains with

Pcir = N(pdac + pmix + pfilt) + psyn, Psta is the idle power

consumption, and σfeed, σDC , σMS , and σcool are the lossy

factors of antenna feeder, DC-DC power supply, main power

supply, and active cooling system, respectively. Those lossy

factors are dependent to cell size. As we see elements for this

power consumption model in detail, the consumed transmit

power Pt is independent to the number of transmit antennas.

The circuit power consists of pdac, pmix, pfilt, and psyn stands

for the power consumption from a DAC, a mixer, a filter at

transmitter, and a frequency synthesizer, respectively. The first

three terms are related to the number of transmit antennas, but

not for last one.

B. Impact of Increase in Antennas

Based on the new power consumption model, we show

the tendency of increase in total transmit power consumption

along the increase in the transmit antennas in Fig. 2. Since we

consider the circuit power consumption from analog devices,

the total transmit power consumption is gradually increasing.

In the aspect of energy efficiency, the increase in the total

transmit power consumption affects the tendency of energy

efficiency critically.
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Fig. 2. Transmit power consumption (5) w.r.t. the number of transmit
antennas

C. Energy Efficiency Model

We consider the communication system model with the

massive MIMO systems at LTE BSs. In practice, while BSs

have physically big scale, UTs are relatively small scale

communication units. In the sight of load balancing, physically

large-scaled BSs take almost major computation procedures

such as various estimation works, precoding, etc. Some pre-

coding schemes for the massive MIMO systems have been

introduced to transmit signals to multiple users [7], [8]. Ac-

cording to [7], [8] the introduced precoding schemes have sim-

ilar performance in multi-cell environment with strong pilot

contamination. In our work, to focus on the energy efficiency

of the massive MIMO systems, we restrict our interest to MF

precoding technique. 3 Matched filtering precoding matrix Wk

can be represented as

Wk � Ĥkk, (6)

where Ĥkk = [ĥkk1 · · · ĥkkM ] ∈ C
N×M .

According to the new power consumption model in Section

III. A, we establish the energy efficiency formula based on

cellular system with the massive MIMO systems at BSs. The

achievable sum rate for derivation of energy efficiency is based

on the lower bounding techniques developed in [11]. First of

all, We decompose the received signal ykm for the UT m in

cell k as follows:

ykm =
√
ρλkE[h

H
kkmwkm]xkm +

√
ρλkh

H
kkmwkmxkm

−
√
ρλkE[h

H
kkmwkm]xkm

+
∑

(j,l) �=(k,m)

√
ρλjh

H
jkmwjlxjl + nkm. (7)

We assume that UT can perfectly learn the average effective

channels, i.e.,
√
λkE[h

H
kkmwkm]. Under this decomposition

3Design of precoding matrix to maximize the energy efficiency could be a
interesting topic, however, we left this for the future work.
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Fig. 3. Energy efficiency on single cellular massive MIMO systems w.r.t.
the number of transmit antennas

for received signal, we focus on the inter-cell interference∑
(j,l) �=(k,m)

√
ρλjh

H
jkmwjlxjl, which should be considered

in multiple cellular system. The signal-to-interference plus

noise ratio (SINR) γkm can be derived by considering intra-

and inter-cell interference. The γkm is defined as

γkm =

λj |E[hH
kkmwkm]|2

1
ρ + λkvar[hH

kkmwkm] +
∑

(j,l) �=(k,m) λkE[|hH
jkmwjl]|2

.

(8)

From the derived SINR γkm, we can represent achievable

rate Rkm for UT m in cell k and achievable sum rate Rk as

Rkm = log2(1 + γkm), (9)

Rk =

M∑

m=1

Rkm. (10)

By applying the derivation for achievable sum rate and

the assumed power consumption model, the energy efficiency

EEk can be formulated as

EEk =
Rk

Pk,total
=

∑M
m=1 log2(1 + γkm)

Pt
η(1−σfeed)

+Pcir+Psta

(1−σDC)(1−σMS)(1−σcool)

,

subject to |Pt| ≤ Pmax. (11)

In the massive MIMO systems, there is a tradeoff between

the power consumption and the achievable rate. The energy

efficiency increases as increasing the number of antennas

while the power consumption also increases, which results

in concave shape of energy efficiency curve. Therefore, in

this paper, we investigate an appropriate number of transmit

antennas for energy efficiency. In particular, we find the
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Fig. 4. Energy efficiency on multiple cellular massive MIMO systems w.r.t.
the number of transmit antennas

number of transmit antennas Nk,max to maximize the energy

efficiency. The problem is formulated as

Nk,max = arg max
1≤n≤N

EEk(n). (12)

In this paper, we find the number of transmit antennas

to maximize the energy efficiency by exhausted search. The

closed form of the solution for (12) can be derived, but we

left it as a future work.

IV. NUMERICAL ANALYSIS

TABLE I
SIMULATION PARAMETERS

# of cells, J 7

# of UTs per cell, L 10

pdac, pmix, pfilt, psyn(mW ) 15.6, 30.3, 20, 50

β, η 3.7, 0.38

In this section, we evaluate the energy efficiency for given

cellular system model with massive MIMO systems at BSs

and compare the performances along cell configurations. The

simulation parameters are shown in Table I and the value

of parameters follows the settings of [8], [12], [13]. Our

considered cellular system has hexagonal structure and UT are

uniformly distributed on a circle of radius 2/3 around each BS.

In Fig. 3., we show the energy efficiency (11) for single

cellular system with the massive MIMO systems at BSs. Note

that, in the single cell model, the inter-cell interference is

not considered. This figure shows that the energy efficiency

as a function of the number of transmit antennas at a BSs.

Another variable is the size of cells which refers to pico-,

micro-, and macro-cell along the amount of transmit SNR [5].

The transmit SNRs for pico-, micro-, and macro-cell networks

are ρ = -5dB, ρ = 0 and 5dB, and ρ = 10dB, respectively.
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TABLE II
THE NUMBER OF TRANSMIT ANTENNAS TO MAXIMIZE THE ENERGY

EFFICIENCY

Single cellular system Multiple cellular system

ρ = −5dB 7 13

ρ = 0dB 13 30

ρ = 5dB 29 78

ρ = 10dB 72 206

Since not only transmit power consumption but also the circuit

operating power consumption is increasing by the increment of

the number of transmit antennas, the tendency of the energy

efficiency show concave shape with respect to the transmit

SNR as expected. So, the optimal point for energy efficiency

is appeared. The value of the number of the transmit antennas

to maximize the energy efficiency by (12) is represented in

Table II. Although the absolute value of the energy efficiency

is decreasing along the increment of the transmit SNR, the

number of transmit antennas to maximize the energy efficiency

is increased. The reason is that the rate of increase of power

consumption (linear function) is bigger than the rate’s one

(logarithm function). It is worth noting that the energy ef-

ficiency curves more sharply for pico-cell LTE network. In

other words, the number of transmit antennas to maximize the

energy efficiency is more effective in the small size celluar

LTE network. Additionally, the energy efficiency becomes flat

after the certain number of antennas in case of high transmit

SNR (macro-cell network). Although the number of antennas

is increasing to get higher data rate, the energy efficiency is

saturated by the excessive total power consumption. Additional

meaning is that the structure of the massive MIMO systems

has merit for the use of power efficiently. This becomes the

motivation of development of the massive MIMO systems, in

order to transmit data efficiently under low power usage.

It is observed that the energy efficiency of multiple cellular

system with the massive MIMO systems at BSs in Fig. 4.

In multiple cellular system structure, user can be affected

by signal from the BS in other cell. It is called ‘Inter-

cell interference.’ In comparison with single-cell system, the

absolute value of energy efficiency is reduced due to ad-

verse effect of inter-cell interference. However, the number

of transmit antennas to maximize the energy efficiency is

increased as represented in Table 2. It can conclude that if

we can get benefits of more energy efficiency in terms of

the inter-cell interference exists in multiple cellular downlink

communication system with the massive MIMO systems at

BSs. This is because more transmit antennas are needed to

eliminate the inter-cell interference.

V. CONCLUSION

In this work, we proposed the practical power consumption

model which includes transmit power from power amplifier

and circuit power from analog devices. Based on the new

proposed power consumption model, we show the performance

and analyze the tendency of the energy efficiency for multiple

cellular systems with the massive MIMO systems of LTE BSs.

As the cellular system mounts the massive MIMO systems

at BSs, more energy efficient communication is available on

multiple cellular systems. With the result for multi-cell system,

we can find the proper number of transmit antennas at BSs

with respect to the energy efficiency.

The result of this work helps well-structured construction of

the massive MIMO systems at BSs by considering the energy

efficiency as main factor in communication networks. In the

future, we will try to optimize the power consumption model

for energy efficiency, find the optimal active transmit antenna

set, and solve the problem with user quality of service (QoS)

constraints such as data rate requirement, communication

reliability, etc.
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