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Energy Efficiency of Distributed Massive MIMO
Systems

Chunlong He, Jiajia Yin, Yejun He, Min Huang, and Bo Zhao

Abstract: In this paper, we investigate energy efficiency (EE) of the
traditional co-located and the distributed massive multiple-input
multiple-output (MIMO) systems. First, we derive an approximate
EE expression for both the idealistic and the realistic power con-
sumption models. Then an optimal energy-efficient remote access
unit (RAU) selection algorithm based on the distance between the
mobile stations (MSs) and the RAUs are developed to maximize
the EE for the downlink distributed massive MIMO systems under
the realistic power consumption model. Numerical results show
that the EE of the distributedmassive MIMO systems is larger than
the co-located massive MIMO systems under both the idealistic and
realistic power consumptionmodels, and the optimal EE can be ob-
tained by the developed energy-efficient RAU selection algorithm.

Index Terms: Co-located massive multiple-input multiple-output
(MIMO), distributed massive MIMO, energy efficiency.

I. INTRODUCTION

DISTRIBUTED massive multiple-input multiple-output (MI
MO) systems can take advantages of both the distributed

antenna systems (DAS) and the point-to-point MIMO, so its
performance can be improved by exploiting the spatial macro
and micro diversities. Compared with the traditional co-located
massive MIMO [1]–[3], the distributed massive MIMO sys-
tems can reduce the access distance between the remote access
units (RAUs) and themobile stations (MSs), which means lower
propagation losses and higher spatial reuse. Thus the distributed
massive MIMO has the advantages of increasing ergodic sum
rate [4]–[12], extending coverage [13]–[15], and improving en-
ergy efficiency (EE) [16]–[20].
Most of the recent research on distributed massive MIMO

systems has focused on ergodic sum rate. A greedy user schedul-
ing algorithm has been proposed in [21] to improve the ergodic
sum rate in the downlink distributed massive MIMO systems.
By jointly optimizing the input covariances of all MSs, an it-
erative algorithm has been developed in [22] to maximize the
ergodic sum rate in the multi-cell downlink distributed massive
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MIMO systems. Based on random matrix theory [23], [24], a
closed-form capacity has been derived in [25] for the uplink dis-
tributed massive MIMO systems. Due to the dramatic growth in
high data rate transmission and multimedia services driven by
using smart iPhone and Android devices, tablets, ebook read-
ers, and other wireless devices, a large amount of energy has
been consumed. It has been forecasted in [26] that the global
mobile data traffic will grow further by over 100 times in the
following ten years. So EE is becoming more and more impor-
tant in the 5G wireless communication systems. The EE perfor-
mance has been discussed in [27] and [28] for the traditional
co-located massive MIMO systems. However, the distributed
massive MIMO systems suffer from different degrees of path
losses caused by different access distances between the MS and
the RAUs. As a result, the existing EE results for the traditional
co-located massive MIMO systems cannot be directly applied to
the distributed massive MIMO systems.
In our previous research work in [16], a Pareto optimal solu-

tion of EE by exploiting the multi-criteria optimization method
has been developed for DAS. In [19], we have also demonstrated
that DAS systems are more energy-efficient than co-located an-
tenna systems (CAS) systems. However both of our previous
work only considered small scale antennas for DAS. In this pa-
per, we investigate the EE of the traditional co-located and the
distributed massive MIMO systems. The channel model consid-
ered in this paper includes small scale and large scale fading
due to the physically separated RAUs. We derive an approxi-
mate EE expression for both the idealistic and the realistic power
consumption models, which will be introduced in Section II. B.
Because every employed antenna corresponding to a separate ra-
dio frequency chain [29], so the total transmit power consump-
tion of the downlink distributed massive MIMO systems scales
linearly with the number of the transmit antenna. Thus when
the number of the RAU goes to infinite, then the total realis-
tic power consumption also goes to infinity and the hardware
complexity is also very high, which is impractical to use all the
RAUs to achieve high capacity due to the extensive power con-
sumption and expensive radio frequency chains. So, based on
the distance between the MS and the RAUs, an optimal energy-
efficient RAU selection algorithm is developed to maximize the
EE for the downlink distributed massive MIMO systems under
the realistic power consumption model. The main contributions
of this paper can be summarized as follows,

• We derive an approximate EE expression for both the ideal-
istic and the realistic power consumption models.

• The EE of the downlink distributed massive MIMO systems
first increases and then decreases with the increase of the
maximum transmit power or the number of RAU when con-
sidering the realistic power consumption model.

1229-2370/16/$10.00 c© 2016 KICS
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Fig. 1. Circular layout of a single cell distributed massive MIMO configuration.

• For the idealistic power consumption model, the EE de-
creases with the increase of the maximum transmit power.
However, the EE increases with the increase of the number
of the RAU.

• Based on the distance between the MS and the RAUs, an op-
timal energy-efficient RAU selection algorithm is developed
to maximize the EE under the realistic power consumption
model.
The rest of the paper is organized as follows. The system

models are presented in Section II. Then the EE of the dis-
tributed massive MIMO systems and the co-located massive
MIMO systems are discussed in Sections III and IV, respec-
tively. Numerical results are presented to evaluate the EE per-
formance in Section V. Section VI concludes the paper.
Notations: In this paper, (.)T , (.)H denote transpose and Her-

mitian transpose, respectively. Ik denotes identity matrix of size
k × k. det(A) denotes the determinant ofA. The operatorE(·)
denotes expectation.

II. SYSTEMMODELS

After briefly discussing the distributed massive MIMO sys-
tems and the realistic and the idealistic power consumption
models, we introduce the EE of the downlink distributed and
the co-located massive MIMO systems.

A. Distributed Massive MIMO Systems Model

Fig. 1 shows the distributed massive MIMO systems in a sin-
gle cell with L RAUs. For simplicity of analysis, we only con-
sider a single user scenario in this paper. We assume that the
MS and the RAUs are equipped with N antennas and M an-
tennas, respectively. We denote this system configuration as
(N,M,L) [30]. When L = 1, it becomes a traditional co-
located massive MIMO systems. The central unit (CU) can
be regarded as a special RAU and is denoted by RAU 1. The
RAUs are low-power and low-cost BSs, and only equipped
with up/down converters and low-noise amplifiers, which are
all physically connected to the CU through the optical fibers.
We assume that the channel state information is unkonwn at
the transmitter side but completely known at the receiver side.
The overall received signal of the downlink distributed massive

MIMO is given by

Y = H(d)X+ n (1)

where Y and X are the N × 1 dimensional received signal
vector and the ML × 1 dimensional transmitted signal vec-
tor, respectively. n is the N × 1 dimensional complex addi-
tive white Gaussian noise (AWGN) vector with covariance ma-
trix E(nnH) = σ2

zIN, σ
2
z denotes the power of the AWGN.

d = [d1, d2, · · ·, dL]T is the distance vector from the l-th RAU
to the MS. H(d) = [H1(d1), · · ·,Hl(dl), · · ·,HL(dL)] is the
N × ML dimensional channel frequency response, which in-
cludes small scale and large scale fading channel, and can be
modeled as [14]

Hl(dl) = hsh,lHw,l, 1 ≤ l ≤ L (2)

where Hw,l is the small scale fading channel and is an inde-
pendent and identically distributed complex Gaussian random
variables with zero mean and unit variance [16], and hsh,l is the
large scale fading and is independent of Hw,l. The large scale
fading can be written as [14]

hsh,l =

√
csl
dαl

(3)

where c is the median of the mean path gain at a reference dis-
tance dl = 1 km, dl is the distance between the RAU l and the
MS, α is the path loss exponent and is typically between 3 and 5,
and sl is a log-normal shadow fading variable, i.e., 10 log10 sl is
a zero-mean Gaussian random variable with standard deviation
σsh [14].
For simplicity of analysis, we assume that the MS is uni-

formly distributed in the cell and the cell shape is approxi-
mated by a circle of radius R. (Dl, θl) denotes the RAU’s po-
lar coordinates relative to the center of the cell, the RAU’s lo-
cation are the same as [31], that is, the CU/RAU 1 polar co-
ordinate is (0, 0), and the other RAU’s polar coordinates are(
(3−√

3)R/2, 2π(l− 1)/(L− 1)
)
, l = 1, 2, · · ·, L− 1. (ρ, θ)

denotes the MS’s polar coordinate. So the distance dl between
the l-th RAU and the MS can be calculated as [14]

dl =
√
ρ2 +D2

l − 2ρDl cos(θ − θl). (4)

The probability density functions of the MS’s polar coordi-
nate (ρ, θ) are given by [14]

p(ρ) =
2ρ

R2
, 0 ≤ ρ ≤ R, (5)

p(θ) =
1

2π
, 0 ≤ θ ≤ 2π. (6)

B. Total Power Consumption Model

Aswe have discussed in [31], the realistic power consumption
in the distributed massive MIMO systems consists of four parts
and can be expressed as,

PD
Realistic =

Pt

τ
+MLPdyn + Psta + Po (7)
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where Pt is the overall transmit power and τ denotes the radio
frequency power amplifier efficiency, Pdyn, Psta, and Po are the
dynamic power consumption, the static power consumption, and
the dissipated power consumption by the optical fiber transmis-
sion [32], respectively.
When the circuit power is ignored, the idealistic power con-

sumption model can be written as,

PD
Idealistic =

Pt

τ
. (8)

For the co-located massive MIMO systems, the realistic
power consumption can be expressed as,

PC
Realistic =

Pt

τ
+MPdyn + Psta. (9)

The difference between the distributed and the co-located mas-
sive MIMO systems is the optical fiber power consumption. The
idealistic power consumption model of the co-located massive
MIMO systems is the same as that of the distributed massive
MIMO systems in (8).

C. EE Model

As in [31], [33]–[36], the EE of the co-located and the dis-
tributed massive MIMO systems is defined as the ratio of the
capacity and the total power consumption,

ηEE(C) =
C

PTotal

(10)

where C is the capacity of the co-located or the distributed
massive MIMO systems. PTotal is equal to (7) for the dis-
tributed massive MIMO systems or (9) for the co-located mas-
sive MIMO systems when considering the realistic power con-
sumption model, otherwise PTotal is equal to (8).

III. EE OF THE DISTRIBUTED MASSIVE MIMO
SYSTEMS

In this section, we will first derive a closed-form approxi-
mate EE expression and the corresponding properties for the
distributed massive MIMO systems. Then an optimal energy-
efficient RAU selection algorithm based on the distance between
the MS and the RAUs will be developed to maximize the EE un-
der the realistic power consumption model.

A. EE of the Distributed Massive MIMO

The mutual information of the downlink distributed massive
MIMO systems can be written as [14]

I = log2 det

[
IN +

Pt

MLσ2
z

H(d)HH(d)

]
. (11)

For the downlink distributed massive MIMO systems, we can
conclude thatN ≤ ML andML is very large, and the distances
from the MS to the RAUs are known, we have the following
results, which have been partly proved in [14] and for the better
understand we rewritten it in Appendix A.

Theorem 1: For the (N , M , L) downlink distributed mas-
sive MIMO systems, the approximate capacity expression can
be expressed as following [14],

CD_M_MIMO ≈ N

(
log2

cPt

Rασ2
z

+ log2 exp

(
− (4−√

3)α

4

))

+N

(
log2 L+

M−1∑
i=0

log2 Γ(M − i+
1

N
)

)

+N

(
α+ λ2σ2

sh

2 ln 2
−

M−1∑
i=0

log2 Γ(M − i)

)
,

(12)

where Γ(·) is the Gamma function.
So according to (10), the EE of the distributed massiveMIMO

systems can be expressed as

ηD_M_MIMO_EE =
CD_M_MIMO

PD
Total

. (13)

B. Properties of the EE

From (13), we can obtain the following EE property for the
downlink distributed massive MIMO systems which can be ex-
pressed as in Theorem 2, and is proved in Appendix B.
Theorem 2: For the realistic power consumption model, the

EE of the downlink distributed massive MIMO systems first in-
creases and then decreases with the increase of the maximum
transmit power. However, for the idealistic power consump-
tion model, the EE decreases with the increase of the maximum
transmit power.
From Theorem 2, for the realistic power consumption model,

the EE first increases and then decreases with the increase of
the maximum transmit power. So there is a tradeoff between
the EE and the maximum transmit power or data rate. The rea-
son is, when the maximum transmit power is small, the growth
rate of the capacity is greater than the growth rate of the maxi-
mum transmit power, thus the increase of the capacity is enough
to compensate for the increase of the realistic power consump-
tion. However when the maximum transmit power is large, the
growth rate of the maximum transmit power is greater than the
growth rate of the capacity, thus the increase of the capacity is
not enough to compensate for the increase of the realistic power
consumption. The above tradeoff phenomenon has been also
found in SISO systems [36], [37]. But for the idealistic power
consumption model, the EE is a decreasing function of the max-
imum transmit power. In that case, the growth rate of the max-
imum transmit power is always greater than the growth rate of
the capacity, thus the increase of the capacity is not enough to
compensate for the increase of the idealistic power consump-
tion, which has been also found in single-input single-output
(SISO) systems in [37].
Theorem 2 addresses EE with regard to the maximum trans-

mit power. In the following Theorem 3, we will discuss the EE
with regard to the number of the RAUs when considering the
realistic and idealistic power consumption model, respectively,
which is proved in Appendix C.
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Theorem 3: For the realistic power consumption model, the
EE of the downlink distributed massive MIMO systems first in-
creases and then decreases with the increase of the number of the
RAU. However, for the idealistic power consumption model, the
EE increases with the increase of the number of the RAU.
From Theorem 3, for the realistic power consumption model,

the EE first increases and then decreases with the increase of the
number of the RAU. So there is a tradeoff between the EE and
the number of the RAU. The reason is, when the number of the
using RAU is large than the optimal number of the RAU that
maximize the EE, the increase of the capacity is not enough to
compensate for the increase of the realistic power consumption.
However for the idealistic power consumption model, the EE
is an increasing function of the number of the RAU. The rea-
son is an increase number of the RAU can improve the capacity
significantly but has little contribution to the idealistic power
consumption.

C. Energy-Efficient RAU Selection Algorithm

From Theorem 3, for the realistic power consumption model,
there is a tradeoff between the EE and the number of the RAU.
The realistic power consumption scales linearly with the number
of the RAU. Thus when the number of the RAU goes to infinite,
then the total realistic power consumption also goes to infinity.
So it is impractical to use all the RAUs to achieve high capacity
or the EE due to the extensive power consumption and expen-
sive radio frequency chains. According to the channel model
in (2), channel gain is related to the distance between the trans-
mit and receiver. So an optimal energy-efficient RAU selection
algorithm based on the distance between the MS and the RAUs
is developed in Table I.

Algorithm 1. Energy-efficient RAU selection algorithm

Initialization K = [ ], ηEE(K)=0 and ECh is the number
of the available radio frequency chains;

while ‖K‖<ECh

find (l) = argmin{d1, d2, · · ·, dL};
Let K′=K+{l}, and dl = 3R;

Calculate ηEE(K′) according to (13);

if ηEE(K′) ≤ ηEE(K)

break;

else

Let K′ = K, and ηEE(K) = ηEE(K′).

end if

end while.

Return K and ηEE(K)

In Algorithm 1, K is the current optimal set of the RAU after
each loop. First we initialize K as empty. Then we update K
by trying to add one or more antennas through the while loop.
Considering the constraint of the radio frequency chains, the al-
gorithm terminates if ‖K‖ is larger than ECh, the number of
the available radio frequency chains. In each loop, we first try-

ing to find the smallest distance between the MS and the RAUs,
which corresponding to the best channel condition. Then we
add this selected RAU to form a new set K′ and let the dis-
tance between the MS and the selected RAUs be 3R, which is
to ensure this selected RAU will not be chosen again in the next
loop. If ηEE(K′) is smaller or equals to ηEE(K), the algorithm
terminates, otherwise let K′ = K and ηEE(K) = ηEE(K′). The
algorithm return the optimal set of the RAU K and the optimal
EE, ηEE(K), when the algorithm terminates. The search size of
the algorithm in Table I is ECh − 1, so it is easy to implement
in the practical systems.

IV. EE OF A CO-LOCATED MASSIVE MIMO MODEL

The mutual information of the downlink collocated massive
MIMO systems can be written as [14]

I = log2 det

[
IN +

cPt

Mσ2
z

s

dα
HwH

H

w

]
(14)

whereHw is theN×M dimensional small scale fading channel
between the MS and the CU. d is the distance between the MS
and the CU. From [14], the average capacity can be written as

CC_M_MIMO ≈ N log2
cPt

σ2
z

− αN log2 R+
αN

2 ln 2

+
1

ln 2

N−1∑
i=0

ψ(M − i) (15)

where ψ(·) is the Euler’s function. Note that we cannot sim-
ply set L = 1 in (12) to obtain the average capacity expres-
sion for the co-located case. The reason is (12) and (15) are
derived from different methods. From Fig. 2, shown at the next
page, we can conclude that, for the co-located case, the results
of (15) is almost the same as the theoretical expression, but for
the distributed case, the results of (12) is not very close to the
theoretical expression. So for the co-located case, if we simply
set L = 1 in (12) to obtain the results for the co-located case,
then the approximate capacity simulation results and theoretical
capacity simulation results will have some error.
According to (10), the EE of the co-located massive MIMO

systems can be expressed as

ηC_M_MIMO_EE =
CC_M_MIMO

PC
Total

. (16)

PC
Total is equal to (9) when considering the realistic power con-

sumption model, otherwise PC
Total is equal to (8). The EE of

the co-located massive MIMO systems has the similar proper-
ties as the distributed massive MIMO systems, and their proofs
are omitted here.

V. NUMERICAL RESULTS

In this section, numerical results are presented to evaluate the
performance of the downlink distributed massive MIMO sys-
tems under the different power consumptionmodels. The related
circuit and system parameters used in our simulation are listed
in Table II.



HE et al.: ENERGY EFFICIENCY OF DISTRIBUTED MASSIVE MIMO SYSTEMS 653

Table 1. Simulation parameters.

Parameters Value

The noise power σ2
z −104 dBm

Cell radius R 1 km

The dynamic power consump-
tion Pdyn

30 dBm [38], [39]

The static power consumption
Psta

40 dBm [38], [39]

The maximum transmit power
Pt

46 dBm

Path loss exponent α 4

Drain efficiency τ 38% [29]

The optical Fiber dissipated
power Po

0.1484 dB/km [32]

Shadow fading σsh 8 dB
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Fig. 2. Capacity versus the maximum transmit power.

Figs. 2 and 3 compare the capacity and EE for the downlink
distributed and co-locatedmassiveMIMO systems, respectively,
under the different power consumption models. From Fig. 2,
compared with empirical results, the closed-form approximate
capacity in (15) for the co-located massive MIMO systems is
very accurate when the maximum transmit power is large. And
the closed-form approximate capacity in (12) for the distributed
massive MIMO systems is also nearly accurate over all the max-
imum transmit power levels. From Fig. 3(a), we can see that
the EE decreases with the increase of the maximum transmit
power under the idealistic power consumption model. And from
Fig. 3(b), the EE first increases and then decreases with the in-
crease of the maximum transmit power under the realistic power
consumption model, which agree with Theorem 2. We conclude
that compared with the co-located massive MIMO systems, the
distributed massive MIMO systems can significantly improve
the EE. The reason is that the average access distance between
the MS and the RAU is decreased. So the transmit power is also
decreased and the EE of the distributed massive MIMO systems
is increased. As we can see from Fig. 3, the EE of the distributed
massive MIMO systems is approximately 23.1% higher than the
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Fig. 3. Energy efficiency versus the maximum transmit power with different
power consumption model: (a) Idealistic power consumption model and (b)
realistic power consumption model.

co-located MIMO system when the maximum transmit power is
30 dBm.
Fig. 4 compares the EE versus the number of the RAU for

the downlink massive MIMO systems under the realistic and
idealistic power consumption models. From Fig. 4, we can see
that the EE increases with the increase of the number of the RAU
under the idealistic power consumption model, and the EE first
increases and then decreases with the increase of the number of
the RAU under the realistic power consumption model, which
agree with Theorem 3.
Fig. 5 compares the capacity and the EE under the pro-

posed energy-efficient RAU selection algorithm. The traditional
method denotes all the RAUs are activated in the systems. In
this case, the capacity of the traditional method is better than
the proposed energy-efficient RAU selection algorithm. As we
can see from Fig. 5(a), the capacity of the traditional method
is approximately 8.2% higher than the proposed energy-efficient
RAU selection algorithm when the maximum transmit power is
30 dBm. However, the performance of the proposed energy-
efficient RAU selection algorithm is better than the traditional
method in terms of the EE. From Fig. 5(b), the EE of the



654 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 18, NO. 4, AUGUST 2016

0 20 40 60 80 100
0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Number of RAU

E
E

 (
bi

t/J
ou

le
/H

z)

 

 

D_Massive_MIMO Realistic N=1
D_Massive_MIMO Idealistic N=1
D_Massive_MIMO Realistic N=2
D_Massive_MIMO Idealistic N=2

Fig. 4. EE versus number of RAU withM = 1 and Pt = 46 dBm.

15 20 25 30 35 40 45
6

8

10

12

14

16

18

20

P
t
 (dBm)

C
a
p
a
c
it
y
 (

b
it
/s

/H
z
)

 

 

Proposed RAU selection algorithm

Traditional method

(a)

10 15 20 25 30 35 40 45
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
t
 (dBm)

E
E

 (
b

it
/J

o
u

le
/H

z
)

 

 

Proposed RAU selection algorithm

Traditional method

(b)

Fig. 5. Capacity & energy efficiency versus the maximum transmit power for
the RAU selection algorithm withN = 1,M = 1,L = 30, andEch = 20.

proposed energy-efficient RAU selection algorithm is approxi-
mately 146.1% higher than the traditional method.

VI. CONCLUSIONS

In this paper, we have investigated EE for the traditional co-
located and the distributed massive MIMO systems. An ap-
proximate EE expression was derived for both the idealistic
and the realistic power consumption models. Based on the
distance between the MS and the RAUs, an optimal energy-
efficient RAU selection algorithm was developed to maximize
the EE for the realistic power consumption model. Simulation
results have demonstrated the effectiveness of the proposed al-
gorithms, and the EE of the distributed massive MIMO sys-
tems is larger than the co-located massive MIMO systems under
both the idealistic and realistic power consumption models. For
future research, energy-efficient resource allocation algorithm
when multiple users and multiple cells are deployed need to be
addressed for both the co-located and the distributed massive
MIMO systems.

APPENDIX A: Proof of Theorem 1

WhenN ≤ ML andML is very large, and the distances from
the MS to the RAUs are known, firstly we assume that the MS’s
position is fixed, by exploiting the Minkowski inequality [40],
[14], we have

C(ρ, θ) ≥ NEs,Hw
∗{

log2

[
1 +

cPt

σ2
z

L∑
l=1

sl
dαl

det(Hw,lH
H

w,l)
1

N

]}

≈ N log2

L∑
l=1

1

dαl
Es(sl)EH

[
det(Hw,lH

H

w,l)
1

N

]

+N log2
cPt

σ2
n

. (17)

Applying Theorem 2.11 in [23], we have

EHw

[
det(HH

w,lHw,l)
1

N

]
=

∏M−1

i=0 Γ(M − i+ 1
N
)∏M−1

i=0 Γ(M − i)
(18)

where Γ(·) is the Gamma function.
Then for the fixed MS position, we can get the average capacity
of the downlink distributed massive MIMO systems as [14]

C(ρ, θ) = N

(
log2

cPt

σ2
n

+ log2

L∑
l=1

1

dαn
+

λ2σ2
sh

2 ln 2

)

+N

(
M−1∑
i=0

log2 Γ(M − i+
1

N
)

)

−N

(
M−1∑
i=0

log2 Γ(M − i)

)
. (19)

When the MS’s position is random, according to the refer-
ence [14], (5), and (6), we have

Eρ,θ

{
log2

L∑
l=1

d−α
l

}
� log2

L∑
l=1

exp

(
−αD2

l

2R2

)

+
α

2 ln 2
− α log2(R). (20)
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Substituting Dl = (3 − √
3)R/2 and (20) into (19), we can

obtain (12) immediately, this completes the proof of Theorem 1.

APPENDIX B: Proof of Theorem 2

For the realistic power consumption model, from (13), the
EE of the downlink distributed massive MIMO systems can be
expressed as

ηD_M_MIMO_EE =
N

(
log2

cPt

Rασ2
z

+ log2 L+ T 1
)

Pt

τ
+MLPdyn + Psta + Po

(21)

where

T 1 = log2 exp

(
− (4−√

3)α

4

)
+

α+ λ2σ2
sh

2 ln 2
+

M−1∑
i=0

log2 Γ(M − i+
1

N
)−

M−1∑
i=0

log2 Γ(M − i).

After differentiating with respect to the maximum transmit
power Pt, we have

∂ηD_M_MIMO_EE

∂Pt

=
T 2− N

τ

(
log2

cPt

Rασ2
z

+ log2 L+ T 1
)

(
Pt

τ
+MLPdyn + Psta + Po

)2
(22)

where

T 2 =
N

Pt ln 2

(
Pt

τ
+MLPdyn + Psta + Po

)
.

The denominator of (22) is a positive value, the sign of (22) is
determined by the numerator. Let the numerator be

f(Pt) = T 2− N

τ

(
log2

cPt

Rασ2
z

+ log2 L+ T 1

)
. (23)

Taking the first derivative with respect to Pt, we observe

∂f(Pt)

∂Pt

= −T 2− N

τPt ln 2
< 0. (24)

So f(Pt) is a decreasing function with respect to the maxi-
mum transmit power Pt, thus we have f(∞) ≤ f(Pt) ≤
f(0). From (23), we can easily obtain lim

Pt→0
f(Pt) > 0 and

lim
Pt→∞

f(Pt) < 0.

Then (23) is positive when the maximum transmit power Pt is
small and is negative when Pt is large. Thus we can get the con-
clusion that the EE of the downlink distributed massive MIMO
systems first increases and then decreases with the increase of
the maximum transmit power Pt. Exploiting the similar method
to above, we can get the conclusion that the EE decreases with
the increase of the maximum transmit power Pt when consider-
ing the idealistic power consumption model. This completes the
proof of Theorem 2.

APPENDIX C: Proof of Theorem 3

For the realistic power consumption model, the EE of the
downlink distributed massive MIMO systems is the same as
(21). By differentiating with respect to the number of the RAU
L, we have

∂ηD_M_MIMO_EE

∂L
=

PtT2
L

−N
(
log2

cPt

Rασ2
z

+ log2 L+ T
)
MPdyn(

Pt

τ
+MLPdyn + Psta + Po

)2 . (25)

The denominator of (25) is a positive value, the sign of the above
(25) is determined by the numerator. Let the numerator as

g(L) =
PtT 2

L
−N

(
log2

cPt

Rασ2
z

+ log2 L+ T

)
MPdyn.

(26)

Taking the first derivative with respect to L, we observe

∂g(L)

∂L
= − N

L2 ln 2

(
Pt

τ
+ Psta + Po

)
− NMPdyn

L ln 2
< 0.

(27)

So g(L) is a decreasing function with respect to the number of
the RAU L, thus we have g(∞) ≤ g(L) ≤ g(0). From (26), we
can easily obtain lim

L→0
g(L) > 0 and lim

Pt→∞

g(L) < 0.

Then (25) is positive when the number of the RAU L is small
and is negative when L is large. Thus we can get the conclusion
that the EE of the downlink distributed massive MIMO systems
first increases and then decreases with the increase of the num-
ber of the RAU L. Exploiting the similar method as above, we
can get the conclusion that the EE decreases with the increase of
the number of the RAU L when considering the idealistic power
consumption model. This completes the proof of Theorem 3.

REFERENCES
[1] H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A coordinated approach to

channel estimation in large-scale multiple-antenna systems,” IEEE J. Sel.
Areas Commun., vol. 31, no. 2, pp. 264–273, Feb. 2013.

[2] L. Huang, Y. Xiao, K. Liu, H.C. So, and J.-K.Zhang, “Bayesian infor-
mation criterion for source enumeration in large-scale adaptive antenna
array,” IEEE Trans. Veh. Technol., pp. 1–16, May 2015.

[3] H. Q. Ngo and E. G. Larsson, “EVD-based channel estimations for mul-
ticell multiuser MIMO with very large antenna arrays,” in Proc. IEEE
ICASSP, Mar. 2012.

[4] Y. Song et al., “Friendship Influence on Mobile Behavior of Location
Based Social Network Users,” J. Commun. Netw., vol. 17, pp. 126–132,
Apr. 2015.

[5] J.-L. Yan, J.-D. Li, and L.-J. Zhao, “Joint user scheduling and power allo-
cation with quality of service guarantees in downlink distributed antennas
system,” IET Commun., vol. 8, pp. 299–307, Feb. 2014.

[6] J. Gan, Y. Li, L. Xiao, S. Zhou, and J. Wang, “On sum rate and power con-
sumption of multi-user distributed antenna system with circular antenna
layout,” EURASIP J. Wireless Commun. Netw., vol. 2007, no. 089780, Feb.
2013.

[7] M. Matthaiou, C. Zhong, M. R. McKay, and T. Ratnarajah, “Sum rate
analysis of ZF receivers in distributed MIMO systems,” IEEE J. Sel. Areas
Commun., vol. 31, no. 2, pp. 180–191, Feb. 2013.

[8] L. Dai, “An uplink capacity analysis of the distributed antenna system
(DAS): From cellular DAS to DAS with virtual cells,” IEEE Trans. Wire-
less Commun., vol. 13, no. 5, pp. 2717–2731, May 2014.

[9] A. Yang, Y. Jing, C. Xing, Z. Fei, and J. Kuang, “Performance analysis
and location optimization for massive MIMO systems with circularly dis-
tributed antennas, ” to appear on IEEE Trans. Wireless Commun., 2015.



656 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 18, NO. 4, AUGUST 2016

[10] J. Zuo, J. Zhang, C. Yuen, W. Jiang, and W. Luo, “Multi-cell multi-user
massive MIMO transmission with downlink training and pilot contamina-
tion precoding, ” to appear on IEEE Trans. Veh. Technol., 2015.

[11] M. Sadeghi, C. Yuen, and Y. H. Chew, “Sum rate maximization for uplink
distributed massive MIMO systems with limited backhaul capacity,” in
Proc. Globecom Workshops pp. 308–313, Dec. 2014.

[12] M. Sadeghi and C. Yuen, “Multi-cell multi-group massive MIMO multi-
casting: An asymptotic analysis” to appear in Proc. IEEE GLOBECOM
pp.1–5, Dec. 2015.

[13] X.-J. Zhang et al., “Distributed power allocation for coordinated multi-
point transmissions in distributed antenna systems,” IEEE Trans. Wireless
Commun., vol. 12, pp. 2281–2291, May 2013.

[14] D.-M. Wang et al., “Spectral efficiency of distributed MIMO systems,”
IEEE J. Sel. Areas Commun., vol. 31, pp. 2112–2127, Oct. 2013.

[15] J. Li, T. Luo, J. Gao, and G. Yue,“A MAC Protocol for Link Maintenance
in Multichannel Cognitive Radio Ad Hoc Networks” J. Commun. Netw.
KOR vol. 17, pp. 172–183, Apr. 2015.

[16] C.-L. He, B. Sheng, P.-C. Zhu, X.-H. You, and G. Y. Li, “Energy- and
spectral-efficiency tradeoff for distributed antenna systems with propor-
tional fairness,” IEEE J. Sel. Areas Commun., vol. 31, pp. 894–902, May
2013.

[17] R. Mahapatra, Y. Nijsure, G. Kaddoum, N. Ul Hassan, and C. Yuen, “En-
ergy efficiency trade-off mechanism towards wireless green communica-
tion: A survey, ” IEEE Commun. Surveys Tuts, vol. PP, no. 99, Oct 2015.

[18] C.-L. He, G. Y. Li, F.-C. Zheng, and X.-H. You, “Power allocation crite-
ria for distributed antenna systems,” IEEE Trans. Veh. Technol., vol. 64,
no. 11, pp.1223–1231, Nov. 2015.

[19] C.-L. He, B. Sheng, P.-C. Zhu, D.-M. Wang, and X.-H. You, “Energy effi-
ciency comparison between distributed MIMO and co-located MIMO sys-
tems,” Int. J. Commun. Syst., vol. 27, pp. 81–94, 2014.

[20] N. Deng, M. Zhao, J. Zhu, and W. Zhou, “Traffic-aware relay sleep con-
trol for joint macro-relay network energy efficiency” J. Commun. Netw.
vol. 17, pp. 47–57, Feb. 2015.

[21] Q. Sun et al., “On scheduling for massive distributed MIMO downlink,”
in Proc. IEEE GLOBECOM, pp. 4151–4156, Dec. 2013.

[22] W. Feng, Y.-M. Wang, N. Ge, J.-H. Lu, and J.-S. Zhang, “Virtual MIMO
in multi-cell distributed antenna systems: Coordinated transmissions with
large-scale CSIT,” IEEE J. Sel. Areas Commun., vol. 31, pp. 2067–2081,
Oct. 2013.

[23] A. M. Tulino and S. Verdu, “Random matrix theory and wireless commu-
nications,” Found. Trends Commun. Inf. Theory, vol. 1, pp. 1–182, June
2004.

[24] L. Huang, J. Fang, K. Liu, H.C. So, and H. Li, “An eigenvalue-moment-
ratio approach to blind spectrum sensing for cognitive radio under sample-
starving environment,” IEEE Trans. Veh. Technol., vol. 64, no. 8, pp. 3465–
3480, Aug. 2015.

[25] J. Zhang, C.-K. Wen, S. Jin, X.-Q. Gao, and K.-K. Wong, “On capacity of
large-scale mimo multiple access channels with distributed sets of corre-
lated antennas,” IEEE J. Sel. Areas Commun., vol. 31, pp. 133–148, Feb.
2013.

[26] Cisco white paper. (2012). Cisco Visual Networking Index: Global
mobile data traffic data forecast update, 2011–2016. [Online] Avail-
able: http://www.cisco.com/c/en/us/solutions/collateral/service-provider/
visual-networking-index-vni/mobile-white-paper-c11-520862.html.

[27] H. Li, L.-Y. Song, and M. Debbah, “Energy efficiency of large-scale mul-
tiple antenna systems with transmit antenna selection,” IEEE Trans. Com-
mun., vol. 62, pp. 638–647, Feb. 2014.

[28] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral ef-
ficiency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, pp. 1436–1449, Apr. 2013.

[29] S.-G. Cui, A. Goldsmith, and A. Bahai, “Energy-constrained modulation
optimization,” IEEE Trans. Wireless Commun., vol. 4, pp. 2349–2360,
Sept. 2005.

[30] W. Roh and A. Paulraj, “MIMO channel capacity for the distributed an-
tenna,” in Proc. IEEE VTC, vol. 2, pp. 706–709, Sept. 2002.

[31] C.-L. He, G. Y. Li, F.-C. Zheng, and X.-H. You, “Energy-efficient resource
allocation in OFDM systems with distributed antennas,” IEEE Trans. Veh.
Technol., vol. 63, pp. 1223–1231, Mar. 2013.

[32] K. Nagayama, M. Kakui, M. Matsui, T. Saitoh, and Y. Chigusa, “Ultra-
low-loss (0.1484 db/km) pure silica core fibre and extension of transmis-
sion distance,” Electron. Letters, vol. 38, pp. 1168–1169, Sept. 2002.

[33] Feng D et al., “A survey of energy-efficient wireless communications, ”
IEEE Commun. Surveys Tuts., vol. 15, pp. 167–178, First Quarter 2013.

[34] J. Xu and L. Qiu, “Energy efficiency optimization for MIMO broadcast
channels,” IEEE Trans. Wireless Commun., vol. 12, pp. 690–701, Feb.
2013.

[35] Y. Rui, Q. T. Zhang, L. Deng, P. Cheng, and M.-Q. Li, “Mode selection

and power optimization for energy efficiency in uplink virtual MIMO sys-
tems,” IEEE J. Sel. Areas Commun., vol. 31, pp. 926–936, May 2013.

[36] G.-W. Miao, N. Himayat, G. Y. Li, and S. Talwar, “Distributed
interference-aware energy-efficient power optimization,” IEEE Trans.
Wireless Commun., vol. 10, pp. 1323–1333, Apr. 2011.

[37] Y. Chen, S.-Q. Zhang, S.-G. Xu, and G. Y. Li, “Fundamental trade-offs on
green wireless networks,” IEEE Commun. Mag., vol. 49, pp. 30–37, June
2011.

[38] O. Arnold, F. Richter, G. Fettweis, and O. Blume, “Power consumption
modeling of different base station types in heterogeneous cellular net-
works,” in Proc. Future Netw. Mobile Summit, pp. 1–8, 2010.

[39] D. W. K. Ng, E. Lo, and R. Schober, “Wireless information and power
transfer: Energy efficiency optimization in OFDMA systems,” IEEE
Trans. Wireless Commun., vol. 12, pp. 6352–6370, Dec. 2013.

[40] G. P. G. H. Hardy, J. E. Littlewood, Inequalities. Cambridge University
Press: Cambridge, 1952.

Chunlong He received the M.S. degree in Com-
munication and Information Science from Southwest
Jiaotong University, Chengdu, China, in 2010 and
the Ph.D. degree from Southeast University, Nanjing,
China, in 2014. From September 2012 to September
2014, he was a Visiting Student with the School of
Electrical and Computer Engineering, Georgia Insti-
tute of Technology, Atlanta, GA, USA. He is an As-
sistant Professor at the College of Information Engi-
neering, Shenzhen University, Shenzhen, China. His
research interests include communication and signal

processing, green communication systems, channel estimation algorithms, and
limited feedback techniques. Dr. He is a Member of the Institute of Electronics,
Information, and Communication Engineering.

Jiajia Yin received her B.S. degree in Electronic En-
gineering from Shanghai University, Shanghai, China,
in 2015. Now she is a Graduate Student at the Col-
lege of Information Engineering, Shenzhen Univer-
sity, Shenzhen, China. Her research interests include
communication, and signal processing, and green
communication systems.

Yejun He received his Ph.D. degree in Informa-
tion and Communication Engineering from Huazhong
University of Science and Technology (HUST),
Wuhan, China, in 2005, M.S. degree in Communi-
cation and Information System from Wuhan Univer-
sity of Technology (WHUT), Wuhan, China, in 2002,
and his B.S. Degree from Huazhong University of Sci-
ence and Technology, Wuhan, China, in 1994. From
Sept. 2005 to Mar. 2006, he was a Research Associate
with the Department of Electronic and Information
Engineering, The Hong Kong Polytechnic University.

From April 2006 to Mar. 2007, he was a research associate with the Department
of Electronic Engineering, Faculty of Engineering, The Chinese University of
Hong Kong. From July 2012 to August 2012, he was a Visiting Professor with
Department of Electrical and Computer Engineering, Electrical and Computer
Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA. Dr. He
is currently a Full Professor at Shenzhen University, China and is also the Di-
rector of Shenzhen Key Laboratory of Antennas and Propagation, China. His
research interests include channel coding and modulation; MIMO-OFDM wire-
less communication; space-time processing; antennas and propagation and so
on.

Dr. He is an Associate Editor of Security and Communication Networks jour-
nal. He is a Senior Member (SM’09) of IEEE , a Senior Member (SM’07) of
China Institute of Communications , and a Senior Member (SM’11) of China
Institute of Electronics. He is TPC Co-chair of WOCC 2015. He has served as a
reviewer for various journals such as IEEE Transactions on Vehicular Technol-
ogy, IEEE Transactions on Communications, IEEE Transactions on Industrial
Electronics, IEEE Wireless Communications, IEEE Communications Letters,
International Journal of Communication Systems, Wireless Communications



HE et al.: ENERGY EFFICIENCY OF DISTRIBUTED MASSIVE MIMO SYSTEMS 657

and Mobile Computing, Wireless Personal Communications. He has also served
as a Technical Program Committee Member or a Session Chair for various con-
ferences, including the IEEE Global Telecommunications Conference, the IEEE
International Conference on Communications, the IEEE Wireless Communi-
cation Networking Conference, and the IEEE Vehicular Technology Confer-
ence. He served as Organizing Committee Vice Chair of International Confer-
ence on Communications and Mobile Computing (CMC 2010) and an Editor of
CMC2010 Proceedings. He acted as the Publicity Chair of several international
conferences such as IEEE PIMRC 2012. He is the Principal Investigator in more
than 10 current or finished research projects including NSFC of China, the In-
tegration Project of Production Teaching and Research by Guangdong Province
and Ministry of Education as well as the Science and Technology Program of
Shenzhen City and so on. He has authored or co-authored more than 90 research
papers, books (chapters) as well as obtained over 12 authorized patents.

Min Huang received the B.S. and Ph.D degree in
Electrical Communication from Xidian University,
China, in 2008 and 2015, respectively. Now, he is
working as a Postdoctoral Fellow in the Shenzhen
Key Lab of Advanced Navigation Techniques, Shen-
zhen University. His research interest includes chan-
nel estimation, OFDM signal detection and compres-
sive sensing algorithms.

Bo Zhao received his B.S. degree in Electronic En-
gineering from Xidian University, Xi’an, China, in
2010, and the Ph.D degree from the National Key Lab-
oratory for Radar Signal Processing (RSP) of Xidian
University, Xi’an, China, in 2015. Now he is a Post-
Doctoral Researcher in Shenzhen University, Shen-
zhen, China. His research interests lie in the areas of
communication and signal processing.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


