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Abstract
To satisfy green communication needs, energy efficiency is regraded as one o St
important indicators to evaluate the effectiveness of a communication syst [T this
paper, we establish the energy efficiency optimization framework for uplipk{multiuser

mutliple-input multiple-output system. Taking the circuit pawer, the ant&gnallink power
and signal processing power into consideration, aﬁlytica@ession of the
a

achieveable energy efficiency is firstly established, w, better el the practical

communication process. Furthermore, we simplir@ jective funésjen under some mild

conditions. After demonstrating the existence uniqé%m ally optimal energy

efficiency, an adaptive water-filling power tion algori is proposed to further

improve the energey efficiency of the syste&?ly Sd% fmulation results are given to
vide a

verify the performance of our scheme. L% rk can pro
uplink mutiluser multiple-input multipte= &ﬁesign.

Keywords: energy eﬁﬁcz‘z&&gﬁtiusec;o O, user selection, adaptive power

fundamental principles for

allocation

1. Introduction_* Q ’Q,Q
Green wireles@nic@ve drawn increasing attention these days. This is not

only becausg exponential traffic growth with the popularity of smart phones but
also the limi % ergy su with ever higher prices. Energy efficiency (EE), defined as
ity to power, is becoming an increasingly critical indicator

the ratio of achievable
for wireless systems.
the major topics i esearch of green wireless communications [1-4].

Multiuser Mulsipte-input multiple-output (MU-MIMO) systems have a great potential
for impro tem capacity without any increase in bandwidth or transmission power,
and have@ cted great attentions. According to information theory [5-6], with the
increa serving mobile users, the system can obtain a higher multiplex gain at the
cé? ersity gain. In order to exploit the channel capacity, there exists an optimal user
numiper to make a tradeoff between the diversity gain and multiplexing gain. When it
comes to energy efficiency, more factors should be taken into consideration, like circuit
consumption power, radio link consumption and signal processing power consumption
[7]1.

In order to achieve the most energy efficiency usage for wireless communication
systems, adaptive techniques is a key technology. Under the constraint of total
transmission power, adaptive algorithm has been proposed based on convex optimization
techniques to compute the achievable EE of MU-MIMO [8]. In [9], it addresses the
energy-efficient design of uplink (UL) MU-MIMO in a single cell environment and
provides a one-dimensional adaptive iterative algorithm to optimize the EE. Adaptive
switching between MIMO and single-input and multiple-output (SIMO) is adopted to
save energy at mobile terminals in [10-11]. In [11], the author further optimizes the power
allocation for a given transmission mode. Meanwhile, the design and analysis of very
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large MU-MIMO system is a fairly new subject that is attracting substantial interest [12]-
[13]. An important advantage of large MIMO systems is that they enable us to reduce the
transmitted power and the adaptive techniques can improve EE. On the uplink, reducing
the transmit power of the terminals will drain their batteries slower.

However, the operation of adaptive schemes relies on the instantaneous channel state
information (CSl), and thus requires a base station (BS) to schedule huge instantaneous
CSI feedback from multiple users. In this paper, we discuss the EE based on the ergodic
throughput. Compared with [11], we complement the work and our contributions are
summarized as follows:

1) We establish the energy efficiency optimization framework for uplink MU-MIMO
system using zero-forcing(ZF) detector. The circuit power, the antenna link power and
signal processing power are taken into consideration.

2) We derive an analytical expression of the achievable ergodic throughput “§irstly
which are more generality for the MU-MIMO system. After this step, sivaptify the
objective function under some mild conditions.

3) We demonstrate the existence of a unique glob |mal e ciency and
propose an water-filling algorithm to solve the optl bIe ompared with
average power allocation algorithm, water- f| orlthm improve system

maximize EE.

performance significantly. We discover that the |st an@l number of users to
The remainder of this paper is organizi@?@@ollom. tion 11 describes the system

model. Section IIl optimizes EE undet conditio proposes power allocation

scheme. Section IV provides numeric ing remarks are drawn in Section
V. {%S Nl

2. System Model &

Considering the upll @J Ml m a base station (BS) is equipped with an
array of N antenna K single-antenna users. Users transmit their data in the

ervice
same time-frequ x: esource%a quasi-static Rayleigh flat-fading propagation

environment nnel mat een users and BS is denoted as HeC"™ , and the

elements of assumed(id,be zero mean independent and identically distributed(i.i.d.)

complex Gaussian uted with unit variance. The transmitted signal
_ T +1_ _ T

is X =[X0 % X ] X 1=k Then, the received signal ¥ =% YzrYul' can e

expressed as &

\ y= HG2P/2x +n Q)
18g{GL G2....... G} genotes the large-scale fading matrix. P is the power

al@ matrix, which is a diagonal matrix , i.e., #89{R: PR} njs the Nx1 nojse
Vi

Hq— 2
ectdf, which is Gaussian distributed with zero mean and covariance matrix EL"M" 1=lvo”
With the perfect knowledge of channel state information at BS, the post-processing

signal to noise ratio(SNR) for the k-th user "« using conventional linear detector zero-
forcing detector [11]can be written as

=RG, /¢’ 1H
ﬁf—“[WW I
——
H 1p4H " (2)
where W=(H"H)"H"is the zero-forcing weighted matrix at the BS. Note that the

restriction on K=<N s needed for the existence of the ZF receiver. Then, the ergodic
throughput for k-th user can be defined as

R, =E[log, (1+y,)] 3
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X<is a chi-square variable with 2N -K+1) degrees of freedom as it is defined in [14]-

[16], i.e., X NXZ(Z(N_K”)). Therefore, the ergodic throughput for k-th user can be
further derived as

R, E[Iogz(1+P—Gk)]
o’ [WW" ],
R o1 (M -n-i - log,(e) 1. - 5k
_Z(; 0g, (e)(;( 8k) e n)l Z(; i E(Sk) “

where B0 s the first order exponential function. M is the difference between N and
K,ie,M=N-K,

system power consumption. Apart from the transmission power, there/is circuit
power consumption from digital signal processing and lqg filte @ r RF and

Proof: See Appendix A X) ‘
The power radiated to the environment for signal transmission is onl w n of
c éo

baseband. The total power consumption is defined as

pro =F;+§b&®0 V
; S

P
t k
where k=t js the transmission pom@e denofe& circuit power of each user.

R is the circuit power of each recelvgﬁytenna\sa inary value b denotes whether a

user is active or not, i.e. R =0bh the u ctive; R >0.b, _1, the user is not
active. A
Different from the definiti f energ |C|ency (EE) in [11], here, the EE of the

communication system is sured i | e and equals the ratio between the average
achievable sum inform tal average power consumption. Taking both
electronic circuit SmMissioA, power consumption into consideration, the average
energy efficiency ;@

K

2R

N o

3. Optimal E der Mild Condition
The achﬁéblre rate for k-th user can be obtained as:

i-1

log,(¢) X an .S 10g,(€) 1w, 5k
nz;(M_n),(Z( ) (M-n-i)+ 2momi ) R ) -
@have the following two properties.

-1
Lemmal: When the signal to noise ratio O js large enough, "« will be small. Because
8 >87>...>8MN" §2,52.5 N1

can be omitted in (7).
(M —n—i)! 1

Lemma2: When integer variable M is large enough, M=t and M= il be
very small.

Based on the Lemmal, we need to simplify expression (7) at first and then optimize EE
under power constraints. In the following, we consider two different cases.
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3.2. The Case of N=K

Consider a MU-MIMO system where the number of transmitted antenna is equal to the

number of received antenna. When N =K _the first term in (7) is equal to zero. Then the
expression (7) can be rewritten as

1
R, =og, (9)e” E.()
“ (8)
It is interesting to find that our result is accordance to the numerator of (6) in [17]. If
the SNR is large or the antenna number at BS is large, the (8) can be simplified based on
the Lemmal, and the approximate ergodic throughput for k-th user can be expressed as:

R, =i(ln 3, +£—0.58)+0(6;2) .
In2 8k (9)
Correspondingly, the overall approximation ergodic throughput is YV

1 425°

58)
o (\% K
From (5) and (10), the MU-MIMO system EE o oﬁ{m}: be established

as a function of P:
max EE(P)= ma@
% g@l 425" 0.58)
L& S

k+ZbP+NP

(11)

Since the numerator a enomi (11) are concave and affine respectively as
well as differential. (;aw concavi vex fractional program with a pseudo-concave
objective, which is licate f Ecalculate (11) directly. So it is better to separate

numerator a 0 mator help of parameter to solve the problem [8]. Here
we assume t isa atlve and define the parametrlc problem as
%Z(m( ), 14297 —0.58)—%(ZPk +Zkac +R)
PG ksl ke (12)
Based on L 3.2[8], we need to optimize (12) at first under given * to
obtain ") en solve the equation FM)=0 ¢4 get the unique X" In the following, we
will Optlf&lZ) under a given™ at first. As the objective function of (12) is concave

lem (12) can be solved by solving the KKT optimality conditions, and the
o) can be denoted as

2
Pk*:[2><1.42c5 . 1 2]+ K=12.. K
In2G, 1 i Ly gy L4200
In2"\"In2 In 2G, (13)
where[¥" =max(x.0) "Becayse we study the EE problem at high SNR regimes. Then
Pk*Gk

we must be sure that the SNR is large enough. That is to say, o’ s large enough. So we
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. 2x1.426° 1 .
Pk =[ . |

In2G, 1 \/ 1420Z

In2

(=)~
choose the 2~ 2G,

given

as the optimal value under a

Next, we need to find the unique S fulfilling F(2)=0 50 we have that
P .
iZ(ln(Pk—(fk)+1'42" ~058)-%" X(ZP +Zb P+PR)=0
In 2 k=1 (e} Pka K=1 (14)
After obtaining Az by solving (14), the optimal solution of (11) can be derived as

2
R::[ZX1AZG . 1 2]+ K=12. K R
In2G, 1_J() gy 1420

In2 In2 In2G, (15)
Now we consider the problem under some power4 cqnstrai the EE
maximization problem can be formulated as follows: ‘%
max EE(P)
Q \) )
K
¢ 3R ’\,
k=1

(17)

(18)
Constraint (17) is the total transmi xower § |nt Constralnt(18) ensure a basic
guality of service (QoS) of each Se ser c catlon

By the method of fractiopal\o ization he Lagrange multiplier, the optimal
solution for the EE maximizati roblem i(16)-(18) can be expressed by

2x1. 42\,\ 1
. In2G)K. N W 1.4267
éE l\*l ()40 +a) 120
% n2 In2 In2G, (19)
where A’ @& is the\@ﬂ Lagrange multiplier.
3.3. The Case of N>Kb

Considering t number of received antenna is greater than the number of
transmitted ant When the SNR is very large, the expression (7) based on the

Lemmal C%}Impllfled to
QQ R, =E(In(6k)+$ InZ(Z e )—0.58)+o(8’2)

k

(20)
espondingly, the approximate expression of overall ergodlc throughput is
. 1 &
R=—
|n2k1 G M PG InZ(Z(M—n) ) (21)

From (5) and (21), the MU-MIMO system EE as a function of P can be defined as
K
Z R,

P total

max EE(P)= max
2

1 & PG 1l o
= (In(-*=%)+ =
InZkZ:;‘( (02 ) M PGk In2(2

ax K

R >0
ZP +Zb P.+NP,
k= k=1

Similar to the method (12), the optimal value can be obtained as:

~0.58)

(22)
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« 26° 1
Pk =
In2(N-K)G, " 1 \/ 452

- (7) - -
In2 In2(N - K)G, (23)
In the following we study the EE maximization problem under power constraints. The

problem can be formulated as follows:

max EE(P)
{P} (24)
K
P =
& (25)
Tk 2By (26)
By the method of fractional optimization and the Lagrange multiplier, th al
power for the k-th user is
" 26°

P =
©In2(N-K)G, ' 1 “10)0

n2 ('”29) &) (27)
where & >0 and @ is the optimal Lagrange xx)

4. Simulation Results
In this section, we present several n%&l resul Nranalytlcal results to verify the

performance of the proposed sche { ulation parameters are listed in
Table 1.

Table 1. SIM@I’I Parameter

Y
a@gstlmatlo \\ Perfect

C< t ffic n% ) Full buffer
leN@Ver of base station antenna R | 01w

_,.\cfhm power of each user "¢ 0.1w
y
\L, 'signal to noise ratio(SNR) B 5dB
Q Noise power o’ 1
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02—

Error Value (bit/s/Hz)

Figure 1. Error of %})

Figure.l investigates the error of er A@capamt beyween the actual value and the

approximate value for each active us error is rather small at high SNR
regime. When the SNR is 5dB éﬁe num ransmltted antenna is equal to the
number of received antenn ximum ated error 0.18bit/s which accounted
15% of the actual value 1. 2 an be ed. Besides, when the number of received
antenna is far more than umber mltted antenna, the error value can also be
omitted. That is to say, &Erk can ended to future massive MIMO system, which
is a potential com| ion sch r 5G communication. It can be shown that the
simplified expres also@ approximate the real EE of the system even at low

SNR regme@ mber of tafion antenna is large enough.

o

T T T

N=16, Water-filling Algorithm
—%— N=16, Awerage Algorithm =
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5
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Energy efficiency (bit/J/Hz)

Figure 2. EE versus the Number of User

As shown in Figure. 2, we can see that there exists an optimal number of user when the
number of base station antenna and the total power are given, i.e., N=16 P=10w The
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EE performance increases from K=2 to K=12, peaking at K=12 with 6 bit/J/Hz and 4.9
bit/J/Hz for water-filling algorithm and average algorithm respectively. However, the
performance degrade sharply when the user number increasing, with only 4bit/J/Hz for
water-filling algorithm and 2.7 bit/J/HZ at K=16 for water-filling algorithm and average
algorithm respectively. The reason for this phenomenon is straightforward, with the
number of user increasing, the multiplexing gain outweigh the diversity gain and the
achieving capacity over-ride the increasing energy consumption of the system, and thus
the EE performance rise rapidly. With the increasing of served users, the energy
consumption dominate the EE performance, as a result, the performance degrade. In
addition, it should be noted that compared with average algorithm scheme, water-filling
algorithm scheme have a better performance due to its adaptive power allocation.
%

mi e e Y
. @Cﬁ
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2 ] QD LY
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‘L v \
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) 10 \ W 30 7 80 60 70
Num.ber o:ase station N

Figure 3. EE \@fus th er of Base Station Antennas

Figure 3 illust ‘&0 impact o the number of base station antennas on the EE.

Assuming K =4 IT\@1 seen that, for both power allocation algorithm, the
system EE g p rapldly th*the number of base station antenna increasing from N=5
to N=20, as a benefit o asing diversity gain and multiplexing gain. The EE reaches
its highest point at Nz |th around 2.8bit/J/Hz and 3.4bit/J/Hz respectively. After that,
the EE perform clined gradually with the increasing of base station antenna
number. Througﬂ@ whole line graph, the proposed adaptive algorithm and average
algorithm have a similar tendency, and the adaptive water-filling algorithm performance
can enjoy I.%é’r EE performance than the average algorithm similar to Figure 2.

%usions
In"this paper, taking both electronic circuit and transmission power consumption into

consideration, we firstly establish a general theory analytical framework to evaluate the
EE of uplink MU-MIMO systems using ZF detector. Also, an accurate closed-form
expression of EE for uplink MU-MIMO system is derived and simplified under some
mild conditions. The system EE is further improved by utilizing an adaptive power
allocation algorithm. From our work, it can be concluded that the user number, the BS
antenna number, transmission power are key to system EE, which can be provide a basic
design principles for MU-MIMO network.
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7. Appendix A

From (3), we have

RG
R, =E[l I+ ——Kk
[log, (1+— [WWH]kk)]

Pk Gk _s = 1 x)

Assume ©  N-K=M IWW'L \here M is the difference be e%and
K.9¢js the SNR. Since X ~* (2(N K+D)  the probablllty nsity fun

f(x):;xx’“’

Therefore o Q @)

1 o=
Rk:—j log, (1+8,X) x x" x e ~*dx Q
M 10
log, e .[ 3 Q \

no(M—n)|01+gx x“"—”xe@y \Q)
M |ng(e) "A \ Iogz(e) " n(éslk)M B
n= O(M % 1) ( ) 3&%1 _n)l-[ X+ ! >

RN .

g & I 2 1 M -n bk
:;m S 25 e )
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