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Abstract
The energy efficiency and packet delay tradeoffs in long term evolution-advanced ( LTE-A) sys-

tems are investigated. Analytical expressions are derived to explain the relation of energy efficiency

to mean packet delay, arrival rate and component carrier (CC) configurations, from the theoretical

respective which reveals that the energy efficiency of multiple CC systems is closely related to the

frequency of CCs and the number of active CCs. Based on the theoretical analysis, a CC adjusting

scheme for LTE-A systems is proposed to maximize energy efficiency subject to delay constraint by

dynamically altering the on/off state of CCs according to traffic variations. Numerical and simulation

results show that for CCs in different frequency bands with equal transmit power, the proposed

scheme could significantly improve the energy efficiency of users in all aggregation levels within the

constraint of mean packet delay.

Key words: energy efficiency, carrier aggregation (CA) , delay constraint, component carrier

(CC) scheduling, long term evolution-advanced systems

0 Introduction

The tremendous developments in information and
communication technologies (ICT) have changed peo-
ple’ s lives by providing various services with high data
rate. However, the counter effects brought along by the
large scale deployment of ICT infrastructures are the
huge amount of energy consumption and greenhouse gas
emissions. According to the report from the Interna-
tional Telecommunications Union (ITU), the ICT in-
dustry is accountable for 8% of total electrical energy
consumption, among which a large proportion is con-

As mobile user traffics
3]

sumed by cellular networks'"’.
are expected to grow four times per year:2’ , 1t 1s ur-
gent to study energy consumption reduction schemes as
the continuous expansion of cellular networks. Con-
cerning the time dependent traffic load variations each
day, eNode B (eNB) scheduling schemes have been
investigated to put underutilized network components
into sleep mode during low traffics to achieve overall

energy efficiency“’”. In LTE-A systems, intra/inter

frequency carrier aggregation ( CA) is proposed as a
key enhancement feature which allows the aggregation
of several component carriers ( CCs) to provide higher
peak data rates and improved system capacity'®. With
the feature, multiple CCs will be required in each cell
and the per cell energy consumption will rise as the in-
crease of radio frequency (RF) chains and signal pro-

) Therefore it is more imperative to de-

cessing units
sign energy-efficient transmission schemes for multiple
CC systems.

Currently, researches on the multiple CC systems
are mainly focused on resource scheduling schemes to
attain improved fairness, throughput or reduced packet
delay, whereas energy saving aspects have not been
well investigated. Ref. [ 10] proposes a quantized wa-
ter-filling packet scheduling algorithm to reduce mean
packet delay. Ref. [ 11] proposes a proportional fair
scheduling algorithm based on user grouping to achieve
allocation fairness when the aggregated carriers have
different coverage areas, while Ref. [ 12 ] further con-

siders the real time and non-real time traffics in the de-
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signing of proportional fair scheduling algorithm.
Ref. [ 13] focuses on cross-CC packet scheduling algo-
rithm to improve the coverage performance and the re-
source allocation fairness among users. Assuming that
each user equipment ( UE) is connected to only one
CC during packet transmission, a dynamic power and
CC adjustment algorism is proposed in Ref. [ 14] to
minimize the transmit power of eNB while fulfilling the
user data rate requirements.

In this paper, to further explore the characteristics
of CA and bursty traffics, we consider data transmis-
sions of LTE-A users on multiple CCs. Unlike the
above mentioned works, we mainly focus on the energy
efficiency aspects of such systems.

Analytical expressions are firstly obtained to in-
vestigate the relation among energy efficient packet de-
lay, arrival rate and CC configurations, based on
which an energy-efficient CC adjusting scheme is then
proposed to dynamically modify the CC configurations
so that the maximum energy efficiency is achieved sub-
ject to the delay constraint.

The remainder of this paper is organized as fol-
lows. In Section 1, the system model for multiple CC
cellular communication systems is established. Then in
Section 2, the theoretical expressions are derived and
analyzed, based on which the detailed procedures of
the proposed scheme are introduced. Following that,
the performance evaluation results on energy efficiency
and delay tradeoffs are presented in Section 3, and fi-
nally we conclude this work in Section 4.

1 System model

A single cell scenario in the macro urban environ-
ment with multiple CCs is proposed. As shown in
Fig. 1, K users are uniformly distributed and are able to
perform inter band CA. Since our main concern is to
improve energy efficiency on the eNB side, the focus is
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Fig.1 System model for single cell with multiple CCs

on downlink transmission. Assuming that N CCs with
equal transmit power are employed in the cell, num-
bered from 1 to N according to the ascending order of
their frequency bands, i.e., f; <f, < --- <f,. Note
that f, here represents the central frequency of the fre-
quency band which CC n belongs to. Let P, be the
transmission power on CC 1 to N which is attenuated by
path loss and shadow fading, the received power on CC
n is denoted by

P., =PKr ™ exp(BX,) (1)
where K is the constant of path loss for transmission on
CC n. ris the distance between the UE and eNB and «
is the path loss exponent which is assumed to be equal
In(10)
o X

is the random variable modeling the shadow fading

for all CCs. Bis a constant which equals to

which can be assumed to follow a Gaussian distribution
with zero mean and variance g. In consequence, the
received signal P, in log domain is approximated to
follow a log-nomal distribution conditioned on the loca-
tion of each user with the probability density function

(PDF) '™
1 = (Inz - pa,)
Jr 2)r.6) = 20, EBXP[ 207 ]
(2)
where z represents the received signal power on CCn. r
and @ indicate the location of the users in polar coordi-
nates. w, = In(P,K,) — alnrand o, = Bo.

Based on the user grouping method described in
Refs[ 10,11 ], users are separated into N groups ac-
cording to their path loss on each CC. The coverage ar-
ea of CC n can be obtained through

1
Obviously we have R, = R, = --

ingroup n ask € G

- = R,. Denote user k
., and (2 as the set containing CC
1 to n which are used by group n users. For users in
group n, the path loss values on CCs in (2, are all lower
than the predefined threshold, indicating that UEs in
this group could transmit data on n aggregated CCs
simultaneously.

A finite buffer model with fixed packet size of S
bits is considered as the user traffic model, where the
arrival rate of packets follows the standard homogenous
Poisson process. For user k, the packet arrival rate is
denoted as A,. Owing to the additivity of Poisson

process, the overall packet arrival rate in the system is
.

also a poisson process with arrival rate A = Z Ape
i

As mentioned above, many resource scheduling
models and schemes have been studied to improve total
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throughput and fairness of multiple CC systems. In
Ref. [10], it is assumed that the arrived packets will
first be buffered respectively into their group queues
before being scheduled for transmission following the
first come first serve (FCFS) discipline. In addition,
when a packet is under transmission, all the packets in
queue behind it are not allowed to be transmitted, irre-
spective of how many CCs are in idle state during the
current transmission. In this paper, this packet sched-
uling model and the service discipline are adopted to
evade from the disparities caused by various packet
scheduling schemes and better focus on the energy effi-
ciency improvement aspect. To further simplify the re-
source scheduling process, it is assumed that every us-
er in G, is capable of utilizing the spectrum resources of
CC 1 to n. Hence, based on the Shannon formula, for
userk (k e G,), the maximum data rate that can be
obtained through CA is given as
P,

Nk.6,.0, = i;%Wi 10g2(1 + W) (4)

where W, is the bandwidth of CCiin CC set(2, , P, ;is

the received signal power on CC i, N, represents the

n o

white noise per Hz. The aggregated data rate indicates
that each packet for user £ (kK € G,) is transmitted

simultaneously on n CCs.

2  Theoretical analysis and the proposed
scheme

In this section, analytical expressions are obtained
to explore the relation among energy efficiency, packet
delay, arrival rate and CC configuration. In the first
part, the expression of mean packet delay is obtained,
which is a function of packet arrival rate and CC con-
figuration parameters. In the second part, the relation
between energy efficiency and CC configuration is ana-
lytically established. Based on the theoretical analysis,
the proposed energy efficient CC adjusting scheme is
described in the third part.

2.1 Derivation of mean packet delay

Following the packet scheduling model and the
service discipline described in the system model, each
burst packet is separated into n subpackets with differ-
ent lengths, which are transmitted simultaneously on n
CCs in {2,. In case that the length of each packet S is
not an integral multiple of n, there will be bits left, re-
quiring additional transmission time. Therefore, the
minimum serve time per packet for user k(k e G,)
transmitting on aggregated CCs in {2, can be obtained

aS[]O]

X, . =S/n, ¢,
{ kG, 0, Nk, ¢, (5)

n =1
Xi 0, < S/ g, + 1/ minyy g, n =2
where 7, , is obtained in Eq. (4) and 7)2’,;” is the
achievable transmission data rate to user k supported by
CC i. Since we consider packet size in Kbits, the third
term in Eq. (5) when n is larger than or equal to 2 will
be neglected in the following description.

Judging from the Poisson arrival process and the
classified serve rates, the considered queueing system
can be treated as a multi-class M/G/1 system. Owing
to the additivity of poisson process, the arrival rate for
group n user can be written as

Ag, = Zkg(;,,/\" (6)

G
The mean serve time for packets belonging to each
group is derived as

Xc,l.g,, = z Xk.G,,..(Z,,/KG, (7)

keG, '

where K; is the number of users in group n. For the

entire system with NV active CCs, the mean serve time
for each packet can be expressed as

o N
Xy=> > X.0a0/K (8)

As1Ket,
where K is the total number of users in the cell. For
conventional M/G/1 queueing system with arrival rate
A and mean serve time X, the mean wait time can be
obtained directly through the Pollaczek-Khinchin ( P-
K) formula as
AX?
2(1 = AX)

where X* is the second moment of the serve time per

(9)

packet. However, for the multi-class M/G/1 system,
since the mean serve time per packet for users in dif-
ferent groups is not identically distributed, the aver-
aged delay is derived by aggregating serve time and
wait time of users in different groups separately, which

. 10
is expressed as''”’

N
2
> Ao, XG0,
n=1

W, = ;
2(1 - > Xg 0,
n=1

) . .
where X;; , is the second moment of the serve time per

(10)

packet for users in group n. And the mean packet delay
for group n users is obtained as the summation of mean

L. . 16 . . .
wait time and mean serve time''®’ | which is written as

To (M) =X, o + W, (11)

2.2 The relation between energy efficiency and
CC configuration
In this subsection, we analyze the energy efficien-
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cy of eNB during transmission under different CC con-
figurations to uncover the discipline between them. The
energy efficiency with V available CCs is defined as da-
ta rate per unit energy consumption, which is denoted
as

S

(12)

fEE.N =N

Z ch,nnpw(c,,) Pr(G,)
n=1

where S is the size of each packet. X , is the mean

serve time per packet for group n users when transmit-
ting on CCs in £2,. P,(G,) represents the power con-
sumption when transmitting to group n users with N
CCs available. Pr(G,) is the probability for a user to
be sorted into group n. Similarly, the energy efficiency
of group N users is derived as

S
Ewpoy = —— (13)
Xevo Py (Gy)
Based on the service discipline described in Sec-
tion 2, P,(G,) is written as
Py(G,) =nP . + (N=-n)Py, (14)
where P, . and P, are the power consumption of each
active CC and each idle CC. Referring to the power

active idle

consumption model derived in Ref. [ 17 ], they can be

written as
Pd(ll\(‘ = 8Pmax + w (15)
1dle BYPmdx +w ( 16)
where P7™ is the maximum transmit power on each CC

when working in active state. § and w are constants fea-
turing load-dependent and load-independent power
consumption. vy is the percentage capturing the re-
mained power consumption of each CC in idle state. To
figure out the relation between energy efficiency and
active CC number, comparison should be made be-
tween energy efficiency under different CC configura-
tions.

The comparison of energy efficiency for transmis-
sion on NV — 1 active CCs in £2y_; and N active CCs in
£ is shown by the ratio

Iy = Eppnaa/Epen (17)
where I, represents the gain of energy efficiency for N
— 1 active CCs over that for N active CCs. It can be
observed from Eqs(12) and (14) — (16) that the di-
vergence between &,  and &, ,_, is closely related to
the difference between f, and f_,. For simplicity, we
assume that f, = f, , forn = 1,2,--- N — 1 and the
bandwidths of all CCs are the same. This can also be
extended to the situation when f, > f,_,. Hence the
coverage ranges of CC 1 to N — 1 are the same, we have
Pr(G,) =1-Pr(Gy), ,N-1. Eq. (17) is

rewritten as

n=1,

A+B
Iy = C+D (18)
where

A = X .Q'\,N active Pr( G1\) (19)

B :X ].Q\]I:(N_I)Pd(lne-i-Pidle:I Pr(Gf\"—l>
(20)

c :X\O\ I(N_l)Pd(ll\(‘ PI‘(G\) (21)

D = X Gy_1,02N_ ](N 1)Pd(|l\é‘ Pr( GN—I) (22)

In the follows, we will prove that for f, = f,_,,
Iy, is larger than or equal to 1.

Proof ; Obviously, B is larger than D. Thus if it is
proved that A is larger than C, than we have I';; =1
The proof could be separated into two parts according
to the assumption that f, = f,_,. First, iff, =f,_,, the

analytical forms of X, , and X, , are given as

S
- s, 23
o T RN S )W (23)
S
. ] , 24
Gy, 02y T‘-RiNW ( |
where
27 Ry (Zl r 0>
f [f GO e (s)
lo °
gz( N W

and z represents the received signal power P,. P, is
the predefined minimum received power.

Thus I'y; = 1 when f, = fy_,. Second, if f, >
Sy » The analytical form of X; , and X , are giv-

€en as

X

[

P 2w Ry G
= fp ‘L jo Efp,(zw-l I'r,60)drd6dzy_,
(26)

&y S fp (zy_ 1 7,0)
O

min

fpr(zwl r,0)drdodz,_,dz, (27)
where
E = aR3(N - 1)W1 ( 2‘71) 28
Ry ( )Wilog, (1 + N, W (28)
F = @R} Wlogz(l +NW) (29)

and z,_, represents the received signal power of CC 1 to
CC N -1 and z, is the received signal power of CC N.
So (zy_y | 7,0) is the PDF distribution of the received
signal power on CC 1 to N — 1 conditioned on the loca-
From Eqs (1) and
(2), we can obtain thatzy_, > zyandwy_, > u,, while

tion r and @ in polar coordinates.

the variances are the same. Thus we have

"\Sfp(lel r,0)
[0

o+ B/(N - 1)rdoda

(,\ 0y

Prin

(30)
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Through Eqs(18) to (22) and Eqs(26) — (30),
it is proved that -
A Xy N
FEE>E:—>1 (31)
X(;N,n,l,l(N - 1)

Judging from the analysis above, I"; is mainly af-

fected by two factors. One is the frequency ratio, de-
noted by

_ M
Sy

when I', increases, the received power on CC N deteri-

I, (32)

orates, making the disparity between Z ke(;VX’fﬁm”evfl

and Z X, ¢. 0, shrink due to the decreased achiev-
kety B ON-O

able data rate on CC N. The other factor is the total
number of CCs, denoted by N. It is obvious that with

. N-1 .. .
the increase of N, N will increase monotonously,

whereas the changes in I"; is quite ambiguous. To bet-
ter observe the variation of I",; with the increase of I';,
the respective mean serve time per packet of users u-
sing different serve CC sets should be computed. From
Eqs(26) and (29), it is perceived that the exact ana-
lytical value of X, requires a numerical (N +2) -
fold integration, which is computationally burdensome
and may subject to stability problems. Therefore, we
choose to estimate the change of energy efficiency gain
I'y; with the increased I'; using Monte Carlo simula-

tion. The results are shown and analyzed in Section 4.

2.3 Description of the proposed scheme

Discussions in the previous subsection have shown
that for multiple CC systems with equal transmit power
on CCs in different frequency bands, switching off CCs
in higher frequency bands could increase the overall
energy efficiency. Therefore we propose a CC adjusting
scheme which enables eNB to automatically adjust the
number of active CCs based on channel conditions and
packet arrival rates of UEs, so that maximized energy
efficiency can be achieved subject to the mean packet
delay constraint.

The optimization problem could be described as

IZ‘:‘;‘fEE(n) (33)
subject to 7(n) < 1, (34)
wherey = {1,2,--- N} is the CC number set. &,,(n)

is the energy efficiency. 7(n) is the packet delay when
n CCs are active. 7, is the delay constraint. Based on
the theoretical analysis, assuming that all of the N CCs
are active initially and the mean delay for group N us-
ers is set to be the QoS metric, the proposed CC adjus-
ting scheme containing six steps is shown in Fig. 2.

1. eNB obtains channel conditions
and packet arrival rate from UEs

2. eNB calculates the mean Serve
time for each UE group with
different active CC numbers

v

3. eNB computes the mean packet delay
r» for UEs under the Current packet arrival
rate and different CC configurations

v

4.Find n° =argmawx2'(n)

While 7(n)<7,

. Does n" larger than
he current CC numbe!

6. Switch off CC N to N-p" after
UE handoff

Fig.2 Flow diagram of the coordinated scheduling mechanism

Note that in step 3 and 4, the determination of ac-
tive CC number is based on the predefined delay
threshold. To make the decision process more straight-
forward, the arrival rate can be chosen as a metric for
threshold setting. Defining the probability for each user
to be allocated to group n as Pr(G, ), the total arrival
rate for group nis A, = Pr(G,)A. Therefore based on
Eq. (10), the arrival rate threshold is derived by

2W1h

N N
2W, >, Pr(G)p + > Pr(G,)v
n=1 n=1
(35)

2
where p represents X, , and v represents X , .

Aoy, =

When the packet arrival rate exceeds A, , , CC N

should be switched on to fulfill the delay constraint.
Referring to Eq. (3), Pr(G,) can be obtained as
2/a 2/a
(K[?l) _(%) n=1,,N-1
Pr(G,) = ' '
Ky 2/
(—‘ , n=N
K,
(36)
The analytical and simulation results of the arrival
rate thresholds for active CC adjustments are compared

in Section 4.
3 Performance evaluation and discussions

In this section, we evaluate the performance of the
proposed delay-constrained energy-efficient CC adjus-
ting scheme for LTE-A system through numerical re-
sults and extensive simulations. First, the relation be-
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tween energy efficiency and CC configuration analyzed
in Section 3 is verified through simulations. Following
that, variations of the mean packet delay under differ-
ent CC configurations are compared when the packet
arrival rate changes. Finally, simulation and numerical
results for the energy efficiency and mean wait time of
the proposed scheme are presented.

3.1 Simulation scenario

As described in the system model, a single macro
cell configured with multiple CCs is considered where
500 users are uniformly distributed. We adopt the
standard path loss model PL (r) = 58.83 + 37.6
log,,(r) + 21 log,,(f,). The detailed parameters for
the simulation settings are shown in Table 1. In
Eq. (4), Shannon formula is used for data rate estima-
tion. To better approximate practical modulation coding
scheme, the minimum and maximum bound for signal
noise ratio (SNR) are set to be —6.5dB and 17dB,
with maximum throughput 4. 8 bit/s/Hz, and the data
rate obtained in Eq. (4) is scaled by an attenuation
factor 0.75 to get estimated realistic data rate'". The
parameters for energy model in Eqs(5) and (6) are
also shown in Table 1.

Table 1  Simulation settings
Parameter setting
Cell radius 1(km)
Total number of CCs 4
Bandwidth of each CC 5(MHz)
Transmit power on each CC 43(dBm)
Shadow fading 6(dB)
UE noise figure 9(dB)
Noise per Hz -174(dB)
Maximum mean wait time 0.06(s)
Packet size 800 ( kbits)
8 8.5
1) 56.1
y 40%

In the first part, the relation between energy effi-
ciency and CC configuration analyzed in Section 3 is
verified through simulation and numerical results. To
evaluate the impact of I";, we assume that CC 1 to CC
N -1 are from the same frequency band f, =900MHz,
n =1,--- N — 1. Let the central frequency of CC N
change from 900 MHz to 3600 MHz to observe the vari-
ation of the corresponding energy efficiency gain I;,.
For the number of CCs, the variations of I, with the
increase of I'; are evaluated under three values N =3,
4,5 respectively. Note that in the evaluation, the serve

time per packet for each user is obtained through simu-
lation, while other computations are based on the equa-
tions derived in Section 3.

In the second part, the performance of the pro-
posed scheme is evaluated and is compared with a
baseline scheme which keeps all the configured CCs
active without traffic-aware CC adjustment. We assume
that four CCs can be utilized in the cell. From CC 1 to
CC 4, the frequency bands are f; = 900MHz, f, =
1500MHz, f; =2100MHz, f, =2700MHz. The arrival
of packets follows the Poisson process. The arrival rates
for all users are assumed to be equal and the total
packet arrival rate ranges from 25 to 35 packets/s. To
approximate a stable queueing system, the observation
time is set to be 30000s and we simulate 2000 times to
get average results. Note that in both the simulation
and numerical computation, the serve time of each user
is obtained through simulation, while the mean wait
time is obtained respectively through simulating a
multi-class queueing system and through numerical
computation based on the equations derived in Section
3. In addition, A, ,  for CC adjustment obtained in

Eq. (35) is validated through simulation and numerical
results.

3.2 Numerical and simulation results

The relation between averaged energy efficiency
and CC configuration can be observed in Fig. 3, where
the definition of I"y, and I'; are denoted in Eqs (17)
and (32).ForI'; =1, the energy efficiency gain Iy is
also 1, complying with the result derived in Section 3.
With the increased I';, Iy, also increases due to the
deteriorated received power on CC N and the reduced

size of user group N in accordance with the previous

1.25
n
127
115} i
5}
<
1.1f
1.05} —e—N=5|]
—*— N=4
—A—N=3
1 1 L
1 1.5 2 2.5 3 35 4

Fig.3 Averaged energy efficiency gain £, ; under different
values of (I"y, and I, are defined in Eqs(17) and
(32))



HIGH TECHNOLOGY LETTERSIVol. 20 No. 3 |Sep. 2014

243

analysis. Comparing the energy efficiency gain I, un-
der different values of NV, the energy efficiency gain for
lower value of N is higher for the same frequency pro-
portion ', This effect indicates that for systems con-
figured with less number of CCs, the energy efficiency
gain attained by switching off a CC in high frequency
band is larger.

Note that the reduction of active CC numbers will
lead to prolonged packet serve time and increased wait
time. Therefore, the adjusting of CC numbers should
also take into account the delay constraints. In
Eq. (11), the mean delay is obtained by adding the
mean serve time with the wait time. For different user
groups, the mean serve time are various, but the wait
time is the same. Hence in the simulation, we choose
wait time as the QoS constraint for users.

For three kinds of CC configurations, the mean
wait time of user packets under different arrival rates
are shown in Fig. 4. It is observed that the divergences
among the three curves are smaller for low arrival rates
but increase sharply when arrival rates are higher; in-
dicating that for lower arrival rates, the tradeoff in
mean wait time is smaller when adopting the proposed
energy-efficient scheme. According to the curves
shown in Fig.4, when the arrival rates are below 26
packets/s, the differences between wait time are fairly
small. Thus when the arrival rate fluctuates within the
system capacity range, the proposed scheme is effective
for a wide range of traffic loads.

0.22 1
—#— active CC number=2 (analytical)
0.20] ---© - - active CC number=2 (simulation) i
0.18 active CC number=3 (analytical) ]
! ¥ -+ active CC number=3 (simulation)
> 0.16]| —— active CC number=4 (analytical) 4
\a: -4 - active CC number=4 (simulation)
g 0.14
012
=
£ 0.10
5]
= 0.08
0.06
0.04g
0.02%

Total arrival rate (packets/s)

Fig.4 Variations of mean wait time under

different total arrival rates

In the performance evaluation, the required maxi-
mum wait time is set to be 0. 06s. For the system con-
figured with two active CCs, the wait time is within the
constraint for the arrival rates lower than 29. 6 packets/s.
For higher arrival rates, more active CCs are required.
The exact value of arrival rate threshold can be derived
in Eq. (35) through theoretical analysis. For N equals

4, 3 and 2, the respective value of A, ,  is computed
and demonstrated in Table 2, which shows excellent
consistency with the simulation results in Fig.4. The
averaged energy efficiency is also listed in Table 2.

Table 2 Mean serve time, energy efficiencies and arrival rate

thresholds under different CC configuration

Number of Mean serve time . Ath,0Q,_

active CCs Xy /(s) £rr / (Kbits/T) ( pa(:kels\/;)
4 0.0223 45.015 32.8043
3 0.0232 50.774 31.9170
2 0.0254 53.560 29. 6460

For the proposed delay-constrained energy-effi-
cient CC adjusting scheme, the performance of the
mean wait time and the energy efficiency is compare
with the baseline scheme as depicted in Fig. 5, where
in the baseline scheme, all CCs are assumed to be ac-
tive without traffic aware CC adjustment. Referring to
the thresholds listed in Table 2, when the arrival rates
are below 29. 64 packets/s, the activation of 2 CCs is
enough to fulfill the delay constraint. While for arrival
rates between 29. 64 and 31. 92 packets/s, three active
CCs are needed. For higher traffics, all of the four CCs
should remain active. Fig.6 compares the energy effi-
ciency of group N users between the proposed and
baseline scheme under different CC configurations,
where the proposed scheme utilizes N —1 CCs. The en-
ergy efficiency of group N users of the proposed scheme
is shown to be higher than the baseline scheme, and
the advantage increased as the number of CC decrea-
ses. Since it is assumed thatf, = f,_, forn =1,2,---,
N -1 and the bandwidths of all CCs are the same,
based on Eqs(13) and (14), the energy efficiency of
group N users of the proposed scheme coincides when
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Fig.5 Mean wait time and energy efficiency performance

of different schemes
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the number of CCs varies. Overall, the advantage of
the proposed scheme can be observed clearly that by
dynamically adjusting the number of active CCs, ener-
gy efficiency is maximized subject to delay constraint.

4 Conclusions

In this paper, the relation of energy efficiency to
mean packet delay, arrival rate and CC configurations
are theoretically analyzed. Especially for multiple CC
LTE-A systems, a practical traffic-aware CC adjusting
scheme is designed based on the theoretical analysis to
increase the energy efficiency of LTE-A systems. The
proposed delay-constrained energy efficient CC adjus-
ting scheme adaptively alters the number of active CCs
according to the current traffic load. Numerical and
simulation results show that the proposed scheme could
achieve higher energy efficiency while maintaining the
user requirement for packet delay constraints under a
wide range of data traffics.
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