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Aggregation Scheme

Fei Liu, Kan Zheng, Wei Xiang, and Hui Zhao

Abstract—Energy efficiency is of vital importance for tele-
communications equipment in future networks, especially
battery-constrained mobile devices. In the long term evolution-
Advanced (LTE-Advanced) network, the carrier aggregation
(CA) technique is employed to allow user equipment (UE) to use
multiple carriers for high data rate communications. However,
multi-carrier transmission entails increased power consumption
at user devices in uplink networks. In this paper, we propose a
new dynamic carrier aggregation (DCA) scheduling scheme to
improve the energy efficiency of uplink communications. Two
scheduling methods, i.e., serving the longest queue (SLQ) and
round-robin with priority (RRP), are designed to reduce transmit
power while maximizing the utilization of wireless resources. The
proposed scheme is analyzed in terms of both the data rate
and energy conservation. We build an ideally balanced system
(IBS) to investigate the performance upper bound of the DCA
scheme, and derive closed-form expressions. Simulation results
demonstrate that the proposed scheme can not only enhance the
energy efficiency but also perform closely to the optimal IBS.

Index Terms—Energy efficiency, carrier aggregation, carrier
scheduling, LTE-Advanced.

I. INTRODUCTION

NERGY efficiency in wireless networks is one of the
major challenges for future information and communica-
tion technologies. To meet the demand of increasingly higher
quality of service (QoS) requirements, more rapid data rates
are expected, resulting in much higher energy cost at both
user devices and base stations. However, slow advances in
battery technologies mean that mobile devices can hardly deal
with high energy consumption caused by increasingly popular
mobile multimedia services [1]. For battery-constrained mo-
bile terminals, uplink power consumption dominates the power
budget for data transmission. As a consequence, reducing the
uplink signal processing complexity and transmit power is
indispensable in future wireless networks.
Aggregating frequency spectrum is one of the viable tech-
niques to enhance data rates. Wide bandwidth, i.e., up to 100
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MHz, is required for the long term evolution-Advanced (LTE-
Advanced) network to support high data rates [2]. As a result,
carrier aggregation (CA) is employed by the 3rd Generation
Partnership Project (3GPP) as a solution to bandwidth exten-
sion [3]. User equipment (UE) may simultaneously receive or
transmit data on one or multiple component carriers (CCs). In
the 3GPP Rel-8 specifications [4], each UE uses only one CC
to communicate at one time. The energy cost and signalling
overhead at the Rel-8 UEs are considerably reduced by not
having to support bandwidths wider than 20 MHz. However,
the UEs of Rel-10 can use multiple aggregated CCs to improve
throughput inevitably with higher power consumption [5].

In the literature, several studies evaluate the issue of energy
efficiency in uplink networks. The authors in [6] develop
low-complexity energy-efficient link adaption and resource
allocation schemes for uplink OFDMA systems. The average
energy efficiency contours for single carrier uplink channel
are analyzed in [7]. The problem of non-cooperative resource
allocation in multi-cell uplink OFDMA systems is considered
in [8] with respect to power conservation. Closed-form ap-
proximation of the energy efficiency versus spectral efficiency
trade-off for the uplink systems is studied in [9] and [10]. To
date, the studies of carrier scheduling and aggregation mainly
focus on the performance of throughput and delay in the
downlink network [11]—[13], but have seldom been conducted
for the uplink network [14]. How to reduce the uplink power
consumption at each user device, while enjoying the benefits
of high data rates brought by the CA technique, is an important
but under-explored research problem challenging the design of
future LTE-Advanced networks.

In this paper, we introduce the joint carrier (JC) and
independent carrier (IC) schemes and propose a new dynamic
carrier aggregation scheme, with the aim of enhancing the
throughput and energy efficiency (EE) performance in multi-
carrier uplink networks. The major contributions of this paper
are three-fold:

e« A new energy efficiency metric is proposed for flow-
based multi-carrier networks with elastic traffic. The
normalized energy efficiency (NEE) is derived to improve
the universality of the new EE metric, and is adopted to
evaluate the EE performance of different schemes;

o We propose a novel dynamic carrier aggregation (DCA)
scheme with two different scheduling methods, namely
serving the longest queue (SLQ) and round-robin with
priority (RRP), with the aim of increasing the data rate
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and reducing the uplink power consumption;

e The carrier scheduling schemes are analyzed in terms
of throughput and EE using queuing theory. Closed-form
solutions for the upper and lower performance bounds are
derived, serving as the benchmarks for various schemes.
Backward compatibility and the requirements of the UE
capabilities are analyzed and discussed.

An uplink LTE-Advanced network is simulated for eval-
uating the performance of the proposed scheme. Simulation
results of the throughput and NEE of various schemes and
the analytical solutions are presented and compared. The
proposed DCA scheme can achieve significant improvement
in the EE performance, which is close to the upper bound. We
also calculate the signalling overhead of the proposed DCA
schemes via the simulations.

The rest of this paper is organized as follows. The system
model is described in Section II. A new carrier schedul-
ing scheme is proposed in Section III. In Section IV, the
performance metrics for energy efficiency are discussed for
the flow-based multi-carrier uplink system. In Section V, we
analyzed the theoretical performance of the proposed carrier
scheduling scheme. The results of both theoretical analysis
and simulations are presented in Section VI. Finally, Section
VII draws the conclusion.

II. UPLINK TRANSMISSION SYSTEM MODEL

In an uplink OFDM-based network, there are multiple UEs
communicating with the base station, termed the eNodeB
(eNB) in the LTE-Advanced network, in a time-slotted fash-
ion [5]. The eNB employs L CCs in the same frequency
band with each CC having an identical bandwidth. The CA
technique can support the aggregation of multiple CCs.

A dynamic flow model for elastic traffic is assumed, where
each UE transmits its flows with finite lengths to the eNB [15].
Each arrival flow is transmitted via uplink channels indepen-
dently. The arrival flows to the network follow a Poisson
process with an average arrival rate of A. The flow size is
exponentially distributed as shown below.

P{F" <a}=1-eF aeNF, (1)
where F'(") is the file length of user n, F = [F(")} is the
average flow size, and N7 is the set of integers larger than 0.

Each CC is comprised of K resource blocks (RBs). The RBs
of a CC are distributed to multiple UEs by its resource sched-
uler (RS) to transmit the uplink flows of the UEs. Each UE is
Rel-10 compliant which can use multiple CCs simultaneously
with the CA technique. However, transmission through multi-
ple CCs can increase the computational complexity and power
consumption at UE. In terms of computational complexity, a
UE has to process the encoding and modulation for uplink
transmission with more than one single CC. Meanwhile, the
usage of multiple CCs is obviously not energy efficient.

At each time slot, the RS allocates RBs to the given UEs
according to a scheduling strategy. In this paper, the RBs are
equally divided and allocated to the related UEs circularly
through the round-robin (RR) strategy, such that the UEs share
the radio resources of one or multiple aggregated CCs fairly.

We model the uplink channel of each CC with consideration
of uplink power control. We denote P(") as the uplink transmit
power of UE n using a single CC [ to commumcate with
the eNB. Thus, the power on each RB is P m) /K ignoring
power allocation for relatively flat fading w1th1n each CC.
Then the instantaneous signal-to-interference-plus-noise ratio
(SINR) on RB k at CC [ of UE n can be expressed as

2
o _ A7 E] PTUK 1<I<L1<k<K,
’71’]@ - Il,k+52 9 = — ) = = 9 ( )
where al(") represents the path loss attenuation factor of

UE n using CC I, hl(j,? denotes the independent complex
fading channel gain on RB k at CC [ of UE n, modeled
as hl(jl?w CN (0,0%)" with o2 = E[|hz(,7;?|2]’ 62 is the noise
power of the additive white Gaussian noise (AWGN), and I; j,
is the average power of the received inter-cell interference on
RB k at CC [, modeled as

; i 2 ng
iENB ni
=22 / 2RI g (50) ag™, 6)
i€ENp n;
where ¢ € Npg is the index of an eNB in the set of

the neighboring eNBs Np, in which the uplink signal of
its: UE n; causes interference with transmit power P,
( 2 represents the path loss attenuation factor from UE
nl to the interfered eNB, and gz( (")) is the probability
distribution function (PDF) of j, "7), which is related to the
user distribution. We rewrite [; ;, as I; since the fast fading
coefficient of each subchannel is estimated at the same level
with the parameter o2 = E[|h{")|?).
The close-loop power control is adopted for uplink trans-
mission [16]. The target average SINR is expressed as

(n) 2 (n)
To=E [71(,71:)] = al(j;_i?[f;{ ]

Thus, the controlled average uplink transmit power of user n
using CC [ can be calculated as

(Il + 52) K7,

al(n) o2

I<i<L.

P —E [Pf")} - 1<I<L. (5
It is noted that the instantaneous SINR of each UE can not be
guaranteed with the target 7, by nonideal power control due to
rapid change of radio channels. This nonideality of the close-
loop power control is calculated and presented in Section VI.
Thus, the power control by obtained ?l(n) can only maintain
an average SINR level 7, of UE n on CC [ [16].
The achievable data rate on RB k at CC [ of UE n is

CiR) = NeoSerrlogs (14917 ) /Te, ©

where N, is the number of subcarriers in each RB, S¢yy is
the number of effective OFDM symbols of one LTE-Advanced
frame in the time domain, and T is the frame length [5].

'A circularly symmetric complex Gaussian random value = with mean 7
and covariance r is denoted by x~CN (m, ).
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Fig. 1. System models of the JC and IC schemes.

III. CARRIER SCHEDULING SCHEMES

As mentioned in Section I, it is a significant issue to
decrease the transmit power while fully utilizing the multiple
CCs with the CA technique. In this section, we first intro-
duce the framework of CA-based uplink scheduling systems
through describing two carrier scheduling schemes, namely
joint carrier (JC) and independent carrier (IC) [11], followed
by the proposal of a dynamic carrier aggregation (DCA)
scheme which is capable of improving the EE performance.

A. Joint Carrier (JC)

In JC, each UE is served by all the CCs, i.e., the data of
any current flow can be transmitted over all the L CCs. As
illustrated in Fig. 1(a), there is a single resource scheduler
(RS) assigning the RBs of all the L CCs to the flows. Such
a centralized processing mechanism leads to full resource uti-
lization [13], [17]. Therefore, maximum throughput is attain-
able through JC. However, each UE has to maintain connection
with all the CCs simultaneously. Thus, the effectiveness of JC
is largely limited while considering the power budget.

B. Independent Carrier (IC)

In IC, each UE can only use a single CC. When a new flow
arrives at the system, a flow dispatcher immediately assigns
it to a CC, as shown in Fig. 1(b). Then, the data of this flow
can only be transmitted over the assigned CC. There are an
independent RS and a flow queue for each CC.

In IC, each UE incurs minimum power consumption since
only a single CC is used for the transmission of its flow.
However, the traffic on all the CCs is not always balanced,
which may lower the overall transmission capacity of the
whole system. Some CCs may become idle if their queues
are empty, while the other CCs are busy at serving their
own flows. In order to balance the traffic load across the
CCs, the dispatcher needs to sensibly select an allocation
strategy, e.g., random allocation (RA), round-robin (RR), or

joint the shortest queue (JSQ) [17]. With the RA approach,
the dispatcher assigns arrival flows to different CCs with given
probabilities. RR is a fair allocation algorithm, where flows are
assigned to all the CCs circularly. As for the JSQ method, it
takes into account the queue length of each CC, and allocates
an arrival flow to the queue with the least number of flows.

C. Dynamic Carrier Aggregation (DCA)

When the IC scheme is applied, a CC stays idle so long as
all its assigned flows have been served, although there may be
flows assigned to other CCs still being served. On the other
hand, the JC approach offers a higher data rate than its IC
counterpart at the expense of more transmit energy cost. We
propose a DCA scheme which can achieve the same maximum
throughput as JC with much less power consumption.

With a certain dispatching strategy, arrival flows are allo-
cated by a dispatcher to the queue at each CC. The corre-
sponding UE of a flow in the queue of a CC chooses this CC
as its primary component carrier (PCC), with which the UE
transmits signaling information alongside flow data. A UE has
only a single PCC at a time, which remains unchanged during
transmission since activation and deactivation of the PCC are
very time-consuming in the LTE-Advanced systems [5].

With the proposed DCA scheme, each CC first serves the
flows in its own queue when it is not empty. Whenever a
queue of any CC becomes empty, the concerned CC, dubbed
the supplementary component carrier (SCC), is able to help
other CCs using the aggregation technique. In this way, the
total capacity of all the CCs can be fully utilized to serve the
nonempty queues. Furthermore, we propose two CC cooper-
ation approaches with the DCA scheme in the following.

1) Serving the Longest Queue (SLQ): All the SCCs are
aggregated with the PCC with the longest queue. If more
than one PCC has the same longest queue length, the SCCs
are allocated to any one of them randomly. For illustration
purposes, an example of the system with four CCs using the
SLQ method is shown in Fig. 2. The queues of CCs 2 and 3
are empty, i.e., the queue length Ny = N3 = 0, while those
of CCs 1 and 4 are nonempty. Then, CCs 2 and 3 are used
as the SCCs. CC 1 is aggregated with CCs 2 and 3 in the
event that the queue of CC 1 is longer than that of CC 4, i.e.,
Nj > Ny. Then, the RBs of CCs 2 and 3 are merged with
that of CC 1, altogether serving the flows in the queue of CC
1.

2) Round-robin with Priority (RRP): The PCCs are first
sorted according to their queue lengths before being aggre-
gated with the SCCs. The SCCs are circularly allocated to the
ordered PCCs with the RR principle. In this way, the PCC with
a longer queue length has a higher priority to be aggregated
with one or more SCCs. However, the PCC with a shorter
queue length also has the opportunity to be aggregated with
SCCs when there are more than one SCC. Unlike the SLQ
scheme in Fig. 2, CC 2 is firstly allocated to CC 1 because
CC 1 has a longer queue length. Next, CC 3 helps CC 4.

In CA-based LTE-Advanced systems, the SCC switch pro-
cedure incurs a signalling overhead by occupying several
frames for SCC setup [16]. Each time a UE accesses to an
aggregated SCC, it spends a certain amount of transmission
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Fig. 2. One example of the serving the longest queue (SLQ) scheme.

bits for the SCC switch and loses corresponding data rate.
The impact of this switch procedure on the performance of
throughput and EE is considered and evaluated in Section VI.

IV. ENERGY EFFICIENCY METRIC

In this section, we present the definition and derivation of
the normalized form of the EE metric for multi-carrier systems
with elastic traffic. Moreover, the method of evaluating the EE
performance of realistic systems is also presented.

A. Analytical EE performance

We first introduce a widely used energy efficiency indicator
for transmission systems [18], bits-per-joule (b/J), defined as

R
P(R)’

where R is the data rate, and P(R) is the transmit power
required to achieve rate R.

Based on the models described in Section II and the
scheduling schemes in Section III, we further derive the bits-
per-joule in (7) to obtain the analytical EE performance. With
the RR strategy for RB distribution for UEs within each CC,
the queuing model of the CC can be modeled as a processor-
sharing (PS) queue. We first calculate the serving rates of the

U(R) = @

CCs. Let 61(’7;) = E[Cl(z)] be the average transmission rate on
RB k at CC [ of UE n, ie.,

Ol k = SG%SNSC/OOO log, (1 +7l(,7c)) ! (% k ) dy,, k)7 ®)

where f (’yl(z)) is the PDF of 7(") With the Rayleigh fading

channel, the instantaneous SINR 7(”) follows an exponential
distribution. Its PDF is given by

(n)
(n) 1 Vi k
(i) = 7;@( %>, ©)

where 7, = E[fyl(_z)] is the target average SINR. Thus, the
average data rate for UE n on CC [ is given by

—(n K —(n
a’ =3 @ (10)

As derived by (8)-(5)), Ul(n) is only related to the target
SINR 7, rewritten as C'. Therefore, the average flow serving
rate per CC is identical and can be calculated as

pee = C/F. (11)
Thus, the total capacity of all the CCs is
W= Lptce. (12)

Then, we calculate the mean power consumption at users
using CC [ from the system point of view as follows

P, /0 Py (5"’)da§")

B (Il + 52) K70 0 g (al(n)) dal(n)
- 2 /0 a(n) ’
l

(13)
g

where g(« (")) is the PDF of the path loss attenuation factor of
UE n, which is related to the distribution of the UE locations.
Since all UEs can equiprobably using any CCs, their mean
transmit power on every CC can be calculated for estimation
of the average level of power consumption, i.e.,

1 «L —
Pec = L Zl:l Pr.

Thus, the average bits-per-joule of the UE flows can be
written as

R cc F cc 1
D LPchcc Pcc LMCCD

where R is the data rate of the flows, L is the average number
of CCs used during the flows’ transmission, D is the average
transmission time of each flow.

U in (15) can be adopted to evaluate the analytical EE
performance of various carrier scheduling schemes. However,
in various application scenarios, the transmit power is related
to the radio channel quality and system configurations, while
the flow length is determined by the type of mobile service.
In order to improve the universality of U to compare each
scheduling schemes fairly, we derive its normalized form as
follows. We denote the energy efficiency coefficient (EEC) by

(14)

| =l

ZP cc

F cc
Ae= 5, (16)
and define the normalized energy efficiency (NEE) as
== ! = a7
Lye.D

If the flow of each UE monopolizes the L CCs that it uses
without sharing with any other UEs, it can obtain the whole
capacity and throughput of the L CCs, i.e.,

B=F (Tiec)

However, the fact is that there always be multiple UEs sharing
the L CCs, such that no UE can occupy the overall capacity
of the . CCs. As such, we have

— = — 1

R== <F(Tpe) = D> —
R=5 <F(Lpee) = D2 -

Sl =il
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Therefore, the following relationships for NEE ¢ and U hold

0<ep<1,
U=A.p<A..

Thus, the EEC A, indicates the maximum bits-per-joule value,
while the NEE ¢ implies the achievable proportion of A..

B. NEE Evaluation in Practical Systems

In realistic multi-carrier systems, the actual serving rate fi..
is measurable by computing the average flow leaving interval.
Meanwhile, the average pumber of connected CCs L of each
flow and the flow delay D can be statistically calculated. Thus,
the NEE measured in a practical system is

. 1
¥ == =~
Ljic.D

In Section V, we analyze the theoretical EE performance of
different carrier scheduling schemes according to (17). Then,
in Section VI, the measured NEE in (18) is obtained via
simulation and compared with the analytical result.

(18)

V. ANALYSIS OF THEORETICAL TRANSMISSION AND
ENERGY EFFICIENCY PERFORMANCE

A. Joint Carrier (JC)

Considering the arriving and departing processes with the
JC scheme, the PS queueing system is M/G/1 — PS. The
solution of the average transmission time is given in [19], and
proved independent of the departing process. Moreover, the
steady-state probability distribution of the queue length of an
M/G/1—PS system and the average flow delay are consistent
with those of M/M/1 — PS [19]. Thus, the system can be
formulated as an M /M /1 queueing model with an arrival rate
of A for the JC scheme. The average serving rate is the sum of
the capacity of all the CCs, i.e., u = Lu... Define the traffic
load of the network as p = \/u. The queueing system keeps
working with a limited overall queue length, i.e., N < oo,
under the condition of 0 < p < 1.

Therefore, the average transmission time and average data
rate can be calculated by

— 1
Djo=——
JC - A7
_ F _
Rjc = =— = FLuc(1—p). (19)
D;e

In the JC scheme, the average number of the CCs used by
each flow is the maximum, i.e., Lo = L. Thus, the power
consumption is the highest. The bits-per-joule and NEE of the
JC scheme are given by

_ Fhiee
N PCC

(1=p), (20)

1)

The NEE of JC is only related to the traffic load p in a
linear relationship, and varies in the range of 0 < ¢ ;o < 1.
The JC scheme can only be used for the Rel-10 UE [3], which
is capable of transmitting data through multiple CCs, and thus
provides no backward compatibility for the Rel-8 UE.

B. Independent Carrier (IC)

The system can be formulated as L parallel PS servers
corresponding to the L CCs. The serving rate of each PS server
iS f4; = ptee- There is a dispatcher routing flows to the servers
so that the arrival flow rate at server [ is \;. Various dispatch
algorithms impact on the system performance differently.

1) Random Allocation (RA): With the RA algorithm, flows
probabilistically independently arrive at C'C' [ with probability
B; > 0, where Zle B = 1. Then, the arrival process at each
server is still Poisson and its rate is \; = [;A. Thus, each
serving queue is M/G/1 — PS, consistent with the whole
system with the JC scheme [20]. Specially, when we assume
the same dispatching probability of each CC, i.e., 8, = 1/L,
the transmission performance can be derived as follows

L
=X

— F
Ric—pA = =
Dic_Rra

Dic_ra =

=Fpec(l—p). (22
The average transmission time of flows with IC-RA is L
times of that with JC. However, since the UE with the IC
scheme only uses a single CC to communicate with the eNB,
its power consumption is 1/L of that with JC. Thus, the EE
performance of IC-RA is the same as that of JC, i.e.,

EICfRA Fﬂfcc
Ure—pa = —AC-fA _ 1-p), 23
IC—RA Pl 7. (1-p) (23)
Yrc—ra = 1—p. (24)

2) Round-robin (RR): The interval of the arrival flows of
each queue is Erlang distributed [20] with the RR algorithm.
Thus, each CC behaves like an E/G/1 — PS system. Its
analytical performance is attainable only when the serving
process satisfies certain conditions. We use the solution of
the Er,/M/1 — PS system with the same arrival process and
average serving rate [i.. as an approximation. As indicated
in [20], its performance is better than that of the Er,/G/1—PS
system, when the serving time of the process G has a larger
variance than that of the Poisson process M, and thus can be
regarded as an upper bound.

The solution of the Fy, /M /1 — PS queueing system can be
obtained according to [21]. As such, the average transmission
time and average data rate are derived as follows

— L 1

Dic-prr=—7—,
K 1_— n

Ric-rp = =——— = Fu..(1—n), (25)
Dic_Rrr

where 7 denotes the unique root in the unit circle of (28)
below. The PDF of the interval between the arrival flows at
each CC is given by

A"
t) = t>0. 26
Applying the Laplace transform to (26) gives rise to
+o0 . A L
s(s) = tye dt = ——) . 27
re= [ soeta= (1) @
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According to the method in [21] of solving the average
sojourn time in the G/M /1 — PS system, equation (5) in [21]
can be written as

A L
n= fs Hee — Hect]) = <—) (28)
( M ) )\ + ,ucc - ,Ucc'r]

— M = (A + pree — peen)”

The minimal non-negative solution of (28) is 7 for (25). Then,

the bits-per-joule value and NEE of the IC-RR system can be

calculated as

Flice
PCC

_ Ric—rr _
Urc—rr = = =
PchIC

Yrc—rr =1-—mn.

Similar to that of the IC-RA system, the NEE of IC-RR also
decreases with increase of the traffic load p.

3) Joint the Shortest Queue (JSQ): The JSQ method al-
locates a new arriving flow to the serving queue with the
least number of flows backlogged. So, the arrival process
of each queue is not independent [22]. By using a special
single-queue approximation (SQA) method, the performance
of the JSQ queueing system can be analyzed according to [22].
Due to the near insensitivity of M/G/L/JSQ — PS to the
processing time distribution, we use M/M/L/JSQ — PS =
M/G/L/JSQ—PS, as an approximation. And with the SQA

. SQA
method in [22], we have M/M/L/JSQ— PS = My/M/1.
The average queue length for various p and the numbers
of CCs L, denoted by Nic—jsq = s(L,p), are given in
the Table 2 in [23]. With the average queue length, the
transmission performance can be derived according to the
Little Theorem as follows

(1—=mn), (29)

(30)

_ S L’

Dic_js9 = ()\ p)’

_ F \F

Rro— = —= = . 31
femsse Dic—ysq S(L,p) G

Then, the EE performance of IC-JSQ can be computed as

Ric-ysqo  Flce { pL ]
Ure—yso = ~10275Q _ . (32
fe=7sQ PchIC PCC g(va) ( )
pL
Yro-JsqQ = . (33)
1071 T (L p)

The JSQ dispatching algorithm can balance the flow traffic
on the CCs better than its RA and RR counterparts. This point
is discussed and validated in Section VI.

C. Dynamic Carrier Aggregation (DCA)

The system employing the proposed DCA scheme can be
modeled as a special M/G/L — PS system. Different from
the IC scheme, the number of serving lines L and the capacity
of them vary depending on the carrier aggregation state.
According to the conservation law for time-shared systems
in [20], the DCA system ensures the full utilization of carrier
resources, because no transmission bandwidth of the carriers
is wasted when there are still flows in the queues. Thus, the
average queueing performance of the DCA scheme is the same
as that of the JC scheme and its transmission performance can

be derived as in (19). Moreover, the departing process is also a
Poisson one due to the insensitivity of the PS queueing system,
as well as the fact that DCA can be regarded as a combination
of Poisson processes [24]. Thus, the steady-state probability
of each state of the overall queue length can be solved readily
as follows

P{N}=(1-p)p",N=0,1,2,.., (34)
where P {N = 0} is the idle state probability of the system

with no flow in the queue, and P {N} is the state probability
of N flows backlogged in the system [20].

To achieve the same delay and throughput performance, the
less number of SCCs each UE uses, the more transmission
energy is saved for mobile devices. A UE served by only
the PCC has the lowest power consumption in comparison
with a UE served by both its PCC and SCCs. Therefore, the
number of active SCCs plays a critical role in evaluating the
EE performance of various carrier scheduling schemes.

We build an ideally balanced system (IBS) to analyze the
DCA scheme, in which a UE can switch its PCC freely
to reduce the probability of using the aggregated SCCs. To
balance the flow traffic on each queue to the maximum extent,
if there are multiple users’ flows served in a CC queue and
some other CCs’ queues are empty, some of the UEs can
change their PCCs to the idle CCs ignoring the limit in the
real operation process. Therefore, users can never use multiple
carriers unless there are only a few flows, which are less than
the number of CCs. When there are L or more flows being
transmitted, each UE can use only the PCC to communicate
with the aim of reducing energy consumption. However, when
the number of active users is less than that of the CCs, to
guarantee the full utilization of wireless resource, some UEs
can use the SCCs aggregated with their PCCs in accordance
with a certain DCA scheme. Different aggregation methods,
i.e., SLQ and RRP, may result in various SCC aggregation
states.

For ease of analysis, no signalling overhead and delay for
aggregation operation in the IBS are considered. This IBS
is impractical but has the best balance performance, and can
consequently reduce the chance to use the SCCs. So the EE
performance of the IBS is treated as an upper bound of the
DCA scheme with various dispatching algorithms. To evaluate
the backward compatibility and requirements of UE capability,
the probability of using only the PCC and the maximum
number of CCs possibly used by each UE are also calculated.

1) Average Number of CCs Used by Each Flow (L) in the
DCA-IBS: We compute the average number of the CCs used
during the transmission process of each flow in the DCA-IBS
to estimate the energy consumption at the UEs. For any DCA
scheme in the IBS with full utilization, all the CCs with empty
queues are used as the SCCs under SLQ or RRP. Therefore,
the number of the SCCs in each state of the queue length is
determined only by N. Denoting by L}, 4_;pg the number
of the SCCs in each queue length state, we have

L—N,

* 0<N<L,
LDCA—IBS = 0

L<N. (35)
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Then the expectation of L}~ 4_;pg under the busy condition
of the system, i.e., N > 0, is computed as

" L—-1
E[LhoarpsIN >0 =3 (L—N)P{NIN >0}
L—1—Lp+pt
1—p '

When the system is busy, the average number of the
backlogged flows is given by

(36)

E[N|N > 0] = % (37)

— p '
Then, the average number of the SCCs used by each flow in
the DCA-IBS can be calculated as
E [Lhoa_rpsIN > 0]
E[N|N > 0]
=L—1-Lp+p~
Besides the SCCs, every UE has one single PCC. Therefore,
L for the DCA-IBS is

Lhca_rss = (38)

Lpca-18s = Lpca_ips +1=L(1—p)+p". (39

2) NEE of the DCA-IBS: The DCA scheme has the same
transmission performance as JC in (19). Thus, the EE perfor-
mance of the DCA-IBS is given as follows according to (15),

Rpca
Upca-ips = ——=——— (40)
P..Lpca-1Bs
F cC L _1
P [y, p |
P.. L(1-p)
b
¢Ypca-1Bs = |1+ 7} (41)
[ L(1—=p)

The NEE is an increasing function of L and a decreasing
one of p. Specially, if there is only a single CC in the system,
ie., L =1, then ¢ypca—rps = 1 — p. This is consistent with
the NEE of JC, since all the CCs are aggregated and can be
regarded as one with the JC scheme.

3) Probability of Using Only the PCC in the IBS: The LTE
Rel-8 UE can use only one single CC at a time. Therefore,
the probability of using only the PCC is a useful parameter
to assess the backward compatibility for the Rel-8 UEs in the
IBS. Let N° be the number of UEs using only the PCC in
each state of the queue length. The probability of using only
the PCC without any SCCs is denoted by P {L* = 0}.

Firstly, we calculate the probability for the SLQ-IBS.
Ngrg-rps in each queue length state NV is given by

o N -1, 1< N<IL,
NSLQ—IBS - N, L <N.
Then the expectation of Ng;,_;ps When the system is
busy is derived according to (34),

(42)

p+pl=t = pb
1—p ’
So, the probability of UEs using only the PCC is
E[N§rq-_1psIN > 0]
P{Lt =0 =

{Lsr0-1ms =0} E[N|N > 0]

=p+pt=ph (43)

E [NgLQ—IBS|N > 0} =

The analysis of P {L*RRPJBS = O} in the RRP-IBS de-
pends on whether L is even or odd. When L is even,

0, 1< N <%,
Nirp_rps = § 2N — L, L<N<lL, (44)
N, L <N.

When there are flows in the system, the mean value of (44) is

2pL/2 — L

1—p
Thus, the probability of the UEs using only the PCC in the
RRP-IBS, when L is an even number, can be derived as

E [NJO%RP—IBS|N > 0} =

E [NZrp_rpsIN > 0]

P{L*RRP—IBS = O} =

E[N|N > 0]
=2pl/2 — pt. (45)
Similarly, if L is odd, we arrive at the following
0, 1< N < I
Nepp_rps =4 2N — L, L1l oN<L, (46)
N, L <N.

When there are flows in the system, the mean value of (46) is
p(L_l)/2 _|_ p(L+1)/2 — pL
1—p '

Thus, the probability of the UEs using only the PCC in the
RRP-IBS, when L is odd, can be derived as

E [NIO%RP—IBS|N > O} =

* E|N¢S B |N>O
e R e

:p(L—l)/2+p(L+1)/2 _pL. (47)

Specially, when L is 1, 2 or 3, i.e., there are 1, 2 or 3 CCs
in the uplink system, the SLQ and RRP schemes result in the
same scheduling method. When L = 1, we have

P {LELQ—IBS = O}L:1 =P {LERP—IBS = O}L:1 =1

All the UEs always use a single PCC, since there is only one
CC available in the system. When L = 2 and 3, we have

P {LZ‘LQ—IBS = O}L:Q =p {LERP—IBS = O}L:2
=2p—p?,

P {LTGLQJBS = O}L:3 =P {LERPJBS = O}L:3
=p+p°—p’.
The above results confirm the consistency of SLQ and RRP
when L = 1,2 and 3.

When there exist more than 3 CCs, it is easy to derive the
relationship as follows,

P{Lsro_1ps = 0}L>3 > P{L{rp_rs = O}L>3-

This means that SLQ always has a higher P {L* = 0} than
RRP when L > 3. Therefore, SLQ has better backward
compatibility than RRP for the LTE Rel-8 UEs.
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TABLE 1
SIMULATION PARAMETERS

Parameter Value
Inter-cell distance (ISD) 500 m
Number of CCs (L) 2,4
Carrier frequency (f;) 2 GHz
Number of RBs per CC (K) 25
Bandwidth per CC 5 MHz
Effective symbols per frame (Scfr) 10
Number of sub-carriers per RB (Nsc) 12
Frame length (Ts) 1 ms
SCC switch procedure 10 frames
Target average SINR (%) 0 dB
Channel model UMa
Thermal noise spectral density -174 dBm/Hz
Fast fading coefficient (2) 1.0
Average flow size (F) 1.0 Mb

4) Maximum Number of the CCs Used by Each UE: Due
to the limitation of transmit power and processing capacity of
UEs for multi-carrier communications, the maximum number
of the CCs required by the DCA scheme is expected to be
less. Decreasing the maximum power consumption at a UE
can ensure that it works within its capability. Therefore, we
give the discussion about the maximum number of the CCs
used by each UE with SLQ and RRP as follows.

We ignore the condition of N = 1 because both SLQ and
RRP allocate L — 1 SCCs aggregated with the only one PCC
that the UE uses in the IBS when N = 1. When there are
more than one flow, i.e., N > 1, the range of the SCC number
aggregated for each UE, i.e., L*, varies with different DCA
principles. For the SLQ method, L, € {0,1,...,L —2}.
As forRRP, L}, 5p € {0,1,...,[L/2] — 1}. Thus, when N >
1, the maximum number of the CCs used by each UE for SLQ
is L — 1, while for RRP it is [L/2], which may be less.

From the above discussions, the features of SLQ and RRP
can be summarized as follows: With SLQ, UEs have higher
probabilities to only use the PCC to communicate. But it may
lead to higher maximum power consumption. With RRP, UEs
can hardly use only the PCC but have to aggregate the SCCs.
However, the requirement of the maximum capability of the
device is lower, especially when more CCs are available.

VI. SIMULATION AND NUMERICAL RESULTS

In this section, the performance of various carrier schedul-
ing schemes in the LTE-Advanced system is obtained through
simulations with the parameters listed in Table I. The urban
macro (UMa) wireless environment is used as the channel
model [5]. The path loss attenuation factor is modeled as

o™= — [128.1—f; + 37.61ogy, (d<">)] (in dB),

where d(™ is the distance between user 7 and the eNB in km,
and f; is the carrier frequency.

We first calculate the analytical transmission capacity per
CC according to (11), which is pi.. = 2.5811 s~1. Then, we
set the arrival rate \ according to the total capacity of the
uplink network, i.e., = Ljicc, to maintain the traffic load of
0 < p < 1. The average transmit power per CC of each UE
with uplink power control is analyzed to be P.. = 15.06 dBm.
The simulation results of the cumulative distribution function

1.0

s L Actual SINR| /
| |- — — Target SINR /
0.6 /
s yd
o 04 /
0.2
0.0 ' : : : : :
-20 -15 -10 -5 0 5 10 15
SINR(dB)
Fig. 3. CDF of the SINR with nonideal uplink power control.
10 — . . . . —
é 8 \Q Analysis * ]
= L Simulation ——
3 6 \é ~
gL T~ 4 CCs
s 4
= [ S T ]
o 2 PN
2 2CCs ]
o
2 ol — : : : : : :
< 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Traffic load p

Fig. 4. Analytical and simulation results of the average data rates in the
systems with 2 and 4 CCs using the JC scheme.

(CDF) of the SINR is presented in Fig. 3. It can be found
that the fast fading causes nonideality of the power control,
leading to a wider distribution of the SINR.

Both the analytical and simulation results are shown and
discussed in the following.

A. Average Data Rate

Fig. 4 plots the analytical and simulation results of the
average data rate with 2 or 4 CCs under the JC scheme. The
simulations obtain the same results as the analytical solutions
in (19). The data rate decreases linearly as traffic load p
increases. R of the JC system with 4 CCs is 2 times of that
with 2 CCs because that more CCs are aggregated with the
JC scheme, resulting in higher transmission capacity /.

Numerical results of the average data rate in the IC scheme
with various dispatching algorithms are compared in Fig. 5.
The obtained R of IC-RA is only related to the traffic load p
as analyzed in (22). Since RA does not help with balancing
the traffic on each CC, it can hardly increase the transmission
capacity. Therefore, R of IC-RA can be regarded as a lower
bound. The RR and JSQ algorithms obtain higher throughput,
especially when there are more CCs available in the network.
The analytical upper bound of RR according to (25) is close to
the practical results. As analyzed in Section V, JSQ acquires
the best R among the three dispatching algorithms.

Fig. 6 plots the average data rates of the DCA scheme,
using the SLQ and RRP methods. Both SLQ and RRP obtain
the same R as the JC scheme, confirming the full utilization
of the carrier resources as explained in Section V. Similar to
JC, the UEs in the system with 4 CCs also enjoys higher data
rates than its 2-CC counterpart with the DCA scheme.

B. Normalized Energy Efficiency

The EE performance of the carrier scheduling schemes are
shown in Fig. 7. For all the schemes, the NEE decreases when
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Fig. 6. Analytical and simulation results of the average data rates using the
DCA scheme with various dispatching algorithms.

the traffic load becomes higher. The IC-RA scheme has the
lowest R, while JC incurs the highest power consumption.
Thus, they obtain the same worst NEE irrespective of L,
which can be regarded as the lower NEE bound. The NEE
results of IC-RR and IC-JSQ are better than that of IC-RA,
attributed to their balancing effect on the traffic of the CCs that
consequently enhances the data rate. The DCA-IBS obtains
the best NEE due to its full utilization of radio resources
and the ideally balancing mechanism, which can be used as
a theoretical upper NEE bound. The SLQ and RRP schemes
obtain the same NEE while using the identical dispatching
algorithm, outperforming IC and JC. The JSQ method achieves
the best balancing effect. It consequently improves the data
rate for IC and decreases the energy consumption for SLQ
and RRP. When more CCs are available in the uplink system,
the NEE of the DCA scheme increases as our analysis.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Traffic load p

Fig. 7. Analytical NEE values of the DCA-IBS and simulation results of
NEE with various schemes and dispatching algorithms.

C. Backward Compatibility and Signalling Overhead

Fig. 8 presents the probability of each UE using only the
PCC. With a heavy traffic load, every CC is busy at serving
its own flows, and thus nearly no idle CC can be used
as the SCC. Therefore, P {L* = 0} is higher with increase
of p. The IBS acquires the highest P {L* = 0}, since the
ideally balancing mechanism can reduce the chance of carrier
aggregation. As analyzed in (43), (45) and (47), SLQ achieves
higher P{L* = 0} than RRP, resulting in better backward
compatibility. Specially, in the 2-CC system, their behaviors
are the same. The JSQ algorithm helps UEs to obtain more
chances to use only the PCC for communications.

Fig. 9 presents the simulation results of the signalling
overhead required by the SCC switch procedure when p = 0.5.
The SCC switch frequency in the 4-CC system is higher than
in the 2-CC one, since more CCs may be selected as SCCs
during their idle periods. SLQ and RRP are the identical DAC
scheme for the 2-CC system as mentioned in Section V, so
their results are same. The overhead for the SCC switch with
SLQ is much higher than RRP in the 4-CC system. The reason
is that all the available SCCs are aggregated and switched
together by the SLQ scheme, leading to much more overhead.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 32, NO. 12, DECEMBER 2014

1.0 — . . . —
3 ~
0s 2 CCs ,/O:Egggffgiiig
I @ = 1
06 4,45?@//@ ]
=00 % : — SLQ  RRP
* 1 0.4 ,,//@/{:] RA 7[]7 B
2| RR —O— --o--
N 02 ///E]//E] 50 A
i IBS —O— --o--
0.0 Ll . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Traffic load p
1.0
SLQ
0.8 |RA —O—
= RR —O—
;-Aﬁll 0.6 JSQ —A\—
T 04|BS —O—
=3 F :
N2k
A 4 CCs ]
0.0 =S - -R--T 77 s s

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Traffic load p

Fig. 8. Analytical values in the IBS and simulation results of the probability
of each UE using a single CC with the SLQ and RRP schemes.
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Fig. 9. Comparison of simulation results of the SCC switch overhead of
each UE with the SLQ and RRP schemes.

VII. CONCLUSION

In this paper, a dynamic carrier aggregation scheme is
proposed to improve the energy efficiency in uplink networks.
The JC and IC schemes are introduced as the baseline ap-
proaches with poor EE performance. A new EE metric based
on bits-per-joule is derived for elastic traffic. The NEE is
then proposed for the purpose of universality. Each scheme
is analyzed using queuing theory in terms of the data rate
and EE. An IBS is built to analyze the upper bound of the
performance for the proposed DCA scheme.

Simulation and numerical results suggest that the proposed
DCA scheme can efficiently reduce power consumption, while
fully utilizing carrier resources to achieve high data rate.
Moreover, SLQ has better backward compatibility, and RRP
decreases the requirement of the maximum transmit power at
UEs and signaling overhead for the SCC switch. In addition,
three dispatching algorithms are compared. With more balance
capacity of JSQ, the EE of the DCA scheme can be enhanced
and even close to that of the IBS. The further analysis and
evaluation of the DCA scheme can be extended to the CA-
based systems with non-contiguous and heterogenous CCs,
which may lead to various transmission capacities of each
CC.
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