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Abstract—In this work it is examined if downlink Carrier R;X St
Aggregation (CA) can be used to save UE energy. A dual-receiv S A
LTE release 10 UE is compared with a single-receiver LTE —(Tx 88} > Tx RF}
release 8 UE. The models are based on scaling of an existing PszBV\ /'pTxRF
LTE release 8 UE power model. The energy consumption of the h
. . ] ! .. RXBB, PRrxRF
UEs is examined in a Heterogeneous Network scenario consigj Ve ~

of macro and small cells. The unexpected conclusion is that
4 [\

CA UEs can save energy, compared to LTE release 8 UEs, if

they, depending on cell load, experience a throughput gainfo Rryx Srx
20%. However if the UE throughput is unaltered the energy Fig. 1. LTE UE release 8 power model, [8, Fig.1]
consumption can increase up to 20 %.
. INTRODUCTION TABLE |

Carrier Aggregation (CA) has been standardized in LTE FIRSTORDER POLYNOMIAL PARAMETERS, [8, TAB. 3]
release 10, and it entails that the CA UE can connect to _Part Variable Po p1
more than one component carrier (CC) in the downlink. $)>(< BBBB ng {mg:g:} -324656;1“\/\\/)/ S-gg mmmg:ﬁ
Previously research has shown that CA can be used to provide 5, ¢ SFIXX [dBm] 607 mW  -1.11 mW/dBm
better coverage and average throughput if carefully agiljst TX RF Sty [dBm] -71.3 mw  5.50 mW/dBm
[1]. Unfortunately little attention has been paid to how the Tx RF2 Sty [dBm] 943 mw 117 mW/dBm
increasingly complex requirements, [2], to the UE transzei 2valid for —30 dBm < St} < 10dBm

® valid for 10 dBm < St < 23 dBm.

TABLE I
CONSTANT PARAMETERS, [8, TAB.2].

potentially can increase the energy consumption. Neitlasr h
it been examined if operators can adjust their LTE network,
using CA, to help the CA UEs save energy.

In previous work Wang et al. [3], discussed CA UE struc-—"a" Bde  Feon  Prx  Prx  Prutx Pocw
i i ode [-[]  mide Tude MRx MTx MTx-MRx  M2CW
tures and estimated the current consumption based on RI‘%‘/"alue W 080 155 042 055 016 o

components’ data sheets, but the energy consumption was net

evaluated in a realistic scenario. The energy consumption(,chhnounc(:_‘d a CA chip set [7], but because it is not yet com-

CA capable UEs was discussed in the 3GPP, [4], [3], Wh?rqercially available an empirical model cannot be estabtish

CA was proposed, but there are no accu_rate evalua_tt|0|_"|s of h‘F’M\'erefore a CA model is derived from the existing LTE release
CA will affect the UE energy consumption. Deactivating th

) . & (R8) power model in [8]. The block diagram of the R8
Secondary Cell [6], i.e. the UE does not receive or transnmédel) ig shown in Fig. 1[.]The model is dgfined in Eq. (1)

from that cell, was however standardized to save UE enerq}/smg the parameters in Tables | and Il. Descriptions of how

In this work a novel CA UE power consumption model i ' : :
proposed and it is shown that CA can actually prolong U e parameters were defined and measured are given in [8].

battery life if the network is configured properly. This nbve Flot =midie - Pde + Tidie - { Peon + m1x - mRx * Prerxt-
conclusion is based on a comparison of LTE release 8 and  mpgy - [Prx + Prxre(Skrx) + Prxes(Rrx) + macw - Pacw]
10 UEs energy consu_mptlon in a Heterogeneous Network + m1y - [Pry + Pre(Stx) + Pras(Br)]} W] (1)
(HetNet) scenario consisting of macrocells and small cells . _ . .
First we propose a CA UE power consumption mode] Ne four functions in Eq. (1) are evaluated using Table | and:

and then we describe the considered HetNet scenario. By Poart(variablg = variable- p; +py  [mW] (2)

combining the statistics from the HetNet simulation witle th T1is work focuses on downlink CA and hence the transmitter
UE model the energy consumption is calculated and discussEQrt of the UEs is disabled in the following, iy = 0.

Finally the paper is concluded with recommendations fgf 3Gpp three band combinations have been defined, [9]:
network operators who utilize CA. 1) Intra-band with contiguous component carriers (CCs)
1. DOwWNLINK CA UE POWER MODEL DESIGN 2) Intra-band with non-contiguous CCs
To evaluate the energy consumption of downlink CA UEs3) Inter-band with non-contiguous CCs
a power model is required. Currently only Qualcomm hasgether with two Release 10 UE receiver architectures [9]
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Fig. 2. ADC power consumption as a function of channel BW.

(a) Single Radio Frequency (RF) front-end with single wide-
band Analog-to-Digital Converter (ADC) and dual base
band (BB) processor

(b) Dual RF with dual narrowband ADCs and dual BBs

Architecture (a) is only applicable in scenario 1, because e

it cannot filter undesired frequency content between non- Carrier.2

contiguous CCs. Architecture (a) is however of interest be- "*°*®

cause the hardware is less complicated and because scendrig 4. Considered HetNet scenario with dedicated carrgpiayment.
1 will be used by some operators. - . .

The R8 mode?/was mage for a 20 MHz downlink channerlfecelvIng the payload it will sleep for (usingqe Watts)
but measurements were also performed for 5 and 10 MHz tsleepi = jg?l%] (trx,j) — toxi [s] (6)
Ezi&:%nii aDSoi\?ncn,r\]"Il Il?ilegll\ié\gh;a?;i;u;grrng n;(;/v;rse g?_ev%eere tix,; is the receive time_for UE and N is the total
PRBs, see [8] for further information. Based on those meaerJL!mber OT UES. _The purpose |s_to compare all UEs over the

' . . : SR same period of time as shown in Fig. 3. For later reference
rements a linear function of channel bandwidth is impleragnt

in the R8 model and the receiver’s power consumption is: note thatimax = jg[]la,])\(l] (tox.3)-

Prx, Re =Frx + Prore(Srx) + Prees(Rrx) I1l. THE HETNET SCENARIO

+ Papc(BW) + Pew W] (3
o AI,DC( )+ azow RB, zow W] G) HetNets are expected to be the next big leap in cellular
The probability of using 2 codewords igcw, and calculated gy gtem performance improvement by changing the topology
by the simulator. Architecture (a), called release 10 Wa&b ¢ 4 itional networks which will bring the network closer
(R10wb), is defined as end users. In a HetNet, a mixture of macrocells combined with
Prx, R1owb =Prx + Prxre(Srx) + Papc(BW) low-power nodes such as picocells, femtocells, and remote
o ext o, cd - Pocw o Generally based on careful REtWOIK planning to Masimize.
* Prceei(Fra) + Preea(Fr) [_W] _(4) the wide area coverage and control the inter-cell interfeze
and (b), called release 10 narrowband (R10nb), is defined agihile low-power nodes are deployed to either eliminate co-

Prx, R10nb= 2 - Pax + Prxrr1(Srx1) + Prxrr2(Sky2) (5) Verage holes in the macrocell or improve capacity at hotspot
' areas. In this paper, we focus on dedicated carrier deployme
I R I R P, BW1 . . .
+ Preeea(flr) + Preeez( iriz) + Paoci(BW1) Two contiguous CCs, each with0 MHz bandwidth, are

+ Papc2(BW2) + [g2cw, o1+ gacw, ecd - Pocw W] configured. One carrier frequency (CC1) is allocated to macr

The receivers’ linear power functions are given in Tabled areNB whereas the other one (CC2) is allocated to small cells.
the ADC function is shown in Fig. 2. The ADC of rellOwbThe small cells are implemented as RRHs and are connected to
can handle two contiguous 20 MHz bandwidths while the rel@acro eNBs via high bandwidth, low latency fibers. Thus, all
and rel10nb are limited to 20 MHz per ADC. baseband signal processing for the small cells (RRHs) could

The proposed CA power models are scaled versions of the placed in the macro eNB, allowing the aggregation of CCs
published R8 model, because we believe the linear scalibgtween the macrocell (configured as primary serving cell
is currently the best estimation available. The models do n@Cell)) and the small cell (configured as secondary serving
include DRX [10] or micro-sleep, which is a method whereell (SCell)). Referring to the 3GPP terminology, the datkd
a connected, but unscheduled UE can sleep during parts afaarier deployment with macro and RRHs is denoted CA
subframe [11], because the R8 model also does not inclusnario 4 [6]. The R8 UEs can only connect to either the
the methods. The idle mode power consumptity, given macro eNB or the RRH on the corresponding CC, based on
in Table Il, is therefore used as the UEs optimal low powetownlink signal strength and the range expansion (RE) bffse
mode. We anticipate DRX and micro-sleep will be of benefithich is used to increase the footprint of small cells by addi
in CA, because both receivers will not always be active. a positive bias to the signal strength of low-power nodesdur
The simulations are made such that when UEas finished cell association [12]. The R10 UEs configured to operate with
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CA can connect to both the macro eNB and the RRH using C#£
so that they can benefit from larger transmission bandwidth s
and therefore opportunities to be served at higher datz.rate
The corresponding example of the considered deploymer
scenario is presented in Fig. 4. 07

It is worth mentioning that as the packet scheduler for the
small cells (RRH) is physically located in the macro eNBpjoi |
multicell packet scheduling [13] for those UEs configurethwi 8 *°
CA is feasible. The difference between independent and join .-
proportional fair (PF) scheduler lies in the calculationtioé
scheduling metric. In joint PF scheduler, the denominafor o
the PF metric is updated as the sum of the average scheduli o2+
throughput over all cells where the UE has been schedule +§f§:i§;;§?f5-saadsm
in the past. It simply requires information exchange on the ot e
average scheduled throughput between the scheduler feomac 3, T oo oo oo o - 0

. Path gain [dB] / receive power [dBm]

fast and offciont load balancing betuween macro and smaf5 P2 841 () & ecee pouer (R1P). 0CL10 g he mean
cells, thereby allowing for more equitable distributionratiio T
resources among UEs. The comparisons between independe ost
and joint PF scheduling across multiple CCs can be referre
to [13] in the context of CA.

Offered cell load 10 Mbps

0.8

0.6

03

—@— PG R10 macro, p = -114 dB
—— PG R10 RRH, pt = -103 dB

0.1

0.7

IV. SIMULATION ASSUMPTIONS ANDENERGY sl
CONSUMPTIONRESULTS

é05
g0

The performance of the considered HetNet deploymen .|
scenarios is evaluated in a quasi-static downlink muli-ce
system-level simulator that follows the LTE specifications
including detailed modeling of major radio resource manage o
ment (RRM) functionalities. The network topology consists
7 hexagonal macrocells transmitting at 40W with 3 sectors pe Mo s
cell. 4 RRHs transmitting at 1W are randomly placed within o P s 5 " 00 20 40
each sector x 2 MIMO with rank adaptation and interference Fig. 6. Throughpﬁ;’aggiu“:”‘f‘é“”,&”gw is the mean.
rejection combining is configured. A bursty traffic model
is considered where the call arrival follows a homogeneotffoughputis used (RE=1.5dB with RSRQ cell selection for 10
Poisson process with fixed payload size per call. The averddfps OCL). Note R10 and R8 UEs are simulated separately.
offered load per macrocell area is calculated as the producFig. 6 shows the UEs’ average throughput. The CA UEs
of the user arrival rate and the payload size. We assumehieve similar throughput on both CCs and6 % higher
hotspot UE distribution, where 2/3 of the UEs are droppdtroughput than the R8 UEs. This is due to the CA UE on
within a 40 m radius of the small cells while the remainingverage is allocated 95 PRBs while the R8 UE gets 48 PRBs.
UEs are uniformly distributed within the macrocell areaeThThe CA UEs’ higher throughput entail they receive the pagloa
results in this section are for an offered cell load (OCL) dfster hence they can be in sleep mode for a longer duration.
10 Mbps and a UE payload of 10 Mb. Simulations were also The power consumption for each of the architectures is
performed with 20 Mb payload, but they do not affect thehown in Fig. 7. The R10nb on average uses 20 % more power
overall conclusions, and therefore the results are omifikd than the R8 because the CA UE utilizes two receivers. Fig. 8
scheduling granularity is 1 PRB. The UEs are mainly locatesthows the total energy consumption of the UEs. The R10wb is
around the small cells, and therefore the path gain to thél snthe most energy efficient solution and on average 4 % can be
cell is lower as compared to the macrocell as shown in Fig. £aved, while the R10nb entails a saving of 3%. The savings
For R10 UEs, it is assumed that they are always connecteditay not seem impressive, but it is of interest that CA does
both the macro and the most dominant RRH so that they caot introduce an energy consumption penalty on the UE given
benefit from potential larger transmission bandwidth aret fathe model and scenario assumptions. The figure also contains
inter-cell load balancing. This however does not entail R0 a breakdown of the energy consumption in active and sleep
UEs will always be scheduled on both CCs, as the schedulimpde. The R8 UE consumes more than 25% extra energy in
of each CC is based on the channel quality and the cell loadttive mode compared to the CA UEs even though the actual
For R8 UEs, different RE offsets are simulated. Only thpower consumption of the R8 UE is 20 % lower as shown in
optimal RE offset that maximizes the cell edge (5-percentilFig. 7. This is due to the lower throughput which entails the

Offered cell load 10 Mbps

N
T

—@— R10 ccl, p = 33.1 Mbps
—>*—R10 cc2, p = 31.9 Mbps
—— R10 sum, 1 = 65 Mbps




. TABLE IV
MEAN RECEIVE TIME AND ENERGY CONSUMPTION

Offered cell load 10 Mbps

09

trg—t t Erpg—FE
Load ¢ t t LR8IR10 'max  pp B E) R8— ~R10nb
R8 R10 tmax tre tR10 R8 R10nb £“R10wb ERrs

[Mbpg [ [§ [§ % M O g %
10 0.29 0.18 5.9 38 33 34 33 32
30 04 02763 33 23 3.7 3.6 3.5
50 0.61 0427 30 16 43 42 41
70 0.96 0.68 9.2 29 13 59 57 56

0.6

wwww

CDF

05F
TABLE V

041 MEAN VALUES USING A MINIMUM THROUGHPUT LIMIT OF 5 MBPS.

tre—tR10 & Erg—E
Load trs trio tmax “RE—R10Imax  poo Foionb Friowh —RE-—R100b

03 trg  tR10 Erg
[Mbpg [s] [g [J % M O %
0.2
10 0.28 0.18 1.6 37 9 12 11 11 7
o1l —@—R10nb, u=2.38W 30 0.39 0.27 2 32 7 1.5 1.5 1.4 6
A et 50  0.56 0.42 2 25 5 1.8 1.7 16 3
0 ‘ ‘ ‘ ‘ —— ‘ 70 0.76 0.65 2 15 3 2 21 2 -2
1.8 1.9 2 21 22 23 24 25 2.6
Power consumption [W]
Fig. 7. Power consumption. OCL =10 Mbps,is the mean. IV contains the associated results for mean receive time
ir S and energy consumptiofl. The first thing to observe is that
0ol the receive time difference between R8 and R10 decreases
as the cell load increases. Furthermore the ratio betwesn th
o8 longest receive time and average R10 receive time decraases
o7k the load increases because the average throughput apgsoach
the minimum throughput i.e. the throughput spread is much
0.6 : : : : . . . .
Offered celload 10 Mbps ;maller, \_Nhgrj the cell load is high. This means the sleep time
§ os- T , , , is very significant for all loads hence the sleep energy is the
oal T major contributor to the total energy consumption. Thetieta
T > Total R10wb, =323 energy consumption difference between R8 and R10 is almost
03f e a2 constant. The reasons are that the active time ratio is almos
02 T o Aeiveraposty constant and that the sleep mode, which consumes the same
Sleep R10, =28 / amount of energy for both releases, is dominating.
01F —%—SleepR8, u=281J . . .
T J Due to the sleep time definition in Eq. (6) a slowly down-
o v L = LS L = loading UE will entail all other UEs experience long sleep
s E E"e'?”°“sgcp‘t"_mlo Mbos.is th times. In the previous results this meant the sleep energy wa
9. 8. Energy consumption. OCL = Rs.Is the mean. dominating and therefore an artificial simulation campaign
TABLE Il .
MEAN DATA RATE AND RECEIVE POWER was made, where UE; Wlth a throughput. below 5 Mbps_ were
excluded from the statistics. This results in a lower maximu
Load Rrs  RRriocct RrRiocc2 RR10sum SR8 SRiocel SR10cc2 L . .
[Mbpg [Mbpg [Mbpg [Mbpg [Mbpg [dBm] [dBm] [dBm] receive time as shown in Tgple V. The 5 Mbps throughput limit
10 12 33 32 65 1 69 73 _affects all scenarios, ar_1d it is clear that CA has an advantag
30 32 22 24 45 —72 70  —73 in low cell load scenarios where the energy savings now are
50 24 15 17 31 -3 -2 - 5-7%. When the cell load is increased the difference between
70 18 10 11 21 —74  —73 =75

R8 and R10 receive times decreases. This means the active
energy consumption of the R8 UE becomes smaller than the
UE has to remain active for a longer time in order to receieA UE hence the CA energy advantage is lost.
the same amount of data. As discussed in section Il CA can obtain even higher energy
Given the major difference in active mode energy consumptigavings by the use of DRX and/or micro-sleep, because the CA
major overall savings could be expected, but due to the slégp is scheduled less often when it is in RR®@nnected mode.
mode definition in Eq. (6) the UEs on average spend less th@ig. 9 shows the UE activity factor, which is the ratio betwee
10% of the total time in active mode, hence the sleep modeheduled time and connected mode time, of the simulated
energy consumption is dominant. The reason is that a singi@ Mbps cell load scenario. When the UE is connected to
UE with low throughput prolongs the sleep time Vjgux. the macrocell it is scheduled less than 50 % of the time, and
The simulations were also performed for other cell loadbased on the assumptions in [11], where it is estimated hieat t
and the mean values of these results are shown in the folpwienergy consumption in micro-sleep mode is half of the active
Tables. Table Ill contains the results for mean throughpotode, the energy consumption can be reduced 8§ %. One
rate R and receive powelS as a function of the cell load. reason for the low activity factor is due to the CA UE always
The CA throughput gain decreases as the cell load increabetg connected to both CCs even though one of the CCs may
because each UE is allocated less PRBs less often. Tadt@erience so low path gain that it cannot serve the UE.
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the downlink throughput is increased 20 %, hence this is what
network operators should aim for.

In this work two CA UE architectures where mapped to a
power model, and the energy consumption of the new UEs
were compared with an existing LTE release 8 UE in a
Heterogeneous Network scenario. The reason why energy can
be saved is that the CA UE can enter sleep mode faster, and
this low-power state is the key to save energy in current UE
o architectures. If the LTE network using CA is implemented
to improve the coverage the throughput gain may be small.
This can entail the CA UEs experience an increased energy
consumption of up to 20 %. Discontinuous Reception and the
micro-sleep concept can add to the CA's advantage because
the CA UE is likely to be scheduled less often, when it is in

—@— R10 macro, p = 41 %
0.9 —>—R10RRH, p=84%
RS, 1 = 88 %

0.8

0.7+
Offered cell load 70 Mbps
0.6

Di
o
o

0.4

0.3+

I I I L i I I I |
0 10 20 30 70 80 90 100

50
Acitivity Factor [%]

Fig. 9. Activity Factor. OCL =70 Mbpsy is the mean.

TABLE VI
MEAN POWER VALUES AND BREAK-EVEN POINTS FORL0 MB PAYLOAD.

[Lﬁgg g ﬁ? [53]10”*’ f\D/T/]NWb 0o g e connected mode and receiving finite buffer traffic.

To summarize CA can be used to increase the throughput,
?1)8 g gé gf fé 51 and moreover decrease UE energy consumption, both key
50 1.9 2.3 2 19 8 performance indicators leading to a better user experience
70 1.9 22 2 19 7
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