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Abstract—An LTE smartphone power model is presented to
enable academia and industry to evaluate users’ battery lé on
system level. The model is based on empirical measurementa o
a smartphone using a second generation LTE chipset, and the
model includes functions of receive and transmit data ratesand
power levels. The first comprehensive Discontinuous Recéph
(DRX) power consumption measurements are reported togethe
with cell bandwidth, screen and CPU power consumption.

The transmit power level and to some extent the receive data
rate constitute the overall power consumption, while DRX poves
to be a very efficient method to prolong the battery life.

Laurent Noél
Vidéotron, Montreal, QC, Canada
Laurent.Noel@videotron.com

In [6], [7] measurements on LTE modems are presented,
but the power consumption is only reported as a function of
receive and transmit data rates. This is problematic becaus
the power amplifier (PA), as shown in this article, is the LTE
modem part which consumes the most power, when trans-
mitting at maximum output power. The PA also exhibits the
largest power variation and therefore constitutes big itk
energy savings. In addition, [6] claims that switching to a
low power idle state will not reduce the power consumption

significantly. In this study we present what we believe is the
|. INTRODUCTION first comprehensive Discontinuous Reception (DRX) power
Today smartphone users experience limited battery lifgtimnconsumption measurements. The results clearly show that
and the trend is not expected to improve in the future. ThisBRX is an important method to prolong UE battery life. In
due to an increasing gap between smartphone battery capaldit DRX power consumption is measured, but they report the
and the energy required to power a smartphone, [1], [2],qusiPRX power consumption to be 1.1 W, where we measure
complex telecommunication standards, such as the UTRAND3 W. Furthermore, they do not evaluate how the DRX
Long Term Evolution (LTE) standard [3]. This is a majopower consumption depends on the main DRX parameters On
issue because User Equipment (UE) battery life is key furation and Long Period [8]. The only existing detailed DRX
achieve high user satisfaction [4]. The UE energy conswmptimodel was proposed by Nokia [9], but based on arbitrarily
depends on the mobile network setup and therefore a coselected values, which we show do not match well with current
prehensive smartphone power consumption model is needetk: modems. We therefore believe our model can be used
when system level designers adjust key network paramete system level to get a more accurate and realistic view
In previous work smartphone power consumption was egf DRX's applicability. The work in [10] covers the basic
amined by running an application on the phone, which logJE parameters, but also has its limitations: the UE is a USB
battery discharge [5] or, by measuring the power drain usidgngle, which is a non-power optimized device, and also uses
external monitoring equipment [2], [6]. All measurementa first generation LTE chipset, for which neither the impdct o
were made in a live network entailing the authors could n@RX nor that of cell bandwidth (BW) were captured.
control and record network settings. However, networkerac First we present the power model design, then we discuss
analysis was applied to estimate some parameters in [7]. our measurement setup and results, which mainly focus on the
In this work we apply network emulators to perform contTE modem. Next, we fit the model to the measurements and
ducted tests and measure the power consumption usingadidate it. Finally, we discuss the limitations and presan
battery dummy. This entails full control and easy loggingonclusion and outlook for future work.
of network parameters missing in the previous work. Fur-
thermore, there is no power footprint when using external Il
monitoring equipment as opposed to the logging application In this section, the smartphone power model is designed. It
The general approach to smartphone modelling is to app$ybased on [10] but updated to include cell BW and DRX in
submodels covering the screen, network modem, CPU aaddition to the functions of Transmit (Tx) and Receive (RX)
other components. In [2], [5] the screen power consumptson power levels (S) and data rates (R) as shown in fig. 1.
a function of general and pixel brightness, and the CPU powerThe modem power consumptidfnodem is defined as
consumption as a function of utilization, and in [5] also as a
functionpof clock frequency, is examined. Each [st]udy briefImeOdem* Midle - Pdle + MbRx * Porx + Mact* Pact  [W] (1)
examines WiFi but completely disregard the cellular modemhere m are Boolean variables used to activate certain UE
In this work we show a smartphone’s LTE modem is a majonodes. The power consumption variablésare functions of
power consumer, hence it is important to model and optimizelevant input parameters as defined in the following sectio

DESIGN OF THESMARTPHONE POWER MODEL
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TABLE |
DEVICEUNDERTEST(DUT) MAIN PHYSICAL CHARACTERISTICS.

. —( Tx BB DAC Tx RF
transmit
LY UE1 UE2 UE3
Pres "~y 27 Prwr Y Android OS version 2.3.6 4.0.4 40.4
@@ Launch date May '12  June '12  Nov '12
P . | « Prrr Modem & CPU CMOS node 45 nm 28 nm 28 nm
s yPADC S RF transceiver CMOS node 65 nm 65 nm 65 nm
Received RF transceiver Part #A  Part #8  Part #B
Rx BB ADC Rx RF
data ? - (Rx RF) Band 4 PA Part #C  Part #C  Part #D
Rry BWT Sry LTE bands 4,17 4,17 2,4,5,17
Fig. 1. LTE smartphone modem power model. Red dashed lirdisaie TABLE II

power consumption and blue solid lines are input parameters MEASUREMENT TEST PLAN CELL BANDWITH 20 MHZ. CARRIER

FREQUENCY2145 MHz. DOWNLINK TESTS MADE FOR1 & 2 CW.

Power

trise DL parameters UL parameters
/ ton Testcase \ics PRB Sy MCS PRB Sty
tsteep [ QActve _ Ry pp ! [0.281 100 -25 6 100  -40
| Time 2 0 [0,100] -25 6 100  -40
Fig. 2. DRX timing parameters. RX RF 43 g 31 00 _[2?5’_90] 66 [(1)01000] 4%0
™BB g5 o 3 25 [0,23] 100  -40
TXRF 6 0 3 -25 6 100  [-40,23]

The active power consumption model includes transmit and
receive Base Band (BB), Radio Frequency (RF), and BW

power consumption as shown in fig. 1. Each component hggdel is made for system level simulations were average pa-
an input parameter defining the power consumption: rameters are often used instead of Transmission Time kiterv
(TTI) level values. If TTI time traces are usel; is still

Pact= Peon+ mRrx - [Prx + B Rgrx) + Srx) |+ (2 )
act eon R [Pl s (firx) e )+ (2) applicable, but the average valuesifi and Porx are not.

mrx - [Prx + Pres(B1x) + Prre(STx)] + Paw (BW) (W]

The RRCidle mode power consumption depends on the
length of the paging cyclg,, because the modem will power To obtain realistic values for the smartphone power model
on once each period to check if it is paged by the networkmeasurements were carried out on 3 LTE smartphones. UE2

was selected as the basis for the model. All measurements are

Pate (tpc) = (tia - Pia + (tpe = tin) - Pis) /tpe W] (3) performed in a conducted test environment, each UE being
where iS and iA indicate the sleep and active parts of tipdaced in a Faraday cage to ensure adequate shielding from
paging cycle. By measuring the two power paramef&sP,  the surrounding laboratory basestations. UEs are corhecte
and the active timeja the average idle power is estimated. to an Anritsu 8820C eNodeB emulator, according to GSMA
The DRX power model is a function of DRX Long Periogg  TS09 battery life test guidelines, using a dummy batterys UE
and On Durationynp, [8]. The parameters are defined in there supplied with a linear, low noise DC power supply, and the
sketch of a DRX period fig. 2. The DRX sleep powBsryx UE instantaneous power consumption is recorded over dt leas
is defined to be the average of the power consumed durid@ seconds per test point. The UE average power consumption
the sleepiseep rise tise and fall tr stages and the part ofis then post processed. The power measurement accuracy of
the active periodgn,, where frequency synchronizatiogncis the test setup, including repeatability of the collectethda
acquired: estimated at:10mW. UEs are modern, Android based touch-
screen smartphones whose relevant hardware characteristi
can be found in tab. I. RF cable insertion losses are cadiirat
for each UE for both uplink (UL) and downlink (DL) carrier
frequencies. Measurements are performed in band 4 (AWS
band) on DL carrier frequency 2145 MHz. The strategy to

IIl. CONDUCTED SMARTPHONE MEASUREMENTS

ton(tLP) = tsync(tLP) + tonD [S] (4)

As explained in sec. Il thérx, trise tral, @andisync depend
on whethert p < 40 ms. The sleep time is

tsieep= tLp — trise(tLp) — trail (tLp) — ton(tip)  [8)  (5)  derive the UE power consumption model is based upon [10],
hence the average DRX sleep power is i.e. estimate Rx BB, Rx RF, Tx BB, and Tx Rf contributions
by varying one variable, shown in brackets, at a time in
Porx (tLp, tond) = tsieep” Peteept ERir+sync(tLp) [W] (6) respective test cases (TC) in tab. II. For the sake of siritylic

tLp — tonD only the results collected in 20MHz cell BW are presented.
where Er/r+sync iS the energy consumed durifigse, tri, and Measurements collected for 15 and 10 MHz cell BW are used
tsync Stages. ThePprx does not include the power consumedbp validate the derived UE power consumption model accuracy
in tonp, this value should be calculated usify in eq. (2). Out of the numerous baseband receiver tasks, for a given
Average power consumption values are used because ted BW, Turbo decoding activity scales in a linear fashion
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Fig. 3. Receive BB, test case 1. Fig. 4. Receive RF, test case 3.
1550 T
UE1
with the DL data rate [11, Ch.14]. Fig. 3 clearly illustrate: 1500 ‘9‘355
the linear power consumption increase vs. DL data rate: T¢ - -UE2fitP R )

stresses the turbo decoder by varying the PDSCH MCS, wh
TC2 operates at constant MCS and increases DL data rate _
varying the allocated DL PRB. The TC2 result is omitted sinci
it has a trend similar to TC1. In both TCs, the Tx contributio g *°| 1
is minimised by using a low?tx and transmitting at minimum &
power Stx. Using 2 code words (CW) adds a constant offse g 1350 1
Fig. 4 shows that the Rx RF chain power consumptic3
increases as the DL carrier power is decreased, with eitt 3% I
one or two sudden power consumption steps. The gain st
are believed to be caused by Low Noise Amplifier (LNA  1250f -8 a : O
gain control. Modern RF CMOS transceivers [12] implemetl —
discrete gain steps in the LNA to deliver the best compromi 12003 ‘ ‘ ‘ ‘ ‘

14501 : .

)

. . . 10 20 30 40 50
between linearity and power consumption. The LNA may & Uplink Data Rate [Mbit/s]
implemented with two (UE1 & UE2) or three gain (UE3) Fig. 5. Transmit BB, test case 4 & 5.

modes. The gain step may entail a sudden phase jump, which,
if toggled frequently by the Automatic Gain Control loop,yna
degrade the BB demodulation performance. One mitigatitime power per Mbps is reported to be higher for transmission
technique often used consists in applying hysteresis on than reception, but fig. 3 & 5 clearly show this is not the case.
LNA gain step control. This was observed by decreasing andFig. 6 shows modem power consumption is dominated by
increasing the received power during the measurementss buhe PA whenStx > 10 dBm. The ACLR power consumption
not shown here for the sake of simplicity, and since hysigeresrade-off is handled differently between UEs: the PA of UE1
won't dramatically impact the UE power consumption mode& UE2 uses 2 gain modes, while UE3 PA uses 3 gain modes.
Fig. 5 shows the Tx BB power consumption vs. the UL daféhe ACLR performance is out of the scope of this study.
rate. The Tx BB power consumption is nearly independentWhile UE2 and UE3 only differ by their PA and front-
of the PUSCH data rate, hence a constant value can éxed architecture, UE1 & UE2 use the same PA and differ
added to the model. Power consumption steps can be segrthe BB CMOS process and front-end architecture, tab. I.
in UE1 (12mW) and UE2 (10mW) when UL modulationinspection of the PCB layout indicates a lower component
toggles from QPSK to 16QAM. It is believed that theseount and PCB area for UEL than UE2, but it is believed that
are due to PA bias settings to deliver the best compromige PA to antenna port insertion losses are within a fraafan
between Adjacent Channel Leakage Ratio (ACLR) and powaB from one another. It is therefore assumed that UE1 & UE2
consumption performance under the higher Peak-to-Avergmawver consumption difference is dominated by CMOS process
Power Ratio (PAPR) of the 16QAM modulation scheme. Th&hrink. At transistor level, CMOS 28 nm can save between
Rx chain power consumption is minimised by selecting a lo85 to 40 % power vs. CMOS 45nm [13]. From a system
DL data rate and maximum DL RF input power. In [6], [7]performance perspective, our measurements show a moderate



TABLE Il

30001 UEL ' ' ' ' 7 MEASUREDDRX PARAMETERS. BASED ONtonp OF 1 AND 6 MS.
-6-UE2
2800Q UE3 A power 658 mW
- - =UE2fit- Pt RF(Pt ) tp Psleep Lrise trall tsync ER/F+sync
26001 - - <40ms 570 mW 6 ms 9 ms 8 ms 19.2 mJ
>80 ms 29 mW 26ms 21lms 21ms 414 mJ
% 2400}
g TABLE IV
z 22001 AVERAGE POWER DIFFERENCE COMPARED T@0 MHz CELL BW.
o
> 2000}
=S Cell BW Rx BB Rx RF Tx BB Tx RF Global
3
9 1800} 10 MHz 146 mW 151 mwW 137 mW 148 mW 145 mW
15 MHz 40 mw 45 mW 44 mW 42 mW 43 mW
1600}
A power 102 mW
% e Th formed fgip of 1-200
o o <-‘¢'€' o ::_ L'G‘"?(‘” : : d ebmeaslurer?ents were per orrr?eUEg]{D (0} - iy ms,h
240 ~30 0 10 0 10 20 and opviously a ongonD prgventst e rom reac_ Ing the
Transmit power [dBm] - QPSK modulation deep sleep mode. If thigp is selected properly the time and
Fig. 6. Transmit RF, QPSK modulation, test case 6. power values are however independent of the, and the
results are given in tab. Ill.
A0 o rrv s When ¢ p = 64 the UE will almost reach the deep sleep

——DRXLP 40 ms|:
- - -DRXLP80ms|:

mode if tonp = 1 ms, while for longertonp it only utilizes

the light sleep mode. Measurements on other LTE UEs have
shown similar power consumption trends, but the rise, fadl a
on times are varying among the UEs and depending pn

1000} -

g 80 ? T and tonp. When ¢p <20 ms the UE does not sleep at all
£ BN SRR N 7 and therefore measurements with DRX Short Period were not
S coole : ¢ performed.
g . B. Cell Bandwidth Dependency
oo To determine the power consumption dependency on cell
B e L i BW, TC 1, 3,5, and 6 in tab. Il were repeated for cell BWs
200} T - s..i of 10 and 15 MHz. Next each measurement point of the

CEEI ST O O D S N o _ . TCs, made using 10 and 15 MHz, was compared with the
- «— 2 5 : measurement point of the corresponding 20 MHz TC, and the
0 10 20 30 40 50 60 70 80 average power difference per TC was determined. The results

Time [ms] are given in tab. IV. The global average is used as a basis for
Fig. 7. DRX for long periods 40 & 80 ms. the cell BW dependency in the power model.

C. Other Smartphone Components

7 to 11 % savings at low and high data rates respectively. The screen power consumption was measured, when the
UE was in flight mode and using both a static and an example
A. Connected Mode DRX of a live tiles background. The result is shown in fig. 8, and
Connected mode DRX measurements were made for lothg power consumption as a function of screen brightness is
period¢ p of 32-2048 ms, and one result is shown in fig. 7almost linear. Turning the screen on cost8.5 W and if the
The UE was not scheduled durirgp to prevent triggering screen is set to full brightness another 0.35 W is consumed.
of the Inactivity Timer. Whent p < 40 ms the UE powers To examine the relative contribution from the major power
down fast to a 0.57 W light sleep mode. Whgp > 80 the consuming components in a smartphone, measurements were
UE enters a deep sleep mode consuming only 29 mW, whialso made to evaluate the CPU and GPU. They were loaded
is close to the modem being powered off. The reason is tH&0% by using the Android app StabilityTest v.2.7, and the
the UE can disable BB & RF including the Local Oscillatorcombined result is shown in fig. 9. When all components
and instead utilize a low precision oscillator to maintaing are fully loaded, which is highly unrealistic, the LTE modem
synchronization. When the modem awakes it takes longerdonsumes about half of the total power. A scenario where the
reboot, and in addition it needs an LTE frame (10 ms) tmodem and CPU+GPU is less loaded is more realistic and
achieve proper frequency synchronization. This is done by that case the screen, which in the full load scenario only
receiving Synchronization and Reference Signals. Henanwhaccounts for 20 %, will become more dominant. The figure
tip >80 ms bothtise andtsy are increased, but algg, due however indicates that it is important to continue working o
to the re-synchronization. the LTE modem, especially the transmit PA.



TABLE VI

1600 [ UE2, static : : ' ] POLYNOMIAL FITS . POWERS ARE IN M.
[T UE3, static
>t UE2 P, (x) = X(R+979 mW
1400H C1UE2, live tile example live | -
B UE3, live tile example ) Part Function Comments
s PryaB 1.00 - Rrx — 3.51 Pocw = 37.8
1200¢ - ENEE R HEN Prxre —0.08 - Spy 4 34.5 Sgryx < —45.5 dBm
E UE2 Pyjayel) =xBAxs28mW L .--p] Prxre —0.02 - Spy — 1.23 Skx > —45.5 dBm
£ 1000} g - . Prgg 593
S 0 PryrE 1.18 - Srx + 43.5 Stx < 1.1 dBm
2 ook . M ; Ui -1 | Pryre 1.77-52,—8.96- Src+ 109 1.1 < Sty < 15.6 dBm
3 i3S e - PrxrE 103 - Srx — 962 Stx > 15.6 dBm
2 BN S Ps 0 mMW=20 MHz, -43 mW=15 MHz, -145 mW=10 MHz
2 600 L N--3 .
5 i
< 400} 1 tab. VI. The measurements in tab. Il were made with only one
varying parameter e.gSgry, but the other Rx parametdtry
200r 1 still contribute to the total power consumption when the elod
ol is used. Therefore a common receive point (MCSO0, 100 PRB,
Screen off 0 < 25 o 50 y 75 100 -25 dBm) was identified and the average value subtracted from
creen brightness [3] the y-intercept point of the Rx fits. A similar approach was
Fig. 8. Screen power consumption, UE in flight mode. used on the transmitter. Finalfr,=28 mW andPr,=38 mW
100% were estimated by comparing the first and second test points
0% ;’a"smi“:(;:;b"ﬁ‘m of TC 2 and 4 i.e. the UE being allocated either 0 PRBs or
? 1,35 eceiver ps A A
80% ——————— M Modem on (lowest data rate and Tx power) tranSferrln_g_Wlth the lOV\_/eSt data rate.
70% | CPU+GPU (100 % load) An empirical verification of the modem power model was
60% :Z‘:ee”("”(l"” f/f "Ved“’a"?a:_efllt o made by comparing the measured power consumption of TCs
on (screen off, modem In Tli; moae
50% — ¢ 1, 3, 5, and 6 of tab. Il for cell BWs of 10, 15, and 20 MHz
0% T with the power predicted by the model, which applies the
30% T — average values and polynomial fits of tab. VI. The relative

20% 1 error between the measurements and the predicted power for

1Zi Total power: 5.4 W each of the 3 cell BWs and 4 TCs is presented in fig. 10. They

o ’ _ show an average error of 1.0 % and a maximum error of 5.5 %,
Fig. 9. UE2 smartphone power consumption. Components dieléaded. \yhich we believe is sufficient for reasonable assessmengof U

TABLE V power consumption. The DRX and idle parameters have not
IDLE AND BASIC MODEL PARAMETERS been verified by additional measurements.
V. DISCUSSION
Peon tin P Pis Prx_ Prx The presented model is based on UE2, but as the included

1169 mwW 35 ms 290 mW 102 mW 28 mW 38 mwW

results on UE1 and UE3 show the power consumption trends
are similar for the 3 smartphones. It is however important to
WiFi was out of scope in this study, but in [14] measureemember that the model is meant for system level simulation
ments on a smartphone with a widely used WiFi chipset agad not examination of individual UE components.
presented. The receive power consumption is reported rnefn important limitation is that the measurements are con-
exceed 750 mW even for as high data rate as 49 Mbps, hedggted hence circumventing the UE's antennas. Due to lossy
WiFi power consumption is not a major contributor. antennas the power consumption may differ in real life, but
Over-The-Air measurements are complicated and expensive.
IV. THE SMARTPHONE POWER CONSUMPTIONMODEL  comparing our DRX measurements with Nokia’s estimated
In this section the model in sec. Il is fitted to the data fromumbers [9], which have been used extensively in 3GPP
sec. lll. The target is to capture the trend of the smartphoard academia, it is interesting to note that Nokia estimated
modem and not implementation specific techniques. the sleep power to be 1/50 of the “active with no data
The RRC idle mode power consumption was measured usimgception”-state. Our measurements show the ratio is 1/1.8
tpc =320 ms, and the derived parameters are given in tab. 3. 1/35 depending on whether the light or deep sleep mode
Based on the measurement results polynomial fits are masleused respectively. Furthermore, [9] estimate the UE can
for each of the 4 functions in eq. (2) by minimizing the leadtansition from sleep mode to being active within 1 ms. Our
square error. The Rx BB is modelled as a 1st order linear fiteasurements show this transition takes considerablyelong
with an offsetPcw if 2 CWs are used. The Rx RF function(up to 21 ms fort p > 80 ms). This entails the benefits of
is divided into two 1st order fits due to the observed gaiDRX have been overestimated in previous work, but on the
adjustments. The Tx BB is modelled as a constant due to thier hand our measurements also confirm that DRX sleep is
minor dependency on data rate. The Tx RF is divided into thr&ey to achieve long battery life.
fits to model the PA behaviour. The parameters are givenTie comparison with screen and CPU+GPU clearly showed



5 10 MHz

4 —0— 15 MHz
—¥— 20 MHz

3

2

=8 00—

0 " e —% — -

5 10 15 20 25 30 35 40 45 50 55
Downlink data rate [Mbit/s]

5

4

3

2‘ ﬁ

1€

0 *é%d

-100 -90 -80 -70 -60 -50 -40 -30
Downlink receive power [dBm]

Absolute relative error [%]

5 ¥

*— ¥ N ol A
5 10 15 20 25 30 35 40 45 50
Uplink data rate [Mbit/s]

5 ?
4
3
2
1 e ’ \’

0¥ & *
-40 -30 -20 -10 0 10 20
Uplink transmit power [dBm]

Fig. 10. Model validation using test case 1,3,5,6 in 10,03y&Hz BW.

the LTE modem is a major contributor to the total power

analysis, because it is very non-linear for transmit powers
above 0 dBm. Finally the DRX measurements require quite
a few points to determine the behaviour and number of sleep
modes used.

VI. CONCLUSION

In this work an LTE smartphone power model was pre-
sented. The model can be applied by academia and industry in
system level simulations to determine UE energy consumptio
This can be an important aid, when selecting one set of
network parameters or another. The model is based on empir-
ical measurements on an LTE smartphone, and includes com-
prehensive LTE Connected Discontinuous Reception (DRX)
measurements and also a detailed examination of second
generation LTE chipsets. The measurements show that DRX
can help achieve longer battery life because the deep sleep
mode power consumption is less than 1/35 of the active mode
power consumption.

Furthermore, a discussion of the chipset evolution is prtese

As expected the power consumption has decreased due to the
more efficient transistor technology in 2nd generation séig.
Future work can include measurements on LTE Carrier Ag-
gregation and other vendors’ chipsets.

ACKNOWLEDGEMENTS

Thanks to Frank Laigle, Vidéotron, Taehee Song, Anritsu
Canada, and Janus Faaborg, Agilent Technologies Denmark
for supporting this work. The work is partly funded by the
Danish National Advanced Technology Foundation and the
AGMCT project.

REFERENCES

[1] IMS Research, “Handset power requirements dramayicalitpacing
capacity,” 2009.

[2] M. Kennedy, H. Venkataraman, and G. Muntean, “Energyscomption

analysis and adaptive energy saving solutions for mobilecdeappli-

cations,” Soringer, 2011.

consumption, which makes the presented model relevant fgj
future work. Especially because the modem can actively big]
affected by mobile network operators by adjusting datasrate[5]
and power levels via scheduling and power control.

An interesting topic for future work is an assessment of the
minimum number of measurement points per TC needed 18!
achieve the level of accuracy, which we have obtained witfy
our model. If only a few measurement points are needed
the test time can be kept short, hence the model can easj
be updated using new generations of phones. Based on !?Is-
measurements in this study and [10] it is obvious that th#)]
power consumption is almost linearly dependent on downlink
data rate, and therefore the receive BB power consumptigm
trend can be captured with as little as 3 measurement points.
The receive RF exhibits UE specific power consumption ste3€!
and therefore 5-6 points will be needed. The transmit BB
power consumption is linear besides minor steps, when the
modulation scheme is changed. Since it is known when tHél
modulation scheme changes 4-5 measurement points will be
sufficient. The transmit RF is the most power consumirigg]
component, and also the one which requires the most detailed

3GPP, “Long Term Evolution,” http://www.3gpp.org/ate/lte, 2012.
J.D. Power & Associates, “U.S. Wireless Smartphones&attion Stud-
ies - Volume 1,” 2012.

R. Murmuria, J. Medsger, A. Stavrou, and J. M. Voas, “Melapplica-
tion and device power usage measurementsSaftware Security and
Reliability, IEEE 6th conference on, june 2012, pp. 147 —156.

S. Dengo and H. Balakrishnan, “Traffic-aware techniquesreduce
3g/lte wireless energy consumption,” 8th CoNEXT, 2012.

J. Huang, F. Qian, A. Gerber, Z. M. Mao, S. Sen, and O. $patk,
“A close examination of performance and power charactesistf 4g
Ite networks,” in10th MobiSys, 2012, pp. 225-238.

3GPP, “MAC protocol specification,” TS 36.321 V8.9.0,120

Nokia, “Drx parameters in Ite,” 3GPP R2-071285, 2007.

A. Jensen, M. Lauridsen, P. Mogensen, T. Sorensen, anteriden,
“LTE UE Power Consumption Model - for System Level Energy and
Performance OptimizationVTC Fall, IEEE 76th, September 2012.

H. Holma and A. Toskald, TE for UMTS - Evolution to LTE-Advanced,
2nd ed. John Wiley & Sons, Ltd., 2011.

H. Xie, O. Oliaei, P. Rakers, R. Fernandez, J. Xiangaskés, J. Riches,
R. Verellen, M. Rahman, V. Bhan, and D. Schwartz, “Singlgch
multiband egprs and saw-less Ite wcdma cmos receiver witrgity,”
Microwave Theory and Techniques, vol. 60, no. 5, 2012.

Samsung, “2ghz+ processing power aimed at high-pedoce
mobile  applications,” http://www.samsung.com/us/bassioem-
solutions/pdfs/28nmLPH-DS-Final-0212.pdf, 2013.

N. Warty, R. Sheshadri, W. Zheng, and D. Koutsonikotadfjrst look at
802.11n power consumption in smartphones, AWM PINGEN, 2012.



