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Abstract—In this work a novel LTE user equipment (UE)
power consumption model is presented. It was developed forlE

RTX STX
¥ ¥
system level optimization, because it is important to undestand _»
how network settings like scheduling of resources and tramsit L
power control affect the UE’s battery life. Pr.as Prore
The proposed model is based on a review of the major power @@J
consuming parts in an LTE UE radio modem. The model includes Prss
functions of UL and DL power and data rate. Measurements

on a commercial LTE USB dongle were used to assign realistic
power consumption values to each model parameter. Verifican

measurements on the dongle show that the model results in an

average error of 2.6 %. Rrx SRx
The measurements show that UL transmit power and DL data Fig. 1. LTE UE physical layer
rate determines the overall power consumption, while UL daa . .
rate and DL receive power have smaller impact. Fransferable as sug_ge_steq in [8]. The mOd_e| can be applied
I. INTRODUCTION in system level optimization, e.g. to examine how network

settings affect the UEs as in [2], but the model is not intehde

Th‘? gap_between avallak_)le and reqw_rec_j energy in batt of optimization on UE component level. The reason is that
supplied wireless user equipment (UE) is increasing year e model reflects the power consumption trends and not

year [1]. The 3GPP LTE standard therefore includes energy . e . .
: : : : : plementation specific behaviour. The model is hovel bseau
saving methods like discontinuous reception. Unfortugate

the available methods cannot fill the gap, and therefore nétv\gescribes an LTE UE radio modem and is dynamic in the
. . gap, sense that it depends on power levels and data rates.
methods are investigated to further reduce the energy con-. o
. . ] First we present a survey of power consumption in the LTE
sumption. They focus on both optimizing network settings [2 hvsical laver and define a model in section Il Then we
and improving the UE [3], but one critical problem is thaf' y )

valid and comprehensive UE power consumption models aorreesent measurement results in section lll, fit the sugdeste

not . : . {nodel to the measurements in section 1V, and finally we verify
publicly available. A model is much needed to evaluate ", ~. ) .
the potential of new energy saving methods on system Ievé’lnd discuss the model in sections V and V1.
For 3GPP, Nokia has presented a power model [4], but it I
only depends on the Radio Resource Configuration (RRC)
mode, and not data rate and power levels. Another model wadh this section the UE’s power consuming physical layer
presented in [5], and it describes the Power Amplifier (PA) ifomponents are examined one by one. The purpose is to deter-
details, but uses a static power for the receiver and is badgthe how the components affect the total power consumption.
on WCDMA UEs. Carroll et al. analysed the consumption dfigure 1 shows the LTE physical layer components and the
a smartphone in [6], but the level of detail is not sufficiedd E model parameters. The envisioned UE model shall depend
for optimization on system level. In [7] Li et al. presente®n receive (Rx) and transmit (Tx) power levels, uplink (UL)
a detailed model, but it only covers the Radio Frequen@pd downlink (DL) data rate, and RRC mode. In the following
(RF) parts, and e.g. the PA-model is out-dated. The Ch$§ctions the parts in figure 1 are examined to determine if and
manufacturers have detailed models based on developnie@ they depend on the aforementioned parameters.
platforms [8], but they are confidential. The recent launth o i
LTE networks has made first generation LTE UEs publicly~ T"ansmit Baseband
available, hence an empirical model can be established. In the LTE Tx baseband (BB) the main task is to turbo
In this work a litterature survey was performed to developncode user data with Forward Error Correction codes. Turbo
a UE power consumption model. It was fitted to measurencoding relies on convolutional encoding and generates a
ments made on a commercial LTE USB dongle using linehitstream with code rate 1/3. The Turbo encoding complexity
regression. The target was a sparse model, which is robdst anales linearly with the amount of data to encode which is set

. UE MoODEL DESIGN
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by the Transport Block Size (TBS) i.e. the UL data rate, but Windows PC Agilent 6705B
is independent of the UL Tx power [9]. v GND
B. Transmit RF Power
. D W 4 Y

In general the R_F will not d_epend on the UL data rate, but AgIEntREL infout (3 S TxiRd
when the modulation format is changed the Peak-to-Average PXT RF2 out (- - - - ) Rx2 UE
Power Ratio (PAPR) is affected. This entails the PA will atlju )

Fig. 2. Measurement setup.

its performance to comply with the Tx emission requirements

in [10], such as the Adjacent Channel Leakage Ratio (ACLR), TABLE |

. . EASUREMENT PARAMETERS THE CHANNEL BANDWIDTH WAS 20 MHz,
and this may affect the power consumption. AND THE LINK WAS LOADED USING FIXED MAC TEST. P IS IN DBM.
The Tx RF will obviously depend on the UL Tx power. A7, ~ ™ 5= DL Fr UL UL Pro
single PA only has one output power level where it achieves itjement MCS  PRB MCS  PRB
maximum energy efficiency, and therefore researchers dievel 5, g5 [0,28] 100 -60 3 75 20
methods to increase the efficiency at other output powetdeve rx R 0 100 [-80,-20] 3 75 20
These include the use of multiple PAs [11], supply voltage an TxBB 5 100  -57 [0, 28] 50 5
bias switching [5], and the envelope tracking concept [TRp _T™*RF 5 100 57 3 100 [-30, 23]

Power Added Efficiency is expected to be stepwise increasing
with output power as each of the methods are utilized.

C. Receive RF In order to assign meaningful values to the proposed power

The Rx RF power consumption is expected to be indepeq.gnsumptiop model the authors performed measurements on
dent of the DL data rate, but it will depend on the DL R commercial LTE USB dongle. The reason for measuring
power level. The reason is that the RF contains Gain ContrQ8 & dongle is that it do not include penphera_ls Su‘?h as
and Low Noise Amplifiers, which are used to obtain a certaff{SP/ay. general purpose processor, and other radios (wafi,
signal level at the ADC. If the DL Rx power level is high thPluetooth). This is a benefit since the focus is on the LTE UE

gain in the aforementioned circuits can be reduced, and tHé\?io itself. The down_side is that the measurements include
he power the USB driver consumes.

may be powered off, to reduce the power consumption [13}. ; ) )
The UE was supplied using the Agilent 6705B DC Mea-
D. Receive Baseband surement Power Supply, which was set up to comply with
The majority of the BB processing tasks’ complexity, e.ghe USB standard (5 V, 1 A). The supply sampled the
channel estimation and equalization, is independent obthe current consumption every 1 ms for 30 s. The measurements
data rate. To decode the received user data the UE appiiese performed as conducted interference free tests useng t
turbo decoding, which is an iterative algorithm and the moéigilent PXT E6621A Wireless Communication Tester, which
computational complex task in the digital BB. To support themulated a band 7 LTE base station. Measurements were made
high data rates of LTE a highly parallelized turbo decodéor SISO and DL 2x2 MIMO as shown in figure 2.
architecture is required, [14]. The complexity and thus the Based on the setup, current consumption measurements
power consumption scale linearly with DL data rate [15]. were performed and related to the proposed model in equation
E. UE Power Consumption Model (1) by varying one varia_LbIe_ at a time. _This is iIIustra_ted in
) ) table | where italic fonts indicate the varied parameteranhe
Based on the review of the four physical layer parts, th@easyrement. The current consumption as a function of DL
model is defined as follows: data rate was examined by keeping the DL Rx power level
Piot =midie - e + Tidie - { Peon 4+ M7x - MRx - Prycvtx+ constant and adjusting the Modulation and Coding Scheme
MRk [Pre -+ Prxre(Sre) + Prxes(Rry) + macw - Pacul] _(MCS) index, and the results are shown in figure 3 The MCS
index was mapped to TBS using [16]. The mapping also de-
mrxc [Prx+ Prore(S1x) + Prces (B} (W] @) pends on the number of allocated PRBs and the link direction.
where P is the power consumption. The subscript defines Next the MCS was fixed and the DL Rx power varied to
the total consumptioridle and con the consumption in RRC examine current as a function of the DL Rx power, see figure
idle and connected modexRF andtxRF the consumption of 4. Similar measurements were made in UL and the results
the RF part in the Rx and Tx chains respectivekBB and are given in figure 5 and 6. The measurement parameters
txBB the consumption of the BB parts, a#CW is related are given in table I. Note that the measurements in DL were
to increased consumption when using two code words (CWgpeated for a 2x2 MIMO setup using 2 CW. The connected
in DL. The parameter$zy, Prx, and Pry:1x are included to mode current,Peon, was measured in RR€onnected mode
model the base power the Rx and Tx chains consume whgithout scheduled traffic and the idle mode curréfde, was
active. The logical variable: is the mode, which can be RRCmeasured in RRGdle mode with paging messages monitored
idle, transmitting, receiving, and indicate the use of 2 QWe every 320 ms. Finally a DL Rx sensitivity test was made, and
Rx and Tx power levels are designated $yand R is the Rx it showed the UE always utilizes both receive antennas.
and Tx data rate. The PXT’s Fixed MAC padding test was used to generate

Ill. LTE UE MEASUREMENTS
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2.15 Fig. 7. UL Tx power measurement for UL QPSK & 16QAM. The lower
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TABLE Il
213} CONSTANT MODEL PARAMETERS IN WATT.
2,0} Part  Pge Peon  Prx  Prx Prumx Pacw
o
IS Mode mige Tidle MRx MTx  MTx*MRx  M2CW
z2ur Value  0.50 153 042 055 0.16 0.07
7

N
in
T

(MCS10) and 16QAM (MCS11), and the current consumption
as a function of UL Tx power was measured. Figure 7
show that the modulation format do not affect the current
‘ ‘ ‘ ‘ ‘ ‘ ‘ consumption except for UL Tx powers 0 and 10 dBm, where
0 S moaarme oy the 16QAM signal forces the UE to adjust a little earlier than
Fig. 5. Transmit BB. the QPSK signal. This adjustment is implementation specific
data on either PUSCH or PDSCH. The test exploits that t@d therefore not modelled.
MAC layer has to multiplex the logical channels to a MAC
Protocol Data Unit (one unit per transport block) [17]. Inler
to fill the transport block the MAC layer pads the multiplexed The model for each power function in equation (1), is
data with random data, and when a padded transport blaidrived either as a constant or a polynomial fit. It is desined
is received the padding will be discarded and the remainiegch function reflects the general power consumption tredd a
data if any, forwarded to the logical channels. When the dFix@ot unique implementation specific solutions.
MAC padding test is initiated by the PXT it will pad the DL The idle, Pge, and connected modé%,, are the average
stream, fully loading the assigned PRBs. If there is no othpowers in each RRC mode and given in table Il. The connected
applications running the only payload on the DL channel imode power is measured without user data in UL and DL.
padded data, hence the UE will only send ACK/NACKSs from The complexity, hence the power consumption, of BB
layers below the MAC. processing in UL and DL are highly linear dependent on data
As mentioned in section Il the varying PAPR were expectedte, and therefore they are modeled as first order polyriemia
to affect the current consumption. To examine this a measureThe receiver and transmitter RF architecture can be based
ment was made where the UE was transmitting QPSK signals several diffent techniques as described in section lis Th
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IV. MODEL FITTING



TABLE Il TABLE IV

POLYNOMIAL MODEL PARAMETERS IN MILLIWATT . VERIFICATION, DOWNLINK.
Part Variable PO Po-mod  P1 Residual e Pry DL MCS  Prodel Preas Error
RxBB  Rgy [Mbit's] 1923 -26.6 2.89  0.08 5 193W 1.94W -0.5%
TxBB Ry [Mbis] 2110 345 087 001 -40 dBm 12 196W 1.98W 0.8%
Rx RF Srx [dBm] 1889 -60.7 -1.11  0.06 20 202W 204W -1.0%
Tx RF1 Sty [dBm] 2004 -71.3 550 0.60 .
TxRF2 Sty [dBm] 1132 -943 117  6.87 5 198W 198W -0.3%
-80 dBm 12 201W  2.02W -07%
P(RTx, Srx) A Common 20 206 W  209W -1.3%
TABLE V
Pry + Peon VERIFICATION, UPLINK.
UL PRB  Pry ULMCS  Prodel  Pmeas  Error
B 0 198W 1.92W 35%
-10dBm 12 199W 191W 41%
UL MCS=3
-- 50 0 293W 3.00W -23%
Rrx . : 15dBm 12 294W 3.00W -2.0%
Fig. 8. Example of common parameters for the transmitter. 0 199w 192w  3.1%
T i . -10dBm 12 200W 1.92W 3.9%
makes it difficult to predict a suitable model and therefdwe t 100 5 Sos W 303 W  34%
model selection for transmitter RF and receiver RF rely on 15 dBm 12 295 W 303 W '_3'00/2
curve-fitting. The polynomial values of the models are found : : :
by minimizing the least square error given as residuals. Next the model is examined empirically, i.e. the
| power consumption of the transmitter and receiver is coetbar
) ) ) e
e=% Z (o + p12n — Yu)? (W2 (2) With verification measurements. Thege measurements are mad
70 for power and data rate pairs, which were not used when

wheree is the residual errofy;, is the measured poweN is fitting the models. This approach is shown in figure 8 where
the number of measurementsare polynomial values and the green crosses indicate the settings of the verification
is the input variable. The polynomials and the corresp@dimeasu,:fm?nts ofn ;he tran_smltter.éAr; identical approace u
residuals are given in table Ill. Note that Tx RF is c:ompos<§8r verification 0 t € fece'_Vef model. )
of two lines, where Tx RF1 is valid for-30 dBm < Sty < The polynomial fits’ residuals are given in table Ill. The
10dBm and Tx RF2 accounts fdi0 dBm < St < 23dBm. residuals for Tx RF1 and especially Tx RF2 are larger since
Because each model has been based on a measurerfhf/VO functions span a larger power consumption range than
with one varying parameter there is an overlap in predictéd€ Other BB and RF functions. The range for Tx RF2 is e.g.
power, when e.g.Pres and Prge are combined, because,z',l W to 3.8 W as shown in flgure 6 Based on the reglduals
they both include the power the UE consumes when activelyS concluded that good and valid fits have been obtained.
transmitting. The measurements were made such that the BB N€ results of the comparison between the model and the
and RF functions share one common set of parameters (saffefication measurements are given for DL in table IV, UL
MCS index and power level) as illustrated in figure 8. Thi table V, and for the combination of UL and ODL in V.
blue line illustrates the power consumption as a function of'€ @verage error for the DL verification is 0.8% hence a
the UL data rate for a fixed UL Tx power (figure 5), and thgood fit has been achieved. The verification of the UL model
red curve illustrates the power consumption as a function gsulted in an average error of 3.2%. The UL model is a bit
the UL Tx power for a fixed UL data rate (figure 6). Thdnore inaccurate because the Tx RF model is the most power
power Pr, was then defined as: consuming part, hence an error in it’s fit will affect the aader
result more. The average error for the combined verification
Prx = [Prxre(5dBmM) + Prygg(MCS3)] /2 — Peon W] (3) is 2.6 % and the maximum error is 6.0 %.

The polynomials are scaled to resultan0 Watt in the com-
mon point. By using modifie@y’s aspo-mod = po — Prx — Peon ) .
this is obtained. In this way the polynomial models comply The goal with the described work was to develop a UE
with equation (1) when they are added together with and POWer consumptlpn model for system level optimization. Be-
Peon. A similar approach was used on the receiver models, af@use the mod_el is based on measurements on one dongle and
the results are given in table Il and IIl. The offs@iy.x was focused on major power consumption trends it cannot be used
based on measurement where both Rx and Tx were activel® optimize power consumption in individual UE components.
The presented model only covers the LTE radio modem, but
V. VERIFICATION if a user wishes to get a complete overview of UE power
To verify the model two methods are applied. First the fitsonsumption it is important to include statistics for thepday,
in figures 3-6 are evaluated individually by examining thgeneral purpose processor, and other radios.

VI. DISCUSSION



TABLE VI

VERIFICATION, UPLINK AND DOWNLINK .

greatly affect the power consumption, while uplink dataerat
and downlink receive power has little affect.

Iz DL UL R P Error e .
Rx MCS Prx MCS model meas Verification measurements on the LTE USB dongle show
3 200w 310W 349 that the proposed model results in an average error of 2.6 %
15 dBm ' ' e and a maximum error of 6 %.
0 12 301W 3.09W -29% i
s 200w L98W  06% In future work we expect to modify the proposed model
40 -20dBm 7, 20lW 199W 1.0% to include multiple power amphﬂers in order tq examine LTI_E
. Advanced proposals such as carrier aggregation, and neultip
dBm 15 dBm iz g'g‘é \O\I/ 212\\% '_j'g;; transceiver chains to examine MIMO. Furthermore the model
12 : : : shall be updated to model the next generation of LTE UEs,
3 204W 2.05W 01% i i
. which are expected to be more energy optimized.
20dBM 15 206w 204W  0.6% P gy op
15 dBm 3 301W 317W -54% ACKNOWLEDGEMENT
0 12 3.03W  317W  -4.9% We would like to thank Agilent Technologies for supplying
20dBm 3 201W 2.02W -03% the measurement equipment and the LTE USB dongle.
-57 12 203w 2.02W  02% The work is partly funded by the Danish National Advanced
dBm 15 dem 3 3.06W 325W -6.0% Technology Foundation and the 4th Generation Mobile Com-
12 12 307W 325W -58% munication and Test Platform (4GMCT) project.
3 206 W 2.08W -0.7%
200BM 5 S08w 208W  -02% REFERENCES

A critical limitation is that the power consumption in each[l]
of the blocks in figure 1 cannot be separated because of tf#
integrated circuit design. This entails that when a DL param
eter is examined, contributions from UL, e.g. transmissidon [3]
ACK/NACK, will also be included and vice versa.

During the measurements we experienced that the absol
power level depends on which USB port the UE is connected
to. This does not affect the relative trend, but entails that [6]
absolute values vary about10%. Furthermore the imple- [7]
mentation architecture, choice of components, and compone
tolerance will be different for every UE model. The most
important is however the trend and not the absolute value.

It is important to note the measured UE is of the first
LTE generation. This means the UE may not be as optimized
and adaptive as future UEs from a power consumption poj
of view. One important feature the UE is missing is th@i]
Discontinuous Reception mode [17], consequently this is no

included in the model. [12]

VIl. CONCLUSION

A LTE user equipment power consumption model was
presented. The model is designed to assist in system 1eVal
simulations, e.g. optimization of network parameters, by p
viding knowledge of how the settings affect the user equipime
(UE). This is important because the network set up is ctitich ™
for the UE power consumption.

The model is based on a review of how radio frequendipl
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