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Abstract—Long Term Evolution (LTE) is the new standard
proposed by the 3GPP to evolve towards 4G. EvolvedTRAN
(E-UTRAN) specifications are currently completed ad research
groups are studying the performance of the last Rebhse 8.
Nevertheless, these studies lack of a full modelingf the MAC
layer because they either leave out retransmissiorsnd turbo
coding or assume ideal channel estimation. This pap uses an
accurate LTE MAC layer simulator to perform a complete
downlink LTE performance study. Results compare diferent
channel estimation techniques showing significant ifference
among them, most of all regarding the robustness othe
estimator against errors. Finally, LTE system perfomance
assessment is presented employing a realistic chahestimator.
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l. INTRODUCTION

features and requirements of LTE.

Actually, several papers deal with the performance
evaluation of LTE. However, up to date this assessment ha
been partially done because of one of these two reasoss. Fi
some of these works only focused on the physical layer,
leaving out the retransmission processes and turbogd¢#]-

[4]. System level analysis need MAC layer performance
information and cannot be carried out with only a physica
layer characterization. Second, other papers asseskelg
performance of LTE radio access network assumed ideal
channel estimation, which results in an optimisticnestion of

LTE capacity [5]-[7].

This paper evaluates LTE Ilink level performance
considering a transmission chain fully compliant with LTE
Release 8 and including realistic HARQ and turbo-decoding.

Mobile communications with improved transmission Besides, a number of channel estimation methods apart from
capabilites are important economical and social driver$he Well-known ideal have been compared, including the
generating growth. The UTRAN Long Term Evolution (LTE) Simplest linear method and those based on Wiener fierin
is an ongoing task to build up a framework for the evatutib Special attention has been paid to robustness of Wiesedb

the 3rd Generation Partnership Project (3GPP)

radighannel

estimation methods against failures in their

technologies towards 4G. In March 2008, 3GPP approved tfssumptions, being this issue not yet assessed litettature.

specifications of the Evolved UTRAN (E-UTRAN) and

The rest of the paper is organized as follows. Section Il

research community is currently assessing the perfoenahc eypjains the main radio interface features of LTE. The

the definitive Release 8 standard.

fundamentals of the implemented channel estimators are

E-UTRAN is based on the Orthogonal Frequency DivisiorPresented in section Ill. Simulation environment is itedan
Multiplexing (OFDM) technique, especially suited for Section IV, whereas simulation results concerning rivless of

combating multipath fading, offering higher spectral efficy

estimators and global LTE performance are presented and

than previous 3GPP technologies_ Accurate channel estimat discussed in section V. F|na”y the main conclusions of the
in OFDM systems, and hence in LTE, allows coherenfSsessmentare drawn.

demodulation and improves system performance. Although
several channel estimators have been proposed in théulieera

minimum mean-square-error (MMSE) estimators, alserrefi

II.  LTE RELEASE8 MAIN FEATURES
3GPP LTE is the name given to the new standard

to as Wiener-based estimators, have been proven to be ttheveloped by 3GPP to cope with the future market

optimal linear estimators [1]. MMSE channel estimatose

requirements identified by ITU. To meet these requirements

frequency-domain and time-domain correlation functions t@ombination of new system architecture together with an

filter a set of available estimates obtained with kiedp of

reference signals. Nevertheless, this correlation inmgtare a
priori unknown and must be estimated. MMSE and other
simpler channel estimation schemes have been extensiveAz

studied in the literature but without considering thecsjc
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enhanced radio access technology was incorporated in the
specifications.

The most important technologies included in the new radio

cess network are OFDM, MIMO, turbo coding and hybrid
ARQ with soft combining. These technologies are shortly
explained in the following paragraphs.

A. OFDM

OFDM provides a high robustness against frequency
selective fading and offers spectrum flexibility which faates



a smooth evolution from already existing radio access Frequency o =11
technologies to LTE. Besides, OFDMA, the multiple access oM T M .
technique derived from OFDM, offers a high degree oOfrime 1 EEEE
freedom to the scheduler. OFDM resources can be eypess Slot 0 |
as a time-frequency grid. Fig.1 depicts the smallest resour O . |
\
|

unit, the Resource Block (RB). In time domain, one RB =6 1] [ [
corresponds with one subframe of 1ms, which is dividexi2n (B .
time slots each of 7 OFDM symbols. In the frequenamaln, P Y T T A T H
each RB consists of 12 subcarriers. EEE EEEEE S

[
B. MIMO =6 | O

. . . Antenna 0 Antenna 1
One of the most important means to achieve the high data

rate objectives for LTE is multiple antenna support. LTE
supports one, two or four antennas in the transmitter atidfor slot and the type of cyclic prefix. A pseudo-random sequence i
receiver. Multiple antennas can be used in two differeyisw  used for the reference signal generation.
to obtain additional transmit/receive diversity or td geatial
multiplexing by creating several parallel channels. P&
implement transmit diversity and spatial multiplexing are
specifically included in the LTE transmitter specifioas [8].

Figure 1. Mapping of the reference signals (normal cyclidfigje

The resource elements used for the reference signal
transmission in any of the antennas will not be used fgr an
transmission on any other antennas in the same slot.

C. Turbo coding Fig._ 1 iIIustrat_es the resource elements selectedt_Her_
: transmission of pilot symbols within one RB and considgrin
In order to correct bit errors, introduced by channekwo antennas and normal cyclic prefix.
variations and noise, channel coding is utilized. In cdghe o .
LTE downlink shared channel (DL-SCH), the channel studied® Channel estimation methods implemented

in this paper, a turbo encoder with rate 1/3 is usedvieldl by Let H(l, k) be the complex value of channel estimate in the
puncturing to increase the coding rate to the desired. lev I-th OFDMA symbol and thé-th subcarrier of a RB. In the
D. Hybrid ARQ with soft combining pilot symbols,H(l, k) is calculated by dividing the received

) i . signal,Y (I, k), by the transmitted symbol&(l, k), which are
Hybrid Automatic Repeat reQuest (ARQ) with soft  qown:

combining is a technique that deals with the retransmiggion _

data in case of errors. It consists of a combinatioRanfvard H(L k) =Y, k)/X(LK). (@)
Error Corrlecnon .(F%C) ankd tA.RQ't W'gh soft cbor;;blnmg, tlhe The remaining complex channel values are obtained from
errorgt_aoudsy_trﬁctﬁlve tpac et s sor? 'Bta.‘ urier m(md methods which are based on either polynomial or Wiener
combined wi e retransmission(s) to obtain a singhkgia interpolation (MMSE estimator) or mixed polynomial-Wiene

fhat IS T?rg ée“a(‘jble th?£ Its colnsénuer?tsh In LTE;;,{“: methods. A noticeable characteristic of mobile wireless
ncremental Redundancy (IR) is applied, which means channels is that their response variation can be asstoniss

retransmitted packets are typically not identical with thst  jqenendent in time and frequency domains. Thus, the
transmission but carry complementary information. correlation of the channel frequency response at diffdimes
Hl.  CHANNEL ESTIMATION METHODS and frequencies can be calculated as the multiplicatidheof
) o time and frequency correlation functions. This factvedloa
In a mobile communication system, when the channel igeparate time and frequency domain channel estimatiteaéhs
fully known by the receiver the Shannon limit can beof the more complex joint time-frequency domain estiomat
approached. However, in real systems, channel is unknowror this paper, all channel estimation methods are abfitist
and therefore it has to be estimated. Channel estimatian i in the frequency domain and then in the time direction.
difficult task, especially in wideband mobile channeledo  Moreover, a quasi ideal method of channel estimatiorbbas
their frequency selectivity and time varying natureL[FfE a  implemented.
pilot-assisted channel estimation is done, since reference
signals are used by the receiver to estimate attenuatwbn an
phase change suffered by the signal in the frequency domai

Relying on channel estimates frequency domain equalizatiof},.ond-order interpolation [9]. In this paper a compldisear

(FDE) can be performed which is a simple method to correGhierpolator in frequency and time domain (Linear) has been
changes introduced by the channel in the transmitted data. analyzed.

1) Polynomial interpolation
The polynomial interpolation calculates channel complex
mbols between reference signals through a linear or a

A. Reference signals 2) Wiener interpolation

In LTE there exist three downlink reference signalst cel In the OFDM systems the optimal linear estimator i@ th
specific, Multicast Broadcast Single Frequency Networkmean-square error sense is a 2D (both time and frequency)
(MBSFN) and User Equipment (UE) specific reference sggnalWiener filter. However, the complexity of this estitor is
[8]. Cell specific reference signals are used for thenmbla usually too big to be implemented in practice. The use of
estimation and are transmitted on one or several antennagparable filters is a common method to reduce contplexi
Their exact position depends on the slot number withili@ ra with a slight error in performance (W2x1D). The final
frame (10 subframes), the OFDM symbol number within the estimation of the channel attenuatiofi&(l, k), are linear

combinations of the estimates obtained for the pilot £}snb



First in the frequency domain, all estimated reference TABLE I. MAIN SIMULATION PARAMETERS
signals within one OFDM symbol are arranged in a vgtto

. - .. Transmission BW 10 MHz (50 Resource Blocks)
The channel response for a given time and for all subcaisier — p —
a vector (1), that can be estimated as: uplexing mode
FFT size 1024
~ _1 \H
Q) = ((Rpp + 02[) R) D, @) OFDM symbols per subframe 7
CP length (samples) 72 first symbol of subframe
whereR,,, is the autocorrelation matrix of the true channel 80 rest of symbols
response, at pilot positionB,is the cross-correlation matrix of | carrier frequency 2 GHz

the channel reponse and itself at pilot positierisis the noise | yodulation  and coding| QPSK 1/3, TBS=4.576 bits
power, H is the hermitical operation, andis the identity

- . Transport block size 16QAM 1/2, TBS=13.704 bits
matrix. Once calculated the channel estimates for all _ .

. ; : . : 64QAM3/4, TBS=30.882 bits
subcarriers, in the time domain and for each subcarmier, VMG <ch SIMO 12 (1tre 2 i VRG
similar procedure is followed. In this cagecomprises four schemes X2 (Lrx, 2 1) wit
estimates taken from those symbols containing referencgurbo-decoder Max-log-MAP 8 iterations
signals (in Fig. 11=0 andI|=4 for Slot 0 and 1)H.(k) is HARQ with soft combining 6 processes, up to 3 refmaigsions
calculated as in ec. (2). In both cases, majxandR are [ Correlation among channels low (uncorrelated)

calculated from the frequency and time correlation funetiaf B. Channel model
the channel. The frequency correlation is determined by’

applying an FFT of the power delay profile, wheres time Data transmission and channel effect has been modeled in
correlation fits the zero order Bessel functior’w: time domain. Received signal is obtained as a linear
combination of the transmitted samples filtered with the
Ry (D) =Jo(2mv/R), (3)  channel response plus white gaussian noise.
wherev is the receiver velocity amtlis the wave length and The time-varying multipath channel is modeled in the link

represents the delay. Note that the Wiener interpalatiolevel simulator whose impulse response is:
estimator requires a previous knowledge of the frequandy oL
time correlation and the noise power of every resource. h(t, 1) = Xz, (D8t - 1), )
. ! whereh,(t) andt, are the complex value and delay of the
C M|xe.d polynomc'ed-V\Aener' method§ ) o time-varying multipath components, respectively. Conogrni
~Inthis case a linear estimation in the time digtis used  the values oh(t,7), two wideband tapped delay-line profiles
instead of the Wiener interpolation (WFD-LTD). Redustio  defined by 3GPP are employed in the simulations: Extended
the computation complexity is remarkable although it oate  pedestrian A (EPA) and Extended Vehicular A models (EVA)
the cost of an error made in the estimation. Adddtilynvector  [11]. The first model shows lower frequency variabilibamn
p can contain all pilot symbols in an OFDM symbol astjthe  the latter. Concerning time variation, it is assumbeat the
nearest ones. Both methods are compared in this pagee In channel changed sample by sample (fast fading assumption),
latter, called Winner low complexity (Wic), the nearsst  while in other papers it remains unchanged during the OFDM
pilot symbols are used. This method reduces complexity i8ymbols or LTE subframes (slow fading assumption). This
exchange for a slight reduction in performance. accurate modeling is necessary to account for inteleca
-- P—— interference (ICl) produced in OFDM systems with time-

D. Quasllfjeal estmllano.n . . varying channels. ICI can degrade the performance d& FD

Quasi-ideal estimation (Qideal) has been implemented for'hethods, such as those employed in this paper. Thus, it is

the sake of comparison with the best possible restt&  necessary to accomplish such an exhaustive performarnte st
method obtains the frequency channel response applying the

FFT over the mean value of the channel time samplesafcir Additionally, the correlation among channels has a severe
tap every OFDM symbol time interval. This method wiobe  impact on MIMO performance. In the link level simulator,
ideal if the channel remained unchanged during the wholeatrices representing correlaton among antennas are
OFDM symbol. separately defined for the transmitter and the receiver
according to [11]. Channel correlation matrix is obtaiasdhe
IV.  SIMULATION ENVIRONMENT Kronecker product of the transmitter and receiver magrice

In this assessment, a number of simulations were comtiuctdext, this correlation is introduced in the simulationéofeing
with a LTE link level simulator fully compliant withhe the process described in [12].

released specifications [8][10]. Next, the main sinmlat Turbodecoding, Hybrid ARQ and MIMO

features and simulation assumptions are commented. e .
P LTE specifications show clearly how data processing must

A. Frame structure be done in the transmitter. However, operation in theivece

Every subframe presents the same structure. It is askumiS not specified. Thus, different receiver implemenmiare
that the first two OFDM symbols in each subframe arédllowed and encouraged by 3GPP. In the link level simwlat
occupied by control channels. Besides, the transmission &fassical solutions are adopted in the key processeheat
reference signals wastes resources, as shown in Figat has receiver. A detailed description of the receiver feafuie

been also considered. The remaining resources are fiin ~ Provided in Table 1. Although neither spatial multipleximgy
useful data. transmit diversity have been simulated, the conclusodribis

assessment are also valid for these antenna configurations



estimated. Next, performance of channel estimatorseisepice
of errors in the channel statistics estimation is prese

7 S R S S IR B ? A First, it is evaluated how frequency domain correlation
estimation error affects system performance. References

1 . have been obtained based on simulations conducted with EVA
3 ; -- and EPA PDPs without any PDP estimation error. Ther ésr
emulated using a wrong frequency correlation function é th
Wiener filtering. When the true channel is EVA, EPA haen
2b— -t - used and vice versa.

Effective Throughput (Mb/s)
N
(%))

S e ' /| —6— W2x1D true=EVA est=EVA In all simulations EVA channel has been used, Doppler
—E— W2x1D true=EVA est=EPA frequency has been fixed to 5Hz and modulation and coding
! 2 | —e— Wic true=EVA est=EVA was QPSK 1/3. Results in Fig. 2 show that, in absence of
05--—-7-75 7 T Wic true=EVA est=EPA errors, W2x1D outperforms Wic method. Nevertheless, PDP
L , | Zo—unear estimation error is highly harmful for the W2x1D but itseeff
14 412 08 6 4 2 0 2 4 6 on the system performance is negligible when using Wic. F
SNR (dB) . L !
the sake of simplicity in Fig. 2 only the results for ateln
Figure 2. Effect of PDP estimation errors W2x1D and WIic methods are presented but similar conclusion

can be drawn comparing Wic and WFD-LTD, although in
absence of errors their performances are closer (1&fdB
difference). In general, Qideal presents obviously the best
results while Linear method behaves the worst. If the tru
channel is an EPA channel, results are similar although an
important difference is observed: estimation error prodaces
negligible effect whatever the estimation method.

»
o

i

[
o

w

According to these results, it is concluded that full Wienne
interpolation is more recommended in pedestrian scenario
whereas in vehicular scenarios, more robust estimatoWIc

N

Effective Throughput (Mb/s)
N
(%))

| 7 i
15k L _1__ /| —©— W2x1D true=300Hz est=300Hz are preferred. Anyway, WiIc represents in general a good
i B W2x1D true=300Hz est=5Hz tradeoff between complexity and performance.
1 | —9&— W2x1D true=5Hz est=300Hz
’ — W2x1D true=5Hz est=5kz Another assumption in Wiener estimators is the knowledge
05F-—-7-— 4 —©— WIc 300Hz . . .
— Wio 5Ha of the time correlation function or of the Doppler frequency
0 T S S e (see ec. (3)). Simulations have been carried out over EVA
SNR (dB) channels with two possible Doppler frequencies: 5Hz and
300Hz. Since the only method using time domain correlation
Figure 3. Effect of Doppler frequency estimation errors information is W2x1D, errors have been only introducedhig t
estimator making calculations with a wrong Doppler
D. Transmitter impairments frequency. According to the obtained results, Qideal ndeiho
Modulation inaccuracy at the transmitter is modelecihe best one, followed by W2x1D, WFD-LTD, Wic and finally
through the introduction of a 6% Error Vector Magnitfi#]. ~ Linéar. Therefore, the more information is used by the
estimator, the better performance is achieved. Forake sf
V. RESULTS ANDDISCUSSION simplicity only the main results are shown in Fig.3.cWiI

In this section simulation results are presented anf€riormance is not affected by Doppler estimation errors
discussed. Firstly, robustness of channel estimators ecause not estimation is made. Conversely, W2x1D reduce

P ot rformance if the estimation is not accurate. Biehaof
evaluated, highlighting the performance of the realisti S _Periol g :
estimator (Wic method). Secondly, LTE system perforrads (JW2x1D is better than WiIc, but it is worth noting that petrfec
presented employing the realistic channel estimator. frequency estimation is assumed and that performance

A Evaluation of channel estimators robustness improvement comes at the cost of higher complexity.

Section Il presented several pilot assisted channel The last assumption made by the Wiener estimators is the
estimation methods. Some of those methods assume ttgtowledge of the SNR. If not any error in the estimatibthe

channel statistics are known ‘a priori. Those methodssNR s taken into account, for each simulation point the
performing Wiener filtering in frequency domain assume ggtimated SNR coincides with the real one. In thit dagly,
perfect knowledge of the frequency domain correlation (Okimylations cover the same SNR range as before but in all
equivalently, of the channel Power Delay Profile, PBIR) the 5505 4 fixed SNR estimate is assumed. Three diffeates
noise power (ore equivalently, of the Signal to NoiSEI®R  5re ysed as constant estimations, representing low, meid
SNR), whereas those methods performing Wiener filtening ipigh SNR values. Since LTE SNR operating range is from
time domain assume the knowledge of the frequency aoman 44 1o 26dB, low SNR value is defined as -7.33dB, medium

correlation of the channel (or equivalently, of theppler gnR as6dB and high SNR as 19.33dB.
frequency). Unfortunately, information about the channel

statistics is not available at the receiver, althougbaii be
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Figure 5. LTE throughput for a EVA channel with Doppler fremey 5Hz

Fig. 4 shows the performance of W2x1D, WFD-LTD andp
Wilc estimator, i.e., those using SNR estimation. SN
estimation error produces a negligible effect on W2x1D
performance, and the effect is small for WFD-LTD. 5]
Conversely, if the WIic estimation is used, the high SNR
assumption has an important impact on system performance.
Therefore, a fixed medium SNR assumption seems to bel¥
practical rule for maximizing Wiener-based estimators.

B. LTE performance evaluation [7]

In order to reduce receiver complexity and memory
requirements and given that previous results demonstrate ft§
robustness, the realistic Wic estimator is a firm cdetgi to be g
implemented in real LTE equipments. Next, a more complete
LTE performance evaluation is depicted in Fig. 5 whieefull

throughput could be increased theoretically up to 130Miv/a f
pedestrian scenario.

VI. CONCLUSIONS

In this paper a complete LTE Release 8 link level sitoula

2

= —6— wax1D has been presented together with several performascs.

2 —8— W2xID low SNR Specifically, some channel estimators of different llesk

g D@ ::geﬁ';’;;”R complexity have been compared, assessing their behavior in

= —6— WFD-LTD realistic scenarios where the receiver lacks a pekfemtledge

= —E— WFD-LTD low SNR of channel statistics. It has been demonstrated that the

s IWFD»LTD medium SNR perforlmance of Wiener-based estima’gors can be hardlyeajfe;c
_e_mD’LTDh'QhSNR by failures on the frequency and time correlation function
—E— Wi low SNR estimation. These failures and the need of reducing tleévezc
—— Wic medium SNR complexity have motivated the design of a simpler and more
—A— WIc high SNR . . . .

o 2 4 & robust channel estimator. This estimator uses only tke si

nearest pilot symbols to apply a Wiener filter in frequeand,
afterwards, a simple linear interpolation. The good
performance of this estimator and, most of all, the faat it
; withstands failures in frequency estimation, support the
| relevance of this proposal.
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