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LTE ¢ o0num iz cmanoapmie 36’°a3ky 0 MoGiivHuUX
menedonie HaCMYn1020 NOKOTIHNS, MOMY 8 cCmammi 3pob.ie-
HO 027110 0CHOBHUX Mem00i8 exeanizauii 6 mexnonoezii LTE 3
MIMO ma SC-FDMA ¢ xananax, 0e Maxcumaivha 3ampum-
Ka nepesuwye 008xcuny 3axucrozo inmepeany. Posensnyau
mpu memoou Kopexuii: wacoeuii inmepeas, 001acmv 4acmo-
mu i myp6o eupisnioeanns
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LTE seasemcs 00num u3 cmandapmoe c6:a3u 0 MOOUIb-
HbLX meJie)oH086 C1edyouez0 nOK0JeHUS, ROIMOMY 6 Cambe
coenan 0630p 0CHOBHBIX MemOO08 IKBANUSUUL 6 MEXHOO0-
euu LTE ¢ MIMO u SC-FDMA ¢ xananax, 20e Maxcumaio-
Has 3a0epiycka npesviuaem 0aUHY 3auumnoz0 uHmepeaa.
Paccmompenvt mpu memooa Koppexuuu: 6pemMeHHol unmep-
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1. Introduction

Mobile broadband access and high data rates for mobile
data services are becoming more and more important. Long
Term Evolution (LTE), the 4G successor of Universal Mo-
bile Telecommunications (UMTS) 3G standard, offers both.
It is the upcoming technique for mobile internet access. The
idea of this work is to improve the performance of single
carrier frequency division multiple access (SC-FDMA),
used in the LTE uplink [1]. SC-FDMA employs frequency
domain equalization [1], which is compared with an iterative
equalization in the time domain, using the recurrent neural
network (RNN) equalizer [2]. In a third approach a combi-
nation of equalization and decoding for coded transmission,
known as turbo equalization, is presented [3]. In a first
step we considered bit error rates and packet error rates,
but only minor improvement could be realized. But when
implementing hybrid automatic repeat request (HARQ)
[4] and having a closer look at the throughput, defined by
the ratio of the number of received packets to the number of
transmitted packets, the gain of time domain equalization
can be easily seen. LTE standard was started as a project
in 2004 by telecommunication body known as the Third
Generation Partnership Project (3GPP). SAE (System Ar-
chitecture Evolution) is the corresponding evolution of the
GPRS/3G packet core network evolution. The term LTE is
typically used to represent both LTE and SAE LTE evolved
from an earlier 3GPP system known as the Universal Mo-
bile Telecommunication System (UMTS), which in turn
evolved from the Global System for Mobile Communications
(GSM). The main goal of LTE is to provide a high data rate,
low latency and packet optimized radio access technology
supporting flexible bandwidth deployments. Same time its
network architecture has been designed with the goal to
support packet-switched traffic with seamless mobility and
great quality of service. The primary advantage e of OFDM
over sing le-carrier schemes is its ability to cope with severe
channel conditions without complex equalization filters.

In this report we overview the fundamental techniques of
MIMO OFDM equalization in channels where the maxi-
mum delay exceeds the length of the Guard Interval. The are
considering three main parts explaining frequency domain,
time domain and turbo equalization.

2. Analysis of published data and problem statement

Data communication volume of mobile phones is rapidly
increasing at present due to dissemination of smart phones
and mobile communication.

Wireless communications based on multiple antennas
have initially gained popularity due to the capacity increase
in flat-fading channels [5]. In frequency-selective channels,
this feature can be maintained by enabling OFDM, so that
each subcarrier experiences a separate flat-fading MIMO
channel. Notably, in frequency selective channels, spatial
multiplexing MIMO-OFDM is able to offer both a rate
increase and a diversity gain with respect to single-antenna
OFDM [6].

The Long Term Evolution (LTE) is one of communi-
cation standards for next-generation mobile phones, which
has evolved the high-speed data communication standard
HSDPA for the mainstream 3G (third generation) mobile
phone system W-CDMA at present. The LTE specifications
have been standardized by 3G (W-CDMA) Standardization
Organization 3GPP (3rd Generation Partnership Project)
as “3GPP Release 8”. The long term evolution (LTE) stan-
dard adopts OFDM in the downlink and single carrier-FD-
MA (SC-FDMA) for uplink transmission [7]. With usage
of MIMO, the LTE downlink can support up to 300 Mbps
transmission rate and uplink can reach 75 Mbps. The ad-
vanced version LTE-A can support up to 1 Gbps in downlink
and 500 Mbps in uplink. Compared to the OFDM used in
downlink, SC-FDMA has lower peak-to-average power ratio
for the transmitter. This provides higher power efficiency for
the mobile device. Although, the usage of MIMO increases




data rate tremendously, it also introduces inter-antenna
interference. Besides this interference, the multi-path fad-
ing channels result in inter-symbol interference. With the
help of cyclic prefix, the inter-symbol interference between
SC-FDMA symbols can be minimized very well. However,
the intersymbol interference between symbols inside the
same SCFDMA symbol still remains significant. Minimum
mean square error (MMSE) frequency domain equalizers
(FDE) are usually adopted to reduce both inter-antenna
and intersymbol interference [8]. However, in multi-path
channels, MMSE-FDE can not remove the interference
completely. Both residual inter-symbol interference and
inter-antenna interference still exist. They are especially
strong in equal tap channels. As a result, they will degrade
the receiver performance. In recent years, several schemes
were proposed to perform interference cancellation in LTE
downlink [9] and uplink [10]. However, few papers exist
on low complexity implementation for software defined ra-
dio (SDR).

3. The purpose and objectives of the study

The main objective of the equalization in LTE technolo-
gy to improve the performance of the Long Term Evolution,
(LTE) is one of communication standards for next-genera-
tion mobile phones.

Expansion of communication band (capacity) is a critical
issue for communication carriers. We thought at work of
equalization in LTE technology with MIMO and SC-FD-
MA for the following reasons:

1. Because the LTE that allows high-speed data commu-
nication with low delay is superior in terms of the radio wave
use efficiency, many of major communication carriers in the
world have indicated a policy of adopting the LTE. The rapid
dissemination of the LTE in the future is expected.

2. In this work, we analyze this integrated network in
order to increase the communication capacity. We take into
account multi-parametric stochastic approach that combines
the statistical description of the terrain and the built-up
overlay with description of the signal intensity spatial dis-
tribution, taking into account the channel multipath effects
from various natural and artificial obstructions located in
the urban scene.

3. The LTE mobile phone system adopts the MIMO sys-
tem having multiple antennas to allow high-speed commu-
nication. If noise generated in a mobile phone interferes with
the antenna, the radio sensitivity lowers and the communi-
cation quality is degraded. Therefore, such interference must
be suppressed by noise suppression. (Intra-system EMC)
Noise must be suppressed for all antennas because the LTE
allows high-speed communication using multiple antennas.

4. Main differences between OFDMA and
SC-FDMA of LTE

OFDMA is a multiple access scheme based on the
well-known orthogonal frequency-division multiplexing
(OFDM) modulation technique. Its main principle is to split
the data stream to be transmitted onto a high number of nar-
rowband orthogonal subcarriers by means of an inverse fast
Fourier transform (IFFT) operation, which allows for an

increased symbol period. The latter, together with the use of
a guard interval appended at the beginning of each OFDM
symbol, provides this technology great robustness against
multipath transmission [11]. A realization of this guard in-
terval is the so-called cyclic prefix (CP), which consists of
a repetition of the last part of an OFDM symbol. As long as
the CP is longer than the maximum excess delay of the chan-
nel, degradations due to inter symbol interference (ISI) and
inter carrier interference (ICI) are avoided. Furthermore,
the goal of employing narrowband subcarriers is to obtain a
channel that is roughly constant over each given sub band,
which makes equalization much simpler at the receiver. Fi-
nally, since these subcarriers are mutually orthogonal, over-
lapping between them is allowed, yielding a highly spectral
efficient system. Despite all these benefits, OFDM also pres-
ents some drawbacks: sensitivity to Doppler shift, synchro-
nization problems, and inefficient power consumption due
to high PAPR [11]. SC-FDMA is a multiple access scheme
based on the single-carrier frequency-division multiplexing
(SC-FDM) modulation technique, sometimes also referred
to as discrete Fourier transform (DFT)-spread OFDM.
Its main principle is the same as for OFDM; thus, the same
benefits in terms of multipath mitigation and low-complexity
equalization are achievable [12]. The difference though is
that a DFT is performed prior to the IFFT operation, which
spreads the data symbols over all the subcarriers carrying
information and produces a virtual single- carrier structure.
As a consequence, SC-FDM presents a lower PAPR than
OFDM [13]. This property makes SC-FDM attractive for
uplink transmissions, as the user equipment (UE) benefits
in terms of transmitted power efficiency. On one hand, DFT
spreading allows the frequency selectivity of the channel to
be exploited, since all symbols are present in all subcarriers.
Therefore, if some subcarriers are in deep fade, the informa-
tion can still be recovered from other subcarriers experienc-
ing better channel conditions. On the other hand, when DFT
dispreading is performed at the receiver, the noise is spread
over all the subcarriers and generates an effect called noise
enhancement, which degrades the SC-FDM performance
and requires the use of a more complex equalization based on
a minimum mean square error (MMSE) receiver [12].

5. Optimal Equalization

In general, there are three categories of equalization
techniques. Our technique is the time—frequency domain
equalization with channel shortening. A time-domain equal-
izer is inserted to reduce the MIMO channels to the ones
with the channel length shorter than or equal to the CP
length, and then, a one-tap frequency-domain equalizer is
applied to each subcarrier. When the MIMO channels are
shortened by the time-domain equalizer, residual inter carri-
er interference and inter symbol interference are introduced.
They cannot be eliminated by the subsequent frequency-do-
main equalizer and, thus, limit the performance. In report
briefly are considering different equalization techniques. In
particular very effectively is the time domain equalization
(TEQ).It is using a short FIR filter at the receiver input that
is designed to shorten the duration of the channel impulse
response (L). Thus it allows a reduction in the guard interval
length. Using a filter with up to 20 coefficients, the effective
channel impulse response of a typical AWGN channel can



easily be reduced by a factor of 10. Different cost functions
such as minimum mean squared error, maximum shortening
signal-to-noise ratio (SNR), and minimum intersymbol in-
terference (ISI), and maximum bit rate have been proposed
to design the (TEQ). Each received symbol y; of a block can
be written as a sum of the useful part of the symbol, interfer-
ence and noise In (1) rj; are the elements of the discrete-time
channel matrix [14].
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The idea of the (recurrent neural network) RNN equaliz-
er [2] is to estimate the interference and subtract it from the
received symbol.
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After the final iteration step log likelihood ratios
(LLRs) [15], [16] are calculated and passed to the turbo
decoder. The activation function 0 () builds the core of the
RNN equalizer. The optimum activation function for com-
plex-valued symbol alphabets has been derived by Sgraja
et al. For binary phase shift keying the well-known hyper-
bolic tangent function is obtained. Based on the remain-
ing interference power and the noise power the optimum
activation function is calculated in each iteration step. For
the tangent hyperbolic function the remaining degree of
freedom to be adjusted is the slope at the point of inflection.
Generally the steepness of the function will increase with
increasing iteration number. This reflects the improving
reliability of the soft symbol estimates due to the successive
interference cancellation. The updating of the subchannels
is also of great influence on the recurrent neural networks
RNN'’s performance.

6. Simulation results equalization in LTE

The transmission bandwidth of 5 MHz translates to a
total number of M=512 subcarriers available in the OFD-
MA subsystem. The number of subcarriers occupied for
the transmission is fixed to K=300. For all simulations the
extended vehicular A (EVA) model from the LTE standard
is used. The power delay profile is assumed to be known
perfectly at the receiver. The channel impulse response is
assumed to be time invariant within one slot, i. e. for seven
SC-FDMA symbols. The cyclic prefix is chosen sufficiently
long. The output of the turbo coder is always punctured
to a code rate of 1/2. The modulation alphabet used is the
16QAM alphabet. The following parameters are used in the
receiver: a fixed number of eight iterations are performed
in is used for the RNN, if implemented in a conventional
receiver structure. For both the MMSEBLE and conven-
tionally implemented RNN eight iterations are performed in
the turbo decoder. The turbo equalizer uses two inner itera-
tions, each with four RNN and four turbo decoder iterations.
Fig. 1 shows the transport block error rate (TBER) for the

three equalizers. Both implementations of the RNN equal-
izer show a very good performance for a low signal to noise
ratio and both significantly outperform the MMSE-BLE.
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Fig. 1. Transport block error rates for the 16QAM modulation
and a code rate of rc=0:5 for the EVA channel model for
different equalizers

The turbo equalization shows slight advantages com-
pared to the conventional receiver structure. For a higher
SNR the MMSE-BLE outperforms the RNN equalizer
due to an error floor. This error floor is caused by the
RNNs tendency to converge against a wrong solution in
case of very poor representatives of the channel impulse
response. Due to the statistical channel model used some
channels exhibit a very high frequency selectivity and
thus create a vast amount of interference. Simulations
carried out for different code rates and other LTE chan-
nel models show similar results. In Fig. 2 the throughput
n for the time and frequency domain equalizers is shown.
Considerable performance gains can be realized by the
application of time domain equalization. At a throughput
of n=0:9 a gain of roughly 5dB is realized by the RNN
equalizer. The time domain equalization shows superior
performance compared to the MMSE-BLE until a SNR of
about 15dB. Then the influence of the error floor makes
the MMSE-BLE outperform the RNN equalizer. When
comparing the turbo equalizer with the conventional
RNN equalizer, a gain of roughly 1dB may be realized in
the SNR region between 4 to 8dB. Overall the benefits
from the time domain equalization may become more ap-
parent if throughput rates are studied.

The total throughput for 16QAM on the EVA channel
model are shown in Fig. 3. A larger gain in the lower SNR
regions can be achieved using the RNN equalizer.

Until a SNR of 15dB, the RNN equalizer, implemented
in a turbo or conventional receiver structure, can improve
the throughput by up to 30 %. For higher SNRs the
MMSE-BLE outperforms the RNN equalizer. Especially
using the turbo equalization implementation of the RNN,
after 9 Mbit=s the throughput does not improve any
further. However, modifying the scheduling of the multi-
dimensional turbo iteration process, further performance
gains are possible. This can be seen form the fact that the
conventionally implemented RNN equalizer achieves a
throughput of up to 10 Mbit=s.
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Fig. 2. Throughput for the EVA model with a code rate of
rc=0:5 using a 16QAM alphabet for different equalizers
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Fig. 3. Maximum throughput of different equalizers using the
16QAM modulation and the EVA channel model

7. Conclusion

The LTE allows high-speed data communication (re-
ception: 100 Mbps or higher and transmission: 50 Mbps or
higher). Since the frequency band is expanded up to 20 MHz,
the logical maximum transmission rate is 326.4 Mbps in
reception and 86.4 Mbps in transmission. The data com-
munication rate is higher than that of 3G/3.5G even at the
same frequency band, which allows acceptance of a lot of us-
ers. Furthermore, the LTE achieves low-delay transmission
with a connection delay of 100 ms or less and a radio section
transmission delay of 5 ms or less. Thus the LTE is suited
for audio communication, moving picture distribution, and
online games. The best performance is introduced by turbo
equalization due to the improvement of the equalized signal
estimation on the each iteration and better cancelation of
the ISI component. OFDMA and SC-FDMA has several
benefits over other transmission schemes like high spectral
efficiency due to the orthogonality between subcarriers it
is possible to pack them closely together (15kHz subcarrier
spacing). Robustness in multi-path environments thanks
to the cyclic prefix as mentioned before. On basis of the
simulated results, it was concluded that the structure has

low bit error rate when MLSE equalizer is used. It is shown
through numerical simulations that high performance gain
is achieved in equalized MIMO OFDM system. A broad
frequency range (700 MHz to 2.7 GHz) is adopted for the
LTE and frequency bands are allocated to communication
carriers in each country.
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B ymosax ingpopmauiiinoi naomiprocmi piwen-
Hs 3a0a4i ONMUMANLHOZ0 BUKOPUCMAHHA OUIHOK
00H020 i M020 JHC BeKMOPA CMAHY, OMPUMAHUX Pi3-
HUMU GUMIpIOGaMaAMU 00HOUACHO, nepedbayac ix
6azoge nidCYMoOBYBaHHs. Ajle MaAMPUus 6az08uUx
Koepiuienmie, wio 6x00ums y 6Upa3 0N BUIHAUEH-
HA pe3yabmytonoi ouiHKu, 3aaeicums 6i0 3nauens
napamempie, AKi 6UMIPIOOMbCA, 1 aANPiopHO He
3aescou eidomi. Ilposedeno ananiz enauey nomu-
JIOK GU3HAYEHHS MAMPUUi 6az068ux KoeiuicHmis
Ha MOUHICMb Pe3YyNbmYy1040i OUIHKU

Kniouoei cnosa: o06’conanna ingopmauii,
BUMIPIOBAHNA NAPAMEMPIE, He3AeNHCHI GUMIDIO-
saui, Qinompauisa ouiHOK, Mampuus 6daz08uUx
Koeiuienmis
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B ycaosusax ungopmayuonnoi uzbvimonnocmu
pewenue 3a0auu ONMUMANLHOZ0 UCNOIbI0BAHUS
OUEHOK 00H020 U MO20 Jce 8eKMOpPA COCMOSAHUSL,
NOJIYUEHHO20 PA3NUMHBIMU UIMEPUMENIMU O00HO-
8peMeHHO0, npeonoazaem ux 6eco80e CYMMUposa-
Hue. O0naxo mampuya 6ecosovix K03 Puuuenmos,
6x005Was 8 Gvipaxrcenue onpeoeneHus pe3yaomu-
Ppyroweli oueHKu, 3aeucum om 3HaMeHul umepsi-
eM020 napamempa u anpuopHo He 6cez0a usgecm-
na. Ilpogeden ananus 6auaHUs OWUOOK MAMPULDL
8€C06bIX K0IPPUUUEenMo6 Ha MOUHOCMb pe3Yylb-
mupyroueil oyenxKu

Kniouesvte cnosa: oGsedunenue undopmauuu,
umepenue napamempos, He3AGUCUMbLE UIMePU-
meau, Quiempayus ouenHox, Mampuua 6ecosbix
K03 Puyuenmos
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1. Beryn

Busiiennsi HeGesneuHux (HakTopiB HaA3BUYANHUX
CUTYyaIliil 3[ifiICHIOETHCS 3a JOMOMOTOI0 CHCTEM MOHITO-
puUHTY pidHoro piBHs. Peasizaiis 3aBiaHb MOHITOPUHTY
norpebye HasiBHOCTI KOMILJIEKCY AaHUX, sAKi OOIPYHTO-
BYIOTb MPUNHSITTS PillleHb 1010 3abe3nedeHHst Ge3nexu
JKUTTS 1 MiSJIbHOCTI HaceJeHHs, 10 MEIIKA€ Ta MPaIioe
Ha TEPUTOPIAX, AKI MiANagaloTh i BIJIMB HeOe3neuHnx
i mKigauBux GakTopiB aBapiii, katacTpod Ta CTUXINHUX
aux. [Ipmyomy, fimeThcsa He TPO OKPeMi CIIOCTepeskeHHS,
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