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Abstract

Precise modelling and accurate estimation of long-term evolution (LTE) channels are essential for numerous applications
like video streaming, efficient use of bandwidth and utilization of power. This deals with the fact that data traffic is
increasing continuously with advances in Internet of things. Previous works were focused mainly on designing models to
estimate channel using traditional minimum mean square error (MMSE) and least squares (LS) algorithms. The proposed
model enhances LTE channel estimation. The designed model combines LS and MMSE methods using Taguchi genetic
(GE) and Particle Swarm Intelligence (PSO) algorithms. We consider LTE operating in 5.8 GHz range. Pilot signals are
sent randomly along with data to obtain information about the channel. They help to decode a signal in a receiver and
estimate LS and MMSE combined with Taguchi GA and PSO, respectively. Cl-based model performance was calculated
according to the bit error rate (BER), signal-to-noise ratio and mean square error. The proposed model achieved the
desired gain of 2.4 dB and 5.4 dB according to BER as compared to MMSE and LS algorithms, respectively.
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AHHOTALUA

BrimonHeHe MoeTMPOBaHNUS U TOYHO OLICHKH KaHalla 0ecripoBOIHOM cBsizu B crannapre Long-Term Evolution (LTE)
HEOOXOIMMO JIJIsl PabOTHl MHOTOYHCIICHHBIX MPHIOKEHHUHN, TAKMX KaK MOTOKOBOE BHUJIEO, & TAKXKe JUIA dPPEKTUBHOTO
HCIIOJIb30BAHUS TIOJIOCHI IPOTYCKAHUS U SHEPTUU. DTO CBA3AHO C MOCTOSHHBIM YBEIUYCHHEM TpaduKa JaHHBIX U
pa3BuTHeM HHTepHeTa Beuled. CylecTBYIONINE UCCIEeI0BAHNS B OCHOBHOM HAIPAaBIICHbl HA U3y4YeHUE MoJeel
OLIEHKU KaHaja ¢ UCIOJIb30BaHUEM TPAJUIHOHHBIX AJITOPUTMOB BBIYMCICHNUS MUHUMAIbHON CpeIHEKBaJApaTUUYHON
omm6ku Minimum Mean Square Error (MMSE) n nanmenbimx kBagpatoB Least Square (LS). [Ipeanoxennas mozaenb
TIO3BOJISIET YITYUIIUTh OIIEHKY KaHala B MOOWIIBHBIX ceTsax crangapra LTE. Mozens ocHOBaHa Ha 00beTMHEHHN METOI0B
HaWMEHBIINX KBaJPaTOB M HAaMMEHBIICH CPETHEKBAIPAaTHYSCKON OMMOKH C MpUMEHEHHEeM Tary4n-reHeTHYeCcKoro
QITOPUTMA ¥ AITOPUTMa ONTUMHM3AINH post gacTui] Particle Swarm Intelligence (PSO). IIpuenen npumep cetn LTE,
paboraromieii B quanazone 5,8 ['T'n. CrnyvaifHble THJIOTHBIC CUTHABI CICAYIOT BMECTE C JaHHBIMU JUIS TIOJTYYCHUS
CBEJICHUH O KaHalle, IOMOTaloT JIEKOJUPOBaTh CUrHAN B MpueMHuKe U onleHuBarh LS u MMSE 3a cuer coueranus
Taryuun-rererideckoro anroputma u PSO coorBeTcTBeHHO. BhIMomHeHa OlieHKa 3P GEKTUBHOCTH MOJCIH 0 YaCTOTEe
6urtoBbix omnbok Bit Error Rate (BER), oTHOmIeHHIO cUrHAN/IIyM U cpeaHekBaaparnieckoil omubku. C yuerom
BennunHbl BER mpeacraBnennas Moaens Ha OCHOBE HCKYCCTBEHHOTO MHTEIUIEKTa 00eCTIeunBAaET JIyUIllne Pe3ybTaThl
no cpaBHeHuto ¢ MMSE Ha 2,4 nb u ¢ LS —na 5,4 1b.

KunwueBble ciioBa

TeHeTHYECKHUI anroput™, GA, anroputM onTuMHu3anuu pos yactui, PSO, moowmibHas cets LTE, MunnmanspHas
cpemHeKBaapaTryeckas oumbka, MMSE, MeTon HanMeHbIINX KBaapaToB, LS

BaaronapuocTu

Astops! 6maropapsit Lkormy mmkeHeprun 1 TexHoNIoTHH YHuBepcuTeta AmutH B J[)aiimype, VHans, 3a mpeocTaBieHue
yueOHBIX MaTEPHAIIOB K pecypcoB. Takxke OIaroaapHsI 3a MpeIoCTaBICHIE Ta00paTOPUH TS IPOBEICHUS UCCIICTOBAHU
TexunueckoMy kammycy AHpkymaH-u-Mcenam B Kancexape, Yansepcuter Mym6an, Hasn Mym6an, Unans

Ccpuaka as nurupoBanus: [latan C., Hynus A., TamOomu M., [Tatxak C. CpaBHUTEIBHBII aHATH3 AJITOPUTMOB

BBIUKCIIMTELHOTO HHTEIUIEKTA JUIst olleHkH KaHaina LTE // HayuHo-TexHu4YecKkuii BeCTHUK HH(POPMALIMOHHBIX TEXHOIOT U,
MexaHuku u ontuku. 2022. T. 22, Ne 1. C. 206-216 (ma auri. s3.). doi: 10.17586/2226-1494-2022-22-1-206-216

Introduction The Universal Mobile Telecommunication System

(UMTS) is one of the branches of Global System for Mobile

LTE means Long Term Evolution, and it began as a ~ Communications and Evolved UMTS Terrestrial Radio
project in early 2005 by the 3rd Generation Partnership ~ Access network, whereas E-UTRAN is the air interface
Project, a telecommunications organization. The in an LTE Cellular Network. LTE is the first version.

corresponding evolution of 3G packet network is System Fig. 1 shows the evolution of LTE and how different
Architecture Evolution (SAE). LTE is a term that stands for ~ version of LTE added new technologies for better services.
the combination of LTE and SAE [1, 2]. The 3rd Generation Partnership Project has been working
5G Research 5G Standart Product Deployment
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Fig. 1. Evolution of LTE

Hay4HO-TeXHNYEeCKNin BECTHUK MHDOPMALMOHHbBIX TEXHOOMMIA, MEXaHUKKN 1 onTukn, 2022, Tom 22, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 1 207



on LTE on the path to the fourth generation mobile due to
the increase in mobile devices data usage and the advent
of new applications for Internet of Things devices [3, 4].

LTE’s major aim is to form a high-data-rate, low error,
packet-optimized wireless radio technology that allows for
changing capacity deployments. LTE network architecture
was created to perform switched traffic while maintaining
high quality of service and mobility.

The most significant parameter in wireless
communications is channel state information (CSI). This
information aids in understanding signal propagation via
the channel, as well as the distortion and delay created by
the signal from the transmitter side to the receiver side.

The LTE channel estimation depends on present
information that is shared between the sending and LTE
receiving side. This approach of channel estimation aids in
signal reconstruction at the receiver end. At the receiver,
the LTE channel impulse response can be estimated by
using inserted pilot symbols, which are familiar to both
the sending and receiving side, and which apply various
interpolation types to estimate the LTE channel response
of the subcarriers between the pilots [5, 6].

Although blind channel estimate has a lower overhead, it
requires a lot of signals received from antenna to reconstruct
the desired signal. The efficiency of the channel estimation
can be improved by utilizing the semi-blind channel
estimating system, which uses pilot and data symbols.

This method employs the signal tracked as a feedback
mechanism to track the performance of the channel, as
well as the tracked signal as reference signal for future data
prediction. Although based on symbols, channel prediction
delivers the best performance, above the described pilot
symbols, which are transmitted with data symbols, reduce
transmission efficiencies. When we use training symbols,
the channel estimation is done using Least Square (LS) and
Minimum Mean Square Error (MMSE) algorithms, which
improve system performance by lowering the Bit Error
Rate (BER) [7, 8].

Optimization deals with the process of creating a system
with the goal of lowering production costs or increasing
production efficiency. The procedure for algorithms of
optimization is to run them continuously while comparing
alternative answers until the optimal one is found.

A genetic algorithm reflects the process of natural
selection of fittest particle for reproduction in order to
produce offspring of next generation.

Particle Swarm Optimization (PSO) is nothing but
finding the best solution in space. It works on the objective
function and is not affected by any differential shape of the
objective [9, 10].

Using pilot signals, this work approximates the noised
mixed, faded signal in the system at the receiver side. The
random pilot signals are subjected to the optimization
technique, which is then compared to the fixed pilot signals
subjected to the LS algorithm and MMSE algorithms
[11, 12].

Related Work

One of the applications that received much attention
is data-driven channel estimation. In [13], a channel

prediction technique for LTE was suggested. To increase
the performance of a LTE system that consists of Millimeter
wave connected with N Multiple-Input Multiple-Output
(MIMO) users, this strategy was integrated with hybrid
LS techniques.

The researchers proposed a CI-Model which uses
Orthogonal Frequency Division Multiplexing (OFDM)
as receiver that applies a Computational Intelligence (CI)
algorithm to collect channel state information (CSI) and
find out transmitted symbols [14].

Montgomery [15] investigated a MIMO based huge
LTE system that estimated the channel matrix using an LS
and MMSE. However, a major disadvantage of utilizing LS
and MMSE for channel estimation is that it necessitates a
significant amount of training channel data, which may be
impractical for time-changing channels.

The medium in a Frequency-Division-Duplex system
was estimated using a bi-direction recurrent Genetic
Algorithm (GA) in conjunction with pilot samples in [16].

In addition, the authors suggested a Cl-included channel
evaluating idea for MIMO antenna system that consists of
a MIMO base interacting with many single-antenna points
in [17]. Instead of evaluating the medium coefficients
using the Least Square (LS) approach, this work applied
computational intelligence to denoise the received signal.

In [18], the author introduced a joint GA and LS-based
channel estimation for the transmitter that takes advantage
of the receiver’s Signal to Noise Ratio (SNR) received from
output side to derive MIMO wireless channel coefficients.

CI implementation was suggested to overcome
difficulties of predicting a mixed selective wireless channel
[19]. In this study, the researcher focused on using a CI to
calculate channel coefficients during the training phase.

Contributions

A deep examination of the works discussed in the
previous section shows that the vast majority of authors
have primarily concentrated on using LS and MMSE to
acquire the CSI. Processing intelligence algorithms has
significant computational needs and requires a lot of data
to train. This feature prompted us to study the feasibility of
introducing a low-complexity CI-based method specifically
tailored for channel estimation. The contribution of our
research is as follows.

We present a powerful CI algorithm for estimating and
monitoring difficult time changing and frequency selective
multipath channels. The parameters are optimised and
the Channel Impulse Response (CIR) is obtained using
stochastic gradient descent in this algorithm.

To calculate the impulse response of the channel whose
time is changing continuously, the proposed CI algorithm
is combined with the OFDM based transmission technique.

The performance of the designed technique is compared
to that of the well-known least squares and MMSE channel
estimation algorithms for a variety of pilot sample numbers.
Even with minimal pilot samples for each symbol of
OFDM, the suggested approach performs better than LS
and MMSE algorithms, according to the obtained findings.
The designed CI-Algorithm based wireless medium
evaluating complexity is assessed in terms of drifting
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numbers operations. Our approach has a lower complexity
than the usual MMSE and LS, according to the complexity
evaluation.

Finally, the suggested algorithm’s convergence is
studied by determining the number of iterations required for
the designed approach to meet the best feasible estimation
channel.

Organization of the paper

The paper is organised as follows. The first section
explains a system model with the help of mathematical
expression. The subsections describe the transmitter and
the designed channel model and their implementation with
LS and MMSE technique. The next section deals with the
CI based channel estimation explaining the receiver. The
section on results considers all parameters and the paper is
concluded with the achieved results.

System model

We analyse a basic LTE communication system
shown in Fig. 2 in which Multiple Antenna at sending and
receiving sides communicate over a changing frequency
channel with a changing time frequency. We use the OFDM
bock to reduce ISI and a multiplexing (OFDM) method.

In the LTE system, Downlink and Uplink Transmission
are organized in frames. Data for Transmission are
modulated using M-ary Quadrature Amplitude Modulation
(QAM) scheme to get frame of N-subcarrier symbols, i.e.
X(k). OFDM signals, i.e. x(n) to be send, are received by
applying the Inverse Discrete Fourier Transform on X(k)
such that

1 N-1 ) .
x(n) = ~ > X(k)e/2lky,
#=0

In practice, N is a power of two, and IDFT is carried
out with the help (IFFT) inverse-fast-Fourier transform.
Actually, we consider an OFDM data with N sub-carriers
that are split into Np pilots to calculate p (number of pilot
subcarrier) and track impulse response, as well as payload,
Np stand for data samples, D is number of Data Samples;
J is imaginary unit used to indicate complex component in
alternating current circuits; k is wavenumber. X(k) is the
Discrete Fourier Transform of x(7).

Transmitter. The data is initially coded and then
mapped with QAM on the transmitter side, using the block
of Modulation. We shall consider system sends data in 7’
time slots, with the QAM symbols at time slot ¢, t=1, ...,
T are combined to Data Vector x(f) € CV as

x(0) = [x1(0), x2(0), x3(0), ..., xp(D)],

where N is symbol of modulation. Following that, the
encoded information is divided into Ny vectors that
correspond to the Transmit antenna Ny as given below

xi(t) = [xi(t)’ 'xi+NT(t)9 xi+2NT(t)9 .. -]s

wherei=1,2, ..., Ny

Each antenna will send data in serial to parallel form,
and pilot symbols are inserted to acquire knowledge of
Transmitter and receiver side as shown in Fig. 3. We define
x,(Hyand a =1, ..., Np. x,(?) is a vector for signal which
is inserted between pilots. After that the block of inverse
fast Fourier transform is applied to x,(), transforming the
signals from frequency domain to time domain defined by
x,(?) as follows:

X, () = IFFT{x (1)}

Then, we use cyclic prefix insertion of length N as
a guard interval to remove the inter-symbol interference.

LTE Channel Estimation I
>

N,
Channel R
LTE Base Station 1 OFDM Rx | Estiifll;lt?on \
>0 010 .0 08
O 0L5070 |0 | Channel K
Lo 0 0|o|o|o|o Nr ] OFPMRX™ Egimation
. o0 o0loo0lo )
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Fig. 2. Overview of the Computational Intelligence algorithm based Channel Estimation for LTE.

K is Number of Subcarriers, N is Number of transmit antenna, Ny, is Number of receiver antennas, O is Orthogonal Sequence of length
Ny, T, is Number of time Domain samples in the channel sounding frame
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Fig. 5. Flow chart of Computational Intelligence based GA (a) and PSO (b) Algorithm

Fig. 4 represents Cl-based and MMSE channel
estimation. The GA is an automatic search algorithm for
determining the lowest cost function and maximizing
fitness. This algorithm is defined by parameters as
mutation, cross over, and process of selection. If number
of variables is more used in MIMO-OFDM based LTE
system, GA provides the best solution. This method, which
is one of the best, provides the best answer to the problem
and is utilized in a variety of applications, including mobile
communication systems. GA consists of three components:
reproduction, mutation, and crossover. These components
are used to calculate the Fitness value to select the best
channel. The fitness formula is as follows:

(H HG,,)2
fitness =({———| .

Each particle is referred to as an agent in PSO, and it is
kept in the search area to locate the objective function from
the present location (Fig. 5). Every particle in the solution
search space adjusts its velocity to find the optimum spot.

H— Hpgo\*

tness =
s[5

The fitness function helps to optimize the problem and
identify the best answer.

Designed Channel Model. Received Output Signal is
defined as

y=xh+n,

where 7 is the zero mean complex Gaussian noise with
variance, x defines the frame of modulated N-length /FFT,
h shows CIR, which is designed and considered as Length
L vector, * represents convolution operation.

Noise with variance is given by the following formula:

Ny=2%,.

The time varying model which uses Jakes’s model is
described as follows:

Bjare(D) = 24 1€ /102 pmaxcos(PL)],

Arrival angle, and phase of the /th path are represented
by 4, ®;, and @, respectively. It is worth noting that O,
and @, are mutually independent and distributed uniformly
between [I1, IT]. Furthermore, fj,,,« specifies the highest
possible Doppler frequency.
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CI based channel estimation

Least Squares Estimation

The LS channel estimation technique assumes a block-
type pilot configuration with pilots located at all subcarriers
of the OFDM signal.

The received signal after FFT demodulation is as
follows:

Y, = HpXp+ Wp,

when Hp denotes the Frequency Selective Channel’s
Frequency Response at pilot places, Xp and Wp defines
pilot symbols of the transmitter and samples of additive
white Gaussian noise, respectively.

To secure channel estimation after implementing LS,
the cost function should be minimised

A A
J(Hpg) = [|Yp — XpH |- (1)

FurthermoAre, the equation (1) should be calculated by

considering H; ¢ and the output is set to zero to achieve the
cost function’s minimal value.

This expression will be further simplified to give
channel estimation due to LS:

AN Yp(k)
B Xty

Minimum Mean Square Error Estimation

Minimum Means square estimation was first introduced
in [20] as shown in Fig. 6.

By close analysis of the above described figure, the
estimated channel obtained is

A V
. .. v . .
At pilot position H is given as:
e
H=Xp Yp.

By minimising the below given cost function, MMSE
estimate of the channel can be calculated as follows:

Hetyase) = Elelzy = E{J11— Hypgsnl

Receiver

To acquire y,(t) vector of length Npgr on side of
receiver, the cyclic prefix is detached from the collected
signal }gb(t) on every received antenna by the module for
removing cyclic prefix. The FFT block then converts the
signal to parallel form and transforms it into the frequency
domain, yielding a frequency domain signal y,(?):

yu(t) = FFT{y,(0)}.

H i() > e=H*1f[MMSE
19—> G > IL\IMMSE: GI%

Fig. 6. MMSE System

For channel estimation, the pilot signal is extracted from
the domain of the frequency signal. The layer demapping
module equalizes and congregates the received signal y,(%)
from all the reception antennas into a serial sequence after
calculating the channel.

The signal is subsequently demodulated using
the demodulation scheme, which is the same as the
transmitter’s approach. The final binary data sequence is
obtained as the output of the LTE system model.

Results

This section presents the results as well as their
discussion. The simulation results in this part were achieved
using Spyder (anaconda3) and Google Colab on a core
3 GHz processor with 20 GB RAM and 1053 GPU.

Furthermore, the suggested Computational Intelligence-
based channel estimation technique was implemented on
a node that receives information through a time changing
frequency channel model using Jake’s model. In addition,
Table 1 shows the simulation and channel model settings,
while Table 2 shows the algorithm parameters.

The frame period T is set to become shorter than
the coherence time of channel T c,, because the channel
is believed to be twice selective and frequency-selective.
Nonetheless, the channel response varying from frame
to frame, the system must collect a correct CIR for every
frame. To successfully estimate the CIR and keep track of
the CIR variation, we designed the CI-based estimation
algorithm at the output side.

We consider a period of training to receive the CIR
before the start of data transmission. Once data transmission
starts, the CI-based system will use define samples of
pilot, inserted before each signal OFDM, to keep track
of the impulse response change with respect to time. The
presented innovative Cl-based channel estimation’s mean
square error (MSE) performance was examined for a

Table 1. Simulation settings

FFT size 512
Number of symbols 100

No of Pilots 4

Carrier Frequency 3.7 GHZ
Mode of Modulation 16-QAM
Sub-carriers 2052

Max Velocity 85 m/s
Doppler Shift 33-973 Hz
Per user Bandwidth 20 MHz
Channel type AWGN

Table 2. CI Network Parameters

Input layer Size 2L
Output Layer Size 1
Number of Layers 2

Learning rate 0.001
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Fig. 7. MSE performance Comparison

different number of blocks of pilot in each block as shown

in Fig. 7.
The pilots are considered as follows:
N N N
Np=—,—,—and V.
8 4 2

Mean square error performance of the designed model
is compared with LS and MMSE channel estimation
algorithm.

After the detailed analysis of Fig. 7, the designed
algorithm outperforms MMSE and LS algorithm even
when the number of pilots is small.

N
For g data samples, the designed model gives 3.6 dB
and 9.9 dB over MMSE and LS channel estimation
N
algorithms. For Z data samples the designed model has a

gain of 8.1 dB and 14.6 dB over MMSE and LS.
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For 5 samples, the model attained 11.3 dB and 17.9 dB

compared with MMSE and LS.

For a variable number of pilots, we explored
how the performance of MSE for CI-based channel
estimate algorithm is turned into performance of BER
at the receiving point. Fig. 8, a depicts the bit error rate
performance for different four channel state information
scenarios (CSI), including perfect or ideal CSI, CSI derived
using the LS method, MMSE algorithm, and the suggested
innovative Cl-based algorithm.

A close analysis of Fig. 8, a reveals that BER
performance of the designed model matches with perfect
and ideal CSI. This match shows the effectiveness of the
designed model.

Then we evaluate the MSE performance of the designed
model against the number of pilot samples. Fig. 8, b shows
the impact of increasing the number of pilot samples when
SNR is fixed at 15 dB and 20 dB.

Similarly, BER outcome is evaluated against the number
of pilot samples. Fig. 9, a shows that the performance of
BER is proportional to the number of blocks of pilots.
Performance of BER for CI-dependent estimator reaches
of the evaluated values for BER of ideal CSI.

Fig. 9, b shows the convergence behaviour of the CI-
based algorithm. We calculated MSE performance for
different iterations to get the lowest MSE when SNR value
is 10 dB, 15 dB and 20 dB, respectively. The designed
model achieves the lowest MSE in between 17 and 19,
respectively.

The analysis of Table 3 (O is Complexity constant and
L is Floating point operations) shows that complexity of
CI-model is less than LS and MMSE (Fig. 10, a).

Table 3. Complexity analysis

Estimator Complexity
LS O (Np)
MMSE O (N2p)
Cl-based estimator O (L2Np)

b

— — - ML Estimation SNR = 15 dB

—— ML Estimation SNR =20 dB

MSE, dB

500 1500
Np

Fig. 8. BER performance comparison («) and MSE performance vs pilots samples ()

Hay4HO-TeXHNYEeCKNin BECTHUK MHDOPMALMOHHbBIX TEXHOOMMIA, MEXaHUKKN 1 onTukn, 2022, Tom 22, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 1

213



102} —  MSEatSNR=10dB |-
— — . MSEat SNR =15 dB
v i, N i o [ MSE at SNR = 20 dB
\\
A Y
N
7 N
-3 L 4
<10 o
O IS s e

10 20 30 40
Number of Iteration

Fig. 9. BER Performance vs pilots samples (a) and MSE performance vs number of iterations ()

a
0.022 \ —— ML Estimation SNR =20 dB
TTENS — — ML Estimation SNR = 15 dB
0.018 ¢ S~ _ _
o~ 0.014 1
o
m
0.010
0.008 |
100 300 500 700 900
Np
x10° a
8 v ; .
— — - The proposed CI algorithm
I |—— LS and MMSE 1
6 L. 4
8.4l «
b
<
2l J
0 ot | e i o e P
0 100 200
Np

b

CQI plot
1709 samples

| mm 0to7(21.83 %)
mm 7 to 15 (78.17 %)
19.04 4

Latitude

19.00 -

18.96 1

72.88 72.90

Longitude

72.84 72.86

Fig. 10. Complexity comparison (@) and CQI analysis (b)

The proposed estimator converge the best CIR
estimation if L is between 3 to 10 times less than the
number of samples Np.

Finally, Fig. 10, b shows the analysis of the channel
quality indicator for the designed model taking into account
different longitude and latitude for 1,709 drive test data
samples.

Conclusion

This paper introduced a straightforward but an
effective computational intelligence-depended approach
for channel evaluation. We investigated an unmarked
OFDM-depended LTE system that receives data across
a frequency selective channel that changes over time.
The designed algorithm was then applied to this OFDM

depended system to evaluate this time changing channel
and follows its changes from block to block. First, the
suggested algorithm’s performance was assessed in terms
of MSE channel evaluation performance and differentiated
from LS and MMSE channel estimation methods. Even
with a modest number of pilot samples used to estimate
and track the CIR, the obtained findings showed that the
presented approach beat the LS and MMSE algorithms.
The suggested Cl-based technique performs far better than
MMSE and LS channel estimation algorithms by 2.4 dB
and 5.4 dB, respectively, in terms of BER. Furthermore,
we tested the robustness of the proposed approach against
a variety of different maximum Doppler frequency values,
and the findings proved the effectiveness of our system in
time-changing CIR, as the change in frequency caused only
a modest outcome decrease of 0.19 dB.
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