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Abstract: The wireless communication channel is the critical parameter that affects the throughput in the LTE-
A network. The user equipment measures the quality of the wireless channel as the channel quality indicator
(CQI) value and transmits it to eNodeB. The eNodeB uses the CQI value to select the adaptive modulation and
coding method to achieve the highest throughput. This study analyzes the LTE-A network based on actual field
measurements. Measurements were taken at 80 different locations in Samsun (Turkey) city center using TEMS
Investigation software. RSRP, RSRQ, SINR, CQI, and throughput values were recorded for each measurement
in a stationary position while downloading 500 MB of data. Then, the averages of these recorded data were
calculated, and detailed analyses were performed. At the end of the study, the effects of RSRP, RSRQ, SINR,
and CQI on the throughput value in the LTE-A network were examined, and a novel mathematical model was
proposed that gives the relationship between them with 88.85% accuracy. It has also been observed that the
accuracy of the proposed model can be increased by 4% with GRNN. In the last stage of the study, a new CQI
mapping method based on real-field measurements for the LTE-A system was developed.

Keywords: LTE-A, Field measurement, Throughput, CQI, TEMS Investigation.

1. INTRODUCTION

High data rate expectations of mobile users have been attempted to be met with the Release-8 LTE (Long Term
Evolution) technology developed by 3GPP (3rd Generation Partnership Project) [1]. With Release-8, it is
possible to achieve a bandwidth of up to 20 MHz on the downlink (DL) and data rates (throughput) of up to 100
Mbps with the multiple input multiple output orthogonal frequency division multiplexing (MIMO-OFDM) data
transmission technique [2]. The LTE technology has been advanced with the 3GPP Release-10 LTE-Advanced
(LTE-A) technology [3], and a new generation communication system can optimize itself and utilize frequency
channels autonomously has begun. LTE-A technology continued to be developed with Release-11 [4], and
Release-12 [5] was designed to meet users' higher data rate expectations with mobile applications and increase
mobile traffic. The frequency band is used unordered using the non-contiguous intra-band scheme in Release-
11, and spectral efficiency is enhanced. In Release-12, on the other hand, unordered usage coincides in various
frequency bands with a non-contiguous inter-band system. By increasing the bandwidth with Release-12, high
frequencies and high signal to interference plus noise ratio (SINR) values can be obtained for small cells. MIMO
techniques can go up to 8x8, reduce system latency and intersymbol interference (ISI), increase channel quality,
spectral efficiency, and throughput [6]. Release-12 can reach 750 Mbps downlink and 150 Mbps uplink (UL)
throughput with a bandwidth of up to 100 MHz, MIMO-OFDM technology, and 256 QAM modulation.

LTE-A is a homogenous network that employs advanced base stations (eNodeBs, eNBs) to cover the whole cell
and uses the same transmission power level, modulation technique, and antenna configurations to provide service
to user units [7]. The downlink quality between eNodeB and user equipment (UE) in LTE-A systems is
determined by wireless channel parameters. In the LTE-A system, the status of the wireless channel is expressed

by the channel quality indicator (CQI). The CQI determined by the user unit is usually represented with the SINR



value calculated using reference signal received power (RSRP) and reference signal received quality (RSRQ).
Depending on the user unit's CQI value sent to the eNodeB, the modulation scheme, transfer block size (TBS),
and code rate of the data transmission are determined. Therefore, there is a direct relationship between CQI value
and throughput (THRP). There are several pieces of research on the performance of LTE and LTE-A systems in
the literature. Some of these are as follows; detailed practical performance analysis of the LTE cellular system
based on field test measurements was evaluated [8], RSRP, RSRQ, and reference signal Signal to Noise Ratio at
various points in space which is covered by an LTE macro base station operating at 2100MHz was measured [9],
the effect of CQI, SINR, and other channel parameters on THRP was investigated in LTE and LTE-A networks
[10-13]. The relationship of RSRQ and RSRP values with CQI, SNR, and their effect on THRP were investigated
with actual field measurements [14-17]. Mathematical models have been proposed for the THRP calculation of

system parameters in LTE networks [18, 19].

The LTE-A network field measurements were taken at 80 Samsun (Turkey) city center locations using the TEMS
Investigation mobile network testing software. The RSRP, RSRQ, SIR, CQI, and THRP values were recorded
for each measurement location. Detailed analyses were performed to investigate the relationships between RSRP,
RSRQ, SINR, and CQI and evaluate their effects on THRP. As a result of the calculations, a new mathematical
model has been proposed for the LTE-A system, which describes the relationship between the THRP value and

the channel parameters.

The rest of the paper is organized as follows: Section II contains thorough information regarding LTE-A
technology, Section III includes LTE-A field measuring technique. In Section IV, measurement results and

analyzes are presented. Finally, the paper concluded in Section V.

2. LTE-A TECHNOLOGY

IMT-A standards determined by ITU-R were attempted to be met with LTE-A. The LTE-A system includes
several advances, such as increased spectrum efficiency, carrier aggregation (CA), and the utilization of
multiple antennas to deliver faster data rates than the LTE version. LTE-A makes better use of limited
bandwidth by using more significant amounts of the radio frequency spectrum and innovative approaches. Users
on an LTE-A network can use more than one band simultaneously and combine different bandwidths to increase
the CA technique's efficiency. CA allows for higher data rates in LTE-A because it can provide a significantly
broader transmission bandwidth by combining some component carriers (CC) in the same or separate frequency
bands [20]. Thus, by combining the 1.4/3/5/10/15/20 MHz bandwidths (maximum five bands), 100 MHz
bandwidth can be used. OFDM was first used as an access technique in the downlink in Release-8, and it was
still used in Release-12. Carrier aggregation may be utilized efficiently using MIMO techniques that can be
increased up to 8x8 in the downlink. A single user can use several frequency bands simultaneously. This method

improves spectral efficiency and increases the user THRP value.

The main factors affecting data rate in an LTE-A network are the distance between transceivers if the line of
sight (LOS), signal and noise power, bandwidth, and the number of users. The four essential radio resource
management (RRM) metrics in the LTE-A network are; CQI, RSRP, RSRQ, and received signal strength

indicator (RSSI) picked up by carrier. The wireless channel directly impacts system performance in the LTE-A



network, and all users estimate channel state information and transmit it to the eNodeB. CQI is crucial in LTE-
A for the eNodeB to decide the corresponding modulation and encoding scheme. UE estimates CQI to maximize
the data rate. CQI contains information regarding the wireless channel's quality, and each UE in the LTE-A
network measures the SINR value, scales it to the CQI value, and reports this value to the eNodeB. The optimal
modulation and coding method is selected by eNodeB for data transmission based on the current CQI value and
starts data transmission to the user. 3GPP defines the RSRP, RSRQ, and RSSI measurements, whereas UE
providers determine SINR. RSRP, RSRQ, and SINR have a critical role in CQI measurement.

The adaptive modulation and coding (AMC) system of the LTE-A network adjusts modulation techniques based
on SINR and CQI values during communication, and the throughout varies correspondingly. AMC is a method
for adapting to channel conditions that modify the modulation and coding scheme (MCS) based on the channel
condition. SINR determines CQI, which defines the THRP that the UE can support under real-world radio
conditions by adopting the modulation scheme. The higher the SINR for a measurement range, the higher the
CQI and, thus, the THRP value. The maximum modulation scheme is 16-QAM, instead of CQI, which can take
matters from 0-30 in Release-8. Along with LTE-A, in Release-10 and Release-11, the CQI takes values in 0-15,
and the modulation scheme goes up to 64-QAM. While the CQI value range remained unchanged with Release-
12, the maximum modulation technique was 256-QAM. THRP is therefore raised at high CQI levels. While there
is no transmission when the CQI value is O with Release-12, QPSK modulation techniques are used between 1-
4, 16-QAM between 5-7, 64-QAM between 8-12, 256-QAM modulation between 13-15. Table 1 shows CQI
changes, modulation, SINR, and spectral efficiency for Release-12 [21]. As the table indicates, the CQI and

spectral efficiency values improve as the SINR value increases.

Table 1. Changes in CQI, Modulation, SINR, and Spectral efficiency for Release-12

CQI Modulation SINR Spectral efficiency
1 QPSK -1.324 0.6016
2 QPSK 0.568 0.877
3 QPSK 2.460 1.1758
4 QPSK 4352 1.4766
5 16 QAM 6.244 1.9141
6 16 QAM 8.136 2.4063
7 16 QAM 10.028 2.7305
8 64 QAM 11.920 3.3223
9 64 QAM 13.812 3.9023
10 64 QAM 15.704 4.5234
11 64 QAM 17.596 5.1152
12 64 QAM 19.488 5.5547
13 256 QAM 21.380 6.09375
14 256 QAM 23.272 6.863492
15 256 QAM 25.164 7.325397

The UE measures the RSRP and RSRQ parameters on the reference signal in the LTE-A network. RSRP and
RSRQ are fundamental signal level and quality measures for LTE-A networks. RSRP and RSRQ are required to
make a migration choice during intercellular movement. The RSRP is described as the linear average of the

power contributions of the source components carrying the cell-specific reference signals throughout the



measurement frequency bandwidth. In other words, RSRP is the average power of resource elements (RE)
carrying cell-specific reference signals (RS) across the entire bandwidth; therefore, RSRP is only measured on
symbols bearing RS. In the LTE-A network, RSRP and RSRQ values indicate the quality of communication in
dBm and dB, respectively. These variables are crucial in determining the frequency band in which the
communication will occur. While the communication is in the mobile state, the RSRP and RSRQ decide which
base station and cell to use for data transmission and handover [14]. On average, RSRP and SINR are

proportional to each other.

The RSRP theoretically ranges from -140 dm to -44 dm in 1 dBm intervals and is reported as an integer value
between 0 and 97 (The UE reports an integer value from 0 to 97, not the RSRP value). When the UE is as close
to the eNodeB as possible, the signal quality is good, and the RSRP value is high; when the UE is further away,
the signal quality is poor, and the RSRP value is low. RSRP levels for usable signals are typically about -70 dBm
near the eNodeB and approximately -120 dBm at cell edges.

When RSRP is insufficient to find a solid intercellular migration or cell reselection choice, RSRQ measurement
gives additional information. RSRQ is commonly used to obtain further details about channel quality and entire
bandwidth. RSRQ may accept values ranging from -3 dB to 19.5 dB in 0.5 dB intervals, and the reporting range
is an integer number ranging from 0O to 34. RSRQ is used to gather more information about channel quality and
total bandwidth. Low RSRQ values (for example, -3 dB) indicate no interference, whereas high RSRQ values

(for example, -19 dB) indicate a high level of interference.

Table 2 shows the evaluations of connection quality in the LTE-A network based on the RSRP, RSRQ, and SINR
values [22]. Higher efficiency is obtained if the SINR is excellent for a measurement range; on average, RSRP

and SINR are related, and the smaller the difference between RSSI and RSRP, the better the RSRQ.

Table 2. Signal level values versus signal quality

Parameters RSRP (dBm) RSRQ (dB) SINR (dB)
Z Excellent > -84 >-5 >12.5
g Good 8510102 61010 1010 125
T'é Fair -103 to -111 -6 to -10 7t0 10
E%n Poor <-112 <-11 <7

3. LTE-A FIELD MEASUREMENTS

In this study, TEMS software [23] was used to obtain field data at 80 different locations in Samsun city center to
investigate the effect of CQI, SINR, RSRP, and RSRQ channel parameters on the THRP value in the LTE-A
network. TEMS Investigation, an end-to-end network testing solution, allows testing features in a network to
understand customer experience better and verify, optimize, and troubleshoot in a mobile network. Fig. 1 shows
a visualization of the measurement sites. In Fig. 1, the gray lines represent the measurement route, and the stars
represent the LTE-A base stations. The 17.2.5 version of the TEMS Investigation software and the Samsung
Galaxy SM G920F as the EU were used. Fig. 2 shows a screenshot of the TEMS Investigation software captured

during a measurement example. The Samsung Galaxy SM G920F terminal is classified as UE Cat6, ideally



supporting 300 Mbps DL throughput and 50 Mbps UL throughput [24]. The UE was held at about 1 m in the
measurements. LTE-A Cat6 achieves high 4G speed with MIMO and CA (2x20 MHz). As multi-antenna
technology, a 2x2 antenna structure is used. With LTE Cat 6, the highest throughout for the 20 MHz bandwidth
is 150 Mbps. However, with CA, two bands of 20 MHz (40 MHz total) are combined to achieve a throughput of
300 Mbps.

Data were collected in 80 surrounded environments during the download process of 500 MB data. Because of
the highest network demand throughout the working day, LTE-A measurements were taken during that time.
Turkceell's mobile network was used to test LTE-A technology services. All measurements were made in an
outdoor environment. At measuring locations, Turkcell LTE-A base stations use the LTE1800 (B3), LTE2100
(B1), and LTE2600 (B7) frequency bands.
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Fig. 1. LTE-A field measurement route
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Fig. 2. A screenshot for the TEMS Investigation measurement



Regression Analysis
As a mathematical equation, regression analysis reveals the relationship between one or more independent
variables and a dependent variable. In the simple linear regression model, the dependent variable Y and the
independent variable X are defined as given below.
Yi = BO + BlXi + € i= 1,2, e, (])

Where f is the regression coefficient, n is the size of data and €; represents the error term.
The dependent variable is expressed with two or more independent variables (k).

Yi = Bo + B1Xjn + Br2Xiz + -+ BXik + & 1=12,...,n (2

The matrix form of the multiple linear regression model is expressed as follows.

Y1 1 Xll e Xlk BO e1
o e | L R )
Yo 1 Xpr o Xnk Bk €n
The most generic version of the multiple linear regression model is provided in equation (4).
Y=XB+e “)

Where Y is the nx1 dimensional vector of the actual data, X is the nx(k + 1) dimensional matrix of the input data,

B represents the nx1 vector of the regression parameters, and € is the error vector.

The vector B, which results in the lowest prediction error, is determined using the least-squares method with
equation (5).
B = (xXTX)"XTY 5)

The normalized root mean squares error (NRMSE) approach may be used to test its accuracy between the

anticipated and actual Y values. NRMSE value is calculated as given in equation (6).

e SN 1 (Yn=Tn)?
NRMSE =% — (6)

max(Y)—min (Y)
Where Y, is the real, ?n is the predicted value, n is the index number, and N represents the total number of data.

Generalized Regression Neural Network:

Generalized regression neural network (GRNN) was first proposed by Specht to overcome the disadvantages of
feed-forward backpropagation (FFBP) networks [25]. The GRNN model is a kernel regression network-based
variation of radial basis neural networks [26]. GRNN has fast computational speed and good nonlinear
approximation performance [27, 28]. GRNN does not require an iterative training approach such as
backpropagation to identify model parameters. It approximates any function between input and output values and
derives the function prediction directly from the training data. In GRNN, the prediction error approaches zero as
the size of the training data increases. The sigmoid activation function, commonly used in ANN, is replaced with

a radial basis function (RBF) in GRNN. The probability density function is estimated using Parzen's non-



parametric estimator [29]. The smoothing factor (o) is the only variable in GRNN that represents the width of the
RBF. Unlike traditional ANN networks, which have three layers, as shown in Fig. 3, GRNN has a four-layer
network structure [30, 31] that includes input, pattern, summation, and output layers. The pattern layer consists of
radial basis functions, and the summation layer consists of linear functions. A radial basis function is a Gaussian
function with a bias of a smoothing factor in the pattern layer. Training dataset, [Xi, Xo, ..., Xs] consists of input

values, and there is an output value corresponding to each input [yi, yo, ..., yl.

The input layer is used to input parameters which are then passed to the pattern layer. The output of the i pattern

node is expressed as P; and is calculated as given below.

x—x) T (x—x%j)
202

P, = exp [— ,i=12,...,m @)

Where x variables are inputs, X;is the learning sample for the ith neuron, and ¢ is the standard deviation of the

input parameter, which is also known as the smoothing factor.

The summation layer consists of two types of summation methods, as shown by equations (8) and (9). One
performs an arithmetic summation of the output of all neurons in the pattern layer. In contrast, the other neuron

performs a weighted summation of the output of all neurons in the pattern layer.

S¢=YR.P, i=12,,..,m ®)

Sk = Z{il Wij Pi! ] = 1,2,, ,k (9)

Where wi; is the weight value of the i neuron in the pattern layer to summation layer, and the j™ neuron is the j™

element of the output layer.

The value of neural node k in the output layer can be expressed with yx as:

ykzz—ld‘,kz 1,2,,..,n (10)

Input layer Pattern layer =~ Summation layer Output layer

J J | |

[ 1 [ | [ VT 1

Fig. 3. The structure of GRNN



4. MEASUREMENT RESULTS AND ANALYSIS

Fig. 4 shows the LTE-A network measurement results for measurement location 1 (L1). The data were collected
during downloading processes of 500 MB data files at L1. 500 MB of data was downloaded in 65.8 sec, the
highest throughput was 81.39 Mbps, and the average throughput was 60.86 Mbps for L1. Fig. 4 shows the RSRP,
RSRQ, SINR, CQI, and THRP changes recorded during 65.8 sec. As can be seen in the figure, these five
measurement parameters can also change depending on the intensity of use of the system, even in the stationary
measurement position. Table 3 shows statistical evaluations for RSRP, RSRQ, SINR, CQI, and THRP recorded
during the 65.8 sec measurement period. Since the mean values were taken into account in the system evaluations

in the [32, 33] studies, the evaluations were made on the average values in this study.

Table 3. Statistical evaluations for L1

Max. Min. Mean STD
RSRP (dBm) -89.89 -94.14 -92.04 0.80
RSRQ (dB) -7.80 -14.90 -11.80 1.60
SINR (dB) 16.34 6.39 11.36 2.20
CQI 11.30 7.50 9.62 0.89
THRP (Mbps) 81.39 41.68 60.86 12.32
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Fig. 4. a) RSRP, b) RSRQ, ¢) SINR, d) COI, and e) THRP values for L1

All analyses in this study were performed by taking the average of the RSRP, RSRQ, SINR, CQI, and THRP
values recorded during the download of 500 MB of data for 80 locations. Fig. 5 illustrates box graphs of mean
RSRP, RSRQ, SINR, CQI, and THRP values. In the figure, the blue box shows the boundaries of the data, and
the red line shows the median value, the green diamond shows the mean value. When considering Fig.5, the
RSRP value varies from -118.98 dBm to -77.37 dBm, with an average of -93.43 dBm and a median of -91.86
dBm. The RSRQ ranges from -12.11 dB to -6.95 dB, with an average value of -9.27 dB and a median value of -
9.18 dB. The SINR ranges from 6.46 dB to 23.41 dB, with an average of 14.31 dB and a median of 14.42 dB.
The CQI ranges from 9.27 to 13.58, with an average of 11.43 and a median of 11.56. THRP ranges from 34.80
Mbps to 102.10 Mbps, with an average of 68.83 Mbps and a median of 65.78 Mbps.
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Fig. 5. Box graphs for LTE-A network measurements RSRP, RSRQ, SINR, CQI, and THRP data

Fig. 6 shows cumulative distribution function (CDF) graphs of mean RSRP, RSRQ, SINR, CQI, and THRP
values. Considering the signal levels shown in Fig.6 and Table 2, 18.52 percent is more significant than -84 dBm,
and the signal quality is excellent for RSRP. Only 5.32% of the measurements are below -112 dBm. The RSRQ
has no values more than -5dB, 91.05% of measures are above -11dB and just 16.9% are weak. SINR data is 65.7

percent over 12.5 dB, and just 5.5 percent is below 7dB.
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The correlation coefficients (CC) between RSRP, RSRQ, SINR, CQI, and THRP were also analyzed and are

shown in Table 4. When the table is analyzed, the highest correlation is found between 0.8418 and CQI and
THRP. The second highest correlation is between SINR and CQI with 0.8393.



Table 4. Correlation coefficients between RSRP, RSRQ, SINR, CQI, and THRP

CC RSRP RSPQ SINR CQI THRP
RSRP 1 0.6512 0.6130 0.6175 0.7785
RSRQ 0.6512 1 0.6490 0.6681 0.7355
SINR 0.6130 0.6490 1 0.8393 0.8134
CQI 0.6175 0.6681 0.8393 1 0.8418
THRP 0.7785 0.7355 0.8134 0.8418 1

Fig. 7 depicts the relationship between THRP and RSRP, RSRQ, SINR, and CQI statistics. Fig. 7 shows that
when the RSRP, RSRQ, SINR, and CQI values increase, so do the THRP values.
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Fig. 7. Mean user throughput versus a) RSRP, b) RSRQ, SINR, d) CQI

Regression analyses were performed on the data to determine the mathematical formulation of the link between
THRP and RSRP, RSRQ, SINR, and CQI. For clarity, RSRP X;, RSRQ X», SINR X3, CQI X4 and THRP are
denoted as Y. The relationship between X; and Y can be expressed using simple regression analysis, as seen in

equation (11).

Y =209.9914 + 1.5108X, 1r)



Using equation (6), the NRMSE error between the predicted Y (Y) using X, and the real Y was estimated to be
0.1819.

Equations (12), (13), and (14) yield calculated Y values using X», X3 ve Xj.

Y = 178.5832 + 11.8343X, (12)
Y = 18.7250 + 3.5010X; (13)
Y = —90.9329 + 13.9706X, (14)

While the NRMSE error between the estimated Y using equation (12) and the real Y value is 0.1964, the NRMSE
errors for equations (13) and (14) are 0.1686 and 0.1565, respectively.

Multiple linear regression analysis was used to estimate the Y value using X, X», X3 and X4 to improve estimation
accuracy and reduce the NRMSE value. The mathematical expression obtained from multiple regression analysis

is given in equation (15).

Y = 66.7375 + 0.6469X,; + 2.1683X, + 0.9240X; + 6.0699X, 15)

The NRMSE error between the estimated Y and the measured Y value using equation (15) is 0.1155. Utilizing
four-channel variables and multiple regression analysis improves prediction accuracy by around 2.5%. Fig. 8

shows the variation in measured and estimated THRP levels based on measurement location.
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Fig. 8. Variation in measured and estimated THRP based on measurement location

To find the better relationship (i.e., lower NRMSE) between THRP and RSRP, RSRQ, SINR, and CQI, the GRNN
method was applied to data using MATLAB software (MATLAB® 2020b). In simulations, 70% of the data were
randomly used for training (56), and 30% were used for testing (24). This process was repeated 1000 times, and
the minimum NRMSE was selected. Table 5 lists the parameters used in the simulation. In this study, only the
result of the 0.85 value of spread of radial basis function is given because it gives the lowest NRMSE in
simulations. As a result of the simulation, the lowest NRMSE value was calculated as 0.0191 for training and
0.0714 for testing. The regression performances of the GRNN method for training, testing, and all data are shown

in Fig. 9 a—c, respectively.



Output ~= 0.96*Target + 3.1

In the last stage of the research, in addition to the THRP analyses in the LTE-A network, the relationship between
SINR and CQI was examined. The relationship between SINR and CQI is defined in the literature as given in
equation (16) [21]. Using equation (16), the NRMSE value between the estimated THRP and the measured THRP
is 0.6184. Therefore, the methodologies described in the literature are insufficient to express real-world

measurements. For this reason, the relationship between SINR and CQI was obtained as given in equation (17) by

Table 5. Parameters of the GRNN method

Parameters NRMSE
Inputs: 4, (X, Xz, X3, X4) Training Testing
Outputs: 1, (Y)
Spread of radial basis functions: 0.85 0.0191 0.0714
MATLAB functions: newgrnn
-3 Training: R=0.98906 -b-  Testing: R=0.96045 -C- All: R=0.97741
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Fig. 9. Regression graph for a) training, b) testing, and c) all data

applying linear regression analysis to the measurement data.

The NRMSE between the estimated and measured CQI values using equation (17) is 0.1482. Fig. 10 shows the
SINR CQI graph for the measured, theoretical, and proposed techniques. The figure shows that the SINR-CQI

24 =17 + 0.5285X3

X, = 83205 + 0.2177X,4

matching method used in the literature is much below the actual LTE-A network data.
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Fig. 10. SINR CQI mapping method
S. CONCLUSION

In this study, real-time throughput analyses were made for the LTE-A network. LTE-A network measurements
were taken at 80 distinct points in Samsun's city center for this purpose. For each measurement 500-MB file is
uploaded to Dropbox, and RSRP, RSRQ, SINR, CQI ve THRP values are recorded. The relationship between
THRP and RSRP, RSRQ, SINR, and CQI was analyzed and modeled mathematically. The accuracy of the
mathematical model between RSRP and THRP is 81.8%, while the accuracy for RSRQ, SINR, and CQI is 80.3%,
83.1%, and 84.3%, respectively. The THRP model using RSRP, RSRQ, SINR, and CQI has an accuracy of
88.85%. To increase the model accuracy, the GRNN structure was used, and THRP was estimated with an

accuracy of up to 92.86%.
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