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Abstract: The ability to describe experimentally obtained delay values in a cell of a mobile cellular network
allows not only describing the properties of cell delays using only a few parameters, but also to simulate delay
values. Unfortunately, occasionally occurring temporary unstable operation of a cellular network, caused by
various negative factors, leads to a noticeable increase in delays and, as a result, to a significant distortion of the
obtained delay parameters estimates. For this reason, estimates of the delay parameters in a cell should be
obtained from experimental data obtained at the time of stable operation of the network. Due to the large amount
of experimentally obtained data, the process of checking experimentally obtained delay values for the presence
of anomalies should be performed on the application of simple criteria. The aim of this paper is to show an
approach to obtaining stable parameter estimates of delay in a cell of a mobile cellular network. The article
describes the factors that affect delays stability, assesses the degree of their influence, and also highlights
properties that can be used to recognize phenomena that adversely affect the value and stability of delays in
order to exclude such experimentally obtained data from the evaluation.

Keywords: mobile cellular network, LTE, 4G, delays, performance evaluation, experimental evaluation,
simulation, parameter estimates

1. Introduction

In the further development of mobile data transmission technologies of mobile cellular networks, the main
attention was paid to increasing the data rates. Consequently, much less attention was paid to both the reliability
of data transmission (the number of lost packets) and the data transmission delays (average delay, as well as
packet jitter). With the development of remotely controlled robots (including mobile remotely piloted drones),
the issue of using the data transmission service of cellular networks as a cheap and small-sized solution for the
remote control and telemetry in vehicular networks has become relevant [1-4]. However, for the remote-control
applications, the main parameters of the data transmission channel are reliability and delays of the commands
[5-9]. Developers of the remote-control solutions need to have a tool which can be used to make sure that the
selected cellular mobile operator network is able to provide communication with delays that do not exceed the
limit defined by the manufacturers of the remotely controlled equipment, such as [10,11].

Very preliminary, delays in the data transmission service of the cellular mobile network can be estimated
using the “ping” utility on the mobile terminal, where the terminal can be travelled around some territory (for
example, by car outside of populated areas or, conversely, within a densely populated area — which is better for
the manufacturer). There are many publications available containing reports of delays obtained by the above
experimental method, for example [12—15].
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The main disadvantage of such experimental approach is that the aforementioned research results are
generalized, i.e. mean values are found or a Cumulative Distribution Function (CDF) of delays in the cellular
network is constructed. Such approach is not entirely correct, since in modern cellular networks a User
Equipment (UE) can operate with only one Base Station (BS) at a time, and not with all network at once: a UE
will transmit the data with the delays of a particular cell, and not with the average delays of the entire cellular
mobile network (see Figure 1 for more details). At the same time, the cell performance largely depends on the
implementation of the terrestrial backhaul link (which also is called a “first mile link) connecting BS with the
core network, and the implementations of the terrestrial backhaul interface can be various: from fibre optic
cables (usually used in densely populated areas) to multi-hop radio links (usually used in rural areas) [16].
Further, the modulation and coding scheme of a UE is dynamically selected according to the quality of a radio
signal. Therefore, the quality of the radio signal also affects the delays of data transmission.

Figure 1. All traffic goes through the Core Network (CN) even if the source and the destination UEs are within the same cell.

Therefore, the delays in a cellular network should be estimated in each cell separately, like it has been done
(but not highlighted) in [17-20]. The quality of the radio signal must also be taken into account because it
affects the choice of the modulation and coding scheme of a radio segment. Note that since the selection of the
modulation and coding scheme is based on measurements of the radio signal quality made by the UE itself
[21,22], it is advisable to use the radio signal quality indicators reported by the UE itself.

In order to be able to conveniently evaluate the delay values experimentally obtained within a cell, as well
as to be able to simulate the delay values, a tool is needed that allows one to describe the delay values with
satisfactory high accuracy and acceptably low complexity.

Delays in a cell can be described by a mixture of distribution functions: for example, delays in an LTE cell
can be described by a mixture of four unimodal distribution functions [18]. This approach allows to achieve a
high quality of delay values fit. However, the process of obtaining parameter estimates and distribution weight
coefficients must be performed for each set of delays from each cell separately, which make the process time
and resource consuming.

If the goal is to describe only some of the properties of delays in a cell, then the most appropriate unimodal
distribution law can be found. In particular, average delay and delay jitter in an LTE cell can be described with
sufficient accuracy, assuming that the delays in an LTE cell obey the log-normal distribution law [23]. In this
case, the parameters of the log-normal distribution law should be determined from the delay values obtained
with “sufficient” signal quality (that is, when the SINR value does not have a noticeable effect on the delay
values), and the network must operate without failures and congestions.

In order to improve the accuracy and repeatability of obtained parameter estimates of the log-normal
distribution, the values that significantly differ from other population, should be discarded from the entire set of
experimentally obtained values of cell delays. To do this, it is proposed to impose an upper limit of three
standard deviations. It is stated [23] that if the quality of the radio signal is "sufficient" (SINR values are within
certain limits), and local delay values spikes (congestion) are discarded (i.e. temporary network failures and
congestion, as well as short-term adverse effects of fading ( small-scale fading) are discarded from the analysis),
then the use of the log-normal distribution law makes it possible to obtain estimates of the average delay value
with an error of 0.5%, and IPDV (jitter) values with an error of 20%.

This article is devoted to determining the degree of influence of the radio signal quality (SINR) on the
delays in a cell. Next, we will look at various negative effects that cause a sharp increase in delays (even if the
SINR is “good”), and consider signs and properties that can be used to determine whether this negative effect
occurred at the time the delay values were obtained. These sings and properties can be used to exclude the
experimentally obtained delay values from the analysis if they contain locally increased delays due to
congestion or cell overload.
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2. Experimental Estimation of the UE to UE Delay Dependence on Signal
Quality

Since various BSs can have different terrestrial backhaul, the experimental evaluation should be carried out
within a single cell. For this, UEs must be equipped with the same cellular operator sim cards, locked on the
same frequency band and registered within the same cell. The source and destination UEs antennas must be
equally aligned to each other and spaced by not so great distance (say, 1 meter from each other) to have almost
the same signal quality. Both UEs must report radio link performance KPIs as well as cell in use.

The variations for the signal quality can be obtained by transporting UEs, say, by a car. To cancel the
impact of different terrestrial backhaul links implementations of BSs, the experimental data for a particular
packet size must be captured within the same cell. ICMP packets may be used to eliminate the effect of
retransmissions by the TCP and Radio Link Control — Acknowledged Mode (RLC AM) retransmission
mechanisms. Note that even when using ICMP packets, the air interface remains protected by the Hybrid
Automatic Repeat Request (HARQ) fast retransmission mechanism (see Figure 2 for more details).
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-

TCP retransmission (SACK)

Figure 2. The HARQ mechanism protects all traffic through the air interface, whereas TCP and RLC-AM retransmissions are for the
protected traffic only.

2.1 Average Delay Dependence on Signal Quality

As an example, the LTE Cat. 4 USB dongles Huawei 3372h were used. The ICMP packets were used to
eliminate the impact from TCP and RLC-AM retransmission mechanisms. Two packet payload values were
chosen: 100 bytes and 1472 bytes respectively. The echo request was sent at a rate of 10 Hz, but each
subsequent request was sent only if the previous request had got a reply. That is, if the Round-Trip Time (RTT)
was greater than 100 ms, then the send rate was below 10 Hz. The uplink and downlink data rates were up to 10
kbps and 120 kbps for 100 and 1472 bit payloads respectively. Radio channel performance KPIs and active cell
ID (CID) were reported by both LTE dongles. The radio channel KPIs, CIDs and delay RTT values were
captured, decoded and stored by the custom-made application. The application is implemented in NI LabView
environment. Refer to Figure 3 for more details.
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Figure 3. Experimental setup used in all experiments.
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The dependence of the RTT delay average value on SINR was experimentally obtained by performing
measurements between two LTE dongles located in a car. The LTE dongles were equipped with SIM cards from
the same mobile cellular operator and were locked to the B20 band (800 MHz). Two mobile cellular operators
were used in the experiment, thus two sets of experimentally obtained data were received, processed and further
synchronized and combined to obtain the results. RTT values were grouped by SINR value, and further, an
average value was taken from each set. The delay sets were analyzed separately for each cell in order to
eliminate the influence of different implementation of BS terrestrial backhaul links on the average delay. The
values when the UEs were not registered within the same cell were ignored. Because both UEs were located
within 1 meter of each other in the car, the reported SINR may differ slightly. In our case, each SINR value for
the processing is calculated as a minimum value from a pair of SINR values reported by both UEs. Since
different cells may have different average delays, the deviation from the relative average delay was calculated to
obtain comparable results.

Figure 4 shows the average relative deviation of the average RTT in cells for packets with a payload of 100
bytes (packet size 128 bytes) per particular SINR from the average RTT. Since the dongles send reports with
signal parameters with some delay, two sets of data were captured: the first was obtained when travelling speed
was in the range of 40 + 100 km/h and, thus, the delay in SINR reporting can be comparable with the rate of
change in propagation conditions; the second — at a speed of 7 km/h. For clarity, both datasets are shown on the
same plot; the outage threshold below which the UE may lose service is shown at SINR = —6 dB [24].

0.3

=
o
T 0.2
g Moving at a speed
o | of 40-100 km/h
= 0.1
-
1] ’
° :
o o8

10 -5 0 5 s M 15

-0:1 SINR, dB
Figure 4. Relative deviation of an average RTT vs SINR for 128 Bytes packets.

As can be seen, the difference between the two sets of data obtained at different driving speeds only
appears at very low SINR values: Ues were able to operate at SINRs down to —10 dB if the driving speed was
only 7 km/h, while at higher driving speeds — only down to —8 dB SINR. Above the outage threshold of —6 dB
SINR, there are no significant differences between the two data sets, so it can be concluded that the
experimental data can be obtained at driving speeds up to 100 km/h. Consequently, all further experiments will
be carried out without taking into account the driving speed.

Figure 5 shows the average relative deviation of the average RTT in cells for packets with a payload of
1472 bytes (packet size 1500 bytes, thus equal to MTU) by a particular SINR from the average RTT. The
driving speed was in the range from 10 to 100 km/h, depending on road conditions.
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Figure 5. Relative deviation of average RTT vs SINR for 1500 Bytes packets.
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As can be seen, the RTT values for 128-byte packets do not depend on the signal quality (the difference is
within 5%) if the SINR is in the range from 0 to +10 dB, and also from +12 to +24 dB. RTT values for 1500 B
packets (1472 payload bytes) are independent on the signal quality (within 5% difference) if the SINR is
between +3 to +6 dB, +7 to +12 dB, and +13 to +20 dB.

Using multiple sets of SINR ranges can greatly complicate all further analyses. Thus, the area of interest
was found by collecting statistics on the SINR values reported by the dongles during travelling. Figure 6 shows
the PDF and CDF of SINR values taken from a continuously moving car in both populated and rural areas.
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Figure 6. PDF and CDF of the SINR values.

Since very high SINRs (i.e. 10 dB and above) are much less common than average SINRs (i.e. =3 to 10dB),
and in order to consider less favorable conditions in terms of network delays, it was decided to ignore the RTT
values obtained at the "high" SINR; Of course, since low signal quality negatively affects delays and their
stability, RTT values obtained at “low” SINR will also not be used. Table 1 shows the boundary conditions for
the SINR values under which it can be assumed that the delay values do not depend on the quality of the radio
signal. Further, the signal quality will be referred to as "good" if the SINR values are within these limits set for
the respective packet sizes.

Table 1. SINR range, which does not affect delay values

Packet size, Bytes Minimum SINR, dB Maximum SINR, dB
128 0 +10
1500 +4 +12

2.2 Maximum Delay Dependence on Signal Quality

The signal quality expressed in SINR affects not only the coding and modulation scheme of a UE (and thus
the data rate over the air interface), but sometimes also the number of packets retransmitted by the HARQ
mechanism (due to increased packet loss if the signal is noise or interference limited) [21].

Figure 7 and Figure 8 show the average relative deviation of the maximum RTT in cells for 128 Bytes and
1500 Bytes packets respectively, per specific SINR from the maximum average RTT. The maximum RTT
values were obtained as 99% percentiles of delay values for each cell. The driving speed was in the range from
10 to 100 km/h.
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Figure 7. Relative deviation of maximum RTT vs SINR for 128 Bytes packets.
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As can be seen, even if the data transfer service remains operational down to —6 dB SINR (sometimes even
lower), the maximum delay values become noticeably increased if the SINR value is below 0 dB.
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Figure 8. Relative deviation of maximum RTT vs SINR for 1500 Bytes packets.

2.3 Approximation of the Average and Maximum Delay Dependences on Signal Quality

As stated above, delays in an LTE cell can be described with a log-normal distribution if the radio signal
quality is "good". The term "good signal quality" means that the SINR is in the range shown in Table 1. If the
SINR falls below the minimum threshold shown in Table 1, the delays will increase. The degree of increase in
the average delay can be approximated using a polynomial approximation. Figure 9 and Figure 10 show the
dependence of the relative deviation of the average cell delay on SINR for various packet sizes. An
approximation using a polynomial function is also shown.
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Figure 9. Relative deviation of average delays in various cells for 128 Bytes packets.
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Figure 10. Relative deviation of average delays in various cells for 1500 Bytes packets.
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As shown in Figure 7 and Figure 8,

the maximum delays in an LTE cell also increase significantly due to

multiple retransmissions if the SINR falls below a certain minimum threshold given in Table 1. The increase
rate can also be approximated with a polynomial function. Figure 11 and Figure 12 show the relative deviation

of the 99 % percentile of delay in each
polynomial function is also shown.
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Figure 11. Relative deviation of maximum delay for 128 Bytes packets.
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Figure 12. Relative deviation of maximum delay for 1500 Bytes packets.

In all cases the third-degree polynomial approximation was used.

delay g, —delay g00dSINR

=a,-SINR+a, - SINR+a, - SINR +a, (1)

delay 200dSINR

where SINR is a particular SINR value, delay,, is an average delay value at a particular SINR value,

delay ,,.snr 18 an average delay value calculated from delay values obtained when the SINR was as specified in

Table 1.

The polynomial coefficients and applicability limits are given in Table 2.

Table 2. Coefficients of the polynomial approximations for low SINR negative effect estimation on average and maximum delays.

Parameter Applicability a3 a ap ag

Average delay, 128 Bytes packet SINR<0dB —0.005 0.0015 0.0036 0
Average delay, 1500 Bytes packet SINR <4 dB —0.0003 0.0063 —0.0468 0.15

0.99 percentile delay, 128 Bytes packet SINR <0dB 0 0.0194 —0.0058 0

0.99 percentile delay, 1500 Bytes packet SINR <4 dB —-0.001 0.0092 —0.0389 0.1
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3. Experimental Estimation of the UE to UE Delay Parameters

The previous chapter showed that the delay values are independent on the quality of the radio signal, if the
SINR value is within the limits given in Table 1. Another source of concern is the stability of delay properties
(and thus parameters too) in a particular cell under constant signal propagation conditions (for example, when
UE is immovable). Since the topology of the terrestrial backhaul of the cellular network operator is unknown, all
dependencies can be found only experimentally. Existing methods allow to identify possible anomalies in the
mobile data transfer service with high percentage of probability [25-28]. These approaches are based on the use
of specific transport or signaling layer information (which typically is not accessible through typical UE) or on
the machine learning algorithms.

We suppose that the processing of a large experimentally obtained data set should be processed with less
complex algorithms. Therefore, we will attempt to find less complex properties of delays sets (i.e. mean,
standard deviation and skewness estimates) that can be used to identify possible anomalies such as abnormally
increased delay values due to temporary congestion or failure in a network. For this, several sets of delay values
were obtained experimentally. RTT was measured between two dongles that were registered in the same cell.
Two LTE cat. 4 Huawei 3372h USB dongles were placed in buildings for a certain period of time. Both were
equipped with SIM cards from the same cellular network operator and were configured to use the same
technology (LTE) and the same frequency band (B3 or B20). The distance between them in each experiment
was one meter. As in previous experiments, the dongles reported cellular network parameters such as SINR,
RSRQ, and the CID of the cell in use.

Differences in the values of point estimates of the distribution parameters of delay values obtained in the
same LTE cell, but at different time of the day, are due to several factors. First, if delay measurements are made
from a moving vehicle outside of populated areas, then the typical time spent in one cell will be on the order of
2 minutes; therefore, assuming that the average delay is 100 ms, and measurements are made at the highest
possible frequency, then the number of delay values obtained in one cell will be about one thousand. After
excluding the delay values obtained with SINR values that do not meet the requirements specified in Table 1,
taking into account the statistics from Figure 6, approximately six hundred delay values remain. And if the route
runs close to the border between cells, then the number of received delay values can be even less, which leads to
an increase in random errors in determining parameter estimates. The second reason may be a highly variable
load on the cell, as well as temporary failures or congestions in the operation of the BS terrestrial backhaul as it
is shown in Figure 13. In the next chapters we will take a closer look to each behaviour separately.

RLC-AM,
TCP

0
SINR cal Modulation and
Coding Schemey

g L
Radio Interface Terrestrial Segment (S1), typ. multihop
potential bottleneck
=> RLC-AM (if applicable)

Figure 13. Potential bottlenecks are in the terrestrial backhaul.

3.1 Estimates of Delay Parameters in a Cell

Assuming that there are no local overloads (i.e., local bursts of sharply increased delay) and bursts of
significantly increased standalone delay values (i.e., values that go beyond the confidence level of three standard
deviations), and also under the condition that the signal quality is “good” (i.e. SINR is within the range specified
in Table 1), delays in an LTE cell can be approximated by a log-normal distribution [23]. Accepting the
hypothesis that the delays in a cell cell a obey the log-normal distribution, further we will use the following

definitions of parameter estimates (expected values f, ,, standard deviation values & skewness Sk a ),

cell_a>

where #n is number of delay values within a cell cell a , obtained when SINR was “good”:
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3.2 Estimates of Delay Parameters in a Cell with a Stable Load

Even if the delays in a cell are stable, with a small number of measured values » , the obtained point
estimates of the delay parameters are largely random and may differ greatly from the true value of the
distribution parameters of the delay values in a given cell due to insufficient number of experimentally obtained
data. Let's illustrate this situation with the following example: there are experimentally obtained delay values
from one LTE cell for the UE to UE connection. Both UEs were stationary located in a building in an industrial
district. Both UEs were registered in the same cell. Delays were measured once per second for 15 hours; ICMP
packet size was 124 Bytes; the SINR values of both UEs were within the limits recommended in Table 1 for 128
Bytes packets, and the RSRQ values were within —6 + —10 dB. For clarity, Figure 14 also shows the average
delay value obtained as moving average from 50 values.

Looking at the average delay values obtained by averaging fifty adjacent delay values, one might get the
impression that the average delay per cell has fluctuations. However, this may not be the case, since fluctuations
in the values of the average delay can only be due to random factors caused by a small number of measurements
(n is only fifty). This hypothesis can be tested by superimposing a confidence interval on the values of the mean
delay estimate. But we, for clarity, will use a slightly different way of illustration. So, let's assume that delays in
an LTE cell obey a log-normal distribution. Let us obtain estimates of the distribution parameters for the entire
set of experimentally obtained delay values and assume that they are equal to the distribution parameters:
fi=u=4236300673, 6 =0 =0.203821802. Now we obtain the values of point estimates of the distribution

parameters using n =50 neighboring delay values. The values of the parameters point estimates fi,, and &y,

will be plotted on a two-dimensional graph and shown in Figure 15. We then generate three hundred thousand
delay values using the parameter estimates y =4.236300673 and o =0.203821802. Since the random variable

is infinite by definition, we will impose a confidence ellipse on the obtained values with a confidence
probability £ =0.997.

e  Delays, ms 50 per. Mov. Avg. (Delays, ms)

0 10000 20000 30000 40000 50000
time, sec

Figure 14. Delay values and running average (n = 50) in the LTE cell with stable delay.
As can be seen, despite the fact that the values of the distribution parameters were unchanged, the

parameter estimates obtained from the n = 50 generated values have some scatter (see “simulated” markers on
Figure 15).
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Figure 15. Parameter estimates from the experimental and simulated data.

According to the central limit theorem, for a large number », the distribution law of the sum of identically

distributed random variables is close to normal. Then, assuming that the values of the estimates are distributed
according to the normal law, we will impose a confidence ellipse (in our case, built for the confidence
probability £ =37=0.997 ) on the values of the parameter estimates obtained from generated values using

n =50 neighbor values. It can be seen that 99.67% of the /i, estimates, obtained from the experimental data,

fall into the same ellipse, where the parameter estimates also were estimated using # =50 neighbor values. The

same cannot be asserted about the &, estimates, because 1.51% values are outside the confidence interval.
Therefore, we can conclude that the fluctuations in the estimates of the parameter i, are caused by an

insufficient number of measurements (in this example, n =150 ), while the fluctuations in the values of the 5
estimates in addition are caused by side factors.

3.3 Estimates of Delay Parameters in a Cell with Temporary Congestions

Link failures, temporary short-term overloads, as well as switching between flows in the operation of
terrestrial backhaul lines of BSs, as a rule, do not lead to massive packet losses. This is achieved by the
operation of lost packet resending mechanisms of terrestrial backhaul segment. However, as a result of the
operation of such mechanisms, there will be packets withincreased delays. One such experimentally obtained
congestion is illustrated in Figure 16.
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Figure 16. Illustration of the congestion effect on delays within a cell.

Let's consider delays at the moment of congestion in more detail (see Figure 17).
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Figure 17. Delays during congestion in a BS backhaul.

As can be seen in figure 17, not all delay values are increased at the moment of congestion: some of them
have values comparable to the delays before the congestion. This allows us to conclude that it is a congestion,
and not a complete short-term failure of the connection. However, the same fact complicates the algorithm for
detecting the congestion phenomenon. As an illustration, Figure 18 shows the cumulative distribution functions
(CDFs) of the relative delay increase at the time of congestion versus the average delay before congestion
occurs. The durations of each of the five congestions are also shown. All the congestions were obtained
experimentally by measuring delays in cells during several week periods. The SINR readings at the time of
obtaining the experimental data were consistent with the recommendations given in Table 1.

100%
90%
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70%
60% — =174 sec
Ié 50% — =123 sec
40% t=73 sec
30% t=137 sec
20% t=47 sec
10%
0%
0.5 1.5 x5 35 45 55 6.5

relative delay

Figure 18. Relative increase of UE-to-UE delay during five experimentally captured congestions, ICMP packet size = 124 Bytes.

As can be seen from the presented five experimentally obtained cases, the duration of the congestion in
some cases can exceed two minutes.

Let us illustrate the estimates (expected values 4, standard deviation values &, and skewness Sk )
obtained using neighbor delay values for a congestion lasting 123 sec. The delay values during congestion are
shown in Figure 19 and running parameter estimates in Figure 20. Let us assume that delays in the absence of

congestion and the presence of a “satisfactory” signal quality (refer to Table 1) obey a log-normal distribution.
Note that the delay measurements were made once per second.
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Figure 19. Delay values during 123 sec long congestion.

As can be seen, estimates of the of the expected values £, depend significantly on the number of
measurements n that are used to determine the estimate, and the more measurements are used, the less the
impact of increased delays caused by the congestion on the estimated value. Unlike /1, , the standard deviation
estimates &, do not have such a strong dependence on the number of measurements » : the &, estimate value

remains increased both if the measurement period is less than or even longer than the congestion duration. Such
an assumption can be accepted only if the duration of congestion is commensurate with the duration of
observations, i.e. several hundred measurements are captured during several minutes and the overload
duration is up to 2 minutes. The skewness Sk. estimated values normally are positive. The Sk. remains
positive even when estimated from a sample that includes congestion. However, it becomes negative if it is
estimated exactly at the moment of congestion, if there are many significantly delayed packets in the congestion.
Note that if the number of significantly delayed packets during congestion is not significant, the Sk, value
remains positive.
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Figure 20. Parameters estimates during congestion for various sample size n.
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Therefore, the degree of increase in the value of estimate 4, obtained at the time of congestion

significantly depends on the combination of the congestion duration and the overall duration of the measurement

A

n , while estimate &, obtained at the time of the congestion turns out to be increased almost independently of

n

the combination of the duration of a congestion and the duration of measurements. However, the extent to which
the estimate &, increases depends on whether it is obtained from data that includes both normal operation and

n

congestion, or only congestion. So, if estimate &, is obtained from data that includes only congestion, its value

does not increase so significantly. Let's make a reservation that speaking about the measurements duration 7, it
is considered that the measurements are made from a moving car, therefore the duration of measurements is
only a few minutes, i.e. commensurate with the duration of the congestion. If the duration of measurements is
incommensurably longer than the duration of congestion (for example, several hours compared to several
hundred seconds of the congestion duration), then the conclusion about the increase in the value of the estimate

6, will be incorrect. In turn, the value of the skewness estimate Sk, becomes negative if the estimate is

obtained from delays at the moment of congestion.

3.4 Estimates of Delay Parameters in a Cell with Overloads

When the serving BS is heavily loaded, the cell delays also have the dependence on the BS load, even if the
downlink SINR value is satisfactory. In this case, both temporary slightly increased values of delays as well as
bursts of strongly increased delays will be observed.

Let us illustrate the operation of such a cell. Delay values were obtained experimentally by placing both
UE:s in a university campus. The ICMP packet size was 124 Bytes. Both UEs were registered in the same cell.
Delays were measured once per second during four days period. The UE reported SINR values were within
those recommended in Table 1, RSRQ was within —6 ~ —11 dB. Figure 21 shows RTT delay values measured
between UEs, as well as the average delay found as running average of one hundred fifty adjacent values.
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Figure 21. Delay values and Average delay in the LTE cell with a highly variable load.

As can be seen in Figure 21, there are fluctuations in the average delay, where its greatest values are
observed during daytime, and smallest are at nights. As in the previous case, we will obtain estimates of the
distribution parameters for the entire population of experimentally obtained delay values and assume that they

are equal to the distribution parameters: f = u =4.006696531, & =0 =0.268607287. Now let’s obtain the
values of the distribution parameters point estimates using » =50 adjacent delay values. The point estimate
values of the parameters /i, and &, will be illustrated on a two-dimensional graph in Figure 22. Further, for
clarity, we will also show a confidence ellipse for parameter estimates with a confidence probability £ =0.997.

As can be seen, many of the parameter estimate values go beyond the confidence ellipse, and therefore the
fluctuations in the values of the estimates, both fi;, and &, are not random.

Based on Figure 22, it may seem that the delay population in such a cell have a complex structure.
However, by enlarging some time interval (see Figure 23), it becomes clear that in fact this is not entirely true.

Computer Networks and Communications 174 | Aleksandrs Kutins, et al.



experimental data € parameter estimates confidence ellipse, beta=0.997

1.2

o @ o%®
tamg v,

.
by v L L
.

. ".Mg‘aﬁ%z: Tt ete, L,

4.2 4.7 5.2 5.7
pn"_50

Figure 22. Parameter estimates from the experimental and simulated data in the LTE cell with a highly variable load.
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Figure 23. Delay values and Average delay in the LTE cell with a highly variable load (enlarged).

As can be seen

from Figure 23, even in a cell operating with overloads, upon closer examination, it

becomes obvious that there are time intervals when the delays are not increased, and their structure is not
distorted; there are also periods of time when there is a sharp local increase in delays (see "jamming" in Figure
23), where there is not only a sharp increase in the average delay, but also a noticeable change in the structure of
delay values. For each n =50 neighbor delay values, let’s obtain estimates of the parameters [, and &, , after

which let’s display them on a two-dimensional graph in Figure 24. Further, for clarity, let’s impose a confidence
ellipse, assuming that n =50 and the distribution parameters are equal to their estimates 4=y and 6 =0,

estimated at the time of the absence of congestion.

0.8

0.7

0.6

i
Ly
e D RITET
P Ay -
g 4=

A a
a
& TP Tl na

0.5

-‘ i i +  congestion
& abd
.

0.4

o” 50

0.3
0.2+

% +  normal

. = congestion #2

ellipse

0.1

0
3.8

T
o 44 4.6 4.8

4 4.2 s

Figure 24. Parameters estimates during normal operation and congestion for n = 50.

Recall that, as illustrated in Figure 20, when a congestion occurs, the standard deviation estimates rise
sharply in the first place. Then, with a closer analysis, using Figure 25, it becomes obvious that there are not one,
but two congestions in the considered time interval. The parameter estimates obtained at the time of the smaller
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(in magnitude and duration) congestion are designated as Congestion #2. For clarity, we also highlight these
values in Figure 24 using same colours as in Figure 23.
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Figure 25. Delay values and Average delay in the LTE cell with various types of traffic.

Looking at Figure 23, it becomes clear that it is more difficult to visually determine small congestion in
terms of duration and magnitude than using the estimates of the standard deviation illustrated in Figure 24.

3.5 Estimates of Delay Parameters in a Cell with Variations in Traffic Prioritization

Modern cellular mobile networks provide different levels of prioritization for different types of data traffic.
Thus, low priority traffic may experience periods of increased both average delay and delays of retransmitted
packets. At the same time, this phenomenon also manifests itself when the SINR is “good”. Figure 25 shows an
example of delays in a cell operating within a university campus, and therefore the BS is forced to operate with
highly variable traffic types, which, moreover, can often change both its composition and intensity. The delay
measurements were made once per second throughout Friday, Saturday and Sunday. Delays were measured
using 124 Bytes ICMP packets between UEs located at a distance of one meter from each other and registered in
the same cell. The downlink SINR values were within the limits recommended in Table 1.

As can be seen, there are sharp changes in the composition of the delays. Let's take a closer look on Figure
26 at the area highlighted in red in Figure 25.

103000 105000 107000 109000 111000 113000 115000
time, sec

Figure 26. Delay values and Average delay in the LTE cell with various types of traffic (enlarged part).
As can be seen from Figure 27, the operation of a cell with different types of traffic and various load causes

changes in both the structure of the delays and the estimates values of the delay parameters at these moments. At
the same time, the transitions between different traffic compositions are not accompanied by increased values of

delay parameter estimates i, and J,.
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Figure 27. Running parameter estimates, obtained for n=50 neighbour delay values.

4. Results and Discussions

Data transmission delays in a mobile cellular network in general are determined by the performance of the
terrestrial backhaul network (which parameters are usually constant, but depend on the link implementation), as
well as variable influencing factors such as signal quality (i.e. SINR), cell load, type of data traffic (traffic
prioritization), etc. For this reason, UE-to-UE connection delays must be estimated for each cell separately, for
which purpose both UEs must operate in the same cell when measuring delays. Processing of the data obtained
from multiple cells can be done if the delays are processed for each cell separately.

When describing delays in a cell of a mobile cellular network using experimentally obtained data, one of
the primary tasks is to obtain stable parameter estimates. To do this, it is necessary to neglect variable negative
factors in order to consider estimates under stable operation of a cellular network. Further, if necessary, the
impact of negative factors can be added additionally.

Air interface of modern cellular mobile networks operates with a relatively high block error rate (BLER).
Terrestrial backhaul links of BSs may also occasionally experience congestion, so additional packet loss or
packet reordering may occur. To reduce the number of lost packets, various retransmission techniques are
implemented to protect different segments of the data path. The operation of such retransmission mechanisms
affects the delay value and composition. To reduce the impact of retransmission mechanisms, we have chosen to
use ICMP packets, which are protected only at the radio interface by the HARQ mechanism.

The air Interface data rate of a modern mobile cellular network depends on the selected modulation and
coding scheme. The choice of modulation and coding is done automatically by the automatic modulation and
coding (AMC) function based on the measured radio signal quality expressed in SINR values. Therefore, the
delay values, among other things, depend on the SINR value too. In Chapter 2.1 we have demonstrated an
approach to determining such dependence. In addition, we have shown an example using particular LTE UEs. It
has been found that there are several ranges of SINR values where the effect of SINR on delay values can be
considered constant and thus, if the SINR is in that range, it can be assumed that the signal quality does not
affect the delay values. The most practical "good" SINR ranges are shown in Table I for various packet sizes.
Therefore, all experimental delay values obtained when the signal quality was not "good" must be discarded
until parameter estimates are obtained.

In Chapter 2.2 we have shown how to anticipate, if necessary, the impact of "low" SINR values on average
and maximum latency values. In addition, in Chapter 2.3, we have provided an example using particular LTE
UEs, so the polynomial approximation coefficients from 7able 2 can be used to estimate the impact of "low"
SINR on the delay values.

Public mobile cellular data services typically are operating with a mix of different types of data traffic.
Since the load and composition of the traffic can vary greatly, and given the different levels of prioritization for
different types of data traffic, the delays in a particular cell can have different values and structures. We have
found several types of delay instabilities, which are listed and discussed in Chapter 3.

As shown in Chapter 3.3, delays can be significantly increased when the terrestrial backhaul line of a BS
becomes congested. This can happen regardless of the downlink SINR value. The duration of such congestion
can be up to several minutes, but the occurrence of such congestion is very rare. During such congestions,
delays increase significantly. If the experimentally obtained delays are measured from a moving vehicle, then
the duration of the measurement in a cell becomes comparable to the duration of a possible congestion.
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Therefore, parameter estimates obtained from such experimental data will be significantly distorted and will not
reflect the typical (at the time of the absence of a congestion) operation of a given cell. In order to be able to
identify the occurrence of congestion during an experiment, the following properties can be used: (1) the
estimate of the standard deviation will be significantly increased if it is estimated from the delays where the
congestion starts or ends; (2) the skewness estimate would decrease (its value becomes close to zero or even
negative) if it was estimated from the delays measured during congestion (in which case the standard deviation
estimates would not increase so significantly). Because the probability of a congestion is low, the comparison of
the "significant increase/decrease”" of the estimates can be assessed by comparing the estimates obtained at
different measurement times. Therefore, it is desirable to measure the delay in each cell at least twice at
different times of the day.

Secondly, as discussed in Chapter 3.4, since the load in a public cell can be highly variable, the average
delay in an overloaded cell do not just increase monotonically: highly variable load will cause multiple time
periods with locally increased delays. In this case the parameter estimates become unstable. However, since the
instability of the parameter estimates is caused by multiple overloads, the approach to identify congestions
discussed above still can be applied. However, if there is no time when the cell is not suffering from congestion,
using the current parameter estimates with » = several minutes can be effective in determining where the

congestion has occurred.

Thirdly, as demonstrated in Chapter 3.5, the varying composition of traffic with different priorities
causes changes in the structure of delays. However, this does not lead to significant variations in the parameter
estimate values of the expected value £, , and standard deviation & estimates. Therefore, this

cell_a

phenomenon can be ignored when determining delay parameter estimates or can be identified by negative value

of skewness Sk« parameter estimate.

5. Conclusion

The issues of obtaining stable estimated values of delay parameters in cells of a mobile cellular network
with the aim of their further use for describing delays in a cell, assuming that there are no negative factors, is
considered. An approach is shown to determine and an example using specific LTE equipment is shown the
determination of the influence of radio signal quality on delay parameters and their stability. The “good” SINR
ranges are given in the Table I; the effect of the “low” SINR can be foreseen by using polynomial
approximation using coefficient from Table 2.

Examples of congestion and its effect on delay parameters estimates of before, at the beginning, and during
the congestion are given. The examples have been experimentally obtained using a real operating LTE cell.
Signs are indicated by which, having expected, standard deviation and skewness estimates, can assume whether
there was a congestion at the time of obtaining the delay values and thus whether these delay values should be
excluded from the analysis to consider normal operation of a cell. Thus, if the estimates of the expected values
[, . obtained at different times in the same _ are within the confidence interval per parameter, then the

cell operates with an almost constant load, and therefore the delay values obtained at different times belong to
the same general population and can be combined for further analysis. If it is required to exclude from the
analysis the values of the estimates obtained at the time when the network was experiencing congestion, then all
delay values whose standard deviation estimate & is sharply increased should be discarded. If it is required

cell_a

to exclude from the analysis the values of the estimates obtained at the time of a heavy load on the cell, then all

delay values whose skewness estimate Sk..u . is close to zero or negative should be excluded.
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