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Abstract: In this paper, we present results of a call testing campaign using voice over long term evolution (VoLTE) technology
on the radio access network of the operator Telecom Italia mobile (TIM) — Telecom ltalia Mobile. The quality of the voice call is
expressed by means of the mean opinion score (MOS). The electromagnetic propagation environment has been reproduced within
a reverberation chamber, and its effect on MOS has been evaluated by varying the signal strength, i.e. the reference signal received
power and the signal to interference noise ratio. The aim is to find a correlation between the radio propagation environment and
the perceived quality of the speech. Regardless of the networks technology, voice quality could be impacted by several factors:
traffic load of LTE evolved Node B, quality of service, radio pathloss, mutual radio interference, multipath, etc. Interference and
multipath are added to the useful signal in order to deteriorate the MOS, until the VoLTE calls dropped. Target of such work is to
properly set the thresholds that trigger a handover of single radio voice call continuity to other radio access technologies (UMTS

or GSM). Tests take also into account the adaptive multi-rate CoDec selected by the network.

1 Introduction

Mean opinion score (MOS) provides a ranking of speech quality
based on the determination of the level of impairments introduced
by a transmission system. MOS is applicable to several scenarios,
where a voice call could be established among mobile phones, fixed
phones and also computers, as far as these elements are intercon-
nected. It is a measure that represents the quality experienced by the
user to the evaluation of voice and video intelligibility. It provides
a ranking criteria in the range from 1 to 5, where the lowest value
stands for bad quality, whereas the highest value means excellent [1],
see Table 1. Rank 1 corresponds to scenario where very annoying
impairment turns into bad quality, on the contrary rank 5 index an
excellent situation, where impairments are negligible. Although the
classes correspond to an integer, the MOS is reported as a real value
to account intermediate cases.

In the present campaign, MOS has been measured by
means of perceptual objective listening quality analysis (POLQA)
algorithm [2]. As inputs, POLQA receives two waveforms rep-
resented by two data vectors. The first contains samples of the
undistorted reference signal, the second the degraded signal of the
receiving entity. MOS calculation by POLQA is based on comparing
these two waveforms, as described in [2].

The radio environment has been reproduced in a reverberation
chamber (RC). This is a resonant enclosure that operates at a fre-
quency band where a large amount of modes are excited at the same
time. The field obtained in this overmoded condition is statistically
uniform, isotropic and without a preferable polarization [3, 4]. This
is attained by using an adequate field stirring process in a typical
rectangular cavity or in a more complex cavity shaped, e.g. includ-
ing curvature, diffusers or by using non parallel walls [5, 6]. This
condition replicates common cellular network scenarios, where the
electromagnetic field is scattered and stirred by complex structures
and moving objects [7, 8]. It was used for testing LTE wireless
communication systems [9] or testing wireless devices [10, 11].
Moreover, in conjunction with a Doppler effect simulator, it was
also used to investigate LTE users on high-speed trains [12, 13].
By inserting an adequate amount of absorbing material [14, 15], an
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RC can be used to replicate different propagation environments [ 16—
18]. Thanks to these expedients, a controllable direct over diffuse
received energy is achieved [19]. The RC is also present in the 3GPP
test specifications. For example, the TS34.114 [20] includes RC in
the certification testing of handsets as one of the methodologies for
total radiated power (TRP) and for total isotropic sensitivity (TIS).
3GPP also refers to MOS as a recognized method to score speech
quality, as indicated in TR26.975 [21].

RC tests have been extended to last generation of LTE ter-
minals [22] by using an LTE base station simulator. Recently, a
complete set of over-the-air (OTA) tests have been carried out adopt-
ing a commercial LTE base stations (BS) which radiates the signal
in an RC that reproduces well known propagation environments (as
the ones described in [23] and [24]). The performance was observed
on downlink (DL) LTE single carrier throughput [25], uplink (UL)
LTE throughput [26], and DL LTE throughput in carrier aggregation
scenarios [27].

These were actually the first attempts to use real live BS instead
of a BS emulator. Likewise [23-27], this paper exploits the commer-
cial LTE BS of Nokia Network Italia to assess the performance of
VoLTE services. To this ground, typical propagation environments
such as indoor/outdoor locations or commercial/residential settle-
ments (please refer to [23] and [24]) are reproduced in the in-house
RC of the Universita Politecnica; hence typical values for the delay
spread, decay time and Rician K-factor are generated.

The impact on MOS by different reference signal received
power (RSRP), signal to interference noise ratio (SINR), chosen
CoDec [21] and propagation environments is analyzed. Wherever
possible, an indication on how quality perceived by the user could
be enhanced through network optimization will be provided.

The original idea behind this work was to evaluate any potential
impact of the radio propagation environment (described by param-
eters like the power-delay profile) to the quality perceived by the
VOLTE user. Note that, even if it is a long time that VOLTE is in use in
mobile operator’s network around the world, these concepts are also
valid in the outlook of 5G. 3GPP NSA-3x solution, which is avail-
able right now, normally offload only data traffic to 5G leg, while
IMS signaling and VoLTE call is maintained on the 4G leg. Thus, the



Table1 MOS classification.
| MOS | Quality |

5 Excellent

Impairments

Imperceptible

4 Good Perceptible but not annoying
3 Fair Slightly annoying

2 Poor Annoying

1 Bad Very annoying

conclusions we came across in the paper are applicable also to the
case of 5G, until (at least) a 3GPP 5G standalone solution will not be
available. Finally, reverberation chamber (RC) was used to replicate
different multipath conditions easily, introducing/removing absorb-
ing panels from it, based on replication of RC parameters (like power
delay profile) which are typical from indoor and outdoor environ-
ment as reported in the literature. In order to come to similar results,
normally operators have to run expensive drive test campaigns that
require time, personnel, tools and money.

Tests have been executed in cooperation between TIM, Universita
Politecnica delle Marche and Nokia.

2  Setup Description

OTA tests were performed inside an RC with dimensions 6 x 4 X
2.5 m®, equipped by a z-folded vertical stirrer having a rotation
diameter of 1.5 m and a height of 2.4 m, and a horizontal stirrer
that was stationary and absorbing material. Figure 1 summarizes all
connections among adopted instrumentation. A NOKIA base station
(BS) model Flexi Multiradio 10 feeds the chamber through an array
of precision electronic attenuators (R&S HOSM 2 x 4) connected to
two antennas (Kathrein 80010454) in the band of 1 800 MHz.

Two mobile phones are controlled by a remote desktop placed
outside the chamber. Mobile phones are provided by software (Nemo
Handy) that allows us both control phones and collect diagnos-
tics data of the wireless connection outside the chamber by using
a remote desktop. The POLQA was integrated in this tool. We did
the measurements without modify the POLQA implementation and
parameters. The connection between remote desktop and mobile
phones is due by Wi-Fi connection inside the RC whereas an opti-
cal fiber (OF) connects the remote desktop — via a switch (SW) — to
a Wi-Fi access point (AP). Two LTE transmitters are connected to
two antennas, one is the serving cell which injects the useful signal.
The other one is the interfering cell that injects the noise signal. In
addition, a second white noise generator was added.

By changing the power of the noise generators, we can set the
SINR to the desired value. However, the SINR is not constant
because it also depends on the intrinsic behavior of the chamber. The
chamber is properly lined by absorbing anechoic panels in order to
reproduce a well known multipath environment in terms of power
delay profile (PDP) [23, 24].

Figure 2 shows typical power delay profiles reproduced in RC, for
various loading conditions (number of panels) inside the chamber.
The number of absorbing panels, and their placement, were cho-
sen after several attempts until the 7z 79 match values reported in
the standards [15, 26, 28, 29]. Table 2 reports the evaluated root
main square of the time delay spread (7rpsg) for the configura-
tions considered in Fig 2. Each antenna panel contains two cross
polarized antennas operating in the range 1710-2180 MHz. The
two mobile stations, Samsung S7, running VoLTE calls through
automatic scripts, were connected simultaneously to the LTE net-
work and to a WiFi access point, providing physical connectivity
for remote control of the mobile stations from a laptop positioned
outside the chamber.

Figure 3 depicts the outer view of the RC setup. Figure 4 shows
RC configurations that emulate the propagation environment.

Reverberation chamber
Mobile

Interfering cell

Vertical stirrer 1800 MHz /ing ¢
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Fig. 1: Test environment setup.

Table2 Evaluated Tz s for loading scenarios considered in Fig 2 and
ratio between the volume of the absorbers and the total volume of the RC.

Configuration ‘ TrM S (nS) ‘ Volume ratio (%) ‘
Empty chamber (EC) 1347 0

High load (HL) 163 0.27

Very high load (VHL) 67 0.53

e Outdoor replication: RC equipped with 2 Emerson & Cuming
VHP-8-NRL panels + 5 Emerson & Cuming ANW-77 panels (posi-
tioned on the floor): high load (HL) condition: stirrer rotating at
30 deg/s.

e Indoor replication: RC equipped with 2 Emerson & Cuming VHP-
18-NRL panels + 5 Emerson & Cuming ANW-77 panels (positioned
on the floor) + 8 Emerson & Cuming VHP-8-NRL panels (posi-
tioned vertically) very high load (VHL) condition: stirrer rotating
at 60 deg/s.

-10{{, — EC :
20H \ — VHL

Power delay profile (dB)

-80 L L L L L L
0
Time [us]

Fig. 2: Power delay profile for each chamber loading condition: EC,
HL and VHL.

The rotation speeds were set in order to replicate the fast Fourier
transform (FFT) of the RSRP time variation recorded in outdoor and
indoor environments during drive test campaigns performed on the
TIM live network. The choice of 30 deg/s and 60 deg/s get as the
best stirrer rotation speeds to replicate RSRP fluctuations of sig-
nals recorded in live network. FFT analysis is reported in Fig 5, for
example for outdoor scenario.

MOS has been measured at different RSRP conditions that was set
by attenuator array: starting from —95 dBm, down to —110 dBm,
—115 dBm, —120 dBm and adding both modulated interference
from a neighbor cell and white noise.
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Fig. 4: Inner views of the RC for HL (top picture) and VHL (bottom
picture) scenarios. The horizontal stirrer was stationary and operated
only as diffuser during measurements. The kind of absorbers placed
within the RC are labeled for a better comprehension.
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Fig. 5: Fast Fourier Transform (FFT) of RSRP recorded in RC
compared with FFT of RSRP recorded in live network, outdoor
environments.

3  Measuring MOS in reverberation chambers

This paper presents a procedure (based on FFT) to reproduce mul-
tipath environments which are typical of radio cellular networks
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Fig. 6: MOS histogram vs CoDec bitrate for 4G-4G call (23.85 kbps
CoDec) and 4G-3G call (12.65 kbps), in the reproduced outdoor
propagation environment.
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and to evaluate their impact over the voice quality perceived by
the user, executing VoLTE calls between users positioned within
RC. The results reported hereafter demonstrate the robustness of
adaptive multi-rate (AMR) CoDecs used in VOLTE technology. The
AMR codec is an audio compression format that is optimized for
the speech coding, adopted by the 3GPP. In fact, despite a weak sig-
nal strength and the addition of multipath and interference, they are
designed to maintain a good quality perception even in very poor
radio conditions. It will be show that the MOS is almost indepen-
dent from multipath. Nevertheless, it is also reported how much the
MOS is dependent on the CoDec used in the VOLTE call. In VOLTE,
even if all the possible CoDecs are supported both by user equipment
(UE), radio base station (BS) and LTE core network called evolved
packet core (EPC), these are determined in the initial phase of call
setup during the session initiation protocol (SIP). They are chosen on
the basis of the radio technology used, i.e. depending on the CoDecs
supported by the radio access technologies — like 4G, 3G, 2G or pub-
lic switched telephone network (PSTN) — used on the other ends. For
example, possibilities are:

e 4G-4G call: AMR-WB (wideband), 23.85 kbps;
e 4G-3G call: AMR-WB, 12.65 kbps;
e 4G-2G call: AMR-NB (narrowband), 12.2 kbps.

For example, number of MOS occurrencies for a 4G-4G call
(both users inside RC) and 4G-3G call (just 4G user inside RC) are
reported in Fig 6. Average MOS for 4G-4G call is 3.71, while aver-
age MOS for 4G-3G calls is 3.24. This means that the CoDec bitrate
is the first factor affecting MOS, rather than radio conditions.

Indeed, MOS behavior against SINR shows how MOS does not
change significantly when SINR deteriorates, contrary to the packet
data throughput. MOS is maintained up to good values (close to 4)
until SINR drops to very low values (around —8 dB), as it is reported
in Fig 7 for a 4G-4G VoLTE call in an outdoor environment. With
values lower than —8 dB, MOS suddenly drops and a radio link
failure (RLF) occurs.

The behavior is similar, when the same test is repeated with
different signal strengths (—100 dBm to —115 dBm) and in differ-
ent propagation environments (indoor). Also the activation of some
features like discontinuous reception (DRX) or transmission time
interval (TTI) bundling does not present valuable impacts on MOS
in the radio conditions analyzed in present paper. When representing
the MOS values over a scatter chart against SINR, the distribution of
samples shows how MOS degrade only for very low SINR values.
Simultaneously, the growing of standard deviation (more spread dots
corresponding to low SINR values on chart) indicates some variation
in the quality perceived by the user.

Moreover, Fig 8 reports the MOS when an indoor scenario was
replicated. The voice quality does not depend on the scenario thanks
to the AMR CoDecs.
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Fig. 7: MOS for 4G-4G call (23.85 kbps CoDec), vs DL SINR
reproduced outdoor propagation environment. MOS is averaged on
multiple tests.
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Fig. 9: MOS measurements in continuous call mode for 4G-4G call
(23.85 kbps CoDec), vs DL SINR reproduced outdoor propagation
environment for the mobile terminated call (MT) and for the mobile
originated call (MO). Both for MT and MO, RSRP = —110 dBm
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Fig. 8: MOS for 4G-4G call (23.85 kbps CoDec), vs DL SINR
reproduced indoor propagation environment. MOS is averaged on
multiple tests.

4  Measuring MOS with continuous calls

In previous section it is explained how much MOS is dependent on
the chosen CoDec bitrate (AMR-WB, AMR-NB) and how much
is independent from the radio conditions and from the propaga-
tion environment (until a dropped call occur). MOS was measured
between a called and a caller party, running repetitive calls. In
this section, MOS measurements running continuous calls will be
describe, reducing signal strength and increasing interference. The
aim is bringing the UE down to the RLF with a drop call. In Fig 9,
MOS as a function of SINR in DL is reported.

The scenario reproduced for the radio propagation is an outdoor
environment with —110 dBm average RSRP level. MOS becomes
more unstable when SINR is downgrade lower than —5 dB. We
varied the MOS reducing it to the sensitivity limit of the receiver.

In this scenario, a user camped on a 4G cell (placed within the RC)
makes a continuous call to a user located outside RC, and camped
on a 3G (see Fig 10) and 2G (see Fig 11) network. MOS is reported
for different RSRP values. In particular, DL SINR is decreased by
injecting noise, until a VOLTE dropped call occurs. For each RSRP-
SINR pair, the call drops when SINR becomes lower of its working
threshold and the call drops do not depend on the time, being the
RC a close and reproducible environment. The plot shows that MOS
remain around the value of 3 which is an acceptable value until
RSRP is —124 dBm and DL SINR is 0 dB. The lower the RSRP,
the higher the SINR allowed until the VoLTE drop call.

3.7
3.6 ® ®—® RSRP: -115 dBm |-
| i = RSRP: -118 dBm | |
1, +—RSRP: -120 dBm
3.5 pe A—4RSRP: -122 dBm |~
t |\ v—vRSRP: -124 dBm |
34 *,-\
©w [ \_ [\
Q33 \ {
I |/ \
32 > c
\
3.1 \ °
L \ Drop (-10B)
\
3 Drop (-5 dB Drop (-13 dB)
2'9 1 1 1 1 1
10 5 0 -5 -10 -15

DL SINR [dB]

Fig. 10: MOS measurements in continuous call mode, for different
values of RSRP, vs DL SINR. The end of each line correspond to
a dropped call. 4G-3G call (AMR-WB CoDec, 12.65 kbps, 16 kHz
sampling).

Results in Fig 10 Fig 11 refer to only one call, for a pair of
RSRP and SINR. Severe MOS tests have been done during a sin-
gle call setup. A MOS test is approximately six seconds long and the
duration of a single call is two minutes.

Beyond this limit (—126 dBm), call is dropped as useful signal
is too low. Fig 11 shows results for the 4G-2G call. In this case, the
CoDec (AMR-NB, with 8 kHz sampling bitrate and 12.2 kbps data
bitrate) is adopted and the MOS starts immediately from a value
lower than 3 - that means, annoying impairments on speech quality.

Also in this case, while the absolute values of MOS are lower than
the ones in Fig 10, dropped calls occur almost at the same values of
SINR and RSRP. Based on these results, a 4G users running VoLTE
all may stay camped on LTE until the RSRP remains higher than
—124 dBm and if the SINR conditions are good enough. Beyond
this limit, a RLF will most likely occur with a drop call.

5 MOS Distribution Against CoDec Rate

The CoDec bitrate adopted by the VOLTE call depends on UE, radio
base stations, and EPC capabilities. This information is exchanged
between these network elements at VOLTE call setup (SIP signaling).
Since, normally, voice over LTE may support all possible coding
bitrates (AMR-NB and AMR-WB), the CoDec bitrate that is finally
chosen depends on the capabilities of the other end. Whatever it is:
GSM (2G), UMTS (3G) or PSTN user. From the analysis, the coding
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bitrate is the most impacting factor for MOS. Fig 12 shows a distri-
bution where all the recorded samples for 4G-4G, 4G-3G and 4G-2G
calls are plotted as function of RSRP and reference signal received
quality (RSRQ) at cell-edge conditions. The number of samples was
around 100 for each case. In this way, it is possible to analyze how
to set thresholds to UMTS or GSM of single radio voice call con-
tinuity (SRVCC), being these thresholds expressed against serving
cell RSRP and RSRQ. Charts in Fig 12 and Fig 13 show that there
are no valid MOS measurements for RSRP < —126 dBm and RSRQ
< —23 dB; thus, triggering thresholds for SRVCC handovers should
be set higher than these values. As expected, in Figs. 12, 13 the
AMR-WB with the higher bitrates improves the perceived speech
quality w.r.t. the AMR-NW due to its wider speech bandwidth.

6 Summary of main results

After having run the tests, it turned that the quality was almost
non-variant against deterioration of radio quality (SINR, RSRP),
until it was not suddenly dropping with a radiolink failure. In the
paper, we mentioned that outdoor and indoor propagation environ-
ments were reproduced inside RC, but only the outdoor cases are
reported in charts. This because - once again - the AMR CoDecs
were not influenced at all by different multipath conditions. In order
to demonstrate this, we add also a chart showing MOS against DL
SINR in poor radio conditions (RSRP =-110 dBm) and similar DL,
SINR of the one reported in Fig 9. In these conditions, we have
degraded the SINR until a radiolink failure was not observed. Hav-
ing explored, thanks to the RC, different propagation conditions (in
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terms of signal strength, quality, and multipath contribution), hav-
ing verified the strength of AMR CoDecs against these and having
observed the working point where the radiolink failures occurred, we
had finally all the information to set properly the thresholds for the
VoLTE inter-RAT handovers to 3G or 2G (also called SRVCC - Sin-
gle Radio Voice Call Continuity), in order to maintain the 4G VoLTE
terminal as long as possible over LTE (to benefit for the higher data
rate achievable in 4G) before handing-over it to 3G or 2G, to grant
voice continuity and avoid a call dropped. Thanks to this campaign,
finally we chose to set the thresholds for the inter-RAT handover to
3G/2G to -120 dBm. As a result, the terminals are kept as much as
possible over 4G and (only when they have a VOLTE call ongoing)
are finally moved to the other RATs. The VoLTE call completion rate
in Telecom Italia’s network, thanks to this setup, is almost 99.9%.

7 Conclusions

When running VOLTE calls, the MOS is firstly influenced by the
selected CoDec rather than the radio conditions. The higher the
coding bitrate, the better the quality perceived by the user. Due to
very poor radio conditions, this is maintained until the call is finally
dropped. It is presented a methodology based on FFT to reproduce
the signal fluctuations which are typical for indoor and outdoor envi-
ronments (please see [23, 24]) in an RC, where one or two UE are
placed. The aim is to analyze the MOS when the radio conditions
degrade and become very poor. Results allow to understand what
are the best thresholds to trigger VOLTE inter system handover to
UMTS or GSM, respecting both requirements to maintain the user
over the LTE network as much as possible — to benefit for higher data
bitrates — without the risk of dropping the voice call. This has been
performed by continuous voice calls between 4G-4G users, 4G-3G
users and 4G-2G users, observing the RSRP, RSRQ and DL SINR
values until the call was finally dropped. Test results exhibit that no
valid measures of MOS for RSRP values lower than —126 dBm
and for RSRQ values lower than —23 dB are present. As a con-
sequence, the threshold values for SRVCC to hand over to UMTS
and GSM have to be set by the operator to values higher than these
ones. Finally, the concepts of the performed tests are also valid in the
outlook of the 5G.
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