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Abstract—We investigate the potential of different diversity
and interference management techniques to achieve the required
downlink SINR outage probability for ultra-reliable commu-
nications. The evaluation is performed in a realistic network
deployment based on site-specific data from a European capital.
Micro and macroscopic diversity techniques are proved to be
important enablers of ultra-reliable communications. Particu-
larly, it is shown how a 4x4 MIMO scheme with three orders
of macroscopic diversity can achieve the required SINR outage
performance. Smaller gains are obtained from interference can-
cellation, since this technique does not increase the diversity order
of the desired signal. In addition, failures or malfunction of the
cellular infrastructure are analysed. Among different types of
failures evaluated, results show that failures spanning over large
geographical areas can have a significant negative performance
impact when attempting to support high reliability use cases.

I. INTRODUCTION

Ultra-reliable communications over wireless is an active re-
search topic that will open the possibility of novel applications
[1]. For some of the use cases, latencies of a few milliseconds
must be guaranteed with reliability levels up to 99.999%. The
experienced signal to interference-and-noise ratio (SINR) is a
metric closely related to the achievable reliability in cellular
systems: the higher the SINR, the more feasible it is to achieve
low packet error probability and low communication latency.

Studying the potential of different techniques to achieve
the required SINR outage probability for ultra-reliable com-
munications is the objective of this paper. In this context,
microscopic and macroscopic spatial diversity techniques have
shown promising benefits. As an example, the work in [2]
evaluates different multiple-input multiple-output (MIMO) an-
tenna configurations to achieve high reliability in a factory
environment, whereas [3] analyses the effectiveness of dif-
ferent transmission methods, including microscopic diversity
and hybrid automatic repeat request (HARQ) mechanisms.
The work in [4], studies the benefit of combined microscopic
and macroscopic diversity schemes in different locations of
a regular hexagonal network, however without accounting for
the multi-user multi-cell interference, which is typically a per-
formance degrading factor. These effects have been included
in our previous contribution, where we have identified the
required level of diversity and interference management in a
3GPP hexagonal macro network [5].

So far, fading and interference have been the limiting
factors of the end-user reliability performance. However, due
to the stringent reliability requirements, other sources of in-
stability and error should also be included in the analyses.

As an example, malfunction or failure of network components
could compromise the performance of the network. The causes
of network failures can be commonly classified into power,
hardware and software, and can occur at the base stations, ag-
gregation nodes, or at the backhaul links [6], [7]. To the best of
our knowledge, the system performance impact of these events
on ultra-reliable communications has not been quantified.

In this paper, we aim at identifying the required level of
diversity and interference management in order to achieve
the required SINR outage probability for ultra-reliable com-
munications. We build on the recent study in [5] with the
following additional contributions: (i) Analysis in a realis-
tic network deployment based on site-specific data from a
European capital. As compared to regular 3GPP scenarios,
the use of site-specific models provides higher degree of
realism and practical relevance of the results. (ii) System-
level evaluation including the effects of multi-user/multi-cell
interference and the increased resource consumption as a
consequence of the macroscopic diversity overhead. And (iii)
impact of the instability and failure-prone characteristics of
real cellular deployments, using a stochastic model for ge-
ographically correlated and uncorrelated equipment failures.
In order to account for these multiple aspects of realism, the
chosen evaluation methodology is system-level Monte-Carlo
simulations.

The rest of the paper is organized as follows: Section II
describes the considered network scenario. Section III outlines
the studied techniques as well as the failure model. The sim-
ulation methodology is presented in Section IV. Performance
results are shown in Section V, and concluding remarks are
given in Section VI.

II. NETWORK LAYOUT

A site-specific network layout of an existing LTE macro
deployment in a European capital area is reproduced. A three-
dimensional (3D) topography map is used for the considered
dense urban area [8]. The map contains 3D data of buildings,
streets, open squares, parks, etc. Macro cells are placed fol-
lowing a real deployment in the considered area. The macro
site antennas are deployed at different heights, taking the
local environment characteristics into account in order to have
good wide area coverage. The average macro antenna height
is 30 meters, using a few degrees of antenna downtilt. The
area includes hundreds of macro-sites with 2 and 3 sectors,
with an average inter-site distance of 350 meters, covering a
geographical area of around 30 km?. However, the evaluation
is limited to the outdoor locations of the 1.2 km? segment



depicted in Fig. 1. The outdoor area is mainly represented
by streets, avenues and open squares. Hence, the study is
relevant for outdoor high reliability use cases, e.g. vehicular
communications (V2X) through cellular infrastructure [9].

The radio propagation characteristics are obtained by using
state-of-the-art ray-tracing techniques based on the Dominant
Path Model (DPM) [10]. This includes the effects of both
distance-dependent attenuation and shadowing. The resulting
coverage area for each macro cell varies significantly, as the
areas shape according to the streets, buildings, among other
objects considered in the network model.

III. SYSTEM MODEL

A set of cells denoted by N = {1,..,N} are deployed
following the network deployment described in Section II. The
SINR at the mobile terminal (MT) can be improved in multiple
ways. For example, both the serving cell and MT can be
equipped with multiple antennas in order to provide increased
microscopic diversity. Additionally, various spatially-separated
cells can cooperatively serve MTs to provide higher order
of macroscopic diversity. As an alternative approach, the
received interference can be reduced by applying interference
cancellation techniques.

A. SINR model

In order to evaluate the performance of these techniques,
we utilize the signal model described in [5]. Each downlink
connection between a MT and a cell is represented by a MIMO
system with 7 transmit antennas and R receive antennas.
Closed-loop single-stream transmission modes are considered.
In a frequency-flat fading case, the R-dimensional received
signal r; by a user served in cell j € N is given as follows,
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where H; is a RxT matrix whose (m,n)-th element represents
the complex channel gain from transmit antenna n at cell
i, to receive antenna m; v; is the 7T-dimensional precoding
vector used at the i-th cell; Q; represents the averaged re-
ceived power from the i-th cell; s; represents the transmitted
symbol (for simplicity, ||s;|| = 1); and n is a Rx/ zero mean
Gaussian vector with variance o2 representing the noise power
at each receiving antenna. At the receiver, the R received
signals are combined by applying a weight vector w;. The
transmitter and receiver weights expressions are given by
v, = u and w; = Hju, where u is the unitary (|lul| = 1)
eigenvector corresponding to the largest eigenvalue of the
H? H; matrix, and [-]¥ denotes the Hermitian transpose. This
combining method corresponds to maximal-ratio combining
(MRC), which aims at maximizing the desired signal power at
the receiver. The resulting instantaneous post-detection SINR
expression is given by,
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For cases where a MT is served with macroscopic di-
versity, a simple soft-combining approach as known from
Universal Mobile Telecommunications System (UMTS) is
assumed. The received signal from each macroscopic branch
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Fig. 1: Illustration of the network layout. The macro cells are
marked with blue circles and a line pointing in the direction of
the main lobe of the antenna (a.k.a. broadside). Light and dark
grey colour denote outdoor and indoor areas, respectively.

is independently detected and combined at the MT [11]. The
SINR after combining M (1 < M < N) macro branches is
expressed as follows,

M
SINR =) SINR;, 3
j=1

where SINR; is the SINR calculated according to (2), assum-
ing the MT is connected to cell j. The set of cells serving
a certain MT is typically referred to as the active set. A
macroscopic diversity window is applied for the active set
selection procedure; i.e. for each MT, the set of serving cells
is limited to those whose received power difference is within
a certain window, as compared to the strongest cell. Using an
appropriate window size, much of the macroscopic diversity
gain can be obtained with a reduced resource consumption and
less interference generated as compared to the infinite window
case [11].

Finally, cases with interference cancellation are also con-
sidered. Ideal cancellation of the signal received from the C
(1 < C £ N —1) strongest interfering cells is assumed.
The corresponding SINR expression is similar to (2), with
the denominator accounting only for the remaining N — C — 1
interferers (we refer to [5] for more details).

B. Network failures

A stochastic model is used to study the impact of network
failures as an additional source of degradation of the SINR
outage performance. Let P be a vector composed of N ran-
dom variables (r.v.) Py, P,,..., Py, where P, is a Bernoulli
distributed r.v. indicating the functional state of cell n € N.
P, =1 indicates normal operation, and P,, = 0 is failure. The
probability of failure for cell n is,

F,=Pr(P,=0)=1-Pr(P,=1) Y neN. (4

The geographical characteristics of a potential failure is de-
scribed in terms of the pairwise correlation, i.e.
cov(Pn Pm) _ ElPnPm] = EIPAIE[Pn]

0P, 0Py
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where E[x] and o, denote, respectively, the expectation and
standard deviation of the r.v. x, and cov(x, y) is the covariance
of x and y.

Geographically uncorrelated failures are generally the most
common in real networks [6]. Factors such as malfunction of
hardware in the cell, buggy software updates, cut of the wired
link carrying the data to the core network, etc. can result in
localized failures. Correlated failures are less common but not
completely absent in real networks. Causes of failure include
software upgrades (if performed simultaneously to multiple
base stations), hacking of the system (e.g. jamming [12]),
natural disasters (storms, earthquakes, etc.), and discharge of
batteries after long power outages (especially for small cells
with typically small power backup).

We model cases with geographically uncorrelated and cor-
related failures. The former is among the simplest case as there
is independent failure probability at each cell, i.e. p(m,n) =0,
m # n. For the case where geographical correlation is present,
p(m, n) is modelled using an exponential decaying function as
follows,

n

m, ) Vv ommeN, ©)

p(m,n) = exp (

where D, , is the distance (in meters) between cells m
and n, and pu is the spatial correlation distance. Given these
definitions, we build the covariance matrix X(P) for the set
of cells N and apply methods such as the ones described in
[13], [14] to generate samples of binary r.v. with the specified
spatial correlation properties.

IV. SIMULATION METHODOLOGY

The evaluation is carried out by analysing the downlink
SINR distribution with different degrees of micro and macro-
scopic diversity, and interference management techniques. A
snapshot-based simulation approach is applied and the re-
spective assumptions are summarized in Table 1. Cells are
located as described in Section II and transmitting at full
power (full load conditions) at 2.6 GHz carrier frequency.
MTs are uniformly distributed in the corresponding area of
interest (see Fig. 1). The simulation procedure is as follows:
Each MT selects its active set of size M (M corresponds to
the macroscopic diversity order) from the set of candidate cells
according to the average received power. The set of candidate
cells corresponds to those cells in normal operation state and is
calculated on every simulation snapshot following the stochas-
tic failure model described in Section III-B. Cells in failing
state are assumed to have zero transmit power. Effects of
user mobility and handovers are not explicitly included in the
simulations. However, the effect of handover hysteresis margin
is implicitly modelled in the active set selection algorithm:
each MT identifies the strongest received cells that are within
a certain handover window, as compared to the strongest cell.
A serving cell for the MT is then randomly selected from the
cells within the handover window. This method models the
effect where not all MTs are served by their strongest cell due
to the use of handover hysteresis margins in reality.

After the active set selection procedure, the experienced
instantaneous post-detection SINR is calculated for each MT
following the models in Section III-A. For each snapshot, the
fast fading is independent and identically distributed for each
transmit-receive antenna pair, following a complex Gaussian

TABLE I: Simulation assumptions

Parameter Value

Network layout
Macro cell transmit power
Carrier frequency

Site-specific network
46 dBm
2.6 GHz

Propagation

Macro cell antenna configuration
MT distribution

MT antenna configuration

Dominant path model [10]

Realistic 3D antenna pattern

Uniformly distributed in outdoor locations
Omnidirectional with 0 dBi gain

Noise power spectral density -174 dBm/Hz
Noise figure 8 dB
Noise power -96 dBm @10 MHz

Rayleigh distributed; Uncorrelated among
the different antenna branches

Handover window 3dB

Uncorrelated failures: p = 0

Correlated failures: p > 0, u = 415 m

0 dB at the 107-th percentile

Fast fading

M, p
SINR outage target

distribution (i.e. the envelope is Rayleigh distributed). Additive
noise with a power spectral density of —174 dBm/Hz is
considered. It is assumed that MTs are assigned with 10 MHz
bandwidth, resulting in a noise power of —96 dBm when
including a 8 dB noise figure at the MT. In order to emulate the
limited feedback capacity of real systems, precoding vector u
is quantized and restricted to the predefined set of codewords
used in Long Term Evolution (LTE) [15].

A large number of snapshots are simulated and the gen-
erated SINR samples from all the users are used to form
empirical cumulative distribution functions (CDF). In line with
[1], the key performance indicator (KPI) is the SINR at the
107-th percentile. At this percentile, we consider a 0 dB
SINR as an appropriate target to have error-free downlink
reception, and therefore fulfil the low latency requirements of
ultra-reliability use cases (we refer to [5] for more details).

V. PERFORMANCE RESULTS

Fig. 2 shows the empirical CDF of the SINR distribution
with 2x2 and 4x4 microscopic schemes and different orders
of macroscopic diversity. For this set of results, all MTs are
assumed to have the same macroscopic diversity order equal to
M, i.e. no macroscopic diversity window constraint is applied.
Normal operation of the network is also assumed. At the 107-
th percentile, the SINR obtained with 2x2 and 4x4 configura-
tions and no macroscopic diversity is approximately -15 and -7
dB, which is not sufficient for ultra-reliable communications.
In contrast, when combined with macroscopic diversity, the
diversity order is increased, which results in steeper slopes
and significantly better SINR performance. It is observed that
M = 3 macroscopic links, each with 4x4 MIMO, are required
to fulfil the 0 dB SINR requirement. The macroscopic gain
comes from the higher received power of the desired signal as
well as the additional diversity to combat both fast and slow
fading. The soft-combining gain is especially relevant for MTs
close to the cell boundaries, which are likely to receive similar
power from the M serving cells. Macroscopic diversity also
minimizes the negative performance impact of the considered
handover hysteresis window, since the probability of not being
connected to the strongest cell is reduced.

Fig. 3 summarizes the SINR performance at the 107>-th
percentile with the different diversity configurations, including



Cumulative Distribution
)

10
- = —4x4-M=2
- 4 1
10°} MR -W=2x2-M=3[3
o -W=4x4-M=3
10'5 i i ‘ LWy n n n
-20 -15 -10 -5 0 5 10 15 20

Instantaneous SINR [dB]

Fig. 2: SINR performance with different levels of macroscopic
diversity applied to 2x2 and 4x4 MIMO configurations. M
indicates the macroscopic diversity order.

cases with ideal interference cancellation of the C strongest
interferers (assuming M = 1 macroscopic diversity order).
The 0 dB SINR target is represented with a horizontal dashed
line. As previously mentioned, a 4x4 microscopic scheme with
M = 3 macroscopic links are required to achieve the necessary
SINR outage performance in the considered site-specific net-
work, which is one more macroscopic link compared to our
previous evaluation in a standard 3GPP macro scenario [5].
The gain obtained by cancelling up to C = 3 interferers is 3.4
dB and 2.5 dB for the 2x2 and 4x4 antenna configurations,
respectively, which is not sufficient to fulfil the 0 dB SINR
outage target. Compared to the spatial diversity techniques,
interference cancellation does not increase the slope of the
SINR distribution since the diversity order remains the same.
The obtained gains of interference cancellation are smaller than
reported in the 3GPP macro network [5], as the considered
realistic scenario is less interference-limited.

Increasing the diversity by collocating multiple antennas
at the transmitter and/or receiver is a radio-resource efficient
way to improve the SINR outage performance. A 2x2 MIMO
configuration is the most commonly used scheme in LTE,
although 4x4 configurations are also allowed in the standard.
Practical implementation of macroscopic diversity schemes is
more challenging. Among others, tight coordination and low
latency communication between cells are required to support
the scheme presented in this study. In addition, macroscopic
diversity consumes transmission resources for a single user
at multiple cells potentially having impact on the system
capacity.

It is reasonable to think that when the performance degra-
dation due to increased resource consumption (and interfer-
ence) exceeds the diversity gain, macroscopic diversity does
not provide any benefit to the system performance. To account
for this increased resource usage, the macroscopic diversity
overhead (B) is defined as follows [11],

M
B= mRy, @)
m=1

where R, is the ratio of MTs with macroscopic diversity
order equal to m. The overhead is highest for the case when
all the MTs are configured with macroscopic diversity order
M, whereas it is lower if this technique is only applied
to a fraction of the MTs, e.g. by applying a macroscopic
diversity window as explained in Section III-A. Taking this

SINR at the 10 “-th percentile [dB]

M=1 M=2 M=3 Cc=1 C=2 C=3

Fig. 3: Achieved SINR at the 1073-th percentile with different
levels of micro- and macroscopic diversity, and interference
cancellation. M and C indicate respectively: level of macro-
scopic diversity and number of interfering signals cancelled.

overhead into account, Fig. 4 depicts the macroscopic diversity
performance with different macroscopic diversity windows.
The respective distribution of the macroscopic diversity order
for the MTs is written above each group of bars. For each
window size, § is calculated according to (7) and subtracted
(in dB) from the SINR performance obtained via simulations.
We refer to this resulting metric as compensated SINR. It
is worth mentioning that the objective of this metric is to
reflect the cost of applying macroscopic diversity, and not to
reflect the actual performance. It is observed that the optimal
macroscopic diversity window depends on the configuration of
interest. For example, a 4x4 MIMO with M = 3 achieves the
best performance with a 6 dB macroscopic diversity window,
whereas a 2x2 scheme with M = 3 would require a larger
window, e.g. 10 dB .

The last set of results accounts for malfunctions of the
cellular infrastructure. Fig. 5 illustrates the obtained SINR at
the 1073-th percentile when geographically correlated or uncor-
related failures occur with a certain failure probability in the re-
alistic network scenario. For the case of correlated failures, the
correlation distance y is set to 415 meters. This corresponds
to a correlation of approximately 0.3 for two cells separated at
500 meter distance. Only the SINR performance with 4x4 and
different macroscopic diversity orders is depicted; however,
similar trends are also obtained with 2x2 microscopic diversity
schemes. It is observed that uncorrelated failures do not result
in significant degradation of the performance. In this case,
there is sufficient overlapping coverage as it is generally the
case for dense urban cellular networks. In the case of correlated
failures, there is relatively high impact for all the evaluated
configurations since the failures span over large geographical
areas in a clustered manner, hence decreasing the probability of
having good coverage. The relative performance degradation is
more significant for high macroscopic diversity orders, as the
additional (weaker) redundant links would typically experience
higher pathloss and therefore are more affected by the noise.
For example, the 4x4 configuration with three macroscopic
links no longer fulfils the required SINR outage performance
if the mean failure probability is higher than 0.5%. It is worth
to highlight that the interruption time when switching the
connectivity from a failing cell to a fully functional cell could
potentially be another source of performance degradation that
has not been accounted for in this study. Future work must
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Fig. 4: Compensated SINR at the 1073-th percentile for several macroscopic diversity windows accounting for the macroscopic
diversity overhead. M refers to the maximum allowed macroscopic diversity order. For each configuration, the percentage of
users with macroscopic diversity order m is given above each group of bars.

include the validation of our failure model by e.g. analysing
real network mean time between failure (MTBF) and mean
time to repair (MTTR) statistics.

VI. CONCLUSION

In this study, we have evaluated the potential of diversity
and interference management techniques to achieve very low
SINR outage probability as required for ultra-reliable com-
munications. The analysis has been carried out for a realistic
site-specific deployment from a big European city. Micro
and macroscopic diversity techniques have been shown to be
important enablers of ultra-reliable communications. A 4x4
MIMO scheme with three orders of macroscopic diversity is
suggested as a feasible configuration to achieve the required
SINR outage performance. Mitigating the interference pro-
vides complementary benefit, although it does not increase
the diversity order of the desired signal. In addition, failures
of the cellular network infrastructure have been considered.
Different failure probabilities and geographical dimensions
have been evaluated. It has been shown that failures spanning
over large geographical areas in a correlated manner can have
a significant negative impact when attempting to support high
reliability use cases.
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