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Abstract— This paper proposes a theoretical analysis for eval-
uating the statistical distribution of the bit error rate (BER)
for a millimeter-wave uplink communication involving a mobile
terminal (MT) and a base station (BS). The analysis is focused
on the line-of-sight scenario, whose investigation provides useful
insights on the maximum performance achievable by forthcoming
fifth-generation (5G) wireless networks. The developed model
accounts for path-loss attenuation and directional antenna gains
assuming a noise-limited operating regime. The location of the
MTs around the 5G BS is described by a Poisson point process,
while the statistic of the BER is estimated by considering
the phase-shift keying (PSK) and the quadrature amplitude
modulation (QAM) schemes. The analytical results are finally
exploited to discuss the dependence of the error rate from the
cell radius and the modulation order in a mmWave context.

Index Terms— Millimeter-wave communication; line-of-sight;
modulation; BER.

I. INTRODUCTION

The mature implementation of the long-term evolution
(LTE) system has boosted the interest of commercial op-
erators towards the fifth-generation (5G) cellular network,
whose placement on the market is expected to be realized by
2020 [1]. The forthcoming 5G technology foresees a perva-
sive wireless scenario capable to support the most evolved
Internet of Things (IoT) applications, from high-definition
video streaming to intelligent metering, from automated health
to infrastructure management, home automation and public
transportation [2—4]. Beside the provisioning of more capacity
with respect to LTE, 5G is expected to be characterized
by a major virtualization of the core and edge network, an
ultra-densification of the deployed devices, and a shift of the
frequency spectrum towards the millimeter-wave (mmWave)
domain. Just this latter feature represents a challenge for
telecommunications’ researchers in terms of design of ra-
dio transceivers and radiating structures. The reduced carrier
wavelength, in fact, enables to package many antennas on
a single device, so as to support high-gain directional links
capable to compensate the significant attenuations that charac-
terize the mmWave propagation environment. Thus, similarly
to previously proposed extensions for personal and local area
networks [5-8], also 5G will benefit from massive multiple-
input multiple-output (MIMO) systems.

The theoretical characterization of the performance achiev-
able by a mmWave link is still in progress, even if valuable
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frameworks have been already published [9-15]. Most of these
studies focus on the estimation of the coverage probability
or on the transitional behavior from an interference-limited
regime, in which the power incoming from the undesired
sources prevails over the noise, to a noise-limited regime,
in which, differently, the noise power prevails over the in-
terference. Thus, currently, the main addressed issue concerns
the distribution of the signal to interference plus noise ratio
(SINR) or of the signal to noise ratio (SNR), depending on
the operating regime. Few of the proposed works on mmWave
cellular systems, however, discuss in detail the bit error rate
(BER) resulting from the SINR/SNR distribution on the basis
of the adopted modulation scheme, a topic that has been
instead widely analyzed for conventional microwave (uWave)
networks [16-20].

This study addresses this latter aspect by presenting a
theoretical analysis for estimating the BER of a mmWave
uplink communication. To better focus the investigation on
the achievable performance, a line-of-sight (LOS) scenario is
modeled, where a mobile terminal (MT) communicates with
a 5G base station (BS). The LOS scenario is selected for
its particular interest, since the forthcoming 5G technology
is expected to express its maximum potential specifically in
LOS conditions, revealing the actual capacity outbreak of 5G
with respect to the currently used 3G/4G cellular systems
[21], [22]. To properly address a realistic environment, the
path-loss propagation model is derived in agreement with
experimental data acquired by recent measurement campaigns
at 28 GHz. Besides, the MTs are assumed distributed accord-
ing to a Poisson point process (PPP), while the commonly
employed phase-shift keying (PSK) and quadrature amplitude
modulation (QAM) schemes are considered to determine the
statistic of the BER. The conceived analysis is finally exploited
to investigate the influence of the cell radius and of the
modulation order on the mmWave link performance.

The paper is organized as follows. Section II introduces the
system model. Section III presents the theoretical analysis.
Section IV discusses the numerical results. Section V summa-
rizes the main conclusions.

Notation. Throughout the paper the following notation is
used: R-y and R>o denote the sets of positive and non-
negative reals, respectively; 1x (x) denotes the indicator func-
tion (ie., Ix(x)=1if x€ X, Ix(x) =0 if x ¢ X); W(x)
denotes the Lambert W-function; Q(x) denotes the Q-function
and Q~!(z) its inverse.



II. SYSTEM MODEL

Consider a two-dimensional mmWave cellular network in
which a given BS communicates with a fixed MT. The
positions of the MTs around the BS are described by a
homogeneous PPP of intensity A, and the BS serves the closest
MT among those present in the corresponding cell [11]. Thus,
according to the nearest neighbor statistic, the MT-BS distance
is a random variable (r.v.) R having cumulative distribution
function (cdf) [23]:

Fr(r) = [1—exp (—mAr?)] Ig., (7). (1)

Recent measurement campaigns and detailed theoretical
investigations have shown that path-loss and noise are two
of the most relevant propagation phenomena that determine
the link state of a mmWave communications [9], [21]. More
precisely, three states are commonly taken into account: LOS,
when the MT-BS link is characterized by optical visibility;
NLOS, when the optical visibility is not present by anyway the
communication is possible; and outage (OUT), when the path-
loss is so high that the MT-BS link cannot be established [11].
Among these three possible situations, the most favorable one
is the first, since in LOS conditions the mmWave technology
provides its largest potential as compared to current 2-4G
1Wave systems. For this reason, the LOS case is analyzed in
detail, with the aim of deriving an upper bound for the BER
of a mmWave uplink communication. The presence of a direct
LOS visibility is however a statistical event, whose occurrence
depends on the MT-BS distance. In particular, assuming as
negligible the probability of being in the OUT state (i.e.,
considering not too large cells), the probability of being a
LOS state is given by [21]:

pLos(R) = exp(—aR), 2

where the LOS parameter a, which depends on the propagation
environment and on the operating frequency, may be derived
by fitting of measured data. An estimation of this parameter for
the 28 and 73 GHz channels has been derived in [21], where
the value a=14.9 mm~! is obtained. This enables to prelimi-
narily quantify the probability of being in LOS conditions for
different distances. In particular, for R = 10, 50, 100, 150 m,
one obtains pros(R) = 0.86,0.47,0.23,0.11, which reveal
that, even in a mmWave environment, the LOS state, as
expected, usually occurs at the lower distances, remaining
however significantly possible at the larger ones.

According to the experimental characterization realized in
[21], the omnidirectional path-loss attenuation is assumed to
linearly depend on the logarithm of the distance, thus it is
modeled by the function:

1

p(R) = aRP (3)

where « denotes the floating intercept and 3 represents the
average path-loss exponent, which is again derived by per-
forming a best-fit linear regression of empirical data. While
the setting 8 = 2 is typical for the LOS scenario regardless
of the specific frequency adopted for the communication, the
value of « is influenced by the selected band. For the two
parameters a and «, the experimental estimations provided in

[21, Table I] will be adopted in this paper. Since both the BS
and the MT are assumed fixed, mobility effects due to mid-
and small-scale fading are not considered.

A relevant quantity that must be included when the perfor-
mance of a mmWave communication has to be evaluated is the
noise power. This quantity may be calculated at the receiving
BS as [11]:

oc=MNy-B-F, “4)

where Ny = 3.98 - 10~2! W/Hz is the noise spectral density,
B is the receiver bandwidth, and JF is its noise figure.
Differently from conventional pWave networks, which usually
operate in an interference-limited regime, it has been proved
that mmWave communications may be properly modeled by
pseudowired links as long as sufficiently directional antennas
are adopted. This implies that, in the presence of high-gain
radiating systems [24-26], not too dense mmWave networks
operate in a noise-limited regime [9].

III. ANALYSIS

In agreement with the introduced scenario, this section
evaluates the statistical BER performance for the monitored
MT-BS mmWave uplink. This task is accomplished by first
calculating the distribution of the power received at the BS,
then that of the corresponding SNR, and finally the cdf of the
resulting BER according to selected modulation scheme.

Recalling the formula for the LOS probability in (2) and
the path-loss function in (3), one can express the fraction of
the average power received by the BS from the target MT that
is due to the sole LOS contribution through the r.v.:

P = PrGrGr - p(R) - pLos(R)
K
=0 exp(—aR), ©)
where Pr is the transmission power, G1/Gr are the trans-
mitting/receiving antenna power gains, and:

PrGrGr ©)
7@ .

The cdf Fp(p) of P can be derived by inverting (5) with
respect to R and then using (1) to account for the statistical
location of the MT. This yields:

Fp(p) =Pr{P <p}

K =

RB

(o)
exp {—’y W [(;) B] } @), )

where v = 7A(3/a)? and v = K (a/B3)”. Note that the inverse
of (5), which cannot be described in closed-form by elemen-
tary functions, can be formally expressed through the Lambert
W-function, which is increasingly monotone for nonnegative
arguments [27]. Besides, by calculating the derivative of (7),

=Pr {K exp(—aR) < p}



one can directly obtain the probability density function (pdf)
of the received power as:

1 1

2| (Y 7 w2l Y ?
29W expy —Y W
p p

Bpll14+W <V>
p
®)

According to the assumption of noise-limited regime [11],
the impact of the interference on the monitored MT-BS
mmWave communication may be assumed negligible. This
implies that the result of this communication depends on the
sole noise, and in particular on the r.v. ¥ describing the SNR,
which is a function of P and can be defined as:

fr(p)=

Ig_,(p)-

w|—

. ©)

where o is given by (4). By remembering the rule for the
scaling of r.v.s [28] and using (7), the cdf of ¥ may be
immediately evaluated as:

Fy(y) = Fp(a)

—exp{—vWQK;pﬂ}ﬂnu(w)- (10)

The final step necessary to evaluate the statistic of the
BER requires to include the modulation employed for data
transmission. To this aim, two widely adopted possibilities
are considered: the M — PSK and the M — QAM schemes, in
which the parameter M identifies the modulation order. Since,
in a noise-limited regime, the BER is related to the SNR, it
can be described by a r.v. T, which, for both schemes, may
be suitably approximated by a function of ¥ as [29], [30]:

T(W) = 6 Q(Cu V). an

where the constants £3; and (ps depend on the specific
modulation and are given by:

) 1 M — PSK
Em = : 1 (12a)
logy M 2 (1 - > M— QAM
2 NiTi Q
V2 sin(%) M — PSK
Car = +/logy M - - (12b)
M— QAM
M—1 Q

The cdf Fy(v) of T may be calculated from the inverse
of (11) with respect to U and subsequently applying (10).
Remembering that the Q-function is monotone decreasing,
these two latter operations lead to:

Fy(v) =Pr{Y < v}
=Pr {EM Q(CM\/@) < U}

Py 100mW o 61.4dB
Gt 10dB 8 2

Gr 10dB a 149mm~!
B 1GHz F 10dB

TABLE 1
ADOPTED PARAMETERS [21].

S il

= {1 — €xXp [_'YH(U)]} ]IR>0 (U)v
where:

o= ()" [ ()]}

The final statistic in (13) represents the probability that the
BER lies below a given threshold v when the MT-BS mmWave
communication link operates in LOS conditions. The accuracy
of this result is checked in the next section by comparing the
theoretical analysis with numerical simulations.

13)

(14)

IV. RESULTS

The results are obtained using the parameters in Table I,
which are referred to the measurements in the 28 GHz band
carried out in [21]. The values provided by the analysis are
validated by independent Monte Carlo simulations. In the
presented figures, the theoretical curves will be identified by
lines, while those derived from simulations will be denoted by
markers. All results are evaluated using Matlab and running
S = 100000 realizations for each point of a simulation curve.

The first set results is shown in Fig. 1, which reports the
cdf of the power received by the 5G BS (Fig. 1(a)), and
the corresponding pdf (Fig. 1(b)), for different values of the
cell radius p. Note that this latter parameter determines the
intensity of the PPP describing the location of the MTs, since
A and p are related by [11]:

A= % (15)
™o

Thus, the lower the cell radius, the higher the intensity of
the sources and, in turn, the closer the transmitting MT to
the receiving BS. As it may be observed from Fig. 1(a),
this implies that, for a given p value, the probability that the
received power be lower than p increases with the increase of
o. Note that this behavior holds until the network operates in
a noise-limite regime, that is, until the transmitting/receiving
antenna radiation patterns are sufficiently directional to com-
pletely filter, in the spatial domain, the interference of the
other MTs. In the presence of very high A\ values, instead,
this latter assumption cannot be considered acceptable, since,
as shown in [31], ultra-dense scenarios tend to operate in
an interference-limite regime. As a final remark concerning
Fig. 1(b), it has been verified that the maximum of each pdf
corresponds to the inflexion of the relative cdf in Fig. 1(a).
This does not appear immediately because of the usage, for
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readability reasons, of a log-scale for the p-axis. Besides, the
area under each curve has been verified to be equal to one, as
it must be for any pdf to satisfy the normalization condition.
In this regard, the lower the maximum of a pdf, the longer the
tail for large p values, whose contribution to the overall area
under the pdf becomes hence more relevant.

The second set of results is reported in Fig. 2, which
shows the cdf of the BER obtained considering cells of radius
o = 50 m and different modulation schemes. More precisely,
Fig. 2(a) refers to the M-PSK modulation, while Fig. 2(b)
to the M-QAM one. As expected, for a given scheme, the
increase of the modulation order reduces the probability of
obtaining a BER lower than a given value, since, for a constant
transmission power, the symbols of the constellation get closer
with the increase of M. Besides, the M-QAM scheme, which
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Cdf of the BER for o = 50 m and different values of the modulation order: (a) M-PSK, (b) M-QAM (t: theory, v: Monte Carlo validation).

operates on both the amplitude and the phase of the signal,
provides better statistics as compared to the M-PSK one,
which instead operates only on the phase of the signal. This
enables the adoption of M-QAM also for high M values when
significant data rates are required and satisfactory channel
conditions are present.

Similar observations may be formulated considering the last
set of results (Fig. 3), which show the cdf of the BER for o =
100 m when the M-PSK (Fig. 3(a)) and the M-QAM schemes
(Fig. 3(b)) are adopted. The main difference that can be
noticed with respect to Fig. 2 concerns the lower performance
due to the larger cell radius, which implies statistically farther
MTs. In fact, comparing, for a given modulation and a given
M value, two corresponding curves in Figs. 2 and 3, the
second one is characterized by a reduced BER. In general,
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however, the derived results may be considered satisfactory,
since they have been obtained with conservative assumptions
regarding the selected parameters. In fact, larger transmission
powers, until 1 W, and higher antenna gains, until 20 dB, are
usually chosen in the available experimental setups [21].

V. CONCLUSIONS

A theoretical analysis for calculating the statistics of the
received signal power and of the BER for a 5G mmWave
uplink communication in LOS conditions has been presented.
Closed-form expressions have been derived for the cdf of the
BER when the M-PSK and M-QAM schemes are used in the
presence of Poisson-distributed users. The developed model
has enabled to investigate the impact of the cell radius and
of the modulation order on the performance of the MT-BS
uplink. Ongoing research efforts are devoted to the extension
of the model to non-LOS scenarios and to the deepening of
the aspects related to user mobility, with particular reference
to those determined by mid- and small-scale fading.
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