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ABSTRACT Opportunistic systems take advantage of thewireless communication channel random behavior,
since transmission is made only when fading amplitude is above a threshold value, which is calculated
based on a transmission probability. This type of transmission draws attention because improves the system
performance, and it is an interesting scheme for primary users in cognitive radio networks or is also an
option for physical layer security. In this paper, we analyze the performance of opportunistic transmis-
sions in Rician fading channels considering square-quadrature-amplitude-modulation (S-QAM) and non-
square-quadrature-amplitude-modulation (NS-QAM). Exact closed-form expressions and approximations
are derived to evaluate the average bit error probability (ABEP). An expression to calculate the mean spectral
efficiency (SE) is also derived considering that a target ABEP must be guaranteed. The SE is calculated
using the coverage radius obtained for each modulation used in the system. Hence, an algorithm for the radii
calculation is also presented, which considers that the parameters of the Rician fading channel change in
the cellular area. The results show that opportunistic transmission (OpT) mitigates the fading effects once
the ABEP decays exponentially as the signal to noise ratio (SNR) is increased. Additionally, the proposed
algorithm, along with the derived expressions, determine the scenarios where the SE is maximized.

INDEX TERMS Opportunistic system, Rician fading channel, modulations, bit error probability, spectral
efficiency.

I. INTRODUCTION
The new fifth-generation (5G) standard establishes that wire-
less communication systems must guarantee high transmis-
sion rates and low bit error probabilities (BEP) to support
emerging communications services and applications. These
requirements are essential for two 5G use cases defined as
enhanced mobile broadband (eMBB) and ultra-reliable low
latency communications (URLLC) [1], [2].

In wireless transmissions, the signals arrive at the receiver
via different paths. As a consequence, the received signal
can be randomly attenuated or amplified. This phenomenon
is characterized as a random channel gain that is multiplied
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to the received signal. The envelope of this channel gain
is known as fading. In particular, when one path, typically,
the line-of-sight (LOS) path, is much stronger than the non-
line-of-sight (NLOS) paths, the fading amplitude can be char-
acterized by a Rician distribution [3]. Otherwise, when there
is no a dominant path, the fading is modeled by a Rayleigh
random variable.

It is well-known that fading degrades the wireless system
performance. Hence, widely used techniques to counteract
the undesirable fading effects are time, frequency or spatial
diversity [4]–[6]. Other techniques such as error correc-
tion codes also reduce the BEP and even make it possible
to obtain diversity [7]. Frequency or time diversity tech-
niques present loss of spectral efficiency (SE) in exchange
for performance improvement. Besides, opportunistic
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transmission (OpT) techniques have also been proposed to
counteract the fading effects, which also present a loss of SE
but the fading effects are mitigated in a greater extent than
with the aforementioned diversity techniques [8]–[10].

With OpT, the wireless system transmits only when the
instantaneous fading amplitude is above a threshold value,
which is established based on a given transmission proba-
bility. If the fading amplitude is below the threshold, then
the system does not transmit and symbols are stored into
a buffer until the transmission is enabled again. These
non-transmission periods reduce the SE. However, the good
performance obtained with this technique allows the use of
high order modulations, which compensates the SE reduc-
tion [11]. On the other hand, the non-transmission periods
are also an interesting opportunity for cognitive networks
employing the interweave technique [12], since secondary
users can transmit in the non-transmission periods (white
spaces) of primary users in the wireless network. OpT can
also be considered as an interesting technique to provide
security at the physical layer [13] because an eavesdropper
does not know the transmission periods of the user in the
opportunistic system, since these transmissions periods occur
based on the instantaneous channel state information (CSI) of
opportunistic users [14].

OpT has been exploited in sensor networks considering
that each sensor, with a constrained power, must save it
when its channel is highly destructive, i.e, when a low fading
amplitude occurs. For example, in [8], the system perfor-
mance is evaluated employing the sum rate capacity in a
Rayleigh fading channel by considering that transmission
is performed only when the fading has a high amplitude.
The results showed that as the signal-to-noise ratio (SNR)
increases, the number of active sensors is reduced due to
the OpT employed. This remarkable feature reduces the
probability of collisions, thereby mitigating the interfer-
ence in the network. In [15], the receiver uses an antenna
array and opportunism is applied because the receiver com-
bines signals affected by fading amplitudes above a thresh-
old value. Closed-form approximate expressions are derived
for the average bit error probability (ABEP) considering a
Rayleigh fading channel. The results showed that OpT out-
performs the conventional1maximal-ratio-combining (MRC)
system. Besides, the loss of SE is reduced once the use
of several receiving antennas reduces the probability that
the fading is below the established threshold and there-
fore, the non-transmission probability is very small. Besides,
in [7], the performance of OpT is evaluated in encoded
systems considering trellis-coded-modulation (TCM) and
turbo codes are evaluated. Upper-bound expressions to eval-
uate the ABEP are obtained considering a Rayleigh fading
channel.

OpT has also been explored in multiuser scenarios.
In [16], it is analyzed by considering that each user

1Henceforth, non-opportunistic transmission is called as conventional
transmission.

transmits data intermittently with a certain probability
(bursty transmission). For this, it is assumed an OpT
based on a desired channel gain, whose envelope is
modeled as a Rayleigh random variable. The authors eval-
uate the achievable rate under different interference con-
ditions. The results showed that OpT achieves higher bit
rate than random transmissions as well as conventional
non-opportunistic transmission. Furthermore, in [9], a hybrid
transmission method combining OpT and multiuser diver-
sity is proposed. The proposed scheme considers a mul-
tiuser scenario, where only one of the users transmits based
on their channel quality. ABEP expressions are derived
for this scenario. In [10] and [11], co-channel interfer-
ence is included and the ABEP is derived considering
binary-phase-shift-keying (BPSK) modulation and square-
quadrature-amplitude-modulations (S-QAM), respectively.
In [17], OpT is used in a power-domain non-orthogonal
multiple access (NOMA) system to reduce the interference
levels in Rayleigh fading channels. An scheduling is per-
formed based on the fading amplitude. Therefore, due to the
opportunism, not all users transmit simultaneously, which
reduces interference in the considered NOMA system. More-
over, the outage probability is derived. A similar scenario
for opportunistic NOMA systems is assumed in [18] con-
sidering cooperative relaying. In this case, a mathematical
expression to evaluate the achievable average rate in Rician
fading channels is derived. In [19], it is proposed an OpT for
cooperative transmissions based on the amplify and forward
paradigm. Closed-form expressions to evaluate the BEP of
secondary users are derived for Rayleigh fading channels.
The ABEP of non-square quadrature amplitude modulations
(NS-QAM) is analyzed in [20], where Rayleigh fading is
considered, and the performance is evaluated via simulations
for 8-QAM and 32-QAM. Square and non-square constella-
tions are necessary for varying channel conditions and rate
requirements [21]. For this reason, systems using S-QAMand
NS-QAM are of great interest for wireless communications
standards.

By the above and to the best of our knowledge, a study
of the ABEP and the SE of opportunistic systems operating
in Rician fading channels has not been conducted previously
in the literature. Thus, this channel model is assumed in this
work in order to evaluate the performance of opportunistic
systems considering both S-QAM and NS-QAM because
these modulation schemes are quite efficient in terms of spec-
tral efficiency and energy consumption [22]. In addition, they
are considered for digital broadcasting systems [23] and new
generation wireless networks [24]. The main contributions of
this work are summarized as follows:
• An exact single integral expression to calculate the
ABEP is derived.

• A closed-form approximate ABEP expression is
obtained. The exact and the approximate ABEP expres-
sions are validated by Monte Carlo simulations consid-
ering even higher order modulations such as 1024-QAM
and 2048-QAM.
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FIGURE 1. Block diagram of an opportunistic system.

• The ABEP performance considering the high SNR
regime is also evaluated. For this, very simple expres-
sions are obtained for S-QAM and NS-QAM.

• Considering a single cell scenario, an algorithm to cal-
culate the coverage radius for each modulation is pre-
sented. The aim of this algorithm is to determine the
coverage radius obtained with each modulation used
in the system considering that a target ABEP must be
guaranteed for the OpT.

• An expression to evaluate the mean SE is obtained con-
sidering that the Rician fading parameters change in the
cellular area. This proposal allows to look for scenarios
that maximize the mean SE and guarantee the target
ABEP in all the cell area.

The remainder of this paper is organized as follows. The
system and channel models are described in Section II.
The calculation of the transmission threshold is detailed in
Section III. In Section IV, expressions to evaluate the ABEP
are derived. The spectral efficiency of the opportunistic sys-
tem is analyzed in Section V. The numerical results and
discussions are presented in Section VI. Finally, the main
conclusions are presented in Section VII.

In what follows, <{·} represents the real part of its argu-
ments, (·)! is factorial, b·c denotes floor operation, x, fx(x)
and Fx(x) are the mean value, the probability density func-
tion (PDF) and the cumulative distribution function (CDF)
of the random variable x, respectively. Finally, P(·) is the
probability operator and i =

√
−1 is the imaginary unit.

II. SYSTEM AND CHANNEL MODEL
The system and channel models are described in this Section.

Fig. 1 shows the block diagram of the OpT system, where
both the transmitter and the receiver employ a single antenna.
In the transmitter, the bits are generated randomly with the
same probability. Then, the bits are mapped into a com-
plex symbol, s, which belong to a QAM constellation that
uses Gray encoding. Thus, for a S-QAM constellation with
M symbols (M-QAM), s assumes the values

s = [±(2x1 − 1)± (2x2 − 1)]A (1)

for x1, x2 ∈ {1, 2, . . . ,
√
M/2}, where A is the signal ampli-

tude. On the other hand, for a NS-QAM constellation with
I × J symbols (I × J -QAM), we have that

s = [±(2x1 − 1)± (2x2 − 1)]A (2)

for x1 ∈ {1, 2, . . . , I/2} and x2 ∈ {1, 2, . . . , J/2}. Notice that
I and J are the order of the in-phase and quadrature pulse-
amplitude-modulations (PAM) that generate the NS-QAM
constellation.

The symbols are stored into a buffer until the transmis-
sion is allowed by a transmission enabler which employs
the feedback link information. In opportunistic wireless sys-
tems, transmissions occur only when the fading amplitude is
above a certain threshold, m [11]. For this, the receiver has
knowledge of the CSI via a feedback link. The symbol at
the output of the mapper takes the form of a base-band pulse
format, p(t), with duration Ts. This pulse format satisfies the
Nyquist criterion and has unitary energy

∫ Ts
0 p2(t)dt = 1.

After that, the carrier with central frequency fc is included in
the base-band signal. Hence, the transmitted passband signal
during a symbol interval can be written as

S(t) = <{sp(t) exp(i 2π fct)}. (3)

It is assumed that the carrier bandwidth, B, is smaller
than the channel-coherence-bandwidth, which is a typical
scenario for mobile wireless systems that employ orthogonal-
frequency-division-multiple-access2 (OFDMA) and that the
symbol duration, Ts, is smaller than the channel-coherence-
time, which is a valid assumption when the user equip-
ment (UE) is moving at low speeds [4]. In this scenario,
the channel can be modeled as frequency non-selective (flat)
and slowly. Thus, considering LOS between the transmitter
and the receiver, the transmitted signal is affected by a chan-
nel gain, h = g1 + i g2, modeled by a complex Gaussian
random variable, where g1 is a zero-mean real Gaussian
random variable and g2 is a real Gaussian random variable

2Although the total bandwidth of the system may be greater than the
channel-coherence-bandwidth, the effects of frequency selective channels
are mitigated employing a cyclic prefix in OFDMA systems.
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with mean value µ, such that, µ 6= 0. Both g1 and g2 have
variance σ 2. Hence, the channel gain can be also written as
h = α exp(iφ), where φ = arctan(g2/g1) is a uniformly

distributed random phase over [0, 2π ) and α =
√
g21 + g

2
2 is

the envelope of the channel gain, that is the fading amplitude
modeled by a Rician random variable, whose PDF is [25]

fα(α) =
2(K + 1)

�
α exp

(
−
K + 1
�

α2 − K
)

× I0

(
2

√
K (K + 1)

�
α

)
, α ≥ 0, (4)

where

I0(y) =

1, y = 0,∑∞

j=0
(j!)−2

( y
2

)2j
, y > 0,

(5)

is the modified Bessel function of the first kind and order zero
[26, Eq. (9.1.10)]. Moreover,

K =
µ2

2σ 2 , (6)

is the shape parameter, i.e., the ratio of the LOS path power
to the remaining multipaths power, and the scale parameter

� = µ2
+ 2σ 2, (7)

that is defined as the total power received in all paths, i.e., (7)
is the mean squared fading amplitude. In the receiver, after
the coherent demodulation stage and the correlator (matched
filter), the received sample during a symbol interval, assum-
ing flat fading, can be written as

r =
1
Ts

∫ Ts

0
[hS(t)+ n(t)] p(t) exp[−(i 2π fct + φ)]dt

=
1
2
αs+ n, (8)

where we used that h = α exp(iφ) and perfect compensation
of the channel phase was also considered. The factor 1/2
appears due to the modulation/demodulation process, α is
the Rice fading amplitude, such that α > m, and n(t) is
the additive white Gaussian noise (AWGN) random process.
Thus, in the second step of (8), n denotes the noise sample
at the matched filter output that is modeled by a zero-mean
complex Gaussian random variable with variance

σ 2
n =

N0

2Ts
, (9)

where N0 is the unilateral noise power spectral density and
Ts is the symbol duration.

Finally, the received sample, r , enters to a demapper, which
decides on the transmitted bits.

From (8) and (9), the instantaneous signal-to-noise
ratio (SNR) is obtained as

γ =
α2s2/4
N0/(2Ts)

= α2
Eb
N0

log2M , (10)

where Pr = s2/2 is the received power per symbol, Eb =
Es/ log2M is the received bit energy, M is the modulation
order and Es = s2Ts/2 is the received energy per symbol.

Algorithm 1 Recursive Threshold Calculation
Input: q,K , �, δ
1: y = ∞,m = 0
2: while y > q do

3: y = Q1

(
√
2K ,m

√
2(K+1)
�

)
4: m = m+ δ
5: end while
6: m = m− δ

Output: m

III. TRANSMISSION THRESHOLD
In this section, the transmission threshold is calculated based
on a given transmission probability. In OpT, the transmission
is made when the fading amplitude is above the threshold m,
then the transmission probability is obtained as

q = P(α > m) =
∫
∞

m
fα(α)dα, (11)

where P(·) is the probability operator and fα(α) is given by (4).
The transmission probability can be also obtained from
the CDF of α, that is, Fα(α), employing that

q = 1− Fα(m) = Q1

(µ
σ
,
m
σ

)
= Q1

(
√
2K ,m

√
2(K + 1)

�

)
, (12)

where

Q1 (a, b) =
∫
∞

b
x exp

(
−
x2 + a2

2

)
I0(ax)dx (13)

is the Marcum Q-function [27] and I0(·) is given by (5).
Given a transmission probability q, and the Rician param-

eters K and �, the threshold m can be obtained recursively
from (12). Algorithm 1 indicates this simple procedure,
where δ is an increment. Table 1 shows the threshold m as
a function of the transmission probability and parameterized
by the Rician factor K , where it is used that the mean power
of the non-line-of-sight (NLOS) multipaths is normalized,
i.e., 2σ 2

= 1 (or equivalently, � = K + 1) and δ = 0.0001.
In these results, notice that as q decreases, the threshold
value increases, that is, the instantaneous value of the fading
must be greater for the transmission to take place. As a
consequence, the lower transmission probability implies in
loss of SE, once the channel is not used in specific periods of
time. However, it is possible to increase the modulation order
to alleviate this loss and, at the same time, guarantee a good
system performance. This aspect will be addressed in greater
detail in Section VI.

IV. AVERAGE BIT ERROR PROBABILITY
The ABEP of OpT operating in Rician fading channels is
obtained in this section for S-QAM and NS-QAM.

Let x be a random variable defined into the interval−∞ <

x < ∞ with PDF fx(x). Suppose this random variable is
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TABLE 1. Threshold m as a function of q and parameterized
by the factor K .

conditioned to only have values between v1 and v2, where v1
and v2 are arbitrary values such that v1 < v2. This conditioned
random variable has PDF fx(x|v1 ≤ x ≤ v2) defined into the
interval v1 ≤ x ≤ v2. From [25, Section 4-4], it is known that
fx(x|v1 ≤ x ≤ v2) = fx(x)/[Fx(v2)−Fx(v1)], where Fx(vi) is
the CDF of x evaluated at vi for i ∈ {1, 2}.

In OpT, the system transmits only when the instantaneous
fading amplitude, α, is over the thresholdm, i.e.m < α <∞,
or equivalently, α > m. By the above, the PDF of the fading
amplitude in the opportunistic transmissions is

fα(α|α > m) =
fα(α)

1− Fα(m)

=
fα(α)
q
, α > m, (14)

where fα(α) and q are given by (4) and (12), respectively,
and we have used that Fα(∞) = 1. Moreover, notice that∫
∞

m fα(α|α > m)dα = 1.
Now, let Pb(α) be the BEP conditioned on the instanta-

neous fading amplitude for the opportunistic system. There-
fore, the ABEP can be calculated as follows

Pb =
∫
∞

m
Pb(α)fα(α|α > m)dα. (15)

A. S-QAM
In [28, Eqs. (14),(16)], by considering the constellation sym-
metry of S-QAM and by assuming Gray mapping, an exact
BEP expression for AWGN channels has been found, and
is given as a function of the Eb/N0 ratio and the modula-
tion order M . From [4, Section 13.3], it is known that BEP
expressions for AWGN channels can be used to calculate the
instantaneous BEP in fading channels if the Eb/N0 ratio is
multiplied by the instantaneous value of the fading squared,
that is, α2. By the above, the BEP for S-QAM conditioned on
the instantaneous fading amplitude can be written as

Pb(α)

=
1

√
M log2

√
M

log2
√
M∑

`=1

(1−2−`)
√
M−1∑

κ=0

(−1)

⌊
κ2`−1
√
M

⌋

×

(
2`−1 −

⌊
κ2`−1
√
M
+

1
2

⌋)
erfc

[√
α2 ζκ

(
M ,

Eb
N0

) ]
,

(16)

where byc denotes the floor operation, which returns the
greatest integer that is smaller than or equal to y and erfc(·) is
the complementary error function given by [25]

erfc(y) =
2
√
π

∫
∞

y
exp(−w2)dw, (17)

and

ζκ

(
M ,

Eb
N0

)
=

3(2κ + 1)2

2(M − 1)
Eb
N0

log2M . (18)

From (12)-(16), the ABEP for opportunistic systems oper-
ating in Rician fading channels (K > 0) is calculated as

Pb =
1

√
M log2

√
M

log2
√
M∑

`=1

(1−2−`)
√
M−1∑

κ=0

(−1)

⌊
κ2`−1
√
M

⌋

×

(
2`−1 −

⌊
κ2`−1
√
M
+

1
2

⌋)
×

1
q

∫
∞

m
erfc

[√
α2 ζκ

(
M ,

Eb
N0

) ]
fα(α)dα,

(19)

Now, replacing fα(α) given by (4), and by employing the
definition of the modified Bessel function given by (5) on
this PDF,3 we obtain after some manipulations that

Pb =
2(K + 1) exp(−K )

q�
√
M log2

√
M

log2
√
M∑

`=1

(1−2−`)
√
M−1∑

κ=0

(−1)

⌊
κ2`−1
√
M

⌋

×

(
2`−1 −

⌊
κ2`−1
√
M
+

1
2

⌋) ∞∑
j=0

[
K (K + 1)

�

]j Ij
(j!)2

,

(20)

where Ij is an integral defined as

Ij =
∫
∞

m
α2j+1 exp

(
−α2

K + 1
�

)
× erfc

[√
α2 ζκ

(
M ,

Eb
N0

) ]
dα. (21)

Unfortunately, (21) cannot be evaluated in closed-form in
terms of elementary functions. However, an approximation
can be obtained. Notice that (17) can be rewritten as a series
by using integration by parts. For this, we first rewrite (17) as

erfc(y) =
2
√
π

∫
∞

y
w−1 exp(−w2)wdw. (22)

Let u = w−1, du = −w−2, dv = exp(−w2)wdw and v =
− exp(−w2)/2. Hence,

erfc(y) =
2
√
π

[
uv

∣∣∣∣∞
y
−

∫
∞

y
vdu

]
3Notice that we considered the scenario y > 0 in (5). This is because the

argument of I0(·) in (4) is always greater than zero because α > m for OpT,
and K > 0, � > 0 for Rician fading.

VOLUME 9, 2021 49271



N. O. Garzón et al.: On Bit Error Probability and SE of Opportunistic Wireless Transmissions

=
2
√
π

12y exp (−y2)− 1
2

∫
∞

y

1
w3exp

(
−w2

)
wdw︸ ︷︷ ︸

J

.
(23)

Similarly, notice that J in (23) can be integrated by parts
using u = 1/w3, du = −3w−4, dv = exp(−w2)wdw and
v = − exp(−w2)/2. Hence,

J =
1
2y3

exp
(
−y2

)
−

3
2

∫
∞

y

1
w5 exp

(
−w2

)
wdw. (24)

With (23) and (24), (22) is rewritten as

erfc(y) =
1
√
π

[
1
y
exp

(
−y2

)
−

1
2y3

exp
(
−y2

)
+

3
2

∫
∞

y

1
w5 exp

(
−w2

)
wdw

]
. (25)

Thus, repeating the previous process an infinite number of
times yields

erfc(y) =
exp

(
−y2

)
y
√
π

[
1+
∞∑
κ=1

1× 3× 5× · · · × (2κ − 1)
(−2y2)κ

]
.

(26)

For large y, only the first term in the above series is
dominant. Therefore, we can consider it in order to derive
an approximation for the complementary error function, that
is, erfc(y) ≈ (y

√
π )−1 exp(−y2). Fig. 2 shows the exact

erfc(x) and the proposed approximation. These results show
the closeness of the approximation.

FIGURE 2. Complementary error function approximation.

With the above result, an approximation for (21) is deter-
mined. Hence, it is possible to approximate (21) employing
elementary functions as

Ij ≈
1
2

[
πζκ

(
M ,

Eb
N0

)]− 1
2
[
ζκ

(
M ,

Eb
N0

)
+
K + 1
�

]−j− 1
2

×0

{
j+

1
2
,m2

[
ζκ

(
M ,

Eb
N0

)
+
K + 1
�

]}
, (27)

where

0(a, y) =
∫
∞

y
ua−1 exp(−u)du (28)

is the incomplete gamma function [29, eq. (8.350.1)]. Thus,
replacing (27) in (20), we obtain an approximate expression
to evaluate the ABEP of opportunistic systems operating with
S-QAM in Rician fading channels, given by

Pb ≈
(K + 1) exp(−K )

q�
√
πM log2

√
M

log2
√
M∑

`=1

(1−2−`)
√
M−1∑

κ=0

(−1)

⌊
κ2`−1
√
M

⌋

×

(
2`−1 −

⌊
κ2`−1
√
M
+

1
2

⌋) T∑
j=0

[
K (K + 1)

�

]j 1
(j!)2

×

[
ζκ

(
M ,

Eb
N0

)]− 1
2
[
ζκ

(
M ,

Eb
N0

)
+
K + 1
�

]−j− 1
2

×0

{
j+

1
2
,m2

[
ζκ

(
M ,

Eb
N0

)
+
K + 1
�

]}
. (29)

Notice that the upper limit of the last summation has been
replaced by T ∈ Z+. From (5), the exact calculation of the
modified Bessel function is obtained when T goes to infinity.
However, it is possible to reduce the evaluation complexity
by using a T much less than infinity and still guarantee an
adequate accuracy. This aspect is validated in Section VI.

For the particular case of Rayleigh fading (K = 0),
from (5), the above expression can be rewritten as

Pb

≈
1

q�
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πM log2

√
M

log2
√
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(30)

Next, we simplify (29) by considering the high SNR
regime, i.e., when Eb/N0 goes to infinity. In this case,
it can be shown that the most significant term in the last
summation of (29) appears when j = 0. Moreover, from
[29, eqs. (8.250.1), (8.250.4), (8.359.3)], it is obtained that
0(1/2, y) =

√
π erfc(

√
y). In addition, using again that

erfc(y) ≈ (y
√
π )−1 exp(−y2), and that ζκ (M ,Eb/N0) �

(K + 1)/�, we can simplify (29) as

Pb ≈
(K + 1) exp(−K )

q�m
√
πM log2

√
M

log2
√
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M
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1
2
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exp

[
−m2ζκ (M ,Eb/N0)

]
[ζκ (M ,Eb/N0)]3/2

,

(31)

which is valid for any K ≥ 0.
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B. NS-QAM
In [28, Eqs. (20)-(22)], it was found an exact BEP expres-
sion for NS-QAM in AWGN channels. In particular, for any
I × J -QAM modulation. Thus, by following the guidelines
of [4, Section 13.3], these expressions can be employed to
calculate the instantaneous BEP in fading channels if the
Eb/N0 ratio is multiplied by α2. Hence, the BEP expression
conditioned on the instantaneous fading amplitude is

Pb(α) =
1

log2(IJ )

log2 I∑
`=1

PI ,`(α)+
log2 J∑
`=1

PJ ,`(α)

 , (32)

with

PW ,`(α)=
1
W

(1−2−`)w−1∑
κ=0

(−1)

⌊
κ2`−1
W

⌋(
2`−1−

⌊
κ2`−1

W
+
1
2

⌋)

× erfc

[√
α2 ρκ

(
I , J ,

Eb
N0

) ]
, (33)

for W ∈ {I , J} and

ρκ

(
I , J ,

Eb
N0

)
=

3(2κ + 1)2

I2 + J2 − 2
Eb
N0

log2(IJ ), (34)

From (15) and (14), the exact ABEP of OpTs operating
with NS-QAM in Rician fading channels is given by

Pb =
1

q log2(IJ )

log2 I∑
`=1

∫
∞

m
PI ,`(α)fα(α)dα

+

log2 J∑
`=1

∫
∞

m
PJ ,`(α)fα(α)dα

 , (35)

where fα(α) is given by (4).
Following the same procedure of previous subsection, it is

possible to determine that (35) can be approximated by

Pb ≈
1

q�
√
π log2(IJ )

log2 I∑
`=1

PI ,` +
log2 J∑
`=1

PJ ,`

 , (36)

where PW ,` for W ∈ {I , J} and for K > 0 is given by (37),
located as shown at the bottom of the next page. In particular,
for Rayleigh fading (K = 0), that expression can be rewritten
as
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Finally, (37) can be simplified at the high SNR regime
by taken the most significant term in the last summation

(j = 0), employing that 0(1/2, y) =
√
π erfc(

√
y), that

erfc(y) ≈ (y
√
π )−1 exp(−y2), and that ρκ (I , J ,Eb/N0) �

(K + 1)/�. Therefore, (37) can be simplified as
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(K + 1) exp(−K )
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exp
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,

(39)

which is valid for any K ≥ 0. From (31) and (39), notice
that the ABEP decays exponentially when the SNR increases.
This implies that the fading effects are highly mitigated as a
consequence of OpT.4 Besides, the higher the threshold m,
the faster the ABEP decays as SNR increases. Finally, as K
increases, the ABEP is reduced by a factor (K + 1) exp(−K ).

V. SPECTRAL EFFICIENCY
The SE, ξ , is defined as the ratio between the bit rate, Rb,
and the bandwidth employed, B. From Nyquist theorem,
the maximum achievable bit rate is Rb = B log2M . As a
consequence, for a givenmodulationM , the SE is ξ = log2M
bits/s/Hz. Once the channel is not occupied all the time in
OpT, the SE can be rewritten as

ξ = q log2M bits/s/Hz, (40)

where q is the transmission probability given by (12).
In a real scenario, it is adequate to calculate the mean

SE considering the distance between the UE and the base
station (BS) once the channel conditions may change into
the cell area [30]. For this analysis, in the following we
consider a circular cell with an internal radius5 R0, an external
radius R and a BS at the cell center, as shown in Fig. 3,
where r is the distance between the UE and the BS and θ
is the angle between the user position and the horizontal axis.
In Fig. 3, we have considered that the Rician parameters K
and � change within the cell. For example, for a distance
℘2 ≤ r ≤ ℘3, the Rician parameters are K3 and �3. Thus,
for simplicity, we assume that the Rician parameters change
according to C concentric rings (C = 4 in Fig. 3). In addition,
we assume that the system uses N different modulations
(N = 4 in Fig. 3). Hence,Rκ is the coverage radius obtained
with the modulation Mκ for κ ∈ {1, 2, . . . ,N }.

We also assume that user location is uniformly distributed
in the cell area, i.e., there is the same probability that the user
is in any part of the cell. Consequently, we can write that the
cell area, a, is a uniformly distributed random variable with
PDF fa(a) = [2π (R2−R20)]

−1 for 2πR20 ≤ a ≤ 2πR2. Hence,

4In conventional wireless transmissions, the ABEP decays linearly as the
SNR increases. In conventional AWGN transmissions, the ABEP decays
exponentially as the SNR increases. This behavior is noticed in the BER
expressions for AWGN channels in which the complementary error function
generally appears [22] (Refer to eq. (26)).

5The circular cell with a small hole at the center ensures convergence in
the average received power at the BS.
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FIGURE 3. Cell coverage radii for different modulation schemes.

applying a simple transformation of random variables, we can
determine that the PDF of r is given by

fr (r) =
2r

R2 − R20
, R0 ≤ r ≤ R, (41)

and the PDF of θ is given by

fθ (θ ) =
1
2π
, 0 ≤ θ < 2π. (42)

From (40)-(42), the mean SE can be calculated as

ξ =

∫ 2π

0

∫ R

R0
q log2M (r)fr (r)fθ (θ )drdθ

= q
N−1∑
κ=0

(Rκ+1 −Rκ)

R2 − R20
log2 (Mκ+1) , (43)

where M (r) is the modulation employed as a function of the
distance between the UE and the BS.

By the above, the mean SE depends on the coverage
radius for each modulation. For the calculation of these radii,
we consider that a target ABEP, Pb,t , must be guaranteed for
the UE in any cell region. Algorithm 2 calculates the cover-
age radii employing the expressions derived in Section IV.
The algorithm requires some input parameters as the target
ABEP, Pb,t , the UE maximum transmission power, Pt,m,
the noise power spectral density, N0, the internal cell radius,
R0, the external cell radius, R, the transmission probability, q,
the Rician parameters K (r) and�(r) as a function of the dis-
tance between theUE and the BS, and themodulations used in
the system, which are into the vector EM = [M1,M2, . . .MN ],
such that M1 > M2 > . . . > MN , the value δ1 is an Eb/N0
increment, and δ2 is an increment for r in meters.

In Algorithm 2, mod(y, 2) calculates modulo 2 operation
with the argument y. Thus, if mod(log2Mκ , 2) is equal to
zero, thenMκ is S-QAM, otherwise, it is NS-QAM. For each
modulation, the algorithm calculates ζk , given by (18), for
S-QAM or ρk , given by (34), for NS-QAM, as appropriate,
which remain as a function of Eb/N0 (steps 5 to 9). Then,
the Eb/N0 required to ensure the target ABEP is obtained
recursively from (29) or (36), as appropriate (steps 11 to 18).
The received power at the BS is obtained in step 19, where
it is used that Rb = B log2M , Es = Eb log2M and that the
received power is Pr = s2/2. In order to obtain the coverage
radius for the currentmodulation, the distance r is varied from
R0 to R with increments of δ2.
An efficient way to use the power resources in the UE

is employing power control. Moreover, since the aim is to
guarantee the received power Pr obtained in step 19 of
Algorithm 2, there is no reason for the received power to be
greater than Pr . Therefore, the closer the UE is to the BS,
the lower the transmission power. While the UE is more
distant from the BS, it increases the transmission power to
ensure Pr , but the power can only be increased up to Pt,m.
If this limit is reached, the UE must decrease the modulation
order to guarantee the target ABEP. As a consequence of the
path-loss, the received power can bewritten asPr = PPtr−β ,
where P and β are the path-loss factor and the path-loss
exponent, respectively. From this analysis, the transmission
power necessary to guaranteePr is calculated in steps 20 to 23
in the algorithm. The P and β parameters depend on the
propagationmodel used. In this work, the Stanford University
Interim (SUI) path-loss model is adopted because it considers
the 3.5 GHz band, which is a candidate for 5G networks
deployment [32]. With this model, r satisfies that 100 m
≤ r ≤ 10000 m and from [31], we have that

P =
5625
π2 2000x f −(2+x)c 100β−2

(
hu
2

)0.1y

, (44)

β = z1 − z2ha +
z3
ha
, (45)

where fc ≤ 3500 MHz, ha and hu are the BS antenna height
and the UE height in meters, respectively, such that 10 m ≤
ha ≤ 80 m and 1 m≤ hu ≤ 10 m. Moreover, x = 0.6 for fc ≥
2000 MHz, otherwise, x = 0, y is equal to 0 for hu < 2 m,
otherwise, y = 10.8 is employed for heavy urban path-loss
conditions. In these conditions, z1 = 4.6, z2 = 0.0075 and
z3 = 12.6 are also used. Other values for these constants are
available in [31] for different path-loss environments.

PW ,` ≈
(K + 1) exp(−K )
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(37)
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Algorithm 2 Coverage Radii Calculation
Input: Pb,t ,Pt,m,N0,R0,R, q,K (r), �(r),

EM = [M1,M2, . . .MN ], δ1, δ2
1: for ` = 1 to C do
2: r = ℘`
3: Calculate m using Algorithm 1 with K (r) and �(r)
4: for κ = 1 to N do
5: if mod(log2Mκ , 2) = 0 then
6: Obtain ζk as a function of Eb/N0 employing (18)
7: else
8: Obtain ρk as a function of Eb/N0 employing (34)
9: end if
10: Pb = Pb,t , Eb/N0 = 0
11: while Pb ≥ Pb,t do
12: if mod(log2Mκ , 2) = 0 then
13: Evaluate (29) with Mκ , q, m, K (r), �(r) and

the current value of Eb/N0
14: else
15: Evaluate (36) with Mκ , q, m, K (r), �(r) and

the current value of Eb/N0
16: end if
17: Eb/N0 = Eb/N0 + δ1
18: end while
19: Pr = N0RbEb/N0, Pt = 0
20: while r ≤ ℘` and Pt ≤ Pt,m do
21: r = r + δ2
22: Pt = P−1Prrβ
23: end while
24: Rκ = r
25: end for
26: end for
Output: R1,R2, . . . ,RN

In algorithm 2, Pt = Pt,m, for a given r , that value of r is
the coverage radius for the current modulation, i.e., Rκ = r .
Finally, if all modulations have been used and if r > ℘C ,
where ℘C = R (refer to Fig. 3), the algorithm ends. The
outputs are the coverage radii for all modulations.

VI. NUMERICAL RESULTS
The system performance is evaluated in this section employ-
ing our derived expressions in some scenarios. The theoretical
analysis accuracy is validated usingMonte Carlo simulations.
For simulation purposes, the mean power of the QAM con-
stellations have been normalized, i.e, the signal amplitude A
has been selected so that s2 = 1, the mean power of the
NLOS paths has also been normalized, i.e., 2σ 2

= 1, and
the threshold values in Table 1 are employed.

Fig. 4 and Fig. 5 show the ABEP as a function of the
normalized SNR, Eb/N0, parameterized by the modulation
order considering S-QAM and NS-QAM, respectively. Both
figures consider a Rician factor K = 1, a transmission
probability q = 1/3 and T = 8 terms are employed to
obtain the approximate ABEP expression (eq. (29) for Fig. 4,

FIGURE 4. ABEP as a function of the Eb/N0, parameterized by the
modulation order considering S-QAM, K = 1, q = 1/3 and T = 8.

FIGURE 5. ABEP as a function of the Eb/N0, parameterized by the
modulation order considering NS-QAM, K = 1, q = 1/3 and T = 8.

eq. (36) for Fig. 5). Moreover, the exact ABEP is plotted
along with the approximate ABEP expression derived for
high SNR. In the figures, notice the accuracy of the derived
expressions with the simulations results. The approximate
expression is highly accurate in all the SNR regime for low
modulation orders, but, as themodulation order increases, it is
accurate at high SNR and becomes an upper-bound for low
SNR, which is more evident for high order modulations like
256-QAM, 512-QAM, 1024-QAM and 2048-QAM. On the
other hand, the expression derived for the high SNR regime
follows the exact curves decayment as the SNR increases.
As expected, as M increases, the ABEP increases for a
given Eb/N0. In addition, observe that OpT allows an expo-
nential decayment of the ABEP curves when they are plotted
as a function of the SNR, once the ABEP curves decay lin-
early as the SNR (in dB) increases in conventional transmis-
sions [33]. This particular behavior is observed later in Fig. 8.

Fig. 6 shows the ABEP as a function of the Eb/N0, param-
eterized by the Rician K factor and the modulation order
considering a transmission probability q = 2/3 and T = 8

VOLUME 9, 2021 49275



N. O. Garzón et al.: On Bit Error Probability and SE of Opportunistic Wireless Transmissions

FIGURE 6. ABEP as a function of the Eb/N0, parameterized by the Rician
K factor and the modulation order considering q = 2/3 and T = 8.

terms for obtaining the approximate theoretical ABEP curve.
We have considered a very low and a very high QAM mod-
ulation to observe the effects of the Rician K factor on the
system performance. Observe that as K increases the BER is
improved. It is interesting to notice that similar improvements
in terms of the SNR are obtained for 8-QAM and 1024-QAM.
As an example, when K increases from 0 to 2, there is an
Eb/N0 gain of 6.92 dB for 8-QAM and a gain of 6.90 dB for
1024-QAM when Pb = 10−7. Notice also that the K factor
has a great impact in the opportunistic system performance.
Thus, comparing 8-QAM with K = 0, and 1024-QAM with
K = 4, notice that 1024-QAM requires only 6.1 dB more
SNR than 8-QAM to guarantee Pb = 10−7. Obviously, it is
important to remember that the K factor depends on the
position of the transmitter in relation to the receiver [34].
Moreover, from (40), the SE of the opportunistic system using
8-QAM is ξ = 2

3 log2(8) = 2 bits/s/Hz and the SE of
the opportunistic system using 1024-QAM is ξ = 20

3 ≈

6.67 bits/s/Hz. By the above, OpT reduce the SE by a factor of
q, but, due to the impressive performance gain, it is possible
to use very high modulations and still guarantee a low ABEP
with reasonable values of SNR.

Fig. 7 shows the ABEP as a function of the transmission
probability q, parameterized by the Rician K factor and
T considering 64-QAM and Eb/N0 = 10 dB. Simulation
results are obtained for Pb ≥ 10−7. As the transmission
probability increases, the threshold m is reduced. This aspect
can be observed in Table 1, and implies that the fading
amplitude values considered to perform the OpT decrease.
Therefore, the signalmay be attenuated by the fading channel,
and the noise effects impair the system performance to a
greater extent. Consequently, we observe that as q increases,
the ABEP increases too. In particular, when q = 1, OpT
becomes a conventional transmission, that is, the system
transmits all the time. Moreover, it can be noticed again that
as K increases, the system performance improves. Another
key aspect to be noted in this figure is the accuracy of

FIGURE 7. ABEP as a function of the transmission probability q,
parameterized by the Rician K factor and T considering 64-QAM and
Eb/N0 = 10 dB.

the theoretical approximate ABEP expression. Observe that
for T = 1, there is a significant difference between the
exact results and the approximate ABEP curve. However,
as T increases, the approximation becomes more accurate.
Thus, with only T = 8 terms in the last summation of (29)
or (37), as appropriate, we obtain accurate closed-form
expressions to evaluate theABEP of the opportunistic system.
Last, note there is a small difference between the exact the-
oretical curve and the approximated ones in the high ABEP
region. This occurs due to the approximations made in the
theoretical analysis and this difference is also observed in
previous figures. The way to mitigate this difference is by
increasing the value of T . However, the high ABEP region is
not usually of interest. Therefore, small values of T already
offer adequate accuracy for the analysis of the opportunistic
system. On the other hand, it is important to indicate that this
small difference between exact and approximate theoretical
results decreases as the Eb/N0 is increased.
Fig. 8 shows the ABEP as a function of the Eb/N0, parame-

terized by themodulation order,K = 2 and T = 8. The trans-
mission probability employed for each modulation is q =
2/ log2M , as a consequence, the SE for all the scenarios is
ξ = q log2M = 2 bits/s/Hz. In the particular case of 4-QAM
(M = 4), we have that q = 1, which corresponds to the
conventional transmission, hence, the ABEP curves decay
linearly. Therefore, as the SNR increases, notice that OpT
guarantees a lower ABEP than the conventional transmission
evenwith the same SE. Observe that 16-QAMensures a lower
ABEP than 8-QAM. This result may seem strange but it is
important to remember that both scenarios have the same
SE. In addition, it is known that 8-QAM performs better
than 16-QAM in conventional transmissions, but there is no
relatively high gain in terms of SNR (about 0.6 dB inRayleigh
fading channels). Moreover, from Table 1, we have that m =
1.3018 for q = 2/3 and m = 1.5881 for q = 1/2. Thus,
16-QAM transmissions are made when higher fading ampli-
tudes occur. Thus, OpT generates this interesting and atypical
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FIGURE 8. ABEP as a function of the Eb/N0, parameterized by the
modulation order considering some scenarios with SE ξ = 2 bits/s/Hz,
K = 2 and T = 8.

result. Ignoring this particular case, it is observed that as the
modulation order increases, the system performance worsens
despite the same SE is maintained. Therefore, the transmis-
sion probability and the modulation must be chosen so that
the best system performance is guaranteed.

In the following, the mean SE is evaluated. For this,
we consider a scenario similar to that of Fig. 3, where a
circular cell, with internal radius R0 = 100 m and exter-
nal radius R = 1400 m, is divided into concentric rings,
and the Rician parameters are different in each ring. The
channel parameters are detailed in Table 2 as a function of
the distance between the UE and the BS. In addition, it is
assumed an opportunistic system operating in the central
frequency fc = 3.5 GHz and employing 1024-QAM, 128-
QAM, 64-QAM, 16-QAM and 4-QAM modulations in an
urban scenario with heavy path-loss conditions.6 The BS
antenna height and the UE antenna height are set to ha = 30
m and hu = 1.6 m, respectively. Finally, some parameters
from the 5G Release 15 standard are used: a maximum UE
transmission power Pt,m = 23 dBm [35], a carrier band-
width B = 15 kHz [36], and a noise power spectral density
N0 = 4.004× 10−21 Watts/Hz.
Fig. 9 shows the normalized coverage radii as a function

of the transmission probability, q, and parameterized by the
target ABEP, Pb,t considering the scenarios of Table 2. In par-
ticular, the target ABEP assumes values of 10−5, 10−6 and
10−7. When q = 1, we have a conventional system. As a
consequence, notice that the system cannot guarantee the
target ABEP inmuch of the cell area. On the other hand, when
q is reduced (OpT), the coverage is increased. For example,
for q = 2/3 and Pb,t = 10−5 the system ensures coverage in
all the cell region. More specifically, with 1024-QAM in the
region closest to the BS, 64-QAM in the intermediate region
and with 4-QAM in the outermost cell region. However,
when Pb,t is reduced to 10−6 or 10−7, the system cannot
guarantee coverage in the outermost cell region, but it should

6Category A terrain in the SUI path-loss model. The parameters associated
to this scenario are detailed in Section V.

FIGURE 9. Normalized coverage radii as a function of the transmission
probability, q, and parameterized by the target ABEP, Pb,t .

be noted that OpT guarantees these low ABEPs in a large
cell area considering that channel coding is not used and
that information is not transmitted only one third of the time.
When q is reduced to 1/2 or to 1/3, the modulation order
with which the target ABEP is guaranteed increases in certain
cell regions. For example, for q = 1/3 and Pb,t = 10−5,
a large cell region is covered by 1024-QAM. This could be
interpreted as highermean SE, but it is important to remember
that, in this scenario, the system does not transmit two-thirds
of the time. Therefore it is important to establish the mean
SE values for each scenario.

Fig. 10 shows the mean SE as a function of the trans-
mission probability, q, and the target ABEP, Pb,t calculated
with the coverage radii of Fig. 9. Observe that the lowest
SE is obtained for a conventional system (q = 1). This
occurs because the system cannot guaranteePb,t in a large cell
region. On the other hand, the highest mean SE is obtained
with q = 2/3 for all the target ABEPs despite the fact that
coverage in the entire cellular region is not guaranteed when
Pb,t = 10−6 or Pb,t = 10−7. However, because in this
scenario the information is not transmitted only one third of

FIGURE 10. Mean spectral efficiency for the scenarios of Fig. 9.
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FIGURE 11. Mean spectral efficiency as a function of the cell region and parameterized by the transmission probability, q, and the target ABEP, Pb,t .

TABLE 2. Rician parameters as a function of the distance between UE
and BS.

the time, ξ is maximized. At this point, it is important to
remember that themean SE is proportional to q (refer to (43)).
As a consequence, the cell area can be reduced,7 or, a lower
transmission probability can be used at the cell edge. We also
observe that as q is reduced to 1/2 or 1/3, the SE decreases,
but coverage is guaranteed throughout the cell.

Finally, Fig. 11 shows the mean SE obtained for each cell
region (each ring of Table 2) and parameterized by q, and the
target ABEP,Pb,t . In the figure, the highest spectral efficiency
for each cell region has been highlighted with red color. As an
example, Table 3 shows the mean SE values for Fig. 11c.
Based on these results, we determine that if q = 1/2 is used in
the cell regions (rings) ` = 4 and 7, and q = 2/3 in the rest of
the cell, then coverage is guaranteed throughout the cell and
the mean SE increases to 2.4139. This value is greater than
any of those shown in Fig. 10 for Pb,t = 10−7. A similar anal-
ysis can be performed for Pb,t = 10−5 based on the results
of Fig. 11a. In this case, the mean SE is maximized to 2.6974
when conventional transmission is used in the innermost cell
region and OpT with q = 2/3 is used in the rest of the cell.
For Pb,t = 10−6, from Fig. 11b, the mean SE is maximized to
2.5573 if q = 2/3 it is used throughout the cell region. By the
above, there is a direct relationship between the transmission

7The reduction of the cell area must be analyzed considering the complete
design of the cellular network, once the cell size reduction implies a greater
amount of BSs and therefore, a higher implementation cost.

TABLE 3. Mean SE for each cell region as a function of the transmission
probability, q.

probability, the SE and the coverage area. Thus, they must be
jointly analyzed based on the requirements and the design of
the opportunistic wireless system. In order to obtain the above
results, certain S-QAM/NS-QAM schemes were chosen arbi-
trarily. However, in practice, modulation schemes must be
selected based on transmission rate requirements or based
on channel conditions [21]. Thus, another set of S-QAM/NS-
QAM schemes can be used in order to maximize the system
spectral efficiency depending on the operating conditions.

VII. CONCLUSION
In this paper, the performance of opportunistic wireless
systems operating in Rician fading channels was analyzed.
Exact and approximate expressions were derived to evaluate
the ABEP considering S-QAM ans NS-QAM modulations.
In addition, the analysis of these expressions in the high SNR
regime and the numerical results show that ABEP curves
decay exponentially when they are plotted as a function of
the SNR. It means that fading effects are highly mitigated
because of the OpT. Moreover, it was observed that as the
Rician K factor increases, the ABEP is reduced by a factor
(K + 1) exp(−K ) in the high SNR region.
When the transmission probability is reduced, the thresh-

old for the fading amplitude increases. This produces an
ABEP reduction, but the SE is also reduced because
non-transmission probability increases. Therefore, trans-
mission probability must be selected based on system
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requirements to maximize the SE. Thus, we also proposed
an algorithm to determine the coverage radius that can be
provided with a certain modulation so that an ABEP is guar-
anteed in all the cell area. In addition, an expression to calcu-
late the mean SE was derived considering the radii obtained
with the algorithm. In particular, it was considered that the
parameters of the Rician fading channel can change in the
cellular area, that is, the shorter the distance between the BS
and the UE, the greater the Rician K factor. Results showed
that conventional transmission cannot ensure coverage in all
the cell region when low ABEP values are required. On the
other hand, OpT ensures a much larger coverage cell area and
guarantees very low ABEPs even with high order modula-
tions such as 128-QAM and 1024-QAM. In addition, as the
transmission probability decreases, the coverage with higher
order modulations increases, but the mean SE decreases.

Moreover, since simulations are typically time consuming
and do not show the interdependence between the operating
system parameters, the derived expressions are interesting
analytical tools for designing opportunistic wireless networks
once they allow to determine the scenarios that maximize the
systemmean SE. In particular, it was observed that the ABEP,
the transmission probability, and the coverage area must be
jointly analyzed in order to maximize the SE.

Aspects such as imperfect CSI or errors in the feedback
link were not considered in this paper. Hence, they are inter-
esting extensions for future research. Besides, generalized
fading channels and the effects of channel dispersion can be
also considered to analyze the performance of OpT. Finally,
the use of OpT in new technologies such as massive multiple-
input-multiple-output (mMIMO) is an option for future
work.
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