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Abstract— In this paper, an adaptive scheme for amplify-and-
forward relaying networks is proposed, which selects a certain
transmission mode for each communication process. Depending
on the instantaneous channel conditions, one of the following
modes is selected: direct transmission with no cooperation,
cooperative transmission with half-duplex relaying and maximal-
ratio combining at the destination, or cooperative transmission
with full-duplex relaying and maximal-ratio combining at the des-
tination. A three-node network is considered, containing a single-
antenna source, a two-antenna relay that is able to implement
full-duplex communication, and a single-antenna destination.
Energy normalization per block is assumed, so that in those
modes using cooperation, the system’s transmission power is
shared between source and relay. The performance analysis is
provided in terms of outage probability and energy efficiency.
We derive a tight approximate expression in closed form for the
outage probability and an approximate expression in integral
form for the mean energy consumption. The results show that our
scheme outperforms all of transmission modes separately in terms
of outage probability, while being more energy efficient than
the cooperative transmission modes. In addition, the asymptotic
analysis proves that the proposed scheme achieves full diversity
order equal to 2, thus outperforming those schemes with direct
transmission or full-duplex cooperation only.

Index Terms— Amplify-and-forward, adaptive transmission
mode, direct link, energy efficiency, full duplex, half duplex,
outage probability, relaying networks.

I. INTRODUCTION

RECENT studies regarding the feasibility of full-
duplex (FD) transmissions have generated great

expectations, by the reason of having transceivers capable to
transmit and receive information simultaneously, and at the
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same frequency band, thus offering a variety of new solutions
for the increasing demands of emerging wireless systems [1].
In virtue of this, applications on cooperative networks can
rely on the FD mode as an efficient approach to improve the
attainable spectral efficiency, by avoiding the inherent need
of two channel uses per end-to-end transmission of its widely
analyzed counterpart, the half-duplex (HD) mode. The main
challenge to be tackled for the implementation of the FD
transceiver is the self interference caused by the signal leakage
between the transmitter and the collocated receiver. In this
sense, FD relays can outperform HD relays as long as the self
interference remains low, as shown in [2]. Different schemes
using multiple-input multiple-output (MIMO) relays have
been proposed to assess the mitigation of the self interference.
In [3], time-domain cancellation is discussed; a variation of
the spatial-domain suppression, called null-space projection,
is analyzed in [4]; while both techniques are investigated
together in [5]. Reports in [6]–[8] have shown that, through
the combined use of passive and active (analog and digital)
cancellation techniques, the self interference can be reduced
to strikingly low values. Indeed, [6] shows that an average
cancellation of 74 dB leads to higher FD rates if compared
with HD rates, by using active cancellation to attenuate the
line-of-sight (LOS) component of the self interference [9].
In this sense, the last advances in full-duplex transmission
have generated great expectations, mainly for the spectral
efficiency advantages, not only in cooperative networks, but
for bidirectional communications or backhauling and access
links in emerging wireless communication technologies for
5G [10], [11].

However, due to practical limitations such as hardware
imperfections at the transmitter and receiver (for instance,
nonlinearities and quantization noise on the digital converters),
there is still a gap between the remaining interference and
the receiver noise floor, even after the application of different
stages of passive and active cancellation [12]. This remain-
ing interference is known as residual self-interference (RSI),
and it prevents FD to achieve a signal-to-noise ratio (SNR)
comparable to that of HD. Also, the RSI renders a zero-
diversity behavior for FD schemes, that is, the slope of the
outage or bit-error-rate (BER) curves at high SNR is nil [13].
Thereby, the RSI has been taken into consideration for the
various analyses of FD networks. This is commonly modeled
as a Rayleigh fading channel [14]–[17]. The effects of RSI
can be further alleviated through the use of power allocation,
as shown in [18]. Indeed, in [19], it is shown that FD is
able to outperform HD under an optimal power allocation
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scheme for an amplify-and-forward (AF) FD relaying system,
when RSI is considered. Additionally, [20] proposes a hybrid
scheme that opportunistically switches between FD and HD
modes, in combination with transmit power adaptation. In that
work, expressions for the instantaneous and average spectral
efficiency are obtained for the hybrid FD/HD scheme by
finding switching boundaries where a certain mode presents
a better performance. There, the direct link is considered
as interference, and it is revealed that a premature mode
selection in an early design stage leads to inefficient spectrum
utilization, as there exists a trade-off that favors alternately
the modes during operation, specially when transmit power
adaptation is used to alleviate the effects of RSI in FD mode.
On the other hand, in [13], an hybrid FD/HD relaying is
employed in an optimal relay selection context. In that work,
the outage probability is evaluated in a scenario where the
direct link is totally neglected. Then, the hybrid scheme proved
to outperform relay selection schemes based on HD alone, and
it also overcomes the zero diversity-order problem inherent
of FD schemes. In this context, [21] also addressed a hybrid
FD/HD scheme by analyzing an optimal transmission schedul-
ing that optimizes the end-to-end throughput by controlling the
duration of each transmission. Also, in [22], scheduling and
resource allocation are tackled as an optimization problem for
a hybrid scheme, which dynamically selects between AF and
DF (decode-and-forward) relaying protocols with FD and HD
relays in MIMO and orthogonal frequency division multiple
access (OFDMA) systems.

On the other hand, in the analysis of cooperative relay-
ing networks, particularly in full-duplex (FD) relaying, most
works only consider the non-cooperative strategies, that is,
dual- or multi-hop scenarios, when the direct link is either
assumed to be a source of interference [20], [23] or fully
ignored [13], [22]. Recently, some works have explored the
benefits of using the direct link in FD systems, such as
in [16] and [24]–[27], specially to overcome the zero-diversity
problem inherent to FD. In [16] and [24], the direct link
was allowed to convey useful information in DF-FD relay
networks. In the former, the outage performance was evaluated
under Nakagami-m fading, while in the latter an incremental
selective DF scheme was studied. In [25], the error-rate and
diversity performances were evaluated for an AF-FD network
under RSI, in which the direct link is considered as a diversity
path by using a linear relaying protocol. In [26], the direct link
was exploited to transmit information in an AF-FD relaying
network, and an approximate closed-form expression for the
outage performance was derived. In that work, it was shown
that the use of the direct link along with diversity combining
at the destination permits to improve the diversity order
and reliability obtained by FD schemes. Finally, in [27], the
impact of the direct link was studied for a DF-FD sys-
tem in which the self- and cross-talk interferences can be
completely suppressed. In that work, it was shown that
the direct link plays a critical role in the performance of
FD relaying.

In this paper, we combine the benefits of hybrid FD/HD
schemes and the exploration of the direct link by investigat-
ing the outage performance and the energy efficiency of an

Fig. 1. System model composed by a source (S), a destination (D), and a
FD relay (R) operating under AF protocol.

adaptive transmission-mode scheme (ATMS) for variable-gain
AF relaying networks, where the direct link is used to convey
information. This is in contrast to [13] and [20], in which the
direct link is either fully ignored or treated as interference,
respectively. In addition, differently from [20], we consider
an instantaneous selection of the transmission mode at the
source, instead of establishing switching boundaries. Also,
differently from [13], the use of the direct link herein results
in three (instead of two) distinct modes of transmission to
be adaptively selected, namely: (i) direct transmission alone
(no cooperation), (ii) cooperative transmission in HD mode
by considering that the destination employs maximal-ratio
combining (MRC) to merge the signals coming from the relay
and the source, and (iii) cooperative transmission in FD mode
along with MRC at the destination. This new scheme shall be
investigated here in terms of its performance benchmark. The
following are our main contributions:

• Approximate closed-form expressions are derived for the
outage probability of the proposed ATMS.

• Asymptotic closed-form expressions are obtained for the
outage probability of the proposed ATMS at high-SNR
regime, indicating that it attains a full diversity order
equal to 2.

• Optimal power allocation and optimal relay position are
analyzed through numerical evaluation.

• Approximate integral-form expressions for the mean
energy consumption are derived, showing that the pro-
posed ATMS outperforms HD+MRC and FD+MRC in
terms of the energy efficiency.

The remainder of this paper is organized as follows. In
Section II, the proposed mode-selection scheme is described.
Section III investigates the outage probability by performing
an approximate analysis, as well as an asymptotic characteri-
zation at high SNR. In Section IV, the mean energy efficiency
of the proposed scheme is tackled. Section V shows some
illustrative numerical results and draws some discussions.
Finally, the main conclusions are summarized in Section VI.

Throughout this paper, fZ (·) and FZ (·) denote the prob-
ability density function (PDF) and the cumulative distri-
bution function (CDF) of a generic random variable Z ,
respectively, E {·} denotes expectation, and Pr (·) denotes
probability.

II. SYSTEM MODEL

Fig. 1 depicts a two-hop relaying system composed by
three nodes: one source S, one destination D, and one
variable-gain AF-FD relay R. The source and destination are
single-antenna devices, while the relay operates in FD mode
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by using one transmit antenna and one receive antenna.1

In this system, the signal belonging to the S-D link is not
negligible, but used instead as an additional path to improve
the reliability, as in [26]. In this context, we propose a scheme,
ATMS, in which S adaptively selects the transmission mode
in order to optimize the performance of the system. Hence,
based on the instantaneous channel state information (CSI),
S chooses one of the following options for transmission:
(a) direct transmission with no cooperation (DT), (b) cooper-
ative transmission in HD mode with MRC at D (HD-MRC),
and (c) cooperative transmission in FD mode with MRC
at D FD-MRC). Herein, we have considered that, for the
HD-MRC mode, the relay uses a single antenna. However,
as the relay already has two antennas to implement the
FD-MRC mode, the HD-MRC mode can be, in principle,
benefited in terms of performance by optimizing the two
antenna configurations (e.g., placement and directivity) in two
different directions [20]. Such a variant scheme shall not be
treated in this work. Additionally, for energy saving purposes,
we assume that a block energy normalization is executed by
fixing as P the total power transmitted per block. In virtue
of this, for the DT mode, in which just direct transmission is
considered, the source transmits with power P . Otherwise, for
the HD-MRC and FD-MRC modes, in which relaying trans-
mission is considered, the total power P is distributed between
S and R according to a power allocation factor η, defined
as the ratio between the source transmission power and P . All
the links in this network are subjected to independent block
Rayleigh fading and additive white Gaussian noise with mean
power N0. Then, W0 = |h0|2 PS0/N0, W1 = |h0|2 PS1/N0,
X = |h1|2 PS1/N0, and Y = |h2|2 PR/N0 are the received
SNRs of the direct link related to DT, direct link related to
HD-MRC and FD-MRC, first-hop relaying link, and second-
hop relaying link, respectively, in which (i) h0, h1, and h2
are the corresponding channel coefficients, assumed to be
independent circularly-symmetric Gaussian random variables
CN (0, d−β

i ), i ∈ {0, 1, 2}; (ii) d0, d1, and d2 are the distances
between the corresponding pairs of transceivers; (iii) β is
the pathloss exponent; and (iv) PS0 = P , PS1 = ηP , and
PR = (1 − η)P are the transmission powers at S and R
according to the selected mode of transmission, respectively.
Furthermore, it is assumed that the RSI obtained after some
stages of imperfect interference cancellation, when FD-MRC
is selected for transmission, is modeled as a Rayleigh fading
feedback channel with coefficient h R R ∼ CN (0, σ 2), with
U = |h R R |2 PR/N0 being the corresponding received SNR.
Current designs to build in-band full-duplex radios, as those
proposed by the research groups at Rice University [6] and
Standford University [7], can achieve an interference mitiga-
tion of around 60 dB and 74 dB, respectively, through the com-
bination of passive and active (analog and digital) cancellation
techniques, which is still far from the noise floor. However,
after applying active cancellation, the Line-of-Sight (LoS)
component of the residual self-interference is strongly reduced,

1It is worthwhile to mention that recent studies have reported systems
implementing FD communication by using a single antenna as in [28].
However, this study focus on a two-antenna configuration at the relay.

so that the interference channel can be appropriately assumed
as having a Rayleigh fading distribution [6], [14]–[17].
Besides, in this work we consider that the HD-MRC and
FD-MRC modes operate as proposed in [26] and [29], respec-
tively. In particular, for the HD-MRC mode, we consider
that S broadcasts information at the first time slot while
R and D listen, and, at the second time slot, R retrans-
mits the information after applying an amplification gain as
in [29, eq. (9)]. Then, D performs a MRC of the signals
coming from S and R at different time slots. On the other
hand, for the FD-MRC mode, we assume that S and R transmit
their signals, at the same time slot, separated by a processing
delay greater than the symbol period, in order to guarantee
that the relay receives and transmits uncorrelated symbols at
a certain moment [20]. Then, it is also assumed that these
signals are fully resolvable, co-phased, and merged via MRC
at D. Further details on the operation of these modes and the
relationships between transmitted and received signals can be
found in [26] and [29].2 Under these considerations, the end-
to-end SNRs for each mode are given by

γDT = W0 (1)

γHD-MRC = XY

X + Y + 1
+ W1 (2)

γFD-MRC =
X

U + 1
Y

X

U + 1
+ Y + 1

+ W1. (3)

A. ATMS Process

We assume that S is responsible for coordinating the
transmission-mode selection. Therefore, S is able to acquire
the global instantaneous CSI before the transmission takes
place. In this context, we assume an ideal scenario in which
the CSI is perfectly known by S.3 In this way, we assume
that S continuously monitors the instantaneous CSI of the
first- and second-hop relaying links as well as the direct link.
Afterwards, S selects the transmission mode that provides the
maximum mutual information, that is,

I ATMS = max {IDT, IHD-MRC, IFD-MRC} , (4)

where IDT, IHD-MRC, and IFD-MRC are the mutual informations
for the DT, HD-MRC,4 and FD-MRC modes, which can be
respectively expressed as

IDT = log2 (1 + W0)

IHD-MRC = 1

2
log2 (1 + γHD-MRC)

= log2

(
1 +√

1 + γHD-MRC − 1
)

IFD-MRC = log2 (1 + γFD-MRC) . (5)

2It is worthwhile to mention that causality is maintained at R for the
FD-MRC mode as observed in [26, eq. (1)].

3This assumption is commonly used in benchmarking studies of related
systems, (see, for instance, [13], [20]). In this way, such an ideal scenario
offers a lower bound of the achievable outage performance for the proposed
scheme.

4Observe that for the HD-MRC case a pre-log factor of 1/2 appears due to
the use of two time slots for the transmission of one block of information.



MOYA OSORIO et al.: ADAPTIVE TRANSMISSION SCHEME FOR AF RELAYING NETWORKS 69

Two stages are considered in order to accomplish the estima-
tion of the corresponding CSI of all links at S. In a first stage,
S estimates the local CSI, that is, the CSI corresponding to the
links S− R and S− D, which can be achieved by using a pilot
signaling coming from R and D as in [30], and by assuming
channel reciprocity. By using a similar approach, in the second
stage, R can acquire its local CSI, that is, the CSI of the R−D
link and the self-interfering link. Subsequently, R feeds back
its local CSI to S, which concludes the transmission-mode
selection. For that purpose, R can use a quantized feedback
similarly to that in [31, Sec. VII], in which an overhead of 2n
bits is required, where n corresponds to the number of quan-
tization bits. For instance, by using n = 4, 24 = 16 uniform
SNR quantization levels are adopted. Then, a feedback over-
head of 8 bits is required for both links. Finally, S broadcasts a
2-bit signaling message (e.g., “00”, “01”, or “10”, depending
on which of the three transmission modes was selected) to
inform R and D about the selected transmission mode.

III. OUTAGE ANALYSIS

A. Approximate Analysis

In this section, the performance of the proposed scheme
is characterized in terms of outage probability. By definition,
the system is in outage when the instantaneous received SNR

drops below a certain threshold τ
�= 2R − 1, where R is

the target spectral efficiency given in bits/s/Hz. Herein, due
to the intricate tractability for the exact analysis, we propose
instead an approximate analysis by considering the well-
known approximation of the harmonic mean by the minimum
as detailed in Appendix A. Hence, based on (4) and (5),
the calculation of the approximate expression for the overall
outage probability of the ATMS can be formulated as in the
following theorem.

Theorem 1: The outage probability of ATMS can be
expressed by the sum of three terms as

POUT = T1 + T2 + T3, (6)

where

T1 = 1 − e
− ητ

γ̄ 0,1 +
e
−
(

η

γ̄ 0,1
+ 1

γ̄ 2

)
τ
(

e
ητ

γ̄ 0,1 − e
ητ

γ̄ 2

)
γ̄ 2

γ̄ 0,1 −γ̄ 2
, (7)

and T2 and T3 can be approximated by the expressions in (8)
and (9), respectively, at the bottom of this page. In these
expressions, γ̄0,0 = E {W0}, γ̄ 0,1 = E {W1}, γ̄ 1 = E {X},
γ̄ 2 = E {Y }, γ̄ R R = E {U}, and Ei (·) is the exponential
integral function as defined in [32, eq. (8.211)]. This result
for the outage probability contains one single-fold integration
in the term T3.

Proof: See Appendix A.
Remark 1: A closed-form approximation for the integral

in (9) can be obtained via the Gauss-Laguerre quadrature
method [37, eq. (25.4.45)], which establishes that integrals

of the form
∞∫
0

e−x f (x)dx can be approximated by a weighted

sum of integrand samples as

∞∫

0

e−x f (x)dx =
n∑

i=1

ωi f (li ) + ε, (10)

where li is the i th zero of the Laguerre polynomial
Ln(x) [37, eq. (22.2.13)], and ωi = li/[(n + 1)Ln+1(li )]2.
To this end, we have performed the change of variables
w1 = ητ

(
1 − e−x

)
and rewritten the integral accordingly.

We have verified that a highly accurate approximation is
attained, even for a small number of integrand samples, such

T2 ≈ − 1

γ̄ 0,1γ̄ R R

(
e

τ (τ+1)

γ̄ 2 − 1

)
e
− τ [γ̄ 1(τ+2)+γ̄ 2]

γ̄ 1γ̄ 2

⎧
⎪⎨
⎪⎩

e
−τ

(
η

γ̄ 0,1
− 1

γ̄ 1

) (
e

ητ

γ̄ 0,1 − e
ητ

γ̄ 2

)
γ̄ 0,1γ̄ 2γ̄ R R

γ̄ 0,1 − γ̄ 2

+ γ̄ 1e

[
γ̄ 0,1

(
γ̄ 1+γ̄ 2

)
−γ̄ 1γ̄ 2

](
γ̄ 1+γ̄ RR τ

)

γ̄ 0,1γ̄ 1γ̄ 2γ̄ RR

×
[

Ei

⎛
⎝−

[γ̄ 0,1(γ̄ 1 + γ̄ 2) − γ̄ 1γ̄ 2]
(
γ̄ 1 + γ̄ R Rτ

)

γ̄0,1γ̄ 1γ̄ 2γ̄ R R

⎞
⎠− Ei

⎛
⎝−

[γ̄ 0,1(γ̄ 1 + γ̄ 2) − γ̄ 1γ̄ 2]
(
γ̄ 1 − (η − 1) γ̄ R Rτ

)

γ̄ 0,1γ̄ 1γ̄ 2γ̄ R R

⎞
⎠
]⎫⎪⎬
⎪⎭

(8)

T3 ≈ −
ητ∫

0

γ̄ R R(τ −w1)

γ̄ 0,1[γ̄1+γ̄R R(τ −w1)]e

γ̄ RR w2
1 [γ̄ 0,1(γ̄ 1+γ̄ 2)−γ̄ 1γ̄ 2]−γ̄ RR τw1[γ̄ 0,1(τ+3)(γ̄ 1+γ̄ 2)−γ̄ 1γ̄ 2]+γ̄ 0,1τ {γ̄ 1[γ̄ 2(τ+1)+γ̄ RR τ (τ+2)]+γ̄ 2γ̄ RR τ (τ+2)}

γ̄ 0,1γ̄1γ̄2γ̄RR (w1−τ ) dw1

−
γ̄ 2e

− τ (τ+2)

γ̄ 2

⎛
⎜⎝e

ητ

(
1

γ̄ 2
− 1

γ̄ 0,1

)

− 1

⎞
⎟⎠

γ̄ 2 − γ̄ 0,1

− γ̄ 1e

γ̄ 0,1 [γ̄ 1+γ̄ 2−γ̄ RR τ (τ+1)]−γ̄ 2(γ̄ 1+γ̄ RR τ )

γ̄ 0,1γ̄ 2γ̄ RR

γ̄ 0,1γ̄ R R

[
Ei

(
−[γ̄ 0,1(γ̄ 1 + γ̄ 2) − γ̄ 1γ̄ 2](γ̄ 1 + γ̄ R Rτ )

γ̄ 0,1γ̄ 1γ̄ 2γ̄ R R

)

− Ei

(
−[γ̄ 0,1(γ̄ 1 + γ̄ 2) − γ̄ 1γ̄ 2][γ̄ 1 − (η − 1)γ̄ R Rτ ]

γ̄ 0,1γ̄ 1γ̄ 2γ̄ R R

)]
(9)
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as n = 5. Additionally, the truncation error can be obtained
as ε = (n!)2 f (2n)(ξ)/(2n)!, where ξ lies somewhere in the
range 0 ≤ ξ < ∞.

B. Asymptotic Analysis
In order to gain a better insight into the diversity order

attained by the ATMS, its outage behavior at high SNR is
formulated in the following theorem.

Theorem 2: The outage probability of the ATMS is asymp-
totically expressed as

P∞
OUT = T ∞

1 + T ∞
2 + T ∞

3 , (11)

where

T ∞
1 = ητ 2 (2 − η)

2γ̄0,1γ̄ 2
∝
(1

γ̄

)2
, (12)

T ∞
2 =

τ (1 + τ )

[
ητγ̄ R R −γ̄ 1 ln

(
γ̄ 1+τγ̄ RR

γ̄ 1+τγ̄ RR (1−η)

)]

γ̄0,1γ̄ 2γ̄ R R

∝
(1

γ̄

)2
, (13)

T ∞
3 = −ητ 2 [η − 2 (2 + τ )]

2γ̄0,1γ̄ 1
∝
(1

γ̄

)2
, (14)

with γ̄ � 1/N0 being defined as the system SNR.
Proof: See Appendix B.

Corollary 2.1: According to Theorem 2, as T ∞
1 ∝ (1/γ̄ )2,

T ∞
2 ∝ (1/γ̄ )2, and T ∞

3 ∝ (1/γ̄ )2, then P∞
OUT ∝ (1/γ̄ )2.

Consequently, the ATMS attains a full diversity order given
as limγ̄ →∞ − log P∞

OUT

logγ̄
= 2.

Remark 2: Note that, due to the self interference, FD relay-
ing schemes suffer from zero diversity order, which means that
such relaying protocols achieve an outage floor at the high-
SNR regime [1], [2], [13]. One alternative to overcome this
issue is by decoding the direct link together with the relaying
link as reported in [26], which renders a diversity order of
one. A higher diversity order of two can be achieved in our
proposed scheme, as we allow the relay to opportunistically
adapt its transmission mode, thus attaining the same diversity
order of the HD-MRC mode. Nonetheless, our proposed
scheme outperforms HD-MRC in terms of outage probability
and throughput, as we shall see in Section V.

IV. ENERGY EFFICIENCY ANALYSIS

In this section, we describe the proposed scheme in terms
of energy efficiency. For this purpose, we refer to the work
in [33], where an analysis of the total energy consumption
per bit is performed for the incremental HD and selective
DF-FD schemes. Accordingly, the total energy consumption
per bit per Hertz is derived by considering the required
power for transmission, the power consumed by the radio-
frequency (RF) circuitry, and the target spectral efficiency.
Besides, the baseband processing consumption is neglected, as
it is much lower than in the RF circuitry. Bearing this in mind,
we can express the total consumed mean energy in J/bit/Hz
for the ATMS as

Ē = PDTEDT + PHD-MRCEHD-MRC + PFD-MRCEFD-MRC, (15)

where EDT, EHD-MRC, and EFD-MRC are the consumed energies
per bit for each scheme independently, given respectively by5

EDT = 1

R

(
PS0

μ
+ PTX + PRX

)
(16)

EHD-MRC = 1

R

(
PS1

μ
+ PR

μ
+ 2PTX + 3PRX

)
(17)

EFD-MRC = 1

R

(
PS1

μ
+ PR

μ
+ 2PTX + 2PRX

)
, (18)

with μ being the drain efficiency of the amplifier, and PTX
and PRX being the power consumed by the internal circuitry
for transmitting and receiving, respectively. In this paper,
as well as in [33], the reference values registered in [34]
for PTX and PRX are considered. Therein, the circuit model
for the transmitter considers the following blocks: digital-to-
analog converter, mixer, transmit filters, and frequency synthe-
sizer. On the other hand, the receiver circuitry considers the
following blocks: frequency synthesizer, low-noise amplifier,
mixer, intermediate frequency amplifier, receive filters, and
analog-to-digital converter. Each block has its own power
consumption values, which are available in [33]. Considering
this, in this paper we assume the following values of the
overall power consumption for transmitting and receiving:
PTX = 97.9 mW, PRX = 112.2 mW, and μ = 0.35. Moreover,
the consumed energy for each scheme is weighted by the
probability of selecting each scheme at an instant, thus these
probabilities are represented by the variables PDT, PHD-MRC,
and PFD-MRC, correspondingly. Approximate expressions for
these probabilities can be calculated as shown in Theorem 3.

Theorem 3: Single-fold integral-form approximate expres-
sions for the probabilities of selecting DT, HD-MRC or
FD-MRC for transmission in the ATMS are given as follows.
In these, erf (·) stands for the error function [32, eq. (8.250-1)].

1) Direct Transmission Mode:

PDT ≈ P 1
DT + P 2

DT + P 3
DT + P 4

DT, (19)

with

P 1
DT = 1 − γ̄ 2

γ̄ 0,0 − ηγ̄ 0,0 +γ̄ 2
, (20)

P 2
DT =

∞∫

0

(
e

w0(1+w0)

γ̄ 2 − 1

)
e
−w0

(
1

γ̄ 0,0
+ 1

γ̄ 1
+ 2−η+w0

γ̄ 2

)

×
e

w0
γ̄ 1

[
γ̄ 1 − w0γ̄ R R (η − 1)

]
−γ̄ 1e

ηw0
γ̄ 1

γ̄ 0,0

[
γ̄ 1 − w0γ̄ R R (η − 1)

] dw0, (21)

P 3
DT =

∞∫

0

1

γ̄ 0,0

(
1 − e

1+w0
γ̄ RR (η−1)

)
e
−w0

(
1

γ̄ 0,0
+ 2−η+w0

γ̄ 2

)

+γ̄ 1e
− w0{γ̄ 1γ̄ 2+γ̄ 0,0

[
γ̄ 1(2−η+w0)+γ̄ 2−ηγ̄ 2

]
}

γ̄ 0,0γ̄ 1γ̄ 2

5Herein, it is recognized that the HD-MRC requires to activate two times
a transmission circuitry and three times a receiving circuitry, for the whole
information transmission process, during the first and second time-slots. On
the other hand, for the FD-MRC mode, it is required to activate only two
times a transmission circuitry and two times a receiving circuitry [33].
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× e
− (w0+1)[w0γ̄ RR (η−1)−γ̄ 1 ]

γ̄ 1γ̄ RR (η−1) − 1

γ̄ 0,0

[
γ̄ 1 − w0γ̄ R R (η − 1)

]dw0, (22)

and P 4
DT given as in (23), as shown at the bottom of this

page.
2) Full-Duplex MRC Transmission Mode:

PFD-MRC ≈ P 1
FD-MRC + P 2

FD-MRC + P 3
FD-MRC, (24)

with

P 1
FD-MRC =

∞∫

0

γ̄ 1

(
e

w0(w0+1)

γ̄ 2 − 1

)

γ̄ 0,0

[
γ̄ 1 − (η − 1)γ̄ R Rw0

]

× e
− w0

[
γ̄ 2(γ̄ 0,0−ηγ̄ 0,0+γ̄ 1)+γ̄ 0,0γ̄ 1(w0−η+2)

]

γ̄ 0,0γ̄ 1γ̄ 2 dw0, (25)

P 2
FD-MRC =

∞∫

0

(
e

w0+1

(η−1)γ̄ RR −1

)

γ̄ 0,0

e
− w0

[
γ̄ 1γ̄ 2+γ̄ 0,0(γ̄ 1+γ̄ 2)(−η+w0+2)

]

γ̄ 0,0γ̄ 1γ̄ 2

−
γ̄ 1

⎛
⎝e

− (w0+1)((η−1)γ̄ RR w0−γ̄ 1)

(η−1)γ̄ 1γ̄ RR − 1

⎞
⎠

γ̄ 0,0(γ̄ 1 − (η − 1)γ̄ R Rw0)

× e
− w0γ̄ 1γ̄ 2+γ̄ 0,0 [γ̄ 2−ηγ̄ 2+γ̄ 1(−η+w0+2)]

γ̄ 0,0γ̄ 1γ̄ 2 dw0, (26)

and

P 3
FD-MRC = −

√
πγ̄ 1γ̄ 2

2γ̄ 0,0

√
γ̄ 1γ̄ 2(γ̄ 1 +γ̄ 2)

e

[
γ̄ 1γ̄ 2−(η−2)γ̄ 0,0(γ̄ 1+γ̄ 2)

]2

4γ̄ 2
0,0γ̄ 1γ̄ 2(γ̄ 1+γ̄ 2)

×
[

erf

(
γ̄ 1γ̄ 2 − (η − 2)γ̄ 0,0(γ̄ 1 +γ̄ 2)

2γ̄ 0,0

√
γ̄ 1γ̄ 2(γ̄ 1 +γ̄ 2)

)
− 1

]
.

(27)

3) Half-Duplex MRC Transmission Mode:

PHD-MRC ≈ 1 − PDT − PFD-MRC. (28)
Proof: See Appendix C.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we numerically evaluate our analytical
results for some illustrative examples, and as check we contrast
them to Monte Carlo simulations. For illustration purposes

Fig. 2. Outage probability versus transmit system SNR for η = 0.5.

and without loss of generality, we assume that the pathloss
exponent is β = 4 and the target spectral efficiency is
R = 1 bit/s/Hz. The sample network is generated in a linear
topology, in which the distance between S and D is normalized
to unity, i.e., d0 = 1, which allows us to contrast the S-R and
R-D links to the S-D link in terms of average SNR, as in [26],
[31], and [35].

Fig. 2 presents the outage probability of the ATMS
as a function of the transmit SNR, P/N0, for different
values of RSI. Also, for comparison purposes, simulation
results are depicted for the fixed modes: DT, FD-MRC [26]
(E
{|h R R|2} ∈ {0,−20} dB), HD-MRC [29], pure FD relaying

for E
{|h R R |2} = 0 dB, and pure HD relaying. Additionally,

we plot the outage probability of the hybrid scheme analyzed
in [13, eqs. (59) and (68)] for E

{|h R R |2} = 0 dB, which
neglects the direct link by selecting between pure FD and
pure HD relaying. Notice that our approximation is very tight
to the Monte Carlo simulations, specially at medium-to-high
SNR, as well as the corresponding asymptotes. It is observed
that the ATMS offers an improvement in the performance if
compared with any transmission mode individually, regardless
of the level of RSI. Besides, the use of the direct link to
convey information results in great benefits for the outage
performance, in a way that the proposed ATMS proves to be
significantly superior to the hybrid scheme in [13], as well as
HD-MRC and FD-MRC prove superior to pure HD and pure
FD relaying. Moreover, HD-MRC and FD-MRC relaying are
superior even for the adaptive case in [13], which demonstrates
the advantages of using the direct link. Importantly, note
that the zero diversity order inherent of FD relaying is over-
come by using the direct link, as is evidenced by comparing
FD-MRC and pure FD. Additionally, it can be noticed that the

P 4
DT =

√
π

2γ̄ 0,0

{√
γ̄ 2e

(η−1)2γ̄ 2
RR [γ̄ 2−(η−2)γ̄ 0,0 ]2 +2(η−1)γ̄ 0,0γ̄ 2γ̄ RR (ηγ̄ 0,0−γ̄ 2)+γ̄ 2

0,0 γ̄
2
2

4(η−1)2γ̄ 2
0,0 γ̄ 2γ̄

2
RR

[
erf

(
(η − 1)γ̄ R R[(η − 2)γ̄ 0,0 −γ̄ 2] +γ̄ 0,0γ̄ 2

2(η − 1)γ̄ 0,0
√
γ̄ 2γ̄ R R

)
+1

]

− γ̄ 1γ̄ 2e
1

(η−1)γ̄ RR√
γ̄ 1γ̄ 2(γ̄ 1 +γ̄ 2)

e

[(η−1)γ̄ RR [(η−2)γ̄ 0,0(γ̄ 1+γ̄ 2)−γ̄ 1γ̄ 2 ]+̄γ 0,0γ̄ 1γ̄ 2 ]2

4(η−1)2γ̄ 2
0,0γ̄ 1γ̄ 2γ̄

2
RR (γ̄ 1+γ̄ 2)

[
erf

(
(η−1)γ̄ R R[(η−2)γ̄ 0,0(γ̄ 1 +γ̄ 2) −γ̄ 1γ̄ 2]+γ̄ 0,0γ̄ 1γ̄ 2

2(η − 1)γ̄ 0,0γ̄ R R

√
γ̄ 1γ̄ 2(γ̄ 1 +γ̄ 2)

)
+1

]}

(23)
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Fig. 3. Optimal η versus transmit system SNR for different values of RSI.

ATMS is less susceptible to the impairments of the RSI, as the
performance variation between the two different values of RSI
analyzed is less significant if compared with the corresponding
variation for FD-MRC. Moreover, at high SNR, the ATMS
converges to the same values regardless of the level of RSI,
which is corroborated by the matching of the asymptotes.
This is because the ATMS opportunistically switches the
transmission mode whenever the RSI compromises the rate.
Moreover, the asymptotic curves corroborates that the ATMS
attains full diversity order equal to that attained by HD-MRC,
which is 2. Therefore, the ATMS outperforms the unitary
diversity order attained by the FD-MRC [26].

Fig. 3 shows optimal values of the power allocation factor η
for the ATMS as a function of the transmit SNR. These
values were obtained by a numerical solution of the following
optimization problem:

ηopt = arg min
η

{POUT (η)} subject to 0 < η < 1. (29)

It is worth mentioning that (6) is a non-convex function and
thus analytically finding the optimal allocation policy becomes
a cumbersome task. Instead, we resort to a numerical optimiza-
tion routine in Wolfram Mathematica called NArgMin [36],
which always attempts to find a global optimum subject to
the given constraints.

Results show that the optimal η varies between ∼ 0.5 and
∼ 0.7, depending on the transmit SNR and on the level of RSI.
The higher the RSI, the “faster” the optimal η increases from
∼ 0.5 to ∼ 0.7 as the SNR increases. At high SNR, the optimal
value tends to ∼ 0.7. Therefore, as the RSI increases, less
power should be allocated to the relay, as expected, in order
to reduce the effects of the self interference. Furthermore,
notice that even at high SNR the relay is still active, which is
somewhat counter-intuitive, since all the transmission power
could be in principle allocated to DT in such a case. Therefore,
the proposed scheme favors cooperation without a significant
change in the optimum power allocation policy, even at high
SNR regime, since the destination is able to exploit not only
the direct link but also the relaying link.

Figs. 4 and 5 show the optimal relay position as a function
of the transmit SNR. In a manner similar to that of the
optimization of η, the optimal relay position is obtained by

Fig. 4. Optimal distance between S and R versus transmit system SNR for
different values of η and E

{|h RR |2} = −20 (dB).

Fig. 5. Optimal distance between S and R versus transmit system SNR for
different values of RSI and η = 0.5.

evaluating numerically the following optimization problem:

d1opt = arg min
d1

{POUT (d1)} subject to 0 < d1 < 1. (30)

Fig. 4 shows a comparison for different values of η. It is
observed that the optimal relay position goes from ∼ 0.3 to
∼ 0.7 depending on η and the SNR. The higher the value
of η, the closer to D is the optimal relay position. Besides, the
higher the SNR, the closer to S is the optimal relay position.
On the other hand, Fig. 5 compares the optimal relay position
for different levels of RSI when η = 0.5. In this case, as
the SNR increases, the optimal position tends to be nearer
to S. Moreover, the higher the level of RSI, the faster the
optimal position deviates toward S. From Figs. 4 and 5, it is
also observed that the optimal normalized distance between
S and R presents a floor at low and high SNR, which is
independent on the level of RSI and varies according to the
power allocation factor η. Indeed, this behavior obeys the
balance condition of the first- and second-hop relaying links,
which is a characteristic of the end-to-end SNR for the AF
protocol. Thus, for the low SNR regime, where the effects of
the RSI are smaller, the balance condition when the power is
equally divided between S and R (i.e., for η=0.5) is attained
in the middle of the way, that is d1/d0 = 0.5. However, for
η > 0.5, that is when more power is allocated to S, the relay
approximates to D in order to balance both links, and for
the same reason, when η < 0.5, the relay approximates to S.
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Fig. 6. Frequency of use for each transmission mode versus transmit system
SNR for two different levels of RSI.

Fig. 7. Normalized energy consumption versus transmit system SNR for the
ATMS with different values of RSI and η = 0.5. Simulations of the special
cases of DT, HD-MRC, FD-MRC and ATMS with E

{|h RR |2} = −20 dB for
η ∈ {0.1, 0.9}, are also shown in red and blue, respectively.

On the other hand, for the high SNR regime, it is observed
that the optimal relay position slightly deviates toward S. This
behavior can be explained by the fact that, when FD-MRC
is the selected operation mode, the higher the system SNR,
the higher the transmit power at the relay, and the worse the
effects of the RSI. Then, the optimal position of R moves
toward S in order to strengthen the first-hop relaying link,
thus counterbalancing the effects of the RSI.

Fig. 6 shows simulations for the frequency of selection
of each transmission mode in the ATMS as a function of
the transmit SNR. It can be observed that the frequency of
selection of HD-MRC is small if compared with DT and FD-
MRC, specially at lower levels of RSI. However, it is precisely
this occasional selection of HD-MRC that enables ATMS
to achieve full diversity equal to that attained by HD-MRC
alone. Moreover, it can be noticed that FD-MRC is more
frequently selected at low-to-medium SNR, while DT is more
frequently selected at medium-to-high SNR. As discussed
above, cooperation occurs even at high SNR, even though it
is less frequent than DT. Under any scenario, the proposed
ATMS approach alleviates the effects of fading and RSI by
opportunistically switching among the transmission modes.

In Fig. 7 the normalized consumed energy Ē/EDT versus
the transmit SNR is depicted for the ATMS with different
levels of RSI and different values of η. Additionally, for com-
parison purposes, the energy consumption is plotted for each
individual mode separately, as given in (16), (17), and (18).

Fig. 8. Comparison of the normalized throughput versus transmit system
SNR for the different modes of transmission and the ATMS.

We observe that the energy consumed by the ATMS is, in any
case, somewhere between the energy consumed by DT and
FD-MRC, even for different power allocations at S and R.
As expected, DT is the most energy efficient transmission
mode, and HD-MRC is the least efficient. On the other hand,
Fig. 8 shows the normalized system throughput (through-
put/energy per bit per Hertz / target spectral efficiency) as
a function of the transmit SNR for all transmission modes
separately and the ATMS. Here, following [33] we define
throughput as the spectral efficiency times the probability
of successful transmissions, in bits/s/Hz. In this way, for a
target spectral efficiency R , the throughput is given by TDT =
R (1 − POUT,DT) for DT, by TFD-MRC = R (1 − POUT,FD-MRC)
for the FD-MRC, and THD-MRC = 0.5R (1− POUT,HD-MRC) for
HD-MRC.6 By normalizing the throughput by the energy con-
sumed per bit per Hertz and by the target spectral efficiency,
we have that the mean normalized throughput is given by

E
{ T

RE

} =
(
1 − POUT,DT

)
PDT

EDT

+ 0.5
(
1 − POUT,HD-MRC

)
PHD-MRC

EHD-MRC

+
(
1 − POUT,FD-MRC

)
PFD-MRC

EFD-MRC
. (31)

The curves illustrated in Fig. 8 correspond to simulation
results. We observe that the ATMS attains the best perfor-
mance at high SNR among the cooperative schemes. At low
SNR, the ATMS is very close to FD-MRC, but somewhat
behind this. This difference at low-to-medium SNR regime
can be explained by the fact that the ATMS opportunistically
selects between the three modes, which present different
throughput performances and energy requirements. Then, in
terms of the throughput per energy consumption, the ATMS
will not always be the best choice. However, the ATMS
scheme is always very close to the best performance over
the entire SNR range. As expected, the HD-MRC has the
worst performance, in view of the need for two orthogonal
channels for transmission. It is important to mention that, even
though important gains can be attained in terms of throughput

6Notice that the 0.5-factor in the HD-MRC case appears due to the
requirement of two time slots per transmission. Bearing this in mind, POUT
is computed at different SNR thresholds: τ = 2R − 1 and τ = 22R − 1, for
FD-MRC and HD-MRC, respectively.
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by the FD-MRC (duplicating the throughput of HD-MRC),
an imperfect self-interference cancellation can deteriorate its
outage performance in a way that can be less advantageous
than HD-MRC. Therefore, a tradeoff between system through-
put and outage performance is established. Considering this,
the ATMS achieves a successful balance by alleviating the
system susceptibility to the effects of residual self-interference
approaching FD-MRC in terms of throughput.

VI. CONCLUSIONS

We have proposed an adaptive scheme for amplify-and-
forward relaying networks that selects for each communication
process a certain transmission mode among the following:
direct transmission with no cooperation, cooperative transmis-
sion in HD mode with MRC at the destination, and cooper-
ative transmission in FD mode with MRC at the destination.
In our design we have considered an energy normalization
per transmitted block, so that the modes using cooperation
share the system’s total power between S and R. A numerical
analysis of the optimal power allocation factor was presented.
Also, a numerical analysis was developed to show the optimal
position for R. A tight approximated closed-form expression
for the outage probability was derived, and it was verified
that our adaptive scheme outperforms whichever transmission
mode operating separately, over the whole range of SNR.
In addition, an approximate expression in integral form for
the mean consumed energy of the proposed scheme was
obtained, and the results show that our scheme is more energy
efficient than the isolated modes using cooperative transmis-
sion. A throughput analysis per mean energy consumption
confirmed the improved performance attained by the proposed
adaptive scheme. Finally, an asymptotic analysis revealed
that our adaptive scheme achieves full diversity order equal
to 2, thus outperforming the conventional schemes with direct
transmission alone or full-duplex cooperation.

APPENDIX A
APPROXIMATE CALCULATION FOR THE OUTAGE

PROBABILITY OF THE ATMS

The outage probability for the ATMS can be formulated
as

POUT = Pr
(

max
{

W0,
√

1 + γHD-MRC − 1, γFD-MRC

}
< τ

)

= Pr
(

W0 < τ,
√

1 + γHD-MRC − 1 < τ, γFD-MRC < τ
)

= Pr

(
W1 < ητ, XY

X+Y+1 < (τ + 1)2 − W1 − 1,

X
U+1 Y

X
U+1 +Y+1

< τ − W1

)

(a)= T1 + T2 + T3, (32)

where (a) is obtained by splitting the analysis of the above
probability into three terms according to the following ranges
of values for the random variable Y: (i) Y < τ − W1, (ii) τ −

W1 < Y < (τ + 1)2−W1−1, and (iii) Y > (τ + 1)2−W1−1.
The term T1 can be formulated as

T1 = Pr
(
Y < τ − W1, W1 < ητ)

=
ητ∫

0

Pr (Y < τ − w1) fW1 (w1) dw1

=
ητ∫

0

FY
(
τ − w1) fW1 (w1) dw1, (33)

where recognizing that Y and W1 are exponential random
variables, after the appropriate substitutions and mathematical
manipulations, T1 is obtained as in (7). In order to derive T2,
we begin by defining the variable A � X/(U + 1) with CDF
and PDF given, respectively, by

FA (a) = Pr

(
X

U + 1
< a

)

=
∞∫

0

FX (a(u + 1)) fU (u) du

= 1 − e
− a

γ̄1γ̄ 1

γ̄ 1 + aγ̄ R R
. (34)

fA (a) = e
− a

γ̄1
γ̄ 1 + (

a +γ̄ 1
)
γ̄R R(

γ̄ 1 + aγ̄ R R

)2 . (35)

Hence, T2 can be expressed as

T2 = Pr
(
τ − W1 < Y < (τ + 1)2 − W1 − 1, W1 < ητ,

AY
A+Y+1 < τ − W1

)

=
ητ∫

0

(τ+1)2−w1−1∫

τ−w1

FA

[
(τ−w1)(y+1)

y−(τ−w1)

]
fY (y) fW1 (w1) dydw1.

(36)

However, in this form, the calculation of T2 is some-
how intractable and does not lead to a closed-form expres-
sion. Instead, we resort to the well-known relationship
AY/(A + Y + 1) < min{A, Y }7 to find a tight approximation
for T2, which leads to

T2 ≈
ητ∫

0

Pr
(
τ − w1 < Y < (τ + 1)2 − w1 − 1,

min{A, Y } < τ − w1

)
fW1 (w1) dw1

(b)=
ητ∫

0

(τ+1)2−w1−1∫

τ−w1

τ−w1∫

0

fA (a) fY (y) fW1 (w1) dadydw1.

(37)

where (b) is obtained by considering that the CDF of � �
min{A, Y } is equal to FA (λ) + FY (λ) − FA (λ) FY (λ), and

7The approximation of the harmonic mean by the minimum leads to a
tight approximation at medium-to-high SNR, which has been largely used
in the literature to handle similar problems in which exact calculations prove
very intricate or infeasible, so that bound or approximate calculations become
necessary (see, for instance, [31], [38, eq. (29)], [39], and references therein).
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Fig. 9. Integration regions for the approximation of T3.

that the only possible integration region for the variable A is
0 < A < τ −W1, since Y > τ −W1. Then, with the respective
substitutions, and the help of [32, eqs. (3.352-1), (3.353-1),
and (3.353-3)], after some mathematical manipulations, the
approximation for T2 can be attained as in (8). Finally, T3 can
be also approximated by using the same artifice as for T2, and
it can be expressed as

T3 = Pr
(

W1 < ητ, Y > (τ + 1)2 − W1 − 1,

XY
X+Y+1 <(τ + 1)2−W1−1, AY

A+Y+1 <τ − W1

)

≈ Pr
(

W1 < ητ, Y > (τ + 1)2 − W1 − 1,

min{X, Y }<(τ + 1)2−W1−1, min{A, Y }<τ −W1

)
.

(38)

This probability can be split into two cases: (i) U <
τ(τ + 1)/(τ − W1) and (ii) U > τ(τ + 1)/(τ − W1),
whose corresponding integration regions are depicted in
Figs. 9-a and 9-b (intersection regions). Then, we can calculate
an approximate expression for T3 as

T3 ≈
ητ∫

0

∞∫

(τ+1)2−w1−1

[ τ (τ+1)
τ−w1∫

0

(τ−w1)(u+1)∫

0

fX (x) fU (u) dxdu

+
∞∫

τ (τ+1)
τ−w1

(τ+1)2−w1−1∫

0

fX (x) fU (u) dxdu

]

× fY (y) fW1 (w1) dydw1. (39)

After some mathematical manipulations similar to the case of
T2, an approximate expression for T3 is finally given as in (9).

APPENDIX B
ASYMPTOTIC CALCULATION FOR THE OUTAGE

PROBABILITY OF THE ATMS

In the high SNR regime, as the transmit system SNR γ̄
increases, note that 1/γ̄ 0, 1/γ̄ 1, 1/γ̄ 2, and 1/γ̄ R R decreases.
Then, when γ̄ goes to ∞, 1/γ̄ 0, 1/γ̄ 1, 1/γ̄ 2, and 1/γ̄ R R go
to zero. By considering the Maclaurin series expansion of the
exponential function [32, eq. (0.318.2)], and by omitting its
higher-order terms, it follows that e−b 
 1 − b as b goes
to zero. Using this, FA (a) in (34) can be asymptotically

expressed as

FA(a)∞ = a (1 + γ̄R R)

γ̄ 1 + aγ̄R R
. (40)

Taking this into consideration, all the PDFs and CDFs
in (33), (36), and (38) can be asymptotically expressed. Thus,
by solving the corresponding integrals and after a process of
simplification of the higher-order terms, the expression in (11)
can be finally attained.

APPENDIX C
APPROXIMATE CALCULATION FOR THE PROBABILITY OF

SELECTION OF THE DIFFERENT SCHEMES

In the following, we derive the probabilities of each trans-
mission mode being selected in the ATMS.

Direct Transmission Mode: Regarding (4) and (5), the
probability to select DT can be formulated as

PDT

= Pr (IDT > IHD-MRC, IDT > IFD-MRC)

= Pr

(
W0 >

√
1+ XY

X+Y+1 + W1−1, W0 > AY
A+Y+1 + W1

)

= Pr
(

XY
X+Y+1 <(W0 + 1)2−ηW0 − 1, AY

A+Y+1 < W0−ηW0

)

(c)= Pr

(
X < [(W0+1)2−ηW0−1](Y+1)

Y−[(W0+1)2−ηW0−1
] , X < (W0−ηW0)(Y+1)(U+1)

Y−(W0−ηW0)

)
.

(41)

where (c) is obtained by isolating the random variable X in
both events. Then, by applying a rationale similar to that used
to find the outage probability in Section III and considering
that (W0 + 1)2 − ηW0 − 1 > W0 − ηW0, we split the analysis
of the probability above into three regions for the random
variable Y , namely (i) Y < (1 − η) W0, (ii) (1 − η) W0 <
Y < (W0+1)2 −ηW0 −1, and (iii) Y > (W0+1)2 −ηW0 −1,
yielding

PDT = P 1
DT + P 2

DT + P 3
DT, (42)

where P 1
DT is given by

P 1
DT = Pr (Y < (1 − η) W0)

=
∞∫

0

FY [(1 − η)w0] fW0 (w0) dw0. (43)

The solution of this integral leads to the expression in (20).
For the calculation of P 2

DT and P 3
DT we make use of the

approximation of the harmonic mean by the minimum, that
is AY

A+Y+1 < min{A, Y } or XY
X+Y+1 < min{X, Y } as required.

In this sense, an approximate expression for P 2
DT can be found

as follows:

P 2
DT ≈ Pr

(
(1 − η) W0 < Y < (W0 + 1)2 − ηW0 − 1,

min {A, Y } < (1 − η) W0

)

=
∞∫

0

∞∫

0

(1−η)w0(u+1)∫

0

(w0+1)2−ηw0−1∫

(1−η)w0

fY (y) fX (x) fU (u)

× fW0 (w0) dydxdudw0. (44)
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By following a similar process as for the case of (39),
we arrive at the expression in (21). On the other hand, an
approximation for P 3

DT can be attained by considering two
regions for the random variable U , analogously to the case
shown in Fig. 9: (i) U < (W0 + 1)/(1 − η) and (ii) U >
(W0 + 1)/(1 − η), which lead to the following formulation:

P 3
DT

≈ Pr
(

Y >(W0+1)2−ηW0−1, min {A, Y } < (1−η) W0,

min {X, Y } < (W0 + 1)2 − ηW0 − 1
)

=
∞∫

0

w0+1
1−η∫

0

(1−η)w0(u+1)∫

0

∞∫

(w0+1)2−ηw0−1

fY (y) fX (x) fU (u)

× fW0 (w0) dydxdudw0

+
∞∫

0

∞∫

w0+1
1−η

(w0+1)2−ηw0−1∫

0

∞∫

(w0+1)2−ηw0−1

fY (y) fX (x) fU (u)

× fW0 (w0) dydxdudw0. (45)

The above formula can be solved in single-fold integral
form, finally arriving at the expression in (22).

Full-Duplex MRC Transmission Mode: Analogously to the
DT mode, we can formulate the probability of selection for
the probability of the FD-MRC mode as

PFD-MRC = Pr (IFD-MRC > IDT, IFD-MRC > IHD-MRC)

= Pr

(
AY

A+Y+1 + W1 > W0,

AY
A+Y+1 + W1 >

√
1 + XY

X+Y+1 + W1 − 1

)
.

(46)

This probability can be rewritten as

PFD-MRC = Pr

(
AY

A+Y+1 + W1 + 1 > W0 + 1,

AY
A+Y+1 + W1 + 1 >

√
1 + XY

X+Y+1 + W1

)
.

(47)

In order to simplify the analysis, we can split this probabil-
ity into two terms, by considering the following cases: (i)

XY
X+Y+1 < (W0 + 1)2 −ηW0−1 and (ii) XY

X+Y+1 > (W0 + 1)2−
ηW0 − 1. For the first case we have that

P A
FD-MRC = Pr

(
AY

A+Y+1 + W1 + 1 > W0 + 1,

XY
X+Y+1 < (W0 + 1)2 − ηW0 − 1

)
. (48)

In this case, a procedure similar to that applied to ana-
lyze the probability of the DT mode is considered, with
the same regions for the random variable Y , yielding three
corresponding terms for P A

FD-MRC. The first region, i.e., Y <
(1 − η) W0, produces an event with zero probability, thus
P A1

FD-MRC = 0. For the second region, we can again use

the approximation of the harmonic mean by the minimum,
leading to

P A2
FD-MRC

≈ Pr
(

min{A, Y } > (1 − η)W0,

(1 − η)W0 < Y < (W0 + 1)2 − ηW0 − 1
)

=
∞∫

0

∞∫

0

∞∫

(1−η)w0(u+1)

(w0+1)2−ηw0−1∫

(1−η)w0

fY (y) fX (x) fU (u)

× fW0 (w0) dydxdudw0. (49)

After some mathematical manipulations, we arrive at the
expression in (25). Finally, the third region can also be
approximated by the minimum, then yielding two subterms
according to the cases (i) U > W0+1

1−η and (ii) U < W0+1
1−η . The

case (i) also leads to zero probability, and the case (ii) leads
to the following formulation:

P A3
FD-MRC

≈ Pr
(

min{X, Y } < (W0 + 1)2 − ηW0 − 1,

min{A, Y } > (1 − η)W0, Y > (W0 + 1)2 − ηW0 − 1
)

=
∞∫

0

w0+1
1−η∫

0

(w0+1)2−ηw0−1∫

(1−η)w0(u+1)

∞∫

(w0+1)2−ηw0−1

fY (y) fX (x) fU (u)

× fW0 (w0) dydxdudw0. (50)

A single-fold integral-form solution to this expression can be
found as in (26).

Now, for case (b), we have the following formulation:

P B
FD-MRC = Pr

(
AY

A+Y+1 + W1 + 1 >
√

1 + XY
X+Y+1 + W1,

XY
X+Y+1 > (W0 + 1)2 − ηW0 − 1

)
. (51)

In this form, the evaluation of this probability is intractable.
Then, we propose an approximation for very low values of U .
Indeed, the values assumed herein are quite conservative com-
pared to the levels reported by the state-of-the-art interference
cancellation (combining antenna isolation, analog and digital
cancellation), which are close to the noise floor, (see, for
instance [40]), so that AY

A+Y+1 ≈ XY
X+Y+1 . Then, we can

rewrite (51) as

P B
FD-MRC ≈ Pr

(
XY

X+Y+1 + W1 + 1 > 1,

XY
X+Y+1 + W1 + 1 > (W0 + 1)2

)
. (52)

Here, the term (W0 + 1)2 is always greater than 1. Again,
by using the approximation for the harmonic mean, this
probability can be reduced to

P B
FD-MRC ≈ Pr

(
XY

X+Y+1 > (W0 + 1)2 − ηW0 − 1
)

. (53)

Thus, for the case Y < (W0 + 1)2 − ηW0 − 1, this probability
equals 0. Otherwise, for Y > (W0 + 1)2 − ηW0 − 1, we
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have that

P B
FD-MRC ≈

∞∫

0

∞∫

(w0+1)2−ηw0−1

∞∫

(w0+1)2−ηw0−1

fY (y) fX (x)

× fW0 (w0) dydxdw0. (54)

After simplifying this multi-fold integral, we obtain the
expression in (27). Finally, the probability of the FD-MRC
transmission mode is approximately given by PFD-MRC ≈
P A2

FD-MRC + P A3
FD-MRC + P B

FD-MRC.
Having obtained the selection probabilities for DT and

FD-MRC, the selection probability for HD-MRC can be
calculated as in (28).
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