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ABSTRACT In this paper, we evaluate short packet communication (SPC) for a cooperative system where
one relay assists data transmission between one multi-antenna source and one single antenna destination
with the presence of co-channel interference at the relay. Two transmission schemes, i.e., transmit antenna
selection (TAS) scheme and beamforming scheme (BF), are considered. Based on metric of SPC, we derive
the average block error rate (BLER) for the system in asymptotic and closed-form expressions for both
schemes. In addition, a solution of optimal power allocation (OPA) to maximize end-to-end effective system
throughput is proposed. Effects of parameters such as total transmit power, number of the source’s antennas,
number of co-channel interference, and packet length on the performance of the system are evaluated. Finally,
the results reveal that the performance of the OPA scheme outperforms that of the benchmark scheme,
i.e., equal power allocation solution, in terms of BLER and the effective throughput for both the TAS and
BF schemes. Moreover, the performance of the system reaches to saturation value with more antennas at the
source. The findings indicate that the TAS and BF schemes have the same performance in terms of both the
BLER and the effective throughput.

INDEX TERMS Block error rate, cooperative system, co-channel interference, short packet
communications.

I. INTRODUCTION
Recently, short packet communication (SPC) has been con-
sidered as an important technique for achieving low latency
in wireless communication systems, and it has been widely
studied in literature. Several scenarios such as cognitive
radio networks [1], device-to-device (D2D) networks [2],

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Feng .

unmanned-aerial-vehicle (UAV) networks [3], [4], relaying
systems [5], [6], [7] have been investigated in SPC systems.
Furthermore, many applications where the transmitter

and destination nodes cannot communicate directly with
each other. Relaying communication is a technique in wire-
less communication where an intermediate device is used
to forward data packets between the transmitter and the
receiver [8], [9]. The relaying device, also known as a
relay node or relay station, receives the information from
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the transmitter and re-transmits it to the receiver. Two
well-known protocols such as decode-and-forward (DF),
and amplify-and-forward (AF) [10], [11] have been used in
cooperative networks. An evaluation of the AF relay sys-
tem performance with taking into account interference at
the relay was discussed in [12]. Inspired by [12], outage
performance of an AF system under Nakagami-m channel
evaluated in [13].
Integrating SPC into cooperative systems is to take advan-

tage of low latency and extended coverage. Due to this reason,
the integration has been investigated in several wireless appli-
cations. In [14] the end-to-end (e2e) block error rate (BLER)
for a multiple-input multiple-output system was derived, and
a solution to determine the minimal value of the e2e BLER
was proposed. Considering goodput, and energy efficiency
of a full-duplex system, the authors evaluated the system
based on calculating the BLER and outage probability [5].
In [6], via BLER, the authors compared the performance
of two schemes, i.e., direct transmission and incremental
relaying schemes. Considering successive interference can-
cellation imperfection, the average BLERs were derived in a
system where one unmanned aerial vehicle acts as a relay [7].
Deploying both AF and DF, the performance system in terms
of BLER of a cooperative network where a relay is shared for
cellular network and Internet of Things (IoT) network was
evaluated [15]. The authors of [16] used machine learning
as a novel tool for addressing the throughput maximiza-
tion of a multi-hop network with SPC. With the effective
combination of AF and DF protocols, the authors in [17]
proposed a new relay protocol that achieves performance
advantages and saves transmission power. The authors of [18]
compared average BLER of a cooperative system under
full-duplexmode between long-packet and short-packet com-
munication. A solution to determine the minimum value of
total transmit power by optimizing a combination of sev-
eral factors, i.e. decoding error probability, relay selection,
and transmit power allocation for multi-relay systems have
been proposed in [19]. In order to improve performance of a
non-orthogonal multiple access (NOMA)-based cooperative
system, the authors in [20] proposed an adaptive hybrid relay-
ing protocol by selecting appropriate transmission modes.
However, these works only focused on investigating perfor-
mance system without co-channel interference.

Different from [12] and [13], where the performance of
the systems evaluated under infinite block length packet
and power optimization was ignored [12], [13], we con-
sider a relaying system with short packet communications.
Unlike [21], where DF relay protocol was deployed while
we adopt AF relay system. Despite exploiting AF relay,
the system of [22] with single antenna at all terminals was
disregarded co-channel interference, however, our system
considers multiple antennas at the source and the interference
at the relay.

The list of important contributions is shown as follows:
1) In contrast to [12], [13], [21] and [22], we inves-

tigate SPC for a relaying system consisting of one

multiple antenna transmitter source, one AF relay
under co-channel interference and one single antenna
destination.

2) Due to multiple antenna at the source, we take into
account two transmission schemes, namely transmit
antenna selection (TAS) scheme and beamforming
scheme using maximum ratio transmission (BF-MRT).

3) With this setting, we calculate the closed-form expres-
sions of the average BLER of the system, then derive
the asymptotic of the average BLER. In particular,
we propose a solution to control the transmit powers
of the system with the aim of maximizing effective
throughput.

4) To verify the correctness of the analytical results,
we conduct extensive numerical simulations. More-
over, the performance of the system is evaluated under
the effects of the number of antennas at the transmitter
source, packet lengths, and the number of interferers.

For clarity, we show differences between this paper with
the related works in Table 1.
Organization: We introduce the system model in

Section II. Next, Section III and Section IV provide an
analysis of the performance system and propose a solution
for maximizing end-to-end effective throughput, respectively.
Finally, Section V and Section VI describe the numerical
results and the conclusions, respectively.

FIGURE 1. An illustration of a dual-hop short packet communication
system.

II. SYSTEM MODEL
A cooperative SPC network is considered in Fig. 1, one
source equipped with N antennas, i.e., S, intends to transmit
the information to its destination, i.e., D, with the assistance
of one single antenna AF relay, i.e., R. It is assumed that the
interference only affects on the relay due to the difference of
frequency bands used in different two time-slots [12], [13],
[23], [24], [25]. Frequency channel reuse can enhance the
spectrum utilization in wireless systems, however, this also
poses challenges for devices that share the same spectrum,
as they may generate co-channel interference. In this paper,
we assume that the relay experiences co-channel interference
from M other sources that use the same spectrum. Regard-
ing applications, the proposed system can be deployed in a
smart factory, where the source, i.e. the central controller,
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TABLE 1. The important contributions of this paper compared to the existing works.

communicates with the destination, i.e. the actuator through
the relay, i.e. robot. For other application, in some remote
areas, a base station (the source) sends information to an user
(the destination) with the help of another user who acts as
a relay. All channels are assumed to experience quasi-static
Rayleigh fading [12], [26], [27].

In this paper, owing tomultiple antenna relays, we consider
two transmission schemes, i.e., transmit antenna selec-
tion (TAS) scheme and beamforming scheme using maxi-
mum ratio transmission (BF-MRT) at the source. The signal
transmission from S to D occurs in two time-slots (TSs).

A. TAS SCHEME
In the first TS, S receives feedback fromR to choose the index
of the antenna having a maximum value of signal-to-noise
ratio (SNR) [15] and this is mathematically expressed as

s = arg max
1,...,N

|hi|2, (1)

where hi is the channel of the link of the i-th antenna at S
and R. Then, with the selected antenna, S transmits the signal,
i.e., xs, to the relay with the transmit power PS. Due to the
presence ofM number of co-channel interferers, the received
signal at R is expressed as

yTASR =

√
PShsxs +

M∑
l=1

√
PlqlRxl + nR, (2)

where Pl , xl are the transmit power, the signal of the l-th
interfere, respectively, and qlR is channel coefficient for the
l-th interfere-R link, nR ∼ CN (0, σ 2

R) presents the additive
white Gaussian noise (AWGN) at the relay.

B. BF-MRT SCHEME
In this scheme, S uses beamforming technique to transmit the
signal to R. Hence, the received signal at R is expressed as

yBFR =

√
PSh⊺wsxs +

M∑
l=1

√
PlqlRxl + nR, (3)

where h is N × 1 channel vector of the S−R link, ws =
|⟨|

||h||

denotes N × 1 transmit weight vector and (.)⊺ is conjugate
transpose.

Next, in the second TS, the signal yλR with λ ∈ {TAS,BF}

is scaled with the amplification factor

Gλ
v =

√√√√PR/
(
PShλ +

M∑
l=1

Pl |qlR|2 + σ 2
R

)
, (4)

where hTAS = |hs|2 for TAS, hBF = ||h||
2 and the relay

forwards the version signal to D. Hence, the form of the signal
at D is calculated as

yD = Gλ
vgy

λ
R + nD, (5)

where g and nD ∼ CN (0, σ 2
D) are the channel coeffi-

cient between R and D, and the AWGN at D, respectively,
yλR is given in (2) for TAS scheme and (3) for BF-MRT
scheme. Hence, we express the end-to-end (e2e) SINR of D
as follow

γ λ
D =

PShλ
|g|2

|g|2(
∑M

l=1 Pl |qlR|2 + σ 2
R) + σ 2

D/(Gλ
v )2

, (6)

where Gλ
v is given in (4).

Substituting (4) into (6), the e2e SINR can be expressed
as [12] and [13]

γ λ
D =

XλY
V (Y + 1) + Xλ

, λ ∈ {TAS,BF} (7)

where Xλ
= PShλ, Y =

PR|g|2

σ 2
D

and V =
∑M

l=1 Pl |qlR|
2.

III. PERFORMANCE ANALYSIS
Before calculating the BLER of the destination, we present
the preliminaries that any SPC network should consider.

A. PRELIMINARIES
For a given N , i.e., the number of the information bit trans-
mitted to D and L, i.e., the block-length (packet length)
or the number of channel use, the e2e average BLER
for decoding the signal xs at D can be approximated
by [28]

eλD = Q

 C(γ λ
D) − r√

U (γ λ
D)/L

 , λ ∈ {TAS,BF}, (8)

where Q(q) =

∞∫
q

1
√
2π
e−y

2/2dy, C(q) = log2(1 + q) are the

Gaussian Q-function, the Shannon capacity, respectively, and
U (q) = log2(e)

2(1 − 1/(1 + q)) is the channel dispersion,

r ≜ N /L. Moreover, an approximation of Q

(
C(γ λ

D)−r√
U (γ λ

D)/L

)
63454 VOLUME 12, 2024
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can expressed as [29, Appendix A].

χ (γ λ
D) ≈


1, γ λ

D ≤ v,
0, γ λ

D ≥ u,
1
2

− 4(γ λ
D − τ ), otherwise,

(9)

where 4 = [2π (22r − 1)/L]−1/2
, τ = 2r − 1, v = τ −

1/(24), and u = τ + 1/(24). By suBFtituting (9) into (8),
eλD is attained as

eλD ≈

∞∫
0

χ (γ λ
D)fγ λ

D
(x)dx ≈ 4

u∫
v

Fγ λ
D
(x)dx. (10)

B. CDF DERIVATION
In this subsection, we derive cumulative distribution func-
tions (CDFs) of γ TASD for TAS scheme and γ BFD for BF-MRT
scheme.

1) TAS SCHEME
Since XTAS = PShs is Rayleigh distributed random variable,
hence the CDF and probability density function (PDF) of the
variable are

FXTAS (x) = 1 −

N∑
i=1

(
N
i

)
(−1)i−1 exp (−ix/9S) (11)

and

fXTAS (x) =

N∑
i=1

(
N
i

)
(−1)(i−1)(i/9S) exp (−ix/9S), (12)

respectively, where9S = PS�S,�S = (dSR)−θ in which dSR
is the distance between S and R, θ is the path loss exponent.
The PDF of Y variable is

fY(y) =
1

9D
exp

(
−y
9D

)
, (13)

where 9D =
PR�D

σ 2
D

, �D − (dRD)−θ in which dRD is the

distance between R and D.
Since qlR, l = 1,. . . , M are Rayleigh distributed random

variables, hence the PDF of V is [27, Eq. (7)]

fV (v) =
1

9̄M
IR

vM−1

(M − 1)!
exp

(
−v

9̄IR

)
, (14)

where 9̄IR =
Pl�̄IR

σ 2
D

, �̄IR = (d̄IR)−θ in which d̄IR is the

average distance between the interferers and R.
Proposition 1: The CDF expression of γ TASD given in (6),

is obtained as

Fγ TASD
(z)

= 1 −

N∑
i=1

(
N
i

)
(−1)i−1 exp (−z/9R)

9̄IR(M − 1)!

× 0(M + 1)0(M ) exp
(

β2

2α

)
α−MW

−M , 12

(
β2

α

)
, (15)

where α =
(
iz/9S + 1/9̄IR

)
, β =

√
iz(z+ 1)/(9S9R),

W.,.(.) is Whittaker function [30].
Proof: See Appendix A. ■

2) BF-MRT SCHEME
Based on the CDF of variable XBF = PS||h||

2 being

FXBF = 1 − exp
(

−x
9S

) N−1∑
i=0

1
i!

(
x

9S

)i
, (16)

the PDFs of Y and V given in (13) and (14), respec-
tively, we obtain the CDF of γ BFD as the following
Proposition.
Proposition 2: The CDF expression of γ BFD is

Fγ BFD
(z) = 1 −

N−1∑
i=0

j∑
j=0

(
i
j

) exp
(

−z
9R

)
z(i+1)9

(j−i−1)/2
R

(9̄IR)M9
(j+i+1)/2
S i!(M − 1)!

× 0(M + j+ 1)0(M + i)
exp

(
β̄2

2ᾱ

)
ᾱL+(j+i)/2

β̄

×W−M−(i+j)/2,(j−i+1)/2

(
β̄2

ᾱ

)
, (17)

where ᾱ = z/9S + 1/9̄IR, β̄ =

√
(z2 + z)/(9S9R).

Proof: See Appendix B. ■

C. AVERAGE BLER
Due to the complexity of the CDF given in (15), it becomes
difficult to calculate the integral presented in (10). To derive
the expression for the average BLER while remaining
high accuracy and low complexity, we apply an approach
which is the first order Riemann integral approxima-

tion
t2∫
t1
f (x)dx = (t2 − t1)f (

t1+t2
2 )dx used widely in

the literature [31]. Hence, the average BLER of D is
obtained as

eλD = (u− v)Fγ λ
D

((u+ v)/2) , λ ∈ {TAS,BF}. (18)

D. ASYMPTOTIC ANALYSIS
When PS,R go to infinity, the SINR of D reduces to

γ
λ,∞
D =

XλY
VY + Xλ

, λ ∈ {TAS,BF}, (19)

Then, we obtain CDF of γ
λ,∞
D as the following Proposition.

Proposition 3: The CDF expressions of γ
TAS,∞
D and

γ
BF,∞
D given in (19) are expressed as

F∞

γ TASD
(z) = 1 −

N∑
i=1

CN
i (−1)i−1 exp (−z/9R)

9̄IR(M − 1)!
0(M + 1)

× 0(M ) exp
(

β2

2α

)
α−MW

−M , 12

(
(βTASasm )

2

α

)
,

(20)
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where βTASasm =

√
iz2/(9S9R), CN

i =
(N
i

)
,

F∞

γ BFD
(z) = 1 −

N−1∑
i=0

j∑
j=0

(
i
j

) exp
(

−z
9R

)
z(i+1)9

(j−i−1)/2
R

(9̄IR)M9
(j+i+1)/2
S i!(M − 1)!

× 0(M + j+ 1)0(M + i)
exp

(
β̄2

2ᾱ

)
ᾱL+(j+i)/2

βBFasm

×W−M−(i+j)/2,(j−i+1)/2

(
(βBFasm)

2

ᾱ

)
, (21)

where βBFasm =

√
z2/(9S9R).

Similarly, from Proposition 2 and using the first order
Riemann integral approximation, we get the approximated
expression of the average BLER of D as

eλ,∞
D = (u− v)F∞

γ λ
D

((u+ v)/2) . (22)

IV. POWER CONTROL ISSUE
In this section, a solution of power allocation for maxi-
mizing the e2e effective throughput of the system is pro-
posed. As defined in [32], the e2e effective throughput is
expressed as

τλ
= r(1 − eλD), λ ∈ {TAS,BF}, (23)

where r = N /L, eλD is given in (18). With the fixed location
of the relay, we aim to optimize transmit power allocation to
maximize the effective throughput:

(P1) : max
{PS,PR}

τλ, λ ∈ {TAS,BF} (24)

s.t. PS + PR ≤ Pt , (24a)

PS ≥ 0, PR ≥ 0, (24b)

where Pt is the transmit power budget. Obviously, τλ is a
decreasing function with eλD, thus, Problem P1 is equivalent as

(P2) : min
{PS,PR}

eλD, λ ∈ {TAS,BF}

s.t. (24a), (24b). (25)

However, it is difficult to determine the solution to Problem
P2 when substituting (18) into (25) since CDF in (15) is com-
plicated. To overcome this issue, we provide the following
Lemma.
Lemma 1: The BLER eλD is a decreasing function of γ λ

D .
Proof: See Appendix C.

Based on Lemma 1, Problem P2 can be transformed as

(P3) : max
{PS,PR}

γ λ
D, λ ∈ {TAS,BF} s.t. (24a), (24b). (26)

Note that the first order derivatives of γ λ
D w.r.t PS and PR are

positive,
i.e.,

∂γ λ
D

∂PS
=

VY (Y + 1)hλ

(hλPS + VY + V )2
> 0,

∂γD

∂PR
=

|g|2

σ 2 X (V + Xλ)

(V ( |g|2

σ 2 PR + 1) + Xλ)2
> 0,

where Xλ,Y and V are given in (6). Thus, γ λ
D are increasing

functions of PS and PR. Therefore, maximal γ λ
D requires

maximized transmit power budget, i.e., PS + PR = Pt .
Substituting PR = Pt−PS into Problem P3, it is easily known
that γ λ

D is a concave function since the second order derivative
of γ λ

D is negative, i.e.,

∂2γ λ
D

∂P2S
= −

2hλ |g|2

σ 2

(
|g|2

σ 2 PtV + V
) (
hλPt + V

)
(

|g|2

σ 2 V (Pt − PS) + hλPS + V
)3 < 0. (27)

Thus, by solving
∂γ λ

D
∂PS

= 0, the optimal value of P∗

S can be
obtained as

P∗

S =


√

1112 + 12

V |g|2/σ 2−Vhλ
, V |g|2/σ 2

− hλ > 0,

−
√

1112 + 12

V |g|2/σ 2 − Vhλ
, V |g|2/σ 2

− hλ < 0,
(28)

where 11 = hλPt + V , 12 = V |g|2/σ 2Pt + V . Finally,
we have

P∗

R = Pt − P∗

S. (29)

V. NUMERICAL RESULTS
In this section, we provide simulations for validating the
derived theoretical analysis. Unless otherwise stated, the
parameters of the system are set in Table 2. For convenience,
the transmit power of each interfer is set to be 2.8 dBm [12].

TABLE 2. Parameter setting.

Fig. 2a and Fig. 2b illustrate that the BLERs of the destina-
tion change with respect to the total transmit power, i.e., Pt ,
for two schemes, i.e., optimal power allocation (opt.) and
equal power allocation (eq.) with different the number of
interferers in the TAS and BF-MRT methods, respectively.
We set the number of antennas at S being 4. Obviously,
whenPt increases, the average BLERs significantly decrease.
Under of impact of interference, the performance of the
system degrades as the number of interferers increases.
As expected, the performance of the optimal power alloca-
tion (OPA) scheme is always better than that of the equal
power allocation (EPA) scheme. This verifies the proposed
solution. Also, with large amount of co-channel interference,
the performance of the OPA scheme is the same as the EPA
scheme with small Pt , when Pt is large enough, the OPA
scheme is better than the EPA scheme. Furthermore, the
simulation and theoretical curves match very well, which
confirms that the mathematical derivations is correct.

63456 VOLUME 12, 2024
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FIGURE 2. Average BLERs versus Pt for the optimal and equal power
schemes, N = 4.

Fig. 3a and Fig. 3b show the e2e throughput (bits per
channel uses (bpcu)) versus Pt with different the number of
co-channel interference, i.e,. M and the number of antennas
at the source, i.e, N , being 4 for both the TAS and BF-MRT
methods, respectively. Obviously, an increase in Pt improves
the system performance for both TAS and BF-MRT schemes.
This is because increasing Pt leads to better transmission
quality or a decrease in BLER at the destination. In addition,
when Pt is sufficiently large, i.e., Pt > 25(dBm), the e2e
throughput reaches saturation. It is clear that an increase
in the number of co-channel interference sources results in
degradation of the throughput. Once again, the performance
of the OPA scheme confirms to be better than that of the EPA
scheme.

For comparison, Fig. 4 plots the average BLER of the
destination as a function of Pt withM = 8 and N = 4. As Pt
increases, the BLER decreases significantly. At small Pt ,
i.e.,Pt< 15 (dBm), the optimal algorithm does not showmuch
advantage when the performance of optimal approaches is
similar to equal power for both TAS and BF-MRT schemes.
In addition, we can see that the performance of the BF-MRT
scheme with the optimal transmit power (opt. beam) is

FIGURE 3. Effective throughput versus Pt for the optimal and equal
power schemes, N = 4.

FIGURE 4. Average BLER versus Pt , M = 8 and N = 4.

better than that of TAS scheme with the optimal transmit
power (opt. TAS) at large Pt . However, the performance gap

VOLUME 12, 2024 63457
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FIGURE 5. Average BLER versus number of antennas at the source, M = 3.

FIGURE 6. Effective throughput versus number of antennas at the source, M = 3.

FIGURE 7. Average BLER versus the packet length.

is insignificant. For the equal power scheme (eq.), the average
BLER of both the TAS and BF-MRT schemes are the same.

The impact of the number of antennas of the source
are plotted in Fig. 5a and Fig. 5b for the TAS and

63458 VOLUME 12, 2024
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BF-MRT schemes, respectively, with different Pt andM = 3.
As can be seen that there is a decrease in the average e2e
BLER as the number of antennas at S increases. This explains
that more antennas at the source improves the transmission
quality. However, the BLERs obtain saturation as increasing
antennas at S. This is because the performance of the system
depends on the weaker hop. As the number of antennas at S
increases, the quality of the first hop improves but that of the
second hop remains unchanged. As a result, the performance
system depends on the second hop and reaches the saturation
values.

The throughput affected by the deployment of antennas
at the source are illustrated in Fig. 6a and Fig. 6b under
different the total transmit power. With more antennas at S,
the throughput is better and then reaches saturation value.
The performance of the OPA-based system outperforms
that of the EPA-based system for both TAS and BF-MRT
schemes.

The BLERs evaluated with the change of packet lengths
are shown in Fig. 7a and Fig. 7b with different Pt for the TAS
and BF-MRT schemes, respectively. Clearly, an increase in
packet lengths results in the average e2e BLERs decrease.
This means that the longer the packet length, the more accu-
rately the signal is decoded. Additionally, the system’s BLER
decreases significantly when the packet length varies from
200 channel uses to 1000 channel uses. For packet lengths
greater than 1000 channel uses, the reduction in BLER is
negligible.

VI. CONCLUSION
The paper presented short packet communications for relay-
ing system under co-channel interference at the relay.
Regarding deployment of multiple antenna at the source,
we investigated two transmission methods, i.e., TAS and BF-
MRT schemes. For performance evaluation, the closed-form
and asymptotic expressions for BLERs of the system were
derived for both TAS and BF-MRT schemes. In addition,
we proposed an optimal power allocation for determin-
ing maximum the effective throughput of the system. The
superiority of the proposed scheme was verified based on
comparison of the equal power allocation scheme in terms
of the BLERs and throughput. Also, the system performance
was evaluated via important parameters such as the num-
ber of antennas deployed at the source, the packet-length,
and the number of co-channel interference. In particular,
the performance of the system improves as the number
of antennas at the source increases, but it hits saturation
with a high number of antennas. In order to overcome
the drawback, deploying multiple antennas at the relay
will be investigated in the future works. For extension,
to service multiple destinations, non-orthogonal multiple
access technique [29] should be applied in the system.
In addition, presence of co-channel interference at both
the relay and destination, as well as considering imper-
fect channel state information need to be evaluated in next
papers.

APPENDIX A
PROOF OF PROPOSITION 1
From the given SINR in (6), the CDF of γ TASD is calculated as

Fγ TASD
(z)=Pr

[
XTASY

XTAS + V (Y + 1)
< z

]
. (30)

Eq. (30) is rewritten as

Fγ TASD
(z) = 1 − Pr

[
XTAS >

zV (Y + 1)
Y − z

,Y > z
]

= 1 −

∞∫
z

∞∫
0

[
1 − FXTAS

(
zv(y+ 1)
y− z

)]
× fY (y)dyfV (v)dv

(a)
= 1 −

[ ∞∫
0

∞∫
0

N∑
i=1

(
N
i

)
(−1)(i−1)

×

exp
(
−
z(w+z+1)v

9Sw
−

(w+z)
9R

)
9R

dwfV (v)dv
]

(b)
= 1 −

∞∫
0

N∑
i=1

(
N
i

)
(−1)(i−1)

exp
(

−z
9R

)
2β

(9IR)M (M − 1)!

× vM−1/2 exp (−αv)K1(2β
√
v)dv, (31)

where fY(y), fV(v) are given in (13), (14), respectively, α =(
iz
9S

+
1

9IR

)
,β =

√
iz(z+1)
9S9R

, the step (a) is to change variable y
to w, the step (b) is attained with the help of [30, Eq. 3.324.1].
With the aid of [30, Eq. (6.643.3)], Fγ TASD

(z) is obtained as
given in (15).

APPENDIX B
PROOF OF PROPOSITION 2
From the given SINR in (6), the CDF of γ BFD is calculated as

Fγ BFD
(z)=Pr

[
XBFY

XBF + V (Y + 1)
< z

]
. (32)

Eq. (32) is rewritten as

Fγ BFD
(z)

= 1 − Pr
[
XBF >

zV (Y + 1)
Y − z

,Y > z
]

= 1 −

∞∫
z

∞∫
0

[
1 − FXBF

(
zv(y+ 1)
y− z

)]
fY (y)dyfV (v)dv

(w=y−z)
= 1 −

[ ∞∫
0

∞∫
0

N−1∑
i=0

(
(z2+wz+z)v

w

)i
i!(9S)i9R

× exp
(

−
z(w+ z+ 1)v

9Sw
−

(w+ z)
9R

)
dwfV (v)dv.

]
(33)

Let
(
(z2+wz+z)v

w

)i
=

∑i
j=0

(i
j

)
zi(z + 1)(i−j)w(j−i) and after

some mathematical arrangement, Eq. (33) can be rewritten
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as

Fγ BFD
(z)

= 1 −

[ ∞∫
0

N−1∑
i=0

i∑
j=0

(
i
j

)exp ( −z
9R

−
zv
9S

)
i!(9S)i9R

× zi(z+ 1)(i−j)vi

×
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−

w
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)
dw

︸ ︷︷ ︸
Iv

fV (v)dv.
]

(34)

With the aid of [30, Eq. (3.471.9)] for addressing Iv, suBFti-
tuting (14) into Eq. 34 we have

Fγ BFD
(z) = 1 −

N−1∑
i=0

j∑
j=0

(
i
j

) exp
(

−z
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 dv.
]

(35)

With the aid of [30, Eq. (6.643.3)], we obtain the expression
in (17).

APPENDIX C
PROOF OF LEMMA 1
For convenience, let denote f (γ λ

D) =
C(γ λ

D)−r√
V (γ λ

D)/L
, λ ∈

{TAS,BF}. Taking the first derivative of eλD w.r.t γ λ
D , one have

∂eλD
∂γ λ

D

=
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Note that W (γ λ
D) ≥

√
N
(
1−

ln(1+γ λ
D)

(1+γ λ
D)2−1

)
√
(1+γ λ

D)
2−1

. We define w(x) =(
1 −

ln(x)
x2−1

)
where x = 1 + γ λ

D ≥ 1. Considering the first
derivative of w(x) w.r.t x, we get

w′(x) =
U (x)

x(x + 1)2
, (37)

where U (x) = x2 − 1 − 2x2 ln x. Obviously, U (x) is a
decreasing function due to U ′(x) = −4x ln(x) ≤ 0 for x ≥ 1.
Thus U (x) ≤ U (1) = 0 holds, this results in w′(x) ≤ 0 or
w(x) is a decreasing function of x and w(x) ≤ w(1) for x ≥ 1.

In addition, with Limw(x)
x−>1

= 1/2 based on L’Hopital rule,

we have

W (γ λ
D) ≥

√
N

2
√
(1 + γ λ

D)
2 − 1

≥ 0. (38)

This leads to (eλD(γD))
′
≤ 0.
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