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Abstract

In this paper, we propose a cooperative maximum-ratio transmission (C-MRT) technique with multi-antenna relay nodes for tactical mobile
ad-hoc networks (MANETs) where both the location and the number of antennas of relay nodes are arbitrary. Each relay node is assumed
to know both the wireless channel coefficient from the source node to itself and the wireless channel from itself to the destination node,
which is known as local channel state information (CSI) assumption. Maximum-ratio combining (MRC) and MRT techniques are used for
beamforming the transmit and receive signals of the relay node, respectively. In addition, we mathematically analyze the overall outage
probability of the proposed technique with moment generating function (MGF). It is shown that the mathematical analysis on the overall
outage probability of the proposed C-MRT technique is matched well with the simulation results especially in high transmit power regimes.
It is also observed that the proposed technique outperforms other schemes such as phase steering (PS) and optimal relay selection (ORS) in
terms of outage probability.
c⃝ 2020 The Korean Institute of Communications and Information Sciences (KICS). Publishing services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, tactical edge communications have become im-
portant due to explosively increasing data request in the battle-
field for real-time battlefield videos or tracking and positioning
information [1–3]. As shown in Fig. 1, individual or company
units are distributed in the battlefield and information about
missions and battlefield status needs to be communicated with
each other. With advanced wireless communication technolo-
gies and devices, mobile ad-hoc networks (MANETs) have
been considered as the significant networking architectures for
such military applications due to reliability, flexibility, energy
efficiency, and adaptability [4,5].

A cooperative communication is one of the most promising
techniques to improve error performance of MANETs by
utilizing multiple relay nodes. In the literature, many studies
on cooperative relaying techniques have been investigated to
achieve spatial diversity and improve the error performance
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of cooperative relaying networks [6–8]. In [6], the threshold-
based adaptive relay selection techniques is proposed. The
destination computes the optimal channel gain threshold and
broadcasts it to all relays. And then, among the successful
decoding relays, the relays whose channel gain toward the
destination is above the threshold transmit a signal of source to
the destination. In [7], a downlink cellular system is addressed
for the effect of cooperative and selection relaying schemes,
of which multiple relay stations are equipped with a single
antenna. In [8], the phase steering scheme is analyzed in
cooperative relay network, of which all relay are equipped
with a single antenna. While, in case the relay nodes are
equipped with multiple antennas, then the maximum-ratio
combining/transmission (MRC/MRT) techniques can be used
as receive and transmit beamforming techniques at the re-
lays [9,10]. In [9], multiple relay nodes equipped with multiple
receive antennas adopt the MRC beamforming for the sig-
nal reception from the source node at the first hop, while
only some of the relay nodes that have successfully decoded
the packet from the source node participate the second hop
transmission with a single transmit antenna. At the second
hop, a single-antenna destination node also adopts the MRC
technique in combining signals from multiple relay nodes
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Fig. 1. Communication scenarios over tactical MANET in battlefield.

by assuming that multiple relay nodes send their signals over
orthogonal radio resources such as orthogonal frequency bands
or time slots, but it significantly sacrifices spectral efficiency.
In [10], the transmit beamforming technique was proposed for
both multi-antenna source node and a single multi-antenna
relay node that operates with half-duplex DF strategy in the
presence of the direct link between the source node and a
single-antenna destination node. In the second hop, the multi-
antenna relay node adapts MRT beamforming technique since
it achieves the theoretically optimal performance [11]. How-
ever, as shown in Fig. 1, there exist multiple relays in practical
battlefields.

Hence, we proposed a novel cooperative MRT (C-MRT)
technique with multi-antenna relay nodes for tactical MANETs,
where the relay nodes that have successfully decoded the
packet from the source node simultaneously send the signal
with MRT beamforming to the destination node over the same
radio resource. In particular, the relay nodes are assumed to
be located at arbitrary points and to have different number
of antennas. In addition, we mathematically analyze the over-
all outage probability of the proposed C-MRT technique. A
closed-form expression is derived using MGF approach.

The rest of this paper is organized as follows. In Section 2,
we describe the system model we consider in this paper. In
Section 3, we explain the proposed C-MRT technique in detail.
In Section 4, its performance is analyzed in terms of the outage
probability. The simulation results are shown in Section 5.
Finally, conclusions are drawn in Section 6.

2. System model

We consider a two-hop cooperative relay network with
multi-antenna half-duplex relay nodes as shown in Fig. 2,
which consists of a single-antenna source node, a single-
antenna destination node, and N relay nodes with multiple
antennas. We assume that the number of antennas at relay
nodes are not the same to each other and the number of anten-
nas at the i th relay node is denoted by Ki (i ∈ {1, 2, . . . , N }).
The location of the i th relay node is assumed to be arbitrary
and thus the distances from the source node and the destination
node to the relay nodes is not identical to each other. The
distances from the source node and the destination node to
the i th relay node are denoted by ds,i and di,d, respectively.

Fig. 2. Cooperative multi-relay with multiple antenna system in tactical
network.

The small-scale fading channel coefficients between a cer-
tain transmit antenna and a certain receive antenna are
assumed as Rayleigh fading and to follow identically and
independently distributed (i.i.d.) complex Gaussian distribu-
tion with zero mean and unit variance. Thus, the wireless
channel vector from the source node to the i th relay node
is denoted by hs,i

(
∈ CKi ×1

)
and the wireless channel vector

from the i th relay node to the destination node is denoted as
hi,d

(
∈ C1×Ki

)
. The additive white Gaussian noise (AWGN) at

all receive antennas follows the i.i.d. complex Gaussian dis-
tribution with zero mean and variance of N0, i.e., CN (0, N0).
The noises at the i-the relay node and the destination node
are denoted by ni

(
∈ CKi ×1

)
and nd, respectively. In addition,

we assume that each relay node knows both the channel state
information (CSI) from the source node to itself and the
CSI from itself to the destination node, which is called local
CSI assumption in the literature. Quasi-static frequency-flat
fading is also assumed, which means that wireless channel
coefficients are constant during two-hop transmission time and
change independently for every two-hop transmission time.

3. Cooperative maximum ratio transmission

We describe the overall procedure of the proposed C-MRT
technique in this section. At the first hop, the source node
sends the packet to relay nodes, and then the received signal
at the i th relay node is given by

yi = hs,i

√
d−α

s,i xs + ni , (1)

where xs denotes the transmit signal of the source node with
the transmit power of the source node P , i.e., E

[
|xs|

2]
=

P . The term α denotes the path-loss exponent. Each relay
node adopts the optimal MRC technique to maximize the
receive signal-to-noise ratio (SNR). After the MRC beamform-
ing technique at the i th relay node, the received signal is given
by

ȳi =
hH

s,ihs,i
yi =

√hs,i
2 d−α

s,i xs + n̄i , (2)

where n̄i ≜
hH

s,i
∥hs,i∥

· ni and then n̄i ∼ CN (0, N0).
Each relay node tries to decode the received packet from

the source node at the first hop and the packet decoding is
assumed to be successful if the received SNR is larger than a
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certain threshold. Then, the index set of the relay nodes that
succeed the packet decoding at the first hop, called decoding
set D, is defined as

D = {i ∈ R | γs,i ≜ d−α
s,i ∥hs,i∥

2
≥ γth}, (3)

where γth = (22R
−1)/ρT, the transmit SNR of the source node

at the first hop is defined as ρT ≜ P/N0, and R indicates the
data rate assuming the direct communication from the source
node to the destination node. Note that we assume two-hop
communication from the source node to the destination node
and the required data rate for each hop is equal to 2R. The set
R is defined as {1, 2, . . . , N } and thus D ⊂ R.

At the second hop, each relay node with multiple antennas
that belongs to decoding set D sends the packet to the destina-
tion node with the proposed C-MRT technique simultaneously.
Assuming i ∈ D, the transmit vector of the i th relay node is
given by

si =

√
d−α

i,d hH
i,d

√
γd

xs, (4)

where γd =
∑

i∈D d−α
i,d

hi,d
2 and γd is assumed to be

known to all relay nodes in this paper. After decoding the
received packet at the first hop, all relay nodes feed ACK or
NACK packet back to the source node over pre-assigned non-
overlapping time-slots. When a certain relay node feeds ACK
packet back to the source node, the relay node contains the
wireless channel gain from itself to the destination in the ACK
packet. For example, the i th relay node contains d−α

i,d

hi,d
2

in its ACK packet if i ∈ D, while the i th relay node contains 0
in its NACK packet if i /∈ D. All relay nodes in the decoding
set can compute γ with a distributed manner by overhearing
all ACK/NACK packets. In general, ACK or NACK packet
is quite short compared with the data packet and we assume
that time consumption for ACK or NACK packet is negligible
in this paper as many studies including [12]. With the power
normalization with γd, the sum of the transmit powers of the
relay nodes that belong to D becomes P which is the same
with the transmit power of the source node at the first hop.

The received signal at the destination node in the second
hop is given by

yd =

∑
i∈D

√
d−α

i,d hi,dsi + nd

=

√∑
i∈D

d−α
i,d

hi,d
2xs + nd. (5)

Then, the received SNR at the destination node is given by

ρd =

(∑
i∈D

d−α
i,d

hi,d
2

)
· ρT. (6)

4. Outage probability analysis

In this section, the proposed C-MRT technique is analyzed
in terms of outage probability. The overall outage probability
at the destination node is given by

Pout = Pr
{
Outage

}

= Pr
{
Outage|D ̸= ∅

}
Pr {D ̸= ∅}

+ Pr
{
Outage|D = ∅

}
Pr {D = ∅}

= Pr
{
Outage|D ̸= ∅

}
Pr {D ̸= ∅} + 1 · Pr {D = ∅}

=

∑
∀D⊂R\∅

[∏
i /∈D

Pr
{
γs,i < γth

} ∏
j∈D

Pr
{
γs, j ≥ γth

}
× Pr {γd < γth|D}

]
+

∏
r∈R

Pr
{
γs,r < γth

}
. (7)

For outage probability analysis, first we obtain the cumu-
lative distribution function (c.d.f.) of channel gain of each
node at both first and second hop. Before that, for notational
convenience, δs,i := d−α

s,i and δi,d := d−α
i,d and a random

variable (RV) Z Ki
δs,i

≜ δs,i∥hs,i∥
2 and a RV Z Ki

δi,d
≜ δi,d∥hi,d∥

2.
For the performance analysis of outage probability in co-

operative multiple relay system, we first need to know the
probability distributions of the effective channel gain of re-
ceiver at each hop. At first hop in this system, since i th relay
node is equipped with Ki antennas and is located at di distance
from the source node, its effective channel gain, Z

δ
Ki
s,i

, follows

Erlang distribution with mean Kiδs,i and variance Kiδ
2
s,i . Thus,

the c.d.f. of Erlang distribution is given as

F
Z

Ki
δs,i

(z) = 1 − e
−

z
δs,i

Ki −1∑
k=0

1
k!

(
z

δs,i

)k

. (8)

At second hop where receiver receives a C-MRT signal, the
effective channel gain from (6) is given as Zd ≜

∑
i∈D Z Ki

δi,d
.

We derive its distribution in following subsection by using
MGF approach.

4.1. Cumulative distribution function of effective channel
gain for generalized C-MRT

Note that, at second hop of this system model, each relay
node has an arbitrary number of antennas and is located at
an arbitrary distance from the destination for the generalized
C-MRT. As defined by the RV Zd, we should need to know
the c.d.f. of sum of |D| nonidentical and independent RVs
following the Erlang distribution. Such like (8), the c.d.f. of
Z Ki

δi,d
is given as

F
Z

Ki
δi,d

(z) = 1 − e
−

z
δi,d

Ki −1∑
k=0

1
k!

(
z

δi,d

)k

. (9)

The CDF of Zd can be derived from using the MGF ap-
proach [13]. The MGF of Zd can be derived from the MGF
of Z Ki

δi,d
. Using apply Taylor series expansion to (9), it can be

expressed as

F
Z

Ki
δi,d

(z) =

∞∑
l=0

Ki −1∑
k=0

(−1)k+1+l+Ki

k! (Ki + l − k)!

(
z

δi,d

)Ki +l

. (10)

Let a function ω(l, Ki ) be
∑Ki −1

k=0
(−1)k+1+l+Ki
k! (Ki +l−k)! . Limiting to

L + 1 terms, (10) is approximated as

F
Z

Ki
δi,d

(z) ≈

L∑
l=0

ω(l, Ki )
(

z
δi,d

)Ki +l

. (11)
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Using the inverse Laplace transform of the MGF of Zd, we
can obtain the c.d.f. of Zd. Then, the MGF of Z Ki

δi,d
can be

obtained as

M
Z

Ki
δi,d

(s) = s
∫

∞

0
e−sz F

Z
Ki
δi,d

(z)dz

≈

L∑
l=0

ω(l, Ki )
(

1
δi,d

)Ki +l [
s
∫

∞

0
e−szzKi +ldz

]

=

L∑
l=0

ω(l, Ki )
(

1
δi,d

)Ki +l Γ (Ki + l + 1)
sKi +l

. (12)

As the all channels from all relays to the destination are
assumed to be independent, the MGF of Zd =

∑
i∈D Z Ki

δi,d
can

be obtained as

MZd (s) =

∏
i∈D

(
L∑

l=0

ω(l, Ki )
(

1
δi,d

)Ki +l Γ (Ki + l + 1)
sKi +l

)

=

L∑
lD(1)=0

· · ·

L∑
lD(|D|)=0

[∏
i∈D

ω(li , Ki )
(

1
δi,d

)Ki +li

×
Γ (Ki + li + 1)

sKi +li

]
, (13)

where a function D(x) has a output which is an x th smallest
index in a set D for input x (1 ≤ x ≤ |D|). Eq. (13) can be
compactly expressed as

MZd (s) =

L∑
l(D)

[
Ω (D)s−Σ (D)] , (14)

where
L∑

l(D)

:=

L∑
lD(1)=0

L∑
lD(2)=0

. . .

L∑
lD(|D|)=0

, (15)

Ω (D) :=

∏
i∈D

ω(l, Ki )
(

1
δi,d

)Ki +li
Γ (Ki + li + 1), (16)

Σ (D) :=

∑
i∈D

Ki +

∑
i∈D

li . (17)

The same notations such as li for all i in (13), (15), (16), and
(17) interact. Finally, the CDF of Zd can be obtained by taking
inverse Laplace transform of MZd/s as follows

FZd (z) =

L∑
l(D)

Ω (D)
Γ (Σ (D) + 1)

zΣ (D). (18)

4.2. Outage analysis

Finally, the overall outage probability is given by

Pout

=

∑
∀D⊂R\∅

[ ∏
i∈R\D

Pr
{
γs,i < γth

} ∏
j∈D

Pr
{
γs, j ≥ γth

}
× Pr {γd < γth|D}

]
+

∏
r∈R

Pr
{
γs,r < γth

}

=

∑
∀D⊂R\∅

[{ ∏
i∈R\D

F
Z

Ki
δs,i

(γth)
∏
j∈D

F̄
Z

K j
δ j,d

(γth)

}
FZd (γth)

]
+

∏
r∈R

FZ Kr
δs,r

(γth) , (19)

where F̄X (x) is the complementary cumulative distribution
function for RV X , i.e., F̄X (x) = 1 − FX (x). Plugging (8)
and (18) into (19),

Pout

=

∑
∀D⊂R\∅

⎡⎣⎧⎨⎩ ∏
i∈R\D

(
1 − e

−
γth
δs,i

Ki −1∑
k=0

1
k!

(
γth

δs,i

)k
)

×

∏
j∈D

⎛⎝e
−

γth
δs, j

K j −1∑
k=0

1
k!

(
γth

δs, j

)k
⎞⎠⎫⎬⎭

×

L∑
l(D)

Ω (D)
Γ (Σ (D) + 1)

(γth)
Σ (D)

⎤⎦
+

∏
r∈R

(
1 − e−

γth
δs,r

Kr −1∑
k=0

1
k!

(
γth

δs,r

)k
)

. (20)

5. Simulation results

In this section, we show the performance of the proposed
C-MRT technique in terms of outage probability through ex-
tensive computer simulations. Also, the proposed C-MRT tech-
nique is compared to other schemes such as PS scheme and
ORS technique. For ORS, a destination node selects which
link is best to communication with relay nodes as transmission
relay. Only one relay with the best link transmit selectively [7].
PS scheme is to make each received signal from multiple
relay nodes co-phased at the destination node by pre-adjusting
the phase differences [8]. Simulation parameters are given as
follows. The target rate is set to 1.5 bits/Hz/sec, i.e., R =

1.5 and the path-loss exponent is set to 3, i.e., α = 3.
The noise spectral density N0 is set to −174 dBm/Hz and
the system bandwidth (BW) is set to 10 MHz. Then, ρT =(
10 log(P) − N0 − 10 log 107

)
(dB). In the simulations, we

assume a linear topology, which means ds,i + di,d = 4 km
for all i ∈ {1, 2, . . . , N }. The parameter L related to analysis
accuracy is 10.

Fig. 3 shows that the overall outage probability of the tech-
niques of MANET for various K ∈ {1, 2, 3} when N = 3. For
the simplified simulation, Ki for all i is set as K . The proposed
C-MRT as well as PS scheme and ORS technique have more
improved performance as the number of antenna increase.
Through the MGF approach for analysis, we analyze the tight
upper bound performance of C-MRT. These theoretical results
are matched well with simulation results in high SNR regime.
The C-MRT technique outperforms the other techniques in
MANET due to the higher diversity gain.

Fig. 4 shows that the overall outage probability of them
for various number of relays N ∈ {1, 2, 3} when Ki = 3 for
all i . The tendency of simulation results is similar to that of
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Fig. 3. Outage probability performance of MANET for various numbers of
antennas, Ki , when N = 3 and ds,i = di,d = 2 for all i ∈ R.

Fig. 4. Outage probability performance of MANET for various numbers of
relays, N , when Ki = 3 and ds,i = di,d = 2 for all i ∈ R.

results in Fig. 3 because the increase in number of relay has
the same effect as the increase in number of antenna in terms
of diversity gain.

Fig. 5 shows the outage probability of the C-MRT technique
for various locations of relay nodes when N = 3 and Ki = 3
for all i . The distances between the source node and relay
nodes are given as (ds,1, ds,2, ds,3) ∈ {(3, 3, 3), (1, 2, 3),
(1, 1, 1), (2, 2, 2)}, which is represented in kilometer unit.
Note that, as noted before, the distance from the relay nodes
to the destination node is set to di,d = 4 − ds,i for all i . As
expected, the outage performance with the relay nodes located
in the center between the source node and the destination node
outperforms other cases, while the outage performance varies
according to the location of relay nodes.

Fig. 6 shows the outage probability of C-MRT for varying
target rate R when the transmit power P = 10 dBm. As in the
perspectives of Figs. 3 and 4, changes in the number of anten-

Fig. 5. Outage probability of the C-MRT technique for various locations of
relays when N = 3 and Ki = 3 for all i ∈ R.

Fig. 6. Outage probability of the C-MRT technique for varying target rate
R and various combination of N ∈ {1, 2, 3} and Ki ∈ {1, 2, 3} when P = 10
dBm.

nas and relays have a significant impact on the performance
of the outage probability depending on the target rate.

6. Conclusions

In this paper, a novel cooperative maximum-ratio transmis-
sion technique (C-MRT) was proposed for a military mobile
ad-hoc network (MANET) which consists of a single-antenna
source node, a single-antenna destination node, and multiple
relay nodes equipped with multiple antennas. It was assumed
that each relay node is located in an arbitrary position and the
arbitrary number of antennas at relay nodes. In this system,
we mathematically analyzed the upper bounded overall outage
probability by using the moment-generating function (MGF)
approach. Through simulations, the performance of the pro-
posed C-MRT technique in terms of outage probability was
investigated with various system parameters and compared to
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other schemes such as phase steering scheme, optimal relay
selection technique in MANET. Then, we verified that the
proposed C-MRT technique outperforms the other techniques.
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