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Abstract. The performance of the multi-robot wireless-
based networks is investigated in this paper. Particularly, we
derive the outage probability (OP) and potential throughput
(PT) of the worst terminal in the closed-form expressions un-
der two scenarios, with and without direct transmission from
the centre robot to all terminal robots. The considered system
is complicated since it involves many random variables (RVs)
and they are correlated owing to the common link from the
central robot to the relay one. To overcome such correlations,
our approach is to first derive the performance of the consid-
ered metric condition on the correlated link, we then take the
average over the common link. Numerical results based on
the Monte-Carlo method are given to verify the accuracy of
the derived framework as well as to identify the behaviors of
two metrics with respect to some key parameters such as the
transmit power at both central and immediate robots.
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Multi-robot networks, outage probability, selection
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1. Introduction
Multi-robot wireless-based networks (MWN) is the

smart combination of multi-robot networks (RNs) and wire-
less networks (WNs) that inherits the advantages from both
sides [1]. Particularly, robots are generally employed to do
tasks that are not able to handle by humans, i.e., entering risky
areas such as high radiation areas. However, a single robot
can not generally tackle these tasks efficiently and quickly. As
a consequence, multi-robot networks are deployed in practice
to facilitate performance. In order to communicate between

robots and robots or centre robots, wireless communications
is a wise and efficient choice since it can be employed in
any places even the disaster areas. Additionally, multi-robot
networks with wireless communications capabilities can also
improve reliability and scalability. Here, reliability refers to
a case where one robot suddenly gets malfunctions, other
robots can complement its tasks to achieve the whole tar-
get. Scalability is more obvious since with a large number of
robots one can enhance the working area. Nonetheless, these
advantages rely on the assumption that error-free communi-
cations between these robots are available. It, however, is not
a case in practical scenarios such as under the harsh weather,
environments, etc. As a consequence, the present work fo-
cuses on the improvement of communications in multi-robot
networks. Particularly, we consider an MWN where some
immediate robots can help the sink node to forward vital
information to all end-robot. Before going to highlight the
main contributions and novelties of the paper. Let us shortly
summarize some state-of-the-art in MWN.

The performance of MWN was studied widely in [2–8].
Particularly, communications between two swarm robots
were supported by employing unmanned aerial vehicles
(UAVs). The results unveiled that by optimally allocating
transmit power and UAV’s trajectory, the sum rate of the
system is improved significantly. These findings, however,
count on numerical results rather than on the rigorous math-
ematical framework. Improving the coverage area of the
multiple mobile robot networks was addressed in [3] with
the help of reinforcement learning (RL). They, nonetheless,
focus on extending the coverage area instead of facilitating
the reliability of the WRN. A novel protocol named LEACH-
R to relay information in mobile swarm robots was proposed
in [5]. They showed that their proposed scheme outperforms
another in terms of packet delivery ratio, and probability of
interruption of network links. The design and simulation of
multi-robot systems deploying Zigbee were conducted in [6].
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Okonkwo and others in [7] studied time-varying ultra-
wideband (UWA) channel modeling of robot-to-robot com-
munications. They found that in the case non light-of-sight
(NLOS) scenario, the stationary bandwidth depends on the
proximity and distribution of the scatters. The performance
of a multi-robot rescue system communicated by an ad hoc
network was studied in [8].

Different from the above-mentioned work, in the present
paper, we study the communications performance of the
multi-robot wireless-based networks where a central robot
sends command tasks to all terminal robots with the help of
a relay robot. Some practical scenarios of the considered
system are the following: the central robot sends commands
to all robots to rescue/help people, perform relief activities
in the disaster areas or enter the dangerous area to perform
some special tasks, i.e., removing radiated waste, etc. More
precisely, we derive in closed-form expressions the outage
probability (OP) and the potential throughput (PT) of the
worst robot under two scenarios, with and without direct
transmission from the central robot to all terminal robots.
The main contributions and novelties of the present paper are
summarized as follows:

• To the best of the authors’ knowledge, we are a pioneer
to study the performance of the multi-robot wireless-
based networks. The considered system is highly com-
plicated with involves many correlated random vari-
ables (RVs).

• As the performance of the whole systems is bottleneck
at the worst end-robot, we thus derive in closed-form ex-
pressions the OP and PT of the worst terminal robots un-
der two cases, with and without direct link from source
to destination robots.

• We provide numerical results to verify the correctness
of the derived mathematical framework and to high-
light the behaviors of two considered metrics under the
impact of some vital parameters such as the transmit
power at the centre and relay robots.

The remainder of the manuscript is organized as fol-
lows: Section 2 provides the system model. The main
derivations and trends are given in Sec. 3. Numerical re-
sults are provided in Sec. 4. Section 5 concludes the main
observations from the paper.

2. System Model
We consider a wireless-based multi-robot system where

a sink node denoted by S wants to broadcast information to
N robots denoted by D𝑛, 𝑛 ∈ {1, . . . ,N} with the help of
an immediate robot between S and all D as illustrated in
Fig. 1. It is noted that the relay robot is generally located
in the middle between the central and terminal robots. Ad-
ditionally, we consider a case where each robot is equipped
with only a single antenna, the multi-antenna case is left for
future work.

Direct link Indirect link

Fig. 1. The considered multi-robot wireless-based networks.

2.1 Transmission Procedure
We consider two scenarios in the present work. In the

first case denoted by (C1), we assume that the direct trans-
mission between the commander and terminal robots are not
existed owing to deep fading and obstacles [9]. In the sec-
ond case denoted by (C2), the direct link between S and D𝑛,
𝑛 ∈ {1, . . .N} exists. In both cases, the whole transmission
takes place in two consecutive time slots/phases. In the first
phase, the centre robot sends information to the immediate
robot (C1) or all robots in the networks (C2). At the end of
the first phase, the relay robot will decode this information.
Next, in the second phase, it will re-encode and forward the
source information to all destination robots. It is emphasized
that the considered protocol overcomes the popular issue of
amplify-and-forward (AF) protocol that the immediate robot
amplifies both useful signals plus noise and forwards to the
destinations. For the second case (C2), each terminal robot
will employ the selection combining (SC) technique to com-
bine information from the source and relay robots.

2.2 Channel Modelling
All wireless links in the considered multi-robot net-

works are subjected to both small-scale fading and large-scale
path loss. which are practical. The impact of the shadowing
is not taken into account as it is a favored case in the literature
for short-range communications [10].

Small-Scale Fading Let us denote 𝑐𝑎,𝑏, 𝑎 ∈ {S,R},
𝑏 ∈ {R,D𝑛}, 𝑛 ∈ {1, . . . ,N}, as the channel coefficient
between transmitter 𝑎 and receiver 𝑏 that is modeled by
a complex Gaussian distribution with zero mean and 𝛼 vari-
ance, i.e., CN (0, 𝛼). As a consequence, the channel gain
between node 𝑎 and 𝑏 denoted by 𝑔𝑎,𝑏 =

��𝑐𝑎,𝑏��2 is followed
by an exponential distribution with scale parameter 𝛼. It is
noted that the adopted fading modeling provides the worst
performance compared with other fading distributions thus,
the considered system can work well in any practice environ-
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ment. Moreover, we assume that fading is fixed in one-time
slot and changes independently between time slots.

Large-Scale Path-Loss Let us denote 𝑙𝑎,𝑏 as the large-
scale path-loss from robot 𝑎 to robot 𝑏, it is then defined as
follows [11]:

𝑙𝑎,𝑏 = 𝐿0
(
max

(
1, 𝑑𝑎,𝑏

) )𝜒 (1)

where 𝜒 and 𝐿0 =

(
4𝜋
𝜆

)2
are the path-loss exponent and

the path-loss constant, 𝑑𝑎,𝑏 is the transmission distance from
𝑎 → 𝑏, 𝜆 = 𝑐

𝑓c
is the wavelength, 𝑐 (in m/s) is the speed of

light, and 𝑓c (in Hz) is the carrier frequency.

Remark 1 It should be noted that the adopted large-scale
path-loss model overcomes the popular issue of the un-
bounded path-loss model that the receiver power at the re-
ceiver approaches infinity when the transmission distance
reaches zero [12].

2.3 Signal-to-Noise Ratio (SNR)
The received signals at the relay robot and the 𝑛-th ter-

minal robot from 𝑆 at the first phase denoted by 𝑦R and 𝑦S,𝑛,
𝑛 ∈ {1, . . . ,N} are formulated as follows:

𝑦R =

√︃
𝑃S𝑙

−1
S,R𝑐S,R𝑥S + 𝑛R,

𝑦S,𝑛 =

√︃
𝑃S𝑙

−1
S,𝑛𝑐S,𝑛𝑥S + 𝑛1

𝑛, ∀𝑛
(2)

where 𝑃S is the transmit power of the central robot; 𝑥S is the
transmitted signals of the central robot with E

{
|𝑥S |2

}
= 1,

E {·} is the expectation operator. 𝑛R and 𝑛𝑛 are the ad-
ditive Gaussian white noise (AWGN) at relay and 𝑛-th
robot with zero mean and variance 𝜎2

R = 𝜎2
𝑛 = 𝜎2 =

−174 + NF + 10 log (BW) ,∀𝑛 [13]; where NF (in dB) is
the noise figure; and BW (in Hz) is the transmission band-
width. The received signals at the 𝑛-th terminal robot at the
2nd phase are computed as

𝑦R,𝑛 =

√︃
𝑃R𝑙

−1
R,𝑛𝑐R,𝑛𝑥R + 𝑛2

𝑛, ∀𝑛. (3)

Here 𝑃R is the transmit power of the relay robot. From (2)
and (3), the signal-to-noise ratio (SNR) of the indirect link
from source to the 𝑛-th robot via relay robot denoted by 𝛾I

𝑛

is formulated as [14]:

𝛾I
𝑛 = min


𝑃S𝑙

−1
S,R

��𝑐S,R
��2

𝜎2 ,
𝑃R𝑙

−1
R,𝑛

��𝑐R,𝑛
��2

𝜎2

 , ∀𝑛 (4)

where min {·, ·} is the minimum function. It is noted that if
the first scheme is taken into account, the end-to-end (e2e)
SNR is exactly the same as 𝛾I

𝑛 = 𝛾
e2e,C1
𝑛 . On the other hand, if

the second scheme (considering the direct link) is employed,
the e2e SNR at the 𝑛-th robot is computed as [15]:

𝛾e2e,C2
𝑛 = max


𝑃S𝑙

−1
S,𝑛

��𝑐S,𝑛
��2

𝜎2 , 𝛾e2e,C1
𝑛

 . (5)

Remark 2 It is no doubt to point out that the e2e SNR of the
2nd scheme includes the e2e SNR of the first scheme. Thus,
it is certain that the performance of the 2nd scheme always
outperforms another.

In the present work, we investigate the performance of
the worst robot. From (5) and (4), the e2e SNR of the worst
destination under the 1st and 2nd scheme denoted by 𝛾𝑒w,
𝑒 ∈ {C1, C2} is given as
𝛾C2

w = min
𝑛∈{1,𝑁 }

{
𝛾

e2e,C2
𝑛

}
= min
𝑛∈{1,𝑁 }

{
max

{
𝑃S

��𝑐S,𝑛
��2

𝑙S,𝑛𝜎2 ,min

{
𝑃S

��𝑐S,R
��2

𝑙S,R𝜎2 ,
𝑃R

��𝑐R,𝑛
��2

𝑙R,𝑛𝜎2

}}}
,

𝛾C1
w = min

𝑛∈{1,𝑁 }

{
𝛾

e2e,C1
𝑛

}
= min
𝑛∈{1,𝑁 }

{
min

{
𝑃S

��𝑐S,R
��2

𝑙S,R𝜎2 ,
𝑃R

��𝑐R,𝑛
��2

𝑙R,𝑛𝜎2

}}
.

(6)

Remark 3 Direct inspection (6), we observe that the e2e
SNR of all terminal robots is not independent of each other
since all e2e SNR rely on the SNR of the 1st hop from the
centre to the relay robot. As a consequence, the derivation of
the considered system is extremely difficult for an arbitrary
number of terminal robots.

In the next section, we are going to address the perfor-
mance of two considered metrics which are outage probabil-
ity and potential throughput.

3. Performance Analysis
In this section, we investigate the outage probability

and the potential throughput of the worst robots under two
schemes [12]. Let us first study the OP and followed by
the PT.

3.1 Outage Probability
3.1.1Outage Probability of the Worst Robot under the 1st

Scheme
The outage probability of the robot under the first

scheme is computed as
OPC1 = Pr

{
𝛾C1

w ≤ 𝛾th
}

= Pr

{
min

𝑛∈{1,𝑁 }

{
min

{��𝑐S,R
��2 𝑃S
𝑙S,R𝜎2 ,

𝑃R
𝑙R,𝑛𝜎2

��𝑐R,𝑛
��2}}

≤ 𝛾th

}
(𝑎)
= Pr

{
min

{��𝑐S,R
��2 𝑃S
𝑙S,R𝜎2 ,

𝑃R
𝑙R,𝑛𝜎2 min

𝑛∈{1,𝑁 }

{��𝑐R,𝑛
��2}} ≤ 𝛾th

}
(𝑏)
= 1 − 𝐹 |𝑐S,R |2

(
𝛾th

𝑙S,R𝜎
2

𝑃S

)
𝐹
𝑈= min

𝑛∈{1,𝑁 }

{
|𝑐R,𝑛 |2

} (
𝛾th

𝑙R,𝑛𝜎
2

𝑃R

)
(𝑐)
= 1 − exp ©«−𝛾th

𝑙S,R𝜎
2

𝑃S𝛼|𝑐S,R |2
ª®¬ ©«

𝑁∏
𝑛=1

©«exp ©«−𝛾th
𝑙R,𝑛𝜎

2

𝑃R𝛼|𝑐R,𝑛 |2
ª®¬ª®¬ª®¬

(7)
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where 𝛾th = 22𝑅 − 1, 𝑅 (in bits/s/Hz) is the expected rate,
(𝑎) is attained by exploiting the property that minimizing the
e2e SNR of dual-hop SNR is equivalent to minimizing the
2nd hop, i.e., from relay to terminals, since all links utilize
the same first hop, e.g., from centre to relay robot, (𝑏) is
held by using the independent property between the 1st and
2nd hop and the order statistic, and (𝑐) is obtained by sub-
stituting the CDF of the exponential RV and the minimum
of the independent and non-identically distributed (i.n.i.d.)
exponential RVs.

3.1.2Outage Probability of the Worst Robot under the
2nd Scheme

Different from the 1st scheme where the direct link
does not take into account. In the 2nd scheme, the direct
link exists and has a countable contribution to the e2e SNR.
It, as a result, improves the system’s performance. However,
from the mathematical framework point of view, it is more
challenging. More precisely, we can not employ the equiv-
alent property in (7) because there is a maximum function
between two minimum functions of 𝛾C2

w in (6). Thus, we
need to deploy another technique in order to derive the OP
in the closed-form expression. Particularly, we first compute
the OP of the worst robot condition on the channel gain from
the centre robot to the immediate robot denoted by OPC2

𝑋 and
is formulated as follows:

OPC2
𝑋 = Pr

{
𝛾C2

w ≤ 𝛾th
�� 𝑋 =

��𝑐S,R
��2}

= Pr

{
min

𝑛∈{1,𝑁 }

{
max

{
𝑃S

��𝑐S,𝑛
��2

𝑙S,𝑛𝜎2 ,

min

{
𝑃S𝑋

𝑙S,R𝜎2 ,
𝑃R

��𝑐R,𝑛
��2

𝑙R,𝑛𝜎2

}}}
≤ 𝛾th

}
.

(8)

To compute the probability in (8) let us define
a random variable 𝑍𝑛 conditions on 𝑋 as 𝑍𝑛 =

𝑃S
𝑙S,R𝜎2 min

{
𝑋,

𝑃R𝑙S,R
𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2} [16]. Its cumulative distribu-

tion function (CDF) is then computed as follows:
𝐹𝑍𝑛

(𝑧; 𝑥) = Pr {𝑍𝑛 ≤ 𝑧}

= Pr
{

𝑃S

𝑙S,R𝜎2 min
{
𝑋,

𝑃R𝑙S,R

𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2} ≤ 𝑧

}
= Pr

{
𝑃R𝑙S,R

𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2 < 𝑧

𝑙S,R𝜎
2

𝑃S
,
𝑃R𝑙S,R

𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2 < 𝑥

}
+ Pr

{
𝑥 < 𝑧

𝑙S,R𝜎
2

𝑃S
,
𝑃R𝑙S,R

𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2 ≥ 𝑥

}
= Pr

{
𝑃R𝑙S,R

𝑃S𝑙R,𝑛

��𝑐R,𝑛
��2 < min

(
𝑥, 𝑧

𝑙S,R𝜎
2

𝑃S

)}
+ Pr

{��𝑐R,𝑛
��2 > 𝑥

𝑃S𝑙R,𝑛

𝑃R𝑙S,R

}
H

(
𝑧
𝑙S,R𝜎

2

𝑃S
− 𝑥

)
= 1 − exp

(
−

𝑃S𝑙R,𝑛

𝛼|𝑐R,𝑛 |2𝑃R𝑙S,R
min

(
𝑥, 𝑧

𝑙S,R𝜎
2

𝑃S

))
+ exp

(
− 𝑥

𝛼|𝑐R,𝑛 |2
𝑃S𝑙R,𝑛

𝑃R𝑙S,R

)
H

(
𝑧
𝑙S,R𝜎

2

𝑃S
− 𝑥

)

(9)

where H (·) is the Heaviside function. Having obtained the
CDF of 𝑍𝑛, the CDF of the e2e SNR of the 𝑛-th terminal
robot condition on 𝑋 is given as follows:

𝐹
𝛾

e2e,C2
𝑛

���𝑋 (𝑤) (𝑎)
= 𝐹|𝑐S,𝑛 |2

(
𝑤
𝑙S,𝑛𝜎

2

𝑃S

)
𝐹𝑍𝑛

(𝑤; 𝑥)

(𝑏)
=

(
1 − exp

(
−

𝑤𝑙S,𝑛𝜎
2

𝑃S𝛼|𝑐S,𝑛 |2

))
×

(
1 − exp

(
−

𝑃S𝑙R,𝑛

𝛼|𝑐R,𝑛 |2𝑃R𝑙S,R
min

(
𝑥, 𝑤

𝑙S,R𝜎
2

𝑃S

))
+ exp

(
− 𝑥

𝛼|𝑐R,𝑛 |2
𝑃S𝑙R,𝑛

𝑃R𝑙S,R

)
H

(
𝑤
𝑙S,R𝜎

2

𝑃S
− 𝑥

))
(10)

where (𝑎) is attained by employing the independent property
between the direct and indirect links and (𝑏) is held by sub-
stituting the CDF of the exponential random variable and (9).
The CDF of OPC2

𝑋 is then calculated as

OPC2
𝑋 (𝑅; 𝑥) =Pr

{
𝛾C2

w ≤ 𝑅
�� 𝑋 =

��𝑐S,R
��2}

=Pr
{

min
𝑛∈{1,𝑁 }

{
𝛾e2e,C2
𝑛

�� 𝑋}
≤ 𝛾th

}
=1 − Pr

{
max

𝑛∈{1,𝑁 }

{
𝛾e2e,C2
𝑛

�� 𝑋}
≥ 𝛾th

}
=1 −

𝑁∏
𝑛=1

𝐹
𝛾

e2e,C2
𝑛

���𝑋 (𝛾th) .

(11)

Finally, by taking the average of the OPC2
𝑋 over 𝑋 , we obtain

the OP of the worst robot as follows:

OPC2 =

∞∫
𝑥=0

OPC2
𝑋 (𝑅; 𝑥) 𝑓

𝑋=|𝑐S,R |2 (𝑥) d𝑥

=1 −
(

𝑁∏
𝑛=1

𝐴𝑛

) [(
𝑁∏
𝑛=1

[1 + 𝐶𝑛]
)

exp

(
−𝛾th

𝑙S,R𝜎
2

𝑃S𝛼|𝑐S,R |2

)
+ 1
𝛼|𝑐S,R |2

(
1 − exp

(
−𝛾th

𝑙S,R𝜎
2

𝑃S𝛼|𝑐S,R |2

))]
.

(12)

Here 𝐴𝑛 = exp

(
−𝛾th

𝜎2𝑙S,𝑛
𝑃S𝛼|𝑐S,𝑛 |2

)
,

𝐵𝑛 = exp

(
−𝛾th

𝜎2𝑙R,𝑛
𝑃R𝛼|𝑐R,𝑛 |2

) [
1 − exp

(
−𝛾th

𝜎2𝑙S,𝑛
𝑃S𝛼|𝑐S,𝑛 |2

)]
,

and 𝐶𝑛 =
𝐵𝑛

𝐴𝑛
.

Proof: The proof is available in Appendix 1.

3.2 Potential Throughput
The potential throughput of the worst robot under the

𝑒-scheme is computed as follows:
PT𝑒 = (1 − OP𝑒 (𝛾th)) log2 (1 + 𝛾th) (13)

which measures the data rate that the network can provide to
each robot and guarantees communication.
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Remark 4 This paper has investigated the two important
measurement metrics for multi-robot wireless-based net-
works comprising the OP and potential throughput. Specif-
ically, the OP indicates the probability of disconnection to
each robot in the network under the quality of service require-
ments. Besides, the potential throughput defines the provided
data rate to robots from the network.

4. Numerical Results
In this section, we provide numerical results to verify

the accuracy of the proposed mathematical framework versus
Monte-Carlo simulations and to reveal the impact of some key
parameters on the performance of both metrics, i.e., outage
probability and potential throughput. Without loss of gener-
ality, the parameters are provided in Tab. 4. It is noted that
the selected parameters have complied with current wireless
networks. In particular, the selected carrier frequency and
bandwidth are according to the 4G cellular networks [17].
The transmit power of 𝑃S ranges from 0 to 40 dBm, with the
default setting fixed at 20 dBm. The location of the central
and relay robots are (0, 0) [m] and (40, 0) while the position
of all terminal robots are following: (80, 10), (100,−20),
(80, 0), (90,−10), respectively. All figures in this section
are produced by using the popular software MATLAB1 .
Nonetheless, other popular open-source software like Python
can also be considered to produce the below results. Regard-
ing the hardware, the figures are mainly produced by the
laptop Inspiron 13 5378 with the CPU Intel Core i7-7500
2.7 GHz and memory 16384 MB RAM.

Figure 2 illustrates the performance of both OP and PT
versus 𝑅 under two schemes. We first confirm that the de-
rived mathematical framework matches well with simulation
results via the Monte-Carlo method. Next, the performance
of the 2nd scheme is better than the 1st scheme. Nonethe-
less, relying on the transmit power at both 𝑃S and 𝑃R, the
gap can be indistinguishable or considerable. Particularly, if
the transmit power at the center and relay robots are com-
parable, the performance of the two schemes is more or less
the same, i.e., 𝑃S = 𝑃R = 30 dBm, and we observe a big
gap if 𝑃R ≪ 𝑃S. Besides, the OP is a monotonic increasing
function with respect to 𝑅. It can be explained straightfor-
wardly from the definition of the OP. Figure 2(b) shows the

Full name Notations Values [Unit]
Carrier frequency 𝑓c 2.5 [GHz]
Path-loss exponent 𝜒 3.75

Transmission bandwidth BW 2 [MHz]
Noise figure NF 6 [dB]

Expected rate 𝑅 0 → 4 [bits/s/Hz]
Number of robots N 4

Transmit power of source robot 𝑃S 0 → 40 [dBm]
Transmit power of relay robot 𝑃R {10, 20, 30, 40} [dBm]

Channel gain from 𝑎 to 𝑏 |𝑐𝑎,𝑏 |2 3

Tab. 1. Simulation parameters.

behaviors of PT as a function of 𝑅. We see that the PT
is an unimodal function with respect to 𝑅 and is different
from the OP. The rationale behind this phenomenon is that
when 𝑅 is relatively small, the PT is dominated by the term
log2 (1 + 𝛾th), when 𝑅 is large, on the other hand, PT is heav-
ily dependent on OP. Additionally, we observe again that the
2nd scheme is better than the 1st scheme and the mathemat-
ical framework agrees with Monte-Carlo simulations.

The behaviors of the OP and PT with respect to the
transmit power of the relay robot are given in Fig. 3. It is cer-
tain that increasing 𝑃R will be beneficial for both metrics that
OP will decrease while PT will increase. Moreover, when
𝑃R is small, there is a big gap between the two schemes.
Nonetheless, when 𝑃R is sufficiently large, both schemes
achieve the same performance. Interestingly, different from
Fig. 2 where OP is an unimodal function with respect to 𝑅,
OP as a function of 𝑃R is a monotonic increasing function.
The explanation is the following: when 𝑃R is increasing
OP in (7), (12) keep decreasing, thus, PT simply goes up
with 𝑃R.
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Fig. 2. OP and PT vs. 𝑅 of two schemes. Solid lines are plotted
from (7), (12) and (13). Markers are from Monte-
Carlo simulations.
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Fig. 3. OP and PT vs. 𝑃R of two schemes. Solid lines are
plotted from (7), (12) and (13). Markers are from
Monte-Carlo simulations.

1 The Matlab sources of the Monte Carlo simulations are available at:
https://drive.google.com/drive/folders/1I5tQp6ToouDePUuwuRWNZBjw8r0O__xk?usp=drive_link
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Fig. 4. OP and PT vs. 𝑃S of two schemes. Solid lines are
plotted from (7), (12) and (13). Markers are from
Monte-Carlo simulations.
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Fig. 5. OP and PT vs. 𝑥R of two schemes. Solid lines are
plotted from (7), (12) and (13). Markers are from
Monte-Carlo simulations.

The influence of 𝑃S on the performance of OP and PT
is given in Fig. 4. We observe that the impact of 𝑃S on the
OP and PT is similar to the influence of 𝑃R that raising 𝑃S
will decline OP and scale up the PT. However, different from
the impact of 𝑃R where the performance of both schemes
converges when 𝑃R ≫ 1, we observe a constant gap be-
tween both schemes when 𝑃S ≫ 1. It can be explained that
when 𝑃S goes without bound, under the 1st scheme, the relay
robot always decodes error-free signals from the centre robot.
Nonetheless, there still exists errors in the transmission from
the immediate robot to all terminals unless the transmit power
of relay robots approaches infinity too. Thus, a floor exists for
this scheme. On the other hand, there is no floor for the 2nd
scheme since the transmission from the central robot to the
terminals is ideal owing to the infinite transmit power. Inter-
estingly, both schemes achieve the same performance when
𝑃S is small or moderate, e.g., 𝑃S < 15 dBm. The rationale
behind this phenomenon is that when 𝑃S is small, the relay
robot as well as all terminal robots are not able to decode
signals from the source, thus, degrading the performance of
the whole system. One of the feasible solutions to overcome
such constraints is to employ multiple relay robots [18].
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Fig. 6. OP and PT vs. 𝑃S with different values of 𝑅. All curves
are plotted by Monte-Carlo simulations.

Figure 5 studies the impact of the position of the relay
robot, the x-axis of the relay robot 𝑥R, on the performance of
both metrics. We see that the system achieves the best perfor-
mance when the relay robot is located in the middle between
the central robot and terminal robots. Moreover, we see that it
seems that 𝑅 locating close to terminal robots provides better
performance compared with close to the central node. Addi-
tionally, when 𝑥R approaches terminal robots, both schemes
almost converge to the same values while 𝑥R closes to the
central robot, and we experience a big gap between the two
schemes. This figure also confirms again that increasing 𝑃R
improves the performance of two metrics regardless of the
utilized scheme.

Figure 6 stretches the performance of the OP and PT
regarding the 𝑃S of two proposed schemes and the baseline.
The curves denoted by ’Baseline’ signify that there is only
a direct link from the central robot to the terminals. It is
certain that without the help from the relay robot the PT of
the worst robot is equal to zero when 𝑃S ≤ 20 dBm while the
PT of the two proposed schemes are consistently greater than
zeros. Nonetheless, when 𝑃S goes without bounded, the help
from the relay becomes minor and the baseline achieves the
performance as the 2nd scheme. This can be explained that
under the high transmit power of the central robot, all termi-
nals are able to successfully decode the sink’s messages. As
a result, the proposed solution outperforms the conventional
point-to-point communications under the low and moderate
of the 𝑃S and has the same performance when 𝑃S ≫ 1.

5. Conclusions
This paper studied the communication performance of

the multi-robot networks where a central robot has informa-
tion to broadcast to all terminal robots with the help of the
relay robot under two scenarios, with and without direct links
from the central robot to the terminals. We derived the out-
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age probability and potential throughput of the worst robot in
the closed-form expression. We provided numerical results
to confirm the accuracy of the derived mathematical frame-
work and to identify behaviors of both metrics under some
key parameters, including the transmit power of both central
and relay robots. Our findings showed that increasing the
transmit power at the central robot and/or relay is beneficial
for the system and if the immediate robot locates far from the
central robot provides better performance compared to the
case close to the source robot. This work can be enhanced
in several directions. One of the feasible directions is to
employ multiple immediate robots to significantly enhance
the system performance [18]. Additionally, considering mul-
tiple transmit antenna is also a useful solution to boost the
system reliability [19]. Besides, considering Fountain codes,
massive MIMO and reconfigurable intelligent surfaces are
also wise solutions to facilitate the throughput and energy
efficiency of the system [20–23].
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Appendix A: Proof of Equation (12)
In this section, we are going to derive the OP under the

2nd scheme. Let us start with rewriting (12) as

OPC2 =

∞∫
𝑥=0
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To (A1), let us first explicitly represent the term
𝐹
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where 𝐴𝑛, 𝐵𝑛 are defined in (12). Next, we re-formulate the

term
𝑁∏
𝑛=1

𝐹
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���𝑋 (𝛾th) as follows:
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𝑁∏
𝑛=1

(
𝐴𝑛 + 𝐵𝑛𝐻

(
𝑥 − 𝛾th

𝑙S,R𝜎
2

𝑃S

))
=

(
𝑁∏
𝑛=1

𝐴𝑛

)
×

(
𝑁∏
𝑛=1

[
1 + 𝐶𝑛𝐻

(
𝑥 − 𝛾th

𝑙S,R𝜎
2

𝑃S

)])
(A3)

where 𝐶𝑛 = 𝐵𝑛/𝐴𝑛. Finally, substituting (A3) into (A1), we
obtain (12) as below and close the proof here.
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)])
d𝑥

= 1 −
(

𝑁∏
𝑛=1

𝐴𝑛

)
1

𝛼|𝑐S,R |2

∞∫
𝑥=0


𝛾th

𝑙S,R𝜎2

𝑃S∫
𝑥=0

exp

(
− 𝑥

𝛼|𝑐S,R |2

)
d𝑥

+
∞∫

𝑥=𝛾th
𝑙S,R𝜎2

𝑃S

(
𝑁∏
𝑛=1

[1 + 𝐶𝑛]
)

exp

(
− 𝑥

𝛼|𝑐S,R |2

)
d𝑥


= 1 −

(
𝑁∏
𝑛=1

𝐴𝑛

) [(
𝑁∏
𝑛=1

[1 + 𝐶𝑛]
)

exp

(
−𝛾th

𝑙S,R𝜎
2

𝑃S𝛼|𝑐S,R |2

)
+ 1
𝛼|𝑐S,R |2

(
1 − exp

(
−𝛾th

𝑙S,R𝜎
2

𝑃S𝛼|𝑐S,R |2

))]
.

(A4)

We, therefore, conclude the proof.


