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Abstract—In this paper, a cooperative protocol is investigated
for a multi-hop network consisting of relays with buffers of finite
size, which may operate in different communication modes. The
protocol is based on the myopic decode-and-forward strategy,
where each node of the network cooperates with a limited number
of neighboring nodes for the transmission of the signals. Each
relay stores in its buffer the messages that were successfully
decoded, in order to forward them through the appropriate
channel links, based on its supported communication modes. A
complete theoretical framework is investigated that models the
evolution of the buffers and the transitions at the operations
of each relay as a state Markov chain (MC). We analyze
the performance of the proposed protocol in terms of outage
probability and derive an expression for the achieved diversity-
multiplexing tradeoff, by using the state transition matrix and
the related steady state of the MC. Our results show that
the proposed protocol outperforms the conventional multi-hop
relaying scheme and the system’s outage probability as well as
the achieved diversity order depend on the degree of cooperation
among neighboring nodes and the communication model that is
considered for every relay of the network.

Index Terms—Cooperative networks, multi-hop relaying, my-
opic strategy, outage probability, diversity-multiplexing tradeoff,
Markov chain.

I. INTRODUCTION

The initial deployment and standardization of 5G networks

has recently emerged, while research in academia and industry

has already made some first steps towards the beyond 5G

(B5G)/6G-era [2]. Nowadays, there is a continuous need for an

increasing number of applications and devices to be connected,

leading to an ever-growing network of nodes that have to

communicate. Cooperative networks with multiple relays that

can assist the transmission of information from a source to

a destination is an appealing technology that enables device-

to-device (D2D) communications, due to its implementation

simplicity and easy scalability [3]. Especially in B5G/6G net-

works, research needs to conceive innovative ideas to satisfy

the challenging demands of ultra-reliable low-latency commu-

nications for massive connectivity networks [4]. Cooperative

relay communications is a promising low-cost solution with
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high flexibility, which can help the connection of trillions of

devices with enhanced reliability and low energy consumption.

As such, relay communications can be considered for the

implementation of local and private 5G networks, as they

provide an adaptive physical layer and flexible transmission

protocol. Due to their potential advantages towards future

generations of wireless communications, cooperative relay

networks have attracted considerable research interest and have

been considered for several practical applications, such as

in wireless ad-hoc networks [5], millimeter-wave (mmWave)

communications [6], underwater and air-to-ground networks

[7], [8], and secrecy communications [9].

Numerous studies have investigated the performance of

cooperative networks with multiple relays over a single trans-

mission path (multi-hop relaying). More specifically, the end-

to-end performance of a dual-hop network was analyzed in

[10], while [11] extended the classical dual-hop relaying to a

generalized model with hardware impairments. Other studies

extended this approach to multi-hop schemes. In [12], the

outage probability performance of a multi-hop system over

Nakagami fading channels was studied. In addition, the authors

in [13] presented a new protocol for half-duplex multi-hop re-

laying networks based on the concept of buffer-aided relaying

and investigated the corresponding achievable rates. Multi-

hop relaying has been also proposed to assist connectivity

for mmWave communications [6], [14], a technology that is

considered as one of the main components of 5G networks,

but is highly susceptible to path blockage. In particular, [6]

investigated a joint scheduling and congestion control policy

in multi-hop mmWave networks, in order to maximize the

throughput under fairness requirements. On the other hand,

the connectivity of mmWave networks with multi-hop relaying

was analyzed in [14] by considering a stochastic geometry

approach, where the obstacles are modeled as a Boolean

model.

Cooperative diversity is another relaying technique that has

received a lot of attention in the literature, as it enables

broadcast transmission and spatial diversity of the participating

nodes. In the seminal work in [15], Laneman et al. proposed

several techniques of cooperative communication, such as

selection relaying and incremental relaying, and investigated

their outage performance. Moreover, the authors in [16] stud-

ied general cooperating setups, consisting of multiple trans-

mission paths that include an arbitrary number of cooperating

hops, and derived asymptotic expressions for the average

symbol error probability. These setups consisted of either a

single relay or multiple relays in parallel transmission paths.

http://arxiv.org/abs/2111.08296v1
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A cooperation scenario for multi-hop networks was in-

troduced in [17], where it has been shown that the spatial

diversity gain could be achieved by combining at each node the

signals that have been concurrently sent by all the preceding

terminals along a single transmission path. Based on this

idea, in [18], a class of cooperative diversity protocols was

proposed, where each relay combines the signals received from

an arbitrary number of previous nodes. The authors proved

that this class of cooperative protocols can achieve the same

diversity gain as [17]. Significant diversity gain can be also

achieved, according to [19], if we consider a multi-hop buffer-

aided system, where every relay has a buffer of sufficient size

and at each time-slot a stored packet is transmitted over the

best hop, based on the received signal-to-noise ratio (SNR).

Furthermore, in [20], the maximum diversity and multiplexing

gain, as well as the achieved diversity-multiplexing tradeoff

(DMT) of various multi-hop cooperative network topologies

are characterized. However, full cooperation of the nodes in

such networks exhibits a number of practical difficulties in its

implementation, especially in terms of multi-node coordination

and power management. To overcome these issues, the authors

in [21] proposed the myopic decode-and-forward (DF) strategy

as an information theory concept. In this strategy, each node of

the network cooperates with a limited number of subsequent

neighboring nodes. They showed that the achievable rate

increases considerably, while the complexity of its implemen-

tation remains low.

In several cases, the devices that need to be connected in

local and private 5G networks may support different transmis-

sion policies affecting their communication capabilities e.g.,

for energy conservation. Such devices could be utilized to

provide further optimized services in order to improve the

networks’ performance, based on the available resources. The

authors in [22] presented a queuing model for the performance

analysis of several sleep and wakeup strategies in a network

with solar-powered wireless sensors. In [23], a relay selection

scheme was considered for a cooperative network with energy

harvesting (EH) relays that can assist the communication from

source to destination only if they have sufficient energy. It

was observed that, the overall performance of such networks

depends on the EH parameters of the relays. A similar scenario

was considered in [24], where a new relay selection method

was proposed, based on the throughput gain of the EH

relays with enough stored energy, which improved the overall

performance of the cooperative network. Moreover, in [25],

the on-off transmission policy for a buffer aided EH node was

studied in terms of outage probability and average throughput,

where the EH node transmits information only if the stored

energy exceeds a certain value, otherwise it remains silent.

It is, therefore, an important and challenging problem to

understand how the utilization of relaying nodes with different

communication capabilities affects the performance of a multi-

hop network with limited cooperation. Motivated by this, in

this paper, we propose a general cooperative protocol over

a multi-hop network, where the relays have buffers of finite

size and may operate in different communication modes. The

protocol is inspired by the myopic DF strategy [21], and can

be applied to networks with an arbitrary number of relays with

different modes of operation. For example, such scenario could

be considered for wireless networks, where some intermediate

nodes are crucial for the sustainability of the communication

and so they are connected to the power grid and are always

able to transmit information. The remaining nodes could be

self-powered through EH and could transmit data only if the

harvested energy is above a required level [23], [24]. The main

contributions of the paper are summarized as follows:

• A novel myopic-based cooperative protocol over a multi-

hop network is proposed. Through this paper, we extend

the work presented in [21] by studying the performance

of myopic strategy in terms of outage probability and

diversity gain. To our knowledge, no previous work in

the literature analyzes myopic strategy from a communi-

cation theory perspective. A system model is presented,

where the flow of information is assisted by using finite

buffers at each relay of the network. Finally, the myopic-

based protocol is extended to the case where relays may

operate in different communication modes. Therefore, a

fundamental approach of how the flow of information

from source to destination can be conveyed is presented,

based on the status of the buffers and the communication

capabilities of each relay.

• For the analysis of the system in terms of outage

probability, we model the evolution of the considered

network as a state Markov chain (MC), by taking into

account the transitions that take place at the buffers and

the communication modes of the relays. This approach

provides a flexible and elegant modeling of the different

instances that the network can be found. By using the

state transition matrix and the related steady state of the

MC, we investigate a complete theoretical framework for

the performance analysis of such cooperative networks.

The presented framework is general and can be adapted

to an arbitrary number of relays, any myopic strategy

and several communication strategies supported by the

participating relays.

• Our results demonstrate that as the number of cooper-

ating nodes increases, the performance of the system is

enhanced both in terms of outage probability and diversity

gain. Furthermore, it is shown that the diversity order that

can be achieved by the proposed protocol depends signif-

icantly on the communication strategy that is supported

by every relay of the network. Finally, by extending the

proposed protocol for multi-branch networks, the outage

probability of the system is improved, while the overall

diversity gain depends on the diversity gain that each

branch can separately achieve.

As such, the proposed myopic protocol can provide useful

insights for the design and realization of local and private 5G

networks with reduced computational complexity and memory

requirements and increased energy efficiency.

The remainder of the paper is organized as follows. Section

II introduces the system model and Section III describes the

implementation of the proposed protocol. A state Markovian

model approach used for the derivation of the system’s outage

probability is presented in Section IV. In Section V, we
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provide the numerical expressions of the outage probability

analysis and the DMT for the proposed protocol. Our numer-

ical and simulation results are presented in Section VI and

finally, some concluding remarks are stated in Section VII.

Notation: Lower and upper case boldface letters denote vec-

tors and matrices, respectively; P[X ] denotes the probability

of the event X and E[X ] represents the expected value of X ;

1X is the indicator function, where 1X = 1 if X is true,

otherwise 1X = 0; ℑ(x) returns the imaginary part of x and

 =
√
−1 denotes the imaginary unit; Φ(·) is the cumulative

distribution function (cdf) of the standard normal distribution

and O(·) denotes the big O notation; [x]+ = max(0, x),
⌈x⌉ = min{m ∈ Z|m ≥ x},

(

n
k

)

= n!
k!(n−k)! and (2n− 1)!! =

(2n− 1)(2n− 3) . . . 3 · 1.

II. SYSTEM MODEL

A. Network topology

A wireless network topology is considered, which consists

of a single source S, N intermediate relays R1, R2, . . . , RN ,

and a single destination D1. For ease of notation, we let node i
correspond to the relay Ri, 1 ≤ i ≤ N , and nodes 0 and N+1
correspond to the source S and destination D, respectively.

At the relays, the DF scheme is employed for forwarding the

signals. Moreover, time is assumed to be slotted and x(t) is

used to denote the signal that S sends to R1 at time-slot t
with normalized energy, i.e. E[|x(t)|2] = 1. Each transmitter

(the source S or a relay Ri) transmits with the same fixed

power P . The destination D receives data based on a k-hop

myopic DF strategy [21], 1 ≤ k ≤ N +1, where k represents

the maximum number of nodes that a transmitter can forward

data to. More specifically, node i (0 ≤ i ≤ N ) can send data

to Li = min(k,N− i+1) subsequent nodes. As such, at each

time-slot, the i-th transmitter splits its power to Li partitions.

Therefore, a signal is sent through the link i→ j with transmit

power ai,jP , where ai,j denotes the power splitting parameter,

such that
∑Li+i

j=i+1 ai,j = 1. However, at a given time-slot t,
only the successfully decoded signals can be forwarded to the

appropriate nodes. For that reason, each relay Ri has a data

buffer (data queue) bi of finite size Li, where it can store

the decoded signals for forwarding2, based on the proposed

protocol described in Section III. An example of this topology

is presented in Fig. 1, for k = 2 hops and N = 3 relays.

B. Channel model

For the analysis, we consider independent and identically

distributed (i.i.d.) channel links that experience propagation

path loss, which is assumed to follow the power law d−η
i,j ,

where di,j is the distance between the nodes i and j and η
denotes the path loss exponent. Without loss of generality, we

assume the ordering di,j < di,j+1, ∀ i, j, i < j ≤ N+1. Note

that this assumption corresponds to distance-based routing

protocols in multi-hop networks that take into consideration

1A network topology with multiple sources and destinations can be also
considered, which is left for future work.

2Note that each node sends data to the subsequent Li nodes concurrently.
Therefore, a storage space of the same size is required in order to hold the
data that will be forwarded.

S R1 R2 R3 D
x(t) x(t − 1) x(t − 2) x(t − 3)

x(t − 1)

x(t − 2)

x(t − 3)

Fig. 1. Topology for 2-hop myopic DF strategy in a wireless network with
three relays. The arrows indicate all the available links in the system and for
each link the corresponding signal that will be transmitted is shown.

the Euclidean distance among the nodes e.g. the shortest-path-

routing [26]. Furthermore, all wireless links exhibit fading

which is modeled as frequency-flat Rayleigh block fading3.

This signifies that the fading coefficients hi,j remain constant

during one time-slot, but change independently for differ-

ent time-slots, by following a circularly symmetric complex

Gaussian distribution with zero mean and unit variance i.e.,

hi,j ∼ CN (0, 1). We assume that during one time-slot, the

relays of the system can receive and transmit data simultane-

ously i.e., they operate in full-duplex mode. Since we focus

on the performance of the myopic DF scheme, we consider

an ideal scenario where we ignore the self-interference and

interference from other relays; interference mitigation can be

achieved through sophisticated signal processing and equal-

ization techniques [17], [27]. In other words, the presented

analysis serves as a communication theory bound.

C. Relay communication model

The relays of the network operate based on two different

communication modes, namely the active and silent modes.

If a relay is active during one time-slot, then it is able to

simultaneously transmit and receive the decoded signals. In

the silent mode, the relay can still receive data but is unable

to forward its decoded signals to the following nodes [22]. We

consider a scenario where a subset of the participating relays

are always active. The remaining relays are able to switch

their operations between the two communication modes, and

therefore can be either active or silent. Such relays could

correspond to devices that are always connected to the power

grid and switch off their transmitters occasionally by design, in

order to conserve energy. Alternatively, the switching between

the two communication modes could occur probabilistically,

based on the EH profile of the devices [25].

We assume that during a time-slot, a relay’s communication

mode remains constant, but can change independently between

the two modes for different time-slots. In the considered

scenario, the relay’s decision for the communication mode

at each time-slot is modeled as a Bernoulli distribution with

parameter q, which indicates the probability that a relay

operates in silent mode. For the relays that are able to transmit

and receive data at every time-slot, or equivalently are always

in the active mode, the probability of operating in silent mode

is equal to q = 0. By using the Bernoulli distribution, we

provide a unified analysis for various decision-based scenarios

at the relays, such as EH scenarios where the decision is

related to the status of the energy buffers [28]. However, it

3Even though we consider Rayleigh fading, the proposed analytical frame-
work is general and the extension to other fading models is straightforward
as we only need to consider their probability distributions.
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is important to note that the proposed analytical framework is

general and any other distribution can be applied.

III. A k-HOP MYOPIC-BASED PROTOCOL

We now present our proposed protocol based on the k-hop

myopic DF strategy [21]. The protocol describes the procedure

over which the flow of information from S to D is conveyed

within the considered network. Based on the presented system

model, at time-slot t the received signal at the j-th receiver is

given by

yj(t) =

N
∑

i=0

1i→j

√

d−η
i,j αi,jPhi,jx(t− j + 1) + wj(t), (1)

where wj(t) ∼ CN (0, σ2) is the additive white Gaussian noise

(AWGN) with variance σ2 and 1i→j equals to one if node i
transmits a signal to node j at the current time-slot, otherwise

it is equal to zero. In this work, we focus on the fundamental

analysis of the myopic scheme, so a perfect (global) channel

state information (CSI) is assumed and each receiver is able to

combine the received signals coherently through co-phasing4.

Therefore, the corresponding instantaneous SNR at the j-th

receiver during one time-slot is given by

SNRj =
P

σ2

(

N
∑

i=0

1i→j |hi,j |
√

d−η
i,j ai,j

)2

, (2)

where |hi,j | is a random variable that follows a Rayleigh

distribution with unit scale parameter. We assume that ν relays

of the network, 0 ≤ ν ≤ N , have dual-mode communication

capabilities, while the remaining N − ν relays are always

active. Moreover, S is able to transmit all its available data

at every time-slot. A signal at the j-th receiver is success-

fully decoded if the instantaneous SNRj is not less than a

predefined threshold γ i.e., SNRj ≥ γ, otherwise an outage

occurs. Each relay keeps in its buffer the signals that were

successfully decoded, in order to forward them through the

appropriate channel links. For this, the buffer of each relay

is used as an one-dimensional array with indexed elements,

where the element bi[n], 1 ≤ n ≤ Li, corresponds to the n-th

most recent signal that the i-th relay receives.

At each time-slot, the network performs three specific tasks:

(i) transmission of information, (ii) buffer shifting, and (iii)
information decoding. More specifically, at an arbitrary time-

slot t, the network follows the procedure described below:

• Transmission of information: At first, the node S sends

the signals x(t−j+1) to the nodes j = 1, . . . , k, respec-

tively. Then, every dual-mode relay determines whether it

will operate in active or silent mode. Recall that the relays

with a single-mode operation are considered to be always

active. The i-th relay of the network, i = 1, . . . , N ,

forwards the signal x(t − j + 1) to the corresponding

node j = i + 1, . . . ,min(i + k,N + 1), if and only if,

it is in active mode and its buffer element bi[j − i] is

not empty i.e., a signal is stored in this element. Thus, at

4In practice, a channel estimation process is required and the associated
overhead increases as k increase; note that k can be adapted to the available
resources to achieve a balance between estimation and system performance.

the specific time-slot, the j-th node of the network can

receive the signal x(t − j + 1) simultaneously from at

most k previous nodes. The example in Fig. 1 shows an

instance of the network, where at time-slot t all the relays

are active and every buffer’s element has a previously

decoded signal. As a result, at the transmission phase,

all the available links of the system, for the considered

2-hop myopic DF strategy, are used.

• Shifting operation: After the transmission phase, each re-

lay prepares its buffer for the next time-slot. In particular,

it shifts the elements one position to the right. In other

words, bi[2] will get the data of bi[1], bi[3] the data

of bi[2], etc. Therefore, the first element of each buffer

becomes unassigned for the decoding of x(t − j + 1)
(see decoding process below). The shifting operation is

required for the proper transmission of the appropriate

signals to the corresponding nodes at each time-slot.

• Decoding process: Every relay combines all the received

signals x(t− j + 1), acquired at the transmission phase,

and attempts to decode the message. The first element of

its buffer bi[1] is used for the outcome of the decoding

process: it stores the signal if it is successfully decoded,

otherwise it becomes an empty element. It is important to

note that, an empty element indicates that the decoding

of the signal failed (i.e. similarly to a pointer indicating

a null value) and thus is not able to be forwarded.

Finally, the destination D combines the received signals

x(t−N) and if the message is not successfully decoded

i.e., SNRN+1 < γ, then the system is in outage and the

message is lost.

According to the above procedure, it is clear that some

of the elements at the buffers might be empty due to the

shifting operation. Consequently, the proper transmission of

the successfully decoded signals to the appropriate nodes relies

on the communication mode of each relay and the content of

its buffer that evolves with time. Based on these features, in

the following section, we introduce a theoretical framework

that is exploited for the system’s outage probability analysis.

IV. A STATE MARKOVIAN MODEL APPROACH

For the analysis of the considered system, we provide a

theoretical framework that models the evolution of the relays’

buffers and the communication mode of the dual-mode relays

as a MC. In this section, the state transition matrix construction

and the derivation of the stationary distribution of the MC

are presented, which will be used for the computation of the

system’s outage probability in Section V.

A. Definition of MC states

Firstly, the MC states are defined in order to represent

the different instances that characterize the status of the

network. The distinction between these instances depends on

the buffers’ evolution with time and the transitions at the

dual-mode communication strategy. A state of the MC, or

equivalently a network state, needs to capture the transitions

that take place at the relays’ buffers and the dual-mode relays’

operations. Thus, it is necessary to represent the evolution of
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the buffers and the relays’ status by dividing the network states

into two separate sub-states, namely the buffer states and the

relay states.

Recall from Section III that, as a result of the decoding

process and the shifting operation, each buffer’s elements can

be found in two possible conditions: either to have the n-th

most recently received signal or to be empty. We denote the

m-th buffer state by

um , (β1,m β2,m . . . βN,m), (3)

where βi,m is a one-dimensional binary array associated with

the i-th relay, for which each element βi[n] equals 0 if the

corresponding buffer element bi[n] is empty, otherwise is

equal to 1. Therefore, each array βi,m indicates the non-

empty elements of the corresponding buffer bi at the buffer

state um, while from the definition it is apparent that its size

equals Li. The number of the buffer states is given by all

the possible combinations that can be derived by each βi’s

element. Thus, each buffer state is a vector of finite size

Lβ =
∑N

i=1 Li = (2N − k + 1)k2 , that represents which

elements in each buffer have decoded signals, and the total

number of buffer states is equal to MB = 2Lβ .

However, the buffers’ evolution and equivalently the transi-

tion between different instances of the network depends also

on the communication mode of each dual-mode relay that

varies for each time-slot. In the considered scenario, the dual-

mode relays are predetermined and are given by the ordered

set H = {i|Ri is dual-mode}. The m-th relay state is denoted

as

vm , (λH(1),m λH(2),m . . . λH(ν),m), (4)

where λH(i),m indicates the communication mode of the i-
th dual-mode relay at the m-th state and is equal to 0 if the

relay operates in silent mode, otherwise equals 1. Note that

this parameter is defined only for the dual-mode relays of

the network, since the other relays are always active and the

operations related to their communication capabilities do not

vary with time. Thus, each relay state is a 1 × ν vector that

captures all the possible transitions at the dual-mode relays’

communication modes and depicts which relays are active at

each instance of the network. The total number of relay states

is then derived as MR = 2ν .

The network states are constructed by the concatenation

of the buffer and relay states that were previously defined.

Therefore, the m-th network state, 1 ≤ m ≤M , is denoted as

sm , (vm um)

= (λH(1),m . . . λH(ν),m β1,m . . . βN,m), (5)

which represents the joint status of the relays’ buffers and the

dual-mode relays’ communication activity. The total number

of network states that are considered for the MC is given by

all the possible pairs of buffer and relay states that can be

derived and is equal to M = MBMR = 2Lβ+ν . Since this

concatenation results in a binary representation of a decimal

number, the MC states are predefined and arranged in a

numerical ascending order, such that the states s1 and sM
are denoted by the 1× (Lβ + ν) binary vectors (00 . . .0) and

(11 . . . 1), respectively.

Algorithm 1: Generation of the state transition matrix.

Input:

N ← Number of relays

H ← Set of dual-mode relays

k ← Number of hops

Output:

A← Transition Matrix

1 Compute Li = min(k,N + 1− i), i = 1, . . . , N

2 Compute Lβ = (2N − k + 1)
k

2
3 Compute MB = 2Lβ , MR = 2ν , M = MBMR

4 for m = 1 to M do

5 for l = 1 to M do

6 Assume sm → sl exists

7 for i = 1 to N do

8 Get βi,m, βi,l

9 for n = 1 to Li − 1 do

10 if βi,m[n] 6= βi,l[n+ 1] then

11 sm → sl does not exist

12 end

13 end

14 end

15 Compute pl,m using (6)

16 end

17 end

B. State transition matrix and stationary distribution

The state transition matrix is a square matrix containing

information on the transition probabilities between the states

of the MC. Specifically, it defines how the system evolves with

time and indicates which of the available links will be used at

each time-slot. Let A denote the M×M state transition matrix

of the MC, where the entry pl,m = P(sm → sl) = P(Xt+1 =
sl|Xt = sm) is the probability of the transition from network

state sm at time t to state sl at time (t + 1). The calculation

of these probabilities relies on the communication mode of

each dual-mode relay and the status of each relay’s buffer,

and consequently from the corresponding parameters λi and

βi.

Algorithm 1 shows the proposed procedure for the con-

struction of the state transition matrix A, given the number

of relays N , the ordered set of dual-mode relays H and the

number of hops k. First of all, we derive the size of each array

βi and the size of the buffer states. Moreover, we compute

the number of buffer and relay states and consequently the

number of states of the MC i.e., (lines 1− 3). Then, we need

to detect all the possible transitions between the states. Since

the decision of the communication mode at each dual-mode

relay at time-slot t is independent from what was decided

at previous time-slots, the only parameters that affect the

validity of a state transition are the arrays βi, 1 ≤ i ≤ N ,

due to their shifting operation. Thus, for each pair of states

(sm, sl), we examine if the variations at the elements of each

array βi are consistent with the evolution of the buffers as in

the proposed protocol. Each array βi,m can be extracted by

isolating the buffer state um from the network state sm and

taking all the elements of the resulting array from the index
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um[
∑i−1

j=1 Lj + 1] to the index um[
∑i

j=1 Lj ]. A transition

from sm to sl exists, if the contents of all the arrays shift

one position to the right. This is equivalent to the equality

βi,m[n] = βi,l[n + 1], 1 ≤ n ≤ Li − 1, for all the arrays

βi, i = 1, . . . , N . If at least one of these equalities does

not hold, then the transition is not possible. The first element

of each array at the new buffer state βi,l[1] indicates if an

outage occurred at the corresponding relay, while the elements

of the new relay state indicate which dual-mode relays are

active. As the decoding is handled separately by each relay,

these probabilities are independent and therefore the transition

probability is given as their product. The entries of the state

transition matrix are then given by

pl,m =







































ν
∏

i=1

N
∏

j=1

[

λH(i),l(1 − q) + (1 − λH(i),l)q

]

×
[

βj,l[1](1− Po(j,m)) + (1− βj,l[1])Po(j,m)

]

,

if sm → sl exists;

0, otherwise,
(6)

where Po(j,m) is the probability that the j-th node has an

outage event, given that the network instance is derived by

the state sm. Note that, due to the two possible values that the

elements λH(i),l and βj,l[1] can take, the aggregate number

of all possible transitions from every state are 2ν+N . The

analytical expressions for the outage probability are given in

Section V.

We are now able to derive the stationary distribution of the

MC, which is denoted as π. In this case, the interpretation

of the stationary distribution gives an insight to the long-term

use of the available channel links in the system, as it indicates

how the signals are being transmitted across the relays until

they reach the final destination. The calculation of the steady

states is given in the following Lemma 1.

Lemma 1. The state transition matrix A of the defined MC

has a unique stationary distribution, which is given by

π = (A− I+B)−1
b, (7)

where π is the stationary distribution, b = (1 1 . . . 1)T and

Bl,m = 1, ∀ l,m.

Proof. See Appendix A.

In the next section, we provide our main results for the

performance analysis of our proposed protocol.

V. OUTAGE PROBABILITY & DIVERSITY ANALYSIS

Based on the obtained stationary distribution of the MC, we

can now analyze the performance of the proposed protocol,

in terms of outage probability and diversity gain. Firstly,

we provide an expression of the outage probability at each

receiver and then the system’s outage probability is derived.

To conform with the above notation, we assume that S has an

array β0 of finite size k, in which all the elements are equal to

one, since S always sends a signal to the k subsequent nodes.

In general, the i-th transmitter sends a signal to the j-th

receiver of the network, if the corresponding indicator function

1(i→j),m is equal to one and it is calculated as

1(i→j),m =

{

βi,m[j − i]λi,m, i ∈ H ;

βi,m[j − i], otherwise.
(8)

Thus, the number of nodes that transmit a signal to the j-th

receiver at state sm is equal to

Cj,m =

j−1
∑

i=[j−k]+

1(i→j),m, (9)

which can be at most k, based on the presented protocol. Since

the signals are transmitted coherently, the outage probability

achieved at the j-th node is given as follows.

Theorem 1. The probability of having an outage event at the

j-th node is

Po(j,m) =
1

2
− 1

π

∫ ∞

0

1

t
ℑ
[

exp

(

−t
√

γσ2

P

)

×
j−1
∏

i=[j−k]+

φi,j(t)
1(i→j),m

]

dt, (10)

where φi,j(t) is the characteristic function of |hi,j | and is

equal to

φi,j(t) = 1+t

√

2πai,j
dηi,j

exp

(

− ai,jt
2

2dηi,j

)

Φ

(

t

√

ai,j
dηi,j

)

. (11)

Proof. See Appendix B.

It is clear that for the case where the j-th node receives a

signal from only one transmitter i, the outage probability can

be given as the cdf of an exponential distribution i.e.,

Po(j,m) = 1− exp

(

−
γσ2dηi,j
ai,jP

)

. (12)

In the following proposition, we provide a closed form

approximation of the derived outage probability expression,

based on the small argument approximation (SAA) [29].

Proposition 1. Under the SAA, the outage probability at the

j-th receiver is approximated by

Po(j,m) ≈ 1− exp

(

− γσ2

2Pθj,m

)Cj,m−1
∑

c=0

1

c!

(

γσ2

2Pθj,m

)c

,

(13)

where

θj,m =
1

Cj,m
[(2Cj,m − 1)!!]1/Cj,m

j−1
∑

i=[j−k]+

ai,j
dηi,j

1(i→j),m.

(14)

Proof. From (2) it is observed that the channel gain at each

receiver consists of a weighted sum of i.i.d. Rayleigh random
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variables. For the distribution of the weighted Rayleigh sum,

the following inequality holds [30]

Po(j,m) = P





j−1
∑

i=[j−k]+

|hi,j |
√

ai,j
dηi,j

1(i→j),m <

√

γσ2

P





≥ P





j−1
∑

i=[j−k]+

|hi,j |1(i→j),m <

√

Cj,mγσ2

gj,mP



 ,

(15)

where gj,m =
∑j−1

i=[j−k]+ ai,jd
−η
i,j 1(i→j),m. Note that the

right-hand side of (15) follows the distribution of a normalized

Rayleigh sum. The approximated expression follows by taking

the right-hand side of the inequality and then by using the SAA

to the cdf of the normalized sum as in [29].

The outage probability of the system Pout(γ) can be calculated

by using the steady state of the MC along with the probability

of an outage event at the destination. Thus, Pout(γ) can be

expressed as

Pout(γ) =

M
∑

m=1

πmPo(N + 1,m). (16)

From the derived expressions for the achieved outage prob-

ability, it can be seen that the system’s performance depends

on the number of relays (N ), the number of hops (k) and the

set of relays that have dual-mode operations (H). In order to

provide more insights on the performance of such networks,

we need to explore in greater detail how these parameters

affect the overall outage probability. In particular, in the next

section the performance of our protocol is investigated in the

high SNR regime and the DMT is derived.

A. Diversity-multiplexing tradeoff

In this section, we use the presented outage expressions

to derive a tradeoff between the diversity and multiplexing

gains for the proposed protocol. In general, a channel achieves

multiplexing gain ρ and a corresponding diversity gain δ∗(ρ),
if the target data rate R(P ) ∼ ρ logP and the outage

probability Pout(P ) satisfy the conditions [31]

lim
P→∞

R(P )

logP
= ρ and lim

P→∞
− logPout(P )

logP
= δ∗(ρ).

(17)

Below, we provide the proposition which characterizes the

DMT that the proposed protocol can achieve.

Theorem 2. The DMT achieved by the proposed protocol for

the considered multi-hop network is given by

δ∗(ρ) = (1− ρ) min
1≤m≤M
πm90

Lm, ρ ∈ [0, 1], (18)

where Lm denotes the minimum number of disjoint paths from

S to D that can be obtained for the network instance derived

by the state sm.

Proof. See Appendix C.

Corollary 1. The maximum diversity order of the proposed

protocol for a given network topology is achieved when ρ = 0
and is equal to δ∗(0) = min

1≤m≤M
πm90

Lm.

We can observe from Corollary 1 that the maximum diver-

sity order can vary between zero and k i.e., 0 ≤ δ∗(0) ≤ k.

The exact behavior of the network in the high SNR regime

depends significantly on which relays within the network are

dual-mode. Below, we examine how the diversity order of the

protocol is affected in different topology scenarios.

1) Only dual-mode relays (ν = N ): In this scenario, all the

relays of the network are dual-mode and so they can transmit

information only when they are active. Even though at high

SNR each node is able to decode all of its received signals,

when all the transmitters of a node are concurrently silent

during one time-slot, the node does not receive any signal

and so the relays’ buffers may still have empty elements. The

outage performance of the network is then dominated by the

terms for which the destination does not receive information

from any relay. Therefore, the system’s performance converges

to an outage floor value, unless there is a direct link from S
to D i.e., k = N + 1, which results in diversity order equal

to one. For k ≤ N ≤ 2k, we state the following proposition.

Proposition 2. The outage floor value of the considered

network for k < N ≤ 2k is given by

e(N, k) = qke(N − 2, k − 1) + (1− qk)e(N − 1, k), (19)

and for N = k is equal to

e(N, k) = qk. (20)

Proof. See Appendix D.

For N > 2k the outage floor value can be also extracted

by following a similar approach. However, the expressions of

these cases are more complex and their exact derivation is out

of the scope of this paper.

2) Only active relays (ν = 0): In contrast to the previous

scenario, in this case, all the relays are always active and so

they are able to transmit their decoded signals at every time-

slot. By considering P →∞, we notice that the outage prob-

ability at each relay and for every received signal converges

to zero. This implies that the stationary distribution of the

transition matrix is given by πm → 0, m = 1, . . . ,M − 1,

and πM → 1, as all the buffers are full. If we follow the same

procedure as in the proof of Theorem 2 we conclude that for

the specific scenario the DMT of the investigated model is

equal to

δ∗(ρ) = k(1− ρ), ρ ∈ [0, 1]. (21)

and for ρ = 0 it can achieve a maximum diversity order equal

to the number of hops5 i.e., δ∗(0) = k.

3) Deployment strategy for 0 < ν < N : In the previous

two scenarios we presented the two extreme cases that a

network topology can be found, regarding the number of dual-

mode relays. Any intermediate scenario, where only part of

5The proof of the maximum diversity order that is achieved for the specific
scenario can be found in [1].
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Fig. 2. Topology of a wireless network with three branches and three
relays at each branch. The branches employ the kz-hop myopic DF strategy
independently, where k1 = k3 = 1 and k2 = 2.

the relays are dual-mode i.e., 0 < ν < N , is expected to have

a performance that lies between these limits. As previously

stated, the selection of which relays will have dual-mode

operations can significantly affect the network’s performance.

The proposed protocol can achieve diversity gain, if a signal

can be received from D through transmission paths which

consist only of active relays, since the outage probability in

these instances will not depend on q and it will converge

to zero. Specifically, a network can achieve diversity order

δ∗(0) = ǫ, 1 ≤ ǫ ≤ k − 1, if the number of dual-mode relays

satisfies the condition

k − ǫ ≤ ν ≤
⌈

N

k

⌉

(k − ǫ), (22)

and each subset of k consecutive relays contains a maximum

number of k − ǫ dual mode relays.

B. Multi-branch multi-hop network

In general, the adaptation of the network deployment, ac-

cording to the previous cases, is not always achievable or the

dual-mode operation may refer to conditions for which our

intervention is not feasible. To overcome this issue, the afore-

mentioned framework can be also generalized to multi-branch

networks [16]. Specifically, we consider a cooperative system

of Z orthogonal branches with common source and destination

nodes, where each branch consists of N intermediate relays

Rz
i , 1 ≤ i ≤ N , 1 ≤ z ≤ Z . For each branch a kz-myopic DF

strategy is employed independently, where 1 ≤ kz ≤ N + 1.

Moreover, each branch may choose its νz dual-mode relays

differently. An example of this topology is shown in Fig. 2.

We assume that the destination D receives the transmitted

signals by performing the selection combining (SC) technique

[32]. In this case the combiner chooses the signal of the branch

with the highest SNR. Since the branches in this case are

orthogonal, the previous outage probability analysis can be

performed at each branch separately. Therefore, the system’s

outage probability for the multi-branch scenario is given by

Pout(Z, γ) =

Z
∏

z=1

P z
out(γ) =

Z
∏

z=1

Mz
∑

mz=1

πmz
Po(N + 1,mz),

(23)

where Po(·) is given by (10). Note that if the number of hops

is the same for all the participating branches, i.e. kz = k,

1 ≤ z ≤ Z , and each branch has equal number of dual-mode

relays at the same position, then the outage probability of the

system can be rewritten as

Pout(Z, γ) =

[

M
∑

m=1

πmPo(N + 1,m)

]Z

. (24)

Regarding the high SNR regime, the following proposition

provides the DMT for the case of multi-branch networks.

Proposition 3. The DMT of the proposed protocol for the

considered multi-branch multi-hop network is given by

δ∗(ρ) = (1− ρ)
Z
∑

z=1

min
1≤mz≤Mz

πmz90

Lmz
, ρ ∈ [0, 1]. (25)

By considering P →∞ and since we assume that the branches

are orthogonal, the DMT is derived from (17) as

δ∗(ρ) = − lim
P→∞

log

Z
∏

z=1

P z
out(γ)

logP
= −

Z
∑

z=1

lim
P→∞

logP z
out(γ)

logP
,

(26)

which follows by the logarithmic identity log(xy) = log(x)+
log(y). The final expression in (25) is derived by calculating

the DMT of each branch separately, following the result of

Theorem 2. Based on the above results, the maximum diversity

order that can be achieved by a multi-branch network is the

sum of the number of hops at each branch i.e.,

δ∗(0) =

Z
∑

z=1

kz, (27)

which is achieved if each branch topology has only active

relays i.e., νz = 0 ∀ z = 1, . . . , Z . Furthermore, by

considering the case with an equal number of hops at all

branches, the maximum diversity order can be calculated by

δ∗(0) = Zk. It is therefore easily observed that the protocol

can achieve a performance enhancement of order equal to the

number of branches. Even for the case where each branch’s

performance reaches an outage floor, the utilization of a multi-

branch scenario can significantly decrease the overall outage

floor value for the considered network.

C. Illustrative example (N = 2 relays, k = 2 hops)

We provide an example of the proposed framework that

refers to a network topology with N = 2 relays and k =
2 hops. In this case, the size of the buffers b1 and b2 (and

therefore of the arrays β1 and β2) is L1 = 2 and L2 = 1,

respectively. The concatenation of the arrays β1 and β2 results

in a binary vector of finite size Lβ = 3, which represents a

buffer state of the MC. In this example, there are MB =
23 = 8 different buffer states. The set of dual-mode relays

for the considered network can be any subset of the ordered

set H = {1, 2}. Due to space limitations, the system’s outage

probability is calculated for the case where all the relays are

always active i.e., H = ∅. Therefore, the resulting MC states

are defined only by the buffer states of the network, and are

presented in Fig. 3. By following the procedure in Algorithm

1, the state transition matrix A is derived as
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0 1 2 3s1 :

0 0 0

0 1 2 3s2 :

0 0 1

0 1 2 3s3 :

0 1 0

0 1 2 3s4 :

0 1 1

0 1 2 3s5 :

1 0 0

0 1 2 3s6 :

1 0 1

0 1 2 3s7 :

1 1 0

0 1 2 3s8 :

1 1 1

Fig. 3. The possible states of the MC for a network topology with N = 2
relays, k = 2 hops and H = ∅. For each state, the contents of the arrays β1

and β2 are presented below the corresponding relay, as well as which of the
available links are used.

A =

























p1,1 p1,2 p1,3 p1,4 0 0 0 0
p2,1 p2,2 p2,3 p2,4 0 0 0 0
0 0 0 0 p3,5 p3,6 p3,7 p3,8
0 0 0 0 p4,5 p4,6 p4,7 p4,8

p5,1 p5,2 p5,3 p5,4 0 0 0 0
p6,1 p6,2 p6,3 p6,4 0 0 0 0
0 0 0 0 p7,5 p7,6 p7,7 p7,8
0 0 0 0 p8,5 p8,6 p8,7 p8,8

























,

(28)

where the entries pl,m denote the probabilities of the existent

transitions and are given by

pl,m =

[

β1,l[1](1− Po(1,m)) + (1 − β1,l[1])Po(1,m)

]

×
[

β2,l[1](1− Po(2,m)) + (1− β2,l[1])Po(2,m)

]

. (29)

By using (8) and from the network instances in Fig. 3, we

observe that S always transmits a signal to R1, while R2

always receives from S and at states s5, s6, s7 and s8 it also

receives from R1. Finally, the transmitters of D are R1 and

R2 at states s4 and s8, only R1 at states s3 and s7 and only

R2 at states s2 and s6. At states s1 and s5 the destination does

not receive any data, so it is on outage with probability one.

From the derived results the following relations are obtained

Po(1, 1) = Po(1, 2) = . . . = Po(1, 8),

Po(2, 1) = Po(2, 2) = Po(2, 3) = Po(2, 4),

Po(2, 5) = Po(2, 6) = Po(2, 7) = Po(2, 8),

Po(3,m) = Po(3,m+ 4), m = 1, . . . , 4.

(30)

The system’s outage probability is given by calculating the

stationary distribution of the MC and, based on the aforemen-

tioned relations, is equal to

TABLE I
SUMMARY OF SIMULATION PARAMETERS

Description Value

Number of relays N = 2 or 3
Distance between S and D d0,N+1 = 3 m

Path loss exponent η = 2
Variance of AWGN σ2 = 1
SNR threshold γ = 0 dB

Probability of silent mode q = 0.1 or 0.5

Pout(γ) =

8
∑

m=1

πmPo(3,m)

= Po(1, 1)Po(2, 1) + Po(1, 1) [1− Po(2, 1)]Po(3, 2)

+ [1− Po(1, 1)]Po(2, 5)Po(3, 3)

+ [1− Po(1, 1)] [1− Po(2, 5)]Po(3, 4), (31)

where the probabilities Po(i,m) can be calculated by using

the aforementioned outage expressions in (10), (12) or (13).

Regarding the diversity gain of the network, we need to

examine which are the dual-mode relays within the network.

Thus, if all the relays are active i.e., H = ∅, then the proposed

protocol can achieve diversity order equal to the number of

hops, while for H = {1} or H = {2}, from Corollary 1 the

maximum diversity order is equal to one. Finally, if all the

relays are dual-mode i.e., H = {1, 2}, then at high SNR
the outage probability converges to a floor value which is

calculated from (20) as e(2, 2) = q2.

VI. NUMERICAL RESULTS

In this section, we validate our theoretical analysis and main

analytical results with computer simulations to demonstrate the

effect of various network parameters on the performance of our

proposed myopic protocol. For the simulations, the following

parameters are considered. The distance between S and D
is set to a fixed value of d0,N+1 = 3 m and the distance

between two consecutive nodes is the same for all nodes i.e.,

di,i+1 = d = d0,N+1/(N + 1) ∀ i = 0, . . . , N . In addition,

the path loss exponent is equal to η = 2, the variance of

the AWGN is normalized to σ2 = 1 and the energy of the

channel coefficients is normalized to E

[

|hi,j |2
]

= 1. Finally,

the SNR threshold is set to γ = 0 dB. The values of the

simulation parameters are summarized in Table I. Note that,

in all the presented figures, the analytical results are illustrated

with lines (solid, dashed or dotted) and the simulation results

with markers.

It can be easily observed that the system’s outage probability

depends on how the transmit power of each node is divided.

Therefore, our results are numerically optimized with respect

to the power splitting parameters ai,j . We formulate the

system’s outage probability minimization problem as follows

min
{ai,j}

Pout(γ)

s.t.

Li+i
∑

j=i+1

ai,j = 1, i = 0, . . . , N,

0 < ai,j < 1, i = 0, . . . , N,

q = 0.

(32)
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Conventional

Fig. 4. Outage probability versus P for a network topology with N = 2
relays, k = 1, 2, 3 hops, H = ∅, γ = 0 dB and d = 1 m; the theoretical
results are depicted with lines and the simulation results with markers.

Note that the second constraint ensures that a portion of the

power P will be allocated to all the available channel links.

Moreover, the optimization is formulated for the case where

all the relays of the network are always active i.e., q = 0,

which leads to a simpler implementation of the protocol, since

the power management at each relay will not depend on the

general knowledge of the communication modes of all the

relays at each time-slot. Due to the complexity of the derived

expressions, the aforementioned minimization problem can be

solved using numerical tools, such as the NMinimize function

of Mathematica [33].

Figs. 4 and 5 illustrate the system’s outage probability

against the transmit power P in a network setting with

N = 2 and 3 relays, respectively, considering the case

where the relays are always active. The outage performance is

investigated for all possible k-hop myopic scenarios i.e., for

k = 1, . . . , N+1. For these scenarios, the conventional multi-

hop DF scheme used in [12], where each node sends a signal

only to its subsequent node through orthogonal channels, is

used as a performance benchmark. The outage probability in

this case is given by

Pout,c = 1−
N+1
∏

j=1

P [SNRj ≥ γc]

= 1− exp

[

− (N + 1) γcd
ησ2

P

]

, (33)

where γc = (γ+1)N+1− 1. We observe that, in both figures,

our proposed protocol is superior to the conventional multi-

hop scheme. In particular, it can be seen that the k-hop myopic

strategy outperforms the typical multi-hop DF scheme in terms

of outage performance and coding gain. Moreover, for k >
1 the myopic scheme also achieves a higher diversity gain.

Furthermore, in Fig. 4, the optimized outage performance of

the network, according to (32), is also compared to the case

where the power at each transmitter is equally divided to each

channel link i.e., ai,j = 1/min(k,N− i+1), 0 ≤ i ≤ N . It is

observed that, while at high SNRs the performance is almost

the same for both cases, in the low SNR regime the outage
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k = 2
k = 3
k = 4
k > 1 (SAA - Prop. 1)
Conventional

Fig. 5. Outage probability versus P for a network topology with N = 3
relays, k = 1, 2, 3, 4 hops, H = ∅, γ = 0 dB and d = 0.75 m; the theoretical
results are depicted with lines and the simulation results with markers.

probability is slightly improved for the numerically optimized

values of ai,j . It is also worth noting that, when P is equally

divided, the system cannot fully benefit from the increase on

the number of hops, since the outage performance for k = 3
is worse than the 2-hop scenario at low transmit power values.

Fig. 4 shows that an increase in the number of hops results

in an improvement of the outage probability performance, with

the cases of k = 1 and k = 2 revealing the most significant

difference (i.e., about 8 dB gain for an outage probability

equal to 10−2). However, for a transmit power value up to

15 dB the 2-hop scenario has similar performance with the

3-hop case. Therefore, for lower values of P a topology with

k < N + 1 can have a performance close to the case of

full cooperation; this observation corresponds to the results

of [21]. In addition, it can be seen that as the number of hops

increases the diversity gain is also improved, which complies

with our analysis indicating a maximum diversity order equal

to k when the relays of the network are always active. Similar

results are derived in Fig. 5 for N = 3 relays. It is worth

noting that in this case the outage probability for our protocol

is slightly improved, compared to the results in Fig. 4, due to

the reduced path loss. On the other hand, the diversity gain

remains the same, as it depends only on the number of hops.

Finally, we observe that in both figures the theoretical values

(lines) perfectly match to the simulation results (markers),

which validates the accuracy of our analysis, while for k > 1
the obtained SAA expression in Proposition 1 provides a tight

approximation of the actual performance of the network.

In Figs. 6 and 7 the achieved outage probability is presented

for various sets of dual-mode relays, under the 2-hop myopic

protocol and for a network topology with N = 2 and 3 relays,

respectively. As expected, the case where all the relays are

active is superior to any other scenario and is the only case

that can achieve the maximum possible diversity gain k = 2.

On the other hand, if the network consists of only dual-mode

relays, the outage performance is significantly deteriorated and

as P increases, the outage probability converges to the floor

value calculated in Proposition 2. The performance of any

other deployment scenario lies between the limits set by the

previous two extreme cases.
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Fig. 6. Outage probability versus P for different sets of dual-mode relays;
N = 2 relays, k = 2 hops, q = 0.1, γ = 0 dB and d = 1 m; the theoretical
results are depicted with lines and the simulation results with markers.
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Fig. 7. Outage probability versus P for different sets of dual-mode relays;
N = 3 relays, k = 2 hops, q = 0.1, γ = 0 dB and d = 0.75 m.

Specifically, in Fig. 6 it is observed that both intermediate

cases with H = {1} and H = {2} achieve the same diversity

order, which is equal to one. However, when only R1 is able to

switch between active and silent mode, the system achieves a

better outage performance than the system where only R2 has

dual-mode operations. This is expected, since R2 is closer to

D, which is also its only receiver, and so R2 being silent has a

higher impact to the system’s outage probability. Again, in this

figure we show that our simulation results (markers) validate

our analysis (lines). In Fig. 7, it can be seen that if only R1 is

dual-mode, the achieved diversity order is decreased to one.

Moreover, in the case of H = {1, 3} the same diversity order

can be achieved, even though more dual-mode relays are used,

since there is still a possible path from S to D which does not

depend on the dual-mode operations (S → R2 → D). On the

contrary, the performance of the topology considering H =
{1, 2} converges to an outage floor, due to the consecutive

order of the two dual-mode relays. Therefore, the selection

of which relays will operate in dual-mode is critical for the

network’s performance, and especially the achieved diversity

gain, and this observation follows our discussion in Section

V-A.
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Fig. 8. Outage probability versus P for different number of branches; N = 2
relays, k = 2 hops, γ = 0 dB and d = 1 m.

Finally, Fig. 8 depicts the outage probability versus P
for different number of branches and various combinations

of dual-mode relays, where each branch deploys a network

setting with N = 2 relays and k = 2 hops. First of all, we can

see that an increase in the number of branches results in the

improvement of the system’s outage probability. Specifically,

compared to the single branch with only active relays scenario,

doubling the branches will also double the achieved diversity

gain, while if the second branch has only dual-mode relays,

the system will not achieve higher diversity gain but its

outage performance will still be enhanced. Similarly, if we

consider a single branch network with only dual-mode relays,

doubling the branches will significantly decrease the outage

floor value. The aforementioned scenarios are also presented

for different values of q i.e., the probability of a dual-mode

relay to be silent. As expected, as this probability increases the

system’s outage probability increases as well, since the dual-

mode relays will remain silent for a larger number of time-

slots. However, the system’s performance remains unaffected

in terms of diversity gain.

VII. CONCLUSIONS

In this paper, we presented a new protocol over a multi-

hop cooperative network, based on the myopic strategy, where

the relays have buffers of finite size and can operate in two

communication modes, namely the active and silent mode. A

general methodology that captures how the contents of each

relay’s buffer and the communication operation of each relay

evolve with time was proposed by using a MC formulation.

Under this framework, we derived the outage probability of

the system and a general expression for the resulting DMT,

and we investigated the maximum diversity order that can be

achieved, based on different topology scenarios. The proposed

protocol was also generalized for multi-branch networks. We

demonstrated that as the number of hops in the proposed

protocol increases, the system’s performance is enhanced in

terms of outage probability, while the achieved diversity gain

depends on both the number of hops and the group of relays

that have dual-mode operations.
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APPENDIX

A. Proof of Lemma 1

We first need to verify that some properties of the state

transition matrix A hold, in order to ensure that it has

a unique stationary distribution. Specifically, A must be a

column stochastic matrix, which is irreducible and aperiodic.

A column stochastic matrix is a square matrix of non-negative

terms in which the elements in each column sum up to one,

while a non-negative matrix is called irreducible if every pair

of states can communicate. Finally, the period of a state sm
is the greatest common divisor of the set {t ∈ N : p

(t)
m,m > 0}

and if the period is 1, the state is aperiodic. The transition

matrix is aperiodic if all the states are aperiodic [34].

For any MC under the proposed framework, the transitions

from state sm to all the possible states sl have probabilities that

sum up to one i.e.,
∑M

l=1 pl,m = 1. Therefore, the transition

matrix is column stochastic. Moreover, from the structure of

the problem, it is observed that there is a path from any state to

any other state of the MC. Consequently, all the states belong

to a single communication class and the transition matrix is

irreducible. An irreducible MC needs only one aperiodic state

to imply that all states are aperiodic. In the defined MC the

transition probability from state s1 to the same state is always

non-zero i.e., p1,1 = P(s1 → s1) > 0; hence the state s1
is aperiodic. Since there is only one communication class,

all states are aperiodic and therefore, the transition matrix is

aperiodic. As the required properties of the transition matrix

hold, we conclude that it has a unique stationary distribution

which is given as in [35].

B. Proof of Theorem 1

In the proposed protocol, at each time-slot, the SNR at the

j-th receiver is calculated based on which nodes transmit a

signal to the receiver, given the network state sm. According

to the presented theoretical framework, the i-th node transmit

a signal to the j-th receiver, if (8) is equal to one i.e., the node

is active and its specific buffer’s element is not empty. Thus,

the SNR of the j-th node for the transition sm → sl equals

SNRj,m =
P

σ2





j−1
∑

i=[j−k]+

|hi,j |
√

ai,j
dηi,j

1(i→j),m





2

. (34)

The probability of having an outage event at the j-th node can

be expressed as

Po(j,m) = P





j−1
∑

i=[j−k]+

|hi,j |
√

ai,j
dηi,j

1(i→j),m <

√

γσ2

P



 .

(35)

To simplify the analysis, the characteristic function approach

is used for the derivation of the outage probability. Each term

of the above sum follows a Rayleigh distribution, hence its

characteristic function is [36]

φi,j(t) = 1+t

√

2πai,j
dηi,j

exp

(

− ai,jt
2

2dηi,j

)

Φ

(

t

√

ai,j
dηi,j

)

. (36)

Since the sum is a linear combination of independent random

variables, its characteristic function is the product of each indi-

vidual’s characteristic function. Using the Gil-Pelaez inversion

theorem [37], we can obtain Po(j,m) as (10).

C. Proof of Theorem 2

By considering P → ∞, we notice that the outage proba-

bility at the j-th relay converges to zero if it receives a signal

from at least one transmitter i.e., Cj,m > 0, otherwise it is

equal to one. Thus, the relays that receive a signal are almost

surely able to decode the message. Moreover, if a transmitter

has a full buffer at every time-slot and is always active, then its

corresponding receivers will also have constantly a full buffer.

For example, a relay that receives information from S will

always have a full buffer, and if this relay is not in dual-mode

operation, then its corresponding receivers will also have full

buffers at every time-slot. This implies that the steady states

of the transition matrix that do not conform with the above

observations will converge to zero.

According to (16), the system’s outage probability is a sum

of M terms that depends on the stationary distribution of the

MC and the outage probability at the destination for each

steady state. At the high SNR regime, the terms of the sum

in (16) that correspond to steady states converging to zero

are omitted. For each of the remaining terms, we obtain the

network instance associated with the corresponding MC state

sm and derive the flow graph Gm from S to D for the paths

that will surely forward the signals to D i.e., by omitting

the dual-mode relays. Let Tm = {T1,m, T2,m, . . .} denote the

complete set of cuts separating S and D at Gm, and Li,m

denote the number of links crossing the cut Ti,m. According

to the information theoretic max-flow min-cut theorem [38],

the DMT that can be achieved by Gm is upper bounded by

δm(ρ) ≤ Lm = min(Li,m). (37)

Note that Lm is equal to the minimum number of edge-disjoint

paths that forward information from S to D. The system’s

outage probability is dominated by the terms that have the

lowest order, or equivalently by the minimum number of links

crossing a cut Ti,m from all the derived flow graphs Gm,

1 ≤ m ≤M , πm 9 0. Thus, by defining the target data rate

as R = log (1 + γ) = ρ logP and based on the results of [20]

about the DMT of networks that can organize their relays into

parallel paths, the DMT is given by (18).

D. Proof of Proposition 2

Recall that, by considering P →∞, the outage probability

of a node converges to zero if it receives at least one signal

during one time-slot. Thus, a receiver is in outage only if all

its corresponding transmitters remain silent. For an arbitrary

signal x(t) the system is in outage if the signal cannot reach D,

so the outage floor value is given by the aggregate probability

of the instances that fail to transfer the signal to D. According

to the proposed protocol, until time-slot (t+ k− 1) the first k
relays will definitely receive and decode the signal x(t) from

S, which is always active. If N = k, then the next node is D
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and an outage occurs if all the relays remain silent, for which

the probability is calculated as (20).

For N > k, relay k + 1 cannot receive x(t) if the previous

k relays remain silent during time-slot (t+ k), which occurs

with probability qk. For the remaining time-slots, we can

calculate the probability of the system being in outage by

equivalently considering the outage probability of another

network topology with N − 2 relays and k − 1 hops, since

the first relay cannot contribute anymore to the transmission

of x(t) and relay k+1 has not decoded the signal, and so they

can be omitted. On the contrary, relay k + 1 receives x(t) at

time-slot (t + k) if at least one of its transmitters is active,

and this occurs with probability (1 − qk). In this case, the

outage probability for the remaining time-slots is matched to

the outage probability of an equivalent topology with N − 1
relays and k hops, by considering the first relay as the new

source node. This recursive behavior leads to the calculation

of the outage floor by (19).
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