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INTRODUCTION

1. Research Reasons.

Nowadays, with the remarkable development of science and technology, the
fourth industrial revolution, and the widespread use of loT technology, the
number of users and wireless-connected devices is rapidly increasing. Along
with this, the amount of data circulating over wireless environments is also
growing at an exponential rate. This presents numerous challenges for wireless
communication networks, such as efficient energy utilization or energy saving,
efficient spectrum utilization, capacity enhancement, data rate improvement,
latency reduction, and service quality enhancement. Two-way cooperative
wireless networks can address these challenges by offering high spatial
diversity, mitigating the effects of transmission fading, improving network
access throughput, and enhancing coverage quality compared to direct
transmission networks. In addition, cognitive radio technology helps improve
spectrum utilization efficiency by allowing secondary network devices to share
the licensed spectrum of primary users. Recently, the research on
reconfigurable intelligent surface, also known as smart reflecting surface, has
brought benefits such as increased spectrum efficiency, energy savings, and
reduced initial investment costs.

For researching solutions to meet the practical requirements of wireless
networks, the dissertation title “Design and analysis of protocols for
enhancing performance in two-way cooperative networks™" was selected to
be implemented.

2. Research Objectives and Contents

Designing new models and protocols to enhance system performance of two-
way cooperative networks in both conventional wireless and cognitive wireless
environments.



Analyzing the performance evaluation criteria of the proposed protocols using
explicit mathematical expressions, approximate mathematical expressions, or
asymptotic expressions.

The thesis examines models under more realistic assumptions than existing
works, such as imperfect channel state information acquisition, imperfect
successive interference cancellation conditions, the presence of residual loops
after interference cancellation at the full-duplex receivers, and nonlinear energy
harvesting.

3. Research Object and Scope

Two-way cooperative network, two-way cognitive radio network, network
performance evaluation criteria such as outage probability, throughput.
Techniques to improve two-way system performance: digital network coding;
relay selections; nonorthogonal multiple access; successive interference
cancellation; radio energy harvesting; full-duplex transmission.

Using an emerging cost-saving technology is the reconfigurable intelligent
surface in the two-way network.

Realistic constraints, and Rayleigh fading channels have the same distribution
and are independent.

4. Research’s Scientific and Practical Significance

Proposing a solution that combines digital network coding successive
interference cancellation, and relay clusters to reduce signal transmission time,
increase the likelihood of successful signal transmission, and increase
throughput for the two-way network. In addition, considering the system under
more realistic assumptions such as imperfect channel state information and
imperfect successive interference cancellation.

Proposing a reconfigurable intelligent surface supported underlay two-way
scheme operating in sub-6GHz bands to enhance the spectral efficiency, the
energy-efficiency, and the cost-efficiency. The model has been analyzed under
the actual condition that existing the residual loop-back interference in the



receiving antenna of two secondary sources due to the full-duplex mode and the
secondary network is power-limited due to multiple primary receivers.

Using energy harvesting via radio signals to support low-cost and resource-
constrained two-way cooperative radio networks such as wireless sensor
networks and 10T networks. And the model also is considered in the real
condition that the electronic components of the energy-collecting device of the
relay have a nonlinear character.

Chapter 1. OVERVIEW OF THE RESEARCH

In this chapter, the publications related to enhance performance of the two-way
radio networks and two-way cooperative radio networks in recent years are
analyzed, synthesized, and compared. Afterward, outstanding issues and issues
that can be developed are identified then the research directions of the thesis are
proposed.

Chapter 2. FUNDAMENTAL THEORY

In this chapter, the theoretical basis of TW cooperative radio network models
and radio channel models are presented briefly. The chapter also presents the
technologies which are used in the next chapters such as the digital network
coding, the relay selection, the nonorthogonal multiple access, successive
interference cancellation, the cooperative radio, and the energy harvesting.

Chapter 3. TWO-WAY COOPERATIVE NETWORK USING
SUCCESSIVE INTERFERENCE CANCELLATION AND DIGITAL
NETWORK CODING

3.1 Introduction

In this chapter, the PhD student proposes a two-way cooperative network model
consisting of two sources and a relay cluster to increase the system throughput
and reduce the outage probability. The model uses a combination of successive
interference cancellation (SIC), digital network coding (DNC) and partial relay



selection techniques. The model has two time slots (TS) for signal transmission
(called as the SIC-2TS protocol) and operates in half-duplex mode. The system
throughput and outage probabilities are considered under the conditions of
perfect/imperfect SIC (pSIC/ipSIC) and perfect/imperfect channel state
information (pCSI/ipCSl).

The contribution of chapter 3 is presented in the publication [P2]

3.2 System model

Khe thi gian thit nhét:
Khe thoi gian thir hai: - ——— - __ >

Figure 0.0: System model SIC-2TS.

A cooperative two-way network model has two sources S;, S, and a closed
group of N relay R;, with ie{1,2,..N} as figure 3.1.
3.3 Signal transmission and signal-to-noise ratio
The signal which the relays receive in the first time slot is:
Yr =N tPshsp X +4/aPshs g X, + g . (3.1)

Due to ipCSI condition, the estimated channel coefficient ﬁf is presented by
the channel coefficient h, as:

hi = p;h, +(,/1—pf2)gf (3.2)

SINR for detecting the signal x, of the near source S, at relays is given by:
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The relay R, is selected in MAC layer protocol so that maximizing estimated
channel gains to enhance the decoding capacity of the nearer source signal and
minimize the collection time of imperfect CSI:

R, =arg r:qa),f‘ Os,R (3.7)

SINR for detecting the signal x, of the far source S, atrelay R, is given by:
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In the second time slot, at the relay R, , the signal x=X @ X, is synthesized
and transmitted to two sources. The X signal is detected with the SINR as

follows:
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3.4 Performance analysis

3.4.1 Outage probabilities in the SIC-2TS protocol
The outage probability at the far source S is obtained as:
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The outage probability at the near source S, is obtained as:
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3.4.2 Outage probabilities in the SIC-3TS and SIC-4TS protocols

To highlight the advantages of the proposed protocol, the author compares the
proposed protocol with two others of the model: the first protocol use SIC
technique but not using DNC technique (called as the SIC-3TS protocol); the
second protocol without use both SIC and DNC techniques (called as the
CONV-4TS protocol).

The outage probabilities of two sources in the SIC-3TS protocol are the same as
the proposed SIC_2TS protocol. The outage probabilities of two sources in the
SIC-4TS protocol are obtained as:

N
2 =0

N
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When y — -0, we obtain asymptotic expression as:
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2 =0

Y40



OPSf

- (1— 3 ch(-gPe M) Je" ) (3.24)
p=0

3.4.3  System throughput of three protocols
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3.5 Simulation and discussion

From Figures 3.2 to 3.5, supposing that S; is nearer the relay cluster than S..

Fig 3.2 shows the OPs of two sources of the SIC-2TS protocol versus
P, / N, (dB) with pCSI and pSIC/ipSIC. The results show that the outage
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Figure 3.2: OPg and OPg  of SIC-2TS 2TS when pSIC- pCSls and ipSIC-
when pSIC and ipSIC. ipCSls.

probabilities (OP) of both sources decrease as the P/ Ng(dB) increases and
reache a saturation value when Pg/Ng(dB) becomes sufficiently large. The
OPs of the source S; are equal in the pSIC case and the ipSIC case. The OPs of



the source S; in the ipSIC case are higher than those in the pSIC. The OPs of
the two sources decrease as the number of relays increases.

Fig 3.3 shows the OPs of two sources in the SIC-2TS protocol versus
P; / N, (dB) in the two cases pSIC- pCSls and ipSIC- ipCSls. The OPs of the
two sources with the pSIC- pCSI condition are better than with the ipSIC-ipCSI
condition. In the ipSIC-ipCSI case, the OPs for the source S; are a lot higher. In
order to have fairness between the sources, we can change the transmit power
factor to the OPs of the two sources can be approximately equal.

Fig 3.4 shows the OPs of two sources in the SIC-2TS and CONV-4TS
protocols versus P; / N,(dB)with pSIC and the two cases pCSIs/ipCSls. The

results show that the OPs of CONV-4TS protocol have lower than those of SIC-
2TS protocol in both pCSls and ipCSls, because the transmission of each signal
is simpler. However, the difference between the OPs of the two protocols
decreases in case ipCSls.
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Figure 3.4: OPg and OPg of SIC- Figure 3.5: TP of SIC-2TS, CONV-4TS
2TS and CONV-4TS when pCSls and and SIC-3TS when CSI and ipCSl.

Fig 3.5 shows the system throughput(TP) of the SIC-2TS, CONV-4TS and SIC-
3TS protocols in two cases pCSI and ipCSI. The TP of the SIC-2TS protocol is
superior to the other two protocols in both pCSI and ipCSI. The TP of all three
protocols in the pCSI case is always better than the ipCSI case, and the TP of
all protocols reach saturation when Py / N, (dB) is a sufficiently large value.



Figure 3.6 shows the TP of SIC-2TS
and CONV-4TS versus d,. The results
show that the TP of SIC-2TS protocol
outperforms the TP of CONV-4TS in
pCSls case. In ipCSls, the TP of the
SIC-2TS protocol is only higher than
the TP of the CONV-4TS protocol in
the range of d, from 0.3t0 0.7. The TP
of the SIC-2TS protocol has the highest Figure 3.6: TP of SIC-2TS and
value at d, ={0.4,0.6} (with pCSls) CONV-4TS versus d; .

and d, ={0.45,0.55} (with ipCSls).

The CONV-4TS protocol has the highest TP when the relay device is
equidistant from the two sources.

Figure 3.7 shows the TP of the SIC-2TS protocol versus «; and d,. The results
show that the TP of the SIC-2TS protocol reaches maximum at about 0.885
when  {g,d,} ={0.4,05} and {g,d,}={0.6,05}. With a reasonable
allocation of transmit power, the best TP for the SIC-2TS protocol can be
achieved. (Table 3.1).
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Figure 3.7: TP of SIC-2TS versus Figure 3.8: TP of SIC-2TS versus d, and
oy and dy. p.

Figure 3.8 shows the system throughput of the SIC-2TS protocol versus d, and
£ . We can see that a small change in p will lead to a large change in TP.
Besides, the relative distance between the two sources and the relay cluster also
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differently affects the change of the TP when p decreases. And if the number
of relays increases, the TP increases.

Finally, the analysis lines of all the figures coincide with the simulation lines.

Table 3.1: The maximum throughput at each value of d, and ¢, .

dl 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0y 0.1 0.1 0.3 05 0.3 0.5 0.7 0.9 0.9
TPmax | 0.7839 | 0.8413 | 0.8715 | 0.8853 | 0.8754 | 0.8853 0.8715 0.8413 | 0.7839

3.6 Conclusion

Based on the analysis of outage probability and throughput, some of the main
conclusions of the two-way cooperative network model with the proposed
protocol SIC-2TS are as follows: The throughput of the SIC-2TS protocol is
superior to the CONV-4TS and SIC-3TS protocols. System performance in
ipSIC/ipCSI cases is always lower than ideal pSIC/pCSI cases. As the number
of relays in the cluster increases, the system performance increases. The
proposed relay selection method minimizes the collection time of ipCSls
compared to other RS methods. The SIC-2TS protocol can achieve the best
performance at the optimal locations of the relay and the appropriate power
division factor for the two sources.

Chapter 4. TWO-WAY COGNITIVE RADIO USING
RECONFIGURABLE INTELLIGENT SURFACE

4.1 Introduction

In this chapter, a two-way cooperative cognitive radio network model with the
support of reconfigurable intelligent surface is studied for communication. RIS
is @ new communications support solution that saves deployment costs, saves
energy, and cognitive radio technology improves spectrum efficiency. The
model considers the fact that there is still loop interference in the receiving

antennas of the two secondary sources due to FD mode.
The contribution of chapter 4 is presented in the publication [P4].
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4.2 System model

B

| ws |||

Figure 4.1: System model MPR-UTW-RIS

Figure 4.1 is a model of an underlay two-way cognitive radio network
consisting of: two secondary sources Sq with g e{1,2}, a RIS with T reflectors
MS, with t={1,2,.,T} and K primary receivers PR; with i={1,2,. K}.
The two secondary sources are subject to a transmit power limit such that the
interference constraint to the devices PR; must be less than a given threshold
level I, to ensure that primary network operations are not affected. The system
operates in FD mode.

4.3 Signal transmission and signal-to-noise ratio
The signal which the source S, receives as:

T T
yl:\/PZXZ(ZthtnnlJ+\/Elxl(Z£mtnnlj+Li+ n. (4.2)
t= t=!
Desired signal Self-inteference signal

Assuming S, is possible to completely suppress the self-interference signal and
optimize the phase of MS, ¢ =—(g, +¢,)-

yl:\/szz(i|h2t|x|htl|J+Li+nl' (4.3)

11



SINR for detecting the signal at S, :

. p?
72 = min(yp, —2—) — (45)
max gy;” (1+44)
SINR for detecting the signal at S, :
. p?
72 =min(y,, Q (4.8)

) .
max g (1+ 11,

4.4 Performance analysis

In this section, the OPs of two secondary sources Sp and Sw, ( p,W= {1, 2} and
p =w) are analyzed. The outage probabilities at Sy in the integral expression
(4.22) and the infinite sum expression (4.23):

e (a +1’ (1/ b)m) —Aws2)Q1 70 K (a+1/2)
Opg = (ard) (e 22 ) K (e /(20 )]
& m —(a+ a2 1(80% Ay (M+
x 3 CRLy ()" (1) 512)/7 " (30" 1)))""_@,-;(@2/(ww,(mm)) _ (422

|<-1ef/1(w+2)X F(a+1,(a2 /b)\/;)
I'(a+1)

(a+1/2)
OpoUt — y(a+l, (1/b) Val/yo)(l_e—%wz)Q/yo )K + K[ o, J l %
2b

5 I'(a+1)

dx.

—(1—g K +T Kz (1)
0

w+2)

)’(w+2)

ay?

K-1 1 5 [2
x> i (-1)"(m +1)‘E(a+5je B Aoy (1) - (423
m=0

7%(a+1/2),7%,(a22/(4n2;%W+2)(m+1)))

(_1)n K-1 ((W/2)(a+1+n)+1)

KA 0 _
(W+2) m m
- § § C -1) (A m+1
I (a+1)n:o n!(a+1+n)m:o K‘l( ) ( (W+2)( " )) 8

xy (U 2)(a+1+n)+1, Ay,g) (M+1) 5 ).

The infinite sum expression in (4.23) can be evaluated for accuracy by the error
metric as:

¢, =(|ope (4.22) - opg" (4.23)) )/ (0PE (422)). (4.24)
The asymptotic expression as y, — +o:
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4.5 Simulation and discussion

Figure 4.2 shows the error metric fp (%) in (24) versus term number of infinity
sum (M) with the number T <{7,10,15}. The results show that as the number
of reflectors T increases, the number of M in (4.23) required to achieve a value
close to the exact value will decrease.

From Fig 4.3 to Fig 4.6, we select d, =d, and d,=d,. As the model is
symmetric, the outage probabilities of the two secondary sources S: and S: have

equal values.
09
08+
0.7+
06" )
gosr e T-10 2 \
= —— T =15 2 [0 S.ST=19) T=1
w047 1 s |os,sr="7
X % 8y, 8(T =10)
03+ ;
0.2t
S N SV
e e sl ‘ ‘ ‘
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M 0 (dB)
Figure4.2: & (%) versus M Figure 4.3: OP. and OP. versus
2 6, 3 s, s,

Fig 4.3 shows the OPs of two secondary sources versus Q =1/Ng (dB). Fig. 3
exposes that in the small interference constraint parameter value region
(between -25dB and -10dB), the OPs of both sources decrease when Q
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increases, and in the high Q value region (over -10dB), the OPs reach a
saturation value. The outage probabilities decrease as the number of
metasurfaces T in the RIS increases. In Fig 4.3, the OP's analytic expressions
are plotted as an infinite sum (using the first 25 terms) and integral form. When
T increases the curves of the infinite sum formula get closer to the simulation
line.

Fig 4.4 shows the OPs of two secondary sources versus y, =P,/ N,(dB) . The
OPs of the two sources are the same because the coordinates of RIS and PR are
chosen equidistant from the two sources, and the OP decreases as T increases.
The OPs of the sources decrease rapidly as y, rises between -25dB and —15dB,
then fall into saturation due to the transmit power depending on a set of two
parameters as in equation (4.1).

O So(K =35)
Phan tich dang tich phan
= = Phan tich ti¢m can

A/

e S5\(T'=4)
O S(T=4)
> S(T=T7)
> S(T=7)
n S(T =10) %
O $T=10) || eeeem———— e &=
Phan tich dang tich phan -

Xac suat dung
3

S — — Phan tich tiém can —

-25 -20 -15 -10 -5 0 5 25 20 -15 -10
~ (dB) QO (dB)

-5 0 5

Figure 4.4: OPg and OP;g_ Versus y, Figure 4.5: OPy and OPg Versus Q
(dB) when K changes

Fig 4.5 shows the OPs of two secondary sources versus Q (dB) when the
number of primary receiver changes. The results show that in the Q region less
than -10dB, the number of PRs increases lead to the OPs of the secondary
sources increase. When Q is greater than a threshold value (-10dB), the number
of PRs no longer affects the performance of the secondary network.

Fig 4.6 shows the OPs of two secondary sources versus Q (dB) when the loop
noise values are different. The results show that the increased loop noise will

14



increase the OPs of the secondary sources. And the OPs of the two secondary
sources are the best for the perfect loop noise rejection case #=0. The OPs

also decrease as Q increases and reach saturation value when Q is large enough.
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Figure 4.6: OPg, and OPg_ Versus Hinh 4.7: Fighre 4.7: OP, and OP;

Q (dB) when z changes. vesus Xg and yg .

Fig 4.7 shows the OPs of two secondary sources versus x, and yg . The results
show that for the OPs of the sources are equal when the RIS is in locations with
equal total distances from the RIS to the two sources. For the same yr value, the
RIS position equidistant from the two sources will give the smallest OP.
Finally, for the same value of x, the OPs will decrease when y, changing
from -0.7 to -0.3.

Fig 4.8 illustrates the OPs of two secondary sources Versus (Xeg,Yes)- The
results show that when the primary receiver cluster is equidistant from the two
sources, the OPs of the two sources are equal and the farther the primary
receiver cluster is from the sources, the smaller the OPs are. When the primary
receiver cluster is not equidistant from the two sources, the source closer to the
primary receiver cluster will have the OPs smaller.

Fig 4.9 compares the outage probabilities of two secondary sources of the
proposed MPR-UTW-RIS model with a two-way cooperative cognitive
network model in duplex mode using AF relay. The results show that the
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system with RIS supporting communication has much better performance than
the system using AF relay even in the case of only one metasurface.

O RIS, N =27 =5dB

Xac suat dirng

42 0 2 4 6 5 0 w2 wu
0 (dB)
Figure 4.9: Comparison of

YpR - models using RIS and AF

4.6 Conclusion

Chapter 4 proposes a two-way network model using reconfigurable intelligent
surface in cognitive radio environments. The outage probabilities of two
secondary sources are investigated according to many network parameters and
the results show that the OPs are best when the RIS is equidistant from the two
sources; the OPs decrease as the number of reflected elements increases, the
distance between the primary receiver cluster and the two secondary sources
increases, and as the loop noise decreases; and the OPs of the two secondary
sources will reach saturation value when Q or y, is large enough. Furthermore,

the two-way system supported by the RIS has much smaller OPs of the
secondary sources than the system supported by AF relay.

Chapter 5. NONLINEAR ENERGY HARVESTING IN TWO-WAY
COOPERATIVE NETWORKS

5.1 Introduction
In this chapter, a nonlinear energy harvesting (NEH) model is proposed for
two-way cooperative networks. This model operates information transmission

16



in three time slots and uses the power splitting method of energy harvesting
combined with digital network coding technique (DNC), called the NEH-TW-
DNC protocol. The accurate and approximate expressions of the OPs of the
sources are analyzed to evaluate the system performance. Furthermore, the
author also compares the OPs of the sources between nonlinear energy
harvesting and linear energy harvesting to observe the differences when
considering real and ideal systems.

The contribution of chapter 5 is presented in the publication [P5].

5.2 System model
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Figure 5.1: System model NEH-TW-DNC

Figure 5.1 depicts the two-way energy harvesting system model NEH-TW-
DNC. The model consists of two sources Si, Sy, and a relay R.

5.3 Signal transmission and signal-to-noise ratio

The operation process of the NEH-TW-DNC model is shown in Table 5.1. The
signal-to-noise ratio (SNR) for decoding the signal x, and x, at the relay R in
the first two time slots is:

TsrR= (1_9)‘his‘2 PIN, = (1_P)‘his‘2 7o+ (5.2)

752R=(1_P)‘hszR‘2P/No=(1_P)‘hszR‘27o- (5.5)

The total harvested energy at the relay R can be calculated as follows:
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E, =77pa(Pl|his|2+P2|hszR|2)T (5.7)
9

Because of the nonlinear EH, the transmit power of the relay device can be
determined as follows:

gP(‘his‘2+‘hszR‘2), Khi P(‘his2+‘hszR

2
<P,

, , (5.9)
SR khi P(‘his‘ +‘hSZR‘ )>Pth’

Table 5.1: The three-time slot transmission protocol of the NEH-TW-DNC mode.

S,—R S,—»R R—>S,,S,
NEH at Relay (p) NEH at Relay (p) _
X=X DX,
Decoding signal X, Decoding signal X, Relay forwards signal
X to sources
from S, from S,

Timeslot 1 Time slot 2 Time slot 3

ol al (1—2aT)
T :

The SNR required to decode the signal x =X, @ X, in the third time slot at the
Sources is:

2
h
%;P(‘hsﬁrﬂhszx)’ hi P(‘hSlR‘2+‘hSZR‘2)SF)th,
N (5.11)
\h[:s\ . khi P(‘hSlR‘2+‘hszR‘2)>Pm.
0

From (5.2), (5.5) and (5.11), we have SNR to decode the signalsx;, X, at S,
S,, respectively:

Vs, = min{VszRvVRsl}a Vs, = min{Vis’?’Rsz} : (5.12)
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5.4 Performance analysis

The outage probability of S;:
OPs =Pr| 75 < |=Pr[ 75,0 <7 |+ Pr Vrs, < FinsVsir > 7in |- (5.15)

After numerous complex calculations, we obtain the following results for the
outage probability in two cases:
- Casel:when 4 =4, =4:

OP _1_ e (alitkelis) | gHil2 (e—k3/23 _ o K2/(ka) ) N

h=Ap=2

w (1K k+1
+(ﬁ— )Z( D[k r(—k—l,ﬁj—r —k—1,ﬁ + (5.20)
A ko kU (A4 A ksA
w [ 1\k-1 k+1
Ly EDT F(—k, | ok K|
ko k! (A4 Ky
- Case 2:when 4 # 4,:
—1_ e klAtkal) | a-kild (e—k3u3 _ e elle) ) +

(21 ﬂz).;)( {%%]M{F[_k_1’%J_F[_k_l'l<l:_;2ﬂ_ (5.21)

S (2 )
(ﬂi—zz) & LA 5 o

Similarly, the outage probability of S, are found as (5.22) and (5.23) in the full-
text thesis. When P,, — o we have the linear EH model

5.5 Simulation and discussion

In all figures the parameter is selected as:7=0.8 «=1/3, d; =05, d, =1-d,;
. Figure 5.2 show the outage probabilities of two sources versus P,/ N,(dB)
with B, {20,40,oo} dB . The results show that the OPs of two sources reduce
when P, / N, increases and saturates when P, / N, is large enough. The values
of the saturation OP differ and depend on the values of P, , if P, increases, the
values of the saturation OP decrease. Besides, when B,/ N, < B, leads to OPg
> OPg and when B /N, > Py leads to OP; < OP; . When B,/ Ny <Ry, the
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OPs of each source in the two cases of nonlinear EH and linear EH are
approximately equal, In contrast, when P,/ N, > P,,, the OPs reach saturation
in case of nonlinear EH and the OPs continue to decrease in case of linear EH,
as P,/ N, increases. Finally, the OP curves of nonlinear EH approach those of

linear EH as B, — .

P =20dB
th

N

10

% S, Mo phong -

Xac sudt dirng
y

O S, Mo phong AN N
< phac S S
—S5, Phan tich P’h = 40dB N R ¥
———S_ Phan tich ¥ N
6 | = = S, Tiéemcin i L
EH tuyén tinh S

- = S, Tiém cin

2 ~
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PN (dB)
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Xac suat dirng

Figure 5.2: OP; , OP; versus P / N, (dB)
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Figure 5.3: OP; versus Py, (dB)

Figure 5.3 represents the outage probabilities of the source S; as a function of
P, (dB) with two values of P,/ N, and three values of d,. The results indicate
that the OPy decreases as P, increases and P /N,decreases. The OPg

reaches a saturation value when
P, increases to a sufficiently
large value, and this value varies
depending on the values of
P,/N, and d;. Additionally,
when B, < P,/Ng, the d, is
OP; s
Conversely, when B, > P./N,,
the d, is larger as OP; is smaller.
Figure 5.4 illustrates the OPg as
with

smaller as smaller.

a function of p
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P, /N, =30(dB), R,e{20,30,40}dB. The results show that the OP
decreases as P, increases. Moreover, for each set of parameters,

there is always a value of p so that the source has the smallest outage
probability.

5.6 Conclusion

Chapter 5 investigates a two-way cooperative network with nonlinear energy
harvesting at the relay. As the threshold power for saturation of the nonlinear
energy harvesting at the relay increases, the outage probabilities of the sources
decrease. The outage probabilities reache a saturation value when P, /N, and
P,, are sufficiently large. For each set of parameters, there exists an optimal
power allocation coefficient that minimizes the outage probability.

Chapter 6. CONCLUSION

4.1 The results of the thesis

The dissertation investigated techniques and protocols to enhance the
communication performance of the two-way cooperative networks in
conventional wireless and cognitive wireless systems. The proposed models
have considered both ideal conditions and practical constraints to provide a
more comprehensive evaluation of the system. The new contributions and key
results of the thesis are as follows:

Firstly, the successful proposal and analysis of a two-way cooperative network
model incorporating the combination of relay cluster, successive interference
cancellation technique, and digital network coding technique. The model was
examined under both ideal conditions and real conditions, such as imperfect
successive interference cancellation and imperfect channel state information.
The research results demonstrate that the system throughput of the SIC-2TS
protocol outperforms protocols that do not utilize the combination of these
techniques. Additionally, the proposed partial relay selection scheme helps
reduce the collection time of imperfect channel state information compared to
other relay selection methods, thereby reducing signal processing time and
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increasing transmission speed. The effectiveness of spatial diversity increases,
and the outage probability decreases as the number of relays in the cluster
increases. The research results also highlight the significant impact of non-ideal
conditions (ipSIC/ipCSl) on the system performance. Furthermore, when the
relay cluster is placed at optimal positions and the power allocation coefficients
are properly determined, the two sources can achieve the best performance.
Next, the successful proposal and analysis of a two-way network model
utilizing a reconfigurable intelligent surface in cognitive radio environments.
The model operates in a full-duplex mode and investigates real conditions
where residual interference exists after interference cancellation at the receiving
antenna, and the secondary network is power-limited due to multiple primary
receivers. The objective of the model is to reduce the outage probability,
increase spectrum efficiency, energy efficiency, and cost-effectiveness of the
TW network. The OPs of the secondary sources were investigated based on
various network parameters, and the results show the following: The best OP is
achieved when the RIS is equidistant from the two sources; The OPs decrease
when the number of reflecting elements in the RIS increases, the distances
between the primary receivers and the secondary sources increase, and the loop
interference decreases; The OPs reach a saturation state when the maximum
interference power to plus noise ratio that PUs can decode information in the
primary network or the maximum transmit power that the hardware of the
secondary sources can handle at a sufficiently large. Moreover, the system
performance of the two-way network with the RIS-aided is better than the
similar network with the AF relay-aided.

Chapter 5 proposes and analyzes a two-way cooperative network model with
nonlinear energy harvesting at the DF relay. The model considers the fact that
the energy collector of the relay is made of nonlinear electronic components.
The model uses power division energy harvesting and digital network coding
techniques. The proposal's contribution is to use green energy from radio waves
to support signal transmission for low-cost and resource-constrained networks
such as wireless sensor networks and lIoT systems. The results show that for
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each set of system parameters, it is possible to determine the optimal power
allocation factor so that the OP is the smallest.

All performance evaluation parameters of the proposals in the thesis are
analyzed in the form of explicit expressions and the results of mathematical
analysis are verified by the Monte Carlo simulation method. The results of the
research project can make useful contributions to the research community, to
companies manufacturing telecommunications equipment, towards providing
better service quality to customers. The proposed models of the thesis can be
used in loT networks, heterogeneous networks, wireless sensor networks,
industrial robotics networks. The research results in the thesis have been
published in prestigious SCIE journals and international conferences.

4.2 Development direction of the thesis

The dissertation has made proposals with results to achieve the set objectives.
However, in today's context, with the increasing number of wireless
communication applications and the growing demand for high-quality wireless
services, the goal of improving network performance in applications and
specific conditions remains an important issue to address. In the future, the
author will continue to focus on enhancing the performance of two-way
networks, such as improving spectrum efficiency, energy efficiency, and
transmission speed for two-way cooperative networks in conventional wireless
networks and cognitive wireless networks. Additionally, the research will
consider more realistic operating conditions. The specific research plans are as
follows:

- Consider two-way networks studied in other fading channels such as
Nakagami-m, Rician, double Rayleigh channels.

- Investigate nonlinear EH two-way cooperative network model with direct
transmission.

- Performance evaluation in terms of reliability and latency of studied
bidirectional networks using short packets.
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- Design deep learning networks from analysis and simulation data to predict
two-way system performance.
- Research on hybrid networks between two-way terrestrial networks and

satellite networks.
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