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Abstract

Energy Harvesting (EH) assisted nodes are capable of signify prolonging the lifetime of future
wireless networks provided that they rely on appropriagagmission policies, which accommodate
the associated stochastic energy arrival. In this work, ecessive relaying based network using
rechargeable source and relay nodes having limited bufterboth their energy and data storage is
considered. The maximisation of the network throughpuhwibn-causal knowledge of energy arrivals
by the deadlind” is formulated as a non-convex optimization problem and sbised using the Interior
Point Optimization (IPOPT) method. The performance of e tomplexity suboptimal scheme was
found to reach its maximum, when the two phases of the suweesslaying protocol have equal
duration. The optimal and suboptimal schemes are capabgehieving upto 92% and 88% of the
throughput performance of the benchmark scheme. The sSolmpscheme’s throughput performance
is consistently about 90% of that of the optimal schefar.asymmetric data (or energy) buffer sizes,
it was found that the throughput performance depends on dted {i.e. collective) data (or energy)

buffer capacity available in the network and not just on thealest data buffer.

. INTRODUCTION

Cooperative communication is capable of attaining signiticdaroughput and reliability
improvements, where the source nod®V() and cooperating relay node®{/) expend their
energy, while processing and transmitting the signal tadéstination nodelf V). The nodes are
typically powered through pre-charged batteries, but dhese batteries are drained, the nodes
become dis-functional [1], [2]. An emerging solution toshiexed problem is the use of energy
harvesting (EH) [1]- [3], which has to be capable of accomatiog) the random arrivals of energy

and its storage at the nodes [4].
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Hence, EH communication systems have been studied underedif network models. In
[5]-[7], a single-user EH system was characterised, wheneficial power allocation strategies
were designed under the corresponding EH constraints. Wdmsfurther extended to the design
of an EH aided broadcast channel in [8], [9] and to two-way ®@FEommunications [10]. In
[8], authors defined theut-off powerlevels for each user in order to allocate the optimal power
to them, while in [9] Kuanet al. analysed the trade-off between the achievable relialslitg
throughput for broadcast transmissions relying on erasodes for EH sensors. In [10], the
authors designed the receiver both for simultaneouslygasing information and for harvesting
energy from the received desired signal as well as jammitegference through power splitter. In
recent years, cooperative networks have also been studibd context of EH at th& Ns and/or
the SN [1]-[3], [11]-[13]. Specifically, in [1], Medepally and Meh investigated the benefits of
relay selection relying on multiple EH amplify-and-forwlalRNs, whenever they have sufficient
energy for transmission. By contrast, in [2] informatiorifbuaided link activation was used,
which was controlled both by the quality of the links as wally the amount of energy buffered
at these nodes. Two-hop networks relying either on a singlenca pair of paralleRNs using
a successive relaying protocol were investigated for giyamg the benefits of both multiple
relays and of EH on the average throughput of the system inlf3]11], the authors derived
the optimal achievable rates for an EH system in the contexivo-way relaying employing
different relaying strategies. Furthermore, a similar-imay EH relay system employing Time
Division Broadcasting (TDBC) and Multiple Access Broadcas{iM@BC), which was subjected
to channel state uncertainty was considered in the contiejimt energy and transmit time
allocation in [12]. Utilising the structure of specific ptelm and generalised optimality principle,
the authors of [13] formulated a new algorithm for constedirutility maximisation problems

encountered in cooperative network of wireless sensorsiode

Against this background, we consider a successive relagiogel, which is capable of
mimicking a full duplex (FD)RN, despite relying on a pair of half duplex (H®Ns, which
are activated alternately in their transmitter and recemedes in order to create a virtual FD
relay. This HD regime reduces the complexity of the FD syst&@nte the FDRN would require
high-complexity interference cancellation at the receilre contrast to [3], our model relies on
the realistic constraint that EH nodes/{, RN;, RN-) have a finite energy storage capacity and
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Fig. 1: Successive Relaying Network where EH nodes are egdippth finite buffer for both
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energy and data storage.

that theRNs also have limited data buffers for storing the source data.fWgt formulate an
optimization problem for the throughput maximisation of guccessive relaying aided network
of Fig. 1 having finite buffers as well as relying on the ideatl non-causal knowledge of the
energy arrivals at all EH nodes. Then, using the InterionPilethod (IPOPT), the optimization
problem is solved for both the optimal as well as for the stibogd schemes and finally we
guantify the effect of buffer sizes on the throughput of teénork based on both schem#&ghilst
proof-of-concept studies are indeed valuable, the ultenpmirpose of most engineering studies is
to attempt a real-world implementation of the proposed tegnes. Through this study, we aimed
for taking the valuable proposals in [3] a step closer to iesal-world deployment. Explicitly,
the novelty of this contribution is that (1) we define a praatisuccessive relaying model
constrained both by limited energy and data storage buféérhe EH nodes, which dispenses
with the idealised simplifying assumption of having infirbigfers [3]. (2) We formulate the
optimal transmission policy, (3) We also propose a subagtimansmission scheme capable of
approaching the performance of its optimal counterpart agignificantly reduced complexity,
which is achieved at the expense of a marginally degradedpeédnce. In our study, we also
consider the scenario of asymmetric fading, energy and taféers. This paper is organized
as follows. In Section I, our system model is presented tvigcfollowed by the formulation
of our optimization problem in Section Ill. Our results arealissed in Section 1V, whilst our

conclusions are offered in Section V.
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[I. SYSTEM MODEL

We consider the successive relaying technique of [3] hatirmgyphases, where tHeNs assist
theSN’s transmission to th& N, as shown in Fig. 1. In Phase | of Fig. 1 th&/ transmits taR/V;
while RN, simultaneously transmits to the/N. By contrast in Phase Il of Fig. SN and RNV,
transmit simultaneously both /N, and toD NV, respectively. Thus th8N is always transmitting,
while the DN is always receiving during the process. It is assumed thattls no direct link
betweenSN-DN andRN;-RN-, as well as that these are decode-and-forward (DFRHD that
are located sufficiently far apart from each other for avggdany interference. We assume that
SN, RN; and RN, harvest energy from the environment and have finite energfgrsuhat can
store a maximum oFs a2, ER1max @Nd ERa mae, UNItS respectively, whild: N, and RN, are also
equipped with data buffers d8z1 ;.. and Brama. Packets, respectively. For ease of exposition,
we merge the energy arrival events at all the EH nodes intmglestime seriest(, t1, ..., tx)
by considering zero amount of energy arrivals at the nodasdb not harvest energy at some
instantt,. More explicitly, the EH processes at the EH nodes are inu#gat of each other. In
other words, the energy arrival instances of a node may Berelift from those of the other nodes.
For example, assume that an energy arrival occurred at Rddeat some instant,, while there
was no energy arrival at the other nodésand RN,) at the time instant,.. In our mathematical
analysis, we assumed that at time instaninodesS and RN, harvested zero amount of energy.
We setty = 0 andt, = T. We represent the amount of energy harvestetlat R N, and RV, at
time instant, asEs , Er1, andEgy . Unit, respectively, fok = 0,1, .... K — 1. The time interval
between the two consecutive energy arrivals is termed apanh whose length is defined as
T, =t — t,_1. The complex-valued channel gains are considered to beardrthroughout the
communication process preceding the deadline. The chganebetween the noddsand M is
denoted ad7;,,, where we havd. € {SN, RN, RaN} andM € { RNy, RNy, DN }.

We consider the throughput maximisation problem underdkalized simplifying assumption
of having prior knowledge about the energy arrivals at @l nodes before the commencement
of the communication process. We assume that the energyna@egeat the nodes is only the
transmission energy and that perfect 'capacity-achiéwodes are used, which facilitate operation
exactly at the Shannon capacity, thus determines the raseisy@ower relationship of a given
ink. given by rlp(t)] = logs[1 + Hp(#) &)
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whereH is the channel gain of the link andt) is the transmission power of the node at titne
As a result of energy arrivals over the time and as a benefietnhergy storage capacity at the

nodes, any feasible transmission policy should satistgWohg constraints:

1) Energy Causality Constraint: The total energy expended bgde during its transmission
session should not exceed the total energy harvested bgdbatuntil that time.

2) Energy Overflow Constraint: The energy exceeding the géocapacity of the energy buffer
at the node is lost owing to overflow.

3) Data Causality Constraint: The total data transmitted bypaerduring the process should
not exceed the total data received by that node until thag.tim

4) Data Overflow Constraint : The amount of data exceedingttirage capacity of data buffer

is lost due to overflow.
[Il. PROBLEM FORMULATION

In this section, we first stipulate some properties of thanagit transmission policy in the
following two lemmas, which will be used for formulating thieroughput maximisation problem
for the system of Fig. 1. The proof of these lemmas is providefppendices VI-A and VI-B.
Lemma 1:The transmission rate/power of a node is constant betweercbmsecutive energy
arrivals, but potentially changes when new energy arrivéiseanode [3].

Lemma 2The feasible transmission policy ensures that the relayalamys on without decreasing
the throughput of the system [3].

Based on Lemmas 1 and 2 we can characterise the optimal politg ifollowing way. There is
a constant transmission rate for the pair of nodes betweesecative energy arrivals according
to the optimal policy, as formulated in Lemma 1. Therefore, assume that the transmission
power of SN during the Phases | and Il of Fig. 1 in an epoch is constant,gaveh by pg;
andpg;rx, respectively. Similarly, the transmission powerfoN; and RN, is denoted agpg, 1
andpg, i, respectively. Lemma 2 implies that we restrict our attamtp the specific transmission
policies, where botlkR N, and RN, are always on for the sake of defining a feasible transmission
policy. Thus, we assume that the total transmission timeé@t SN-RN; and RN,-DN is the
same and denote this duration of Phase | between the tinantest ; andt, asL; . Similarly,
we assume the same transmission time betwe®nR N, and RN;-DN in Phase Il, denoted as

Lk k=1,2,..., K. Finally, we identify the optimal transmission policy thdgfines, which
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particular node transmits and when, along with the specdieggy allocation of each node. We
then define a suboptimal scheme, where the duration of eagepf successive relaying is fixed

to a particular ratio.
A. Optimal Transmission Policy

Let us now define the optimization problem of maximising tlystem throughput by the
deadlineT'. Since RNs initially has no data in Phase | of Fig. 1, it is assumed withlogs
of generality that it starts transmission by delivering- 0 amount of dummy information to
DN, wheree is sufficiently small to be ignored for our throughput optziadion problem. Upon
scheduling the two phases in succession, it is ensuredrée ts no further throughput loss for
the system. In other words, at the beginning of transmisdiovi, possesses no data fraththat
can be transmitted t& V, hence it commences its transmission wihlummy packets. However,
subsequently, the transmission phases occur in immediatession without any interval. This
ensures that there is no need to send dummy packets and thushew loss of system throughput
is imposed. Similar assumptions were also made in [3]. WedeBne the throughput of the nodes

in different phases based on the rate versus power relatpas). (1) mentioned in Section Il as:
ari e = Lirplogs(1 + Hripprik); ara = Lyjlogy(1 4+ Hrapprok); (2a)

asrk = Liploge(1+ Hspipsrk); asrrk = Lirglogy(1 4+ Hsropsir)- (2b)
Now, the optimization problem is defined over ., Li;k, csr ks stk g1 @ndags y, as:
maximise  S°r | apix + Qrog (3a)
subject to :

Energy causality constrainsonstraint 1 in Section llat SN, RN; and RN, :

k  Lr (aLSI’j) Lirj (aLSH’j> k—1

ijl ﬁ 2\ ) — 1| + % 2\ ) — 1] < ijo Es; Vk; (3b)
kL, (‘Z’f}?) k—1 )

Zj:l Hrip 2 =1 s ijo Epi; VE; (3c)
ko L, (QLR,Q’?') k-1

i Ty |2V =1 <300 By k. (3d)

Energy overflow constrainigonstraint 2 in Section llat SN, RN; and RN; :
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k k Ly (‘15[1,;‘) Ly (aLSIIII’.j)
ij() Egyj — Z ’ 2 J) =14+ 5222 7/ -1 < ES,ma:r Vk’, (36)

j=1 Hgp1 Hspro
k k Lig ; (QLI;;J ) .

Zj:() ERl,j - Zj:l Hrip 2 J - 1 S ERl,maac Vk, (Bf)
Eop ko Lp (QLRIQ;”')' <5 " 3
Zj:() R2,5 — Zj:l Hpop 2 ’ -1 > LYR2mazx . ( g)

Data causality constrain{sonstraint 3 in Section llat RN; and RN, :
22?11 aRl,j S 2?11 aS],j Vka (Sh)
S rey < N s Vk. (3i)

Data overflow constraint&onstraint 4 in Section Iliat RN, and RN; :
Z§:1 Qsrj — Zf;i @r1; < Brimaz Vk; (3))
Z?:l Qasrrj — 25;11 R < BRramas VEk. (3k)
Half duplex constraint due to the HD relaysV, & RN :
LIJC + LII,k < 7 VEk. (3|)
Feasibility constraints a¥ N, RN; and RN :
asre >0, asir >0, apip > 0;aper >0, Lip>0, L, >0 VEk.  (3m)
Note that when Eqg. (3h)-Eq. (3i) are evaluatediat K, the total amount of data delivered
to DN is equal to the amount of data transferred By, and RN,, hence the throughput
maximisation problem corresponds to the maximisation efaimount of data transmitted by both
the RNs as formulated in Eq. (3a). The problem in Eqg. (3) is a non-egmaptimization problem

owing to the non-convex energy storage constraints defindetji (3e)-Eq. (3g), which can be

efficiently solved using the IPOPT method (given in AppendixC).

B. Suboptimal (Alternate) Transmission Policy

In this scheme, we set the duration of phase | in Fig. 1 to baldqu;% of the length of an
epoch, i.e. we have:

Lrx= 1857k Lirk =Tk — 1057k (4)
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Using Eq. (4), the optimization problem is relaxed for thigogptimal scheme and can be re-
formulated by omitting Eg. (3l) from Eq. (3). This is again anrconvex optimization problem,
hence it may be solved using the IPOPT method. This schensenet as suboptimal, since the
duration of the phases has been deliberately fixed for the shkeducing the complexitef the

optimization problem.
IV. PERFORMANCERESULTS

In this section, we evaluate the performance of the propbséfér-aided successive relaying
system relying on offline power allocation in terms of theiwmgi throughput achieved by the
deadline of 7" = 10 seconds. We assume that the EH process of Bathand of theRNs
independently takes values frojih £,,,, = 5] units, where the energy is distributed uniformly
under an exponential inter-arrival time at a rate\of= 5 units/second. The deterministic channel
gains are set the valud$sr, = Hsro = Hrip = Hrap = 4 except otherwise mentioned. Our
results quantify the throughput of the system as a functiohoth the data and energy buffer
capacity, for both the optimal and suboptimal schemes tlgabanchmarked against the infinite-
storage based optimal scheme defined in [3]. Our benchmasase of [3] is insensitive to the
buffer sizes, since it considers infinite storage capacdieall the EH nodes for both the energy

and data, thereby providing an upper-bound to our propogsedrs.

The percentage duration of Phases | and Il in Fig. 1 is not fike@dhe optimal scheme, while
they have been fixed to a specific ratio for the suboptimaleehfor the sake of complexity
reduction. Hence, our first goal was to identify that specifitia of the durations of Phase
| and Il, which would maximise the throughput of the suboptisaieme. Fig. 2 shows the
specific percentage of the optimal throughput, which was dgtuiechieved by varying the
proportion of the phase | durationl() in each of the EH epochs along with the symmetric
(Hsr1 = Hsro = Hrip = Hrap = 4) and asymmetric settings of the channel fading gain for
SN-RN,. The performance of the suboptimal scheme peaks, when tladaths of both the
phases are equal. For the other scenarios, the throughplawer, because the amount of data
transmitted betweeA N and DN is limited by the shorter phase. It can be seen from Fig. 2 that
as the duration of the shorter phase increases, the throughiso increases. It is interesting to

note that in the scenarios of very low channel gain, i.e. Byz, = 0.01, Hgzo = 0.1, there
The complexity analysis of both the schemes is beyond the scope of ttes pap
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Fig. 2: Relation between percentage of optimal throughpliesed for varying duration of Phase
| occurring in an energy harvesting epoch with sufficientrgpeand data buffer sizes (5 and 2
respectively) for different settings of channel gains.

exists asymmetry in the throughput achieved by system.eBsem behind this trend is that when
the duration of phase | is higher than that of phase II, theroled gain of pathSN-R N, limits

the amount of data that can be otherwise transmitted?fg,. As depicted in Fig. 2, when the
duration of phase | is 50% of the EH epoch, the suboptimalrsehachieves approximately 97%
of the optimal scheme’s throughput. Hence, in the followisgukssions we consider a suboptimal

scheme, where the duration of each phase is 50% of the epoakiatur

The 3-dimensional characterization of the system of Fig firovided in Fig. 3. Specifically,
Fig. 3 illustrates the overall throughput of the system asretion of the size of both the energy
buffer and data buffer at the EH nodes. It can be clearly eleskthat with the increase in the size
of buffers at the EH nodes, the throughput of our proposedrsels improve owing to increased
availability of energy and data storage capacity at the EHescsupporting a larger amount of
data transmission t®& N. However, the throughput of the benchmark scheme [3] isteohsthat
is independent of the buffer sizes, as it relies on the idedlsettings where EH nodes possess

infinite energy and data storage capacity. Moreover, oumgbsscheme performs only marginally
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Fig. 3: Impact of the energy and data buffer sizes at all thenGHes on the throughput of the
system by the deadlifiE. The constant green surface represents the throughpus detichmark
scheme [3], while the pink and blue surface depict our ogdtiaml suboptimal transmission

policies, respectively.

better than our less complex suboptimal scheme, becausdutlation of each phase is fixed
in the suboptimal scheme. This would in turn result in limgtithe amount of data that can be
transmitted taD Nduring successive relaying phases. In order to closelyaadhe impact of the

energy and data buffer capacities at the EH nodes on thelbsgstem throughput, we present
the 2-dimensional curves corresponding to the individnalysis of the energy buffer size, while

keeping the data buffer size constant and vice versa.

The results of Fig. 4 show the throughput of the system agédines size of the battery in
the presence of sufficient, insufficient and asymmetric Oatéer sizes for both the optimal and
the suboptimal schemes. As expected, upon increasing tierybaize, the throughput of the
system is improved owing to the availability of increasedoant of energy (due to increase in
buffer size) for transmission. Moreover, it can be obsead for sufficient (or insufficient) data
storage, our optimal system is capable of achieving 92% Qét)5of the benchmark scheme’s

throughput performance [3], while our suboptimal schemegopeas slightly worse than the
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Fig. 4: Impact of energy buffer size at all the EH nodes witfiisient (2 packets), insufficient (1
packets) and asymmetric data buffer capacity atRbie on the throughput of the system by the
deadlineT".

optimal scheme, reaching 88% (or 46%) of the benchmarksysthroughput value in [3], when
the battery capacity of the EH nodes is sufficiently higl f,o. = Er, maz = ERymae = 5 units).
Furthermore, for asymmetric settings having unequal daffatts atk /N, and R N,, the throughput
becomes lower than that for sufficiently large storage,esiid/; is now acting as a bottleneck,
preventing the flow of data t& N. On the other hand, for this asymmetric setting, the thrpugh
becomes higher than that for insufficient storage, sincentdue RN, has a higher data storage
capacity, thereby supporting a higher data rate/t®&y’. The suboptimal scheme’s throughput
performance was 95.2%, 90.7% and 93.7% of that of the optatia¢me for the scenarios of
sufficient, insufficient and asymmetric data buffers, resipely.

Similarly, Fig. 5 presents the throughput of the system asnatfon of the data buffer size at
the RNs with sufficient, insufficient and asymmetric energy buffeesifor both the optimal and
suboptimal scheme. It is clearly demonstrated that as the sf the data buffer increases, the

amount of data successfully transmitted to ih& also increases for both the schemes, indicating
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Fig. 5: Impact of data buffer size at tHeN s with both sufficient (5 units), insufficient(2 units)
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that the optimal and suboptimal schemes have quite a sipdeiormance. The reason behind this
trend is the reduction of overflowing data buffers owing to trgér capacities of these buffers at
theRNs. Furthermore, for sufficient (or insufficient) battery cajtées, our optimal system having
finite buffers is capable of achieving 92% (or 52%) of the tigloput compared to our suboptimal
scheme that performs comparably, since it achieves 88% 986)4of the benchmark system’s
throughput [3] for the maximum data buffer sizel&f, ;... = Br, me: = 2 packets. Furthermore,
for asymmetric settings having unequal energy buffel® st and RN,, the throughput becomes
lower than that for a sufficiently large storage, sin@&V; is low on energy, hence preventing
the flow of data taD N. On the other hand, for this asymmetric setting, the thrgughbecomes
higher than that for insufficient storage, since the nété, has a higher energy storage capacity,
consequently supporting a higher data rate/idv. Moreover, the suboptimal scheme achieves
96.7%, 87.3% and 94.2% of the throughput of our optimal s&ém sufficient, insufficient and

asymmetric energy buffers, respectively.

Fig. 6 depicts the throughput of the system as a functioneffymmetric channel gain of the

SN-RN, path (Hsr2) for the scenario of having a sufficiently high data and egdrgffer size
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Fig. 6: Impact of asymmetric fading frosto RN, for sufficient battery and data buffer capacities

(5 Units and 2 packets, respectively) at EH nodes on throuighiithe system by the deadlifié

at the EH nodes, where all other channel gains are setltg;; = Hrip = Hrop = 4. It can

be clearly seen that as the channel gdiiy, increases, the throughput of the system increases
for all the schemes owing to the rate-power relationship noeeti in Eq. (1). This means that
as the value of the channel gain increases, the amount of watesmitted fromSN to RN,
increases and so does the amount of data reachinglihg hence also increasing the overall
throughput of the system. As expected, the benchmark sebhpresents the upper-bound of the
system’s throughput for an asymmetric setting of the chlagaia, as it relies on the idealized
assumptions of infinite data and energy storage capacitiiseaEH nodes. However, our optimal
scheme performs better than the suboptimal scheme owing tixéd duration of phases in the

successive relaying protocol of the latter scheme.

In Fig. 7, we considered the throughput of the system as aitumot the data buffer capacity
at the RNs for the scenario of asymmetric channel gains as well as asynnanergy buffer
capacity. Explicitly, we have usefls .. = Eromar = 5 UNItS, ER1 mq: = 2 UNits at the EH
nodes. The benchmark scheme provides an upper bound forropoged schemes and has a

constant throughput, since it is unaffected by the data ansiigy buffer capacity at the EH nodes.
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Fig. 7: Impact of data buffer size at ti&V s with asymmetric channel gains and battery capacities
(Esmaz = Er2mar = 5 UNItS, Ep1 mqe, = 2 UNits) at EH nodes over throughput of the system by
the deadlindl".

Interestingly, the throughput of the system improves upereasing the value of the channel
gains, which becomes explicit by observing the rate-powaticgiship of Eq. (1). Moreover, the

asymmetric setting of energy buffers at the EH nodes of tbpgsed scheme results in limiting
the throughput achieved by the system, becdt®8e is acting as the bottleneck owing to the low

energy buffer capacity.

In the light of the above study, our findings for the realisicwulation parameters in Table |

may be summarised as follows:

1) The performance of the suboptimal scheme as a percentabe throughput achieved by
the optimal scheme reaches its maximum, when the two phdges successive relaying
protocol have an equal duration.

2) The optimal and suboptimal schemes are capable of aogieyppto 92% and 88% of the
benchmark scheme’s throughput [3] for a sufficiently higbrgy and data buffer capacity.

3) The suboptimal scheme’s throughput is consistently 89@% of that of the optimal scheme.

4) For asymmetric data (or energy) buffer sizes, the attdéntnroughput depends on the total
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(i.e. collective) data (or energy) buffer capacity avdiaim the network, not only on the

smallest data buffer.
V. CONCLUSIONS

In this treatise, we considered the throughput optimiratiban EH assisted two-hop network
using a buffer-aided successive relaying protocol. Underissumption of known energy arrivals,
we defined the related non-convex optimization problem ammggsed both the optimal and a
suboptimal scheme for maximising the data delivered to/##é by the deadline. Then, using
the Interior Point method, an efficient solution was found for both the scherfasally, our
results justify that both our optimal and suboptimal scheraee capable of performing close
to the benchmark system [3]. Furthermore, the less compler®imal scheme is capable of
approaching the performance of our optimal scheme at thernseof a slight performance
degradation, provided that the EH nodes are equipped witicieatly large buffers for both
energy and data storage. Our future work may consider Eedaadlaptive transceiver schemes.

VI. APPENDIX
A. Proof of Lemma 1

This proof is an extension of that derived for point-to-gogase in [5] to the two-hop
scenario defined in this treatise. Let us assume that thesngter nodes {N,RN;,RN,)
change their transmission rate between two EH instanges, ;. Let us furthermore denote
the rates as,, rmn+1 and the instant when the rate changest/asvhere we havell <
{SI,R2} in Phase | andM < {SII,R1} in Phase Il of the successive relaying protocol.
Correspondingly, the duration of each phase can be writteb;as L; 11, L1, and Ly 1.
Let us now consider the duratidty, ¢;.1). The total energy consumed in this durationSa¥ is
DsinLlin + psiinLlirn + Dsini1Lint1 + Psirns1Lirne1. Similarly, the total energy consumed
at RNy 1S prinLirn + Prin+1Li1n+1 @and that atRNy © pronLiy + Pront1Lins1. LT US NOW

considerS N in more detail and define:

_ psijnLrntpsrniilrng _ psitmlrrntpsir a1 Lrrng

/ /
Psr = tit1—t; » Psir = tig1—1;

psinLrn+tpsrny1lrnt1 PSITnlrrntpsirny1lrrntt ] .
)

rs; =rps ] =r i1t ] s = rPsl =7 [ tir1—t:

Let us now use these,, r,;; as the new transmission rates for Phase | and I$&t over

[t;,ti11), and keep the rest of the rates same as in original policg. éasy to observe that the
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new transmission policy is feasible, since all the energstaints are satisfied under this policy.
On the other hand, we can write the total number of packetsatteadeparted fron$ N in both

of the phases over this duration under this new policy as:

(rsy + 7srr) (tivs — i) = (r[psg] + rPspr]) (tigr — i)

nL nt n L n nL nt n L T
— (7,, |:pS'I, I, PSIn+1L0, +1:|> (tz-t,-]_ _ tz) + (7,, |:pSII, II, PSIin+1L11, +1:|> (tz-l,-]_ _ tz) (6a)

tit1—ti tit1—1;
> (rlpsin)Lin + r[psint1)Lins1) + (T[psirn]Lirn + 7[Psirn] Lirntt) (6b)
=1r51nLin +1simt1Lrns1 +rsirnlorn + rsirne1 L (6c)

where the inequality in Eq. (6b) follows from Eq. (1) of Sectill, which is a concave function
of the transmission power. Therefore, the total number of packets transmittedSBy in this
duration under the new policy is higher than those that apaded under the original policy.
Similarly, we can prove that thBNs under this new policy will send more data foN. If we
keep all the rates constant, the transmissions will delagger amounts of data tO N by the

deadline. This contradicts to the optimality of the oridgittansmission policy.
B. Proof of Lemma 2

The proof derived for the two-relay case extends the singleey case of [14]. In the case of
two parallel relays, we consider a feasible transmissiditywhere one of the relays (say/NV,)
is not always on, i.e. it is not transmitting or receiving alatl the time. Now, if we have an
idle time interval right at the beginning of Phase |, we cateed the epoch of vV in Phase I,
ensuring that there is no idle time. Note that this stratemytioues to satisfy all the causality and
storage constraints. On the other hand, if an idle time auratccurs at the beginning of Phase 11,
we can delay the epoch of reld/V; without violating the feasibility of our policy, becausecdn
store more energy in the meanwhile and the previous arguozenbe used to extend the epoch
of RN, during Phase | to avoid any idle time. Similarly, we can cdasthe scenario, wheR N,
is not always on. Therefore, we remove the idle times by smireg the transmission duration of
one of the nodesY/V or RNs) while keeping the total amount of transmitted data the s@mee
the rate-power relation of Eq. (1) is concave, the new palmyveys the same amount of data to
DN, while consuming less energy. Hence it is feasible. Moreav&ing this proof we can say
that there exists an optimal policy, wheséV and DN are always on for the twin-relay system

relying on a successive relaying protocol.
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C. Interior Point Optimization (IPOPT) Method

The relevant optimization techniques include IPOPT, LOQ@ KNITRO [15]. The IPOPT

method is more efficient than the other two techniques, tsecéurelies on tighter termination

bounds as well as utilises comparable CPU time for evaluairggher number of objective

function values and iterations [15]. The IPOPT method imeslthe primal-dual interior point

algorithm with the aid of a so-called filter line search metimvoked for non-linear programming
[15], [16], which improves its robustness over that of LOQ&I &NITRO. In the primal dual

interior point method, both the primal and dual variables @pdated, while the primal and dual

iterates do not have to be feasible. The search directidmsmmethod is obtained using Newton’s
method applied to the modified Karush-Kuhn-Tucker (KKT) &ipns. However, the basic idea

behind the filter line search algorithm involves considgrntrial point during the back-tracking

line search, where this trial point is considered to be atat®g if it leads to sufficient progress

towards achieving the optimization goal. This algorithmimtesins a ‘filter’, which is a set of

values that both the objective function and the constrawiaition functions are prohibited from

returning. For a trial point to be successful, the valueshefdbjective function and the constraint

violation functions evaluated at that trial point should he a member of the filter. This filter is

updated at every iteration to ensure that the algorithm dogsycle in the neighbourhood of the

previous iterate [15].
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