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Abstract

This thesis studies the problem of joint allocation of subchannel, trans-
mission power, and phase duration in the relay-enhanced bidirectional or-
thogonal frequency-division multiple access (OFDMA) system. The chal-
lenges of this resource allocation problem arise from the complication of
multiple-phase assignments within a subchannel since the relay station can
provide an additional signal-path from the base station to the user equip-
ments (UEs). Existing research work does not fully consider all the influential
factors to achieve feasible resource-allocation for the relay-based networks.
Considering the energy consumption is one of principal issues, the energy-
efficient resource allocation (EERA) schemes are proposed in this thesis to
design the allocation of subchannel, power, and phase duration for the UEs
with the consideration of direct and two-hop communications. Both the
four-phase and two-phase bidirectional relaying assignments and the net-
work coding technique are considered to obtain the suboptimal solution for
the proposed EERA schemes. Different weights are designed for the UEs to
achieve the minimization of weighted system energy for the relay-enhanced
networks. Simulation results show that the proposed EERA schemes can pro-
vide comparably better energy conservation and outage performance with the

consideration of quality-of-service support.
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Chapter 1
Introduction

The orthogonal frequency-division multiple access (OFDMA) [1] is consid-
ered a key transmission technology for next generation wireless communica-
tion systems, including the worldwide interoperability for microwave access
(WiMAX) [2] and the downlink (DL) of 3GPP long term evolution (LTE) [3].
The OFDMA technology is a multiuser version of the orthogonal frequency-
division multiplexing (OFDM) technique, which divides the wideband chan-
nel into numerous subchannels in‘order to both provide high spectral effi-
ciency and alleviate frequency-selective fading. Based on the OFDMA tech-
nique, multiuser diversity can be achieved by opportunistic scheduling which
appropriately allocates the subsets of subchannels to individual user equip-
ment (UE). However, the quality-of-service (QoS) requirements cannot al-
ways be guaranteed since the UEs may inevitably be assigned to operate
under a worse channel condition. In order to alleviate the severe path loss
within a channel, the relay station (RS) is introduced to provide an alterna-
tive path between the base station (BS) and the UEs for increasing the spatial
coverage of a cell. Therefore, it is important to provide feasible resource al-

location for the relay-enhanced communications to improve the throughput,



energy consumption, and outage performance of the system.

Existing research work has been conducted to investigate the resource
allocation and power control mechanisms for the OFDM [4; 5] and OFDMA
[6-9] networks. However, these mechanisms cannot be directly applied to
the networks with the assistance of RS. In order to evaluate the relay-based
system including the conventional direct communication and the relay trans-
mission in terms of the network throughput, the work presented in [10-18]
develops resource allocation strategies in the DL relay-based OFDMA net-
works under different assumptions. Noted that each subchannel is partitioned
into two transmission phases for the relay-enhanced network, including the
first phase to allocate the transmission between the BS and RS and the
second phase for the RS and UE. The work in [10] focuses on subchannel
assignment and path selection by comparing the effective data rates of the
RS and the direct transmissions.—A voeid filling algorithm is proposed in
[11] as a heuristic joint path selection and subchannel allocation scheme for
throughput enhancement. However, these two schemes are designed with
constant power allocation for the UEs. “With the QoS consideration, the
suboptimal solutions are obtained by jointly considering the subchannel and
power allocation for the relay-based network [12]. The work presented in [13]
proposes the QoS aware resource allocation (QARA) scheme which considers
both the direct and relay communications in the network. Furthermore, all
the schemes in [10-13] are designed to utilize the same subchannel assign-
ment in both transmission phases for each UE, i.e., an RS receives the data
in the first transmission phase and utilizes the same subchannel to forward
the data in the second phase. The heuristic switching assignment between
the two transmission phases are considered in [14] for power allocation. Op-
portunistic power scheduling is studied in [15; 16], it formulates a stochastic

optimization problem to maximize the average sum rate of the system. How-



ever, the QoS constraint has not been addressed in [14; 15]. Moreover, the
coexistence of both the direct and relay communications in the network has
not been investigated in [12; 14]. The heuristic algorithms are proposed in
[17; 18] which adjust the phase duration based on the information of mean
channel condition and consequently allocate the subchannels. In the uplink
(UL) OFDM access network, the work presented in [19] formulates an opti-
mization problem for resource allocation in order to maximize the network
throughput. On the other hand, considering both the DL and UL trans-
missions, four-phase relaying will be required which additionally include the
transmissions from the UE to RS and from the RS to BS. Two-phase bidirec-
tional relaying is developed in [20-23] to enhance conventional four-phases
relay-based transmissions. Considering the physical layer behaviors with sin-
gle UE sceanrio, the network coding technique is investigated in [20—22] which
allows the RS to encode the data'coming from both the BS and the UE, and
the RS will consequently broadcast the encoded data back to the BS and UE
in the second phase. Moreover, The work proposed in [23] adopts network-
ing coding scheme for optimal resource allocation under the assumption that
each subchannel can only be allocated with one UE during both transmission
phases.

However, it is noticeable to observe that most of the research focuses on
maximization of network throughput from the viewpoint of DL. Since most
of UEs in a wireless network are battery-powered, energy efficiency is con-
sidered one of principal issues to prolong the lifetime of UE [24]. From the
aspect of DL, energy minimization are effective in limiting the intercell in-
terference [18]. Considering the different requirements among the UEs, RSs,
and BS for power consumption, the time durations of the different relaying
phases should not be equal owing to the channel variations and various traffic

loads between DL and UL. In this thesis, the minimization of total energy



consumption for the network is investigated based on the bidirectional relay-
based OFDMA systems. The energy-efficient resource allocation scheme for
four-phase (EERA-4P) bidirectional relaying is proposed to solve the opti-
mization problem in order to achieve optimal subchannel assignment, power
allocation, and phase duration assignment. Based on the pre-defined target
data rate as the QoS requirement for each UE, the EERA-4P scheme is de-
signed to fully consider various network scenarios including both the DL and
UL links, the co-existence of direct and relay communications, and different
UE assignments for each phase duration. Owing to the NP-hard nature of
the optimization problem for resource allocation, the Lagrangian formulation
is adopted to obtain the suboptimal solution based on the continuous relax-
ation [25] for subchannel assignment. Furthermore, considering that the UL
and DL transmissions can be applied within the same phase duration, the
proposed EERA-4P scheme can be-simplified to the two-phase scenario, de-
noted as EERA-2P scheme, in ‘order-to increase the multiuser diversity. The
performance of proposed EERA-2P scheme can further be improved with the
adoption of network coding technique, which is represented as the EERA-
2PNC scheme. Simulation results show that the proposed EERA schemes
can provide better energy conservation and outage performance compared to
the existing relay-based resource allocation scheme with the considerations
of QoS requirements.

The rest of this thesis is organized as follows. In Chapter 2, the system
model and the formulation of proposed EERA-4P scheme are presented. The
EERA-2P and EERA-2PNC schemes are further discussed in Chapter 3.
Performance evaluation and comparison of proposed schemes are conducted

in Chapter 4 via simulations. Chapter 5 draws the conclusions.



Chapter 2

Proposed Energy-Efficient
Resource Allocation Scheme for

Four-Phase (EERA-4P)
Bidirectional Relaying

2.1 System Model and Problem Formulation

As shown in Fig. 2.1, a scenario of four-phase bidirectional relay-enhanced
OFDMA system is depicted. There exists a BS, R fixed RSs, and U UEs in
a single cellular network. The entire channel bandwidth is equally divided
into N subchannels, where each subchannel with B Hz is composed of N,
adjacent subcarrier. In this thesis, N. = 1 is considered in the proposed
EERA schemes for simplicity of problem formulation. Note that N, can be
extended to any value without modifying the original formulation of EERA
schemes, which will be discussed in the performance evaluation chapter. Be-

fore the DL process, the BS can obtain all the channel state information,
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Figure 2.1: Network scenario for the four-phase bidirectional relay-based
OFDMA system.

e.g., the channel gain, of both the RSs and UEs based on their correspond-
ing feedback mechanism. It is also assumed that the channel gains of all
the communication links remain constant in one frame. Based on the chan-
nel state information, the target data rate for each UE is pre-specified by a
scheduler within the BS which is served-as the QoS requirement for each UE.
With the adoption of half-duplex antennas, four phases are required for the
relay-based communication in order to complete both the DL and UL data
transmissions. Let S—D be denoted as the transmission from source S to
destination D, where S, D€{BS, RS, UE}. As illustrated in Fig. 2.1, the first
phase of each subchannel can be allocated with either a BS—RS transmission
or a BS—UE transmission, and that of the second phase is assigned with an
RS—UE transmission. On the other hand, for the UL transmissions, the
third phase is allocated with either a UE—BS or UE—RS; while an RS—BS
is assigned for the fourth phase. Note that the BS—UE and UE—BS repre-
sent direct communications between the BS and UE where the RSs are not

involved in the transmission. Each phase of a subchannel is only allowed to
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Figure 2.2: Timing diagram of the four-phase transmission for bidirectional
relay-based OFDMA system.

allocate one communication link, and the parameter ¢, is defined as the time
duration of the 7th phase, for 7 = 1,2,3 and 4, as shown in Fig. 2.2.

As illustrated in Fig. 2.1, the parameter wa indicates the communication
link between RS r and UE w where'lee {DL,UL}, r € {1,..., R}, and
u € {1,...,U}. Note that R and U respectively represent the maximum
numbers of RS and UE in the network, and the superscript [ describes the
transmission direction. Lf, denotes the link between the BS and UE w by
assigning the subscript r = 0, and Li«,o is the link between BS and RS r with
the subscript u = 0. My and M, denote the sets of UEs that are operated
in direct and relay-assisted mode, respectively, i.e., u € My or u € M,, Yu.
The relay selection function Q(u) is defined as Q(u) = r if a UE u is served
by the RS 7, i.e., u € M,; while Q(u) = 0 if a UE u is operated in direct
mode, i.e., u € M. Moreover, pf,i € {0,¢.} for 7 = 1,2,3 and 4 denotes the
subchannel assignment indicator for Lﬁw on the 7th phase of subchannel n

as either assigned (p/L = t.) or not assigned (pil = 0) for all (I,7,u) € 7,



where

l=DL,r=Q(u),u € M,},

A
S
|

l=UL,r #0,u = 0},
(2.1)

The set ®2 in (2.1) denotes the set of communication links transmitting in
the 7th phase where the superscript 4 indicates the case of four-phase bidi-
rectional relaying. Let p"’l be defined as the transmission power of Ll in the
corresponding phase determined by p;’, L of the subchannel n, the normalized

data rate C™! of L!  on subchannel n can be acquired as

Ol =piilog (T4 plt gi ), (2.2)

where g, = Ifg’#: with HZ, as the channel gain of L., in subchannel n
and Ny denting the power spectral density of additive white Gaussian noise
(AWGN). The parameter I' = —In(5BER)/1.5 is obtained from [26] given
the target bit error rate BER and the continuous-rate M-ary quadrature
amplitude modulation. Based on the normalized data rate C’Z?é obtained from
(2.2), an optimization problem with the objective to minimize the weighted

energy consumption of the entire system can be formulated as

min ZwT Z Z Pr (2.3a)

(p:pst)

1 (lru)edl
s. t. pru € {0,t,}, Vn, V(l r,u) € &2 vr € {1,2,3,4}; (2.3b)
N
> (3wt ot < v 20
n=1 \u€My

|
|
w)|(l=UL,r =Qu),u € My)or { =UL,r =Q(u),u € M,)},
)|

if =1,
if =2,
if 7 =3,
if 7 =4,



N

Z Pt < PRgt, > prgt < PRt v (2:3d)

n—= lueMr n=1

Zp;z(ﬂ?u < PRgT, Vu; (2.3¢)
Z p"l <t Vn, Vr; (2.3f)

(I,ru)edt

4

=1

N

Y oomb> Rt (i, u) € O, VT, (2.3h)

n=1

where the parameter p, p, and ¢ are defined as the sets of pl, pl, and
t, respectively for all values of n, (I,r,u) € ®1 and 7. In other words, the
optimal subchannel assignment p"l for:link Liu, power allocation p,,u, and
phase duration ¢, can be obtained in order to minimize the system energy
consumption as defined in (2.3a). The expression in (2.3b) states that each
communication link can be either-assigned with a subchannel, i.e. p”l =t,,
or not assigned, i.e., pl = 0. The constraints in (2.3¢)-(2.3¢) respectlvely
ensure that transmission power of the BS, RS, and UE cannot exceed its
corresponding maximum transmission power, i.e., Pg¢®, Ppd®, and PjJg".
(2.3f)-(2.3g) are respectively utilized to denote that each phase duration ¢,
of a subchannel can only be allocated with at most one communication link,
and the summation of all £, is normalized to be one. The condition in (2.3h)
indicates that each UE and RS is required to achieve its target data rate,
where the parameter R’ represents the required data rate of link L.,
according to its QoS requirement.

Moreover, the weighting factors w, in (2.3a) denotes the relative weights

that should be imposed among the four phase durations. It is specifically



to notice that only the third phase corresponds to the transmissions that
originated from the UEs, i.e., either from UE to BS or from UE to RS.
Since the maximum transmission power of UE is much less than that of the
BS and RS in general, the communication links UE—RS and UE—BS are
always considered the bottlenecks for the relay-based networks. Therefore,
it is required to investigate the energy consumption of UEs with respect
to that of the entire network in order to evaluate different effects to the
system performance. The weighting factors can consequently be assigned as
(w1, wa, w3, wy] = [1,1,w, 1], where the influence from w to the system outage
probability will be evaluated in the performance evaluation chapter.

It can be observed that the optimization problem in (2.3) is a mixed
integer programming problem. It is in general considered as an NP-hard
problem, which does not exist efficient algorithm to acquire the optimal so-
lution except by adopting the exhausted search algorithm. The major reason
for (2.3) not being considered:as a convex optimization problem is mainly due
to the discrete manner of the subchannel assignment indicator p;";, which
can only be assigned with either ¢, or 0 value. In the case that the constraint
can be released as stated in [25], i.e., by allowing the indicator pJ’] to be
any value within the interval [0, ¢,], the original optimization problem can be
converted into a convex optimization problem. Consequently, the objective
of this thesis becomes to seek for a suboptimal solution for resource alloca-
tion by adopting a methodology with lower complexity. Let 5’” be defined
as the effective transmission energy as 6% = p%p%, the normalized data

rate C7l of L., in (2.2) can be rewritten as

nl n
Cl = pii log (1 + rp“gm> : (2.4)

Let & be defined as the set of e/} for all values of n, (I,r,u) € ®}, and 7. The

10



set (p,p,t) in (2.3a) is replaced by (p,e,t), and the equations from (2.3a)

0 (2.3e) are respectively modified as

(pe;t)

mlnz Z Z erl+w Z e (2.5a)

7=1,2,4 (I,r,u)€d4 (I,ru)edy
s. t. pll €[0,¢,], Vn, V(l rou) € ® vr e {1,2,3,4}; (2.5b)
N
> ( et +Z ”DL> <t Pras, (2.5¢)
n=1 \uEMy
Z D et < tyPie” ZE”UL <ty PsT, Vs (2.5d)
n=1ueM,
N
ag(U)L < t3PIY ) Yu. (2.5e)
n=1

The objective function defined in (2.5a).is equivalent to the energy con-
sumption from both the BS and the RSs plus the weighted energy consump-
tion from the UEs. Note that (2.5b) is different from (2.3b) where [0,¢,] in
(2.5b) represents a continuous interval between 0 and ¢, and the set {0,¢,}
in (2.3b) only contains two elements, i.e., 0 and .. As a result, the optimiza-
tion problem for resource allocation in (2.3) can be converted into a convex

optimization problem by replacing (2.3a)-(2.3e) with (2.5a)-(2.5e).

2.2 Proposed EERA-4P Scheme

In this section, the proposed EERA-4P scheme will be designed to allocate
subchannels, transmission power, and phase duration in order to minimize
weighted transmission energy of the system. Each subchannel will be accom-
modated with different UEs or RSs at the four transmission phases. The

modified optimization problem in (2.3) along with the convex properties as

11



n (2.5a)-(2.5¢) can be formulated as a Lagrangian function. Let A1, Ao,
A3, and Ay, be defined as the Lagrangian multipliers for the constraints in
(2.5¢)-(2.5e). The parameters 7, and y., are the Lagrangian multipliers of
the constraint in (2.3f) and the QoS constraint of L., in (2.3h), respectively.
Moreover, A is defined as the set of all Lagrangian multipliers. Hence, the

Lagrangian function L(p, e,t, A) can be expressed as

N N
LoetA) =X Y i) ¥

n=171=1,24 (I,r,u)cd2 n=1 (I,ru)eds

UEMd

i

n=1

n=1 ueM,}

U N
+ Z )\3,u (Z gg,(iiu . ma:r) + Z )\47" (Z gn UL maz)
u=1 n=1
4 N N
5| S eSS (oo m),

7=1 n=1 (I,r,u)ed2 T=1 (l,r,u)ed% n=1

(2.6)

Moreover, the Karush-Kuhn-Tucker conditions for obtaining the optimal so-

lution are
oL t. A >0, if nl — 0,
(pa i?l ) ) = 1 €r,u (27&)
eru =0, ifepl>0.
oL t. A >0, if b — =0,
(p, sn,l ,A) | =0, ifpry (2.7b)
Opriu =0, if p”l > 0.
L t. A >0, ift, =0,
a (p;€7 ) ) — 1 (27C>
ot, =0, ift,>0.

12
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Equation (2.7a) can further be expressed as

@L(p,E,t,A)_ I /‘Lrup:‘qlﬁg?u

=, 2.8
dert "l 9 e’ 28)
where
.
14 Ay, f(l,r,u
14+ Aoy, f(l,r,u) €
AL, = » (2.9)

(L7, u) €
(I,ru) €
W+ A3y, if (I,ru) €
14+ Mgy, if (I,ru) € <I>4

Note that the parameter AL, in (2.9) is equivalent to the weighting factor

u

plus the corresponding Lagrangian multiplier Therefore, according to (2.7a)

and (2.8), the effective transmission energy e}, can be written as

+
il Ha 1
gru =i Ior V)R, . (21())
v (A’r,u gr,u>

It is noted that the expression (x)jL in (2.10) indicates (z)* = x if x > 0 and
(z)* = 0if 2 < 0, and the factor &

)\l
water level. Furthermore, equatlon (2.7b) can also be similarly derived as

OL(p, e t, A ?igﬁu ?igfu
Op.et. ) .l - N = fip [log | 1+ - . (2.11)
Opryu PR PR+ Erngy

By substituting (2.11) into (2.10), the function D}! can be defined and ob-

tained as
nl n nl n
Drt = st o (1 i) st
pr,u pr,u + 5r,ug7«7u

13




l /”L'lr ug?u ’ Aiu i S Nrn, if IOZ}’& = O7
= My log( 7[ : ) - 1 - 1 : n ’ ’
s >‘r,u :ur,ugr,u = 1’]7_771’ if p:};’é > 0.

(2.12)

According to the definition of normalized data rate C’% as in (2.2), it can be
observed from (2.12) that DZ}]L is positively related to the data rate of link

L., on subchannel n. Based on [27], given the 7th subchannel and the 7th

transmission phase, there exists a link Li . such that

u

(I, r*,u*) = arg max D™ V(l,r,u) € . (2.13)

)

If there exists a unique L.. . to achieve the maximal value of D!, the

U

optimal resource allocation can be obtained such that
pflu =1z, prt =0, V(l,oou) € @2 and (I,r,u) # (I*, 7", u®). (2.14)

As mentioned before, the subchannel assignment indicator is relaxed from
the original two distinct values;i.e., p% € {0,t,}, into a continuous set of
values in the interval of [0,¢,]. Therefore, the resulting optimal solution can
happen if the indicator pj}i is a value between [0, ¢,]. In such case, suboptimal
and non-unique solutions with link Lfi’u* that satisfy (2.14) can be acquired
by constraining p% to be either 0 or ¢,. As a result, the 7th phase of nth
subchannel will be assigned with the link that has largest value of foqi The
resource allocation for all the subchannels and phases can also be determined
in a similar manner.

Moreover, in order to obtain the suboptimal solution for (2.14), the values
of the Lagrangian multipliers and ¢, are required to be obtained. An iterative
approach that exploits the subgradient method as in [28] is utilized to update

the value of each Lagrangian multiplier and ¢,. For example, considering
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that )\1 , uru , and t are defined as the ith iteration of A, ,ufw, and t;

respectively, their updating process can be expressed as

N +
)\§l+1) — /\:([Z) +S(Z) (Z 8755L+Z€n DL . 1 gn;x)) ’ (215>
n=1 ueM;
N +
pelt ) = )+ 9 (Rii?’l—z(flf;f)) : (2.16)
n=1
N N +
i+1 i i i % ma:p a:E 7
0= (100 (- St 30 -t )
n=1 n=1

(2.17)

where s%) = a/V/i is the step size and « is a tunable constant. Note that
(2.17) is obtained by assigning t, = 1 — t; — ty — t3 according to (2.3g). The
updating processes for the other Lagrangian multipliers can also be obtained
similarly. It is also notice from’(2:16) that the update process of pil., reflects
the capability of achieving the QoS requirement for each UE. In the case that
a UE has difficulty to reach the required data rate R}%] ! alarger value of ufn,u
will be obtained after the subgradient iterations. This result can also be uti-
lized to explain the reason for the function D% to be positively related to ,uﬁ,,u
as shown in (2.12). In addition to achieving the required data rate for each
UE, the optimization problem presented in (2.13) also intends to increase the
multiplier ,ufavu for those UEs that has difficulty to achieve their QoS require-
ments. In summary, the power allocation, subchannel assignment, and phase

duration for the four-phase relay network can be determined by the proposed

EERA-4P scheme according to (2.10), (2.14), and (2.17), respectively.
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Chapter 3

Proposed Energy-Efficient
Resource Allocation Schemes

for Two-Phase (EERA-2P)
Bidirectional Relaying

3.1 System Model and Problem Formulation

In this chapter, the network scenarios with two-phase bidirectional relaying is
considered for energy-efficient resource allocation. In the case that both the
DL and UL links can be allocated within the same transmission phase, the
original four-phase transmission can be simplified into the two-phase case as
shown in Fig. 3.1. Two different resource allocation schemes are considered in
this chapter which includes the EERA-2P and the EERA-2PNC mechanisms,

and will be explained as follows.
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— | — 1st phase / Downlink — |l — 2nd phase / Downlink
--1-> 1st phase / Uplink --1l-> 2nd phase / Uplink

Figure 3.1: Network scenario for the two-phase bidirectional relay-based
OFDMA system.

3.2 Proposed EERA-2P Scheme

As illustrated in Fig. 3.2, each of the 7th phase has the time duration of
t. and a subchannel in a transmission phase is allocation with one commu-
nication link. The first phase of each subchannel can be allocated to either
BS—UE, BS—RS, or UE—RS links; while that for the second phase is as-
signed to UE—BS, RS—BS, or RS=UE. It is intuitive to observe that the
two-phase bidirectional relaying may outperform the original four-phase case
since there exists more freedom for subchannel assignment. In other words,
it is not necessary for the communication links to be partitioned into either
DL or UL for subchannel assignment as is required in the four-phase bidi-
rectional relaying case. In the proposed EERA-2P scheme, the set ®2 which

comprises all the communication links in the 7th phase for the two-phase
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Figure 3.2: Timing diagram of the two-phase transmission for bidirectional
relay-based OFDMA system.

RS-UE link

1

bidirectional relaying can be defined as

( {(l,ryu)] (I=DL,r =0;u€My) or (Il =DL,r#0,u=0)
or (I =UL,r =Q(u),uwe M,)}, if =1,
{(l,r,u)] (I =DLyr =u),u € M,) or (I =UL,r=0,u€ M)
or ({ =ULyr#0,u=0)}, if 7= 2.

(3.1)

Consequently, the optimization problem of minimizing the weighted system

energy for the EERA-2P scheme can be expressed as

N N U
mi,n) Z Z Z erl 4+ (w—1) ; uz:; 56’5% (3.2a)

s. t. pln € 10,6,], Vn, Y(I,r,u) € @2, V7 € {1,2}; (3.2b)
N R
DO+ ) < PR (3.2¢)
n=1 ueMy r=1
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Z Z Z_:nDL_’_Z_:nUL) <t2PRaac \V/’I" (32(1)

n=1 weM,

Zen (o < BPJET Yu € M, Ze" WS BPYE Yu € My

n=1
(3.2¢)
>k <t Vn, VT (3.2f)
(I,ru)ed2
2
S t=1 (3.2¢)
T=1
Z(J"l > Rt Y(lr,u) € 92, VT (3.2h)

With the mixed DL/UL subchannel assignment in the two transmission
phases, the original objective function:(2.5a) will be revised into (3.2a) for
minimization of system energy. It corresponds to the situation of minimiz-
ing the total energy consumption from BS, RSs, and UEs with additional
weighting factor (w — 1) of the energy consumption from the UEs. Note
that the power constraints defined from (3.2c) to (3.2¢) for the EERA-2P
scheme are revised from (2.5¢) to (2.5e) in the EERA-4P scheme for BS,
RSs, and UEs, respectively. (3.2f) and (3.2h) in the EERA-2P scheme are
respectively modified from (2.3f) and (2.3h) in the EERA-4P scheme as the
constraints for subchannel assignment and QoS requirement. Similar to the
procedures presented in Section 2.2, the original optimization problem for
the EERA-2P scheme can be transformed into the suboptimal formulation

based on Lagrangian function. The parameter )\i’,u for the EERA-2P scheme

19



will become

(14 ps, if(l=DL,r=0uc M) or(l=DL,r+0,u=0),
w+ Mgy, H(=ULr=0,u€ My)or(l=UL1r=Qu),uec M),
14+ Ags,, ifl=DL,r=Qu),ue M,

| 1+ Ags,, il=ULr#0,u=0,

U

(3.3)

where Aps, Ars,, and Ayg, are Lagrangian multipliers of (3.2¢), (3.2d),
and (3.2e), respectively. Compared to AL, as obtained from (2.9) for the
EERA-4P scheme, the parameter A., acquired in (3.3) for the EEEA-2P
scheme requires additional conditions to specify the designated cases since
there only exist two phases to allocate the transmission links. Similarly, the
value of subchannel assignment pf,i will be relaxed from the distinct values of
{0,¢,} for 7 = 1,2 into a continmous interval of [0,¢,] in order to convert the
original formulation into a convex optimization problem. The subgradient
method will be employed to provide the updating process of the Lagrangian
multipliers and the phase duration t,.~As a results, the power allocation,
subchannel assignment, and phase duration can be obtained by adopting the

EERA-2P scheme for the two-phase relaying networks.

3.3 Proposed EERA-2P with Network Cod-
ing (EERA-2PNC) Scheme

By adopting the networking coding technique, the EERA-2PNC scheme is
designed to further improve the performance of the EERA-2P algorithm for
the two-phase bidirectional relaying networks. The concept of network cod-

ing is utilized by the RS to combine both the DL and UL data transmissions
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together into a single transmission for the corresponding receivers. For in-
stance, it is considered that RS r is in charge of relaying data packets for
both the BS and UE w. If u possesses a UL packet Py for the BS and
the BS has a DL packet Ppj, for u, they will separately transmit the packet
to the RS r on different subchannels in the first transmission phase. In
the second phase, by adopting the network coding scheme, the RS r will
deliver the packet P,. = Py @ Ppr to both the BS and UE u on an identi-
cal subchannel, where @ represents the exclusive or operation. Afterwards,
the BS receives the combined packet P,. and will perform the operation of
P..® Ppr, = (Pyr ® Ppr) ® Ppr, = Py, which can consequently obtain the
packet Py initiated from UE u. Similar operation will also be executed by
u, i.e., P ® Py = (Pyp @ Ppr) ® Py, = Ppyr, in order to acquire Ppp,
transmitted from the BS.

Note that the RS r will deliver-the combined packet P,. with the lower
data rate which is limited by both the RS—=UE and the RS—BS communi-
cation links. Consequently, the link Z2T fors = Q(u) and u € M, is defined
for transmitting the network coded packets according to the links RS r —
BS and RS r —UE w. If an RS 7'is transmitting data packet via the LEUU
link on a subchannel n, it represents that r is delivering a combined packet

P,. to both the UE u and the BS. Furthermore, it is considered that the
n,DU

U

equivalent channel gain g of link Lfg on the subchannel n is determined
as min(g;', gi',). The set ®2"¢ which consists of all communication links in

the 7th phase for the proposed EERA-2PNC scheme can be defined as

(DQ,nc _ {(l,?", U)‘ (l77n7 U) € (I)%}a lf T = 17
! {(l,r,u)| (I,r,u) € P2 or (I =DU,r =Qu),u € M,)}, ifr=2.
(3.4)

where ®? and ®3 respectively correspond to the communication links of first
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and second phases as defined in (3.1) for the EERA-2P scheme. It can be
observed that both the EERA-2P and EERA-2PNC schemes share the same
types of communication links in the first phase; while additional network
coded link is included in the second phase of EERA-2PNC method. The
optimization problem of minimizing weighted energy for the EERA-2PNC

scheme can be formulated as

min Z Z Z erl+ (w—1 Z nggfu (3.5a)

(pet) T oot (Lru)ed2me n=1 u=1

s. t. pln € [0,t,], Vn, V(l r,u) € 2" Vr € {1,2}; (3.5b)
N
> "DL+Ze"DL <t PR§"; (3.5¢)
n=1 uEMd
N
ST (nPr + el ™| < taPRg”, Vs (3.5d)
n=1 |LueM,

ZE” UL tPrg’, Yue M, Zs" UL < to PE", Yu € My;

n=1
(3.5¢)
Z pit < tr, Vn, VT (3.5f)
(l,r,u)E@i‘"C
2
T=1
N
doonl = Rt V(I u) € o7 (3.5h)
n=1
N
docplt = REETE Yu e My; (3.51)
n=1
N
S (Cath 4 Colr) = REEPE, vu e M, (3.59)
n=1
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N
> (c;fb” + Y CQ;LDU> > RV v, (3.5k)
n=1 ueM,
It can be seen that the power constraints for both the BS in (3.5¢) and the UE
in (3.5e) is the same as that for the EERA-2P scheme; while that for the RS
in (3.5d) additional considers the energy consumption for the network coded
link £7:°% in the constrained equation. The QoS constraints in (3.5h)-(3.5k)
are extended from (3.2h) in order to fully consider the QoS requirement for
the EERA-2PNC scheme with the network coded links, which are specifi-
cally addressed in (3.5j) and (3.5k) for the RS—UE and the RS—BS links
respectively. Moreover, the parameter )\fw for the EERA-2PNC scheme can

be obtained as

(3.6)

. ) 1+ Agrsy, ifl=DUr=Q(u),u€ M,
i (3.3), otherwise,

which additional consider the case with network coded links other than the
original ., defined in (3.3) for-the EERA-2P scheme. The Lagrangian
multiplier of the QoS constraint il for'the EERA-2PNC scheme is redefined

as

i { pVk 4 Pl it 1= DU, r = Q(u),u € M, a7

. otherwise.

PUin (3.7) is a combination of Lagrangian

Note that the resulting parameter p
DU

U

multipliers, i.e., pu,’, = ,uff, Ly u,?f, considering the case with network coded
packets. By substituting the corresponding values of /\fn’u and ufw into (2.12),
the EERA-2PNC scheme can determine the feasible channel n to be assigned
for the link L. . It is intuitive to observe the benefit of proposed EERA-

2PNC scheme that the two data packets can be incurred at both the UL and
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DL links with a single transmission of the combined packet, which can result

UL DL

Hr o +/J’7‘,u
ARY

However, since the channel gain for transmitting the combined packets will be

in higher water level as compared to the original EERA-2P scheme.
limited by min(g;’y, g,), the packet that originally can be transmitted with
link under higher channel gain will be sacrificed and only be delivered at
lower data rate. Based on the formulation of proposed EERA-2PNC scheme,
instead of adopting the networking coding technique, pure DL or UL packet
may be transmitted if there exists large difference between the values of g’
and g;,, for channel n. In order to clearly observe the behaviors of the various
techniques, performance comparison among the proposed EERA schemes will

be conducted in the next chapter.
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Chapter 4
Performance Evaluation

Simulations are performed to evaluate the performance of proposed EERA-
4P, EERA-2P, and EERA-2PNC schemes in comparison with the QARA
algorithm [13]. The QARA scheme'is designed to consider equal two-phase
durations for each subchannel for the DL transmissions in order to maximize
the network throughput. For fair comparison, the original QARA is mod-
ified with the target of minimizing energy consumption with both UL and
DL traffic considered. The network scenario is described as follows. A BS is
located at the center of the cell which confines a circular region with radius
equal to 1500 meters. The UEs are randomly distributed within the trans-
mission range of BS. Fixed RSs are designed to be uniformly located around
the BS where the distance to the BS is 2/3 of the cell radius. The path
loss and small-scale fading models are adopted from [29; 30] to consider the
multi-path effect. The BS-RS links are considered line-of-sight (LOS) with
a Rician factor K of 10 as utilized in [31], and the RS-UE and BS-UE links
are Non-LOS signals with different path loss exponents. The values of sim-
ulation parameters are shown in Table 1. The observation and adjustment

of proposed schemes will be presented in Section 4.1; while the performance
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comparison will be illustrated in Section 4.2.

TABLE 1 : SYSTEM PARAMETERS

Parameter Value

Number of subcarriers (Ny = N x N;) 1024

Total bandwidth (B x IVy) 10 MHz
Number of RS (R) 6

Number of UE (U) 16

Channel noise density —174 dBm/Hz
BS maximal power (Pg§”) 46 dBm

RS maximal power (Ppg®) 37 dBm

UE maximal power (P/g") 23 dBm
Target bit error rate (BER) 107°

4.1 Observations and Adjustment of Proposed
Suboptimal EERA Schemes

In order to verify the effectiveness of FERA schemes, detail mechanisms
within the proposed schemes will be observed and adjusted by simulating
both the UL and DL traffic in the networks. Note that all UEs are designed
to possess identical required DL data rate R’;&f uL and UL data rate RSE(Z;] f,
and the ratio between the required DL and UL traffic is defined as Rp,y=
R;e(%f Ly Rge('f;)[{ L. Moreover, the parameter Rjff: which is the summation of
required data rate for a UE is defined as R/} = R;;&qu + R;;&)U L. Since the
UE’s UL traffic is considered critical to influence the network performance,
the cumulative distribution function (CDF) of UE’s UL data rate is shown
in Fig. 4.1. The UE’s data rate is normalized by the required UL data rate
for UEs Rge&’)U’ f Both the proposed EERA-4P and EERA-2P schemes are

performed under different numbers of subcarriers per subchannel N, with
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Figure 4.1: CDF of UE’s normalized UL data rate of EERA-4P and EERA-
2P schemes under different numbers of subcarriers per subchannel N, with
Rij£=1 Mbps, Rp,y =1, and w =1

Ryt =1Mbps, Rp/y =1, andw = 1.

As mentioned in Section 2.1, instead of having the discrete value of either

n,l
U

t, or O for the subchannel assignment-indicator p! , it is required to allow pfé
to be any value in the range of [0, ¢,] in order to preserve the convex property
of the optimal resource allocation problem. By adopting the proposed EERA
schemes, suboptimal solution will be obtained by constraining the indicator
p% to be either ¢, or 0 for subchannel assignment. As shown in the Fig. 4.1,
the UL data rate for all the UEs can almost match with the required UL data
rate for UEs Rge('zg f under smaller value of N,, e.g., N, = 1. However, as the
value of V. is increased, each resource block will possess a larger allocatable
range from the frequency domain perspective which consequently results in

reduced number of subchannels since N = N;/N,. In other words, there will

be less chance for the optimal subchannel assignment indicator p’ﬁé to be the
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Figure 4.2: Performance comparison of original and reallocated EERA-4P
scheme: (left plot) power consumption of UEs and (right plot) outage prob-

Teq

ability of UEs versus UE’s required'data rate R; under Rp,y = 1 and
w = 1.

discrete value of either ¢, or 0 since there will exist wider range of value to be
assigned. Therefore, after the suboptimal subchannel assignment, there will
be great opportunity for the UEs to have either excessive or insufficient UL
data rate compared to the required UL data rate for UEs R;;&;J f under larger
N, values. Compared to the EERA-4P scheme, it can be observed that the
problem becomes more severe for the EERA-2P method since there are less
number of resource block, i.e., less number of total subchannels multiplied
by the number of phases. There is larger chance for pj}llt not being assigned
on either ¢, or 0.

This problem can be alleviated by conducting a second round of resource
allocation. The original EERA schemes will be performed to obtain the
suboptimal solution of phase durations, subchannel assignment, and trans-

mission power of BS, RSs, and UEs. An additional process of the EERA

28



schemes will be conducted to reallocate the transmission power of BS, RSs,
and UEs under the conditions with fixed subchannel assignment and phase
durations that were obtained in the last iteration. This process provides
fine-tuning of the proposed EERA schemes by adjusting the transmission
power of each network components based on their corresponding QoS con-
straints of date rate. For example, in the case that the required rate of a
UE is not satisfied, the transmission power of the UE will be increased in
the additional process of EERA schemes until the achievable rate is equal
its rate requirement or the power consumption of the UE exceeds its power
limit. Fig. 4.2 illustrates the comparison between the original and reallo-
cated EERA-4P scheme under N, = 1,4, and 16. The power consumption
and outage probability of UEs versus the required data rate for UE are shown
in the left and right plots, respectively. Note that the outage probability of
UEs is defined as 5% of tolerant ratio. In other words, it is categorized as
outage if the UE’s power consumption exceeds the maximum transmission
power for 5% or the UE’s achievable data rate is less than the required rate
for 5%. Due to UE’s limited capability of transmitting power, the UE’s
outage probability will possess higher value compared to that of the BS or
RSs. Therefore, only the outage probability of UE will be observed in this
thesis. As can be seen from Fig. 4.2 that the reallocation procedure reduces
both the power consumption and outage probability compared to the origi-
nal EERA-4P scheme by adjusting the transmission power of each link based
on the required data rate. As can be expected, significant improvement can
be acquired with larger N, value, e.g., 34% less outage probability of UE is
obtained by adopting the reallocated EERA-4P scheme under N, = 16 and
R;7f =1 Mbps. As a result, all the proposed EERA schemes will adopt the
reallocation procedure for performance comparison in the following part of

this thesis.
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Figure 4.3: Normalized phase durations (t,) versus UE’s required data rate
(R;f &) for EERA-4P scheme (left plot), EERA-2P and EERA-2PNC schemes
(right plot) under Rp,y =1, N, =1jand w = 1.

Fig. 4.3 shows the phase durations (¢;) versus UE’s required data rate
(Ryj%) under Rpyy = 1, No= 1;andw/ = 1, where the phase durations
are normalized by the time duration-of a frame. The left plot illustrates the
EERA-4P scheme for phase duration from ¢; to t4, and the right plot shows
the EERA-2P and EERA-2PNC schemes for durations ¢; and ¢5. It can be
observed from the left plot of Fig. 4.3 that the third phase duration t3 will
first increase and decrease afterwards as Ry is enlarged. The reason is that
t3 of EERA-4P scheme is allocated with the links UE—RS and UE—BS,
which are considered the the transmission bottleneck in the relay-based net-
work. Additional length of transmission time interval will be required for the
UEs to satisfy its required data rate based on their power constraints. As the
value of Ry is further increased, both the BS and RSs will also request for

additional time intervals in order to fulfill their requirements on transmission
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power and data rates. Therefore, the phase durations of t1, t5, and ¢, will be
augmented after R = 0.6 Mbps, which results in decrease time duration
of t3. Moreover, the first and fourth phase durations are comparably shorter
than that of the second and third phases under different Rj/7 values. The
reason is due to better link quality between BS and RSs that the links that in-
volve UEs, which makes the EERA-4P scheme to allocate less time durations
for t; and t4. Furthermore, as show in the right plot of Fig. 4.3, the phase
duration ¢; is increased in both the EERA-2P and EERA-2PNC schemes
as Rj;7 is enlarged. Similar to the reason as explained for the EERA-4P
scheme, the main reason is due to the major transmission bottleneck of the
links UE—RS in ¢; which consequently increases the duration of ¢; to satisfy

the QoS requirements.

4.2 Performance Comparison

Fig. 4.4 illustrates the power.consumption of the proposed EERA-4P, EERA-
2P, and EERA-2PNC schemes versus the UE’s required data rate R with
Rpjy =1, N. = 1, and w = 1. In each scheme, the power consumption in
three different links are compared including the UL of UEs, the UL of RSs,
the DL of RSs, and the DL of BS. It can be observed that the proposed
EERA-2PNC scheme can provide the least total energy consumption com-
pared to the EERA-2P and EERA-4P schemes under different R values.
Furthermore, the total power consumption of the two DL transmissions, i.e.,
DL of RSs and BS, will be higher than that of the UL transmissions, i.e.,
the UL of RSs and UEs. Since both DL and UL share the same required
data rate Rp,y = 1 and channel condition, more energy consumption in DL
corresponds to less time required for DL’s phase durations. This can also

be verified by observing from the EERA-4P scheme in the left plot of Fig.
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Figure 4.4: Performance comparison for power consumption of the proposed
EERA-4P, EERA-2P, and EERA-2PNC schemes versus the UE’s required
data rate R;j% with Rp,y = 1, Np=lyand w = 1.

4.3 that the DL phase durations. i.e.; the sum of ¢; and t,, is larger than
the UL durations, i.e., the sum of t3 and ¢,. On the other hand, it can
be observe that the UL of RSs consumes comparably less energy than the
other three cases of EERA-2PNC scheme. In the EERA-2PNC scheme, the
power consumption of the network coded link Lfg is categorized into UL if
the channel condition of RS—BS link is worse than the RS—UE link, i.e.,
9o < gr.; While it is categorized into DL if g > g;',. This reveals the con-
cept that the energy consumption of the network coded DU link is defined
to belong to the link that consumes more energy, i.e., the link with worse
channel condition. Since the channel condition g;’, is in general better than
9y, most of the DU transmission of the EERA-2PNC scheme is conducted
in the DL of RSs in stead of the UL of RSs. Therefore, as shown in Fig. 4.4,
less energy consumption is observed in the UL of RSs for the EERA-2PNC
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Figure 4.5: Performance comparison between QARA method and proposed
EERA schemes: power consumption (left plot) and outage probability of UE
(right plot) versus UE’s required,datarate R;7 under Rp/y = 1, N, = 1,
and w = 1.

scheme under different R;;} values.

Fig. 4.5 shows the power consumption and the UE’s outage probability
of proposed EERA schemes compared to the QARA scheme under differ-
ent required data rate R;/j for each UE, where Rp,y = 1, N, = 1, and
w = 1. Note that the the total power consumption in the left plot of Fig.
4.5 includes the power consumption for all the network components, i.e.,
BS, RSs, and UEs. As the value of Rjff is increased, the improvement of
proposed EERA schemes becomes more significant in both power consump-
tion and outage probability compared to the QARA scheme. As shown in
the right plot of Fig. 4.5, it can be observed that the proposed EERA-
4P, EERA-2P, and EERA-2PNC schemes can reduce the outage probability
noticeably due to the adjustable phase duration. The main reason is that

the extended transmission time can decrease the transmission power which
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Figure 4.6: Performance comparison between QARA method and proposed
EERA schemes: power consumption (left plot) and outage probability of UE
(right plot) versus number of subcarriers per subchannel N, under R/ =1
Mbps, Rp,y =1, and w = 1.

assists in achieving the required power constraint. The outage probability
of UEs can consequently be decreased.€.g., the EERA-4P scheme provides
around 30% decrease in UE’s outage probability compared to the QARA
method. Moreover, the two-phase bidirectional relaying schemes, i.e., the
EERA-2P and EERA-2PNC algorithms, can share the same time resource
for UL and DL transmissions in order to achieve higher multiuser diversity
compared with the four-phase EERA-4P scheme, which results in lowered
power consumption and outage probability of UEs.

Fig. 4.6 illustrates the total power consumption and UE’s outage proba-
bility of the QARA and proposed EERA schemes under different number of
subcarriers per subchannel N, with R = 1 Mbps, Rp,y = 1, and w = 1.
The proposed EERA-2PNC scheme outperforms the other three algorithms

under different values of N.. It is intuitive to observe that both the power
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(right plot) versus weighting factor w under R/, = 1 Mbps, Rp,y = 1, and
N, =1.

consumption and outage probability are increased in all the schemes as the
value of N, is augmented since there are.less number of allocatable resource
block in the network. Moreover;-compared to the EERA-4P scheme, the
increasing rate of outage probability versus N, value is larger by adopting
the EERA-2P scheme attributing to further less number of resource block
in the two-phase bidirectional relaying scheme. As shown in the right plot
of Fig. 4.6, this performance degradation can be alleviated by adopting the
proposed EERA-2PNC scheme with the assistance of network coding which
effectively reduces the amount of data transmission by delivering combined
packets. Fig. 4.7 shows the performance comparison for the proposed EERA
schemes and the QARA algorithm under different weighting factors w of UEs
with R;j =1 Mbps, Rp,y =1, and N, = 1. Note that the power consump-
tion of UEs by adopting these four schemes are also presented in the left plot

of Fig. 4.7 for comparison purpose. As the value of w is increased, the power
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consumption of UEs will remain at the same level for all the four schemes,
i.e., around 0.5 Watt, which illustrates the minimum power consumption to
achieve the target data rate. Both the RSs and the BS will consume more
energy in order to reduce the UE’s outage probability as shown in the right
plot of Fig. 4.7. Nevertheless, additional increase in weighting factor w
cannot decrease the UE’s outage probability but to significantly augment
the power consumption of both the RSs and the BS. For the QARA scheme,
even though the increasing rate of the total power consumption is slower than
that of the EERA schemes, excessive value of outage probability is obtained
under different values of w.

Fig. 4.8 illustrates the performance comparison of power consumption
and UE’s outage performance of the proposed EERA schemes and QARA al-
gorithm under different DL-to-UL required data rate ratio Rp,y with R/} =
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1 Mbps, N. = 1, and w = 1. The proposed EERA schemes can adjust the
phase duration which depends on the tradeoff between the power consump-
tion and the outage probability. Therefore, consistent performance can be
acquired by the EERA schemes compared to the QARA scheme when Rp
changes. With the adopting of two-phase relaying technique, both the EERA-
2P and EERA-2PNC schemes can provide better performance compared to
the EERA-4P and QRAR algorithms since multiuser diversity is achieved by
allowing more communication links to be chosen within a phase duration. It
is also notice in both plots of Fig. 4.8 that the performance of EERA-2P and
EERA-2PNC scheme becomes similar as Rp,y is augmented. The reason is
that the network coding technique will become ineffective if the traffic load
is extremely asymmetrical between DL and UL since there will not have suf-
ficient data to be combined from one of the links. As a result, the merits of
proposed EERA-2PNC scheme can be observed by outperforming the other

algorithms under different network scenarios.
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Chapter 5
Conclusion

In this thesis, the energy-efficient resource allocation (EERA) schemes are
proposed for subchannel assignment, allocation of transmission power and
phase duration in the relay-enhanced bidirectional orthogonal frequency-
division multiple access (OFDMA) networks. Since the relay station (RS)
can provide an additional two-hop signal path from the base station (BS)
to the user equipments (UEs); each subchannel are partitioned into multiple
phases in order to allocate different transmission links among the BS, RSs,
and the UEs. Different influential factors are considered in the optimization
problem, including subchannel assignment, power allocation, phase duration,
QoS constraints, and direct /indirect transmission links. The EERA schemes
are proposed based on four-phase and two-phase bidirectional relaying asso-
ciated with network coding technique. It is shown in the simulation results
that the proposed EERA schemes can provide higher network performance
in energy conservation and outage probability with the ability to satisfy the

corresponding QoS requirements.
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